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Campylobacter jejuni is a bacterial human pathogen causing gastroenteritis and sequelae
like irritable bowel syndrome. Epidemiologists count the human campylobacteriosis by C.
jejuni as the most common foodborne zoonosis and bacterial diarrheal disease worldwide.
Based on bioinformatics predictions for potential protective compounds in
campylobacteriosis, the question was raised whether the plant-based polyphenol
resveratrol is sufficient to attenuate intestinal epithelial damage induced by C. jejuni.
We investigated this by performing experimental infection studies in an epithelial cell culture
and the secondary abiotic IL-10−/− mouse model. In C. jejuni-infected human colonic HT-
29/B6 cell monolayers, transepithelial electrical resistance (TER) was decreased and the
paracellular marker flux of fluorescein (332 Da) increased. Concomitantly, the tight junction
(TJ) proteins occludin and claudin-5 were re-distributed off the tight junction domain. This
was accompanied by an increased induction of epithelial apoptosis, both changes
contributing to compromised barrier function and the opening of the leak pathway
induced by C. jejuni. In parallel, the recovery experiments with the application of
resveratrol revealed a functional improvement of the disturbed epithelial barrier in both
models in vitro and in vivo. During treatment with resveratrol, TJ localization of occludin and
claudin-5 was fully restored in the paracellular domain of HT-29/B6 cells. Moreover,
resveratrol decreased the rate of epithelial apoptosis. These resveratrol-induced molecular
and cellular effects would therefore be expected to improve epithelial barrier function,
therebyminimizing the so-called leaky gut phenomenon. In conclusion, the induction of the
leak pathway byC. jejuni and the restoration of barrier function by resveratrol demonstrates
its effectiveness as a potential preventive or therapeutic method of mitigating the leaky gut
associated with campylobacteriosis.
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INTRODUCTION

Campylobacter jejuni is a Gram-negative bacterial human pathogen
of the gastrointestinal tract. It is a microaerophilic, motile, curved-
shaped rod, belonging to the epsilon-proteobacteria group, related to
the genera Helicobacter, Wolinella and Aliarcobacter (Vandamme
et al., 1991). In animal hosts, mainly in the intestines of domestic and
wild poultry, the bacteria are commensals (Shane, 1992).
Transmission of C. jejuni to humans occurs mostly via
undercooked meat or contaminated food (Shane, 1992). After
oral uptake of C. jejuni by the human host, the bacteria penetrate
the intestinalmucus and invade the epithelium in the small and large
intestine, leading to diarrhea, gastroenteritis, and fever (Wassenaar
and Blaser, 1999).

Campylobacter jejuni is able to actively migrate through the
intestinal epithelial layer and thereby causes dysfunction of the
epithelial barrier, inducing diarrhea by the leak flux mechanism
(Bücker et al., 2018; Butkevych et al., 2020). Hundreds of attempts
to find an exotoxin from C. jejuni that could explain its barrier-
breaking effects were not successful. The missing evidence for an
exotoxinogenic barrier leakage by the bacteria led to the
conclusion that the lipooligosaccharides (LOS) and other
endotoxins of the bacteria mediate the main pathophysiological
events of barrier dysfunction and an exuberant immune response
in the mucosal layers (Wassenaar and Blaser, 1999). The major
role of LOS in C. jejuni-mediated intestinal pathogenesis was
further supported recently by independent findings in humans
(Bücker et al., 2018) and in various murine models of
campylobacteriosis (reviewed by Mousavi et al., 2020). The
downward spiral in the infected intestinal mucosa includes the
innate immune activation including subepithelial macrophages
and granulocytes (a mucosal cytokine storm), which in turn
aggravates epithelial leakage, which leads again to further
influx of antigens (Butkevych et al., 2020; Lobo de Sá et al.,
2021). The so-called leaky gut phenomenon is the model
representation for this cytokine-induced barrier impairment
(Hollander, 1999; Schulzke et al., 2006). To describe the
pathogenesis of this phenomenon, intestinal biopsies from
animals or patients as well as cell culture monolayers
interacting with subepithelial cytokine release from
lymphocytes, can be used as experimental leaky gut models
(Bücker et al., 2014; Bücker et al., 2018).

However, the molecular and structural changes in the C.
jejuni-infected epithelium include induction of epithelial
apoptosis and downregulation of tight junction (TJ) protein
expression by genomic regulation of claudin expression,
accompanied by a subcellular redistribution of barrier-forming
claudins. The direct (bacterial) and indirect (inflammatory)
pathological events caused by C. jejuni in the epithelium
explain infective/inflammatory diarrhea in humans. Pro-
inflammatory activation is the hallmark of infection (Black
et al., 1988), in which the release of barrier-affecting cytokines,
such as tumor necrosis factor alpha (TNF-α), interferon gamma
(IFN-γ), or interleukin-1 beta (IL-1β) within the intestinal
mucosa seems to play a major role in the perpetuation of the
diarrhea (Rees et al., 2008; Amasheh et al., 2010; Luettig et al.,
2016). Pro-inflammatory cytokines and the bacterium per se

target epithelial TJ proteins and trigger epithelial cell death
mechanisms (Bücker et al., 2018).

Curcumin from the Turmeric root, Curcuma longa L., is
effective against C. jejuni infection in vitro as well as in vivo
(Lobo de Sá et al., 2019). Resveratrol is another polyphenolic
compound and traditional remedy, which we have shown in the
present study to possess barrier-restorative properties in different
models. In the literature, plant-derived traditional remedies
containing resveratrol are broadly described for treatment
options of different diseases including inflammatory or
cardiovascular diseases (Chudzińska et al., 2020).

The polyphenolic micronutrient resveratrol (3, 5, 4′-
trihydroxystilbene) is a bioactive compound found in various
plants such as wine grapes (0.1–3.0 μg/g), berries (∼0.03 μg/g),
peanuts (0.01–2.00 μg/g), and in the traditional Asian remedy for
inflammatory indications, the Japanese knotweed Reynoutria
japonica, which has the highest concentration of resveratrol
(>500 μg/g) (Koushki et al., 2018a; Liu et al., 2020). For the
preparation of knotweed, recipes from Japan or Korea and in
traditional Chinese medicine recommended the use of young raw
sprouts as salad or the roots as tincture or powder, to provide
sufficient pharmacological concentrations of resveratrol. The
anti-inflammatory properties of resveratrol were described in
several studies. Improvement of the intestinal epithelial barrier by
the molecular effects of resveratrol on TJ stability under
inflammatory conditions independently of C. jejuni infection
have also been reported (Carrasco-Pozo et al., 2013; Ling
et al., 2016; Mayangsari and Suzuki, 2018; Cao et al., 2019).
The phytopharmaceutical resveratrol is effective in reducing
inflammatory parameters such as TNF-α or C-reactive protein
(CRP) levels in clinical trials (Koushki et al., 2018b). Effective
concentrations of resveratrol are not usually provided by a
normal diet (Weiskirchen and Weiskirchen, 2016). Only
traditional remedy plants or pharmaceutical preparations
provide pharmacological relevant concentrations of resveratrol,
but these can cause adverse effects (Weiskirchen and
Weiskirchen, 2016; Salehi et al., 2018).

Concerning C. jejuni infections, we have shown recently that
resveratrol treatment alleviates intestinal inflammation and
macroscopic sequelae of campylobacteriosis in a standardized
murine preclinical disease model (Heimesaat et al., 2020). To
determine mechanisms underlying the beneficial effects of
resveratrol in the treatment of campylobacteriosis, we
performed experiments in different models. Human intestinal
HT-29/B6 cell monolayers in conjunction with inflammatory
conditions were used as in vitromodel of the leaky gut, and an in
vivo hyperacute animal model was used to study intestinal
leakiness and inflammation. The Campylobacter-infected
secondary abiotic IL-10−/− mouse model was used to confirm
the mechanistic effects observed in vitro.

MATERIALS AND METHODS

Bioinformatics on RNA-Seq Data
Based on a previously performed RNA-Sequencing (RNA-Seq)
analysis with subsequent Ingenuity Pathway Analysis (IPA;

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6405722

Lobo de Sá et al. Campylobacter-Induced Leakiness Mitigated by Resveratrol

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Qiagen, Redwood, CA, United States) of human colonic mucosa
from four C. jejuni infected patients and six control patients,
several compounds were identified as potential inhibitory or
therapeutic agents in campylobacteriosis. Procedures of RNA
extraction, RNA sequencing, and Ingenuity Pathway Analysis
were performed previously (Bücker et al., 2018). The sequence
data set for the bioinformatics prediction is available under NCBI
Gene Expression Omnibus (GEO ID GSE88710). In the IPA
prediction for the potential compound resveratrol, the Upstream
regulator analysis software tool was used. The detailed
information on the calculation method and statistics is
available on Ingenuity–Qiagen websites. In brief, Upstream
regulator analysis is based on prior knowledge from the
literature of expected effects between transcriptional regulators
and their target genes. The analysis examines how many known
targets of each transcription regulator are regulated in the RNA
dataset of the patients. For each potential transcriptional
regulator, two statistical measures - an overlap p-value and an
activation Z-score - are computed. The overlap p-value predicts
likely upstream regulators based on significant overlap between
dataset genes and known targets regulated by a transcription
regulator or upstream regulator. The activation Z-score is used to
infer likely activation states of upstream regulators based on
comparison with a model that assigns random regulation
directions. The purpose of the overlap p-value is to identify
transcriptional regulators that are able to explain observed
gene expression changes. The overlap p-value determines
whether there is a statistically significant overlap between the
dataset genes and the genes that are regulated by an upstream
transcription regulator. It is calculated using Fisher’s Exact Test,
and significance is generally attributed to p-values < 0.01. Since
the regulation direction (“activating” or “inhibiting”) of a
relationship is not taken into account for the computation of
overlap p-values, the underlying network also includes findings
without associated directional attribute, such as protein-DNA
promoter binding. The primary purpose of the activation Z-score
is to infer the activation states of predicted upstream transcription
regulators. The basis for inference are the relationships in the
molecular network that represent experimentally observed gene
expression or transcription events, and are associated with a
literature-derived regulation direction, which can be either
“activating” or “inhibiting”. The statistical approach defining a
quantity (Z-score) determines whether an upstream transcription
regulator has significantly more “activated” predictions than
“inhibited” predictions (Z > 0) or vice versa (Z < 0). The
definition of upstream transcriptional regulator in this analysis
is broad, namely any molecule that can affect the expression of
other molecules, which means that upstream regulators can be
almost any type of molecule, from transcription factors to
microRNAs, kinases, compounds or drugs.

Bacterial Cultivation
The reference strain Campylobacter jejuni wildtype 81-176 was
pre-cultured on blood agar plates at 37°C in plastic jars with
CampyGen gas packs from Oxoid (Thermo Scientific, Waltham,
MA, United States) to generate a microaerobic atmosphere. After
48 h of incubation bacterial colonies were transferred into

Mueller Hinton broth and incubated with shaking (200 rpm)
at 37°C for 2 h under microaerobic conditions. Bacteria were
centrifuged (5000 × g, for 2 min, at 10°C), resuspended in
phosphate buffered saline (PBS; Gibco, Carlsbad, CA,
United States) and adjusted to an optical density OD600 of one
in the cell culture medium for the application of a defined
multiplicity of infection (MOI) to the epithelial cell monolayers.

Human Cell Culture Model
HT-29/B6-GR/MR cells (Bergann et al., 2009) were cultivated in
25 cm2 culture flask in RPMI 1640 culture medium (Sigma Aldrich,
St. Louis, MO, United States) supplemented with 10% fetal calf
serum (FCS, Gibco, Carlsbad, CA, United States), 1% penicillin/
streptomycin (Corning, Wiesbaden, Germany), 300 μg/ml G418 BC
(Invitrogen, Carlsbad, CA, USA), and 200 μL/ml hygromycin B
(Biochrom GmbH, Berlin, Germany). Every seven days cells were
passaged and then seeded on Millicell PCF filter membranes
(Merck Millipore, Billerica, MA, United States) with a pore size
of 3 μm, where they formed confluent epithelial monolayers. Six
days after seeding the cells were washed twice with antibiotic-free cell
culture medium supplemented with 10% heat-inactivated FCS.
Seven days after seeding the cells reached transepithelial electrical
resistances (TER values) of 600–900Ω·cm2.The cells were treated
with 100 µM trans-resveratrol (≥99% purity (HPLC), 3,4′,5-
Trihydroxy-trans-stilben, 5-[(1E)-2-(4-Hydroxyphenyl)-ethenyl]-
1,3-dihydroxybenzol, Sigma Aldrich, St. Louis, MO,
United States) from the apical compartment 2 h before apical
infection with C. jejuni (MOI 100).

Electrophysiological Measurements of
Barrier Function and Permeability
Measurements
Transepithelial electrical resistance (TER) of the cell monolayers
was measured under sterile conditions with chopstick electrodes
(STX2, World Precision Instruments, Sarasota, FL, United States)
and a volt-ohm meter (Clinical Physiology,
Charité–Universitätsmedizin, Berlin). Measured TER values
were corrected with the TER of an empty filter support and
calculated on the surface area in square centimeters with the
effective growth area of 0.6 cm2. In parallel, small molecule
permeability was determined by measuring fluxes of the tracer
fluorescein (332 Da, Sigma Aldrich, St. Louis, MO, United States)
in 12-well plates. Fluorescent medium samples were taken from
the basal compartment for 1 h (every 15 min), and the samples
were subsequently analyzed by spectrophotometry (Tecan
GmbH, Maennendorf, Switzerland). Permeability for
fluorescein was calculated from the flux divided by the
concentration difference.

Cytokine-Stimulated in vitro Model
Epithelial cells were treated for 24 h with different concentrations
and combinations of IFN-γ, TNF-α, and IL-1β (recombinant
human cytokines, PeproTech, Rocky Hill, NJ, United States).
Cytokines were added to the basolateral compartment. The next
day, fluorescein (332 Da) flux measurements were performed in
the 12-well plates for 1 h (every 15 min).
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Campylobacter-Infection and Resveratrol
Treatment of the Colitis Mouse Model
Three-week-old IL-10−/− mice with a C57BL/6j background were
treated for eight weeks with an antibiotic cocktail containing
ampicillin plus sulbactam (1 g/L; Dr Friedrich Eberth
Arzneimittel, Ursensollen, Germany), ciprofloxacin (200 mg/
L; Fresenius Kabi, Bad Homburg, Germany), imipenem
(250 mg/L; Fresenius Kabi, Bad Homburg, Germany),
metronidazole (1 g/L; Fresenius, Bad Homburg, Germany),
and vancomycin (500 mg/L; Hikma Pharmaceuticals,
London, United Kingdom) in autoclaved drinking water ad
libitum to remove the commensal intestinal microbiota.
Generation, housing, infection, and treatment of the IL-
10−/− mice were carried out under specific pathogen-free
conditions in the animal facility of the
Forschungseinrichtung für Experimentelle Medizin of the
Charité–Universitätsmedizin Berlin. Two days before
infection, treatment was started with trans-resveratrol
(0.3 mg/ml [1.3 mM] resveratrol dissolved in 2% carboxy-
methyl-cellulose) in drinking water provided ad libitum.
Mice were infected on day 0 and day 1 by oral gavage with
109 colony forming units (CFU) of C. jejuni (treatment group,
named “resveratrol + C. jejuni”). The control group was C.
jejuni-infected but received only drinking water containing the
carrier-solution (placebo control, named “C. jejuni”). A small
control group of naïve healthy mice was used for baseline
measurements (named “control”). Mice were sacrificed at day
6 after infection and intestinal specimens were removed for
fluorescein permeability or cytokine measurements. For
cytokine assessment in organs, colon and mesenteric lymph
nodes specimens were cultured in 24-well plates in serum-free
RPMI 1640 culture medium supplemented with penicillin and
streptomycin for 18 h at 37°C. IFN-γ and TNF-α
concentrations were determined in the cell culture
supernatant with the Mouse Inflammation Cytometric Bead
Array (CBA; BD Biosciences, Heidelberg, Germany) using a
FACSCanto II flow cytometer (BD Biosciences, Heidelberg,
Germany).

Ethical Statements
Animal experiments were carried out in accordance with the
German Animal Protection Act and the ARRIVE guidelines. The
study was approved by the ethics committee for animal welfare in
Berlin, Landesamt für Gesundheit und Soziales (LAGeSo Berlin)
under the LAGeSo approval number G0104/19.

Western Blotting
Tight junction protein expression changes were analyzed byWestern
blotting. Proteins from cell culture experiments were lyzed using
whole-cell lysis buffer, containing 10mm Tris buffer (pH 7.5),
150mm NaCl, 0.5% Triton X-100, 1% SDS, and one tablet
Complete Protease Inhibitor Cocktail (Roche AG, Mannheim,
Germany). After lysis, cells were scraped carefully from the filter
supports, added to a reaction tube, incubated on ice for 30–60min,
and centrifuged for 30 min at 15000 x g and 4°C. After sonication
and a further centrifugation step, protein quantification followed

with the Pierce BCA kit (Thermo Scientific, Waltham, MA,
United States). Electrophoresis was performed in 12.5%
polyacrylamide gels and transferred to nitrocellulose membranes.
After blocking for 2 h in 1% Polyvinylpyrrolidone (PVP40; Sigma
Aldrich, St. Louis, MO, United States) and 0.05% Polysorbate 20
(Tween20; Thermo Scientific,Waltham,MA,United States) primary
antibodies raised against human occludin, claudin-2 (1:1000; Sigma
Aldrich, St. Louis, MO, United States), claudin-1, −4, −5, −7, −8 (1:
1000; Invitrogen, Carlsbad, CA, United States), and β-actin (1:10000;
SigmaAldrich, St. Louis,MO, United States) as loading control, were
incubated slewing at 4°C overnight. Next day, membranes were
washed with TBST buffer and incubated with secondary peroxidase-
conjugated antibodies goat anti-rabbit IgG or goat anti-mouse IgG
(Jackson ImmunoResearch, Ely, United Kingdom) in TBST
supplemented with 1% milk powder (Sigma Aldrich, St. Louis,
MO, United States) for 2 h at room temperature. For protein
detection, membranes were incubated for 2–5min in SuperSignal
West Pico PLUS Stable Peroxide Solution (Thermo Scientific,
Waltham, MA, United States) and visualized using a Fusion FX7
imaging system (Vilber Lourmat Deutschland GmbH, Eberhardzell,
Germany). Image Studio Lite version 5.2 was used for densitometric
analysis.

Immunofluorescence Microscopy of Tight
Junction Proteins and Apoptosis
Cells grown on filter supports were rinsed twice with PBS and
fixed with 2% paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA, United States) for 30 min at room temperature.
After permeabilization for 7 min with 0.5% Triton X-100 (Sigma
Aldrich, St. Louis, MO, United States), cells were blocked 10 min
at room temperature with blocking solution containing 5% goat
serum (Gibson, Carlsbad, CA, United States), 0.05% Triton X-
100, and 1% bovine serum albumin (BSA; Sigma Aldrich, St.
Louis, MO, United States). Afterwards, cells were incubated for
1 h at 37°C with primary antibodies anti-occludin (1:100; Sigma
Aldrich, St. Louis, MO, United States), anti-claudin-5 (1:100;
Invitrogen, Carlsbad, CA, United States), and anti-zonula
occludens protein-1 (ZO-1, 1:100; BD Biosciences, Franklin
Lakes, NJ, United States) followed by the secondary anti-rabbit
or anti-mouse antibody conjugated to Alexa-Fluor 488 or 594 (1:
500; Invitrogen, Carlsbad, CA, United States) for 1 h at 37°C. For
apoptosis detection, cells were stained with the TUNEL kit (In
situ Cell Death Detection Kit, Roche AG, Mannheim, Germany)
according to manufacturer’s instructions. Nuclei were stained
with 4,6-diamidino-2-phenylindole (DAPI; 1:1000; Roche AG,
Basel, Switzerland). Visualization was performed by confocal
laser-scanning microscopy (CLSM; Zeiss LSM780, Jena,
Germany).

Statistics
All data are expressed as mean values ± standard error of the
mean (SEM). Statistical analysis was performed using GraphPad
Prism version 8.0. For comparison of two groups, Student’s t-test
and for comparison of more than two groups one-way ANOVA
with Bonferroni adjustment for multiple comparisons was used.
Data that were not normally distributed were analyzed using the
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Mann Whitney U-test. A value p < 0.05 was considered to be
statistically significant.

RESULTS

Bioinformatics Prediction for the Suitability
of Resveratrol
In a bioinformatics calculation from our existing dataset of a
differential RNA expression profile in C. jejuni-infected human
colonic mucosa, we searched putative suitable compounds for the
treatment of campylobacteriosis. In the Ingenuity Pathway
Analysis, resveratrol was found to show an inhibited pathway
profile in the Upstream regulator analysis with 1.09 E-5 p-value of
overlap and an activation Z-score of −2.8 (negative score, pointing
to inhibited pathways/downstream targets), indicating that the
presence of resveratrol could counter-regulate the C. jejuni-
induced changes. As an Upstream regulator, resveratrol shows
comparable values for inhibited pathways like the nutraceutical
polyphenol curcumin with a p-value of 2.06 E-5 or quercetin with a
p-value 1.95 E-5. By contrast, activated pathways with positive
Z-scores and comparable p-values were calculated for pro-
inflammatory cytokines, e.g. IL-17; overlap p-value 1.71 E-5,
Z-score +3.7 (with activated pathways/downstream targets). The
cytokines with the highest significance for activated pathways IFN-
γ and TNF-α showed activation Z-scores of +9.6 and +9.0
respectively, and both were considered as the major cytokine
pathways in campylobacteriosis, as reported previously (Bücker
et al., 2018). Sequencing data are deposited in NCBI’s Gene
Expression Omnibus; GEO ID GSE88710.

Epithelial Barrier Dysfunction After
Campylobacter jejuni Infection in HT-29/B6
Monolayers Was Rescued by Resveratrol
The induction of epithelial barrier impairment by C. jejuni has
already been described (Bücker et al., 2018). The inhibitory effect
of resveratrol on the C. jejuni-induced barrier dysfunction was
tested here for the first time in vitro. In our infection experiments
with C. jejuni, pharmacological relevant concentrations of
resveratrol were chosen to investigate the actions of resveratrol
on the intestinal epithelium without directly inhibiting the
bacteria. Administration of 100 µM resveratrol (� 23 μg/ml)
alone to HT-29/B6 monolayers did not induce any changes in
TER over two days of incubation (Figure 1A). Infection of HT-
29/B6 monolayers with C. jejuni from the apical side revealed a
drop in TER to 43 ± 5% of the initial value after 48 h (Figure 1A).
This barrier-breaking effect was prevented by the addition of
resveratrol (Figure 1A).

Paracellular Flux Marker Fluorescein
Showed Increased Permeability After
Campylobacter jejuni Infection and its
Reversal by Resveratrol Treatment
The TER represents the permeability for ions, whereas the
paracellular leakiness or tightness of an epithelium towards

larger molecules is represented by marker fluxes. In order to
characterize the barrier defect by C. jejuni on the paracellular
pathway, we used the flux marker fluorescein (332 Da). Flux
measurements between the apical and basolateral side of HT-29/
B6 monolayers revealed an increase in permeability for
fluorescein in C. jejuni-infected monolayers, whereas the
resveratrol-treated and infected monolayers showed reduced
fluorescein permeability in comparison to the C. jejuni-
infected group. The resveratrol-treated C. jejuni-infected cells
showed comparable results to the uninfected untreated controls
(p > 0.05) (Figure 1B). Thus, the TER and fluorescein
measurements indicate that resveratrol prevented the
disturbance in epithelial barrier function induced by C. jejuni.

FIGURE 1 | Epithelial barrier function and macromolecule flux after
Campylobacter jejuni infection in epithelial cell monolayers and after treatment
with resveratrol. Human intestinal epithelial HT-29/B6 cells were treated with
100 µM of resveratrol from apical and infected apically with C. jejuni
(multiplicity of infection; MOI 100). Transepithelial electrical resistance (TER)
was measured with chopstick electrodes 48 h after the infection (A)
Resveratrol inhibits the C. jejuni-induced decrease in TER in vitro. Control
values after 48 h were set at 100% (n � 9–10, **p < 0.01, one-way ANOVA
with Bonferroni correction). (B) Resveratrol prevents C. jejuni-induced
increase in permeability to fluorescein (332 Da) in vitro (n � 10, *p < 0.05, **p <
0.01, one-way ANOVA with Bonferroni correction).
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Tight Junction Expression and its
Subcellular Distribution Change During
Campylobacter jejuni Infection and
Resveratrol Treatment in HT-29/B6
Monolayers
Themolecular basis of an impaired leak pathway is often based on the
expression and/or distribution of TJ proteins. To detect changes in TJ
protein expression in HT-29/B6 cell monolayers, we used Western
blotting with antibodies raised against occludin and claudins
(Figure 2). Expression of occludin (Figure 2A), claudin-4
(Figure 2D) and claudin-7 (Figure 2F) in HT-29/B6 monolayers
was unaffected by C. jejuni infection or resveratrol treatment.

Although the expression level of claudin-5 (Figure 2E) and
claudin-8 (Figure 2G) showed a tendency towards a reduction
after infection and to be reversed by resveratrol treatment, this did
not reach statistical significance. Moreover, infection did not appear
to induce the cleavage of occludin. However, claudin-2 protein
expression was decreased and fully restored to control levels by
resveratrol (Figure 2C), while claudin-1 expression was increased
after infection and was unchanged by resveratrol (Figure 2B).

To determine the effects of C. jejuni and resveratrol on the
localization of TJ proteins, we performed fluorescent
immunostaining for confocal laser-scanning microscopy (CLSM)
and analyzed the micrographs using the intensity plot function of
the CLSM software. After infection with C. jejuni the TJ proteins,

FIGURE 2 | Expression of tight junction proteins after Campylobacter jejuni infection and resveratrol treatment. Epithelial tight junction protein expression changes
under C. jejuni (Cj) infection and resveratrol (Resv) treatment in vitro. Proteins from HT-29/B6-GR/MR cell monolayers were isolated after 48 h C. jejuni infection with or
without 100 µM resveratrol treatment for protein expression analysis by Western blotting (A) occludin (B) claudin-1 (C) claudin-2 (D) claudin-4 (E) claudin-5 (F) claudin-
7, and (G) claudin-8 expression were quantified by densitometric analysis of Western blots, normalized to β-actin. Untreated uninfected cells were set as controls
(Ctrl) at 100% (n � 5–10, *p < 0.05, one-way ANOVA with Bonferroni correction).
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occludin and claudin-5 were redistributed off the TJ domain of the
epithelial cells (Figures 3, 4). Occludin signals were found to be
intracellular and no longer co-localized with ZO-1 in the TJ strands
(Figure 3). Evenmore pronouncedwas the redistribution of claudin−5
off the TJ domain and the appearance of intracellular claudin−5
signals (Figure 4). In Figures 3, 4, intensity plots point to increased
intracellular signals of occludin or claudin−5 in response to infection,
which were diminished after resveratrol treatment. The change in the
expression profiles of claudin−1 and−2 (and−5 and−8 by trend), and
the subcellular signals of occludin and claudin-5 detected by CLSM,
resembles a restitution reaction of the epithelium as described
previously during C. jejuni infection and also observed during the
induction of apoptosis (Bojarski et al., 2004; Amasheh et al., 2010;
Rosenthal et al., 2017; Bücker et al., 2018; Butkevych et al., 2020).

Induction of Epithelial Apoptosis by
Campylobacter jejuni and its Recovery by
Resveratrol
In addition to TJ disruption during C. jejuni infection, the induction
of epithelial apoptosis represents a pathomechanismwhich is relevant

to the disruption of barrier function. C. jejuni induces epithelial
apoptosis via cleavage of caspase-3 (Bücker et al., 2018; Lobo de Sá
et al., 2019;Mousavi et al., 2019; Butkevych et al., 2020).We therefore
studied the possible therapeutic benefit of resveratrol on the induction
of apoptosis. TUNEL staining was applied and visualized using
CLSM. C. jejuni infection increased the apoptotic ratio in the HT-
29/B6 cell monolayers 3-fold in comparison to controls. Resveratrol
treatment of the C. jejuni infected monolayers reduced the apoptotic
ratio to the level in controls (p > 0.05; Figure 5). Thus, the ability of
resveratrol to prevent epithelial cell death as well as restore TJ protein
localization explains its efficacy in preventing the epithelial barrier
defects induced by C. jejuni infection.

In vitro Effects of Pro-inflammatory
Cytokines and Their Prevention by
Resveratrol
We analyzed the effect of resveratrol on cytokine-induced barrier
disruption using a cell model of the leaky gut. We mimicked
subepithelial cytokine release in the epithelial cell model by adding

FIGURE 3 | Subcellular tight junction protein distribution of occludin underCampylobacter jejuni infection and resveratrol treatment. Resveratrol mitigates C. jejuni-
induced re-distribution of occludin. HT-29/B6-GR/MR cells were treated with resveratrol and infected withC. jejuni from apical. 48 h post-infectionmonolayers grown on
filter inserts were stained with antibodies against occludin (green) and zonula occludens protein-1 (ZO-1; red). Nuclei were stained with 4,6-diamidino-2-phenylindole
(DAPI) in blue (bar 5 µm). Intensity plots point to signals of the TJ proteins indicated with white arrows in the merge pictures. The intensity signals appear highest in
the TJ domain with a proper co-localization under control conditions and vary under infection and treatment conditions along the white arrows over single cells.
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the major cytokines found in campylobacteriosis, namely of IFN-γ,
TNF-α and IL-1β. This model resembles the leaky gut situation,
where stimulated subepithelial immune cells release these cytokines.
When the single cytokine 50mg/ml IFN-γ was added, fluorescein
permeability increased and this effect was attenuated by resveratrol
(Figure 6A). By contrast, addition of IFN-γ, TNF-α and IL-1β at high
doses induced an increase in paracellular permeability for fluorescein,
but no recovery was obtained with 100 µM resveratrol (Figure 6B).
These experiments indicate that the effects of cytokines at
submaximal but not at maximal concentrations are counteracted
by resveratrol.

In vivo Confirmation of Barrier Impairment
of the Paracellular Pathway in the C.
jejuni-Infected Mouse Model and its
Prevention by Resveratrol
To study the effectiveness and the mechanism of the effect of
resveratrol on barrier function seen in vitro and in vivo, the C.

jejuni-infected secondary abiotic IL-10−/−mouse model was used.
Estimation of the intestinal epithelial leakiness was evaluated, by
measuring fluxes of the paracellular flux marker fluorescein
across colon from Campylobacter-infected mice mounted in
Ussing chambers. Paracellular permeability for fluorescein was
higher in colon mucosae of C. jejuni-infected mice compared
with resveratrol-treated mice at day 6 post-infection (p < 0.05;
Figure 7A), indicating that resveratrol treatment rescues colonic
epithelial barrier function following C. jejuni infection.

Since mucosal cytokine release could be counter-regulated by
resveratrol, we also assessed cytokine production during
infection, in our mouse model. The concentrations of IFN-γ
and TNF-α were elevated in colon mucosae at day 6 post-
infection, but did not differ between the C. jejuni-infected
placebo and the resveratrol-treated groups (Figures 7B,C).
The same was true of cytokine levels in the mesenteric lymph
nodes (Figures 7D,E). Thus, in keeping with our in vitro results,
the anti-Campylobacter effect of resveratrol seems to be based
more on improving barrier function at the epithelial level than by
attenuating cytokine release.

FIGURE 4 | Subcellular tight junction protein distribution of claudin-5 underCampylobacter jejuni infection and resveratrol treatment. Resveratrol mitigatesC. jejuni-
induced re-distribution of claudin-5. HT-29/B6-GR/MR cells were treated with resveratrol and infected with C. jejuni from apical. 48 h post-infection monolayers were
stained with antibodies against claudin-5 (red) and ZO-1 (green). Nuclei were stained blue with DAPI (bar 5 µm). Intensity plots point to signals of the TJ proteins along the
white arrows in the merge pictures. The intensity signals appear highest in the TJ domain with a proper co-localization under control conditions and vary under
infection and treatment conditions with the white arrows depicted over single cells.
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To comply with the guidelines of the 3R principles to reduce
the number of animal experiments, we used animal biopsies and
experimental in vivo data from an ongoing study in collaboration
(Heimesaat et al., 2020).

DISCUSSION

Resveratrol - A Valuable Compound in
Campylobacter jejuni Infection
Based on the functional effects of resveratrol reported in the
literature as well as on our bioinformatics prediction, this
natural compound was deemed to be effective in antagonizing
the C. jejuni-induced changes in host epithelial cells. Direct
antimicrobial effects on different pathogenic bacteria,
including Campylobacter, have been reported at higher
concentrations of resveratrol, but not at lower
concentrations (minimum inhibitory concentration (MIC)
of 300 μg/ml) (Klančnik et al., 2017). In our in vitro assays,
the concentration of resveratrol required to block C. jejuni-
induced barrier defects was 100 µM (23 μg/ml), which was
lower than the MIC required to act directly against C. jejuni.
Likewise, the resveratrol concentration used for the in vivo
experiments was close to, but lower than, the MIC of C. jejuni
81-176 with 456.5 μg/ml (Heimesaat et al., 2020). Thus, the
protective effects of resveratrol appear to be targeted to the host
response rather than to a direct anti-bacterial effect in the infected
animals (Heimesaat et al., 2020).

In C. jejuni-infected patients, profound intestinal epithelial
barrier dysfunction together with inflammation of the colonic

mucosa are prominent features of this diarrheal disease, which
is characterized by watery or bloody diarrhea, often
accompanied by fever and elevated CRP values (Nielsen
et al., 2012; Bücker et al., 2018). The main diarrheal
mechanism in C. jejuni infection is based on the leak flux
type of diarrhea, in which water and solutes traverse the leaky
epithelium towards the intestinal lumen (Bücker et al., 2018).
Concomitant with this change in fluid and electrolyte
transport, the leaky gut facilitates antigen influx via the
dysfunctional epithelial barrier, which results in an
accelerated immune response and further disruption of
barrier function (a self-sustaining feedback loop).

Underlying our hypothesis and planned approach for
treating and preventing campylobacteriosis and its
sequelae, such as irritable bowel syndrome (IBS), reactive
arthritis and the Guillain-Barré syndrome, is the idea that a
compound might strengthen the epithelial barrier, thereby
preventing intestinal leakiness and antigen entry from the
lumen. In our in vitro experiments, resveratrol restored

FIGURE 5 | Apoptosis induction as barrier-relevant event and protection
by resveratrol. Campylobacter jejuni-induced apoptosis was inhibited by
resveratrol. HT-29/B6-GR/MR cells treated with 100 µM resveratrol were
infected from the apical side with C. jejuni. 48 h post-infection cells were
stained with TUNEL reagent to visualize apoptotic cells. 4,6-diamidino-2-
phenylindole (DAPI) was used for staining of the nuclei. Apoptotic cells were
counted in every filter in six different low power fields (approximately 500 cells)
to calculate the apoptotic ratio (n � 6, *p < 0.05, **p < 0.01, one-way ANOVA
with Bonferroni correction).

FIGURE 6 | In vitro stimulation model with cytokines and resveratrol.
Cytokine-induced barrier dysfunction from the subepithelial compartment of
HT-29/B6-GR/MR cell monolayers. Resveratrol treatment was performed
from the apical side 2 h before cytokine addition. Fluorescein
permeability displays barrier-breaking effects for (A) 50 ng/ml IFN-γ and (B)
high-dose cytokine cocktail containing 100 U/mL TNF-α, and 100 ng/ml IL-
1β, 50 ng/ml IFN-γ (n � 3–8, *p < 0.05, ***p < 0.001, one-way ANOVA with
Bonferroni correction).
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epithelial barrier function following C. jejuni infection and is
therefore a promising nutraceutical. This suitability was
predicted in the bioinformatics RNA-Seq data from
campylobacteriosis patients by Ingenuity Pathway Analysis
software. The Ingenuity Pathway Analysis prediction tool for
activated or inhibited pathways and potentially active
compounds (upstream analysis) in different diseases
compares differential expressed genes in our
Campylobacter dataset with a database of numerous
available expression datasets from the literature. The
information from the literature enables predictions not
only for the pathogenesis and the significant or associated
signaling pathways, but also on possible compounds that
were already found to be effective in other diseases with

similar patterns of RNA expression changes to that in
campylobacteriosis. Although ancient knowledge from
traditional healing arts points to the usefulness of plants
containing resveratrol, questions about pharmacokinetics,
bioavailability and enteral stability, as well as the adverse
effects of resveratrol preparations, need to be addressed by
clinical trials.

Apoptosis Induction and Tight Junction
Protein Changes in Campylobacter
Infection and Resveratrol Treatment
The anti-apoptotic effect of resveratrol is of high importance.
The C. jejuni infection not only affects the TJ disruption-

FIGURE 7 | In vivo mouse infection model and oral treatment with resveratrol. Barrier function and simulated antigen influx by fluorescein in the Campylobacter
jejuni-infected mouse colon. Secondary abiotic IL-10−/− mice were infected with C. jejuni, treated with resveratrol via the drinking water and sacrificed at day 6 post-
infection (A) Colon specimens of C. jejuni-infected and resveratrol treated mice were mounted into Ussing chambers and flux measurements of fluorescein were
performed in mucosal to serosal direction (B and C) release of pro-inflammatory cytokines of mouse organs from colon and (D and E) mesenteric lymph nodes.
Organ specimens were cultured in cell culture medium and supernatant was analyzed by Cytometric Bead Array for (B and D) IFN-γ and (C and E) TNF-α
concentrations (n � 4–17, *p < 0.05, **p < 0.01, ***p < 0.001, Mann Whitney U-test).
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dependent leak pathway, but also the unrestricted pathway by
barrier-relevant cytotoxicity. In our cell monolayer infection
experiments, the ratio of apoptotic events was increased 3-fold
and could be reduced to control values in the resveratrol treated
group. An increase in apoptosis to this extent in an epithelial
layer is barrier-relevant (Bojarski et al., 2004; Butkevych et al.,
2020) and can explain, at least in part, the functional barrier
defects as quantified by our measurements of TER and
fluorescein permeability. Anti-apoptotic effects of resveratrol
have been reported in H2O2-stimulated Caco-2 cells (Wang
et al., 2016), and were confirmed in the present study.
Campylobacter jejuni-infected IL-10−/− mice treated with
resveratrol showed lower apoptotic cell numbers in the colon
when compared with placebo-treated C. jejuni-infected mice
(Heimesaat et al., 2020). Nevertheless, several studies and
clinical trials showed that resveratrol also induced apoptosis
in cancer cells (Berman et al., 2017; Singh et al., 2017; El-Kott
et al., 2019). Besides the induction of apoptosis induction, the
other main component of the functional barrier impairment can
be explained by changes in TJ protein expression and subcellular
redistribution of TJ proteins (Chen et al., 2006; Bücker et al.,
2018). After infection with C. jejuni, HT-29/B6 cell monolayers
showed a redistribution of barrier-maintaining occludin and
claudin-5 off the TJ domain into intracellular compartments of
the epithelial cells. A similar pattern of redistribution of
occludin and claudin-5 has been reported in other in vitro
infection experiments with C. jejuni (Chen et al., 2006; Rees
et al., 2008; Lobo de Sá et al., 2019) and in colon tissues from
campylobacteriosis patients (Bücker et al., 2018; Harrer et al.,
2019). This redistribution will contribute to epithelial barrier
dysfunction via the paracellular leak pathway, and provides the
structural basis of the mechanism underlying leak flux diarrhea
(Bücker et al., 2018).

A discrepancy was seen in our Western blot studies of the
downregulation of channel-forming claudin-2 and the
upregulation of barrier-forming claudin-1. The claudin-1
paradox has previously been described in C. fetus and C.
jejuni infection, in which claudin-1 showed increased
expression (while TER was decreased). The explanation for
this paradox was that claudin-1 does not functionally assemble
into the epithelial TJ strands but remains in intracellular
compartments (Bücker et al., 2017; Bücker et al., 2018; Lobo
de Sá et al., 2019; Butkevych et al., 2020). This can be
interpreted as the start of a counter-reaction or recovery
reaction 1–2 days post infection after the primary TJ
dysregulation in the first phase of infection. By contrast,
claudin-2 downregulation is assumed to be functionally
masked by the other structural alterations.

Campylobacter jejuni Infection in
Stimulated Cell Cultures in vitro and
Campylobacteriosis in Mice
Pro-inflammatory cytokines such as TNF-α (Amasheh et al.,
2010; Luettig et al., 2016) trigger dysregulation of TJ proteins
as well as inducing apoptosis, and the mucosal cytokine storm is
prominent in the pathogenesis of campylobacteriosis (Al-Salloom

et al., 2003; Edwards et al., 2010; Bücker et al., 2018).We therefore
investigated the role of cytokines in causing barrier dysfunction
during C. jejuni infection in leaky gut models.

Leaky gut models to study Campylobacter infection have
previously employed monolayers of human colon cell lines co-
cultured with M1-macrophages derived from human PBMCs
(Bücker et al., 2018), or epithelial monolayers co-cultured with
the stimulated macrophage-like cell line THP-1 (Lobo de Sá et al.,
2019; Butkevych et al., 2020). Cell culture filter supports or
transwell systems allow application of bacteria, cytokines,
compounds or inhibitors from the apical or basolateral
surfaces. For example, when investigating the immune-
modulating effect of curcumin on the C. jejuni infection,
basolateral located THP-1 cells were infected directly, without
infecting the epithelial cell monolayers, simulating cytokine-
induced impairment of the barrier function (Lobo de Sá et al.,
2019). In this model, the addition of curcumin abolished barrier
dysfunction in an NFκB-dependent manner (Lobo de Sá et al.,
2019). The THP-1 model could not be applied in the present
study as in this blood cancer cell line, resveratrol causes cell cycle
arrest and induces apoptosis (Feng et al., 2019). For this reason,
an alternative model with the addition of cytokines was used.
Since Rees and colleagues showed that 100 U/mL IFN-γ
accelerates barrier impairment synergistically with C. jejuni in
infected Caco-2 cells (Rees et al., 2008), and our Ingenuity
Pathway analysis indicated the importance of the IFN-γ
pathway, we stimulated HT-29/B6 monolayers with IFN-γ
(50 ng/ml). We found that resveratrol antagonized the IFN-
γ-pathway resulting in an improvement of barrier function. In
further experiments, barrier defects after maximal stimulation
with a cytokine cocktail of TNF-α, IL-1β and IFN-γ could not be
antagonized by resveratrol. This suggests that the
pharmacological efficacy of resveratrol is primarily barrier-
improving rather than immunomodulatory.

In addition to co-culture infection and direct cytokine
exposure, the use of animal models is the standard method to
gain information about the entire immune system after intestinal
barrier breakdown during enteropathogenic infection (Gölz et al.,
2015; von Klitzing et al., 2017; Heimesaat et al., 2019). In our
present mouse model of campylobacteriosis, infected secondary
abiotic IL-10−/−mice suffered from acute enterocolitis within one
week after infection (Haag et al., 2012), as indicated by bloody
diarrhea and wasting. The underlying massive immune
overreaction is based on the subepithelial cytokine storm
induced by the LOS of the invasive campylobacters, suggesting
that the pathogenicity of C. jejuni is predominantly based on LOS
translocation into the subepithelium, whereby the influx of
further LOS from the lumen in the leaky gut situation may
amplifies mucosal inflammation. Given that the LOS of C.
jejuni targets the toll-like receptor 4 (TLR4), the major role of
LOS in the induction and progress of campylobacteriosis was
supported by the fact that C. jejuni infection induced significantly
milder enterocolitis symptoms in TLR4-deficient mice. This was
confirmed independently by different research groups in their
individual murine models of camyplobacteriosis (Otto et al.,
2012; Haag et al., 2012; Stahl et al., 2014; Stahl & Vallance,
2015; reviewed by Mousavi et al., 2020). Most importantly, a
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general pharmacological mechanism of action against the
inflammation induced by C. jejuni includes the blockage or
antagonism of TLR4 signaling pathways, which should
counter-regulate the pathological consequences of the leaky
gut. This kind of immune induction via a TLR4-dependent
pathway might be inhibited by resveratrol in our mouse
experiments. In support of this notion, C. jejuni-induced
inflammatory responses were significantly decreased by the
polyphenol curcumin (Lobo de Sá et al., 2019), which is a
potent TLR4 antagonist and inhibits LOS-mediated immune
responses (Zhao et al., 2011).

However, the direct impact of resveratrol on cytokine
pathways appears to be effective only in the case of moderate
barrier dysfunction, such as that induced by IFN-γ treatment.
Similar results were obtained in lymphocytes, in which cytokine
production increased rather than decreased after resveratrol
treatment (Gao et al., 2001). By contrast, production of IL-6 was
downregulated in macrophages after resveratrol treatment
(Zhong et al., 1999) whereas in mice with Dextran Sodium
Sulfate (DSS)-induced colitis resveratrol decreased IL-6 release
but increased TNF-α release (Mayangsari and Suzuki, 2018).
Nevertheless, resveratrol restored intestinal barrier function in
mice with DSS-induced colitis (Mayangsari and Suzuki, 2018).
One interpretation of our results is that resveratrol does not
function as an immunosuppressive agent, but rather as an
immune-modulating compound acting on weakly affected
cytokine pathways such as that dependent on IL-6.
Therefore, the C. jejuni LOS-induced immune activation of
TLR4, as occurs in our mouse model, might be modulated or
in part inhibited by resveratrol, thereby contributing to the
restoration of barrier dysfunction and avoidance of the
leaky gut.

Strengthening the Epithelial Barrier for
Prevention of the Leaky gut
Resveratrol has not only immune-modulatory functions, but also
can reduce oxidative stress and influences several pathways in
intestinal homeostasis (Singh et al., 2010; Yao et al., 2010; Yao
et al., 2015; Cao et al., 2019). In our epithelial cell monocultures
infected with C. jejuni, resveratrol exerted direct barrier-
improving effects by preventing enhanced epithelial apoptosis
and restoring TJ dysregulated claudins into the TJ domain.
Furthermore, we speculate that epithelial defense mechanisms
may be enhanced by resveratrol. In general, the mucosal defense
against microorganisms can be modulated by increased
expression of mucins, tight junctional proteins, secretion of
chemokines and cytokines, or release of direct antimicrobials
like β-defensins and cathelicidin. We know from other studies
that resveratrol affects intracellular signaling pathways, for
example, blockage of NFκB activation (Singh et al., 2010),
activator protein-1 (Kundu and Surh, 2004), IκBα (Tsai et al.,
1999) or TLR4 and STAT3 (Zhang et al., 2019). Notably, a recent
study showed the synergistic effect of resveratrol and vitamin D
on the heterodimerization of VDR-RXR nuclear factors, which
reflected an increase in vitamin D-dependent gene expression
involving transactivation by resveratrol (Dampf Stone et al.,

2015). We have previously shown this vitamin D-dependent
pathway to be affected in campylobacteriosis and provided the
first evidence that supplementation with active vitamin D
antagonized the effects of C. jejuni in vitro and to some extent
in vivo (Bücker et al., 2018; Mousavi et al., 2019). It would
therefore seem reasonable that novel therapeutic approaches
should involve a combination of compounds, in order to use
their synergistic effects to increase their overall efficacy. Agents
that inhibit transepithelial migration of C. jejuni may also be
valuable. And it is interesting that resveratrol reduced parasite
translocation in a mouse model of intestinal Toxoplasma gondii
infection (Bereswill et al., 2010). Thus, a barrier-improving agent
such as resveratrol could be combined with an immune
modulator such as curcumin or vitamin D.

In conclusion, the effects of C. jejuni infection can be
attenuated by agents with barrier-protective, anti-inflammatory
or anti-apoptotic actions, alone or in combination. Promising
compounds to treat or prevent Campylobacter infections are
nutraceuticals such as resveratrol or curcumin, which should
be considered as therapeutic options inmultimodal approaches to
treat acute enteritis or post-infective IBS. Resveratrol is
particularly effective in restoring the epithelial leak pathway
and may prevent the pathogenesis of a leaky gut.
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