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Muc2 mucin o-glycosylation interacts R

with enteropathogenic Escherichia coli
to influence the development of ulcerative
colitis based on the NF-kB signaling pathway
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Abstract

Background Ulcerative colitis (UC) is a chronic inflammatory disease of the intestine characterized by a compro-
mised intestinal epithelial barrier. Mucin glycans are crucial in preserving barrier function during bacterial infections,
although the underlying mechanisms remain largely unexplored.

Methods A cohort comprising 15 patients diagnosed with UC and 15 healthy individuals was recruited. Stool
samples were collected to perform 16S rRNA gene sequencing, while biopsy samples were subjected to nanocapil-
lary liquid chromatography-tandem mass spectrometry (nanoLC-MS/MS) to assess O-glycosylation. Gene expres-
sion was evaluated through gPCR analysis and Western blotting. Furthermore, animal experiments were conducted
to investigate the effects of Escherichia coli and/or O-glycan inhibitor benzyl-a-GalNAc on the development of colitis
in mice.

Results Our findings revealed that the mucus barrier was disrupted during the early stages of UC, while the MUC2
protein content remained unaltered. Additionally, a noteworthy reduction in the o-glycosylation of MUC2

was observed, along with significant changes in the intestinal microbiota during the early stages of UC. These
changes included a decrease in intestinal species richness and an increase in the abundance of Escherichia coli (E.
coli). Moreover, subsequent to the administration of galactose or o-glycan inhibitor to intestinal epithelial cells,

it was observed that the cell culture supernatant had the ability to modify the proliferation and adhesive capac-

ity of E. coli. Furthermore, when pathogenic E. coli or commensal £. coli were cocultured with intestinal epithelium,
both strains elicited activation of the NF-KB signaling pathway in epithelial cells and facilitated the expression

of serine protease in comparison to the untreated control. Consistently, the inhibition of o-glycans has been observed
to enhance the pathogenicity of £. coli in vivo. Furthermore, a correlation has been established between the level

of o-glycans and the development of ulcerative colitis. Specifically, a reduction in the O-glycan content of MUC2 cells
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has been found to increase the virulence of E. coli, thereby compromising the integrity of the intestinal epithelial

barrier.

Conclusions Together, there exist complex interactions between the intestinal epithelium, o-glycans, and the intes-
tinal microbiota, which may inform the development of novel therapeutic strategies for the treatment of ulcerative

colitis.

Keywords Ulcerative colitis, Intestinal epithelium, o-glycan, Escherichia coli, Intestinal epithelial barrier, Gut microbiota

Background

Inflammatory bowel diseases (IBD), such as Crohn dis-
ease (CD) and ulcerative colitis (UC), are chronic, non-
specific inflammatory conditions that primarily affect
the colon and rectum [1]. The incidence of UC is notably
high in developed countries and has experienced a rapid
increase in newly industrialized nations [2, 3]. Within
China, the prevalence of ulcerative colitis is approxi-
mately 11.6 per 100,000 individuals [4]. The pathogenesis
of this disease is multifaceted and is currently under-
stood to be influenced by genetic factors, host immune
system dysregulation, gut microbiota dysbiosis, and envi-
ronmental factors [5, 6].

Patients diagnosed with UC typically necessitate per-
sonalized and thorough treatment [7]. Mild UC cases
are commonly addressed with aminosalicylate inhibitors,
whereas moderate and severe UC cases necessitate sup-
plementary treatment with corticosteroids, immunosup-
pressive agents, and biologics [8]. In instances of acute
illness, intravenous glucocorticoids are administered to
patients after appropriate fluid and electrolyte replace-
ment [8, 9]. In cases of severe UC that are complicated
by hemorrhage, perforation, and/or ineffective medical
treatment, surgical intervention may be required as nec-
essary [10, 11]. Given that the majority of extant treat-
ment options for UC are symptomatic in nature, patients
are required to undergo long-term medication. Dis-
continuation of medication is prone to result in relapse
and the development of drug resistance [12, 13]. Conse-
quently, it is imperative to undertake further investiga-
tion into the pathogenesis of UC and to explore potential
treatment strategies, with the aim of enhancing the qual-
ity of life of affected patients.

The intestinal mucus barrier serves as the primary
defense mechanism of the host against environmental,
physiological, and immune stimuli, effectively obstruct-
ing direct contact between epithelial cells and a range
of particles, toxins, pathogens, and commensal bacteria
[14, 15]. Previous studies have demonstrated that a com-
promised mucus barrier is a significant manifestation of
UC [16, 17]. The colonic mucus layer represents the pri-
mary ecological niche for commensal bacteria, with the
composition of the intestinal microbiota being relatively
species-specific and regulated by the intestinal mucus

[17]. The composition of gut microbiota in individuals
with IBD is distinct from that of healthy individuals, and
is influenced by both environmental and host-related fac-
tors, leading to a disruption of intestinal homeostasis.
This disturbance can result in metabolic disorders that
may contribute significantly to the pathogenesis of IBD
[18, 19].

Mucins constitute the primary constituents of the
colonic mucus layer, and the mucin glycans are crucial in
preserving barrier function during bacterial and parasitic
infections [14, 20]. Mucin-type O-glycosylation has been
demonstrated to be intricately linked to mucin function
[21, 22]. The suppression of mouse glycosyltransferases
resulted in a marked decrease in o-glycan content, which
led to intestinal inflammation and the emergence of
colorectal tumors in mice [23-25]. The current investi-
gation provides evidence that MUC2 protein expression
remains unchanged during the early stages of human UC
development, while there is a notable decrease in mucin-
type o-glycan biosynthesis. This alteration is linked to
the mild clinical symptoms observed in UC patients.
However, additional research is required to elucidate the
precise mechanism by which O-glycan reduction affects
UC pathogenesis.

Methods

Patients

The present study involved the collection of UC speci-
mens and paired non-inflammatory colon tissue for
pathological observation from patients with UC who
underwent colonoscopy at Jinling Hospital. Prior to par-
ticipation, written informed consent was obtained from
all patients, and the study was approved by the Insti-
tutional Review Board of Jinling Hospital. A total of 15
patients with UC were included in the study, and sigmoid
colon biopsy specimens were evaluated to determine dis-
ease activity based on the Mayo Endoscopic Subscore
(MES). The clinical characteristics of all patients are pre-
sented in Table 1. The inclusion criteria encompass the
age range of 18 to 60 years, a diagnosis that has been
confirmed by physicians through patient history, colo-
noscopy, pathology, and imaging, as well as a diagnosis
and activity assessment that aligns with the “Consensus
opinion on the diagnosis and treatment of inflammatory
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Table 1 Clinical characteristics of patients with mild UC
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Clinical characteristics UC (15 cases)

Healthy subjects (15 cases)

Age mean age =31 years old (range from 19 to 42)

mean age =30 years old
(range from 24 to 45)

Gender 7 females/8 males 8 females /7 males
Course of disease All>6 months NA
Medication NA
Salicylic acid 15 cases -
Hormone 8 cases -
Biological agents 1 case -
Enema with traditional Chinese medicine 10 cases -
Mayo score Mean value =7 (rang from 4 to 10) NA
MES score Mean value=2 (rang from 1 to 2) NA

UC ulcerative colitis; NA not applicable; MES Mayo endoscopic score

bowel disease in China” with a Mayo score of <10. The
exclusion criteria encompass individuals who fail to meet
the diagnostic and inclusion criteria, those with coexist-
ing severe liver, heart, lung, kidney, and other systemic
illnesses, women with a recent childbirth plan or preg-
nancy, psychiatric patients or uncooperative patients,
individuals who have utilized antibiotics and probiot-
ics within the past three months, and patients who have
participated in other clinical studies. The healthy con-
trol group underwent colonoscopy monitoring to assess
colon polyps and presented with no underlying pathol-
ogy. Additionally, a cohort of 12 patients with UC and 12
healthy individuals provided stool samples for 16S rRNA
gene sequencing.

Immunohistochemistry and HE staining

Biopsy specimens were fixed in formalin and embed-
ded in paraffin, and 5 pm thick sections were prepared
using standard procedures. The slides were subjected to
dewaxing and rehydration, followed by incubation with
3%H202 in PBS for 10 min at room temperature. After
washing with PBS five times, antigen retrieval was car-
ried out using Citrate-EDTA Antigen Retrieval Solution
(Beyotime Biotechnology, #P0068). The sections were
then blocked with QuickBlock™ Blocking Buffer (Beyo-
time Biotechnology, #P0260) and incubated with anti-
MUC2 (Abcam, #ab27269, dilutions 1:200), anti-CD64
(Abcam, #ab140779, dilutions 1:200) and anti-Occludin
(Abcam, #ab216327, dilutions 1:200) antibodies over-
night at 4 °C. Following washing with PBS, the sections
were subjected to incubation with HRP-conjugated sec-
ondary antibodies at room temperature for 1.5 h. Color
reaction was developed using the 3, 3-diaminobenzi-
dine (DAB) Horseradish Peroxidase Color Development
Kit (Beyotime Biotechnology, #P0202) for a period of
5 min, followed by counterstaining with hematoxylin.

All stained slides were observed under a microscope and
photographed after sealing with Polyvinylpyrrolidone
Mounting Medium (Beyotime Biotechnology, #C0185).
The HE staining procedure was conducted in accordance
with standard protocol. Tissue sections were subjected to
hematoxylin staining for 60 s at a temperature of 60 °C,
followed by treatment with 1% ethanol hydrochloride
for 3 s. Subsequently, eosin was applied to the sections,
which were then rinsed with tap water. The slides were
further processed by sequential treatment with ethanol
and xylene for the appropriate duration, before being
sealed with neutral gum. Representative images were
captured using an optical microscope.

Analysis of o-glycosylation

Endoscopic biopsies were obtained from non-inflam-
matory regions of four patients diagnosed with mild UC
and four healthy individuals. Three biopsies (5-10 mg
wet weight) were collected from each case to extract
total protein, and protein concentrations were measured
using spectrophotometry. Subsequently, the samples
underwent testing via nanocapillary liquid chromatog-
raphy-tandem mass spectrometry (nanoLC-MS/MS). In
the investigation of O-linked glycopeptides within intes-
tinal mucosal tissues, the pGlyco 2.0 search engine was
utilized to identify matches of intact O-glycopeptides.
Alkylation was designated as a static modification, while
oxidation and acetylation were considered dynamic
modifications. To obtain intact O-glycopeptide data,
results were de-weighted based on modification, peptide
sequence, and glycan composition. The intact O-glyco-
peptide was then identified by pGlyco 2.0. Additionally,
Isotopic Envelope Fingerprinting (iEF) and secondary ion
mass spectra were obtained to provide a visual represen-
tation of the structure.
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Fecal sample collection, nucleic acid extraction, and 16S
rRNA gene sequencing

Fecal samples were collected and preserved using the
Fecal Storage Kit, which contained 4 mL Stool Preserva-
tion Solution from Treatgut Biotechnology in Xiamen,
China. Bacterial nucleic acids were extracted using the
OMEGA Stool DNA Kit in accordance with the manu-
facturer’s instructions. Primers were designed based on
conserved regions of the 16S rDNA sequence for PCR
analysis. The target fragments were recovered through
agarose gel electrophoresis. Next, the purified library was
quantified and sequenced (paired-end sequencing) on the
[lumina platform 250PE following standard operations.

Bioinformatics analysis

The acquisition of sequencing data and subsequent
analysis of the gut microbiome were conducted utilizing
Kraken2 software (version 2.0.7-beta). The taxonomic
composition of each sample was evaluated, and a com-
parative analysis between groups was performed using
linear discriminant analysis (LDA) effect size. Commu-
nity structure and bacterial species distribution in differ-
ent groups were visualized using GraPhlAn and python.
Pathway annotation and analysis were conducted using
HUMAnNN?2 software. Intergroup differences were fur-
ther analyzed using analysis of variance (ANOVA).

Bacterial growth assay

The bacteria were cultivated in LB medium devoid of
antibiotics until the absorbance value reached approxi-
mately 0.6 at 600 nm. The bacterial solution was then dis-
tributed evenly into multiple portions and diluted with
the same medium. Each group was subjected to tripli-
cate wells. The mixed bacterial solution was incubated
at 37 °C and 200 rpm/min with shaking. At hourly inter-
vals, three samples were collected from each group and
the bacterial absorbance values were measured to deter-
mine the concentration and quantity of bacteria. Growth
curves were constructed for a minimum of 6 consecutive
hours to evaluate the impact of diverse media or culture
conditions on the proliferative capacity of the bacteria.

Cell culture

Human HT29 epithelial colonic cells were procured from
the cell bank of the Chinese Academy of Sciences located
in Shanghai, China. The cells were maintained in DMEM
supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin at a temperature of 37 °C under high
humidity conditions with 5% CO,,.

Bacterial adherence assay
HT29 cells in the logarithmic growth phase were cul-
tured in 24-well dishes until reaching approximately 80%

Page 4 of 15

confluency, after which a bacterial adherence experiment
was conducted. The bacterial precipitates (200 puL) were
obtained via centrifugation, washed with PBS, and sus-
pended in 400 pL of serum-free cell culture medium. The
suspension was then incubated in an incubator shaker at
37 °C for 3 h. Subsequently, gradient dilution buffer was
added to the bacterial solutions, followed by an addi-
tional 1 h of incubation. Next, the culture medium of
the 24-well plates was discarded, and 400 pL of serum-
free, antibiotic-free cell culture medium was added, fol-
lowed by an incubation period of 1 h. Thereafter, 100 pL
of bacterial solution with diverse dilution gradients was
introduced into the aforementioned cell culture wells and
permitted to incubate for a duration of 3 h. The super-
natant was subsequently extracted, and the cells were
rinsed with PBS before being gathered and resuspended
in a sterile PBS solution. The resultant mixture was then
transferred onto agar plates and incubated within a bac-
teriological incubator for a period of 12—16 h. The quan-
tification of bacterial colonies grown on agar plates was
based on the sizes of the colonies.

Animal experiments

Male C57/BL6 mice, aged between 8 and 12 weeks, were
procured from the Laboratory Animal Center of Nanjing
University and housed in a specific pathogen-free (SPF)
facility with a 12-h light/dark cycle. The mice were pro-
vided ad libitum access to food and water. The experi-
mental procedures were conducted in compliance with
institutional animal care guidelines and were approved
by the Hospital Institutional Animal Care and Use Com-
mittee (LACUC) under approval number 2020JLHGKJD-
WLS-26. EPEC was suspended in 0.5 L of PBS. Mice were
orally gavaged with 1.0x10° colony-forming units (cfu)
of EPEC or E. coli once daily for 7 consecutive days. In
addition, the mice were intraperitoneally administered
an O-glycan inhibitor (1 mg/kg). Body weights were
recorded at 5-day intervals. After 15 days, the mice were
euthanized under deep anesthesia and the colon was
excised for length measurement and histological exami-
nation using hematoxylin and eosin (HE) staining.

Western blotting

The tissue samples were pulverized using liquid nitro-
gen, lysed in pre-chilled RIPA buffer containing 1% pro-
tease inhibitor PMSF, and subsequently cooled on ice for
30 min. The lysates were then subjected to centrifugation
at 12000 g and 4 °C for 12 min. The protein concentra-
tion was determined using the BCA method. For western
blotting analysis, the samples were mixed with appropri-
ate amounts of protein loading buffer, heated in a water
bath at 95 °C for 10 min, and then cooled on ice. Standard
SDS-PAGE gel electrophoresis was performed thereafter.
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The separated proteins were transferred to PVDF mem-
branes. The membranes were blocked in 5% non-fat
skimmed milk in TBST for 2 h and then incubated with
anti-p-actin antibody (dilution 1:4000) overnight at 4 °C.
After incubation with the secondary antibody, immunob-
lots were visualized by enhanced chemiluminescence and
quantified using grayscale values. The protein expression
of the housekeeping gene [-actin was utilized as an inter-
nal reference.

qPCR analysis

The tissue samples were pulverized using liquid nitro-
gen. RNA extraction procedures were conducted on
ice. The samples were lysed in 1 mL of TRIzol Reagent
(Life Technologies) for 10 min, followed by chloroform
extraction and isopropanol precipitation. The RNA pre-
cipitate was washed with 75% ethanol and dissolved in
RNase-free water. The concentration and purity of RNA
were assessed using a Nano-Drop Spectrophotometer.
The TaqgMan Reverse Transcription Kit was utilized to
synthesize the cDNA, followed by qPCR using 2x SYBR
green. The 2724 method was employed to analyze rela-
tive gene expression, which was normalized to GAPDH.
The primer sequences for EPEC are provided below. lasR
forward: 5-ATGGCCTTGGTTGACGGT-3’, reverse:
5-GCAAGATCAGAGAGTAATAAGACCC-3;  PvdA
forward: 5-GACCCATATGACACAGGCAACTGC
AACCG-3', reverse: 5-CTATAAGCTTCAGCTGGC
CAGGGCGTGC-3; perV forward: 5-TCTAGAATG
GAAGTCAGAAACCTTAATGCC-3’, reverse: 5-GTC
GACGTAAATCTAGCGCGACTCTTACAGCGC-3".

Statistical analysis

The data are presented as the mean * standard deviation
(SD) and statistical significance between two groups was
assessed using unpaired Student’s t test through the utili-
zation of SPSS software v.21 (IBM SPSS Statistics). Multi-
group analysis was conducted through one-way ANOVA
and LSD post-hoc test. Differences were deemed sig-
nificant at P<0.05. The significance levels for all data are
indicated as follows: *P < 0.05; **P <0.01; ***P <0.001.

Results

Downregulation of Occludin in the intestinal epithelium

of patients with mild UC

We conducted microscopic observations of both non-
inflammatory and inflammatory tissues in patients with
and without UC. The non-inflammatory sites of colonic
mucosa in both non-UC patients and those with mild
UC exhibited a smooth surface and visible vascular net-
work. Conversely, at the inflammatory sites in patients
with mild UC, we observed a superficial ulcer with con-
gested mucosa (Fig. 1A, upper panel). The utilization of
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HE staining on biopsy-derived tissues revealed that the
epithelium remained undamaged and that glandular
branches were discernible in non-inflammatory regions
of non-UC patients and those with mild UC. Never-
theless, inflammatory cell infiltration was evident in
non-inflammatory regions of mild UC patients. It is note-
worthy that patients with mild UC displayed epithelial
destruction, glandular branching, crypt abscesses, and
substantial inflammatory cell infiltration at inflamma-
tory sites (Fig. 1A, lower panel). The histologic score indi-
cated a greater degree of inflammation in UC-afflicted
sites compared to non-inflammatory sites and non-UC
patients. Notably, no significant difference was observed
between non-inflammatory sites and controls (Fig. 1B).
Immunohistochemical analysis revealed comparable
MUC2 protein expression levels in non-inflammatory
sites of non-UC patients and mild UC patients. However,
Occludin protein expression was significantly lower in
non-inflammatory sites relative to controls (Fig. 1C and
D). Besides, a significant quantity of CD64* monocyte/
macrophage infiltrates were observed in the intestinal
epithelium of patients with mild UC, both at inflam-
matory and non-inflammatory sites, in comparison to
healthy controls (Fig. 1E).

o-glycosylation of MUC2 in the intestinal epithelium

of patients with mild UC

The absence of a notable variance in MUC2 protein
expression at non-inflammatory sites between non-UC
patients and mild UC patients, coupled with a reduc-
tion in Occludin protein levels, implies that the colonic
epithelial structure remains largely unaltered in mild
UC patients. However, it is plausible that the perme-
ability of the structure may have been affected. To delve
deeper into the underlying mechanisms, we conducted
an investigation into the glycosylation level of the colonic
epithelium in both groups, utilizing nanoLC-MS/MS.
The analysis of intact O-glycopeptides was conducted
using pGlyco 2.0 (Fig. 2A; Additional file 1: Figure S1),
which facilitated the detection of various O-glycan abun-
dances in tissue samples (Fig. 2B; Additional file 1: Fig-
ure S1). The control group exhibited a distinctive glycan
structure, characterized by a relatively lower propor-
tion of shorter glycan chains and a higher proportion
of complex glycans, in comparison to the UC group
(Fig. 2C; Additional file 1: Figure S1). The semiquantita-
tive evaluation of individual oligosaccharides of colonic
MUC?2 in the two groups was conducted based on their
mass-to-charge ratio (m/z) value. The relative quantities
of four key glycans, identified by their molecular mass,
were determined by the binding strength of single- and
double-charged ions. The glycopeptides in the UC group
exhibited distinct structural patterns, characterized by
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a reduction in longer glycan chains, such as 1095 (10%),
1460 (5%), and 1573 (4%) compared to the control group.
However, the UC group showed a 13% higher relative
amount of TF antigen (glycans 406) than the control
group (Fig. 2D).

Significant alterations in intestinal microbiota composition
and higher abundance of Escherichia coli in patients

with mild UC

Prior research has indicated a correlation between
O-glycan modifications in the colonic mucosa and the
distribution of intestinal microbiota. To investigate the
distinctions in the distribution of intestinal microbiota
between individuals with mild UC and healthy sub-
jects, an analysis of the gut bacterial community was
conducted through 16S rRNA gene sequencing. The
results revealed that the a-diversity indices of the gut
microbiome, including Simpson (P=0.0093), Shannon
(P=0.0069), Chaol (P=0.0059), ACE (P=0.0051), and
richness (P=0.0065) indices, exhibited a significantly
lower diversity in UC patients than in healthy individuals

(Fig. 3A). Additionally, the p-diversity, as determined by
Principle Component Analysis (PCoA), was also lower in
UC patients (Fig. 3B). The composition of the gut bacte-
rial community was summarized at various taxonomic
levels, including genus, phylum, class, order, and family
(Fig. 3C; Additional file 2: Figure S2). To identify signifi-
cant biomarkers, LDA was conducted, revealing a signifi-
cant difference in the abundance of E. coli between the
two groups (Fig. 3D). Furthermore, Linear Discriminate
Analysis effect size (LEfSe) detected 28 taxa with differ-
ential abundance (LDA score >2.0) between patients with
UC and healthy controls (Fig. 3E).

The supernatant of intestinal epithelial cells affects
Escherichia coli propagation

To explore the interplay between O-glycans, E. coli, and
the intestinal epithelium, we employed established tech-
niques that utilize D-galactose to prompt HT29 cells to
differentiate into mucus-secreting, highly specialized
epithelial cells. The resulting supernatant was subse-
quently combined with E. coli LB medium and utilized
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to cultivate pathogenic E. coli or E. coli obtained from
healthy human feces, with the aim of assessing the
impact on bacterial proliferative capacity. Our findings
indicated that the proliferative capacity of both patho-
genic and commensal E. coli was significantly suppressed
by the D-galactose-induced cell supernatant (Fig. 4A).
Nevertheless, the inhibitory effects on E. coli prolifera-
tion were reversed upon treatment with the O-glycan

synthesis inhibitor, benzyl-a-GalNAc, in comparison to
D-galactose treatment alone (Fig. 4B).

The supernatant of intestinal epithelial cells affects

the adhesion of Escherichia coli

The adhesion capacity of bacteria to epithelial cells
is a crucial determinant of their pathogenicity. This
study aimed to investigate the adhesion capabilities of
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enteropathogenic E. coli and commensal E. coli. To this
end, we collected cell culture supernatant from HT29
cells that were subjected to various treatments, includ-
ing an O-glycosylation inhibitor (benzyl-a-GalNAC),
highly differentiated HT29 cells induced with D-galac-
tose, HT29 cells co-treated with both benzyl-a-GalNAc
and D-galactose, and untreated cells (control). Subse-
quently, the two E. coli strains were subjected to the
treatments mentioned above. Our findings indicated a
significant increase in the adhesion capacity of both E.

coli strains to cells treated with benzyl-a-GalNAc cell
supernatant, while a decrease in adhesion capacity was
observed in both E. coli strains to D-galactose-induced
highly differentiated HT29 cell supernatant compared
to HT29 cell supernatant (Fig. 5A, B). Furthermore, the
cell supernatant obtained from D-galactose and benzyl-
a-GalNAc-cotreated HT29 cells was able to reverse the
adhesion ability of both E. coli strains in comparison to
that induced by D-galactose alone (Fig. 5C, D).
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Fig. 5 The adhesive capacity of Escherichia coliis influenced by the supernatant of cell culture. (A, B) Effect of cell culture supernatant

on the adhesive capacity of EPEC E. coli. (C, D) Effect of cell culture supernatant on the adhesive capacity of commensal £. coli. HT29 cells were
treated with benzyl-a-GalNAc and/or D galactose for 48 h. EPEC, enteropathogenic Escherichia coli. Differences among the multiple groups were
analyzed by one-way ANOVA. NS, not significant; *P <0.05; **P <0.01; ***P <0.001
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Co-treatment with Escherichia coli and the O-glycan
inhibitor benzyl-a-GalNAc promotes the development

of colitis in mice

To further validate the interplay among O-glycans, E.
coli, and the intestinal epithelium, we administered the
O-glycosylation inhibitor benzyl-a-GalNAc via intra-
peritoneal (i.p.) injection and/or EPEC E. coli via gav-
age to the murine subjects. benzyl-a-GalNAc treatment
alone elicited a significant thickening of the colon in mice
compared to the control. Similarly, the administration of
EPEC E. coli via gavage resulted in an increase in colonic
thickening in mice; however, the extent of alteration
was less pronounced than that observed in the benzyl-
a-GalNAc-treated cohort. In addition, the co-admin-
istration of EPEC E. coli and benzyl-a-GalNAc in mice
resulted in a noteworthy augmentation of colonic thick-
ness, concomitant with colonic epithelial impairment,
disrupted glandular architectures, crypt abscesses, and
extensive infiltration of inflammatory cells (Fig. 6).

Escherichia coli downregulates glycosyltransferase
C1GALT1 expression in HT29 cells by modulating the NF-kB
pathway

Our study revealed a correlation between O-glycans, E.
coli, and the intestinal epithelium. Nonetheless, the pre-
cise mechanisms underlying the influence of E. coli on
O-glycan biosynthesis in the intestinal epithelium, which
ultimately leads to the development of UC, necessitate
further investigation. In light of this, we performed a co-
culture experiment involving E. coli and HT29 cells to
evaluate the effects of bacterial activity on cellular sign-
aling molecules and protein expression. The data pre-
sented in this study indicate that both EPEC E. coli and
commensal E. coli significantly decreased the expression
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of glycosyltransferase C1GALT1, a crucial enzyme for
O-glycan synthesis, when compared to untreated cells
(Fig. 7A, B). Additionally, E. coli induced the phospho-
rylation of P65 and IkB, two key molecules in the NF-xB
pathway, without significantly affecting the total levels
of P65 and IkB (Fig. 7C, D). Furthermore, co-treatment
of the cells with the NF-«xB inhibitor BAY 11-7082 and
EPEC significantly reduced the levels of p-P65 and
restored C1GALT1 expression compared to cells treated
with EPEC alone (Fig. 7E).

The NF-kB pathway mediates the effects of Escherichia coli
and o-glycans on UC development in mice

To validate the involvement of the NF-kB pathway in
the pathogenesis of E. coli-induced ulcerative colitis,
we conducted additional animal experiments. Our find-
ings were in agreement with the aforementioned results,
as mice that received co-treatment with EPEC and
benzyl-a-GalNAc exhibited augmented colonic thicken-
ing and inflammatory infiltration relative to the control
group. However, co-administration of the NF-«xB inhibi-
tor BAY 11-7082 resulted in a significant reduction in
colonic thickening and inflammatory infiltration com-
pared to mice that were solely exposed to EPEC (Fig. 8A,
B). Besides, the concurrent administration of EPEC and
benzyl-a-GalNAc resulted in a notable decrease in the
expression of C1GALT1, whereas the utilization of the
NEF-kB inhibitor BAY 11-7082 effectively restored the
protein expression of CIGALT1 (Fig. 8C).

MUC2 constitutes a pivotal constituent within the
mucous layer. Nevertheless, there exist other indispen-
sable proteins within the mucus barrier, such as TFF3
and FCGBP. The TFF protein family, primarily secreted
by gastrointestinal cells, assumes a fundamental role in

Control
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Fig. 6 Co-treatment with Escherichia coli and O-glycan inhibitor benzyl-a-GalNAc promotes colitis in mice. A The effects of benzyl-a-GalNAc
and/or EPEC E. coli on colonic thickening in mice. B Statistical results. The mice were subjected to intraperitoneal injections of O-glycan inhibitor
benzyl-a-GalNAc (1 mg/kg) and/or EPEC E. coli by gavage (1 x 109 cfu/mL in sterile PBS) once daily for 7 consecutive days. IP, intraperitoneal
injections; cfu, colony forming units. Differences among the multiple groups were analyzed by one-way ANOVA. *P < 0.05; **P <0.01; ***P <0.001
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upholding the integrity of the intestinal barrier. TFF3, as
a prominent constituent, substantially contributes to the
rectification of damage incurred by the intestinal epithe-
lium and the regulation of inflammatory processes. Addi-
tionally, FCGBP, closely associated with TFF3, reinforces
the defenses of the mucus barrier, particularly in the con-
text of microbial infections [26]. In the present investi-
gation, a significant reduction in the levels of TFF3 and
FCGBP expression was noted in the intestinal tissues of

mice subjected to EPEC treatment, in comparison to the
untreated mice (Additional file 3: Figure S3). Addition-
ally, administration of the NF-kB inhibitor BAY 11-7082
did not yield a statistically noteworthy effect on mice
exposed to EPEC in comparison to those treated solely
with EPEC (Additional file 4: Figure S4). These findings
suggest that the downregulation of TFF3 and FCGBP
triggered by EPEC operates via a mechanism that is dis-
tinct and unrelated to the NF-«B signaling pathway.
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Discussion

Ulcerative colitis is a chronic inflammatory disease that
primarily impacts the colon and rectum [2, 27]. While
genetic factors, host immune system disorders, dysbio-
sis of the intestinal microbiota, and environmental fac-
tors have been associated with UC pathogenesis in recent
research [3-5], the molecular mechanisms underlying
UC development remain incompletely understood. Con-
sequently, additional investigation into potential thera-
peutic strategies may enhance patient prognosis.

The intestinal mucus barrier serves as the primary
defense mechanism against environmental, physiological,
and immune stimuli, and its impairment is a significant
manifestation of UC [17, 20]. The colonic mucus layer
primarily comprises mucin, while proteoglycan compo-
nents play a crucial role in preserving the mucus bar-
rier, which undergoes significant alterations during the
development of UC [14, 15, 17]. In this study, we mainly
observed MUC?2 protein expression in colonic tissues of
patients with mild UC, and no significant changes were

observed. MUC?2 serves as a marker for intestinal epithe-
lial permeability [28, 29], and the less severe manifesta-
tion of lesions in patients with mild UC may be attributed
to the absence of significant structural changes. How-
ever, our findings indicated a significant reduction in the
expression of the tight junction protein Occludin, which
is indicative of mucosal damage and compromised gut
epithelial barrier integrity [30-32]. It was subsequently
confirmed that protein glycosylation was markedly
diminished in individuals with UC, indicating a poten-
tial association between UC, protein glycosylation, and
mucosal permeability. Taken together, these findings sug-
gest that mild UC patients exhibit heightened intestinal
permeability despite preservation of the intestinal epithe-
lial barrier.

The colonic mucus layer serves as the primary dwell-
ing place for commensal bacteria. The composition of gut
microbiota is under the regulation of the intestinal mucus
layer, and the host mucus has the potential to shape the
intestinal microbiota [33-35]. The gut microbiota of
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individuals with IBD differs from that of healthy indi-
viduals and may play a crucial role in the pathogenesis of
IBD [33, 36]. In line with this, our study also revealed sig-
nificant variations in the intestinal microbiota between
healthy controls and patients with mild, severe, and
severe UC. Next, we directed our attention toward E. coli,
an opportunistic pathogen, amidst the varied abundance
of microbial taxa. E. coli typically operates as a commen-
sal bacterium in regular circumstances, but its role shifts
to that of a harmful pathogen when the host’s immune
system weakens, leading to the onset of disease [37—
39]. The potential influence of O-glycans in promoting
heightened virulence and invasiveness of E. coli has been
suggested [14, 40]. Our data indicated that the treat-
ment of HT29 cells with an O-glycan inhibitor enhanced
the proliferative capacity and adhesion of E. coli. While
the specific molecular mechanism behind these effects
remains unclear, our findings suggested that post-trans-
lational glycosylation modifications influenced the phe-
notypes of commensal gut microbiota, thereby impacting
disease progression, including UC, through host interac-
tions. Prior research has demonstrated that the elimina-
tion of glycosyltransferases resulted in a marked decrease
in O-glycan manifestation, which subsequently led to the
onset of intestinal inflammation and colorectal cancer
in mice [23-25]. Our animal experimentation similarly
revealed that the administration of an O-glycan inhibitor
induced epithelial thickening, and concurrent treatment
with E. coli intensified colonic inflammation in mice. As
previously stated, the pathogenesis of UC is triggered
by impairment of barrier integrity in intestinal mucosa
and gut microbiota dysbiosis [33, 34]. Our findings sup-
port this notion, as co-culturing E. coli with epithelial
cells resulted in significant activation of the NF-kB path-
way and marked down-regulation of glycosyltransferase
C1GALT1 protein expression in the epithelium, leading
to a decrease in O-glycan expression. In contrast, the
administration of an inhibitor targeting the NF-«xB path-
way resulted in the reversal of the aforementioned altera-
tions, which were partially replicated in animal models.
Prior investigations have demonstrated a strong corre-
lation between the NF-kB pathway and IBD [41-43], a
finding that is supported by our current findings.

Conclusions

In summary, our findings provide confirmation that a
decrease in E. coli levels within the gastrointestinal tract
could potentially be linked to O-glycosylation. It is widely
acknowledged that patients with UC exhibit reduced
O-glycosylation, yet the impact of this phenomenon on
the composition and prevalence of intestinal flora, spe-
cifically E. coli, is a relatively recent concept. Moreo-
ver, the altered abundance of E. coli in the intestines,
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subsequently influencing the activity of the NFKB sign-
aling pathway in the mucosal lining of the host, offers a
fresh perspective on the microecology of the intestines
and the progression of UC.
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