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Abstract

BACKGROUND

Inflammatory bowel disease, particularly Crohn’s disease (CD), has been asso-
ciated with alterations in mesenteric adipose tissue (MAT) and the phenomenon
termed “creeping fat”. Histopathological evaluations showed that MAT and in-
testinal tissues were significantly altered in patients with CD, with these tissues
characterized by inflammation and fibrosis.

AIM

To evaluate the complex interplay among MAT, creeping fat, inflammation, and
gut microbiota in CD.

METHODS

Intestinal tissue and MAT were collected from 12 patients with CD. Histological
manifestations and protein expression levels were analyzed to determine lesion
characteristics. Fecal samples were collected from five recently treated CD pa-
tients and five control subjects and transplanted into mice. The intestinal and
mesenteric lesions in these mice, as well as their systemic inflammatory status,
were assessed and compared in mice transplanted with fecal samples from CD
patients and control subjects.

RESULTS

Pathological examination of MAT showed significant differences between CD-
affected and unaffected colons, including significant differences in gut microbiota
structure. Fetal microbiota transplantation (FMT) from clinically healthy donors
into mice with 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced CD ameliorated
CD symptoms, whereas FMT from CD patients into these mice exacerbated CD
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symptoms. Notably, FMT influenced intestinal permeability, barrier function, and levels of proinflammatory
factors and adipokines. Furthermore, FMT from CD patients intensified fibrotic changes in the colon tissues of mice
with TNBS-induced CD.

CONCLUSION
Gut microbiota play a critical role in the histopathology of CD. Targeting MAT and creeping fat may therefore have
potential in the treatment of patients with CD.
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©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The present study evaluated the complex interplay among creeping fat, inflammation, and intestinal microbiota
involved in the pathogenesis of Crohn’s disease (CD). The intestinal microbiota was found to play a multifaceted role,
mediating the properties of creeping fat while affecting the inflammatory and fibrotic phenotypes associated with CD.
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INTRODUCTION

Inflammatory bowel disease (IBD) primarily includes Crohn’s disease (CD) and ulcerative colitis (UC). CD, first identified
as a distinct pathological entity in 1932, is characterized by chronic inflammation of the gastrointestinal tract[1]. The IBD
incidence and prevalence of IBD have been increasing worldwide, with CD significantly contributing to these trends[2].
Factors contributing to the pathogenesis of CD include genetic predisposition, environmental triggers, and intestinal
microbiota[3]. Although dysbiosis in the gut microbiota has been detected in many patients with CD, the roles of the gut
microbiota and metabolic disorders in its pathogenesis remain unclear. The absence of diagnostic and therapeutic
approaches targeting the gut microbiota has been found to significantly affect patient prognosis and quality of life.
Studies evaluating the roles of the gut microbiota in the pathogenesis and progression of CD may therefore identify new
therapeutic approaches.

Creeping fat and mesenteric adipose tissue (MAT) have been associated with the pathogenesis of CD, with intraab-
dominal fat-to-total abdominal fat ratios being higher in patients with CD than in normal controls. Furthermore, a higher
percentage of visceral fat is associated with a higher rate of postoperative disease recurrence[4,5]. This pathologically
altered fat, known as “creeping fat”, is often found around inflamed intestinal regions and contributes to disease severity
[6]. The inflammatory profile of MAT in patients with CD includes increased concentrations of cytokines, such as tumour
necrosis factor alpha (TNF-a), interleukin (IL)-1p, and IL-6, and of adipokines, such as leptin, resistin, chemerin, and
visfatin[7,8]. These increases contribute to inflammation of the intestinal tract, whereas the downregulation of the bene-
ficial adipokine adiponectin contributes to the pathogenesis of CD[7,8]. Creeping fat has distinctive features, including
larger size and greater immune cell infiltration, differentiating it from normal mesenteric fat[9]. Furthermore, the selective
enlargement of fat depots around diseased areas in CD patients indicates a causal correlation between MAT and mucosal
alterations[10]. Mesenteric fat is also a source of C-reactive protein and a target of bacterial translocation, providing
further evidence for the complex interactions between adipose tissues and inflammatory responses in CD[11]. The identi-
fication of this multifaceted relationship has broadened understanding of the pathogenesis of CD, highlighting the
importance of MAT and creeping fat in inflammation, immune responses, and disease progression[12,13].

Gut microbial communities may be present in creeping fat. The composition of the gut microbiota in patients with CD
is closely associated with the location of the disease, with the microbiota differing in patients with colonic and ileal CD. In
addition to differences in their gut microbiota populations, patients with isolated ileal and colonic CD exhibit significant
differences in disease behaviors, biomarkers, and responses to immunotherapy. In contrast, patients with colonic CD and
colonic UC have similar gut microbiota compositions and disease behaviors.

Bacteria were found to persist in creeping fat within surgically excised specimens, suggesting that peritoneal creeping
fat around the intestines prevented the dissemination of bacteria from the affected site into the bloodstream, thereby
delaying disease progression. As the amount of creeping fat increases, however, these intestinal bacteria remain trapped
in adipose tissue, which continues to migrate and proliferate towards the lesion site. The bacteria that enter the mesentery
following intestinal barrier damage may be the root cause of the formation of creeping fat. The disruption of the intestinal
barrier may play a role in the pathogenesis of CD and contribute to unfavorable patient prognosis. However, the
temporal relationship between intestinal barrier disruption and gut microbiota dysbiosis remains unclear.

Inflammation-induced barrier dysfunction and intestinal microbiota dysbiosis have emerged as critical factors in CD
pathogenesis[14,15]. Intestinal permeability has been linked to visceral adiposity[2], and the bacteria and bacterial DNA
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in MAT have been detected in patients with metabolic complications of obesity[16]. A microbiotic signature has been
identified in MATs from CD patients, indicating that MAT-associated microbiota are involved in CD progression[14].
More importantly, the translocation of viable microbiota within human MAT was found to polarize macrophages, leading
to adipogenesis, and promoting creeping fat formation in patients with CD[15]. These findings therefore suggested that
gut microbiota might mediate the roles of MAT and creeping fat in CD.

Weakening of the intestinal barrier in CD may lead to the translocation of dysregulated gut microbiota into the MAT,
triggering local and even systemic disturbances in fat metabolism and exacerbating intestinal inflammation and epithelial
fibrosis in CD. The present study therefore evaluated the differences in histopathological characteristics and the levels of
cytokines and adipokines in collected clinical mesenteric and intestinal tissues from CD patients and clinically healthy
controls. Intestinal bacteria from these individuals were subsequently transplanted into C57BL/6 mice with 2,4,6-
trinitrobenzene sulfonic acid (TNBS)-triggered CD. Markers of intestinal permeability and intestinal barrier function were
evaluated, as were the blood concentrations of cytokines, adipokines and inflammatory factors, as well as histopatho-
logical alterations. Together, these findings suggested that targeting MAT and creeping fat may offer promise for
therapeutic interventions in patients with CD.

MATERIALS AND METHODS

Collection of clinical specimens

Twelve patients definitively diagnosed with CD at the Second Xiangya Hospital were prospectively selected. Anthropo-
metric parameters were measured and clinical phenotypes determined. Subjects were excluded if they were unable or
refused to provide body tissue samples, had a history of abdominal surgery, had used antibiotics in the previous 2 weeks,
had surgical contraindications, had an acute digestive tract infection or perforation, experienced an identified bleeding
illness, or had been diagnosed with end-stage cancer.

Colon and MAT specimens were harvested from the mesentery of the colon corresponding to the lesions in CD
patients. Control colon and MAT specimens were harvested from the mesentery of lesion-free colon areas in these CD
patients. Lesion-free areas were defined as colonic mucosae without mucosal lesions, as determined by pathological
diagnosis, and located > 5 cm from visible lesions. MAT and colon tissue samples were fixed in formalin or stored at
-80 °C. All patients signed written informed consent forms, stating that they understood the main content and purpose of
the study. The study protocol was approved by the Institutional Review Board of The Second Xiangya Hospital, CSU
(approval No. 2022-333).

Histopathological examinations by HE and Masson staining

Human and mouse MATSs and intestinal tissues were dehydrated using an alcohol series, incubated for 15 minutes with a
1:1 mixture of alcohol and xylene, and incubated for 15 minutes with xylene until the samples seemed to be transparent.
The tissue samples were subsequently embedded in paraffin, sliced and stained with hematoxylin-eosin (HE) or Masson
stain (Solarbio, Beijing, China). The samples were subsequently viewed and photographed using an inverted microscope
(Olympus, Tokyo, Japan).

Immunohistochemical staining

Human intestinal tissue slices were stained with antibody to alpha-smooth muscle actin (a-SMA) using standard
immunohistochemical staining (IHC) staining procedures, as previously described[17]. Briefly, tissue samples were
deparaffinized and rehydrated. Endogenous peroxidases were blocked by incubation with 3% H,O, for 10 minutes, and
non-specific binding sites were blocked by incubation with 5% BSA for 2 hours. The samples were incubated with
primary anti-a-SMA antibody (dilution 1:1000, 80008-1-RR, Proteintech, Wuhan, Hubei Province, China) overnight at
4 °C, washed, and incubated with poly-IgG-HRP-conjugated secondary antibody (Boster, Wuhan, Hubei Province, China)
for 30 minutes at 37 °C. After washing, the samples were incubated with 3,3'-diaminobenzidine (Sigma-Aldrich, St. Louis,
MO, United States) for 5-10 minutes at room temperature. The samples were viewed under a microscope, and the
expression of a-SMA was quantified using Image J software (NIH, Bethesda, MD, United States).

Real-time reverse transcriptase-polymerase chain reaction

Total RNAs were extracted from tissue samples using Trizol reagent, followed by the synthesis of cDNA using StarScript
II first strand cDNA Synthesis Mix (GenStar, China). Gene expression was determined by real-time reverse transcriptase-
polymerase chain reaction (RT-qPCR) using SYBR®*Green PCR Master Mix (Qiagen GmbH), specific primer sequences
(Supplementary Table 1) and an ABI7500 thermal cycler (Applied Biosystems; United States). The relative expression of
target genes was calculated using the 2 method, with GAPDH utilized as an internal reference.

Experimental animals

All animal experiments were strictly reviewed and approved by the Animal Care and Use Committee of Central South
University. Twenty-four male C57BL/6 mice, aged 6 weeks, were obtained from the Hunan SJA Laboratory Animal Co.,
Ltd (SLAC) experimental animal center (Changsha, China). The mice were maintained at an ambient temperature of 22 °C
+2 °C and a relative humidity of 50% * 5% with a 12-hours light-dark cycle (light on at 7: 00 am).
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Mouse model of antibiotics-induced bacterial depletion
Eighteen mice were administered an aqueous solution containing a mixture of the antibiotics (Abx) ampicillin, neomycin,
metronidazole and vancomycin for 2 weeks to deplete bacteria[18]. Bacterial depletion was confirmed by colony-forming
unit (CFU) assays. Briefly, mouse feces were collected into 1 mL sterile phosphate-buffered saline (PBS) in a sterilizing
tube, and the homogenate was diluted 1000-fold. A 40 pL aliquot of this solution was applied to a TSA medium plate. The
plates were incubated overnight at 37 °C, and the CFUs on each plate were counted.

Bacterial depletion was also confirmed by broad-range 16S PCR. Briefly, DNA was isolated from these fecal samples
using TIANamp Stool DNA kits (Tiangen, Beijing, China) and subjected to qPCR to quantify 16S rDNA genes.

TNBS-induced CD in mice

The 18 Abx mice were anesthetized by intraperitoneal injection of 1% pentobarbital sodium. A catheter was inserted
about 3 cm into the anus of each mouse, followed by the administration of 150 pL 1% TNBS in PBS. Control mice were
administered an equal volume of PBS. The catheter was withdrawn, and the mice were fixed in a handstand posture for 2
minutes. Mice showed evidence consistent with CD 4 days later. For histopathological verification, inflammation in
mouse colon samples was scored by researchers blinded to allocation using a score developed for DSS colitis[19].

Fecal microbiota transplantation

Fecal transplantation was performed as described[20]. In brief, stool samples were obtained five clinically healthy
individuals, with no symptoms or family history of gastrointestinal disorders and who passed blood screening tests[21]
and five CD patients who had not used antibiotics or probiotics within 8 weeks before sampling. The stool samples were
weighed and homogenized with sterile silica beads in 1 mL of PBS at 45 Hz for 1 minutes, filtered with a 100-pm strainer,
and centrifuged at 6000 g for 15 minutes. Each sample was resuspended in PBS containing 10% (v/v) glycerol and frozen
at -80 °C. Before transplantation, the fecal samples were thawed, centrifuged and resuspended in PBS. Each mouse with
TNBS-induced CD was administered 20 mg of fecal sample in 100 pL PBS containing 5 x 10° CFUs by oral gavage once
daily for 10 days, with six mice each administered fecal samples from CD patients and normal controls and six control
mice and six with TNBS-induced CD administered PBS by oral gavage. All mice were subsequently sacrificed and their
blood, colon tissues and MAT collected for further investigation.

DNA extraction from stool and quantification of harmful gut bacteria by gPCR

DNA was isolated from stool samples of healthy donors and CD patients using Qiagen QIAamp DNA Stool Mini Kit.
DNA quantity and quality were checked by Nanodrop, with the ratio of absorption at 260 nm/280 nm > 1.8 considered
adequate. The abundances of adherent-invasive Escherichia coli (AIEC)[22], Clostridium difficile (C. difficile)[21], enterotox-
igenic Bacteroides fragilis (ETBF)[23], and Fusobacterium nucleatum (F. nucleatum)[24] in stool samples was measured by
qPCR as described above, using 20 ng DNA and specific primers for each bacterial species (Supplementary Table 2). The
relative amounts of AIEC, C. difficile, ETBF, and F. nucleatum DNA in each sample were determined using a comparative
cycle threshold method, normalized to the quantity of 165 RNA.

Intestinal permeability

intestinal permeability was determined using fluorescein isothiocyanate conjugated dextran (FITC-dextran) assay. Mice
were fasted overnight, followed by oral administration of FITC-dextran (Sigma-Aldrich, 60 mg/100 g body weight) 4
hours prior to blood collection. FITC concentrations were determined using fluorescence spectrophotometers, with an
excitation wavelength of 490 nm and an emission wavelength of 525 nm.

Serum concentrations of cytokines and adipokines

Blood samples obtained from each mouse were allowed to clot, and serum was obtained by centrifugation. A 100 pL
aliquot of serum was added to each well of an ELISA plate included in ELISA kits measuring serum concentrations of
endotoxin (CSB-E13066m, CUSABIO, Wuhan, Hubei Province, China), IL-6 (CSB-E04639m, CUSABIO), IL-1p (Ab197742,
Abcam, Cambridge, United Kingdom), TNF-o (CSB-E04741m, CUSABIO), MCP-1 (Ab208979, Abcam), leptin (ab100718,
Abcam), and adiponectin (CSB-E07272m, CUSABIO). The plates were incubated for 2 hours at 37 °C, the liquid was
removed, and 100 pL biotinylated targeted antibody were added to each well. The plates were incubated for 1 hour at 37
°C; each well was washed three times; 100 pL HRP-avidin were added to each well; and the plates were incubated for 1
hour at 37 °C. After washing the wells five times, 90 pL TMB substrate were added to each, and the plates were incubated
for 30 minutes at 37 °C in the dark. A 50 pL aliquot of Stop solution was added to each well, and the absorption of each at
450 nm was measured spectrophotometrically. The concentrations of endotoxin, IL-1p, TNF-0o, MCP-1, leptin and
adiponectin were calculated relative to standard curves for each.

Immunofluorescent staining

Tissue slices embedded in paraffin were stained for occludin using standard immunofluorescence staining methods[25].
Briefly, the samples were deparaffinized, rehydrated and blocked, as described for IHC staining. The samples were
incubated with primary anti-occludin antibody (dilution 1:1000, 27260-1-AP, Proteintech) overnight at 4 °C, followed by
incubation with FITC-labeled goat anti-rabbit antibody (dilution 1:200, A0562, Beyotime) for 2 hours at room temperature
in the dark. The samples were subsequently incubated with 4',6-diamino-2-phenyl indole (Sigma-Aldrich) for 5 minutes
at room temperature in the dark. Fluorescence was visualized using a fluorescence microscope (Zeiss, Jena, Germany)
and quantified using Image J software.
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Immunoblotting

Protein samples were extracted from mouse intestinal tissues and quantified using bicinchoninic acid protein assay kits
(Beyotime Inst. Biotech). Supernatants containing 30 pg protein were subjected to 10% sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE), and the separated proteins were electroblotted onto polyvinylidene difluoride
membranes (Millipore, Billerica, MA, United States). The membranes were fixed for 1 hour using 5% nonfat milk in Tris-
buffered saline with 0.1% Tween (TBS-T), rinsed three times with TBS-T, and incubated overnight at 4 °C with primary
antibodies against a-SMA, vimentin, occluding, ZO-1, E-cadherin, cannabinoid receptor 1 (CB1), CB2, and GAPDH
(dilution 1:1000, Proteintech, Wuhan, Hubei Province, China). The membranes were washed three times with TBS-T for
15 minutes each, and incubated for 1 hour at room temperature (RT) with horseradish peroxidase-conjugated goat anti-
rabbit or anti-mouse secondary antibodies (1:2000; Santa Cruz Technologies, CA, United States). The blots were washed
three times in TBS-T for 5 minutes each, and protein binding was visualized using an enhanced chemiluminescence (ECL)
kit (Applygen Inst. Biotech, Beijing, China).

Statistical analysis

All data were expressed as mean = SD. Results in three or more groups were compared using one-way analysis of
variance followed by Tukey’s post hoc tests. Results in two groups were compared using two-tailed unpaired or paired
Student’s t-tests. P values < 0.05 were defined as statistically significant.

RESULTS

Clinical characteristics of the 12 included CD patients

Colon tissue and MAT specimens were collected from colonic areas with and without lesions of 12 CD patients. These 12
patients included three (25.0%) females and nine (75.0%) males. All 12 patients were aged > 16 years, with eight (66.7%)
aged 17-40 years, and four (33.3%) aged > 40 years. One patient had a Disease duration was < 1 year in one patient (8.3%),
1-5 years in seven (58.3%) patients, and > 5 years in four (33.3%) patients. All 12 (100.0%) patients had recurrent CD and
had received surgical treatment. Preoperative white blood cell counts were below 10 x 10°/L in 10 patients (83.3%) and
above 10 x 10°/L in two patients (16.7%). Hemoglobin concentrations were < 100 g/L in three patients (25.0%) and =100
g/L in nine patients (75.0%). Serum albumin concentration was < 30 g/L in only one patient (8.3%) and > 30 g/L in the
remaining 11 (91.7%). Preoperative body mass index (BMI) was < 18.5 kg/m? in four patients (33.3%) and > 18.5 kg/m? in
eight patients (66.7%) (Table 1).

Histopathological alterations in mesenteric adipose and intestinal tissues of CD patients

Histopathological examination revealed that MAT structure was more disorganized in diseased than in non-diseased
colonic areas of CD patients, with an inflected neutrophil infiltration (Figure 1A). IL-6, IL-1p, TNF-0, MCP-1, leptin and
adiponectin mRNA levels were significantly higher in diseased than in non-diseased MAT of CD patients (Figure 1B).
Masson staining showed that areas of fibrosis were larger in diseased than in non-diseased colon tissue of CD patients
(Figure 1C). Moreover, immunohistochemical staining showed that 0-SMA levels were significantly higher in diseased
than in non-diseased colon tissues, further confirming the fibrotic changes in the former (Figure 1D).

Clinical characteristics of the fecal donors

Fecal samples were obtained from five patients with CD, one female (20.0%) and four males (80.0%). All five were aged >
16 years, including two (40.0%) aged 17-40 years and three (60.0%) aged > 40 years. Disease duration was < 1 year in one
patient (20.0%), 1-5 years in three patients (60.0%), and > 5 years in one patient (20.0%). All five patients (100.0%) had
recurrent CD. Two patients (40.0%) had white blood cell counts < 10 x 10°/L and three (60.0%) had white blood cell
counts > 10 x 10°/L. All five patients (100.0%) had hemoglobin concentrations = 100 g/L (100.0%); three (60.0%) had
serum albumin concentrations < 30 g/L, and two (40.0%) had serum albumin concentrations 2 30 g/L. BMI was < 18.5
kg/m? in two patients (40.0%) and > 18.5 kg/m? in three patients (60.0%) (Table 2).

Fetal microbiota transplantation in mice with TNBS-induced CD

The presence of harmful bacteria associated with CD was assessed in fecal samples collected from five CD patients and
five healthy control subjects by qPCR assays of 165 DNA. The relative abundances of AIEC, C. difficile, ETBF, and F.
nucleatum were found to be significantly higher in fecal samples from CD patients than from normal controls
(Supplementary Figure 1), suggesting that gut bacteria populations differ in CD patients and healthy donors. Before fetal
microbiota transplantation (FMT), mice were subjected to antibiotic cleaning to achieve a pseudo germ-free intestinal
environment. Bacterial culture measuring CFUs and PCR measuring 165 rDNA showed that antibiotic treatment
drastically reduced the number of bacteria (Figure 2A and B). The mice were subsequently treated with TNBS to induce a
CD-like condition, followed by FMT using samples from CD patients or clinically healthy donors. The body weights and
colon lengths were much lower in mice with TNBS-induced CD than in control mice, with FMT of samples from healthy
donors (NC-FMT) partially reversing these reductions in body weight and colon lengths (Figure 2C and D). In contrast,
the body weights and colon lengths were significantly lower in TNBS-treated mice that had undergone FMT of samples
from CD patients (CD-FMT) than from healthy donors (NC-FMT) (Figure 2C and D). Evaluations of histopathological
characteristics showed that histology scores were significantly higher in TNBS-treated than in control mice, that these
scores in TNBS-treated mice were somewhat reduced by NC-FMT, and that scores in TNBS-treated mice were higher

WJG | https://www.wjgnet.com 3693 August 21,2024 | Volume30 | Issue3l |

Jaishideng®


https://f6publishing.blob.core.windows.net/28890c72-c479-4480-ba61-3d8170700eae/93501-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/28890c72-c479-4480-ba61-3d8170700eae/93501-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/28890c72-c479-4480-ba61-3d8170700eae/93501-supplementary-material.pdf

Wu Q et al. Studies on gut microbes in CD

Table 1 clinical data of 12 Crohn’s disease patients were collected in this study, n (%)

Patient characteristics Quantity (percentage)
Sex

Female 3 (25.0)

Male 9 (75.0)

Age (years old)

<16 0 (0.0)

17-40 8 (66.7)

> 40 4(33.3)

Course of the disease (years)

<1 1(83)
15 7 (58.3)
>5 4(33.3)

Onset or recurrence of diseases
Onset 0(0.0)
Recurrence 12 (100.0)

WBC count (x 10%)

<10.0 10 (83.3)
210.0 2(16.7)
HGB (g/L)

<100.0 3 (25.0)
>100.0 9 (75.0)
ALB (g/L)

<300 1(8.3)
>30.0 11 (91.7)
BMI (kg/m?)

<185 4(33.3)
2185 8 (66.7)

This table succinctly presents the demographic and clinical characteristics of the 12 participants diagnosed with Crohn’s disease in the study. Among the
cohort, 9 individuals (75.0%) were male, and 3 (25.0%) were female. The age distribution revealed that all participants were above 17 years old, with 8
patients (66.7%) falling between 17 and 40 years old, 4 patients (33.3%) aged over 40 years, and 1 patient (8.3%) having a disease duration within 1 year. In
terms of disease duration, 7 patients (58.3%) had a duration between 1 and 5 years, while 4 patients (33.3%) had a disease duration exceeding 5 years. All 12
patients experienced disease recurrence. Preoperative test results indicated that 10 individuals (83.3%) exhibited white blood cell counts below 10.0 x 10°,
and 2 individuals (16.7%) had counts reaching 10.0 x 10°. Hemoglobin levels below 100 g/L were observed in 3 patients (25.0%), with the remaining 9
patients (75.0%) reaching levels of 100 g/L. Serum albumin levels were below 30 g/L in only 1 patient (8.3%), while the remaining 11 patients (91.7%)
achieved a serum albumin level of 30 g/L or higher. Preoperative measurements of height and weight demonstrated that 4 patients (33.3%) had a body
mass index (BMI) value below 18.5 kg/m? and the remaining 8 patients (66.7%) had a BMI value equal to or exceeding 18.5 kg/m? WBC: White blood cell;
HGB: Hemoglobin; ALB: Albumin; BMI: Body mass index.

following CD-FMT than NC-FMT (Figure 2E). IL-6, IL-18, TNF-a, and interferon-gamma (IFN-y) mRNA levels were
found to be significantly higher in colon samples from TNBS-treated than from control mice, but were downregulated in
the former by NC-FMT (Figure 2F). IL-6, IL-18, TNF-a, and IFN-y mRNA levels, however, were significantly higher in
TNBS-treated mice following CD-FMT than NC-EMT (Figure 2F).

Effects of CD-FMT on intestinal penetration in mice with TNBS induced CD

FITC-dextran assays showed that TNBS significantly increased intestinal permeability in mice, an effect partially
decreased by NC-FMT (Figure 3A). Moreover, intestinal permeability was greater in TNBS-treated mice following CD-
FMT than NC-FMT (Figure 3A). Levels of serum endotoxin showed similar trends, with TNBS significantly increasing
and NC-FMT reducing endotoxin levels and endotoxin levels being higher in TNBS-treated mice following CD-FMT than
NC-FMT (Figure 3B). TNBS treatment significantly reduced the levels of occludin, a marker of intestinal barrier function,
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Table 2 Clinical data of 5 Crohn’s disease patients who served as stool specimen donors, n (%)

Patient characteristics Quantity (percentage)
Sex

Female 1(20.0)

Male 4 (80.0)

Age (years old)

<16 0 (0.0)

17-40 2 (40.0)

> 40 3 (60.0)

Course of the disease (years)

<1 1 (20.0)
15 3 (60.0)
>5 1(20.0)

Onset or recurrence of diseases
Onset 0 (0.0
Recurrence 5 (100.0)

WBC count (x 10%)

<10.0 2 (40.0)
>10.0 3 (60.0)
HGB (g/L)

<100.0 0(0.0)
>100.0 5 (100.0)
ALB (/L)

<300 3 (60.0)
>30.0 2 (40.0)
BMI (kg/m?)

<185 2 (40.0)
2185 3 (60.0)

This table succinctly presents the demographic and clinical characteristics of the 5 stool specimen donor patients included in this study. Among them, 4
were male (80.0%) and 1 was female (20.0%). Age distribution showed that all patients were over 17 years old, 2 patients (40.0%) were between 17 and 40
years old, and the remaining 3 patients (60.0%) were over 40 years old. In terms of disease course, only 1 patient (20.0%) had a disease course within 1 year,
3 patients (60.0%) had a disease course between 1 and 5 years, and 1 patient (20.0%) had a disease course exceeding 5 years. All 12 patients had recurrent
disease. Laboratory test results showed that the white blood cell (WBC) count of 2 people (40.0%) was lower than 10.0 x 10%, and the WBC count of 3 people
(60.0%) reached 10.0 x 10° and above. All 5 patients (100.0%) had hemoglobin levels of 100 g/L and above. Three patients (60.0%) had serum ALB levels
below 30 g/L, and the remaining 2 patients (40.0%) had serum albumin levels of 30 g/L or higher. Height and weight measurements showed that 2
patients (40.0%) had a body mass index (BMI) value lower than 18.5 kg/m? and the remaining 3 patients (60.0%) had a BMI value equal to or exceeding
18.5 kg/m?. WBC: White blood cell; HGB: Hemoglobin; ALB: Albumin; BMI: Body mass index.

in colon tissues, an effect partially reversed by NC-FMT, with occludin levels being lower following CD-FMT than NC-
FMT (Figure 3C). TNBS treatment reduced occludin, ZO-1, and E-cadherin protein levels, while increasing CB1 and CB2
protein levels, in mice; these alterations were partially reversed by NC-FMT, but enhanced by CD-FMT (Figure 3D and
E

).

Compared with untreated mice, treatment with TNBS markedly increased the serum concentrations of cytokines and
adipokine, including IL-6, IL-18, TNF-a, MCP-1, leptin, and adiponectin (Figure 4). These changes were partially revered
by NC-FMT, but were enhanced by CD-FMT (Figure 4).

Effects of gut microbiota from CD patients on histopathological alterations in mesenteric adipose and intestinal

tissues of mice with TNBS-induced CD
Histological examination of MAT from mice with TNBS-induced CD showed extensive small venous congestion,
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Figure 1 Histopathological alterations in mesenteric adipose and intestinal tissues of patients with Crohn’s disease. A: Mesenteric adipose
tissues from Crohn’s disease (CD) patients and non-CD subjects stained with hematoxylin-eosin to assess histopathological alterations (x 150); B: Real-time reverse
transcriptase-polymerase chain reaction assays of the levels of expression of interleukin-6 (IL-6), IL-1B, tumour necrosis factor alpha, MCP-1, leptin, and adiponectin
mRNAs; C: Intestinal tissues from CD patients and non-CD subjects stained with Masson stain to evaluate fibrotic alterations (x 150); D: Immunohistochemical
staining of alpha-smooth muscle actin in intestinal tissues from CD patients and non-CD subjects (x 150). Average optical density was quantified using ImageJ
software (right panel). n = 12, °P < 0.01 or n = 3, °P < 0.01 by paired t-tests. HE: Hematoxylin and eosin; TNBS: 2,4,6-trinitrobenzene sulfonic acid; CD: Crohn’s
disease; TNF-a: Tumour necrosis factor alpha; IL: Interleukin; a-SMA: Alpha-smooth muscle actin; AOD: Average optical density.

3%9® WJG | https://www.wjgnet.com 3696 August 21,2024 | Volume30 | Issue3l |



Wu Q et al. Studies on gut microbes in CD

A 255100 - = Control B Control Abx C == Control
== ABX - 40 == TNBS

g 2x10" - b = TNBS + NC-FMT
7 S 34 ——b b
2 g ———— B TNBS + CD-FMT
g 15x10° 1 £
T 3x10 1 3 20 -
= =
8 2x10 - 7 o
8 1x107 A @

0 - 0 -
D Control TNBS TNBS + NG-FMT TNBS + CD-FMT

3 9C L 9 St rE €C ZC IE

Control

mm Control

== TNBS

= TNBS + NC-FMT
B TNBS + CD-FMT

mm Control

== TNBS

=9 TNBS + NC-FMT
m TNBS + CD-FMT

15

o]
o
1

b
- b b

a
o
1

Histology score

Colon length (mm)
N D
o o

o
I

M

8 == Control

—— mmTNBS

=9 TNBS + NC-FMT
B TNBS + CD-FMT

== Control
____ mmTNBS

== Control
b mmTNBS
= TNBS + NC-FMT
B TNBS + CD-FMT

9 TNBS + NC-FMT
== TNBS + CD-FMT

Relative IL-1B mRNA level
EN

Relative IL-6 mRNA level
D
Relative TNF-a mRNA level

[eo]
]

b == Control
— = mmTNBS
=9 TNBS + NC-FMT
B TNBS + CD-FMT

o)}
1

N

Relative IFN-y mRNA level
EN

o

Figure 2 Fecal microbiota transplantation into mice with 2,4,6-trinitrobenzene sulfonic acid-induced Crohn’s disease. A and B: Mice were
subjected to antibiotic cleaning to achieve a pseudo germ-free intestinal environment, with the results verified by 16S rRNA sequencing. n = 6. °P < 0.01 by unpaired t
-tests; C and D: 2,4,6-trinitrobenzene sulfonic acid (TNBS)-treated mice underwent fetal microbiota transplantation (FMT) from clinically healthy donors or Crohn’s
disease patients, and their body weights and colon lengths were monitored; E: Evaluation of histopathological alterations in colon samples by hematoxylin-eosin
staining and evaluation of histology scores (x 150); F: Real-time reverse transcriptase-polymerase chain reaction assays of interleukin-6 (IL-6), IL-18, tumour necrosis
factor alpha, and interferon-gamma mRNA expression levels in colon tissue samples. n = 6, °P < 0.01 vs control; °P < 0.01 vs TNBS alone; °P < 0.01 vs TNBS +

-‘Bﬁs@ WJG | https://www.wjgnet.com 3697 August 21,2024 | Volume30 | Issue3l |



Wu Q et al. Studies on gut microbes in CD

healthy donor (NC)-FMT, by one-way ANOVA with post-hoc Tukey HSD test. Abx: Antibiotics; TNBS: 2,4,6-trinitrobenzene sulfonic acid; CD: Crohn’s disease; NC:
Normal control; FMT: Fetal microbiota transplantation; IFN-y: Interferon-gamma; TNF-a:: Tumour necrosis factor alpha; IL: Interleukin.

marginated neutrophils, perivascular accumulation of neutrophils, and hematomas, suggesting that TNBS induced
inflammatory changes in the colonic mucosa (Figure 5A). These alterations were partially reversed by NC-FMT, but were
exacerbated by CD-FMT (Figure 5A). Because of the mutual inhibition of LXR and FXR induced by pro-inflammatory
mediators in IBDs[26-28], the levels of LXR and FXR in these mice were analyzed to assess whether they act as nuclear
receptors involved in MAT functions in mice with CD. TNBS treatment was found to increase the levels of IL-6, IL-1f,
TNF-a, MCP-1, leptin, adiponectin, LXR, and FXR mRNAs (Figure 5B and C). These effects were partially abolished by NC-
FMT, but were further enhanced by CD-FMT (Figure 5B and C).

Masson staining showed that areas of intestinal fibrosis were larger in TNBS-treated than in control mice; that fibrosis
was partially reduced by NC-FMT; and that fibrotic areas were further increased by CD-FMT (Figure 5D). These results
were supported by assessing a-SMA and vimentin levels in intestinal tissue samples, with both being more highly

expressed in TNBS-treated than in control mice, partially reduced by NC-FMT, and further enhanced by CD-FMT
(Figure 5E).

DISCUSSION

The complex relationships involving MAT, creeping fat, inflammation, and gut microbiota in CD are topics of growing
interest. The gut microbiota were shown to be involved in many physiological processes, including energy homeostasis,
metabolism, intestinal epithelial repair, immune activity, and neurobehavioral development[29]. Several types of gut
microbiota have been found to play significant roles in human pathological processes. Because alterations in gut
microbiota among CD patients with lesions at different sites are inconsistent, their underlying mechanisms remain
unclear. It is uncertain whether pathological alterations observed in CD patients, such as intestinal fibrosis and narrowing
and weakened intestinal barrier function, lead to significant changes in gut microbiota populations, or if these changes in
gut microbiota populations precede these pathological alterations. Alternatively, alterations in gut microbiota
populations and histopathological changes in CD may mutually promote each other, forming a positive feedback system
that drives the progression of CD. Moreover, it is unclear whether changes in gut microbiota are direct causes of CD. The
present study explored the relationships among gut microbiota, MAT hyperplasia and hypertrophy, and intestinal
fibrosis through FMT, providing new insights for assessing the pathogenesis of CD and its treatment.

This study showed that significant histopathological alterations occurred in creeping fat and intestinal tissues of CD
patients, including structural disorganization, inflammatory infiltrates, and fibrotic changes. Moreover, the levels of
expression of pro-inflammatory cytokines, such as TNF-o, IL-18, MCP-1, and IL-6, and adipokines, such as leptin and
adiponectin, were significantly elevated in creeping fat, suggesting that the local colonic mesentery of CD patients is
influenced by a pathogenic factor likely associated with infection or immunity. Microorganisms present in the creeping
fat of CD patients may originate from the gut microbiota. Compared with CD-unaffected colonic tissues, CD-affected
colonic tissues showed marked higher levels of fibrosis, along with significantly higher expression of the fibrosis marker a
-SMA. Creeping fat and intestinal stricture in CD patients often occur simultaneously in the same intestinal segments[30].
Moreover, intestinal segments with obstruction are often accompanied by significantly hypertrophied MAT. These
findings suggest that the gut microbiota, MAT hypertrophy, and intestinal fibrosis may mutually promote each other in
the pathogenesis of CD. However, but the upstream-downstream relationships among these three factors in the
pathogenesis of CD remain undetermined.

The interrelationships among gut microbiota, MAT hyperplasia, and intestinal fibrosis in the pathogenesis of CD were
investigated using a mouse model of TNBS-induced CD. FMT from clinically healthy donors had beneficial effects on
body weights, colon lengths, and histopathological alterations in TNBS-treated mice, whereas FMT from CD patients had
the opposite effects. Furthermore, FMT from clinically healthy donors partially improved, whereas FMT from CD
patients exacerbated, intestinal permeability, barrier function, and serum cytokine and adipokine levels, indicating that
gut microbiota might mediate the effects of MAT and creeping fat on CD progression. These findings provide a rationale
for further studies targeting MAT and creeping fat, as they may provide a promising avenue for therapeutic intervention
in patients with CD.

The histopathological alterations observed in MAT from CD patients may enhance understanding of the mechanisms
underlying the development of CD. The structural disorganization and congested neutrophilic inflammatory infiltrate in
MAT reflect an active inflammatory response, consistent with findings showing that MAT mediates inflammation in CD
[9]. The significant increases in proinflammatory factors, including IL-6, IL-1B, and TNF-o, along with chemokines like
MCP-1, provide further evidence for the occurrence of active inflammatory responses in MAT from patients with CD.
These factors contribute to immune cell recruitment and activation within the inflamed intestinal regions[31-33].
Additionally, the increased expression of adipokines, including leptin and adiponectin, in MAT from CD patients further
underscores the complex interplay between adipose tissue and inflammation, as these adipokines have been implicated in
modulating immune responses and inflammation in CD[34]. Furthermore, collagen deposition and a-SMA expression,
both indicators of fibrosis[35], were found to be higher in intestinal tissues from CD patients than from normal controls,
suggesting the occurrence of intestinal fibrosis in patients with CD. Intestinal fibrosis is among the most common
complications of CD, often linked to the progression of disorder and a stricturing phenotype[36]. Collectively, these
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Figure 3 Effects of gut microbiota from Crohn’s disease patients on intestinal permeability in mice with 2,4,6-trinitrobenzene sulfonic
acid-induced Crohn’s disease. A: Fluorescein isothiocyanate conjugated-dextran assays of intestinal permeability; B: ELISA assays of serum concentrations of
lipopolysaccharide-binding protein to determine serum endotoxin levels; C: Immunofluorescent staining of colon tissues to determine the levels of occludin expression
(x 150). Average fluorescence density was quantified using ImageJ software (right panel); D and E: Real-time reverse transcriptase-polymerase chain reaction and
immunoblotting assays showing the levels of occludin, ZO-1, E-cadherin, CB1, and CB2 mRNA and protein in colon tissues. n = 6 or 3, °P < 0.01 vs control; 2P <
0.05, °P < 0.01 vs 2,4,6-trinitrobenzene sulfonic acid (TNBS) alone; °P < 0.01 vs TNBS + NC-fetal microbiota transplantation, by one-way ANOVA with post-hoc
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findings enhance understanding of active inflammatory responses in MAT and intestinal tissues from patients with CD,
suggesting that MAT and creeping fat may play a role in inflammation and the promotion of CD progression.

Although dysbiosis of the intestinal microbiota has been found to affect CD development, the specific mechanisms by
which intestinal microbiota might mediate the roles and effects of MAT and creeping fat in CD remain unclear[37].
Analysis of the fecal microbiota showed that the relative abundances of AIEC, C. difficile, ETBF, and F. nucleatum were
higher in feces from CD patients rom from controls. These bacteria, especially AIEC, C. difficile, and ETBF, are well-
documented pathogens in IBD, and F. nucleatum has been associated with the pathogenesis of colorectal cancer, a
complication of IBD, suggesting that the altered gut microbiota in CD patients might promote inflammatory responses
[38-41]. FMT from healthy donors (NC-FMT) partially ameliorated these increases, whereas FMT from CD patients (CD-
FMT) resulted in further deterioration in tissue congestion and neutrophil infiltration in mice with TNBS-induced CD.
These findings suggest that NC-FMT may improve key features of CD, such as inflammation and intestinal permeability
[42]. Intestinal permeability was found to be significantly greater in mice with TNBS-induced CD than in control mice, as
evidenced by the results of FITC-dextran assays and increased serum endotoxin levels, along with elevated expression of
barrier function markers, such as occludin, ZO-1, and E-cadherin[43,44]. Interestingly, these barrier dysfunctions were
partially improved by NC-FMT, but were exacerbated by CD-FMT, leading to higher levels of proinflammatory factors
(IL-6, IL-1B, TNF-0, and IFN-y) and adipokines (leptin and adiponectin) within both colon tissues and serum. Bariatric
surgery and duodenojejunal bypass have been reported to reduce colitis in animals with chemically induced IBD[45].
Taken together, these findings suggest that NC-FMT could improve, and CD-FMT could exacerbate, TNBS-induced CD
by acting on MAT and inflammation. The histopathological alterations observed in MAT from CD patients, including
venous congestion, neutrophil accumulation, and hematoma, further support the hypothesis, that intestinal microbiota
might mediate the effects of MAT on CD progression in mouse models.

Fibrosis in CD is a complex multifactorial complication with a high morbidity rate[46]. MAT has been shown to exhibit
a pro-fibrotic phenotype[47], with increased levels of expression of fibrotic markers, including a-SMA and vimentin,
which are key to the activation of myofibroblasts and subsequent fibrotic responses[48]. The gut microbiota play a
complex and multifaceted role in CD, influencing both the local intestinal environment and systemic immune responses
[49]. Dysbiosis, which has been consistently observed in patients with CD, may accelerate chronic inflammation and
disease progression[50,51]. Studies assessing interactions between gut microbiota and MAT have shown that certain
bacterial species can influence adipose tissue function, including its role in fibrosis[52]. For example, translocation of
viable microbiota within human MAT was found to polarize macrophages, leading to adipogenesis, and promoting
creeping fat formation in patients with CD[53]. In the present study, CD-FMC further elevated the levels of fibrotic
markers, including a-SMA and vimentin, within colon tissues of mice with TNBS-induced CD, emphasizing the
multifaceted abilities of intestinal microbiota to shape the inflammatory and fibrotic landscape in CD.

CONCLUSION

The findings of this study illuminated the complex interplay among MAT, creeping fat, inflammation, and intestinal
microbiota in CD. MAT and creeping fat may play a potential role in CD progression, offering novel insights and
promising avenues for therapeutic interventions. FMT from healthy donors may have therapeutic effects in patients with
CD, whereas FMT from CD patients may exacerbate the symptoms of CD. These findings provide evidence for the
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Figure 5 Effects of gut microbiota from Crohn’s disease patients on the histopathological characteristics of mesenteric adipose and
intestinal tissues from mice with 2,4,6-trinitrobenzene sulfonic acid-induced Crohn’s disease. A: Mesenteric adipose tissues collected from mice
were stained with hematoxylin-eosin to assess histopathological alterations (x 150); B and C: Real-time reverse transcriptase-polymerase chain reaction assays of
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multifaceted effects of intestinal microbiota on the roles of MAT and creeping fat in shaping inflammatory and fibrotic
phenotypes in CD. Further research is needed to translate these findings into effective CD management strategies.
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