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Abstract

Inflammatory bowel disease (IBD), caused by environmental factors associated with the

host’s genetic traits, is represented by Crohn’s disease and ulcerative colitis. Despite the

increasing number of patients with IBD, the current treatment is limited to symptomatic ther-

apy. A complex IBD model mimicking the human IBD etiology is required to overcome this

limitation. Herein, we developed novel complex IBD models using interleukin 2 receptor sub-

unit gamma (Il2rg)-deficient mice, high-fat diet, dextran sodium sulfate, and Citrobacter

rodentium. The more IBD factors applied complexly, colon length shortened and inflamma-

tion worsened. The levels of pro-inflammatory cytokines increased with increased IBD fac-

tors. Anti-inflammatory cytokine decreased in all factors application but increased in Il2rg

deficiency and Westernized diet combination. Additionally, the pro-inflammatory transcrip-

tion factors and leaky intestinal epithelial marker were upregulated by a combination of IBD

factors. Species diversity decreased with IBD factors. Phylogenetic diversity decreased as

IBD factors were applied but increased with combined Il2rg deficiency and Westernized

diet. The more IBD factors applied complexly, the more severe the dysbiosis. Finally, we

developed a novel complex IBD model using various IBD factors. This model more closely

mimic human IBD based on colonic inflammation and dysbiosis than the previous models.

Based on these results, our novel complex IBD model could be a valuable tool for further

IBD research.

1. Introduction

Inflammatory bowel disease (IBD), represented by Crohn’s disease (CD) and ulcerative colitis

(UC) is a chronic inflammatory disease of the gastrointestinal tract. CD and UC are caused by

environmental factors, such as a Westernized diet [1–3], changes in the intestinal flora [4, 5],
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and chemical stress [6, 7], depending on the host’s genetic traits [4, 5]. The prevalence of IBD

has increased annually due to industrialization and overnutrition. Therefore, the incidence

rate, previously high in the United States, Europe, and Oceania, shows an accelerating preva-

lence rate in Asia, South America, and Africa [8].

Despite the increasing number of patients with IBD and the social burden due to the west-

ernization of emerging countries, only symptomatic treatment using 5-aminosalicylic acid,

corticosteroids, immunosuppressants, anti-tumor necrosis factor-α (TNF-α) agents, and

bowel resection has been used as treatment methods for IBD. However, immunosuppressants,

anti-TNF-α agents, and bowel resection are burdensome for lifelong patients because of their

side effects and invasive nature [9]. Since fecal microbiota transplantation (FMT) was first

used to treat Clostridium difficile infection in humans, it has been studied as an alternative

therapeutic strategy [10]. However, FMT is still limited to clinical trials for IBD treatment [11].

Research on fundamental IBD therapeutics and their etiology is ongoing to overcome these

limitations, and these studies require animal models that mimic the pathogenesis of human

IBD. Currently developed animal models that mimic human IBD etiology include diet-

induced [12, 13], bacteria-induced [14–16], chemical-induced [7, 14, 17–19], and genetically

engineered models [20, 21].

However, many IBD models so far have limitations such that they do not mimic the com-

plex pathogenicity of IBD in humans but only fragmentarily mimic the human IBD etiology.

We hypothesized that combining various IBD factors could create an IBD model that mimics

the current complex pathogenicity of human IBD. Therefore, we used high-fat diet to mimic

Westernized diet [2, 3]; Citrobacter rodentium, a human model of EHEC and EPEC, to mimic

pathogenic bacterial infection [14]; Dextran sodium sulfate (DSS) to mimic chemical stress [2,

14]; and interleukin 2 receptor subunit gamma (Il2rg)-deficient mice, also known as the com-

mon gamma chain, to mimic genetic traits [22]. We tested a combination of these IBD factors

in a mouse model to test this hypothesis.

2. Methods

2.1. Experimental design

Eight-week-old wild-type C57BL/6J mice and Il2rg-deficient mice, generated using the

CRISPR/Cas9 genome editing system in a previous study [22], were divided into C57BL/6J

wild-type mice (WT) (n = 12), Il2rg-deficient mice fed with normal-diet (ND) (n = 12), Il2rg-

deficient mice fed with high-fat diet (HFD) (n = 12), and Il2rg-deficient mice treated with

high-fat diet, C. rodentium, and DSS (HCD) (n = 13). Furthermore, mice were fed with a 60%

kcal rodent diet (D12492, Research Diets Inc., New Brunswick, NJ, USA) or a normal rodent

diet (Teklad 2018S, Inotiv, West Lafayette, IN, USA) ad libitum for 56 days (8 weeks). After

the application of each diet, the WT, ND, and HFD groups were monitored for an additional

17 days. In the HCD group, after 56 days of 60% kcal rodent diet administration, 1.6 × 108

CFU of C. rodentium (ATCC 51459, ATCC, Manassas, VA, USA) was suspended in Luria-Ber-

tani broth and administered with single intragastric inoculation and 1% DSS (Dextran sodium

sulfate salt, colitis grade, MP Biomedicals, Irvine, CA, USA) for 7 days, ad libitum. After

administration, the HCD group was monitored for an additional 10 days (Fig 1). All groups of

mice were observed daily. Mice were immediately euthanized if they experienced 20% body

weight loss. One mouse in the ND group was euthanized due to reaching the humane endpoint

criteria by malocclusion. The euthanized mouse in the ND group was excluded from the analy-

sis. No animals died before meeting humane endpoint criteria. Environmental enrichment

including wood chew block and pulp house (Woojung Bio, Republic of Korea) were provided

to diminish distress. All procedures were performed by trained researchers and in accordance
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with the Konkuk University Institutional Animal Care and Use Committee (IACUC) and

ARRIVE guidelines and regulations. The study was approved by Konkuk University IACUC

(KU22048).

2.2. Histopathology

Whole colons were harvested from mice after euthanasia. Euthanasia was performed using

CO2 with a flow rate of 30% to 70% of chamber volume/min in compliance with AVMA guide-

lines. Each group of colons was trimmed using the Swiss roll technique, followed by fixation

with 10% neutral-buffered formalin. After the routine processing and paraffin-embedded pro-

cedure, the tissues were cut into 4 um sections and stained with hematoxylin and eosin (H&E).

The sections were evaluated using a BX53 light microscope (Olympus, Tokyo, Japan), and

images were captured using a DP74 system (Olympus). The histopathological severity of each

group of colons was scored using criteria modified from a previous study [23]. The modified

histopathological criteria are presented in Table 1. The ratio of the inflamed area to the total

colonic area in each group was also calculated. Histopathological analyses were performed

independently on three separate researchers.

2.3. Myeloperoxidase assay

The supernatant obtained by homogenizing the colon tissue was measured for myeloperoxi-

dase (MPO) using the myeloperoxidase activity assay kit (Colorimetric) (Ab105136, Abcam,

Fig 1. Schematic diagram of the experimental design of a complex IBD mouse model. Eight-week-old wild-type

C57BL/6J and Il2rg-deficient mice were divided into C57BL/6J wild-type (WT) group (n = 12), Il2rg-deficient mice fed

with normal diet (ND) group (n = 11), Il2rg-deficient mice fed with high-fat diet (HFD) group (n = 12), and Il2rg-

deficient mice treated with high-fat diet, C. rodentium, and DSS (HCD) group (n = 13). Furthermore, a 60% kcal

rodent diet or a normal rodent diet was fed to each group for 56 days (8 weeks). In the HCD group, 1.6 × 108 CFU of C.

rodentium was administered using single intragastric inoculation, and 1% of DSS was administered for 7 days, ad

libitum. After administration, the HCD group was monitored for an additional 10 days. The WT, ND, and HFD groups

were monitored for an additional 17 days after 56 days of diet application.

https://doi.org/10.1371/journal.pone.0311310.g001
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Cambridge, UK) according to the manufacturer’s instructions. The results are shown as units

per milligram of the weight of tissue.

2.4. Cytokine evaluation

The colon tissue was homogenized using FastPrep-24 5G (MP Biomedicals). After homogeni-

zation, total RNA was extracted using the MagListo™ 5M Universal RNA Extraction Kit (Bio-

neer, Daejeon, Republic of Korea) and reverse-transcribed to cDNA using Maxime™ RT

PreMix (Oligo dT Primer, iNtRon Biotechnology, Gyeonggi, Republic of Korea). Quantitative

real-time polymerase chain reaction (qPCR) was performed using AccuPower1 2X Green-

Star™ qPCR Master Mix (Bioneer). The cycling procedure was as follows: pre-denaturation at

95 ºC for 5 min, denaturation at 95 ºC for 15 s, and annealing/extension at 60 ºC for 30 s. Forty

cycles were performed using a CFX96 Touch Real-Time PCR Detection System (Bio-rad, Her-

cules, CA, USA). Target cytokines and specific primers used are listed in Table 2. To detect rel-

ative changes in mRNA levels of interferon gamma (IFN-γ), interleukin-1 beta (IL-1β),

interleukin-6 (IL-6), interleukin-10 (IL-10), C-X-C motif chemokine ligand 10 (CXCL10), and

tumor necrosis factor- α (TNF-α) cytokine mRNA levels of each sample were normalized

using glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

2.5. Enzyme-linked immunosorbent assay (ELISA)

Enzyme-linked immunosorbent assay (ELISA) was performed to measure the levels of inflam-

matory and anti-inflammatory cytokines in each group of mice. The cytokines including inter-

feron-gamma (IFN-γ), interleukin-1 beta (IL-1β), interleukin-6 (IL-6), interleukin-10 (IL-10),

C-X-C motif chemokine ligand 10 (CXCL10), and tumor necrosis factor-α (TNF-α) were

quantified using the Duoset ELISA kit (R&D systems, Minneapolis, MN, USA) following the

manufacturer’s instructions. Serum from mice was collected and tested without dilution.

Absorbance was measured using the SpectraMax microplate reader (Molecular Devices, San

Jose, CA, USA).

Table 1. Histopathological scoring criteria for IBD.

Parameter Score Criteria

Severity of inflammation 0 Rare inflammatory cells in the lamina propria

1 Increased numbers of granulocytes in the lamina propria

2 Confluence of inflammatory cells extending into the submucosa

3 Transmural extension of the inflammatory infiltrate

Crypt damage 0 Intact crypts

1 Loss of the basal one-third

2 Loss of the basal two-thirds

3 Entire crypt loss

Erosion 0 Absence of erosion

1 1 to 3 foci of erosion

2 4 to 6 foci of erosion

3 Confluent or extensive erosion

Ulceration 0 Absence of ulceration

1 1 to 3 foci of ulceration

2 4 to 6 foci of ulceration

3 Confluent or extensive ulceration

https://doi.org/10.1371/journal.pone.0311310.t001
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2.6. Western blot

Proteins were extracted from the colon (5-10mg) using RIPA buffer (1X, Cell Signaling Tech-

nology, Beverly, MA, USA) supplemented with phosphatase inhibitor cocktail (1X, Cell signal-

ing Technology), protease inhibitor (1X, Quartett, Berlin, Germany), dithiothreitol (2 mM,

Thermo Scientific, Waltham, MA, USA), and phenylmethanesulfonyl fluoride (1 mM, Sigma-

Aldrich, Brulington, MA, USA). Protein concentration was calculated using a Pierce™ BCA

Protein Assay Kit (Thermo Scientific). Equal amounts of protein (10 ug per lane) were sepa-

rated by SDS-polyacrylamide gel electrophoresis and transferred to Immobilon-P nitrocellu-

lose membranes (Merck, Kenilworth, NJ, USA). The membranes were blocked with 5% skim

milk in TBS with 1% Trixon X-100 (TBST) for 1 hour at room temperature and then incubated

overnight at 4˚C with the primary antibodies against β-actin (A1978, 1:5000; Sigma-Aldrich),

NF-κB p65 (sc-8008, 1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), and Claudin-2

(32–5600, 1:1000; Life Technologies, Carlsbad, CA, USA). Proteins were visualized using a

horseradish peroxidase-conjugated secondary antibody and enhanced chemiluminescence

reagent (Bio-Rad Laboratories). The intensities of the bands were visualized by using Image-

Quant LAS 4000 (GE Healthcare, Little Chalfont, England) and Image Lab software (V 6.0.1,

Bio-rad).

2.7. Extraction and sequencing of DNA

The samples used for microbiome analysis, the outer mucus of the colon, were stored at -80 ºC
in a deep freezing condition. The samples were sent to LAS (Gimpo, Republic of Korea) for

total DNA extraction, next-generation sequencing (NGS) library preparation, and sequencing.

Dropsense96 (Trinean, Gent, Belgium) was used for quality control and accurate DNA quanti-

fication of each sample. After DNA quantification, NGS library preparation for the V3-V4

region was performed using the 16S Metagenomic Sequencing Library preparation (Illumina,

San Diego, CA, USA). Quality control for the NGS library was conducted using Fragment

Analyzer (Agilent Technologies, Santa Clara, CA, USA) and dsDNA 910 Reagent Kit, 35 bp–

1,500 bp (Agilent Technologies). Sequencing was subsequently conducted using the MiSeq

Sequencing System (Illumina) with 300 bp paired-end reads.

Table 2. Specific primers for the target cytokines.

1 GAPDH F 5’- AAC TTT GGC ATT GTG GAA GG -3’

R 5’- ACA CAT TGG GGG TAG GAA CA -3’

2 IFN-γ F 5’- TCA AGT GGC ATA GAT GTG GAA GAA -3’

R 5’- TGG CTC TGC AGG ATT TTC ATG -3’

3 Il-1β F 5’- TCG CTC AGG GTC ACA AGA AA -3’

R 5’- CAT CAG AGG CAA GGA GGA AAA C -3’

4 Il-6 F 5’- ACA AGT CGG AGG CTT AAT TAC ACA T -3’

R 5’- TTG CCA TTG CAC AAC TCT TTT C -3’

5 Il-10 F 5’- ACC TGG TAG AAG TGA TGC CCC AGG CA -3’

R 5’- CTA TGC AGT TGA TGA AGA TGT CAA A -3’

6 CXCL10 F 5’- TTG TGC GAA AAG AAG TGC AG -3’

R 5’- TAC AAA CAC AGC CTC CCA CA -3’

7 TNF-α F 5’- AGG CTG CCC CGA CTA CGT -3’

R 5’- GAC TTT CTC CTG GTA TGA GAT AGC AAA -3’

https://doi.org/10.1371/journal.pone.0311310.t002
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2.8. Biome analysis

Demultiplexed sequences were filtered by sequence quality, and a feature table was generated

after chimeric reads were removed using the DADA2 plugin [24]. Naive Bayes classifiers pre-

trained with reference database (Greengenes2 2022.10) [25, 26] were used to assign taxonomy

to each sequence. Full analysis, including the determination of alpha and beta analyses, was

performed using the QIIME2 program [27], and comparative analyses were performed using

LEfSe [28]. Data visualization was conducted using Dokdo (1.16.0) [29].

2.9. Statistical analysis

Data are presented as mean ± standard error of the mean (SEM). Comparison between 4

groups (WT, ND, HFD, and HCD group) was performed using the Kruskal-Wallis test. The

permutational multivariate analysis of variance (PERMANOVA) was performed for beta

diversity analyses. All statistical analyses were performed using GraphPad Prism 9.5.1 (Graph-

Pad Software Inc., San Diego, CA, USA). P<0.05 was considered statistically significant.

3. Results

3.1. Gross lesion and histopathological differences induced by the

combination of IBD-affecting factors

Combinations of factors known to affect IBD have been used to reproduce the disease in mice,

mimicking human IBD. The genetic factors were imitated using Il2rg-deficient mice generated

by the CRISPR/CAS9 genome editing system in our previous study [22]. In addition, a high-

fat diet, C. rodentium, and DSS were co-administered to mimic a Westernized diet and envi-

ronmental factors. The C57BL/6J mice with a genetic background of Il2rg-deficient mice were

used as a control group for comparison.

After 73 days of the experiment procedure, the colons were harvested, and their lengths

were measured (Fig 2). Gross lesions and colon shortening were not observed in the WT and

ND groups. However, macroscopic shortening was observed HFD and HCD groups. Colonic

hypertrophy was observed in the HCD group (Fig 2A). The intestines were measured to con-

firm the difference in colon length between each group. The mean colon length was 8.38 cm,

8.42 cm, 7.35 cm, and 5.38 cm in the WT, ND, HFD, and HCD groups, respectively. There was

Fig 2. Colon length changes according to IBD-exacerbated factors in Il2rg-deficient mice. Independent high-fat diet

application or high-fat diet with C. rodentium and DSS combined application to Il2rg-deficient mice shortened the

colon, compared with the C57BL/6J WT and Il2rg-deficient mice ND groups. (A) Representative colon lengths of each

group. (B) The colon length of the HFD and HCD groups was significantly shortened compared with the WT and ND

groups. The data for each group is represented as the mean ± SEM. (n = 11–13) ***P< 0.001. (Kruskal-Wallis test).

https://doi.org/10.1371/journal.pone.0311310.g002

PLOS ONE Development of a novel complex inflammatory bowel disease mouse model

PLOS ONE | https://doi.org/10.1371/journal.pone.0311310 November 21, 2024 6 / 20

https://doi.org/10.1371/journal.pone.0311310.g002
https://doi.org/10.1371/journal.pone.0311310


no significant difference in colon length between the WT and ND groups. However, signifi-

cant differences were observed between the WT and HCD (P<0.001), and ND and HCD

(P<0.001) (Fig 2B).

Based on the gross lesion results, histopathological examination and scoring of the colon in

each group were performed. Histopathological findings showed that inflammatory cell infiltra-

tion was absent in the WT and ND groups, similar to the gross lesions. However, unlike the

WT and ND groups, the HFD group showed infiltration of inflammatory cells in the lamina

propria. Moreover, in the HCD group, an increase in the number of inflammatory cells in the

mucosa and submucosa, transmural inflammation, loss of epithelial crypts, and epithelial

ulceration were observed (Fig 3A). Histopathological findings were scored based on the crite-

ria listed in Table 1 to compare the pathological findings in each group. In contrast to the WT

and ND groups, which had scores of 0, the mean values of the HFD and HCD groups were

0.67 and 4.50, respectively. The WT and ND groups showed a significant difference from the

HCD group (P<0.01 and P<0.001, respectively) (Fig 3B). Also, the ratio of the inflamed area

to the total area was calculated. The percentage of inflamed areas also showed similar results to

the histopathological scoring in the colon. Those of the WT and ND groups were 0%; however,

those of the HFD and HCD groups were 2.23% and 7.79%, respectively. Significant differences

were observed between the WT and HCD groups and the ND and HCD groups (P<0.01) (Fig

3C). In addition, the colonic MPO activity, a specific biomarker for IBD, was remarkably

higher in the HCD group, depending on the severity of inflammation. MPO activity of the

WT, ND, and HFD groups were 0.75, 0.97, and 2.21 unit/mg, respectively. However, in the

HCD group, MPO activity was 6.08 unit/mg. Significant differences were observed between

the WT and HCD groups (P<0.001) and the ND and HCD groups (P<0.01) (Fig 3D).

3.2. Inflammatory and anti-inflammatory cytokine expression differed

depending on the combination of IBD-affecting factors

Based on the gross lesions and histopathological differences between each group, pro-inflam-

matory and anti-inflammatory cytokines were analyzed to determine how these factors affect

inflammation in the colon. mRNA expression levels of pro-inflammatory cytokines, including

interferon-gamma (IFN-γ), interleukin-1 beta (Il-1β), interleukin 6 (Il-6), C-X-C motif che-

mokine ligand 10 (CXCL10), TNF-α, and mRNA expression level of anti-inflammatory cyto-

kine interleukin 10 (Il-10) were analyzed from colon tissue.

Even though relative levels of IFN-γ increased as IBD occurred, no significant differences

were observed between each group (Fig 4A). Relative levels of Il-1β also increased, depending

on the IBD factor. The HCD group showed 1.44 times higher Il-1β levels than the WT group

(P<0.01) (Fig 4B). The relative levels of Il-6 increased as IBD progressed. The ND group

showed 0.66 times lower IL-6 levels than the WT group; however, no significant difference was

observed. The HCD group showed 3.82 times higher Il-6 levels than the ND group (P<0.01)

(Fig 4C). The relative levels of CXCL10 also increased as the IBD factor was applied. The HCD

group showed 1.24 times higher CXCL10 levels than the WT group (P<0.05) (Fig 4E). Relative

levels of TNF-α increased, depending on the IBD factor application. The HCD group showed

1.53 times higher TNF-α levels than the WT group (P<0.01). (Fig 4F). The relative levels of Il-

10, an anti-inflammatory cytokine, were considerably higher in the HFD group and lower in

the HCD group than those in the WT and ND groups. The HCD group showed 0.16 times

lower Il-10 levels than the HFD group (P<0.001) (Fig 4D).

To assess the reliability of mRNA expression level results of inflammatory cytokines, the

protein expression levels of the cytokines, including IFN-γ, Il-1β, Il-6, CXCL10, TNF-α, and

Il-10 were also analyzed. Although IFN-γ did not show a significant difference in mRNA levels,
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protein levels of IFN-γ showed significant changes as IBD occurred. The HCD group showed

1.38 and 1.34 times higher than the WT and ND groups, respectively (P<0.05) (Fig 5A). The

protein levels of Il-1β increased. The HCD group showed 1.89 times higher Il-1β levels than

the WT group (P<0.05) (Fig 5B). The protein levels of Il-6 dramatically increased. The HCD

Fig 3. Histopathological analysis, histopathological scoring, and MPO activity of the colons of each group. (A)

Representative sections of H&E stained the colon of each group. Swiss rolls of whole colons (left: magnification x12.5)

were magnified to assess levels of colitis (right: magnification x100); Inflammation (black star); transmural

inflammation (white arrowhead); ulceration (black arrowhead). (B) The colon of each group was scored following the

scoring criteria indicated in Table 1. (n = 5–6) (C) The ratio of the inflamed area to the total colonic area for each

group. (n = 5–6) (D) Myeloperoxidase (MPO) activity in colon tissues. (n = 6–7). The data for each group is

represented as the mean ± SEM. *P< 0.05; **P< 0.01; ***P< 0.001. (Kruskal-Wallis test).

https://doi.org/10.1371/journal.pone.0311310.g003
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group showed 3.86 and 3.88 times higher Il-6 levels than the WT and ND groups, respectively

(P<0.01) (Fig 5C). The protein levels of CXCL10 also increased as the IBD factor was applied.

The HCD group showed 1.47 and 1.35 times higher CXCL10 levels than the WT and ND

groups, respectively (P<0.05) (Fig 5E). The protein expression of TNF-α increased in the

HCD group. The HCD group showed 2.33 and 2.13 times higher TNF-α expression than the

WT and ND groups (P<0.001, P<0.01) (Fig 5F). The protein levels of an anti-inflammatory

cytokine, Il-10 showed the same trend as mRNA expression. The HCD group showed 1.88

times lower Il-10 levels than the HFD group (P<0.01) (Fig 5D).

3.3. Combination of IBD-affecting factors exacerbate inflammation and

loosen the intestinal barrier

Based on the histopathological changes between each group, NF-κB and Claudin-2 were ana-

lyzed. First, the NF-κB, a ubiquitous transcription factor activated in inflammatory status, was

increased when inflammation worsened. The HCD group showed 1.76 times higher levels

than the WT group (P<0.05) (Fig 6C). Second, Claudin-2, the tight junction marker that

Fig 4. The relative expression levels of the pro-inflammatory and anti-inflammatory cytokine. mRNA levels of pro-inflammatory

and anti-inflammatory cytokines, including IFN-γ (A), Il-1β (B), Il-6 (C), Il-10 (D), CXCL10 (E), and TNF-α (F), were quantified from

the colon tissue of each group of mice. Each mRNA level of cytokines was normalized with GAPDH, the reference gene. The data for

each group is represented as the mean ± SEM. (n = 6–7) *P< 0.05; **P< 0.01; ***P< 0.001. (Kruskal-Wallis test).

https://doi.org/10.1371/journal.pone.0311310.g004
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indicates the leakage in the intestinal barrier, was also increased in the same trend as NF-κB.

The HCD group showed 2.95 times higher levels than the WT group (P<0.01) (Fig 6D).

3.4. Changes in the gut microbiota due to factors affecting IBD

As a combination of genetic factors, Westernized diet, and other environmental factors imitate

IBD in humans, we investigated whether these combinations also affect the gut microbiota.

Based on a previous study in which the outer mucus layer of the colon had more abundant

microbiota than the inner mucus layer [30], the colon was opened longitudinally and sampled

aseptically. Each outer mucus sample was sequenced and analyzed for the 16s rRNA (V3-V4)

hypervariable region.

Alpha diversity, including the Shannon and Faith’s phylogenetic diversity (Faith-PD)

indexes, was performed to identify the diversity in each group that varied with the IBD factors.

The ND, HFD, and HCD groups showed lower Shannon index than the WT group. The HCD

group showed significantly lower values than those in the other groups, and the HFD and ND

Fig 5. The protein levels of the pro-inflammatory and anti-inflammatory cytokine. protein levels of pro-inflammatory and anti-

inflammatory cytokines, including IFN-γ (A), Il-1β (B), Il-6 (C), Il-10 (D), CXCL10 (E), and TNF-α (F), were quantified from the serum

of each group of mice. Each level of cytokines was measured through ELISA. The data for each group is represented as the mean ± SEM.

(n = 6–7) *P< 0.05; **P< 0.01; ***P < 0.001. (Kruskal-Wallis test).

https://doi.org/10.1371/journal.pone.0311310.g005
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groups showed significantly lower values than those in the WT group (P<0.01) (Fig 7A). The

WT and ND groups showed similar values in the Faith-PD index, which considers phyloge-

netic distance. However, the HFD group showed higher values, and the HCD group showed

lower values than those in the WT and ND groups. The HCD group showed significantly

lower values than those in the WT, ND, and HFD groups (P<0.05, P<0.01, and P<0.01,

respectively). However, the HFD group showed significantly higher values than the ND group

(P<0.05) (Fig 7B). Based on Bray–Curtis dissimilarity, beta diversity was analyzed by drawing

PCoA plots in 2D (Fig 7C) and the 3D (Fig 7D). Regarding Bray–Curtis dissimilarity, signifi-

cant differences in distance were observed between all groups (P<0.001) (Fig 7C and 7D).

In the bar plot based on relative abundance at the phylum level (L2), the main phyla were

Bacteroidetes and Firmicutes, followed by Proteobacteria, Deferribacterota, Verrucomicro-

biota, Desulfobacterota, Actinobacteriota, Patescibacteria, Cyanobacteria, Fusobacteriota,

Chloroflexota, Deinococcus, Bdellovibrionota, and Planctomycetota (Fig 8A). Based on previ-

ous studies on the correlation between IBD and changes in the ratio of Firmicutes to Bacteroi-

detes [31, 32]. The ratio of the Firmicutese/Bacteriodetes (F/B ratio) were present in the WT

(113.25), ND (122.27), HFD (271.80), and HCD groups (81.93). F/B ratio significantly

increased in the HFD group than HCD group (P<0.01) (Fig 8B). Differentially abundant oper-

ational taxonomic units (OTU) between each group were identified using linear discriminant

analysis Effect Size (LEfSe). Among the OTUs with a linear discriminant analysis (LDA) score

of�3.0, a heat map was generated by selecting a family associated with IBD. In total, 10 fami-

lies were selected: Ruminococcaceae, Muribaculaceae, Bifidobacteriaceae, Lactobacillaceae,

Fig 6. The expression of NF-κB p65 and Claudin-2. Representative images of NF-κB p65 (A) and Claudin-2 (B)

expression in the colon by western blot analysis. The relative densities of NF-κB p65 (C) and Claudin-2 (D) were

calculated relative to β-actin expression. The data for each group is represented as the mean ± SEM. (n = 6–7)

*P< 0.05; **P< 0.01. (Kruskal-Wallis test).

https://doi.org/10.1371/journal.pone.0311310.g006
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Fig 7. Characteristics of the bacterial community between groups. Comparison of the colonic mucus bacterial

community between groups. (A) Shannon index of each group; (B) Faith-PD index of each group; (C) Bray–Curtis

distance of each group, 2D; (D) Bray–Curtis distance of each group, 3D. Data of quantitative analyses are represented

as the mean ± SEM. (n = 6–7) *P< 0.05; **P< 0.01. (Alpha diversity: Kruskal–Wallis test; Beta diversity:

PERMANOVA).

https://doi.org/10.1371/journal.pone.0311310.g007
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Fig 8. Relative abundance analysis between groups. Relative abundance analysis of the colonic mucus bacterial

community between groups. (A) Bar plot of the relative abundance at the phylum level of each group; (B) Firmicutes/

Bacteriodetes (F/B) ratio between 4 different groups; (C) Heatmap of abundance variation of 10 selected common

bacterial taxa in colonic mucus of each group. The relative abundance of selected taxa is based on LEfSe, in which the

LDA score is>3.0. Black represents less abundance, red represents intermediate abundance, and white represents

most abundance. Data from quantitative analyses are represented as the mean ± SEM. (n = 6–7) *P< 0.05; **P< 0.01;

***P< 0.001. (Kruskal-Wallis test).

https://doi.org/10.1371/journal.pone.0311310.g008

PLOS ONE Development of a novel complex inflammatory bowel disease mouse model

PLOS ONE | https://doi.org/10.1371/journal.pone.0311310 November 21, 2024 13 / 20

https://doi.org/10.1371/journal.pone.0311310.g008
https://doi.org/10.1371/journal.pone.0311310


Erysipelotrichaceae, Oscillospiraceae, and Akkermansiaceae, which are known to be decreased

in IBD conditions, and Enterobacteriaceae, Bacteroidaceae, and Enterococcaceae, which are

known to be increased in IBD conditions. After analyzing these families for each group, a heat-

map was drawn for the six observations. First, the relative abundance of Muribaculaceae and

Bifidobacteriaceae gradually decreased as factors known to affect IBD were applied. Second,

the relative abundance of Enterobacteriaceae and Bacteroidaceae increased as factors known

to affect IBD were applied. Third, in all groups except the WT group, the relative abundances

of Ruminococcaceae and Lactobacillaceae decreased, which are factors known to affect IBD.

In the WT group, the relative abundances of Ruminococcaceae and Lactobacillaceae

decreased. Fourth, in all groups except the WT group, the relative abundance of Enterococca-

cea increased as factors known to affect IBD were applied. The relative abundance of Entero-

coccaceae increased in the WT group. Fifth, the relative abundances of Erysipelotrichaceae

and Oscillospiraceae were lower in the HCD group than in the other groups but higher in the

HFD group than in the other groups. Sixth, the relative abundance of Akkermansiaceae was

lower in the HCD group than in the ND group. In contrast to the distribution in the ND and

HCD groups, it was rarely present in the WT group and was only a minority in the HFD

group compared with the ND and HCD groups (Fig 8C).

4. Discussion

Since UC, and CD first reported in the early 1900s [33, 34], IBD has emerged as a severe threat

to public health in modern society. Fundamental research and updates on therapeutic guide-

lines are active to reduce its global public health burden [9, 35]. A complex interaction of mul-

tiple factors influences the development of human IBD. However, current animal models of

IBD often focus on specific factors, which limits their ability to fully understand the pathogen-

esis of IBD and their application in therapeutic research. For instance, genetic models of IBD

in animals typically study the direct effect of a single gene, while in humans, disease risk is

rarely associated with the complete loss of function of a single gene or protein [36, 37]. The

limitation of chemically induced IBD models is inducing self-limiting inflammation rather

than a chronic phase of inflammation, which mimics human pathogenesis [38]. Another

example, diet-induced IBD models, have limitations in that models couldn’t cause IBD alone

but must be applied together with other factors [12]. Novel animal models mimicking the

complex pathogenesis of IBD in humans are required to overcome these limitations. However,

no models that complexly mimic the etiology of human IBD have been developed yet. This

study aimed to mimic the complex pathogenicity of human IBD combining various IBD fac-

tors in mice. Our results provide evidence that this novel complex IBD model reproduces

human IBD and overcomes the limitations of the previous IBD models.

The severity of inflammation increased with the combination of IBD factors. As more fac-

tors were added to the mouse model, inflammation worsened and the colon shortened.

Although Il2rg-deficient mice did not show pathological findings alone, mild inflammation in

the HFD group was localized to the mucus layer, and the HCD group showed transmural

inflammation and epithelial ulceration. Transmural inflammation and ulceration are the rep-

resentative characteristics consistent with CD, the chronic IBD of the human [39]. These find-

ings suggest that the limitation of the chemical-induced models, self-limiting inflammation,

has been overcome due to a combination of IBD factors. Also, IBD is exacerbated through the

combined application of IBD factors rather than focusing on the genetically modified model

and its effects on the gene, suggesting that the limitations of the existing genetic model were

overcome. Moreover, a key indicator of neutrophil infiltration in IBD, MPO was dramatically
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increased in the colon of the HCD group. This result is consistent with the previous study,

which reported markedly increasing MPO levels in active IBD patients [40].

Cytokines, transcription factor, and tight junction protein associated with inflammation

changed depending on the combination of IBD factors. Similar to the histopathological find-

ing, the pro-inflammatory cytokines IFN-γ, Il-1β, Il-6, TNF-α, and CXCL-10 increased with

the complex application of the IBD factor. TNF-α, a cytokine crucial in IBD both CD and UC,

promotes the production of inflammatory cytokines and induces the death of intestinal epithe-

lial cells [41]. Like TNF-α, the expression of Il-1β, and CXCL10 also increases in IBD condi-

tions [42, 43]. IFN-γ, which plays a major role in CD pathogenesis [44], did not show

significant differences in tissue mRNA level but in serum protein level. These conflicting

results between mRNA and protein are consistent with previous studies suggesting that due to

a synthesis delay between mRNA and protein [45]. Anti-inflammatory cytokines secreted

from T cells, Il-10, appeared at lower levels in the HCD group and higher levels in the HFD

group. The results from the HFD and HCD groups were consistent with previous studies

showing that the Il-10 level was associated with worsening or resolving the disease [46]. Based

on these results, it can be inferred that the HFD group with the application of chemical stress

and dysbiosis, can cause the disease to progress from a self-limiting nature to a chronic form.

Notably, the level of Il-6 remained low depending on the common gamma chain deletion. A

direct correlation between Il-6 and the common gamma chain has not been revealed; however,

previous studies show that Il-6 cooperates with common gamma chain-related cytokines, such

as Il-2, Il-7, and Il-15, for T-cell activation [47]. Based on this previous study, it was deduced

that Il-6 downregulation results from the absence of the common gamma chain. NF-κB,

known to be upregulated in CD and UC, is a transcription factor involved in inflammatory

and immune responses. After NF-κB activation by the pro-inflammatory mediator including

IFN-γ, it activates transcription of various genes such as Il-1, Il-6, TNF-α, and CXCL-10 [48].

Another important marker, claudin-2 is a marker of tight junctions that indicates the perme-

ability of the intestinal barrier. In both CD and UC, Claudin-2 is upregulated and exacerbates

inflammation by increasing intestinal bacterial permeation [49, 50]. Upregulation of NF-κB

and claudin-2 confirmed in the HCD group. This result indicates that the application of com-

plex IBD. These pro- and anti-inflammatory cytokine, transcription factor, and tight junction

protein patterns show that the combination of complex IBD factors successfully imitates

human IBD pathogenesis.

Alterations in the gut microbiota appear to depend on a combination of IBD factors.

Regarding alpha diversity, genetic factors did not cause phylogenetic differences but did cause

differences in species diversity. The HFD group did not show a significant difference in species

diversity compared with the ND group but showed significantly increased biodiversity in phy-

logenetic differences. This result is consistent with previous studies showing that ingesting

HFD changes the gut microbiota of mice, regardless of whether the mice develop obesity [51].

However, despite being fed the same high-fat diet as the HFD group, the HCD group showed

deprived biodiversity in both species and phylogenetic diversities compared with all other

groups. Based on previous studies showing that dysbiosis occurred after administering DSS to

healthy mice [52], we inferred that the combined administration of DSS and C. rodentium
might lower alpha diversity. In addition, the beta diversity of the WT, ND, HFD, and HCD

groups differed significantly. These results may be attributable to various IBD factors. In the

relative abundance analysis, dysbiosis was identified through an imbalance between Firmicutes

and Bacteroidetes. In our results, the HFD group showed high F/B ratio, whereas the HCD

group showed low F/B ratio. These results correspond with those of previous studies, which

stated that high F/B ratio indicated obesity condition and low F/B ratio indicated IBD condi-

tion [32]. Based on the relative abundance analysis results, Ruminococcaceae, Muribaculaceae,
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Bifidobacteriaceae, Lactobacillaceae, Erysipelotrichaceae, Oscillospiraceae, and Akkermansia-

ceae were the dominant families under healthy conditions, and Enterobacteriaceae, Bacteroi-

daceae, and Enterococcaceae were the dominant families under IBD conditions. This result is

consistent with previous studies showing that Ruminococcaceae, Bifidobacteriaceae, Erysipe-

lotrichaceae, Oscillospiraceae, and Akkermansiaceae were more abundant in healthy individu-

als, and Enterobacteriaceae, Bacteroidaceae, and Enterococcaceae were more abundant in

patients with CD and UC [53–60]. In the HFD group, the levels of Akkermansiaceae and Ery-

sipelotrichaceae were markedly lower and higher, respectively. Erysipelotrichaceae decreased

in severe IBD conditions and increased with HFD application. These results are consistent

with studies that Erysipelotrichaceae decreased in UC patients [61] and increased in obese

conditions compared to healthy controls [62]. Additionally, the result for Akkermansiaceae is

consistent with previous findings showing that the number of this family decreased in obese

conditions [63]. Muribaculaceae, which are more abundant in mice than in other species, are

dramatically reduced in mouse IBD models [64, 65]. Humans are the species known to have

the highest levels of Muribaculaceae after mice, but research on patients with IBD is still ongo-

ing. The evaluation of Lactobacillaceae is conflicting. Contrary to our findings that Lactobacil-

laceae are depleted when IBD factors are applied, Lactobacillaceae are reported to increase in

patients with CD and UC [53, 55–58]. However, other studies that correspond to our results

have shown that Lactobacillaceae are beneficial bacteria and can be a potential treatment for

IBD [66, 67]. Rumincoccaceae, Lactobacillaceae, and Akkermansiaceae were lower in the WT

group than in the Il2rg-deficient group, and Enterococcaceae were higher in the WT group

than in the Il2rg-deficient group. These results are contrary to our expectations. These results,

despite sufficient acclimation, are thought to be due to genetic differences [68]. Little research

has been conducted on the correlation between common gamma chain deficiency and the lev-

els of Ruminococcaceae, Lactobacillaceae, Akkermansiaceae, and Enterococcaceae. Therefore,

further studies are required to determine these correlations.

This study’s data demonstrated that novel complex IBD models that mimic human IBD

pathogenesis developed successfully. Despite developing several animal models for IBD thera-

peutic and pathogenesis research, current animal models have limitations in imitating the

complex IBD pathogenesis. Our study revealed that animal models combining genetic traits

and environmental factors, such as a Westernized diet, bacteria, and chemical stress, success-

fully mimic human IBD, especially CD, regarding chronic colitis and microbiota dysbiosis

more closely than current models. In particular, this study demonstrated that the limitations

of the existing IBD model were overcome by improving the current IBD model into a novel

complex IBD model. Our novel complex IBD models could be valuable tools for IBD research,

including the development of new therapeutic strategies and the elucidation of complex IBD

pathogenesis.
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32. Stojanov S, Berlec A, Štrukelj B. The Influence of Probiotics on the Firmicutes/Bacteroidetes Ratio in

the Treatment of Obesity and Inflammatory Bowel disease. Microorganisms. 2020 Nov 1; 8(11):1715.

https://doi.org/10.3390/microorganisms8111715 PMID: 33139627

33. Allchin WH. A Discussion on "Ulcerative Colitis.": Introductory Address. Proc R Soc Med. 1909; 2(Med

Sect):59–75. PMID: 19973757

34. Crohn BB, Ginzburg L, Oppenheimer GD. Regional ileitis: a pathologic and clinical entity. JAMA. 1932;

99(16):1323–1329.

35. Kucharzik T, Ellul P, Greuter T, Rahier JF, Verstockt B, Abreu C, et al. ECCO Guidelines on the Preven-

tion, Diagnosis, and Management of Infections in Inflammatory Bowel Disease. J Crohns Colitis. 2021

Jun 22; 15(6):879–913. https://doi.org/10.1093/ecco-jcc/jjab052 PMID: 33730753

PLOS ONE Development of a novel complex inflammatory bowel disease mouse model

PLOS ONE | https://doi.org/10.1371/journal.pone.0311310 November 21, 2024 18 / 20

https://doi.org/10.1016/0016-5085%2894%2990803-6
http://www.ncbi.nlm.nih.gov/pubmed/7958674
https://doi.org/10.1073/pnas.0409271102
https://doi.org/10.1073/pnas.0409271102
http://www.ncbi.nlm.nih.gov/pubmed/15890784
https://doi.org/10.1084/jem.188.10.1929
https://doi.org/10.1084/jem.188.10.1929
http://www.ncbi.nlm.nih.gov/pubmed/9815270
https://doi.org/10.1016/0092-8674%2893%2980069-q
http://www.ncbi.nlm.nih.gov/pubmed/8104709
https://doi.org/10.1016/0092-8674%2893%2980068-p
http://www.ncbi.nlm.nih.gov/pubmed/8402911
https://doi.org/10.1007/s11248-018-0069-y
http://www.ncbi.nlm.nih.gov/pubmed/29594927
https://doi.org/10.1371/journal.pone.0032084
http://www.ncbi.nlm.nih.gov/pubmed/22427817
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2011-12-6-r60
http://www.ncbi.nlm.nih.gov/pubmed/21702898
https://www.biorxiv.org/content/10.1101/2022.12.19.520774v2
https://www.biorxiv.org/content/10.1101/2022.12.19.520774v2
https://doi.org/10.1038/s41587-019-0209-9
http://www.ncbi.nlm.nih.gov/pubmed/31341288
https://doi.org/10.1186/s40168-018-0470-z
http://www.ncbi.nlm.nih.gov/pubmed/29773078
https://www.researchsquare.com/article/rs-1062191/v1
https://www.researchsquare.com/article/rs-1062191/v1
https://doi.org/10.1073/pnas.0803124105
http://www.ncbi.nlm.nih.gov/pubmed/18806221
https://doi.org/10.3390/microorganisms8111715
http://www.ncbi.nlm.nih.gov/pubmed/33139627
http://www.ncbi.nlm.nih.gov/pubmed/19973757
https://doi.org/10.1093/ecco-jcc/jjab052
http://www.ncbi.nlm.nih.gov/pubmed/33730753
https://doi.org/10.1371/journal.pone.0311310


36. Baydi Z, Limami Y, Khalki L, Zaid N, Naya A, Mtairag EM, et al. An Update of Research Animal Models

of Inflammatory Bowel Disease. ScientificWorldJournal. 2021 Dec 13; 2021:7479540. https://doi.org/

10.1155/2021/7479540 PMID: 34938152

37. Katsandegwaza B, Horsnell W, Smith K. Inflammatory Bowel Disease: A Review of Pre-Clinical Murine

Models of Human Disease. Int J Mol Sci. 2022 Aug 19; 23(16):9344. https://doi.org/10.3390/

ijms23169344 PMID: 36012618

38. Lee CH, Koh SJ, Radi ZA, Habtezion A. Animal models of inflammatory bowel disease: novel experi-

ments for revealing pathogenesis of colitis, fibrosis, and colitis-associated colon cancer. Intest Res.

2023 Jul; 21(3):295–305. https://doi.org/10.5217/ir.2023.00029 PMID: 37248173

39. Mills SC, von Roon AC, Tekkis PP, Orchard TR. Crohn’s disease. BMJ Clin Evid. 2011 Apr 27;

2011:0416. PMID: 21524318

40. Saiki T Myeloperoxidase concentrations in the stool as a new parameter of inflammatory bowel disease.

Kurume Med J. 1998 45;69–73. https://doi.org/10.2739/kurumemedj.45.69 PMID: 9658754

41. Günther C, Martini E, Wittkopf N, Amann K, Weigmann B, Neumann H, et al. Caspase-8 regulates

TNF-α-induced epithelial necroptosis and terminal ileitis. Nature. 2011 Sep 14; 477(7364):335–9.

42. McAlindon ME, Hawkey CJ, Mahida YR. Expression of interleukin 1 beta and interleukin 1 beta convert-

ing enzyme by intestinal macrophages in health and inflammatory bowel disease. Gut. 1998 Feb; 42(2):

214–9. https://doi.org/10.1136/gut.42.2.214 PMID: 9536946

43. Ostvik AE, Granlund AV, Bugge M, Nilsen NJ, Torp SH, Waldum HL, et al. Enhanced expression of

CXCL10 in inflammatory bowel disease: potential role of mucosal Toll-like receptor 3 stimulation.

Inflamm Bowel Dis. 2013 Feb; 19(2):265–74. https://doi.org/10.1002/ibd.23034 PMID: 22685032

44. Langer V, Vivi E, Regensburger D, Winkler TH, Waldner MJ, Rath T, et al. IFN-γ drives inflammatory

bowel disease pathogenesis through VE-cadherin-directed vascular barrier disruption. J Clin Invest.

2019 Nov; 129(11):4691–4707.

45. Liu Y, Beyer A, Aebersold R. On the Dependency of Cellular Protein Levels on mRNA Abundance. Cell.

2016 Apr; 165(3):535–50. https://doi.org/10.1016/j.cell.2016.03.014 PMID: 27104977

46. Asseman C, Mauze S, Leach MW, Coffman RL, Powrie F. An essential role for interleukin 10 in the

function of regulatory T cells that inhibit intestinal inflammation. J Exp Med. 1999 Oct; 190(7):995–1004.

https://doi.org/10.1084/jem.190.7.995 PMID: 10510089

47. Lin JX, Leonard WJ. The Common Cytokine Receptor γ Chain Family of Cytokines. Cold Spring Harb

Perspect Biol. 2018 Sep; 10(9):a028449.

48. Liu T, Zhang L, Joo D, Sun SC. NF-κB signaling in inflammation. Signal Transduct Target Ther. 2017;

2:17023–.

49. Luettig J, Rosenthal R, Barmeyer C, Schulzke JD. Claudin-2 as a mediator of leaky gut barrier during

intestinal inflammation. Tissue Barriers. 2015 Apr; 3(1–2):e977176. https://doi.org/10.4161/21688370.

2014.977176 PMID: 25838982

50. Landy J, Ronde E, English N, Clark SK, Hart AL, Knight SC, et al. Tight junctions in inflammatory bowel

diseases and inflammatory bowel disease associated colorectal cancer. World J Gastroenterol. 2016

Mar; 22(11):3117–26. https://doi.org/10.3748/wjg.v22.i11.3117 PMID: 27003989

51. Xiao L, Sonne SB, Feng Q, Chen N, Xia Z, Li X, et al. High-fat feeding rather than obesity drives taxo-

nomical and functional changes in the gut microbiota in mice. Microbiome. 2017 Apr 8; 5(1):43. https://

doi.org/10.1186/s40168-017-0258-6 PMID: 28390422

52. Zhang Q, Wu Y, Wang J, Wu G, Long W, Xue Z, et al. Accelerated dysbiosis of gut microbiota during

aggravation of DSS-induced colitis by a butyrate-producing bacterium. Sci Rep. 2016 Jun 6; 6:27572.

https://doi.org/10.1038/srep27572 PMID: 27264309

53. Pascal V, Pozuelo M, Borruel N, Casellas F, Campos D, Santiago A, et al. A microbial signature for

Crohn’s disease. Gut. 2017 May; 66(5):813–822. https://doi.org/10.1136/gutjnl-2016-313235 PMID:

28179361

54. Halfvarson J, Brislawn CJ, Lamendella R, Vázquez-Baeza Y, Walters WA, Bramer LM, et al. Dynamics

of the human gut microbiome in inflammatory bowel disease. Nat Microbiol. 2017 Feb 13; 2:17004.

https://doi.org/10.1038/nmicrobiol.2017.4 PMID: 28191884

55. Lewis JD, Chen EZ, Baldassano RN, Otley AR, Griffiths AM, Lee D, et al. Inflammation, Antibiotics, and

Diet as Environmental Stressors of the Gut Microbiome in Pediatric Crohn’s Disease. Cell Host Microbe.

2015 Oct 14; 18(4):489–500. https://doi.org/10.1016/j.chom.2015.09.008 PMID: 26468751

56. Imhann F, Vich Vila A, Bonder MJ, Fu J, Gevers D, Visschedijk MC, et al. Interplay of host genetics and

gut microbiota underlying the onset and clinical presentation of inflammatory bowel disease. Gut. 2018

Jan; 67(1):108–119. https://doi.org/10.1136/gutjnl-2016-312135 PMID: 27802154

PLOS ONE Development of a novel complex inflammatory bowel disease mouse model

PLOS ONE | https://doi.org/10.1371/journal.pone.0311310 November 21, 2024 19 / 20

https://doi.org/10.1155/2021/7479540
https://doi.org/10.1155/2021/7479540
http://www.ncbi.nlm.nih.gov/pubmed/34938152
https://doi.org/10.3390/ijms23169344
https://doi.org/10.3390/ijms23169344
http://www.ncbi.nlm.nih.gov/pubmed/36012618
https://doi.org/10.5217/ir.2023.00029
http://www.ncbi.nlm.nih.gov/pubmed/37248173
http://www.ncbi.nlm.nih.gov/pubmed/21524318
https://doi.org/10.2739/kurumemedj.45.69
http://www.ncbi.nlm.nih.gov/pubmed/9658754
https://doi.org/10.1136/gut.42.2.214
http://www.ncbi.nlm.nih.gov/pubmed/9536946
https://doi.org/10.1002/ibd.23034
http://www.ncbi.nlm.nih.gov/pubmed/22685032
https://doi.org/10.1016/j.cell.2016.03.014
http://www.ncbi.nlm.nih.gov/pubmed/27104977
https://doi.org/10.1084/jem.190.7.995
http://www.ncbi.nlm.nih.gov/pubmed/10510089
https://doi.org/10.4161/21688370.2014.977176
https://doi.org/10.4161/21688370.2014.977176
http://www.ncbi.nlm.nih.gov/pubmed/25838982
https://doi.org/10.3748/wjg.v22.i11.3117
http://www.ncbi.nlm.nih.gov/pubmed/27003989
https://doi.org/10.1186/s40168-017-0258-6
https://doi.org/10.1186/s40168-017-0258-6
http://www.ncbi.nlm.nih.gov/pubmed/28390422
https://doi.org/10.1038/srep27572
http://www.ncbi.nlm.nih.gov/pubmed/27264309
https://doi.org/10.1136/gutjnl-2016-313235
http://www.ncbi.nlm.nih.gov/pubmed/28179361
https://doi.org/10.1038/nmicrobiol.2017.4
http://www.ncbi.nlm.nih.gov/pubmed/28191884
https://doi.org/10.1016/j.chom.2015.09.008
http://www.ncbi.nlm.nih.gov/pubmed/26468751
https://doi.org/10.1136/gutjnl-2016-312135
http://www.ncbi.nlm.nih.gov/pubmed/27802154
https://doi.org/10.1371/journal.pone.0311310


57. Moustafa A, Li W, Anderson EL, Wong EHM, Dulai PS, Sandborn WJ, et al. Genetic risk, dysbiosis, and

treatment stratification using host genome and gut microbiome in inflammatory bowel disease. Clin

Transl Gastroenterol. 2018 Jan 18; 9(1):e132. https://doi.org/10.1038/ctg.2017.58 PMID: 29345635

58. Franzosa EA, Sirota-Madi A, Avila-Pacheco J, Fornelos N, Haiser HJ, Reinker S, et al. Gut microbiome

structure and metabolic activity in inflammatory bowel disease. Nat Microbiol. 2019 Feb; 4(2):293–305.

https://doi.org/10.1038/s41564-018-0306-4 PMID: 30531976

59. Papa E, Docktor M, Smillie C, Weber S, Preheim SP, Gevers D, et al. Non-invasive mapping of the gas-

trointestinal microbiota identifies children with inflammatory bowel disease. PLoS One. 2012; 7(6):

e39242. https://doi.org/10.1371/journal.pone.0039242 PMID: 22768065

60. Vich Vila A, Imhann F, Collij V, Jankipersadsing SA, Gurry T, Mujagic Z, et al. Gut microbiota composi-

tion and functional changes in inflammatory bowel disease and irritable bowel syndrome. Sci Transl

Med. 2018 Dec 19; 10(472):eaap8914. https://doi.org/10.1126/scitranslmed.aap8914 PMID: 30567928

61. Alam MT, Amos GCA, Murphy ARJ, Murch S, Wellington EMH, Arasaradnam RP. Microbial imbalance

in inflammatory bowel disease patients at different taxonomic levels. Gut Pathog. 2020 Jan; 12:1.

https://doi.org/10.1186/s13099-019-0341-6 PMID: 31911822

62. Kaakoush NO. Insights into the Role of Erysipelotrichaceae in the Human Host. Front Cell Infect Micro-

biol. 2015 Nov 20; 5:84. https://doi.org/10.3389/fcimb.2015.00084 PMID: 26636046

63. Everard A, Belzer C, Geurts L, Ouwerkerk JP, Druart C, Bindels LB, et al. Cross-talk between Akker-

mansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc Natl Acad Sci U S A.

2013 May 28; 110(22):9066–71.

64. Chang CS, Liao YC, Huang CT, Lin CM, Cheung CHY, Ruan JW, et al. Identification of a gut microbiota

member that ameliorates DSS-induced colitis in intestinal barrier enhanced Dusp6-deficient mice. Cell

Rep. 2021 Nov 23; 37(8):110016. https://doi.org/10.1016/j.celrep.2021.110016 PMID: 34818535

65. Lagkouvardos I, Lesker TR, Hitch TCA, Gálvez EJC, Smit N, Neuhaus K, et al. Sequence and cultiva-

tion study of Muribaculaceae reveals novel species, host preference, and functional potential of this yet

undescribed family. Microbiome. 2019 Feb 19; 7(1):28. https://doi.org/10.1186/s40168-019-0637-2

PMID: 30782206

66. Wang H, Zhou C, Huang J, Kuai X, Shao X. The potential therapeutic role of Lactobacillus reuteri for

treatment of inflammatory bowel disease. Am J Transl Res. 2020 May 15; 12(5):1569–1583.

67. Huynh U, Zastrow ML. Metallobiology of Lactobacillaceae in the gut microbiome. J Inorg Biochem.

2023 Jan; 238:112023.

68. Korach-Rechtman H, Freilich S, Gerassy-Vainberg S, Buhnik-Rosenblau K, Danin-Poleg Y, Bar H,

et al. Murine Genetic Background Has a Stronger Impact on the Composition of the Gut Microbiota than

Maternal Inoculation or Exposure to Unlike Exogenous Microbiota. Appl Environ Microbiol. 2019 Aug;

85(18):e00826–19. https://doi.org/10.1128/AEM.00826-19 PMID: 31350316

PLOS ONE Development of a novel complex inflammatory bowel disease mouse model

PLOS ONE | https://doi.org/10.1371/journal.pone.0311310 November 21, 2024 20 / 20

https://doi.org/10.1038/ctg.2017.58
http://www.ncbi.nlm.nih.gov/pubmed/29345635
https://doi.org/10.1038/s41564-018-0306-4
http://www.ncbi.nlm.nih.gov/pubmed/30531976
https://doi.org/10.1371/journal.pone.0039242
http://www.ncbi.nlm.nih.gov/pubmed/22768065
https://doi.org/10.1126/scitranslmed.aap8914
http://www.ncbi.nlm.nih.gov/pubmed/30567928
https://doi.org/10.1186/s13099-019-0341-6
http://www.ncbi.nlm.nih.gov/pubmed/31911822
https://doi.org/10.3389/fcimb.2015.00084
http://www.ncbi.nlm.nih.gov/pubmed/26636046
https://doi.org/10.1016/j.celrep.2021.110016
http://www.ncbi.nlm.nih.gov/pubmed/34818535
https://doi.org/10.1186/s40168-019-0637-2
http://www.ncbi.nlm.nih.gov/pubmed/30782206
https://doi.org/10.1128/AEM.00826-19
http://www.ncbi.nlm.nih.gov/pubmed/31350316
https://doi.org/10.1371/journal.pone.0311310

