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Irritable bowel syndrome (IBS) is a prevalent disorder with an unclear pathophysiology. This study 
aimed to investigate the features of dextran sulfate sodium (DSS)-induced low-grade inflammation 
using murine models of acute severe colitis (acute model) and chronic mild repeated colitis (chronic 
model), with potential implications for IBS research. The acute model was induced with 3% DSS for 
5 days, followed by a 12-week recovery period. The chronic model involved administration of 0.5% 
DSS for 5 days, followed by a 5-day resting period, repeated thrice. We conducted comparative 
analyses to assess inflammation severity, intestinal motility, permeability, visceral hypersensitivity, 
and microbiome composition. In the acute model, mild leukocyte infiltration was observed, colonic 
transit time shortened at 12 weeks (P < 0.001), occludin expression decreased (P = 0.041), inflammatory 
cytokines, and transient receptor potential vanilloid 1 was upregulated in colonic mucosa (P < 0.050). 
In the chronic model, only mild inflammatory changes were noted. Microbiota analysis in the acute 
model revealed differences in microbial abundance and compositions (P = 0.001). The acute model 
demonstrated low-grade inflammation that caused gut dysmotility, altered permeability, and 
increased visceral hypersensitivity with notable microbial composition changes, potentially relevant to 
IBS phenotypes.
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Irritable bowel syndrome (IBS) is a prevalent functional gastrointestinal disorder characterized by recurring 
abdominal pain associated with defecation or changes in bowel habits with no evidence of abnormalities 
in digestive organs1. The prevalence of IBS has been estimated to exceed 10% of the global population1, 
underscoring its significant medical concern. IBS substantially affects the quality of life of patients and places a 
considerable burden on the healthcare system2. IBS is a multifactorial disease and the precise pathophysiology is 
unclear3,4. The pathogenesis of IBS has focused on abnormalities in visceral hypersensitivity, motility, brain-gut 
interaction, and psychosocial distress, and more recently, altered immune activation, changes of gut permeability 
and microbiome have been demonstrated in a subset of IBS patients3,4. Additionally, the influence of diet and 
nutritional components further contributes to the intricate dynamics of IBS.

Research on developing and validating animal models based on IBS pathophysiology has gained interest 
for the effective management of IBS3. Various animal models have been developed to study IBS, among which 
the stress-induced chronic visceral pain model is the most commonly used. However, these models possess 
limitations in fully replicating the complexity of human IBS. Wang et al.5 proposed a rodent model involving 
central stimulation induced by water avoidance stress, restraint stress, and neonatal-maternal separation. 
Additionally, Moloney et al.6 described two pain models: early-life stress-induced visceral pain using a maternal 
separation stress model and adult stress-induced visceral pain using acute or chronic water avoidance stress. 
Although these IBS animal models have contributed to the understanding of psychosocial or life-threatening 
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stress, there is a need for versatile methods that can effectively address the complexities of IBS modeling while 
avoiding complex experimental setups and equipment, and adhering to animal research ethics.

Another IBS model was the post-infectious induced IBS model. Long et al.7 investigated visceral hyperalgesia 
and colonic muscle hypercontractility in IBS mice models induced by acute or chronic Trichinella spiralis 
infection. Piccione et al.8 analyzed an increase in interleukin (IL)-1β and tumor necrosis factor (TNF)-α among 
mucosal cytokines in IBS patients and demonstrated this in a dextran sulfate sodium (DSS)-induced in vitro 
study. Similar to its application in inflammatory bowel disease (IBD), the post-inflammatory model emerges as a 
potential candidate for an IBS animal model, complementing those induced by psychological or life-threatening 
stress. Clinical symptoms overlap in patients with IBD who also present IBS-like symptoms9. DSS-induced colitis 
mouse model has been widely used in IBD studies due to its ease of administration5,10; however, the exploration 
of experimental modeling specifically targeting low-grade inflammation related to IBS remains limited. Kodani 
et al.11 analyzed gastrointestinal motility and macrophage/mast cell distribution during healing after induction 
of acute colitis with 2% DSS. However, similar to previous post-infectious IBS models, this study only analyzed 
changes following acute colitis, focusing on motility while not considering various other pathophysiological 
aspects of IBS, such as changes in visceral hypersensitivity, intestinal permeability, or microbial composition.

Therefore, this study aimed to investigate DSS-induced low-grade inflammation following acute severe 
colitis or chronic mild repeated colitis and evaluate its features, including gut dysmotility, permeability changes, 
visceral hypersensitivity, and microbiome alterations, which may resemble IBS-like phenotypes in a simple and 
efficient manner.

Materials and methods
Experimental design
Seven-week-old C57BL/6 male mice (Orient Bio Co., Ltd.®, Seongnam, Gyeonggi, Korea) were used in this study 
for IBS model induction. The mice were acclimated for 7 days at the Medical Research Center’s facility before 
experimentation. Mice were housed individually in standardized environmental conditions at 23 ± 2  °C with 
50–55% humidity and were allowed to feed food and drink ad libitum. The study protocol was approved by the 
Ethics Committee for Animal Research (EUM19-0456) and followed the ARRIVE 2.0 guidelines. Experimental 
procedures and results were conducted in accordance with regulations and guidelines.

The mice were divided into two groups to induce the post-inflammatory IBS modeling: an acute severe colitis 
recovery IBS model (acute model) and a chronic mild repeated colitis IBS model (chronic model) (Fig. 1). For 
acute model, mice (n = 10) were administered with 3% DSS (MP biochemical®, Irvine, CA, USA) for 5 days, 
followed by a 12-week recovery period. During the recovery period, mice were given free access to food and 
water. The traditional IBD model involved a chronic model in which mice (n = 10) were orally administered 
with DSS for 5 days, followed by a recovery period of drinking water for the next 5 days, repeated for 3 cycles. 
To induce low-grade inflammation without causing gross mucosal damage, preliminary experiments were 
conducted to find an appropriate concentration of DSS, including 0.5%, 1.0%, and 1.5% for chronic models 
(n = 3 for each group). Body weight changes, stool consistency, and gross bleeding were measured by the same 
observer every 7 days in the acute model and 3 days in the chronic model to assess disease activity, and the 
disease activity index (DAI) was calculated by adding the changes in body weight, stool consistency, and gross 
bleeding (Supplementary Table S1)12.

Fig. 1.  Experimental design for post-inflammatory IBS animal model. (A) Acute severe colitis recovery IBS 
model (acute model, n = 10), 3% DSS was administered for 5 days followed by a 12-week recovery period. 
(B) Chronic mild repeated colitis IBS model (chronic model, n = 10), 0.5% DSS was administered for 5 days, 
followed by a 5-day resting period, repeated three times over 30 days. IBS irritable bowel syndrome, DSS 
dextran sulfate sodium, GITT gastrointestinal transit time, BET bead expulsion test, RT-PCR real-time 
polymerase chain reaction, H&E stain hematoxylin-eosin stain, IHC immunohistochemistry.
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After completing the experiment in each model, all mice were euthanized through CO2 asphyxiation 
after overnight fasting. After euthanasia, the entire colon was dissected from the cecum, and the total length 
was measured. Whole colon tissue was divided into proximal and distal sections, and then tissue from each 
section was split and analyzed by real-time polymerase chain reaction (RT-PCR), histopathology, and 
immunohistochemistry (IHC).

Analysis of intestinal transit time
We used the gastrointestinal transit time (GITT) and the bead expulsion test to determine the intestinal transit 
time. For both techniques, we measured transit time before DSS administration and then every 4 weeks for the 
acute model and 30 days for the chronic model, respectively. Mice were housed individually to measure the 
GITT. A 6% solution of carmine red (natural red 4; Sigma Aldrich®, St. Louis, MO, USA), a non-absorbable 
dye, was administered through a 21-gauge gavage in 0.3 mL of 0.5% methylcellulose solution (Sigma Aldrich®). 
Following administration, mice were placed in a cage, the floors of which were lined with white paper to facilitate 
the carmine-red coloration of their feces. T0 represented the time at which the carmine red solution was gavaged 
and the time it took for the expulsion of the first red fecal pellet was assessed13. In GITT measurements, closed-
circuit television (CCTV) was employed as an auxiliary tool for more objective and accurate measurement.

In the existing murine animal model, a bead expulsion test was a commonly used method to measure distal 
colonic transit time14. The distal colonic transit time was defined as the time between the bead insertion into 
the distal colon and its expulsion. Briefly, similar to previous studies, we dipped a single 2 mm bead into the 
lubricating gel, gently inserted it, and measured the time to expulsion.

RT-PCR analysis of inflammatory cytokines and permeability markers
The mRNA expression of inflammatory cytokines in the mice colon, including IL-1β, IL-6, IL-17, and TNF-α was 
measured. We assessed the mRNA expression of occludin, zonular occludens (ZO)-1, claudin-1, and claudin-4 
using RT-PCR15 to assess the expression of the tight junction proteins in the IBS model.

RT-PCR was performed on proximal and distal colon sections. The separated colon tissue was immediately 
frozen at − 70 °C in a cryogenic freezer. Total RNA was isolated from colon tissue using the TRIzol reagent 
(Ambion®, Waltham, MA, USA). After adding chloroform (Sigma Aldrich®), the extracted total RNA was 
centrifuged at 12,000 rpm for 10 min at 4 °C. The supernatants were centrifuged for 10 min at 12,000 rpm at 
4 °C with isopropanol (Sigma Aldrich®). After 75% ethanol wash, the pellet was solubilized with nuclease-free 
water and quantified using nano drops. RNA (2 µg) was reverse-transcribed in the mixture of oligo dT primers 
(0.5 µg), 200 units of Molony-Murine leukemia virus reverse transcriptase (Promega®, Fitchburg, WI, USA), 5x 
RT buffer, dNTPs (2 nM), and 25 units of RNasin ribonuclease inhibitor (Promega®) at 42 ℃ for 60 min. The 
RT-PCR was conducted on 7000 Real-time PCR systems (Applied Biosystems®, Waltham, MA, USA) with 2X 
Power SYBR Green PCR Master mix (Applied Biosystems®), 0.1 µg cDNA, and each primer set (Macrogen®, 
Seoul, Korea; Supplementary Table S2) over 40 cycles (95 ℃ for 15 s and 60 ℃ for 60 s) following pre-denature 
at 95 ℃ for 10 min. The relative expression of the target genes was assessed using the comparative Ct method, 
and glyceraldehyde-3-phosphate dehydrogenase was used as an internal control.

Histopathological analysis
Histopathological examination was conducted by a single pathologist, and colon tissues were fixed in 10% 
formalin, followed by paraffin sectioning and hematoxylin-eosin (H&E) staining. Each colon tissue was stained 
with H&E and analyzed in three categories for histological evaluations: (i) inflammatory cell infiltrate, (ii) 
epithelial changes, and (iii) mucosal architecture. According to the criteria in histomorphological scores for 
intestinal inflammation in mouse models (Supplementary Table S3), each category was calculated with a score 
value ranging from 1 to 516.

Immunohistochemistry analysis
IHC analysis was performed, focusing on neuroinflammatory markers. Tissue samples were fixed in 4% 
paraformaldehyde in phosphate-buffered saline (pH 7.4), embedded in paraffin, and sectioned for IHC 
analysis. After deparaffinization and rehydration, antigen retrieval was performed by incubating the sections in 
citrate buffer (0.01 mmol/L, pH 6.0) and heating them in a microwave oven (720 W) for 15 min. Endogenous 
peroxidase was blocked by treating the sections in 0.3% hydrogen peroxide for 30 min at room temperature. 
Next, sections were incubated for 3 h at room temperature with specific antibodies: rabbit polyclonal transient 
receptor potential vanilloid 1 (TRPV1) antibody (Invitrogen®, Waltham, USA), recombinant rabbit monoclonal 
tropomyosin receptor kinase A (TrkA) antibody (Invitrogen®), mouse monoclonal substance P antibody (Santa 
Cruz®, Dallas, TX, USA), rabbit monoclonal S-100 antibody (Leika®, Wetzlar, Germany), and mouse monoclonal 
neuron-specific enolase (NSE) antibody (Leika®) as visceral hypersensitivity markers. The sections were then 
incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies for 30  min. The 
sections were then stained with 3,3-diaminobenzidine solution, followed by counterstaining with hematoxylin 
for nuclei labeling17. Immunopositive cells were counted using the Image J program (National Institutes 
of Health, Bethesda, MD, USA) in a 200 μm stretch of well-oriented entire colon epithelium sections at five 
randomly selective fields for each antibody. The average and standard deviation were subsequently calculated11.

Microbiome analysis
We performed a microbiome analysis on the acute model selected as the IBS model based on comprehensive results. 
For microbiome analysis, intraluminal feces were collected from cecum of sacrificed mice and immediately frozen 
at − 80 ℃. Microbial genomic DNA was extracted using QIAamp PowerFecal Pro DNA Kit (Qiagen®, Hilden, North 
Rhine-Westphalia, Germany), following the recommended protocols. The quality of all extracted bacterial genomic 
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DNA was assessed using the Qubit 4 (ThermoFisher Scientific®, Waltham, MA, USA). The extracted mitochondrial 
DNA samples were stored at 4°C until further processing. The DNA sequencing library targeting the V3 and V4 
hypervariable regions of 16S ribosomal RNA was constructed according to the sequencing library preparation 
protocol (Illumina®, San Diego, CA, USA) using specific universal primers (Illumina 16S forward 341F primer, 
5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′ and reverse 805R 
primer, 5′-​G​T​C​T​C​G​T​G​G​G​C​T​C​G​G​A​G​A​T​G​T​G​T​A​T​A​A​G​A​G​A​C​A​G GACTACHVGGGTATCTAATCC-3′)18. 
PCR was carried out using KAPA HiFi HotStart ReadyMix (Kapa Biosystems®, Wilmington, MA, USA), followed 
by purification of the PCR product with AMPure XP beads (Beckman Coulter Genomics®, Brea, CA, USA). An 
additional PCR amplification was performed to introduce the Illumina adapter and multiplex indices using the 
Nextera XD Index (Illumina®). The final PCR products were purified once again using the AMPure XP beads. 
The prepared library was then sequenced using the Miseq system (Illumina®) with 300 bp paired-end reads.

The gut microbiome data was analyzed using the QIIME2 pipeline plugin (2022.08)19. Before implementing 
DADA2 (Divisive Amplicon Denoising Algorithm 2) in QIIME2, Figaro was used to determine optimal options 
based on sequence quality20.

Amplicon sequence variants (ASVs) were obtained through the denoising step in the DADA2 algorithm. The 
ASVs were subjected to bacterial classification using a Naïve Bayes classifier based on targeted hypervariable 
reads extracted from the SILVA 138v 99% rRNA database to improve accuracy. Subsequently, various features 
annotated with Archaea, Eukaryotes, Mitochondria, or Chloroplasts were removed. The selected bacterial 
features were employed for the construction of a phylogeny tree using the align-to-tree-mafft-fasttree plugin, 
and taxonomy composition was determined. These features were rarefied at a specified depth and utilized for 
the analysis of alpha diversity, including Observed Features, Chao1 Index, Shannon’s Index, Simpson’s Index, 
and Pielou’s Evenness, as well as beta diversity, encompassing Bray-Curtis and Unweighted UniFrac metrics21.

Statistical analysis
Statistical Package for the Social Sciences (SPSS) program, version 25.0 software (SPSS Inc.®, Chicago, IL, 
USA) was used for all statistical analysis. The mean ± standard deviation values were used for each analysis. 
Comparisons of values between the models were tested using the nonparametric Kruskal–Wallis test. Graphical 
representations were generated using GraphPad Prism software version 8 (GraphPad Software Inc.®, La Jolla, CA, 
USA). A P-value of < 0.050 was considered statistically significant.

For microbiome analysis, statistical significance in group comparisons for α-diversity and taxonomy 
composition was evaluated using the Mann-Whitney U-test (Wilcoxon Rank-sum test) in R through the ‘ggpubr’ 
package. To confirm the similarity between groups in distance matrices from β-diversity, principal coordinate 
analysis and permutational analysis of variance with 999 permutations were performed using the ‘Vegan’ and 
‘Adonis’ packages in R. Additionally, linear discriminant analysis effect size (LEfSe) was calculated and features 
with a linear discriminant analysis score ≥ 2.0 were considered significant within each group22.

Results
Changes in the DAI of the IBS models
In the acute model, the body weight decreased by 10.1 ± 3.1% in the two weeks, then gradually increased and 
recovered in four weeks. The average DAI score was elevated at two weeks after DSS administration (6.8 ± 1.1), 
and no disease activity was observed after four weeks (Fig. 2A).

In the chronic model, body weight increased in the control, 0.5%, and 1.0% DSS groups but decreased by 
3.2 ± 7.6% in the 1.5% DSS group. Gross bleeding was observed only in the 1.0% DSS group (0.3 ± 0.6), whereas 
diarrhea or loose stool was observed in the 1.0%, 1.5%, and 0.5% DSS groups. The DAI scores were higher in the 
1.0% and 1.5% DSS groups (5.3 ± 1.5 and 4.5 ± 2.1, respectively) than in the 0.5% DSS group (1.0 ± 0.0; Fig. 2B).

Changes in colon length in the IBS models
The colon length did not differ between the acute model and the control (99.5 ± 7.9 mm vs. 103.0 ± 9.6 mm, 
P = 0.420). In the chronic model, the colon length in the 0.5% DSS group did not show significant differences 
from the control (92.9 ± 6.6 mm vs. 103.0 ± 9.6 mm, P = 0.264); however, those in the 1.0% and 1.5% DSS groups 
(P = 0.009 and P = 0.036) decreased significantly (Fig. 2C,D).

Changes in colon transit time in the IBS models
In the acute model, GITT slowed compared to the control group up to 8 weeks after colitis induction but 
significantly accelerated by 12 weeks (146.9 ± 40.2 min vs. 221.0 ± 25.0 min, P < 0.001; Fig. 3A). In the chronic 
model, no significant change in transit time was observed compared to the control after 30 days (157.0 ± 33.2 min 
vs. 151.2 ± 38.4 min, P = 0.937; Fig. 3C). Moreover, no significant difference was observed in distal colon transit 
by bead expulsion test between the IBS models and the controls (Fig. 3B,D). GITT measurements were accurately 
compared using CCTV (Fig. 3E).

Expression of inflammatory cytokine mRNAs in the IBS models
In the proximal colon of the acute model, the mean mRNA expression of IL-1β and IL-17 were increased 
compared to those in the controls (2.0 ± 0.7 vs. 1.2 ± 0.8, P = 0.034 for IL-1β; Fig.  4A, 2.5 ± 2.9 vs. 1.0 ± 0.7, 
P = 0.041 for IL-17; Fig. 4B). In the distal colon of the acute model, the mean mRNA expression of IL-1β, IL-17, 
and TNF-α showed a significant increase compared to those in the controls (2.1 ± 1.4 vs. 1.0 ± 0.5, P = 0.049 for 
IL-1β; Fig. 4E, 2.9 ± 3.3 vs. 1.1 ± 0.8, P = 0.028 for IL-17; Fig. 4F, and 2.0 ± 1.1 vs. 1.0 ± 0.3, P = 0.018 for TNF-α; 
Fig. 4G).

In the distal colon of the chronic model, a significant increase in the mean mRNA expression of IL-17 
compared to that in the controls (2.3 ± 1.7 vs. 1.1 ± 0.5, P = 0.026; Fig.  4F). However, no remarkable increase 
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in the expression of the inflammatory cytokines was observed in the proximal colon of the chronic model 
compared to that in the controls (Fig. 4A–D).

Expression of tight Junction protein coding mRNAs in the IBS models
Compared to that in the controls, the expression of occludin mRNA in the proximal colon was only significantly 
decreased in the acute model (0.9 ± 0.4 vs. 1.5 ± 0.8, P = 0.041; Fig. 4D). In the distal colon, there was no difference 
between the two models (Fig. 4H). In both models, the expression of ZO-1, claudin-1, and claudin-4 mRNAs did 
not differ from their expression in controls (Supplementary Fig. S1A–F).

Histopathological evaluation in the IBS models
The inflammatory severity and extent in colon tissue were evaluated using H&E stain (Supplementary Fig. S2). 
In both models, the colon tissue was observed to be grossly normal. The mild leukocyte infiltration was mainly 
observed in the distal colon of both models.

Expression of neuroinflammatory markers in the IBS models
In both the acute model and the control, the expression of TRPV1 and TrkA in the colonic epithelium was 
observed (Fig. 5A–C). Scattered and weak IHC staining was observed on the basolateral membrane of epithelial 
cells, while inflammatory cells in the epithelium and lamina propria showed relatively strong TRPV1 and TrkA 
expressions in the acute model (Fig. 5C). Quantitative analysis using the Image J program revealed increased 

Fig. 2.  Changes in the DAI and colon length of the irritable bowel syndrome models. (A) The average DAI 
comparison between the control and the acute model with weeks on the X-axis and DAI scores on the Y-axis. 
Each group consisted of 10 mice (Control: n = 10, Acute model: n = 10) (B) In preliminary experiments, DAI 
comparison between the control and different chronic models. Each group consisted of 3 mice (Control: n = 3, 
0.5% DSS: n = 3, 1.0% DSS: n = 3, 1.5% DSS: n = 3). (C) Comparison of average colon length among the control, 
the acute model, and the chronic models. Shortening of the colon is an indicator of inflammation and tissue 
damage. (D) Photographs of colons from the control, the acute model, and the chronic models, demonstrating 
differences in colon length and appearance. DAI disease activity index.
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Fig. 3.  Changes in colon transit time of the irritable bowel syndrome models. (A) Comparison of GITT 
between the control and the acute model. GITT was measured as the time taken for carmine red dye to travel 
through the gastrointestinal tract. (B) Comparison of BET between the control and the acute model. BET 
measures the time taken for a bead inserted into the distal colon to be expelled. (C) Comparison of GITT 
between the control and the chronic model. (D) Comparison of BET between the control and the chronic 
model. (E) Representative images from closed-circuit television used to monitor GITT. Left image shows the 
time of carmine red administration (T0), and the right image shows the first appearance of carmine red-colored 
stool (indicated by red dots circle). Each group consisted of  10 mice (Control: n = 10, Acute model: n = 10, 
Chronic model: n = 10).  Each analytic value in graphs (A–D) is expressed as mean ± standard deviation. GITT 
gastrointestinal transit time, BET bead expulsion test.
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immunopositivity in TRPV1 and TrkA in the acute model compared to that in the controls (412.2 ± 80.1 vs. 
72.6 ± 21.4, P = 0.008 for TRPV1 and 392.6 ± 63.4 vs. 96.2 ± 14.2, P = 0.008 for TrkA) (Fig.  5A,B). However, 
immunopositivity of substance P, S100, and NSE was rarely detected in the acute model (Supplementary Fig. 
S3A–C).

In contrast, in the chronic model, none of the markers showed significant differences in expression compared 
to controls (64.6 ± 13.6 vs. 48.4 ± 10.8, P = 0.095 for TRPV1; 67.2 ± 16.5 vs. 75.2 ± 11.8, P = 0.310 for TrkA) 
(Fig. 5A,B and Supplementary Fig. S3).

Comparative analysis of microbiomes in control and the IBS model
The alpha-diversity analysis, encompassing Observed features, Chao1 index, Shannon’s index, Simpson’s index, 
and Pielou’s evenness, did not reveal a significant difference in the level of diversity within individual samples 
between the acute model and the controls (P > 0.050; Fig. 6A). However, the beta-diversity analysis between 
the two groups indicated notable differences in both Bray-Curtis dissimilarity (P = 0.001) and Unweighted 
UniFrac dissimilarity (P = 0.001), reflecting distinct microbial composition and dissimilarity (Fig. 6B). At the 
genus level, 16 genera exhibited statistically significant differences between the two groups (P < 0.050). LFfSe 
analysis revealed a higher abundance of Lachnospiraceae, Erysipelatoclostridium, [Eubacterium] xylanophilum, 
Colidextribacter, Ruminococcaceae UBA1819, Marvinbryantia, Anaerotruncus, and Turicibacter in the acute 
model compared to that in the control. Conversely, Clostridium sensu stricto 1, Ruminococcus, Bifidobacterium, 
Clostridia UCG-014, Anaeroplasma, [Eubacterium] fissicatena, and Romboutstia exhibited a relatively higher 
abundance in the control group than that in the acute model (Fig. 7). These results showed no difference in the 
alpha diversity between the acute model and the control; however, noticeable changes in microbial composition 
were observed in the acute model.

Discussion
In this study, we characterized DSS-induced low-grade inflammation using a recovery model following acute 
severe colitis. The findings revealed notable physiological changes, including altered gut motility, increased 
expression of neuroinflammatory markers, and changes in microbial composition, without evident clinical or 
histological manifestations of colonic damage. These features may resemble IBS-related phenotypes and provide 
insights for future research into post-inflammatory mechanisms relevant to IBS.

Fig. 4.  mRNA expression of genes encoding inflammatory cytokines and tight junction proteins in the 
proximal and the distal colons of the irritable bowel syndrome models. (A–D) Mean mRNA expression values 
of IL-1β (A), IL-17 (B), TNF-α (C), and occludin (D) in the proximal colon of both models. In the acute 
model, elevated levels of IL-1β, IL-17, and TNF-α indicate increased inflammation, while decreased occludin 
suggests compromised intestinal barrier function. (E–H) Mean mRNA expression values of IL-1β (E), IL-17 
(F), TNF-α (G), and occludin (H) in the distal colon of both models. Each group consisted of 10 mice (Control: 
n = 10, Acute model: n = 10, Chronic model: n = 10).  mRNA expression was quantified using the comparative 
Ct method with glyceraldehyde-3-phosphate dehydrogenase as the internal control. IL interleukin, TNF tumor 
necrosis factor.
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In comparison to various previous IBS animal models5, the stress-induced chronic visceral pain model 
has been commonly utilized. However, these models could pose ethical limitations due to the use of physical 
stressors like restraint, water avoidance, and neonatal-maternal separation in rodents5,23. Animal models of IBS 
with other mechanisms have been investigated, including several post-infectious IBS animal models caused by 
bacterial and parasitic infections such as Campylobacter jejuni, Salmonella enterica, or Trichinella spiralis5,24,25. 
However, since post-infectious IBS is influenced by pathogens, there is a limitation that the symptoms in murine 
models induced by bacterial or parasitic pathogens may differ from those of actual human post-infectious IBS25. 
On the other hand, the representative post-inflammatory IBS model using trinitrobenzene sulfonic acid has the 
limitation of lacking a standardized protocol regarding dosage, concentration, and administration site25.

Therefore, a new methodology of IBS animal modeling was required. Our approach aimed to characterize 
a post-inflammatory IBS murine model by inducing low-grade inflammation using DSS, a method that is 
easily used for establishing IBS animal models11,26. Referring to the previous DSS-induced IBD murine model, 
we conducted experiments to induce low-grade inflammation by administering high concentrations of DSS 
for a short period or repeated low concentrations26. Although DSS has been used previously in IBD studies, 
we used DSS to induce post-inflammatory IBS due to low-grade inflammation after DSS-induced colitis. To 

Fig. 5.  Immunohistochemistry and immunohistochemical staining of neuroinflammatory markers in the 
irritable bowel syndrome models. (A,B) Expression of TRPV1 (A) and TrkA (B) in both models. In the 
acute model, TRPV1 and TrkA are quantitatively and meaningfully higher in immunopostive cells. (C) 
Immunohistochemical staining of TRPV1 and TrkA in the lamina propria and colonic epithelium of the acute 
model, chronic model, and control at ×4, ×10, and ×30 magnifications. Increased expression of TRPV1 and 
TrkA in the acute model, particularly in inflammatory cells within the epithelium and lamina propria, suggests 
heightened neuroinflammation and visceral hypersensitivity. In contrast, the chronic model showed minimal 
expression of these markers. Strong brown staining indicates high marker expression, while light blue or brown 
staining was common across all groups. TRPV1 transient receptor potential vanilloid 1, TrkA tropomyosin 
receptor kinase A.
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evaluate bowel motility changes, we measured the change in intestinal transit time in vivo10. In our IBS model, 
the GITT analysis using real-time CCTV showed that the transit time increased until 8 weeks after high-dose 
DSS administration and significantly decreased after 12 weeks compared to the controls. The distinct changes 
in GITT observed at week 8 suggest adaptive responses: the acute model showed shortened GITT likely due to 
inflammation-induced neuroinflammatory signaling and muscle contractility changes, whereas the prolonged 
GITT in the control group may reflect natural, age-related factors. Similar to our study, a previous study reported 
changes in colonic motility following recovery from alterations in the mucosal immune system11. Our findings 
also demonstrated mild leukocyte infiltration in the lamina propria in both the acute and chronic models. Because 
various inflammatory cytokines were elevated in the acute model compared to those in the chronic model, we 
speculated that low-grade inflammation in the acute model may affect the enteric immune system, leading to the 

Fig. 6.  Comparison of the alpha diversity and beta diversity of the microbiome between the controls and the 
IBS model. (A) Alpha diversity indices (Observed features, Chao1 index, Shannon’s index, Simpson’s index, 
and Pielou’s evenness) comparing the microbiome diversity within individual samples between the control 
and the acute model considered as an IBS model. No significant differences were observed in alpha diversity. 
(B) Beta diversity analysis (Bray–Curtis dissimilarity and Unweighted UniFrac dissimilarity) comparing the 
microbiome composition between the control and the IBS model. Significant differences in beta diversity 
indicate distinct microbial communities between the two groups. IBS irritable bowel syndrome.
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Fig. 7.  Taxonomy composition analysis between the controls and the IBS model. (A) Relative abundance of the 
top 30 genera in the microbiome of the control and the acute model considered as an IBS model. (B) Genera 
with significantly different abundance between the control and IBS model. A higher abundance of genera 
such as Lachnospiraceae and Ruminococcaceae in the IBS model suggests their potential role in the disease’s 
pathophysiology. IBS irritable bowel syndrome.
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characterization of the IBS model. Additionally, we considered that the increase in IL-17 expression in the acute 
model, which can enhance intestinal muscle contractility, might affect colonic motility27.

The expression of the tight junction protein occludin decreased in the proximal colon of the acute model, 
whereas no notable differences were observed in the chronic model. Previous studies have also reported that 
intestinal permeability was related to tight junction proteins, and occludin plays a major role in IBS28,29. Coëffier 
et al.28 demonstrated that proteasome alterations enhance intestinal permeability due to decreased occludin 
expression in IBS. Furthermore, increased levels of IL-1β mRNA have been shown to reduce the occludin 
expression and increase intestinal permeability in a colitis mouse model29. Concordant with these studies; our 
study also demonstrates decreased occludin expression induced by IL-1β overexpression.

Visceral hypersensitivity is an important pathogenesis of IBS and can be induced by various pathophysiological 
abnormalities. To indirectly predict visceral hypersensitivity, we used IHC staining for several neuroinflammatory 
markers known to be associated with visceral hypersensitivity in previous studies. Previous studies have reported 
that TRPV1 is widely distributed in the gastrointestinal tract and plays a role in visceral hypersensitivity in IBS30. 
In a mouse model of early life stress-induced IBS, TrkA is activated and disrupts gut homeostasis, leading to 
dysfunction31. In addition, substance P, S100 protein, and NSE were over-expressed in IBS patients5. The IHC 
staining results for these markers showed that TRPV1 and TrkA immunopositivity was quantitatively higher 
only in the acute model. Therefore, we could indirectly predict that our IBS model might have increased visceral 
hypersensitivity.

Several studies have suggested that microbial alterations are critical in the pathogenesis of IBS. In our 
acute post-inflammatory IBS model, we observed a significant increase in the abundance of genera such as 
Lachnospiraceae and Ruminococcaceae, suggesting a different microbial composition compared to controls. 
This finding is consistent with previous research by Jeffery et al.32, which showed that Lachnospiraceae can 
disrupt the mucosal barrier. Such disruption may increase intestinal permeability in IBS patients. In addition, 
Ruminococcaceae are known to produce short-chain fatty acids, which play a role in modulating visceral 
hypersensitivity, a key feature of IBS pathophysiology33. These microbial imbalances likely contribute to IBS 
symptoms by affecting gut motility, barrier function, and sensitivity. Furthermore, while alpha diversity did not 
show significant differences, beta diversity analysis revealed distinct microbial communities between the IBS 
model and controls. This suggests that specific shifts in microbial composition, rather than overall diversity, 
may be key to IBS pathogenesis. Our findings of increased Lachnospiraceae and Ruminococcaceae are similar 
to those of previous studies that have associated these genera with immune activation and changes in intestinal 
permeability that may exacerbate IBS symptoms1. While further research is needed to clarify the precise role of 
these microbial groups in IBS pathogenesis, our findings can provide a foundation for exploring microbiome 
dynamics and their impact on gut health.

In our model research on IBS utilizing the post-inflammatory model, several strong points have been 
observed. First, this model effectively mirrors altered gastrointestinal motility function and post-inflammatory 
visceral hypersensitivity, closely reflecting the post-inflammatory symptoms of IBS observed in humans. This 
aspect is particularly valuable, given that low grade-inflammatory states are a critical factor in IBS pathogenesis. 
Second, although visceral hypersensitivity may decrease over time, the post-inflammatory model accurately 
replicates the resolution of acute enteritis and chronic healing phase, making it suitable for modeling the chronic 
natural course of IBS. Furthermore, pilot studies have established experimental conditions, such as the dosage 
and duration of inflammatory agents, to induce a consistent level of inflammation, thus ensuring reproducibility 
of results. On the other hand, certain limitations remain. First, this model does not currently address mechanisms 
involving brain-gut interactions, such as psychological stress, which are integral to IBS pathogenesis in humans. 
Moving forward, we will consider integrating psychological stress paradigms with our existing model to more 
accurately simulate the multifactorial nature of IBS. Second, we did not investigate the effect of gender differences 
in our model. Third, in investigating the pathophysiology of human IBS including visceral hypersensitivity or 
increased intestinal permeability, surrogate markers such as TRPV1 and occludin expression were employed. 
However, future studies would benefit from incorporating methods such as barostat assessments, Fluorescein 
isothiocyanate-dextran assays, or in vivo tracer methods to provide more comprehensive mechanistic insights.

In conclusion, this study characterized DSS-induced low-grade inflammation in an acute recovery model 
following severe colitis. The findings revealed key physiological changes, including gut dysmotility, altered 
permeability, increased visceral hypersensitivity, and notable shifts in microbial composition, without overt 
colonic damage. This model provides a valuable tool to study the multifactorial mechanisms underlying IBS, 
particularly the role of inflammation and microbiome alterations. Our experimental models hold promise for 
diverse IBS studies, allowing for future investigations of pathophysiological mechanisms and targeted therapies.

Data availability
The datasets used and/or analyzed in the current study are available from the corresponding author on reason-
able request.
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