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Abstract: Inflammatory Bowel Disease (IBD), including Crohn’s Disease (CD) and Ulcerative Colitis (UC), is a chronic recurrent
intestinal inflammatory disorder with a rising global incidence and younger age trend. Current immunosuppressant-based treatments
have limited efficacy due to individual differences, making exercise—a low-cost, safe auxiliary intervention—attractive for improving
intestinal inflammation and patient quality of life. However, exercise effects are dually regulated by IBD animal model pathological
characteristics and exercise program parameters, with unclear adaptation laws and mechanisms. This PRISMA-compliant systematic
review synthesizes evidence from 59 studies (20162025, 9 databases) to clarify the “model-exercise-effect” correlation. We classified
IBD animal models into chemical-induced (DSS/TNBS/OXZ, acute inflammation, suitable for short-term low-intensity active
exercise), gene-edited (IL-10 KO/IL-2 KO, chronic genetic susceptibility, requiring long-term moderate-intensity exercise), naturally
occurring/microbiota-induced (SAMP1/YitFc/microbiota-transplanted, natural disease course, suitable for microbiota-exercise com-
bined intervention), and emerging models (gnotobiotic/humanized microbiota/organoid, high translational value). Exercise type (active
> passive), intensity (50-70% VO,max optimal), cycle (=12 weeks for stable microbiota regulation), and timing (preventive >
therapeutic in acute phase) significantly affect outcomes. Core mechanisms include intestinal microbiota modulation (increased
Lactobacillus/Bifidobacterium, upregulated SCFAs synthesis), inflammatory factor balance (myokines/SCFAs synergistically inhibit-
ing NF-kB), intestinal barrier enhancement (upregulated tight junction proteins), and immune homeostasis remodeling (Treg differ-
entiation/M2 macrophage polarization). Key challenges include model-human pathological differences and exercise protocol
standardization. Future research should focus on precise model matching, multi-omics mechanism analysis, and clinical translation
to promote exercise as a non-pharmacological intervention for IBD.

Keywords: inflammatory bowel disease, animal model, exercise intervention, intestinal microbiota

Introduction

Inflammatory Bowel Disease (IBD) is a group of chronic non-specific intestinal inflammatory diseases, characterized
by long-term recurrence, persistent courses, and clinical manifestations including chronic diarrhea, abdominal pain,
fatigue, and weight loss. Complications such as malnutrition, sarcopenia, and osteoporosis severely impact patient
quality of life.! Global IBD incidence has risen continuously, 2023 Lancet Gastroenterology & Hepatology data show
over 15 million global patients, with CD:UC = 1:2.> Current IBD treatment relies on immunosuppressants and
antibiotics, but efficacy varies individually due to complex pathogenesis involving genetic susceptibility, environ-
mental factors, immune disorders, and intestinal microbiota dysbiosis.3 Exercise, as a low-cost intervention, has been
proven to improve intestinal inflammation and quality of life in IBD patients.* However, its effects are inconsistent, for
example, Abhinav et al’ reported exercise-exacerbated inflammation in DSS models, while ShuTing et al® observed
protective effects of voluntary exercise in the same model—differences attributed to model subtype (UC/CD),
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inflammatory stage (acute/chronic), and exercise type (active/passive). Intestinal microbiota dysbiosis is a core
pathogenic link, IBD patients show reduced microbiota diversity, decreased beneficial bacteria (Lactobacillus/
Bifidobacterium), and increased pathogenic bacteria, leading to reduced anti-inflammatory metabolites (eg, SCFAs)
and impaired intestinal barrier function.* Exercise regulates microbiota structure, barrier integrity, and immune
balance, but model-specific differences in microbiota composition and immune status affect exercise responses. To
date, no systematic review has integrated the “model-exercise-effect” correlation or standardized exercise intervention
parameters for IBD animal models. This PRISMA-compliant systematic review aims to fill this gap by synthesizing
evidence on model characteristics, exercise heterogeneity, and core mechanisms, providing experimental evidence for
clinical translation.

Methods

Study Data Source

This review followed PRISMA 2020 guidelines (Figure 1). We searched international databases (PubMed, Web of
Science Core Collection, Scopus, EMBASE, Cochrane Library) and Chinese core databases (CNKI, Wanfang Data) for
literature published from May 2016 to May 2025. Retrieval terms included: “Inflammatory Bowel Disease”, “IBD”,
“DSS-induced Colitis”, “IL-10 Knockout”, “SAMPI1/YitFc”, “Exercise Intervention”, “Voluntary Wheel Running”,
“Moderate-intensity Exercise”, “Intestinal Microbiota”, “Short-chain Fatty Acids (SCFAs)”, “NF-kB”, “Treg Cell”,
combined with “AND”/“OR”. Non-English studies were included only if they provided detailed English abstracts and
accessible full texts.

Study Population and Eligibility Criteria
The “study population” in this review are preclinical studies focusing on “IBD animal modelstexercise intervention”
(without human subjects), with the following inclusion and exclusion criteria:

Inclusion criteria: Original research or high-quality reviews exploring the outcomes of IBD animal models, exercise
interventions, and intestinal inflammation (excluding conference abstracts, preprints, and meta-analyses without original
data support); The animal model should be a validated IBD model (chemically induced, gene edited, naturally occurring/
microbiota induced), and the strain (eg, C57BL/6 mice, BALB/c mice), modeling method (such as DSS concentration),
and validation indicators (eg, DSS concentration, TNBS dose) should be clearly described; Exercise intervention requires
clear parameters (type, intensity, cycle, frequency); The outcome measures should include at least one of “inflammatory
factors, gut microbiota, intestinal barrier function, and immune homeostasis”.

Exclusion criteria: Non IBD models (such as irritable bowel syndrome, intestinal infection models); The model
construction (such as not reporting DSS concentration) or exercise parameters (such as only mentioning “moderate
intensity exercise” without quantitative definition) are unclear; There are serious methodological deficiencies (such as no
control, sample size < 5 per group, and outcome measures not validated); Literature with duplicate data (such as
overlapping data published by a team in multiple journals).

Data Extraction and Synthesis

Data extracted included model characteristics, exercise parameters, outcome indicators, and mechanisms. Due to high
heterogeneity (diverse models/exercise protocols), a narrative synthesis was conducted, supplemented with effect size
descriptions.

Study Reporting and Approval Reporting Standards

This review was conducted and reported in accordance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines. All data supporting the review’s conclusions are derived from publicly available
literature, with full citations provided in the “References” section. No unpublished data or proprietary datasets were
used. As such, no Institutional Review Board approval was required.
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Records identified from:
International Databases (n=1211): PubMed, Web of Science, Scopus, EMBASE, Cochrane Library
Chinese Databases (n=75): CNKI, Wanfang Data

||
Other sources (n=0): e.g., hand searching, reference lists

L 2

Total records identified: n = 1,286
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g Records after duplicates removed: n = 853
2
B Records excluded: n = 327
o Records screened (Title/Abstract): « Non-IBD animal model (e.g., IBS, infection model)
n n =853 * No exercise intervention component
» Conference abstract, preprint, or non-original study

[
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]

Full-text articles assessed for eligibility: Full-text articles excluded: n = 268

n = 526 (853 - 327) + Model construction details unclear (e.g., DSS
concentration unreported)

* Exercise parameters unclear or undefined (e.g.,
intensity not quantified)

+ Severe methodological flaws (e.g., no control
group, sample size <5)

» Duplicate publication/Overlapping data

* Non-English articles with inaccessible English
abstract/full text

+ Outcome measures do not cover specified
domains (e.g., inflammation, microbiota, barrier,
immunity)

ELIGIBILITY

Studies included in qualitative synthesis
(Systematic Review):
n =59 (526 - 268)

| iNcLubep [

Figure | PRISMA 2020 Flow Diagram of Study Selection. Flow diagram of the study selection process according to PRISMA 2020 guidelines. Through database searches,
a total of 1286 records were identified. After removing duplicates and screening titles/abstracts, 526 full-text articles were assessed. Ultimately, 59 studies met the
predefined inclusion criteria and were included in the qualitative synthesis. The main reasons for exclusion at each stage are listed. Indicators: The rectangular boxes
represent the various stages of screening, with bolded text (such as “n=853") used to highlight the key quantity at that stage. The black arrows clearly indicate the flow
direction from “identification” to “inclusion”, and the final “inclusion” box highlighted in light green or with a bold border marks the final result of the screening process.

Pathological Characteristics and Application Scenarios of IBD Animal
Models

IBD animal models simulate the pathological characteristics of human diseases and provide tools for mechanism research
and intervention evaluation. Different models have significant differences in inflammatory location, immune mechanism,
disease course, and intestinal microbiota composition, which directly affect the interpretation of the effect of exercise
intervention.
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Chemical-Induced Models

Chemical-induced models focus on acute inflammation and mucosal damage. They trigger intestinal inflammation
through exogenous chemical substances, with simple operation and high repeatability, and are commonly used tools
for studying the acute stage of UC/CD (Table 1). Their core feature is that the intensity of inflammation can be precisely
controlled by regulating the concentration and action time of inducers, but they are unable to simulate the chronic
persistence and genetic susceptibility background of IBD.

DSS Model

Adding 2%—-5% Dextran Sulfate Sodium (DSS) to drinking water destroys intestinal epithelial tight junctions and
induces neutrophil infiltration.” Colonic shortening rate correlates with inflammation score (r = 0.82, p < 0.01),%°
mimicking acute UC pathology. The overall trend of changes in the microbial community structure is
Bacteroidetes decrease, Proteobacteria (eg, Escherichia coli, E. coli) increase, and SCFAs decrease.’ Its advantages
include simple operation and rapid modeling (1-2 weeks), making it suitable for rapid screening of acute anti-
inflammatory drugs or exercise interventions. However, its limitations are that it cannot simulate the chronic
persistence of IBD, and inflammation is limited to the colon without involving the small intestine (which is
significantly different from the whole intestinal segment lesions of CD). In addition, DSS may directly damage
intestinal epithelial cells, which is different from the immune-mediated pathogenesis of human IBD.’

TNBS Model
Rectal administration of 2-5 mg 2,4,6-trinitrobenzenesulfonic acid (TNBS) dissolved in 50% ethanol induces transmural
colitis in rodents, characterized by Thl cell-mediated immune response (infiltration of CD4+T cells and macrophages),

1011 \which is more similar to the transmural

accompanied by colonic wall thickening, granuloma formation, and fibrosis,
inflammation of human CD. The intestinal microbiota of this model is characterized by a decrease in the Firmicutes/
Bacteroidetes ratio and an increase in toxicogenic bacteria (eg, Clostridium),'® making it suitable for studying the immune
regulation of CD and the microbiota-immune interaction mechanism. However, alcohol as a solvent may independently
stimulate the intestinal mucosa, so an alcohol control group needs to be set up to exclude interference. In addition, the model

has a longer inflammation duration (4-6 weeks), and the modeling cycle is longer than that of the DSS model.'”

OXZ Model

Rectal perfusion of oxazolone (OXZ) induces colitis. The acute model (single administration) shows mucosal micro-
ulcers, while the chronic model (repeated administration after skin sensitization) presents persistent inflammation, both
mediated by Th2 cells (increased IL-4 and IL-13),'" similar to the mucosal inflammation of human UC. This model has
reduced intestinal microbiota diversity and a significant decrease in the abundance of SCFAs-producing bacteria such as
Bifidobacterium. ' Its advantage is that it can simulate the chronic disease course through sensitization operation, making
it suitable for studying Th2-type immune-related IBD subtypes. However, its limitations are that inflammation is mainly
limited to the distal colon, which is different from the whole colon involvement of UC, and the model stability is greatly
affected by the animal strain (eg, BALB/c mice are more sensitive).'”

Other Chemical-Induced Models

The acetic acid-induced model rapidly induces acute damage to the colonic mucosa through rectal perfusion of 3%—5%
acetic acid, characterized by epithelial necrosis and edema, which is suitable for studying the mechanism of intestinal
mucosal repair;'? the iodoacetamide model induces inflammation by damaging the intestinal mucosal barrier, which is
closer to the pathological link of barrier dysfunction in IBD.’ However, these models are less used and mainly applied to
the study of specific pathological processes (eg, mucosal repair, barrier damage) and are not suitable for the systematic
evaluation of exercise intervention.

Gene-Edited Models

Analyzing the Molecular Mechanisms of Immune Imbalance and Genetic Susceptibility Gene-edited models simulate
intestinal inflammation caused by abnormal immune regulation or genetic defects by knocking out or overexpressing
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Table | Comparison of Core Characteristics of Traditional IBD Animal Models

Model Induction Method Pathological Features Intestinal Inflammation Translational Advantages Limitations Applicable
Type (vs Humans) Microbiota Severity Similarity Research
Features Index (0-10) Score (0-5) Directions
DSS Model 2%-5% DSS in Acute colonic Bacteroidetes|, 6.2+1.1 35 Simple operation, No chronic course, Acute anti-
drinking water inflammation, mucosal Proteobacteriaf, rapid modeling colon-only inflammatory exercise
erosion (acute UC) SCFAs| (1-2 weeks) inflammation screening
TNBS Rectal injection of Transmural colitis, Firmicutes/ 7.5+0.8 42 Simulates CD Ethanol interference, CD immune
Model TNBS + 50% ethanol Thl-mediated (CD) Bacteroidetes |, immune needs solvent control regulation, exercise-
Toxicogenic mechanism, long microbiota interaction
bacteriat duration
IL-10 KO IL-10 gene knockout | Chronic colitis, immune Firmicutest, 5.8+1.3 4.0 Clear genetic Germ-free feeding Long-term exercise on
Model (SPF environment) tolerance deficiency Lactobacillus |, background, required, colon-only immune imbalance
(chronic IBD) SCFAs| chronic course inflammation
SAMPI/ Natural occurrence Ileitis, granuloma Firmicutes |, 7.1£0.9 43 Close to natural Long cycle Long-term exercise on
YitFc Mice formation (CD) Proteobacteriaf, pathogenesis, (6-8 weeks), large chronic CD
SCFAs| CD-like individual differences
Microbiota- Oral pathogenic Microbiota-dependent Pathogenic 8.3+0.7 4.5 Directly verifies High germ-free cost, Exercise-microbiota
Induced bacteria to germ-free colitis (IBD bacteriat, Beneficial microbiota role complex operation mechanism research
Model IL-10 KO mice microecological bacteria|
imbalance)

Notes: 1 indicates increase; | indicates decrease. Inflammation severity index: 0 = no inflammation, 10 = severe inflammation. Translational similarity score: 5 = highest similarity to human IBD.
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IBD-related genes, which are suitable for mechanism research (Table 1). Their core advantage is that they can reproduce
the chronic disease course and genetic background of IBD, and the intestinal microbiota composition is more similar to
the dysbiosis characteristics of human IBD patients, providing a tool for exploring the intervention effect of exercise on
genetically susceptible IBD.

IL-10 KO Model

After knocking out the anti-inflammatory cytokine IL-10 gene leads to spontaneous colitis in mice under specific pathogen-
free (SPF) conditions at 3 months of age, characterized by “overactivation of mucosal immune cells (macrophages, T cells)
and elevated pro-inflammatory cytokines (TNF-a, IL-6, IL-1B)”,'*"'* mimicking the defective immune tolerance” patholo-
gical mechanism of human IBD. The trend of microbial community spectrum characteristics is increased Firmicutes,
decreased Bacteroidetes, reduced abundances of Lactobacillus and Bifidobacterium, and decreased SCFA levels”.!?
C57BL/6 background mice show mild inflammation; BALB/c mice show severe inflammation. Standard conditions: female
C57BL/6 mice, 6-8 weeks old, germ-free feeding + oral Lactobacillus rhamnosus (1x10° CFU/day) increases inflammation
stability by 50%."® The inflammation progresses chronically (lasting 8—12 weeks), making this model suitable for studying
the long-term regulatory effects of exercise on immune imbalance and gut microbiota. Limitations include “the requirement
for germ-free housing to avoid pathogen interference, and inflammation primarily confined to the colon”; necessitating

combined microbiota intervention (eg, oral administration of pathogenic bacteria) to exacerbate symptoms.'*!’

IL-2 Gene Knockout Model

IL-2 deficiency causes immune regulatory imbalance (impaired regulatory T cell function), leading to spontaneous CD-
like pan-enteritis (affecting ileum and colon) in mice at 4-6 months of age, accompanied by granuloma formation and
Th17 cell infiltration.'® The microbiota profile features “increased Proteobacteria (eg, Salmonella)”, making this model
suitable for exploring the impact of exercise on T cell function and pan-enteric inflammation. Limitations include “long
modeling period, high experimental costs, and susceptibility of mice to concurrent autoimmune diseases (eg, arthritis)

which may interfere with interpretation of exercise intervention effects”.'?

T Cell Receptor Transgenic Model

Introduction of specific TCRs (eg, TCRa deficiency, TCRP transgene) induces abnormal T cell responses to intestinal antigens
(eg, microbiota antigens), thereby triggering colitis. For instance, TCRa, KO mice develop spontaneous colonic inflammation,
characterized by CD4+ T cell infiltration and Th1/Th2 imbalance;*° HLA-B27 transgenic rats exhibit pan-enteric inflammation
with pathological features similar to CD. These models are suitable for studying the regulatory effects of exercise on T cell-
mediated immune responses and “‘microbiota-immune interactions”. However, limitations exist, including “complex model
construction, inflammation intensity significantly influenced by gut microbiota composition, and the need for strictly controlled

housing environments”.”'

Genome-Scale Metabolic Models (GEMs)-Assisted Research

GEMs mathematically represent microbial metabolic pathways, enabling quantitative analysis of “gut microbiota
metabolic capacity (eg, SCFA synthesis efficiency) and its interaction with host immunity” in gene-edited models.**
For example, GEMs analysis based on IL-10 KO mice found that exercise upregulates microbial butyrate synthesis-
related genes (eg, butA, butB), promoting energy supply and barrier repair in colonic epithelial cells. This method
provides a novel tool for deciphering the “exercise-microbiota-metabolism” axis but requires validation with metage-
nomic and metabolomic data.

Naturally Occurring and Microbiota-Induced Models

Spontaneously occurring models develop IBD-like symptoms without genetic or chemical intervention, while micro-
biota-induced models trigger inflammation by modulating gut microbiota composition. Both types better simulate the
“chronic disease course and dysbiosis characteristics” of human IBD and are suitable for studying the effects of exercise
on long-term disease progression (Table 1).
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Naturally Occurring Model (SAMP1/YitFc Mice)

The SAMP1/YitFc mouse, established at Kyoto University, spontancously develops CD-like ileitis at 3—4 weeks of age,
manifesting as “terminal ileal stricture, granuloma formation, epithelial hyperplasia, and intestinal barrier dysfunction”,*>**
closely mirroring the “predominant involvement of the terminal ileum” and “chronic nature” of human CD. The trend of
microbiota profile features “decreased Firmicutes, increased Proteobacteria, significantly reduced abundances of beneficial
bacteria like Lactobacillus, and decreased SCFA levels”.'*** Its advantage lies in “closely approximating the natural pathogen-
esis”, making it suitable for evaluating the long-term intervention effects of exercise on chronic CD. Limitations include “long
modeling period (6-8 weeks), significant individual variation, and inflammation primarily confined to the ileum. (difficult to
simulate the colonic lesions of UC)”.**

Oral Bacteria-Induced Model

Oral administration of specific pathogens (eg, pathogenic Escherichia coli, Bacteroides fragilis) or dysbiotic microbiota (eg,
fecal microbiota from IBD patients) to germ-free IL-10 KO mice can induce or exacerbate colitis.”>*® For instance, oral
administration of E. coli NC101 increased colonic inflammation scores by 2-3 fold in IL-10 KO mice, accompanied by
increased intestinal barrier permeability and elevated pro-inflammatory cytokines (TNF-a, IL-17).> This model directly
validates the role of gut microbiota in IBD pathogenesis and is suitable for studying mechanisms of “exercise improving
inflammation via microbiota modulation” (eg, whether exercise promotes probiotic colonization or inhibits pathogen adhe-
sion). However, strict control of bacterial inoculation dose and timing is required, and germ-free animal housing costs are high.

Other Spontaneous Models

For example, IL-10/IL-22 double-knockout mice spontaneously develop more severe pan-enteric inflammation, accom-
panied by significantly reduced gut microbiota diversity and pathogenic overgrowth,'” making them suitable for studying
exercise intervention effects on severe IBD. However, limitations include “complex model construction and limited
application scope”.

Model Selection Criteria

Models included in this review met the following criteria: (1) Mature modeling methods (eg, DSS concentration 2%—5%,
TNBS dose 2-5 mg); (2) Clear validation metrics (eg, inflammation scores, intestinal shortening rate); (3) High
frequency of use (DSS models accounted for 42% of included studies, TNBS 28%, IL-10 KO 21%); (4) Strong
translational relevance (eg, TNBS models share a 78% overlap in TLR signaling pathways with human CD); (5) Good
compatibility with exercise protocols (eg, SAMP1/YitFc mice suitable for voluntary exercise, DSS models not recom-
mended for forced exercise).

Emerging Translational Models
Emerging models, by optimizing “pathological similarity” and “translational value”, address the limitations of traditional
models (see Table 2).

Gnotobiotic Mice: Germ-free mice colonized with defined microbiota, enabling precise microbiota-exercise interac-
tion research.”’

Humanized Microbiota Mouse Models (hMBM): Colonized with human IBD patient microbiota, high translational
similarity (cytokine profile matching rate 65%—70%).%®

Organoid-Explant Systems: Ex vivo colon organoids combined with exercise-induced serum/myokines, simulating
intestinal mucosal responses without animal ethics concerns.*’

Effect and Heterogeneity of Exercise Intervention Programs on IBD
Models

The effect of exercise intervention is jointly affected by “model pathological characteristics” and “program parameters”
(Table 3 and Figure 2). Differences in active/passive exercise, intensity, cycle, and intervention timing can lead to
completely opposite responses (eg, aggravated or alleviated inflammation) in the same model. The core mechanism is

Clinical and Experimental Gastroenterology 2026:19 https: 7
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Table 2 Comparison of Emerging IBD Translational Models

Model Type Construction Method Translational Advantages Exercise Limitations
Compatibility

Gnotobiotic Mice Germ-free mice colonized Precise microbiota-exercise High High feeding cost, long
with defined microbiota interaction research colonization cycle

Humanized Microbiota Germ-free mice colonized High cytokine profile matching High Microbiota stability <6 weeks

Mouse Models (hMBM) with human IBD microbiota (65%-70%) with humans

Organoid-Explant Ex vivo colon organoids + No animal ethics concerns, Moderate Cannot simulate systemic

Systems exercise-induced serum direct mucosal response effects (eg, myokine circulation)

Table 3 Association Between Exercise Program Parameters and Effects on IBD Models

Exercise Type Intensity Cycle Model Type Effects (Inflammation and Microbiota Changes)

Forced Treadmill Moderate 4 weeks DSS Model TNF-af, IL-61; Microbiota diversity|, Escherichia coli (E. coli)t
(60% VO, max)

Voluntary Wheel Moderate 12 weeks DSS Model TNF-a, IL-6]; Lactobacillust, Bifidobacterium?, SCFAs?
Running (50% VO,max)
Swimming Low-Moderate | 8 weeks IL-10 KO Model IL-107, SOD activity?; occludinf, Intestinal permeability|

(40% VO,max)

Voluntary Wheel Moderate 12 weeks | SAMPI/YitFc Mice lleal inflammation score|, Granuloma number|; Firmicutes/
Running (60% VO,max) Bacteroidetes ratiof, SCFAs?
Forced Treadmill High 6 weeks TNBS Model MDAT, IL-1B7; Bacteroidetes|, Proteobacteriat

(85% VO,max)

Notes: 1 indicates increase; | indicates decrease.
Abbreviations: VO,max, maximum oxygen consumption; MDA, malondialdehyde; SOD, superoxide dismutase.

closely related to the regulatory effect of exercise on intestinal microbiota, the improvement of immune balance, and the

protective effect on intestinal barrier.

Exercise Type: Voluntary Exercise is More Likely to Exert Protective Effects via

Microbiota Modulation

Exercise types are categorized into voluntary exercise (voluntary wheel running, swimming) and forced exercise (forced
treadmill running, forced rotation). Their effects on IBD models differ significantly, primarily because “voluntary
exercise more readily improves gut microbiota structure and reduces stress responses”.>’ In the same DSS model,
Mark et al*' observed: voluntary wheel running (mice free to choose exercise time, averaging 45 min/day, 5 days/week)
reduced colonic inflammation scores by 40%, while significantly increasing gut microbiota diversity, elevating
Lactobacillus and Bifidobacterium abundances 2—3 fold, and raising SCFA levels. The mechanism may involve voluntary
exercise moderately activating the AMPK pathway, promoting intestinal epithelial cell metabolism, while simultaneously
modulating microbiota structure and enhancing SCFA-mediated anti-inflammatory effects.'” Additionally, swimming, as
a form of voluntary exercise, can improve intestinal blood flow, increase oxygen supply, reduce chronic stress-induced

intestinal barrier damage, and promote the production of microbial metabolites (eg, butyrate),'~

thereby exerting
protective effects. Forced exercise carries potential risks: ShuTing et al® found in a DSS-induced colitis model that forced
treadmill running (speed 15 m/min, 60 min/day, 5 days/week) worsened diarrhea, increased colonic inflammation scores
by 30%, significantly upregulated TNF-o and IL-6 levels, while reducing gut microbiota diversity and increasing the

abundance of pathogenic bacteria like Escherichia coli. This may be related to “forced exercise activating the
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DSS TNBS IL-10 KO | SAMP1/YitFc
Model Model Model Model

Voluntary
Wheel Running

Forced
Treadmill

Type

Swimming

Low
(40-50% VO,max)

Moderate
(50-70% VO,max)

Intensity

High
(>70% VO,max)

Short-term
(<6 weeks)

Medium-term
(6-12 weeks)

Cycle

Long-term
(212 weeks)

Figure 2 Risk of Bias (RoB), Intervention Effect, and Parameter Optimization in Exercise Interventions for IBD Animal Models. Heatmap synthesizing the interaction
between animal model type, exercise parameters, intervention efficacy, and study risk of bias. Darker green indicates stronger anti-inflammatory effects; darker red indicates
exacerbated inflammation; Light green indicates a mild anti-inflammatory effect or a beneficial trend; Light red indicates a mild pro-inflammatory effect or an adverse trend.
RoB levels (L = low, U = unclear, H = high) are overlaid. Optimal outcomes are observed with moderate-intensity voluntary exercise in TNBS and IL-10 KO models, whereas
high-intensity forced exercise in DSS models shows detrimental effects. Indicators: The X-axis represents four IBD animal models (DSS model, TNBS model, IL-10 KO
model, SAMPI/YitFc model); the Y-axis represents exercise intervention parameters, encompassing three dimensions: type, intensity, and duration. The color gradient
represents the intervention effect: dark green indicates a strong anti-inflammatory effect (such as significantly reducing TNF-a), light green indicates a mild anti-inflammatory
effect, light red indicates mildly aggravating inflammation, and dark red represents a strong pro-inflammatory effect (such as significantly increasing TNF-a). The letter
annotation superimposed on each heatmap cell indicates the risk of bias: L represents low risk, U represents unclear risk, and H represents high risk.

hypothalamic-pituitary-adrenal (HPA) axis, leading to elevated cortisol levels, which further disrupts intestinal barrier
function and microbiota balance”;?® furthermore, forced exercise may cause stress-induced reduced food intake in mice,

exacerbating malnutrition and indirectly worsening inflammation.”°

Exercise Intensity: Moderate-Intensity Exercise is More Suitable for Exerting Anti-

Inflammatory Effects via “Microbiota-Immune Interactions”
Multiple studies indicate that low-to-moderate intensity exercise is safer and more effective for IBD models, while high-
intensity exercise may exacerbate inflammation by “increasing oxidative stress and disrupting microbiota balance”.
Exercise intensity is typically quantified as a percentage of maximal oxygen uptake (VO,max), with moderate intensity
in mice corresponding to 50%—70% VO,max (eg, treadmill speed 10~12 m/min, swimming load 5% body weight).?*
In studies on low-to-moderate intensity exercise, Mariangela et al found that after UC patients in remission performed
12 weeks of aerobic exercise (30—45 min per session, 3 times/week, intensity 50% VO,max), plasma TNF-o and IL-6
levels decreased by 30%-40%, and fecal Lactobacillus abundance increased significantly.®* Rong et al subjected TNBS-
induced colitis rats to 6 weeks of moderate-intensity Treadmill exercise (30 min/day, 5 days/week, load 3% body weight)
and observed “accelerated mucosal healing, downregulation of IL-1p and TNF-a in colonic tissue, increased expression

Clinical and Experimental Gastroenterology 2026:19 https: 9
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of tight junction proteins (occludin, ZO-1), and reduced intestinal permeability”.*> This effect is closely related to
“exercise-induced microbiota improvement”: moderate-intensity exercise can alter the composition and metabolic
activity of gut microbes, promoting the proliferation of SCFA-producing bacteria, and SCFAs further exert anti-
inflammatory effects by “inhibiting HDAC activity and modulating the NF-xB pathway”.*®*’

In high-intensity exercise studies, Hoffman-Goetz et al found that after DSS model mice performed high-intensity
treadmill running (speed 25 m/min, >105 min/day), while TNF-a expression was reduced short-term, intestinal oxidative
stress markers (eg, malondialdehyde, MDA) increased by 50%, alongside further reductions in Bacteroidetes abundance,
increases in Proteobacteria, and worsened intestinal barrier damage.*® The mechanism may involve “high-intensity
exercise causing intestinal ischemia-reperfusion injury, generating large amounts of reactive oxygen/nitrogen species

(RONS), inhibiting beneficial bacterial growth, and promoting pathogenic bacterial colonization”.*”

Exercise Duration: 12 Weeks May Be a Critical Threshold for “Microbiota

Homeostasis Regulation and Anti-Inflammatory Effects”

Exercise intervention durations typically range from 2 to 16 weeks. Short-term interventions (<6 weeks) primarily
improve inflammatory cytokine levels, whereas long-term interventions (>12 weeks) can stably modulate gut microbiota
structure and intestinal barrier function—closely related to “the establishment of microbiota homeostasis” and “the
epithelial cell repair cycle”.

In short-term intervention studies (<6 weeks), a number of studies have found that after 4 weeks of moderate-intensity
forced treadmill exercise (60 min/day, 5 days/week), DSS model mice showed reduced IL-6 and TNF-a levels but no
significant impact on intestinal barrier function (eg, occludin expression) or gut microbiota diversity.”**° This suggests
that “short-term exercise primarily exerts anti-inflammatory effects by modulating immune cell function, without yet
engaging the core “microbiota-barrier axis”.*!

In long-term intervention studies (>12 weeks), Robert et al found that after 8 weeks of voluntary wheel running
(60 min/day, 5 days/week), IL-10 KO mice showed improved oxidative stress (superoxide dismutase, SOD, activity
increased by 30%) and inflammatory response (IL-10 levels increased 2-fold). However, 12 weeks of exercise sig-
nificantly modulated gut microbiota diversity (eg, Lactobacillus and Bifidobacterium counts increased 3—4 fold) and
increased SCFA levels by 50%.'***>° This indicates that “stable modulation of gut microbiota and improvement of
metabolic function require a longer duration”, possibly related to the time-dependency of “microbiota colonization” and
“metabolic pathway activation”.** Furthermore, long-term exercise can activate the Nrf2 pathway, promoting the
expression of antioxidant enzymes like HO-1 and NQOI, further enhancing the anti-damage capacity of intestinal
epithelial cells.*?

Intervention Timing: Preventive Exercise is More Likely to Reduce Disease Risk by
Modulating Microbiota

The timing of exercise intervention (preventive/therapeutic) significantly impacts efficacy: Preventive exercise (initiated
before modeling) reduces the incidence of inflammation by “pre-optimizing gut microbiota and enhancing intestinal
barrier function”; Therapeutic exercise (initiated after modeling) should start at low intensity to avoid exacerbating
existing intestinal damage.

Voluntary wheel running initiated 4 weeks before modeling (30 min/day, 5 days/week) reduced the incidence of
colitis in DSS model mice by 50%, decreased colon shortening rate by 30%, while significantly increasing Lactobacillus
abundance in the gut microbiota and maintaining SCFA levels within the normal range.”” The mechanism may involve
“preventive exercise improving microbiota structure, enhancing intestinal epithelial cell tolerance, and reducing DSS-
induced barrier damage”.?®

If exercise is initiated after DSS modeling (acute phase), low-intensity voluntary exercise (eg, 30% VO,max) should
be used and intensity gradually increased: Studies show that high-intensity exercise immediately post-modeling increased
inflammation scores by 40% in DSS model mice, whereas low-intensity exercise reduced scores by 20% and promoted
mucosal repair.®®> This suggests that “therapeutic exercise must match the inflammatory stage of the model: the acute
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phase focuses on ‘protecting the intestinal barrier and modulating microbiota,” while intensity can be appropriately
increased during remission to enhance immune regulatory effects”.

Core Mechanisms of Exercise Improving IBD Models

Exercise exerts its effects through multi-target regulation. The core mechanisms include regulating the balance of
inflammatory factors, improving the structure of intestinal microbiota, enhancing intestinal barrier function, and
remodeling immune homeostasis, and there are close interactions between these mechanisms (Figure 3).

Inflammatory Cytokine Modulation: Synergistic Anti-Inflammatory Effects of Myokines

and Microbiota Metabolites

Myokines (eg, irisin, IL-6) secreted by skeletal muscle during exercise, together with gut microbiota metabolites (eg,
SCFAs), form an anti-inflammatory network that functions by inhibiting pro-inflammatory signaling pathways (eg, NF-
kB, STAT3).

Dual Effects of Myokines

Exercise can increase plasma irisin levels in colitis rats, promoting mucosal healing: The mechanism is that “irisin, by
activating the AMPK pathway and inhibiting NF-kB nuclear translocation, reduces colonic TNF-a levels by 42% and
increases mucosal healing rate by 35% in DSS model mice”;*>° in the IL-10 KO model, irisin can also promote
intestinal goblet cell secretion of MUC2 mucin, increasing mucus layer thickness.>”

Exercise-induced IL-6 effects are concentration-dependent: At low concentrations, it exerts anti-inflammatory effects
(eg, inhibiting TNF-a release, promoting IL-10 generation), while at high concentrations (eg, after high-intensity
exercise), it may exacerbate inflammation by activating the STAT3 pathway.**“° This discrepancy may be related to
“the expression levels of IL-6 receptors on different immune cells (eg, Treg/Th17)”, also explaining the potential risks of
high-intensity exercise.**

Anti-Inflammatory Mechanisms of SCFAs

Exercise increases the abundance of SCFA-producing bacteria (eg, Lactobacillus, Bifidobacterium), promoting butyrate
and propionate generation. Butyrate, as the primary energy source for colonic epithelial cells, can upregulate tight
junction protein (occludin, ZO-1) expression by “inhibiting HDAC activity” while activating GPR43 signaling to
promote anti-inflammatory cytokine IL-10 generation.>*® In the DSS model, exercise-induced increases in SCFA levels
reduced intestinal permeability by 40% and pro-inflammatory TNF-a by 50%.'%'> Furthermore, propionate can improve

metabolic status by “inhibiting hepatic gluconeogenesis”, indirectly alleviating intestinal inflammation.*

Gut Microbiota Modulation: Microbiota Transplantation Validates Its Core Mediating
Role

Gut microbiota dysbiosis is a key event in IBD pathogenesis. Exercise acts by “altering microbiota structure, enhancing
microbiota metabolic function, and improving microbiota-immune interactions”. Microbiota transplantation experiments
further confirm the core mediating role of microbiota.

Modulation of Microbiota Structure and Diversity

Exercise can increase gut microbiota diversity and improve the Firmicutes/Bacteroidetes ratio—a phenomenon observed
in both obesity-related diseases and IBD models.'” Allen et al transplanted “gut microbiota from exercised mice” into
a DSS colitis model and found a 40% reduction in intestinal mucosal damage, a 30% decrease in TNF-a levels, and
a significant improvement in intestinal barrier function (occludin expression) in recipient mice.*' This confirms that
“exercise-induced microbiota changes have direct protective effects”, with mechanisms possibly involving “beneficial
bacteria competing for nutrients, inhibiting pathogen adhesion, and producing antimicrobial substances (eg,

bacteriocins)”.*?
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Enhancement of Microbiota-lmmune Interactions

Exercise-induced microbiota changes can modulate intestinal mucosal immune cell function: Ling et al*® found that
exercise increased the proportion of CD3+/CD8+ T cells in mouse Peyer’s patches by 2-fold, enhancing the anti-infective
capacity of cytotoxic T cells. Simultaneously, microbiota metabolites SCFAs can promote regulatory T cell (Treg)
differentiation and increase IL-10 secretion, further suppressing excessive inflammatory responses.*’ In the IL-10 KO
model, exercise can also reduce Th17 cell infiltration, lower IL-17 levels, and restore immune balance.*!

Improvement of Microbiota Metabolic Function

Exercise not only changes microbiota composition but can also activate anti-inflammatory metabolic pathways in
microbiota: GEMs-based analysis revealed that exercise upregulates microbiota “butyrate synthesis genes” and “SCFA
transporter genes” increasing metabolite yield.”**? Additionally, exercise improves intestinal blood flow, increasing

oxygen and nutrient supply, which promotes microbiota metabolic activity.”?’

Enhancement of Intestinal Barrier Function: Synergistic Effects of Tight Junctions and

Mucosal Repair

Disruption of intestinal barrier function is an early event in IBD pathogenesis. Exercise enhances barrier integrity by
“upregulating tight junction protein expression, promoting mucus secretion, and accelerating mucosal repair”, thereby
reducing the translocation of harmful substances (eg, lipopolysaccharide, LPS).***!

Regulation of Tight Junction Proteins

Moderate-intensity exercise (eg, swimming, voluntary wheel running) can upregulate the expression and proper assembly
of intestinal epithelial tight junction proteins (occludin, claudin-1, ZO-1), reducing intestinal permeability.>>” In the
DSS model, 12 weeks of voluntary wheel running increased occludin and ZO-1 protein levels by 50% and 65%,
respectively, and reduced intestinal permeability by 40%.*® The mechanism may involve “exercise-induced SCFAs
activating the AMPK pathway, promoting the phosphorylation and localization of tight junction proteins”.*’
Protective Role of the Mucus Layer

Exercise promotes intestinal goblet cell secretion of MUC2 mucin, increasing mucus layer thickness. This effect is
associated with “stimulation by SCFAs (especially butyrate)”, which enhances goblet cell secretory function by activat-
ing GPR41 signaling.***’ In the TNBS model, exercise intervention increased mucus layer thickness by 30%, inhibiting
the adhesion of pathogenic bacteria like E. coli to the intestinal epithelium.>®

Promotion of Mucosal Repair

Exercise accelerates intestinal mucosal repair through multiple pathways. On one hand, exercise-induced growth factors
(eg, EGF, TGF-a) can stimulate intestinal epithelial cell proliferation and migration, shortening ulcer healing time;*® on
the other hand, exercise improves mitochondrial function, enhancing the energy metabolism and repair capacity of
epithelial cells.*® Studies show that exercise can activate mitophagy, clearing dysfunctional mitochondria, improving
mitochondrial quality, and thereby promoting epithelial cell survival and repair.*? Furthermore, by modulating gut
microbiota, exercise increases repair-related metabolites (eg, B vitamins) produced by beneficial bacteria, further

. .2
supporting mucosal repair.*’

Remodeling of Immune Homeostasis: T Cell Subset Regulation and Macrophage

Polarization
Immune imbalance is the core mechanism of IBD pathogenesis. Exercise restores intestinal immune homeostasis by
“modulating T cell subset balance, improving macrophage polarization, and enhancing innate immune function”.

T Cell Subset Balance
Exercise can increase the number and function of regulatory T cells (Tregs), promoting immune tolerance to gut
bacteria.*”*! In the IL-10 KO model, 12 weeks of voluntary wheel running increased the proportion of Tregs in the
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colonic lamina propria by 2-fold and IL-10 levels by 3-fold, while reducing Th1/Th17 cell infiltration and lowering
IFN-y and IL-17 levels.*”" Additionally, exercise can limit the accumulation of “exhausted” and “senescent”
T cells, maintaining the normal killing function of effector T cells (eg, CD8+ T cells) and reducing pathogen
colonization.>

Macrophage Polarization

Exercise promotes macrophage polarization from the pro-inflammatory M1 phenotype to the anti-inflammatory M2
phenotype: In the DSS model, exercise intervention increased the expression of M2 macrophage markers (eg, Arg-1,
CD206) in colonic tissue by 2-fold, while reducing the expression of M1 markers (eg, iNOS, TNF-a) by 50%.*" This
effect may be related to “SCFAs activating GPR43 signaling and inhibiting the NF-xB pathway”.

Enhancement of Innate Immune Function

Exercise can enhance the function of intestinal innate immune cells (eg, dendritic cells, natural killer cells). For example,
exercise enhances the antigen-presenting capacity of intestinal dendritic cells, promoting Treg differentiation.”
Simultaneously, the cytotoxicity of natural killer cells is enhanced, effectively clearing pathogens and damaged epithelial
cells.'®

Discussion

“Model-Exercise” Matching Principle

The pathological characteristics of IBD animal models (subtype, inflammatory stage, immune status, gut microbiota
composition) are the core determinants of exercise intervention efficacy. Different models require tailored exercise
regimens:

Chemically induced models (eg, DSS, TNBS): Suitable for short-term (4—6 weeks) low-intensity voluntary exercise
(eg, voluntary swimming, low-intensity wheel running), avoiding forced and high-intensity exercise which may worsen
acute inflammation.*>°

Gene-edited models (eg, IL-10 KO): Suitable for long-term (12—16 weeks) moderate-intensity voluntary exercise,
potentially combined with probiotic intervention to enhance microbiota modulation.***?

Spontaneously occurring/Microbiota-induced models (eg, SAMP1/YitFc, microbiota transplantation models):
Suitable for combined regimens of “long-term moderate-intensity exercise + microbiota modulation (eg, prebiotics)”,
simulating comprehensive management of human IBD.”

Emerging models (eg, hMBM, organoids): hMBM models can be used to validate “the translational potential of
exercise regimens to humans.”®>* “Organoid systems can be used to screen for “key effector molecules induced by

exercise (eg, myokines)”.>>

Assessment of Translational Validity
Pathological differences between models and human IBD are a major limitation of current research. Translational value
should be enhanced from the following dimensions:

Pathological similarity: The TNBS model shows the highest similarity to human CD in terms of “transmural
inflammation” and “Thl immune mechanisms” (TLR signaling pathway overlap 78%). The hMBM model has
a cytokine profile matching rate of 65%—70% with human IBD,*® making it a preferred model for future translational
research.

Translation of exercise regimens: The animal model’s “moderate-intensity voluntary exercise (50-70% VO,max)”
corresponds to human “brisk walking, jogging, swimming” (60%—-75% VO,max). The animal’s “12-week intervention
duration” corresponds to approximately “16 weeks in humans” (considering metabolic rate differences).’®>’

Matching of outcome measures: Clinical translation should focus on cross-species common indicators such as
“microbiota diversity, SCFA levels, intestinal permeability, inflammatory cytokines (eg, TNF-o, IL-6)”, while also
incorporating human IBD clinical scores (eg, CDAIL, UCDATI).**>’
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Future Directions

The current research faces challenges such as “model human differences”, “lack of standardization in protocols”, and
“insufficient depth of mechanisms”. Among them, methodological heterogeneity in the study of gut microbiota is one of
the key factors leading to inconsistent results and affecting the extrapolation of conclusions. Future research should
focus on:

Standardization of the plan: It is not only necessary to establish matching guidelines for “model subtypes inflamma-
tion stages exercise parameters” but also to promote methodological standardization at the level of gut microbiota
analysis. It is recommended to provide detailed reports on key information such as sequencing platforms, primer
sequences, bioinformatics processes, and reference databases for future original research, and encourage the disclosure
of raw data in public repositories (such as NCBI SRA) where feasible to enhance comparability and reproducibility of
results.

Multi omics mechanism analysis: Integrating metagenomics (rather than just 16S rRNA sequencing), metabolo-
mics, transcriptomics, and other multi omics technologies can more accurately analyze the changes in microbial
functional potential (such as SCFAs synthesis pathways) under exercise intervention, rather than just changes in
microbial structure, thus more reliably elucidating the core interaction pathways of the “exercise microbiota immune
barrier” axis.

Clinical translational studies: When designing human trials, strong confounding effects of diet, medication, etc. on the
microbiota should be fully considered and controlled as much as possible, and functional indicators of the microbiota that
are highly correlated with clinical outcomes (such as fecal SCFAs concentration) should be used as one of the key
biomarkers.

Conclusion

The pathological characteristics of IBD animal models (subtype, inflammatory stage, microbiota composition) are the
core determinants of exercise intervention efficacy. Tailored matching of exercise regimens (voluntary, moderate
intensity, >12 weeks for chronic models) can alleviate inflammation through multi-target mechanisms: including
modulating gut microbiota (increasing beneficial bacteria and SCFA production), balancing inflammatory cytokines
(inhibiting NF-kB/STAT3 pathways), enhancing the intestinal barrier (upregulating tight junction proteins), and remodel-
ing immune homeostasis (promoting Treg differentiation and M2 polarization). Emerging models (eg, hMBM, orga-
noids) significantly enhance translational value. Future efforts should focus on “protocol standardization, multi-omics
mechanistic validation, and clinical trials” to advance exercise as a key non-pharmacological intervention in the
comprehensive management of IBD, providing patients with safe and effective therapeutic options.
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