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Objective: This study aimed to investigate the potential benefits of physical activity (PA) on patient-reported outcomes (PROs) in
individuals with Crohn’s disease (CD) and to examine whether these benefits are associated with gut microbiota.

Methods: This cross-sectional study included 251 patients with CD from two inflammatory bowel disease centers in China. Participants
with CD provided information on their health background, PA, and PROs using the Global Physical Activity Questionnaire (GPAQ) and the
Patient-reported Outcome Measurement Information System (PROMIS). Part of participants also provided a single fecal sample for
analysis. Latent profile analysis (LPA) was conducted to categorize individuals with CD into classes based on PROs. Metagenomic
sequencing was then performed, followed by bioinformatics assessment of taxonomy and diversity metrics.

Results: LPA identified two PRO patterns: low and high symptoms. Univariate and multivariate analyses indicated that disease
activity and sedentary behavior were risk factors for symptom severity, whereas recreational PA, rather than work-and travel-related
PA, and income served as protective factors (all p<0.05). After controlling for age, gender, disease activity level, and other covariates,
recreational PA explained microbiome diversity in patients with CD (p=0.016). The gut microbiota diversity (alpha or beta)
significantly varied between patients with CD and low and high levels of recreational PA (all p<0.05). A total of 29 dominant gut
microbial taxa, including Oscillospiraceae, Ruminococcus, and Eubacterium rectale, have been identified as associated with recrea-
tional PA and primarily function in the butyric acid metabolism pathway.

Conclusion: Promoting the incorporation of recreational PA as an indicator of healthy lifestyle management for CD may improve
patients’ subjective psychological and mental well-being, while also preserving intestinal microbial diversity. Recreational PA is
associated with favorable patient-reported outcomes and increased diversity of gut microbiota in CD, supporting its inclusion in
lifestyle management strategies.
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Introduction

Crohn’s disease (CD) is a form of inflammatory bowel disease (IBD) characterized by persistent inflammation that can
result in serious complications, such as fibrosis, intestinal fistulas, arthritis, and intestinal tumors.' Although the
incidence of CD has stabilized or declined in Western countries,® it is increasing in Asia, particularly in China.’
A survey using urban medical insurance data in China reported an IBD incidence rate of 10.04 per 100,000, which
was between newly industrialized and Western countries.® CD is characterized by alternating periods of activity and
remission. As there is currently no cure for CD, lifelong medication is required to manage symptoms and slow disease
progression, posing significant physical and psychological challenges for patients.” The precise etiology of CD remain
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unclear, but it is widely considered to be influenced by a combination of genetic, immune, microbial, and environmental
factors.® Although the introduction of biologics has ushered CD into the era of targeted therapy,” clinical efficacy remains
limited by factors such as variable drug responses, the high cost of biologics, and associated medication risks."’

Given that genetic factors contribute less than 10% of the pathogenesis of IBD, environmental factors are increasingly
recognized as key determinants of disease onset and prognosis.'' Although medication remains the foundation of
treatment, there is growing interest in the potential benefits of nonpharmacological interventions for patients with
IBD.!? For instance, a Western diet increases the risk of developing CD."” In addition, various lifestyle factors, such
as sleep, stress, physical activity (PA), smoking, and alcohol consumption, are closely associated with the risk of CD."
Consequently, lifestyle modifications play a crucial role in the clinical management of CD,'>'® with PA being a cost-
effective approach for preventing various diseases.'’

Several large-scale cohort studies have indicated that insufficient PA may increase the risk of CD.'®!'” Similarly, a meta-
analysis of seven studies supported this finding, revealing that individuals with higher PA levels have a lower risk of
developing CD (RR = 0.63, 95% CI: 0.50-0.79).%° Thus, some researchers have designed exercise intervention programs
for patients with CD to investigate the potential benefits of PA. Robinson et al*' were the first to implement a low-impact
exercise program focused on core flooring for patients with CD, demonstrating that progressive low-impact exercise can
enhance bone density and lower the risk of osteoporotic fractures. Souza Tajiri GJ et al** developed an 8-week progressive
resistance training program targeting the quadriceps to help alleviate muscle weakness in patients with CD. A controlled
before-after study®® was conducted on patients with CD who had a predominantly sedentary lifestyle and who implemented
a 12-week walking program. This intervention led to significant improvements in several indicators, including the inflam-
matory bowel disease stress index, inflammatory bowel disease quality of life index, and Harvey and Bradshaw simple index
of Crohn’s Disease activity. Cronin et al** conducted a randomized crossover study involving an 8-week combined aerobic
and resistance training program. After trial completion, the exercise group exhibited significant improvements in body
composition, cardiorespiratory fitness, and gut microbiota, with no reported adverse effects. Emerging evidence suggests
that the gut microbiota mediates the impact of PA on CD. A previous population-based study involving 8416 healthy
participants confirmed a correlation between PA and gut microbiota abundance of specific microbial taxa.”> A narrative
review summarized that exercise can alter and reverse the microbiota dysbiosis associated with colon cancer.® CD is
characterized by significant dysbiosis, including reduced short-chain fatty acid-producing bacteria. Although few PA inter-
vention studies conducted in CD populations have used gut microbiota as an outcome measure, evidence from animals with
colitis revealed that PA intervention significantly increased gut microbiota diversity and the abundance of butyrate-producing
bacteria, while fecal propionate and butyrate content also increased.?’

This growing body of evidence supports the idea that PA can improve the outcomes of patients with CD. However,
recent studies have suggested that the health benefits of PA may vary depending on the domain in which it is
performed.”®*° For instance, research on cardiovascular disease indicates that recreational PA lowers the risk of onset
and mortality,*%' 32,33

This potential contrasting health effect between recreational and work PA is known as the “PA paradox”,** highlighting

whereas high levels of work PA are associated with an increased risk of adverse health outcomes.

the distinct characteristics of physical activities performed during leisure time and work. However, no studies have yet
examined the different effects of recreational PA and work-related PA on the outcomes of patients with CD.

This study used the Patient-reported Outcome Measurement Information System (PROMIS) for symptom profiling
and the Global Physical Activity Questionnaire (GPAQ) for PA quantification. Patients with CD were classified into two
patient-reported outcomes (PROs)-based groups: low-symptom and high-symptom groups. Stratification by PROMIS
domains may help identify subgroups who would benefit most from tailored lifestyle interventions. The relationship
between the three types of PA (work, travel, and recreation) and these PRO classes was further examined. Notably,
distinguishing PA domains is particularly relevant in Chinese contexts, where work PA often dominates daily energy
expenditure, whereas recreational PA remains under-prioritized. A microbial-dependent mechanism was proposed to
explain the potential benefits of recreational PA. As an observational cross-sectional study, these findings provide

preliminary evidence for future mechanistic research.
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Methods
Study Design and Setting

This prospective cross-sectional study was conducted at two Chinese IBD centers: Zhejiang Provincial Hospital of
Traditional Chinese Medicine and the Second Affiliated Hospital of Zhejiang University School of Medicine. The
recruitment and study period spanned from January 6, 2024, to March 8, 2024. All eligible patients with CD were invited
to complete a questionnaire and provide stool samples.

Using the collected questionnaire responses and metagenomic sequencing data, two datasets were developed: the PA
questionnaire and PA metagenomics datasets. A detailed description of these datasets is provided in the following section. This
study was conducted in accordance with the guidelines of the Strengthening the Reporting of Observational Studies in
Epidemiology statement. This study complies with the Declaration of Helsinki. Figure 1 shows the study flowchart.

Physical Activity Questionnaire Dataset (PAQD)

The PAQD included demographic details (age, gender, BMI, education, marital status, and income), personal lifestyle
factors (smoking and alcohol consumption), disease-related data (disease duration, medication use, and surgical history),
PA levels over the past week (work, travel, and recreation), and patient-reported outcomes. The complete PAQD can be
found in Supplementary Table 1. The inclusion criteria were as follows: patients aged > 18 years with a confirmed

diagnosis of CD based on endoscopic and histological findings. The exclusion criteria included the inability to provide
informed consent or communicate in Chinese. A total of 251 valid questionnaires were collected to assess the association
between PA levels and PROs.

Physical Activity Metagenomics Dataset (PAMD)
The PAMD contains fecal metagenomic data from 52 patients with CD who met the inclusion and exclusion criteria,
along with 38 healthy control (HC) populations. Questionnaire data from 52 patients with CD were used to analyze the
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Figure | Flowchart of the study.
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microbiota-dependent effects of PA. Considering the influence of diet, and antibiotic use on the gut microbiota, two
exclusion criteria were applied during fecal sample collection: 1) antibiotic use within the past week, and 2) declining
hospital-provided meals on the day of fecal sample collection. A total of 38 volunteers have been recruited. At the time of
sample collection, they were not on any medication and ate the standardized hospital-provided meals. The raw
sequencing data were submitted to the Sequence Read Archive (SRA) database (PRINA1184213).

Assessment of PA
This study used the Chinese version of the GPAQ (version 2) available at https://www.who.int/zh/publications/m/item/

global-physical-activity-questionnaire. The GPAQ comprises 16 questions, including one on sedentary behavior, to

evaluate participants’ typical PA levels over the past week across three domains: work, travel-related, and recreational
activities. PA levels were quantified using metabolic equivalent tasks (METs). Work- and recreation-related activities of
moderate and vigorous intensity were assigned MET values of 4 and 8, respectively, while travel-related activities were
scored at 4 METs. The total moderate-to-vigorous PA (MVPA) was then assessed. Participants were categorized into
low-level and high-level PA groups according to their work, travel, and recreational PA levels. Based on the approach of

1’18

Lo et al,”® individuals with high PA levels were defined as those in the top 50% of the cohort with nonzero values. This

classification helps assess the influence of different types of PA on patient outcomes.

Patient-Reported Outcome Measurement

The patient-reported outcome measurement Information System (PROMIS-57) is a comprehensive 57-item multidimen-
sional questionnaire used to evaluate various symptoms, including physical functioning, anxiety, depression, fatigue,
sleep disturbances, pain interference, pain intensity, and social role participation.®® Pain intensity was evaluated using one
item with 11 response options (ranging from 0 to 10), while the remaining domains were evaluated using eight items that
were scored on a five-point Likert scale. Thus, the total scores for each domain ranged from 8 to 40.>° The raw scores
were converted to T-scores (mean = 50, standard deviation (SD) = 10). Higher T-scores indicate improved functioning or
increased symptom severity. The Cronbach a coefficient for this sample was excellent (0.96). The Chinese version of the
PROMIS-57 was translated by the PROMIS National Center (PNC)-China (https://pnc-china.fudan.edu.cn), and permis-
sion to use the PROMIS instrument was obtained from PNC-China.

Latent Profile Analysis (LPA)

LPA is a statistical method used to identify unobserved (latent) subgroups within a population based on continuous
variables, enabling the assessment of potential heterogeneity.’’ The optimal number of LPA profiles was determined
using several criteria, including Akaike’s information criterion (AIC), Bayesian information criterion (BIC), Lo—
Mendell-Rubin test (LMR), bootstrapped likelihood-ratio test (BLRT), and entropy. Lower AIC and BIC values indicate
better model fit, while higher entropy values suggest greater classification accuracy. LMR and BLRT were employed to
compare the K-1 and K profile models. A P-value greater than 0.05 indicated that the K model was more suitable.*® The
entropy was calculated to evaluate the accuracy of the profile classification, with higher values indicating clearer
distinctions between profiles. When selecting the optimal number of profiles, it is also essential to consider model
interpretability based on human judgment and experience.*” In summary, LPA was performed to obtain categorical latent
variables that classify individuals into distinct groups based on their PROMIS-57 domain scores.

Fecal Sample Processing and Metagenomics Bioinformatics Analysis

Fecal samples were primarily collected for metagenomic sequencing to assess the gut microbiota status of patients.
Immediately after collection, each sample was placed in a liquid nitrogen bottle. Microbiome analysis was conducted by
Lianchuan Biotechnology Co., Ltd. (Hangzhou, China). Bacterial genomic DNA was extracted using Magnetic Beads
Fecal Genome Extraction Kit (DP712, TIANGEN, China) from frozen colon contents based on the manufacturer’s
instructions. Paired-end libraries were prepared using TruSeq Nano DNA LT Library Preparation Kit (Illumina, San
Diego, CA, USA), with fragmentation, end-repair, adapter ligation, and PCR amplification steps performed according to
the manufacturer’s protocol. After passing the quality assessment, high-throughput sequencing was conducted on the
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NovaSeq 6000 in PE150 sequencing mode. The raw sequencing data undergo de-splicing, processing of low-quality
sequence data, and removal of host sequences to ensure that subsequent assembly and analysis focus solely on microbial
sequences, leading to more accurate species identification and functional annotation. De novo assembly was performed
on each sample, followed by coding sequence (CDS) prediction and the removal of short contigs. The nonredundant
unigenes sets were then generated through sequence clustering. The unigenes were compared with the NR_sta library to
classify species across various taxonomic levels. Alpha and Beta diversity analyses were conducted using annotated
species-level statistical data. The raw sequencing data were submitted to the NCBI Sequence Read Archive (http:/www.
ncbi.nlm.nih.gov/bioproject/1184213).

The microbiome data were normalized by the CPM (Counts Per Million) method. Microbial diversity was assessed using
a-diversity and B-diversity indices. a-diversity indices (Chaol, observed_species, Shannon index, and Simpson index) were
calculated using R package “vegan”. B-diversity was evaluated using principal coordinate analysis (PCoA) to visualize the
similarities and differences in community composition among samples. The Bray—Curtis distance was calculated based on
microbial abundance information, and a permutational multivariate analysis of variance (PERMANOVA) test was performed
using the R package “vegan”. Differential analysis was performed using the Wilcoxon rank-sum test. The screening threshold
for differential species was p<0.05 and | log2 (fold change) [>1. Differentially abundant gut microbiota (species level) were
classified as “increased in abundance” when log2FC > 1 and “decreased in abundance” when log2FC < —1. P-values were
adjusted using a false discovery rate (FDR) threshold of 0.05.

Statistical Analyses

LPA was performed using Mplus version 8.0, whereas logistic regression and Metagenomics bioinformatics analyses
were performed using R Version 4.1.0. Continuous variables are presented as mean and standard deviation (SD).
Categorical variables were summarized using frequency and proportion. Comparisons between the two groups were
performed using Student’s #-test. To examine the association between demographic characteristics and LPA classification,
univariate and multiple logistic regression analyses were conducted using the “epiDisplay” package in R. The multi-
variate association with linear models algorithm (MaAsLin2) was used to assess and control for potential confounding
factors, enabling multivariate association analysis between recreational PA and microbial taxonomy in a clinical cohort.
All statistical tests were two-sided, with significance set at a P value of less than 0.05. Differential metagenomics data
were considered significant only if the adjusted P-value<0.05 and 1log2FC > 1 or log2FC < —1.

Results
Two Classes of Symptom Patterns Identified Through CD Patient-Reported

Outcomes

A total of 251 individuals with CD completed the questionnaire and were included in the analysis. Among them, 82.9%
(208/251) reported being in remission, whereas 17.1% (43/251) were in an active disease state. The overall male-to-
female ratio was 2.3 (175/76), with an average participant age of 30.43 years (30.43+8.76).

All participants who completed the questionnaire (n =251) were included in the LPA model. Table 1 lists the model fit indices
for the one- to five-class models. As the number of classes increased, the AIC and BIC values decreased, and all models exhibited
high entropy. Although the BLRT P-values were significant across all models, only the two-class model exhibited a significant
LMR P-value. Thus, the two-class model demonstrated the best goodness-of-fit index and was selected as the optimal
classification solution. Figure 2 illustrates the two latent profile subgroups. Class 1 (84%, n = 211) exhibited lower PROMIS
scores and was identified as the low-symptom group. In contrast, Class 2 (16%, n =40) exhibited higher PROMIS scores and was
labeled as the high-symptom group. Table 2 presents the T—scores for the core symptoms of each class.

Differences in Clinical Characteristics and PA Among the Latent Classes

Demographic variables were analyzed using univariate and multinomial logistic regression analyses to examine differ-
ences between the two subgroups. The low-symptom group (Class 1, n=211) was selected as the control. As presented in
Table 3, univariate logistic regression analysis revealed significant differences between the high-symptom group
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Table | Comparison of the LPA Model Fit Indices

Class Log- AIC BIC Number of Different Classes | Entropy | P-Value for LMR | P-Value for BLR
Likelihood

| - - - 251 - - -

2 11,441.020 | 11,529.156 210/41 0.980 0.0002 <0.001

3 —5580.340 11,228.680 | 11,348.545 109/99/43 0.985 0.0000 <0.001

4 —5495.003 11,076.005 | 11,227.600 87/36/95/33 0.974 0.2298 <0.001

5 —5420.648 10,945.295 | 11,128.619 90/98/29/25/29 0.983 0.3725 <0.001

Abbreviations: LPA, latent profile analysis; AIC,Akaike’s information criterion; BIC, Bayesian information criterion; LMR, Lo—Mendell-Rubin test; BLRT, bootstrapped
likelihood-ratio test.

(Class 2) and the control group, particularly in disease activity level, recreational PA, and sedentary time (all p<0.05). No
significant differences were observed between the two groups in terms of age, gender, BMI, disease course, smoking,
alcohol consumption, income, marital status, residence, current medications, or surgical history (all p>0.05).

This study primarily examined the impact of various types of PA on patient-reported outcomes. Statistical analysis
revealed no significant differences in work-related or transportation-related PA between the two groups. However,
recreational PA (p=0.016) and sedentary time (p<<0.001) were identified as distinguishing factors (Table 3).

Clinical and PA-related variables were incorporated into the multinomial logistic regression model. Class 1,
representing the “low-symptom group”, served as the reference for comparison. Male, no smoking and alcohol,
unmarried, country, one medication, remission status, low levels of work, travel, recreation PA, and low-level total
MVPA were used as reference categories. The age, disease course, BMI, sedentary time were treated as a continuous
variable. As illustrated in Figure 3, patients in the active disease stage (odds ratio [OR] = 8.84, p<0.001), those with
lower levels of recreational PA (OR = 0.24, p=0.037) and income (OR=0.19, p=0.029), and those with prolonged
sedentary time (OR = 1.005, p<0.001) were more likely to be classified into Class 2. These findings indicate that active
disease status and extended sedentary time are independent risk factors for patient-reported outcomes, whereas participa-
tion in recreational PA and high income are independent protective factors.

In addition, we further examined the association between sedentary time and disease status (remission or active)
among all participants (n=251) and found no significant difference (p>0.05) in sedentary time among patients in the
active stage compared with those in the remission stage (Supplementary Figure 1 and Supplementary Table 2).

@ class1 ® class2

30

scores

Figure 2 Two latent profiles with PROMIS items.
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Table 2 T-Scores for Core Symptoms in Each Class, M (SD)

Domain Class | (n=211) | Class 2 (n = 40) | P-value
Anxiety 46.59+5.848 67.99+7.884 <0.0001
Depression 46.47+4.924 68.60+9.406 <0.0001
Fatigue 46.65+6.102 67.66x7.751 <0.0001
Sleep disturbance | 48.07+8.575 60.17£10.90 <0.0001
Pain intensity 47.77£7.786 61.76+12.08 <0.0001
Pain interference | 47.60+7.250 62.68 £12.72 <0.0001

Table 3 Differences in Demographic Characteristics Between the Latent Classes

Characteristics Total Class | Class 2 P-value
n=251 n=211 n=40
Age, mean (SD) 30.43 (8.76) 30.69 (8.89) 29.02 (7.96) 0.271
BMI 21.6 (3.1) 21.65 (3.14) 21.31 (3.13) 0.534
Disease course 2.85 (1.4) 2.85 (1.41) 2.85 (1.25) 0.994
Gender 0.967
Male 175 147 (69.7) 28 (70.0)
Female 76 64 (30.3) 12 (30.0)
Smoking 0618
No 247 208 (98.6) 39 (97.5)
Yes 4 3(14 1 (2.5)
Alcohol 0.477
No 243 205 (97.2) 38 (95.0)
Yes 8 6 (2.8) 2 (5.0
Income 0.348
<5000 25 19 (9.0) 6 (15.0)
5000-10,000 117 97 (46.0) 20 (50.0)
>10,000 109 95 (45.0) 14 (35.0)
Marital status 0.211
Unmarried 138 111 (52.6) 27 (67.5)
Married 112 99 (46.9) 13 (32.5)
Others | 1 (0.5) 0 (0.0)
Residence 0.904
Country 71 60 (28.4) Il (27.5)
City 180 151 (71.6) 29 (72.5)
Disease information
Disease activity level <0.001
Remission 208 186 (88.2) 22 (55.0)
Active 43 25 (11.8) 18 (45.0)
Current medications
One medication 197 170 (80.6) 27 (67.5) 0.065
Multiple medications 54 41 (19.4) 13 (32.5)
Surgical history
No 122 104 (49.3) 18 (45.0) 0811
Yes, within | year 16 13 (6.2) 3 (7.5)
Yes, |1-5 years 80 68 (32.2) 12 (30.0)
Yes, more than 5 years 33 26 (12.3) 7 (17.5)
(Continued)
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Table 3 (Continued).

Characteristics Total Class | Class 2 P-value
n=251 n=211 n=40

Physical activity

Work
Work PA, Median (QI; Q3) 0 (0, 0) 0 (0, 0) 0 (0, 480) 0.952
Low level (<median, %) 224 191 (90.5) 33 (82.5) 0.133
High level (>median, %) 27 20 (9.5) 7 (17.5)

Travel
Travel PA, Median (QI; Q3) 80 (0, 480) 120 (0, 480) 0 (0,240) 0.165
Low level (<median, %) 185 151 (71.6) 34 (85.0) 0.077
High level (>median, %) 66 60 (28.4) 6 (15.0)

Recreational
Recreational PA, Median (QI; Q3) 120 (0, 640) 240 (0,720) 0 (0, 210) 0.489
Low level (<median, %) 180 145 (68.7) 35 (87.5) 0.016
High level (>median, %) 71 66 (31.3) 5 (12.5)

Total MVPA
Total PA, Median (QI; Q3) 640 (120, 1800) | 120 (680,1920) | 30 (O, 340) 0617
Low level (>median, %) 155 130 (61.6) 25 (62.5) 0916
High level (<median, %) 96 81 (38.4) 15 (37.5)

Sedentary time (mins/day) 389 370 (175) 492 (160) <0.001

Microbiome Diversity of CD Explained by Recreational PA

The findings of the aforementioned research, particularly the protective effects of recreational PA in patients with CD,
have significantly piqued our interest. Research on the general population indicates that the protective effects of PA may
be associated with gut microbiota; however, it remains unclear whether this protective effect persists in patients with CD.
In this study, of the 251 participants who completed the questionnaire, 52 individuals provided additional fecal samples,
including 40 (76.9%) in remission, and 12 (23.1%) with active disease. Among the 52 participants, those in the top 50%
of the nonzero cohort, based on the GPAQ questionnaire results, were classified as having high recreational PA. In total,
32 participants were classified as having high recreational PA, and 20 as low-level participants (Figure 4A).

The individual gut microbiota varies greatly and is influenced by various clinical and environmental factors, such as
disease factors, lifestyle habits, gender, dietary habits, and so on. In this study, envfit test was used to effectively
determine the correlation between clinical variables and community structure. No significant microbiome differences
were observed in terms of demographic characteristics (age, gender, BMI, education, marital status, and income),
lifestyle factors (alcohol consumption), or disease-related factors (disease duration, medication use, and surgical history).
Interestingly, gut microbiota variation was only significantly associated with recreational PA (R? = 0.63, p = 0.016),
whereas no significant associations were found with work PA, travel PA, and sedentary time (Figure 4B). This result
indicated that from microbiological perspective, recreational PA had a significant effect in gut microbiome diversity. We
conducted an additional analysis to examine the relationship between these clinical variables and two distinct microbial
communities using Redundancy Analysis (RDA). The results of the permutation test indicated that, after adjusting for all
included variables, the level of recreational PA exerted a statistically significant influence on the microbiota composition
in low and high-level groups (p = 0.01) (Figure 4C).

The microbial differences among patients with CD who have different levels of recreational PA are of particular
interest. The analysis of microbial diversity revealed that compared with the low-level group (n = 32), the high-level
group (n = 20) exhibited a significant increase in all four alpha diversity (Figure 4D) and beta diversity (Figure 4E)
metrics (all p<0.05). The volcano plot (Figure 4F) indicate that engaging in high-level recreational PA enhances
microbiota diversity in patients with CD, notably by upregulating 55 bacterial species (Log2FC>1, FDR<0.05) and
downregulating one bacterial species (Log2FC> —1, FDR<0.05) (Figure 4F).
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Figure 3 Forest plot of variables characteristics between latent profile subgroups.

Characteristics of Dominant Gut Microbiota Associated with Levels of Recreational PA
A total of 38 healthy volunteers were recruited to provide fecal samples as a control group (Figure 5A). The gut microbiota
community was initially analyzed by comparing the CD and control groups. Alpha diversity (Figure 5B) was utilized to
evaluate gut microbiota richness and diversity. Although the Simpson index showed no significant difference between the
control and CD groups (P>0.05), the Chaol (p<0.0001), observed species (p<0.0001), and Shannon (p<0.001) indices
were notably higher in the control group compared with the CD group. In addition, PCoA of beta diversity (Figure 5C)
revealed significant differences in gut microbiota community composition between the two groups. These findings
(Figure 5D) illustrates the differences in bacterial strains between the CD and control groups, with a total of 231 different
bacteria (species level), including 51 increased abundance (Log2FC>1 and FDR<0.05) and 180 decreased abundance
(Log2FC> —1 and FDR<0.05). These differences in bacterial strains indicate a potential association with disease.

The Venn diagram (Figure 5E) shows the overlap between disease-associated and recreation PA-related bacterial
strains (11.2%), with 29 strains exhibiting decreased abundance in the CD group (compared with the control group) but
increased abundance in the high-level group (compared with the low-level group). This finding indicates that recreational
PA may help mitigate the adverse effects of CD on the gut microbiota. The heatmap (Figure 5F) illustrates notable
differences in the abundance of 29 specific bacterial strains between CD participants with low and high levels of
recreational PA. A literature review revealed that most of these bacterial communities are associated with butyrate
production. MaAsLin2 analysis was used to adjust for the impact of potential confounding factors on microbial
abundance and confirm taxonomic differences between the low- and high-level recreational PA groups. After adjusting
for demographic information of participants (age, gender, BMI, education, marital status, and income), personal lifestyle
factors (alcohol consumption), disease-related variables (disease duration, medication, and surgical history), other types
of PA (work and travel), and sedentary time, the effects of these 29 bacterial strains on recreational PA remained
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Figure 5 Microbiota-dependent effects of recreation PA on CD. (A) schematic; (B) Alpha diversity of gut microbiota in CD and control groups; (C) Beta diversity of gut
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forest analysis. **P < 0.01; ***P < 0.0001.
Abbreviation: ns, not significant.

significant. Figure 5G shows the effect values of the 29 bacterial strains with significant correlations at p < 0.05 (FDR
corrected). Random forests were further applied to rank the importance of the 29 bacterial strains associated with
recreational PA (Figure SH). The results indicated that according to the MeanDecreaseAccuracy algorithm, the top three
bacterial strains were: Oscillospiraceae_unclassified, uncultured Ruminococcus_sp., and Oscillospiraceae_bacterium.
Using the MeanDecreaseGini algorithm, the top three bacterial strains were Oscillospiraceae unclassified,
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Oscillospiraceae_bacterium, and Roseburia_intestinalis. The results of the two random forest algorithms have strong
consistency, among which Oscillospiraceae was identified as the most important feature strain.

Discussion

PA is an affordable method for preventing various diseases. Most existing research on PA has been conducted with
Western populations, and there is a lack of studies focusing on exercise interventions for Chinese patients with CD. Due
to environmental and cultural differences, variations in preferred exercise types and the level of acceptance between
Eastern and Western populations may exist. Therefore, the perspectives of Chinese patients with CD on exercise were
explored in our two previous studies using social media, followed by the recruitment of patients with CD for in-depth
interviews.***! This cross-sectional survey further quantified the correlation between PA and patient-reported outcomes,
revealing an interesting finding: recreational PA, rather than work- or travel-related activity, proved beneficial for patients
with CD. This indicates that recreational PA should be recommended to promote mental health.

PROMIS has evolved into a globally recognized system for measuring and reliably collecting self-reported physio-
logical, psychological, and social health outcomes from patients.*® This study collected physical health symptoms
(fatigue, sleep, pain intensity, and pain interference) and mental health symptoms (anxiety and depression) of patients
with CD using PROMIS, providing a comprehensive assessment of the patient’s health status. LPA offers a classification
approach based on the multiple symptoms experienced by patients. Ultimately, two categories were identified based on
PROs, with approximately 84% of patients classified as the low-symptom group (class 1) and 16% as the high-symptom
group (class 2). To the best of our knowledge, this is the first study to apply the LPA method to explore symptomatic
heterogeneity in patients with CD. This multimorbid symptom profile (class 2) may require integrated lifestyle inter-
ventions targeting both physical and psychological domains, whereas the low-symptom group (Class 1) might benefit
more from focused, single-component approaches. For instance, dietary modifications (eg, low-FODMAP diets) in CD
patients with a high symptom burden may need to be combined with stress-reduction techniques (eg, mindfulness) to
address pain-fatigue-anxiety interactions. Our LPA-derived classes could serve as a preliminary framework for stratifying
patients in lifestyle intervention trials. Future studies should empirically test whether LPA-based subgroups influence
intervention efficacy, potentially through randomized trials comparing homogeneous vs heterogeneous symptom groups
in response to standardized lifestyle protocols.

The potential factors affecting heterogeneity were further explored by incorporating clinical variables based on
existing literature and prior clinical experience. The possible effects of the three types of PA on PROs were examined.
These findings indicate that recreational activities, rather than work and transportation, are more likely to bring beneficial
changes in patients. A 10-year follow-up study* in Denmark demonstrated that recreational PA can significantly lower
the risk of major cardiovascular events, including heart attacks, strokes, and coronary heart disease mortality, as well as
overall mortality rates. However, increased PA during work, such as walking, carrying, and heavy physical activities, is
associated with a higher risk of major cardiovascular events and all-cause mortality. The “Physical activity paradox” is
believed to arise from the fact that recreational sports typically involve dynamic exercises with varying intensity, which
are effective for improving health in a short time while allowing adequate recovery. In contrast, work often involves
static loads, repetitive and uncomfortable postures, and prolonged periods of non-regulated activities, with insufficient
time for recovery.*> This phenomenon has also been observed in several animal models of colitis in exercise intervention
studies.**** After 6 weeks of forced treadmill exercise, mice showed a reduced ability to resist colitis, whereas their
resistance substantially improved after engaging in voluntary wheel running.** Forced treadmill exercise is typically
considered a forced and unpleasant activity, whereas voluntary wheel running is considered a form of recreational PA.

Although moderate exercise is commonly recommended to patients by healthcare providers, the exact mechanisms
through which exercise affects the intestine remain unclear, making it impossible for this recommendation to evolve into
an “exercise prescription.” Several omics studies investigating the mechanisms of exercise have indicated that gut
microbiota may be a primary target for the effects of exercise.*® Previous PA intervention studies in patients with CD
have mostly focused on outcome indicators such as body composition, disease activity, skeletal muscle changes, quality
of life, and safety, with less attention paid to changes in gut microbiota.*” Our study explains the benefits of PA from
a unique perspective of microorganisms. The effects of recreational PA on the symptoms of patients with CD warrant
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further exploration of its potential influence on the microbial community. Recreational PA was classified into two
categories, and differential microbial communities at the species level, which can be considered associated with
recreational PA, were explored. This conclusion remains valid even after excluding other potential confounding factors,
such as age, gender, work PA, and SET. A total of 29 core bacterial strains were identified and compared with strains
showing disease-related differences (patients with CD vs healthy individuals), all of which were butyrate-producing
bacteria. This finding is consistent with previous evidence on exercise mechanisms. Numerous studies have suggested
that exercise and the gut microbiome are interrelated, influencing metabolism and internal balance, regardless of diet.**
Animal studies and human research have demonstrated that exercise can increase the relative abundance of butyrate-
producing microorganisms, increasing butyrate production.*' These microbiota must be verified through functional
experiments, such as in vitro culture and animal models. The differences between mouse models and human CD models
(such as immune mechanisms and gut microbiota composition) have not been explained, and caution should be exercised
when extrapolating to clinical settings.

Beyond the direct effects of PA on the gut microbiota, psychological factors such as anxiety and depression may
significantly modulate this relationship. Anxiety and depression are known to have a distinctive dysbiosis, characterized
by reduced microbial diversity and depletion of butyrate-producing bacteria®>—a pattern that overlaps with our
observations in patients with CD. Given the high prevalence of anxiety and depression in CD (22.8-32.8%),> it is
plausible that psychological status influences both PA engagement and microbiota composition. For instance, depressive
symptoms may reduce motivation for recreational PA while exacerbating stress-related physiological responses during
occupational activities, potentially contributing to the observed “PA paradox”. Furthermore, the gut-brain axis could
mediate bidirectional effects: recreational PA may improve mental health via butyrate-mediated anti-inflammatory
mechanisms, whereas sustained PA participation may promote better mental health. Future studies should incorporate
standardized psychological assessments to clarify whether the microbiota changes associated with PA are independent of
or influenced by underlying anxiety or depression.

This study has several limitations. First, given its cross-sectional design, this study cannot establish a causal
relationship between PA levels and patient-reported outcomes. Consequently, future longitudinal studies are needed to
address this gap. Second, PA was measured using a questionnaire, which may introduce recall bias. Wearable device-
based accelerometers can provide more accurate and objective measurements of PA. Third, the microbiota associated
with recreational PA identified in this study still requires experimental confirmation. Fourth, the intensity and duration of
other types of exercise may affect recreational PA. Therefore, based on time use epidemiology, individual 24-hour
activity behavior (PA, sedentary behavior, and sleep) may be a different perspective to explain the relationship between
exercise patterns and outcomes. Fifth, despite controlling for factors such as disease activity, antibiotic use, and diet when
selecting participants in the microbial investigation of recreational PA, limitations such as small sample size and potential
confounding factors remain. Further longitudinal and interventional studies with objective activity tracking and larger

microbial datasets are warranted to substantiate and expand upon these preliminary findings.

Conclusion

In conclusion, this study provides new insights into the benefits of PA for patients with CD, particularly highlighting the
significant potential of recreational PA. In addition, microbiological explanations are provided for the positive effects of
recreational PA, laying the foundation for the development of “exercise prescriptions” for patients with CD.
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