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[bookmark: _Hlk211105720]Supplementary Methods 
Instrumental variables (IVs) selection
[bookmark: _Hlk206255053]A two-sample MR approach was employed in this investigation to assess the causal relationship. The selection of single nucleotide polymorphisms (SNPs) as IVs was contingent upon satisfying three core assumptions: (i) a robust association with the exposure, (ii) independence from confounding factors, and (iii) an effect on the outcome that is exclusively mediated by the exposure (Fig. 1A) (Burgess et al., 2019). For the gut microbiome (GM) exposure, we applied a lenient significance threshold (P < 1×10−5) due to the limited number of SNPs reaching the standard genome-wide significance level (Sanna et al., 2019). In contrast, the conventional threshold of P < 1×10−8 was maintained for constipation-related SNPs (Jia et al., 2019; Lv et al., 2021). To ensure the independence of our IVs, we performed linkage disequilibrium (LD) clumping (r2 < 0.001, window size > 10,000 kb). We also filtered out SNPs with weak instrument strength (F-statistic < 10) and included only those with an effect allele frequency > 0.01. Finally, to control the false discovery rate from multiple hypothesis testing, the Benjamini–Hochberg method was used for P-value correction (Korthauer et al., 2019).The subsequent formula was employed to compute F-statistics.

Herein, R2 represents the proportion of variability demonstrated by every SNP. N denotes the GWAS sample size. Moreover, k represents the quantity of SNPs. An F statistic=10 demonstrates that the evidence regarding instrument bias is insufficient (Yengo et al., 2018).
Sensitivity analysis
MR-Egger regression was employed to evaluate the potential impact of directed pleiotropy. A P-value < 0.05 and a non-zero regression intercept were considered statistically significant indicators of genetic pleiotropy. Additionally, MR Pleiotropy RESidual Sum and Outlier (MR-PRESSO) analysis was performed to detect and correct for outlier effects (Verbanck et al., 2018). Cochran’s Q test was conducted to assess the heterogeneity of each SNP (Zhang et al., 2023). Furthermore, scatter plots of SNP–exposure and SNP–outcome associations were generated to visualize the MR results.
Questionnaire Survey
the Patient Assessment of Symptoms (PAC-SYM): The PAC-SYM consists of 12 items in 3 dimensions (abdominal symptoms, rectal symptoms, and stool symptoms). The Likert 5-level scoring method was used to assign 0–4 points to “no such symptoms”, “mild”, “moderate”, “severe”, and “very severe”, respectively. The score of each dimension was the average score of all items in this dimension, and the total score was the average score of all items. The higher the score, the more severe the constipation symptoms.
the Patient Assessment of Quality of Life (PAC-QOL): This scale consists of 28 items divided into 4 facets, including physical discomfort, psychosocial discomfort, anxiety, and satisfaction. The score ranges from 0 to 112, with a lower score indicating a higher quality of life. 
Bristol stool scale (BSS): The BSS classifies stool form into seven types: type 1: separate hard lumps; type 2: lumpy, sausage-shaped; type 3: sausage with cracks on the surface; type 4: smooth, soft sausage; type 5: soft blobs with clear edges; type 6: mushy consistency with ragged edges; type 7: entirely liquid. Types 1 through 7 are assigned scores of 1 to 7, respectively. Stool form reflects colonic transit time—lower BSS scores correspond to slower transit, whereas higher scores indicate faster transit.
Power analysis was performed post hoc using a two-sample, two-sided t-test framework (α = 0.05). With n= 30 participants per group, the design provides approximately 85–97% power to detect large standardized mean differences (Cohen’s d = 0.8–1.0) in PAC-SYM, PAC-QOL and BSS scores, consistent with prior clinical studies of comparable scale.
Animal experiments
[bookmark: _Hlk211105655]In Animal Experiment 1 (Fig. 3A), mice were randomized into three groups (n=6 per group): normal control (NC), loperamide-induced constipation (LOP), and RI (LOP + RI) group. RI was prepared at 1 × 109 CFU/200 µL in sterile PBS. Each day for 14 days, NC received two gavages of PBS (200 µL each). LOP and RI groups first received a loperamide gavage (10 mg/kg); 6 h later, the LOP group received PBS (200 µL), whereas the RI group received RI suspension (1 × 109 CFU/200 µL).
[bookmark: _Hlk211105671]In Animal Experiment 2 (n=5 per group): (Fig. 5I), to probe pathway dependence, on the background of the 14-day LOP ± RI regimen above, an additional cohort received intraperitoneal SB431542 (S1067, Selleck, USA) at 200 µL of 1.5 mg/mL (in DMSO solution) on days 1, 3, 5, and 7. Concurrently, the LOP and RI groups received vehicle injections (200 µL; PBS:DMSO = 500:1) on the same schedule.
[bookmark: _Hlk211105695]In Animal Experiment 3 (Fig. 6A), mice were randomized into five groups (n=6 per group); all underwent the 2-week LOP model as in Experiment 1. Six hours after each daily LOP gavage, groups received one of the following by gavage (200 µL/day for 14 days): RCM medium (RCM group), RI supernatant (RI-S group), RI-S < 3kDa group or RI-S ≥3kDa group. The LOP group received PBS (200 µL) as control. 
[bookmark: _Hlk211105706]In Animal Experiment 4 (Fig. 8A), mice were randomized into four groups (n=6 per group): LOP group, low-dose inosine (INO-L) group, high-dose inosine (INO-H) group, and INO-H + SB431542 group. All groups underwent the 2-week LOP model (as above). In parallel, LOP mice received PBS gavage (200 µL /day), while INO-L and INO-H received inosine (104348, Aladdin, China) at 100 or 300 mg/kg/day in 200 µL by gavage (Guo et al., 2023; Mager et al., 2020; Wei et al., 2024). The INO-H + SB431542 group additionally received intraperitoneal SB431542 (as above) on days 1, 3, 5, and 7. On the same schedule, the LOP, INO-L, and INO-H groups received PBS injections.
In Animal Experiment 5 (Supplementary Fig. 4A), mice were randomized into three groups (n=5 per group): LOP, INO-H, and INO-H + ZM241385 group. In parallel with the standard 2-week LOP protocol, the INO-H group received inosine (300 mg/kg/day by gavage), while the INO-H + ZM241385 group additionally received the selective A2A receptor antagonist ZM241385(HY-19532, MCE, China) with 3 mg/kg/day, intraperitoneally (Fathalla et al., 2016; Gołembiowska and Dziubina, 2012). On the same schedule, the LOP, and INO-H groups received PBS injections.
Gut microbiota analysis
16S rRNA gene sequencing was conducted by the Realbio Genomics Institute (Shanghai, China). Total fecal genomic DNA was extracted from frozen stool samples from control and IFC patients. V3-V4 hypervariable region was amplified. PCR was performed, and products were collected and further sequenced by the Illumina HiSeq platform (Illumina, San Diego, CA, USA). Cluster high-quality reads into operational taxonomic units (OTUs) at 97% similarity and then analyze using QIIME.
DNA/RNA extraction and qPCR
Fecal DNA was extracted using a commercial fecal DNA extraction kit, and 1 μL of the supernatant was used for PCR amplification. Specific primers targeting RI were designed as follows: Forward primer: 5’ - GCGGTRCGGCAAGTCTGA -3’, and Reverse primer: 5’ - CCTCCGACACTCTAGTMCGAC -3’. Frozen colonic tissues of mice were homogenized in 1 mL trizol (Vazyme, China), followed by addition of chloroform phase separation. After centrifugation (12,000 rpm, 15 minutes, 4°C), the aqueous phase was precipitated with isopropanol. The RNA pellet was washed with 75% DEPC-ethanol and air-dried at room temperature. Quantitative PCR analysis was performed using Universal SYBR Green Fast qPCR Mix (ABclonal, Hong Kong, China, RK21203), and the results were calculated with 2(−∆∆Ct) method with the GADPH serving as the internal control reference. The primer sequences are listed below:
	m-TGFβ1-F
	TGATACGCCTGAGTGGCTGTCT

	m- TGFβ1-R
	CACAAGAGCAGTGAGCGCTGAA

	m-TGFβ2-F
	TTGTTGCCCTCCTACAGACTGG

	m-TGFβ2-R
	GTAAAGAGGGCGAAGGCAGCAA

	m-TGFβ3-F
	AAGCAGCGCTACATAGGTGGCA

	m-TGFβ3-R
	GGCTGAAAGGTGTGACATGGAC

	m-GAPDH-F
	[bookmark: RANGE!C18]GGAGAAACCTGCCAAGTATG

	m-GAPDH-R
	TGGGAGTTGCTGTTGAAGTC

	m-TAGLN-R
	GCAGATGGAACAGGTGGCTCAA

	m-TAGLN-F
	CCCAAAGCCATTAGAGTCCTCTG


Bulk RNA sequencing
[bookmark: _Hlk211107643][bookmark: _Hlk205559735]1.5 μg of RNA of colonic tissues from loperamide-treated mice with or without RI gavage (n = 3 per group) were sent to Shanghai Personal Biotechnology Co., Ltd., China for library preparation and sequencing. mRNA was enriched using Oligo(dT)-attached magnetic beads, followed by fragmentation of the mRNA using fragmentation buffer. Random hexamer primers were used for reverse transcription to synthesize the first-strand cDNA. After second-strand synthesis using buffer, dNTPs, and DNA polymerase I, the cDNA was purified using AMPure XP beads. The purified double-stranded cDNA was subjected to end repair, A-tailing, and adapter ligation. Size selection (200-250 bp) was performed using AMPure XP beads, followed by PCR amplification to construct the cDNA library. The library was validated for quality and quantified before pooling for sequencing. Sequencing was performed on the Illumina NovaSeq 6000 platform with a PE150 sequencing strategy (Illumina, San Diego, USA). Raw sequencing data were filtered using in-house Perl scripts and Trimmomatic software (v0.33) to remove adapter sequences, reads with >10% N bases, and low-quality reads (Q ≤ 20 for more than 50% of bases). Clean data were used for SNP and InDel analysis, with results processed using Picard-tools (v1.96) or samtools (v0.1.18), followed by variant calling with GATK. Gene and transcript alignment to the reference genome was performed with HISAT2, and transcript assembly was done using StringTie. Final assembly annotations were obtained by comparing the results with the reference annotation using gffcompare. Principal component analysis (PCA) was performed in R software (version 4.3.1) using the FactoMineR and factoextra packages. Data were preprocessed by centering and scaling prior to PCA computation to ensure comparability across variables. The quality of clustering and variance contribution of each component were evaluated based on eigenvalues and cumulative variance plots. Differential expressed genes (DEGs) were identified using DESeq2 (|log₂ FC| ≥ 1) and subjected to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis.
LC-MS/MS analyses
RI was cultured in sterile RCM solution (0.1 g/10 ml, Solarbio, China) under strict anaerobic conditions at 37°C to achieve a concentration of 10^7 CFU. The culture was then centrifuged at 4000 g for 20 minutes, and the supernatant was collected and filtered through 0.22-μm filters. For sample preparation, 25 mg of the supernatant or feces was mixed with 500 μL of extraction solution (methanol: acetonitrile: water = 2:2:1). The mixture was homogenized at 35 Hz for 4 minutes, followed by sonication for 5 minutes in an ice-water bath, with 3 cycles of homogenization and sonication. The samples were centrifuged at 12,000 rpm (RCF=13,800 ×g, R=8.6 cm) for 15 minutes at 4°C, and the supernatant was transferred to a glass vial for LC-MS analysis. Quality control (QC) samples were prepared by pooling equal aliquots from all samples. LC-MS/MS analysis was performed on a Vanquish UHPLC system (Thermo Fisher Scientific, USA) with a UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 μm), coupled to an Orbitrap Exploris 120 mass spectrometer (Thermo Fisher Scientific, USA).
Western blot
Total proteins were extracted from mice colonic tissue following lysis. Western blotting was carried out using standard procedures as outlined previously. Data from three independent experiments were used for statistical analysis. Band intensities were semi-quantitatively assessed using ImageJ software and expressed as the ratio of the target protein band intensity to the loading control.
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