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In brief

Ma et al. demonstrate that the postbiotic
Probio-Eco alleviates chronic
constipation (Rome IV criteria) in a
randomized clinical trial and mouse
model. Multi-omics links symptom relief
to succinate-SCFA and dual tryptophan
pathways (5-HTP-serotonin and
3-indoleacrylic acid), enhancing intestinal
motility and homeostasis. Findings
support clinical application for
constipation management.
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SUMMARY

This study evaluates the efficacy of the postbiotic Probio-Eco in alleviating constipation in humans and mice.
A randomized, double-blind, placebo-controlled crossover trial involving 110 adults with chronic constipa-
tion (Rome IV criteria) demonstrates that a 3-week Probio-Eco intervention significantly improves constipa-
tion symptoms, stool straining, and worry scores. Gut microbiota and metabolomic analyses reveal modula-
tions in specific gut microbiota, succinate, tryptophan derivatives, deoxycholate, propionate, butyrate, and
cortisol, correlating with symptom relief. A loperamide-induced mouse model confirms that Probio-Eco and
its bioactive components (succinate, 3-indoleacrylic acid, and 5-hydroxytryptophan) alleviate constipation
by stimulating mucin-2 secretion, regulating intestinal transport hormones, and promoting anti-inflammatory
responses. Multi-omics integration identifies key pathways, including succinate-short-chain fatty acid, tryp-
tophan-5-hydroxytryptophan-serotonin, and tryptophan-3-indoleacrylic acid, driving intestinal homeostasis
and motility. These findings highlight the comprehensive efficacy of Probio-Eco and provide robust evidence
for its clinical application in constipation management. This study was registered at Chinese Clinical Trial

Registry (ChiCTR2100054376).

INTRODUCTION

Chronic constipation, a prevalent gastrointestinal disorder associ-
ated with intestinal inflammation, significantly impacts patients’
quality of life. Management typically involves dietary adjustments,
bowel habit education, and over-the-counter laxatives.! While
high-fiber diets are recommended, adequate fluid intake is essen-
tial to prevent side effects.” Despite their accessibility, laxatives
often cause gastrointestinal discomfort, with nearly half of patients
expressing dissatisfaction.> Multiple studies have demonstrated
that the composition and stability of gut microbiota are disrupted
in patients with constipation, leading to changes in intestinal
metabolic environments, which in turn affect intestinal motility
and secretory functions.*® Microbial metabolites, such as bile
acid (BA), short-chain fatty acids (SCFAs), and tryptophan deriva-
tives, influence gut motility by activating intestinal chemorecep-
tors.® Furthermore, gut phageome alterations have been linked
to several intestinal diseases, including inflammatory bowel dis-
ease and digestive tract tumors.”®

Gheck for
Updates

Recently, probiotic supplementation has emerged as a prom-
ising approach for constipation management,®'° though effi-
cacy varies and the specific biomarkers related to constipation
remain unclear. Advances in microbiome research highlight the
potential of probiotics to alleviate constipation by modulating
gut microbiota and metabolites.”” A large-scale, randomized,
double-blind, placebo-controlled trial demonstrated that Lacti-
plantibacillus plantarum P9 improved the weekly mean fre-
quency of complete spontaneous bowel movements (CSBMs)
and alleviated constipation-related symptoms. The probiotic
group exhibited increased levels of beneficial bacteria, amino
acids, and SCFAs, while reducing Oscillospiraceae, Herelleviri-
dae, p-cresol, and methylamine associated with intestinal barrier
function and transit.'” Despite their potential benefits, probiotic
activity is limited by host factors, formulation, and storage and
transportation conditions.>'® Moreover, there is growing
recognition that non-biological materials, such as inactivated mi-
croorganisms and metabolites, can also influence physiological
functions. In 2021, the International Scientific Association for
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Probiotics and Prebiotics defined these substances as “postbi-
otics,” referring to preparations of inanimate microorganisms
and/or their components that confer health benefits to the
host.'*

Postbiotics offer a safe and stable alternative to probiotics, with
advantages including defined chemical structures, resistance to
antibiotics, and ease of storage.'*'° Several studies demonstrate
their efficacy in constipation management: Lacticaseibacillus par-
acasei metabolites improved intestinal barrier function and water
and sodium metabolism in constipated mice,'” while heat-inacti-
vated Bifidobacterium bifidum MIMBb75 reduced irritable bowel
syndrome (IBS)-related abdominal pain.'® A clinical trial further
confirmed that heat-killed Bifidobacterium longum CLA8013
enhanced stool volume and improved defecation-related param-
eters.'® Despite promising results, postbiotic research remains
hindered by a lack of high-quality clinical trials,'® highlighting the
urgent need for large-scale studies to confirm their efficacy and
safety in chronic constipation. Probio-Eco, a postbiotic product,
is fermented by Lacticaseibacillus paracasei Zhang, Lactiplantiba-
cillus plantarum P-8, and Bifidobacterium lactis V9 using soy pro-
tein, skimmed milk powder, and sodium citrate as substrates.”®
These strains not only have well-documented origins but also
exhibit synergistic interactions.”'**? Metabolomic analyses show
that it contains bioactive compounds like organic acids, bacterio-
cins, and SCFAs. Animal studies indicated that Probio-Eco signif-
icantly reduced inflammation and improved symptoms related to
IBS,?° while a population trial in dental caries patients showed that
it suppressed pathogenic bacteria and fostered oxidative stress-
tolerant oral bacteria.”®

This study evaluated the efficacy of Probio-Eco in chronic
constipation through a 9-week randomized, double-blind, pla-
cebo-controlled crossover clinical trial. The primary outcome
was the weekly mean frequency of CSBMs, while secondary
endpoints included stool consistency, stool straining, quality
of life assessments, depression-anxiety-stress scores, and
changes in gut microbiota and metabolomics. To validate clin-
ical observations, a loperamide-induced constipation mouse
model assessed Probio-Eco and its individual postbiotic com-
ponents, namely succinate (Succ), 3-indoleacrylic acid (3-1A),
and 5-hydroxytryptophan (5-HTP), on intestinal function, im-
mune response, and gastrointestinal peptide levels. This study
integrated pre-clinical, clinical, and multi-omics approaches to
demonstrate how Probio-Eco and its metabolites improve gut
function and alleviate constipation and provides a solid theoret-
ical framework for the clinical application of postbiotics.
Furthermore, it opens avenues for managing chronic constipa-
tion and other related digestive disorders.

RESULTS

Characterization and quantification of Probio-Eco
metabolites

A comprehensive metabolomic analysis identified various bioac-
tive metabolites in Probio-Eco, including organic acids, SCFAs,
and indole derivatives (Table S1). In addition to common organic
acid, Probio-Eco contained notable levels of Succ (15.0 pug/g)
and 4-hydroxyphenyllactic acid (24.2 pg/g), along with predom-
inant SCFAs including acetic (65.46 ng/g), propionic (8.2 ug/qg),
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and butyric acids (11.3 pg/g). Furthermore, several metabolites
were identified associated with gastrointestinal health benefits,
including 3-1A, 3-hydroxyflavone, and monobutyrin. The pres-
ence of these metabolites underscores the potential of Probio-
Eco to promote gastrointestinal homeostasis and overall well-
being.

Demographic data, compliance, and adverse effects

The trial enrolled 110 participants in the intention-to-treat (ITT)
population, who were randomly assigned to either the postbi-
otic-placebo group (group A; n = 54) or the placebo-postbiotic
group (group B; n = 56). After the 9-week intervention, three in
group A and two in group B were excluded due to antibiotic
use, withdrawal, or missing diary submissions (Figure S1A).
Consequently, the per-protocol (PP) analysis included 105 par-
ticipants (group A, n = 52; group B, n = 53; Figure 1A). Baseline
characteristics of all 110 participants are summarized in
Table S2. The mean (SD) age was 21.8 (2.1) years in group A
and 21.8 (2.2) years in group B. Gender distribution was compa-
rable between groups, with female accounting for 81.5% in
group A and 80.4% in group B. Demographic and clinical char-
acteristics (age, gender, BMI, ethnicity, drug allergies, smoking
status, comorbidities, and medication history) were balanced
between groups (p > 0.05; Table S2).

The postbiotic was well tolerated, with no serious adverse
events. Mild gastrointestinal symptoms (bloating, diarrhea, and
nausea) were most common; isolated cases of dental ulcer and
anorexia also occurred. Fewer adverse events were reported dur-
ing the postbiotic phase compared to the placebo phase (5 vs. 7
adverse events, respectively), but the difference was not statisti-
cally significant between groups (p = 0.811; Table S2). Both
groups maintained high overall compliance, with no statistical dif-
ference between them (mean [SD] = 105.39 [7.7] in group A and
105.96 [8.9] in group B; p > 0.05; Table S2).

Postbiotic intervention improved constipation

symptoms

The design included two 3-week intervention periods separated
by a 2-week washout, with participants receiving Probio-Eco or
placebo in reciprocal sequences (Figure 1A). The primary
outcome was weekly CSBM frequency. In the ITT analysis, the
mean (SD) weekly CSBMs at baseline were 0.60 (0.17) in group
A and 0.64 (0.18) in group B. After the first 21-day intervention,
the CSBMs demonstrated a significant increase in the postbiotic
group, reaching 0.81 (0.35) compared to 0.68 (0.30) in the pla-
cebo group, resulting in a difference of 0.13 and a noteworthy
19.12% improvement (p = 0.047; Table S3). Similar results
were observed in the PP analysis, which also indicated a signif-
icant improvement in the CSBMs, with a difference of 0.13 (0.81
[0.35] vs. 0.68 [0.31]; p = 0.047; Figure 1B; Table S4). After the
second 21-day intervention period (day 56), both ITT and PP an-
alyses revealed significant differences in mean weekly CSBM
between the two groups (p = 0.048 and p = 0.049), with a differ-
ence of 0.11 (Tables S3 and S4). To further elucidate the differ-
ences, we performed a covariance analysis using baseline mea-
surements as a covariate, revealing significant differences in
mean weekly CSBMs between the two groups at days 21 and
56 (p = 0.010; p = 0.044). Additionally, a significant interaction
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Figure 1. Multi-omics analysis pipeline and changes in clinical indicators associated with constipation symptoms during the intervention
trial

(A) Overview of the trial design, clinical indicators, fecal metagenomics, and metabolomics. The trial comprised two 3-week interventions, separated by a 2-week
washout period. Data were collected using a stool diary and self-administered questionnaires at designated time points. Fecal samples were also collected for
subsequent analyses.

(B) Boxplots showing the changes in complete spontaneous bowel movements (CSBMs); stool consistency score; stool straining score; patient assessment of
constipation-quality of life; and the depression, anxiety, and stress scale-21 for group A (n = 52) and group B (n = 53) in the per-protocol population throughout the
intervention trial. Data for group A (left) and group B (right) are presented side by side at each time point. Significant intergroup differences were evaluated by
unpaired or two-sided paired Wilcoxon rank-sum test, with significant p values shown in the plots. In the boxplots, boxes represent the interquartile range of each
group’s value distribution, lines within the boxes indicate median values, whiskers denote the lowest and highest values within 1.5 times the interquartile range,
and dots above or below the whiskers represent outliers.

in group and time analyses was observed (interaction p = 0.038), In the ITT analysis, the postbiotic group showed significantly
demonstrating sustained improvement in weekly CSBMs with  greater reductions in stool straining scores than placebo at all
postbiotic treatment compared to placebo group. This provides time points: 30.49% at day 21 (p = 0.006), 23.08% at day 49
compelling evidence that the therapeutic effect of the postbiotic  (p = 0.046), and 34.67% at day 56 (p = 0.003, Table S3). The
in alleviating constipation is genuine rather than coincidental. PP analysis corroborated these findings, showing significant
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Figure 2. Alterations in fecal bacteriome and phageome during the postbiotic and placebo interventions

Data presented in this figure were derived from the postbiotic (n = 205) and placebo (n = 203) groups. Sample codes use a prefix to indicate whether samples were
collected pre-intervention (pre) or post-intervention (post) and a suffix to denote the type of intervention (postbiotic or placebo).

(A and B) (A) Shannon diversity index and (B) non-metric multidimensional scaling (NMDS) score plots of the gut bacteriome in both groups, before and after

intervention.

(C) Differentially abundant species-level genome bins (SGBs) between the postbiotic and placebo groups, before and after intervention (p < 0.05, Wilcoxon rank-

sum test). Error bars represent standard deviation.

(D) Family-level taxonomic annotation of the phage metagenome, comprising a total of 38,593 qualified non-redundant viral operational taxonomic units.

(E and F) (E) Shannon diversity index and (F) NMDS analysis of the gut phageome in both groups, before and after intervention.

(G and H) (G) Family-level distribution of phageome and (H) relative abundance of the Alpavirinae and Metaviridae in both groups, before and after intervention.
(I) Correlation between the Shannon diversity index of gut bacterial and phage, revealing a strong positive correlation.

(J) Procrustes analysis performed on fecal SGBs and bacteriophages in the two groups, before and after intervention, confirmed positive co-operativity.

In the boxplots and violin plots, boxes represent the interquartile range of each group’s value distribution, lines within boxes indicate median values, whiskers
denote the lowest and highest values within 1.5 times the interquartile range, and dots above or below the whiskers represent outliers.

reductions of 32.10%, 23.68%, and 36.99%, respectively, in
stool straining scores at the same time points (p = 0.004, p =
0.037, and p = 0.002, respectively; Figure 1B; Table S4). Interest-
ingly, the postbiotic also positively impacted quality of life
measures. In the PP population, postbiotic supplementation
significantly reduced worries (23.19%, p = 0.047) and physical
discomfort (25.93%, p = 0.048) compared to placebo at day
21, with sustained improvements at day 56 (worries: p = 0.035;
discomfort: p = 0.037). In the ITT analysis, postbiotics signifi-
cantly reduced worries at both day 21 (22.06%, p = 0.049) and
day 56 (27.45%, p = 0.046). For physical discomfort, improve-
ment reached significance only at day 56 (p = 0.037), with atrend
at day 21 (p = 0.055; Table S3). The other clinical parameters
showed no significant between-group differences in ITT or PP
analyses (Figure 1B; Tables S3 and S4). Collectively, these re-
sults indicate that the Probio-Eco postbiotic intervention signifi-
cantly alleviated constipation symptoms, reduced stool strain-
ing, and improved patients’ worries and physical discomfort.
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Postbiotic intervention modulated gut bacterial and
bacteriophage composition

During the 21-day intervention, postbiotic supplementation
significantly improved chronic constipation compared to the pla-
cebo group. However, by day 35, after a 14-day washout, no sig-
nificant differences remained between groups; the positive ef-
fects were lost after the washout, indicating that sustained
postbiotic delivery is essential to maintain therapeutic benefits.
We integrated multi-omics data, with days 0 and 35 as baselines
and days 21 and 56 as endpoints for the two intervention pe-
riods, to elucidate the taxonomic, functional, and metabolic
changes driven by postbiotic administration in patients. We per-
formed metagenomic analysis on fecal samples from 103 pa-
tients at four time points, with two subjects failing to provide
samples (Figure S1A). The alpha diversity showed no significant
differences (Figures 2A and S1B), and beta diversity analysis via
non-metric multidimensional scaling (NMDS) revealed no signif-
icant restructuring of the bacterial community (Figure 2B).
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Species-level analysis revealed targeted modulations, with the
postbiotic group showing significantly higher abundances of
several beneficial species compared to the placebo group after
intervention, including Lacticaseibacillus paracasei, Lactiplanti-
bacillus plantarum, and Clostridium sp001916075 (p < 0.05;
Figure 2C). In summary, postbiotic supplementation selectively
enriched beneficial bacterial species without altering overall
microbiota diversity, which could be a contributing factor to
improved constipation symptoms among participants.

Recognizing the phageome’s role in host health, we investi-
gated fecal phageome changes post-intervention. Metagenomic
sequencing identified 12,475 viral operational taxonomic units
(vOTUs) annotated against the Metagenomic Gut Virus catalog,
and 32.32% belonged to 12 known bacteriophage families
(Figure 2D). No significant differences in phage community alpha
diversity or overall structure were observed between the groups
(Figures 2E, 2F, and S1B). To explore bacteriophage composi-
tion, we analyzed longitudinal fecal metagenomes from both
groups, identifying postbiotic-associated changes and revealing
Siphoviridae, Myoviridae, and Microviridae as the dominant
families (Figure 2G). Notably, Alpavirinae phages significantly
increased in the postbiotic group compared to the placebo
group (p = 0.05; Figure 2H). A strong positive correlation was
observed between gut bacteriome and phageome Shannon
indices (r = 0.88, p < 0.001; Figure 2l), further supported by
Procrustes analysis showing significant concordance between
bacterial and bacteriophage community structures (correlation =
0.734, p = 0.001; Figure 2J). These findings highlight strong co-
operativity and interdependence between the gut bacterial and
phageome. To investigate phage-bacterial interactions, we as-
sessed phage sequences within bacterial genomes. Among
12,475 annotated vOTUs, 11,514 were linked to specific bacte-
rial hosts, with Siphoviridae primarily infecting Faecalibacterium,
Ruminococcus, and Clostridium. In contrast, Alpavirinae phages
preferentially targeted Prevotella and Bacteroides. These find-
ings underscore the intricate interdependence between the gut
bacteriome and phageome, offering insights into the mecha-
nisms of postbiotic health benefits.

Postbiotic intervention modulated gut metabolic
pathways and metabolome

To identify intervention-related gut metabolic modules (GMMs),
we conducted genome-centric metabolic reconstruction using
the 539 identified species-level genome bins (SGBs), alongside
the MetaCyc and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases (Table S5). We identified 74 GMMs involved
in tryptophan derivatives, SCFAs, amino acids, neurotransmitters,
vitamins, BAs, and unsaturated fatty acids (Figure 3A). These
GMMs were encoded by 13 phyla, with S-adenosylmethionine
synthesis showing the highest sample coverage (Table S6). Four
GMMs showed differential abundance between two groups: tryp-
tophan synthesis, propionate synthesis, and arginine degradation
pathways were elevated in postbiotic recipients, whereas p-cresol
synthesis was reduced (p < 0.05; Figure S1C).

To investigate the effects of the postbiotic intervention on the
fecal metabolome, we conducted untargeted metabolomic anal-
ysis, demonstrating stable instrumental performance through
close clustering of quality control samples (Figure 3B). Partial

¢ CellP’ress

OPEN ACCESS

least squares-discriminant analysis (PLS-DA) revealed clear
separation between postbiotic and placebo groups after the
intervention (p = 0.038), but not at baseline (p = 0.064; Figure 3C).
Significantly differential metabolites were identified based on a
combined threshold from the PLS-DA model, which included
variable importance in projection (VIP) scores (VIP score > 2)
and Wilcoxon rank-sum test p values (p < 0.05), with 10 metab-
olites meeting both criteria (Figure 3D; Table S7). Notably, all
identified differential metabolites were not significantly different
at baseline. After the intervention, the postbiotic group exhibited
significantly higher levels of Succ, cholate, 3-IA, carnitine, and
5-HTP than the placebo group, and 2-hydroxyethylamine,
glycerol monostearate, and 17a-hydroxypregnenolone were
significantly reduced.

Postbiotic intervention modulated metabolites
associated with constipation symptoms

We conducted targeted metabolomics to characterize postbi-
otic-induced changes in key metabolites, including amino acids,
organic acids, SCFAs, vitamins, BAs, 5-HTP, and cortisol
(Table S8). After the intervention, the postbiotic group exhibited
significantly higher levels of several metabolites compared to
the placebo group, including glutamate, tryptophan, Succ,
4-hydroxyphenyllactic acid, propionate, butyrate, chenodeoxy-
cholate, and deoxycholate, while methionine, oxalic acid, and
glycoursodeoxycholate were markedly reduced (p < 0.05; Fig-
ure S2A). Furthermore, the postbiotic intervention significantly
increased 5-HTP and 3-lA, while decreasing cortisol levels
compared to the placebo group (p < 0.05; Figure S2B). These
findings demonstrate that postbiotic intervention can modulate
various functional intestinal metabolites related to intestinal
transit and stress response.

To explore links between postbiotic metabolite changes and
constipation symptoms, we conducted a multivariate analysis
using a MaAsLin2 model and found that carnosine levels were
positively correlated with stool consistency score (coefficient
[coef] = 0.71, p = 0.03) and slightly with CSBMs (coef = 0.61,
p = 0.06). Conversely, p-cresol synthesis module was positively
associated with discomfort scores (coef = 0.16, p = 0.01), while
propionate synthesis module was inversely associated with
worries (coef = —0.25, p = 0.01). Furthermore, several amino
acids and organic acids were associated with CSBMs and pa-
tients’ quality of life (QoL). Valine and tyrosine were positively
correlated with CSBMs (coef > 0.17, p < 0.05), while tryptophan
showed an almost significant positive correlation (coef = 0.15,
p =0.06). Phenyllactic acid was inversely correlated with worries
(coef = —0.73, p = 0.03). Additionally, the metabolite 3-1A was
negatively associated with both worries (coef = —0.36, p =
0.05) and physical discomfort scores (coef = —0.39, p = 0.05;
Figure S2C). In summary, these findings indicate that the postbi-
otic intervention may alleviate constipation symptoms and
improve QoL by modulating bioactive metabolite levels.

Postbiotic and its metabolites mitigated loperamide-
induced constipation in mice

To validate clinical observations, loperamide was administered for
7 days to induce a constipation model in mice. After acclimation,
sixty mice were randomized into six groups: Con (control), Mod
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Figure 3. Phylum-level distribution of predicted GMMs in the fecal metagenome dataset and metabolome changes during the intervention
trial

Data presented in this figure were derived from the postbiotic (n = 205) and placebo (n = 203) groups. Sample codes use a prefix to indicate whether samples were
collected pre-intervention (pre) or post-intervention (post) and a suffix to denote the type of intervention (postbiotic or placebo).

(A) Heatmap depicting the distribution of 74 identified GMMs, corresponding to 539 species-level genome bins (SGBs). These GMMs are associated with the
development, pathophysiology, immunity, and quality of life aspects of constipation. The color scale represents the cumulative count of SGBs encoding GMMs,
ranging from low (purple) to high (red).

(B and C) (B) Principal-component analysis and (C) partial least squares-discriminant analysis (PLS-DA) score scatterplots of the fecal metabolome of the
postbiotic and placebo groups, before and after intervention. Adonis test results are shown in the lower right corner of the PLS-DA score plots.

(D) Significant differential fecal metabolites identified in the postbiotic group post-intervention. Variable importance in projection (VIP) scores generated by the
PLS-DA were used to identify metabolites contributing to discrimination (VIP score > 2, p < 0.05).

(E) Boxplots showing relevant responsive fecal metabolites to the postbiotic intervention. Significant differences between groups are shown (evaluated by the
Wilcoxon rank-sum test). In the boxplots, boxes represent the interquartile range of each group’s value distribution, lines within boxes indicate median values,
whiskers denote the lowest and highest values within 1.5 times the interquartile range, and dots above or below the whiskers represent outliers.

(model), Post (postbiotic), Succ, 3-IA, and 5-HTP groups (Fig-
ure 4A). On day 0, no significant differences were observed in
body weight, food intake, water consumption, fecal weight, and

water content among groups (Table S9). On day 7, the Mod and
all treatment groups exhibited significantly reduced fecal weight
and water content, along with delayed first black defecation
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Figure 4. Postbiotic and its metabolite component’s effects on constipation alleviation in mice

(A) Schematic diagram illustrating the design of the intervention study. The trial involved 60 mice (n = 10 per group), which were randomly divided into six groups
following a 1-week acclimatization period: control (Con), model (Mod), Probio-Eco (Post), succinate (Succ), 3-indoleacrylic acid (3-1A), and 5-hydroxytryptophan
(5-HTP). The Mod, Post, Succ, 3-1A, and 5-HTP groups received loperamide (Lop) for the first week to induce constipation, while the Con group received normal

saline (NS). From days 7-21, mice received the respective interventions.

(B) Effects of continuous intragastric loperamide administration on defecation at day 7.
(C) Effects of postbiotic and component interventions on defecation at day 21 (n = 10).
(D-F) (D) Colon histopathology and mucin expression (n = 5) and (E and F) intestinal levels of immune factors and gut hormones (n = 8) in constipated mice at day
21. Colon tissue sections were stained with hematoxylin and eosin (H&E), alcian blue-periodic acid-Schiff (AB-PAS), and wheat germ agglutinin-fluorescein

isothiocyanate (WGA-FITC) (scale bar, 100 um).

Error bars in the bar charts represent standard deviation. In the boxplots, boxes represent the interquartile range of each group’s value distribution, lines inside the
boxes indicate median values, whiskers denote the lowest and highest values within 1.5 times the interquartile range, and dots above or below the whiskers
represent outliers. Significance was determined using the Wilcoxon rank-sum test, with p < 0.05 considered statistically significant (*p < 0.05; *p < 0.01;

“**p < 0.001).

compared to the Con group (p < 0.05; Figure 4B), confirming suc-
cessful loperamide-induced constipation. On day 14, Succ, 3-IA,
and 5-HTP treatment significantly increased fecal weight
(p < 0.05), though only Succ and 3-lA restored output to near-
normal levels when compared to the Con group (Figure S3A).
On day 21, the Post and 3-IA groups showed significantly higher
fecal weight than the Mod group (p < 0.05). Additionally, all inter-
vention groups showed significantly increased fecal water content
and small intestinal transit rate, with Post, 3-IA, and 5-HTP treat-
ments reducing the time to first black defecation compared to the
Mod group (p < 0.05; Figure 4C; Table S10). Collectively, the post-
biotic and its metabolites effectively restored gastrointestinal
function in loperamide-induced constipation.

Histological analysis of colon pathology revealed that the Mod
group had thinner muscle layers than the Con group. Postbiotic

and its metabolite treatments induced muscle layer thickening
to varying degrees (Figure 4D). Alcian blue-periodic acid-Schiff
and wheat germ agglutinin-fluorescein isothiocyanate staining re-
vealed that the Mod group showed mucosal atrophy, marked by
mucus layer damage and thinner surface neutral mucins. Postbi-
otic and its metabolite treatments variably increased colonic mu-
cosa thickness and enhanced mucus secretion, particularly in the
neutral mucus layer (Figure 4D). These findings indicate that the
postbiotic and its metabolite interventions effectively restored
the colonic mucus barrier and improved histological features of
constipated mice. Serum analysis by ELISA revealed that the
Mod group had elevated pro-inflammatory cytokines (interleukin
[IL]-6 and IL-1B) and reduced IL-10 compared to the Con group,
and postbiotic and 3-IA significantly reversed these effects
(p < 0.05; Figure 4E). Furthermore, the Mod group showed
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elevated vasoactive intestinal peptide but reduced gastrin and
motilin levels compared to the Con group (p < 0.05; Figure 4F).
Specifically, all treatments restored gastrin levels, but only the
postbiotic significantly increased motilin. Both postbiotic and
3-1A effectively reduced the vasoactive intestinal peptide level
(p < 0.05; Figure 4F). These results suggest that the postbiotic alle-
viated constipation in mice by enhancing mucin secretion, regu-
lating gut hormones, and modulating immunity. However, Succ,
3-1A, and 5-HTP exhibited distinct hormonal regulatory effects,
warranting further investigation and analysis.

Postbiotic-derived metabolites restored gut

microbiome in constipated mice

To evaluate the effects of postbiotic metabolites on gut micro-
biota in constipated mice, we analyzed microbial diversity over
21 days. Baseline showed no intergroup differences in alpha
and beta diversity, providing a standardized foundation for sub-
sequent interventions. By day 7, the Mod group showed reduced
alpha diversity (p < 0.05; Figure 5A) and altered community
structure compared to the Con group (R2 = 0.25, p = 0.003; Fig-
ure 5B), confirming loperamide-induced gut dysbiosis. After
metabolite intervention (day 14), Succ and 3-IA groups showed
recovery in alpha diversity, whereas 5-HTP remained signifi-
cantly lower than controls (p < 0.05). Beta diversity analysis
revealed significant structural shifts (R% = 0.26, p = 0.001), with
greater inter-/intra-group variation in treated groups compared
to the Con group (R? = 0.26, p = 0.001; Figures S3B-S3D).

To identify treatment-induced differentially abundant taxa, we
selected SGBs with no baseline differences among Con, Mod,
and intervention groups but significant changes at later time
points (relative abundance > 0.05%, prevalence > 5%). On
day 7, the Mod group exhibited significantly lower relative abun-
dances of Ligilactobacillus murinus, Alistipes timonensis, and
Duncaniella freteri compared to the Con group, while Christense-
nella sp. and Erysipelotrichaceae sp. increased significantly, re-
flecting loperamide-induced alterations in bacterial composition.
By day 21, treatments with Succ, 3-IA, and 5-HTP significantly
increased Acetatifactor sp910586835, while decreasing Dubo-
siella sp004793885 (p < 0.05; Table S11). Additionally, Succ treat-
ment significantly increased Kineothrix sp910587275, Prevotella
sp., and Lachnospiraceae sp., while reducing Erysipelatoclostri-
dium saccharogumia and Acetatifactor sp910578815. The 3-1A
treatment increased Lachnospiraceae sp., Parasutterella sp.,
and Olsenella sp003150175, while significantly decreasing
Erysipelotrichaceae sp. For the 5-HTP intervention, the relative
abundances of Paramuribaculum sp001689535 and Parasutter-
ella sp. increased significantly, whereas Erysipelatoclostridium
sp. decreased (p < 0.05; Table S11). Collectively, these findings
show that the implemented metabolites selectively restore key mi-
crobial species disrupted by loperamide-induced constipation.

Postbiotic metabolites modulated colon transit-related
genes in constipated mice

We employed quantitative real-time PCR to evaluate postbiotic
metabolites’ effects on genes regulating colonic mucosal barrier,
water-electrolyte balance, gut hormones, and motility in consti-
pated mice. Loperamide treatment reduced the gene expression
of CLDN1, ZO-1, and MUC2, while elevating aquaporin (AQP3
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and AQP4) compared to the Con group (p < 0.05). Succ and
3-1A treatments upregulated CLDN1 expression, with Succ
significantly enhancing ZO-1 expression compared to the Mod
group (p < 0.05). Although 5-HTP treatment also increased
CLDNT1 and ZO-1 expression, the changes were not statistically
significant. Interestingly, all three treatments significantly
elevated MUC2 expression while reducing AQP3 and AQP4
expression compared to the Mod group (p < 0.05). Furthermore,
the Mod group showed elevated colonic PYY gene expression
compared to the Con group, which was normalized by Succ,
3-1A, and 5-HTP treatments (p < 0.05; Figure 5C).

To explore the 5-HTP regulatory pathway on colon transit, we
assessed the expression of aromatic amino acid decarboxylase
(AAAD), the enzyme that converts amino acid precursors to se-
rotonin (5-HT). Loperamide treatment significantly reduced
AAAD expression, while 5-HTP supplementation significantly
increased AAAD expression (p < 0.05; Figure 5C), an effect not
observed for Succ and 3-IA. These findings indicate that lopera-
mide disrupts AAAD and 5-HT regulation, while 5-HTP specif-
ically enhances 5-HT biosynthesis, potentially contributing to
its modulatory effects on colon transit genes. The data suggest
that postbiotic metabolites, such as Succ, 3-IA, and 5-HTP,
can counteract loperamide-induced dysregulation of genes
involved in colonic mucosal barrier function, water-electrolyte
balance, and gut peptide hormones. The ability of 5-HTP to up-
regulate AAAD highlights its role in enhancing colon transit via
the serotonergic pathway.

Postbiotic metabolites modulated fecal SCFA and

serum 5-HT in constipated mice

To further verify the effects of individual postbiotic metabolites
on downstream signaling molecules, intestinal SCFA and
serum 5-HT levels were enumerated using targeted metabolo-
mics and ELISA (Figure S3E). Loperamide treatment significantly
reduced intestinal propionate, butyrate, isovalerate, and
serum 5-HT levels compared to the Con group (p < 0.05). Succ
treatment elevated propionate, butyrate, and isovalerate, while
3-lA increased butyrate, isobutyrate, and isovalerate levels
(p < 0.05). Interestingly, 5-HTP treatment significantly increased
serum 5-HT compared to the Mod group (p < 0.05). Meanwhile,
3-IA supplementation specifically elevated aryl hydrocarbon
receptor (AhR) and IL-22 levels (p < 0.05). Collectively, these
findings demonstrate that loperamide disrupts SCFA and 5-HT
homeostasis, while postbiotic metabolites selectively restore
these pathways to varying degrees. Notably, 3-IA activates the
AhR-IL-22 axis, highlighting potential immunomodulatory mech-
anisms for further investigation.

Correlation analysis links postbiotic interventions, gut
physiology, and microbiome

We conducted correlation analyses to examine relationships
between key markers, gut function, and microbial features after
intervention with the three postbiotic metabolite components
(Figure 5D). Succ intervention revealed a positive correlation be-
tween small intestinal transit rate and gastrin (r = 0.690, p = 0.05),
while showing a negative correlation with Parabacteroides sp.
(r = —0.639, p = 0.05). The expression of AQP3 was negatively
correlated with fecal water content (r = —0.788, p = 0.02), and
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Figure 5. Effects of individual postbiotic components on gut microbiome, metabolites, and colonic transit-associated genes in constipated
mice

(A and B) (A) Shannon index and (B) principal coordinates analysis (PCoA) score plots of the gut microbiome in the control (Con), model (Mod), succinate (Succ),
3-indoleacrylic acid (3-1A), and 5-hydroxytryptophan (5-HTP) groups (n = 6) at days 0, 7, and 21. Adonis test results are displayed in the upper left corner of the
PCoA score plots.

(C) Expression of colonic transit-related genes in different groups at day 21 (n = 8). Significance was determined using the Wilcoxon rank-sum test, with p < 0.05
considered statistically significant (p < 0.05; **p < 0.01). In the boxplots, boxes represent the interquartile range of each group’s value distribution, lines inside the
boxes indicate median values, whiskers denote the lowest and highest values within 1.5 times the interquartile range, and dots above or below the whiskers
represent outliers.

(D) Correlation network analysis of metabolite levels, physiological factors, and defecation parameters following the Succ, 3-IA, and 5-HTP interventions.
Spearman correlation coefficients were calculated between datasets, and features with || > 0.6 and p < 0.05 were selected to construct the correlation network
plots. Blue lines represent negative correlations, and red lines indicate positive correlations between connected nodes.

AAAD, Aromatic amino acid decarboxylase; CLDN1, Claudin-1; AQP3, Aquaporin 3; AQP4, Aquaporin 4; GAS, Gastrin; GLP-1, Glucagon-like peptide-1; IL,
interleukin; MTL, Motilin; MUC2, Mucin-2; PYY, Peptide YY,; SCFAs, short-chain fatty acids; SGBs, species-level genome bins; 5-HT, 5-hydroxytryptamine; VIP,
Vasoactive intestinal polypeptide; ZO-1, Zonula occludens protein.

AQP4 showed a negative correlation with Prevotella sp. (r = sp910578815 (r=—0.711, p = 0.048), which was positively asso-
—0.647, p = 0.05). Interestingly, propionate showed a significant  ciated with PYY gene expression (r = 0.695, p = 0.05). Post 3-1A
negative correlation with IL-6 (r = —0.814, p = 0.01), which was intervention, small intestinal transit rate positively correlated
inversely associated with CLDNT (r = —0.755, p = 0.03). Butyrate  with IL-10 (r = 0.667, p = 0.05). Furthermore, Lachnospiraceae
negatively correlated with the mucin-degrading Acetatifactor sp. positively correlated with AhR gene expression (r = 0.761,
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p = 0.03), which was positively correlated with IL-22 (r = 0.738,
p = 0.04). The AQP3 gene expression positively correlated with
black defecation time (r = 0.643, p = 0.05), but negatively with
Acetatifactor sp910586835 (r = —0.695, p = 0.05). This Acetati-
factor species positively correlated with motilin (r = 0.814, p =
0.01), and both AQP3 gene expression and vasoactive intestinal
peptide negatively correlated with gastrin (r > 0.690, p < 0.05). In
addition, CLDN1 gene expression positively correlated with
butyrate (r = 0.762, p = 0.03).

In the 5-HTP intervention, small intestinal transit rate positively
correlated with CLDNT (r = 0.743, p = 0.03), but negatively with
Erysipelatoclostridium sp. (r = —0.933, p < 0.001). Erysipelato-
clostridium sp. negatively correlated with 5-HT (r = —0.707, p =
0.05), but positively with black defecation time (r = 0.687, p =
0.05). In addition, IL-1B negatively correlated with CLDN1
expression (r = —0.647, p = 0.05), but positively with vasoactive
intestinal polypeptide (r = 0.695, p = 0.05). Notably, total fecal
weight positively correlated with AAAD expression and Clostridia
sp. (r > 0.762, p < 0.03), while Clostridia sp. was also positively
associated with MUC2 expression (r = 0.764, p = 0.03). Collec-
tively, these correlations reveal intricate links between postbiotic
interventions, gut physiology, microbial ecology, and neuroim-
mune signaling, highlighting the systemic effects of Succ, 3-IA,
and 5-HTP in regulating gut homeostasis.

DISCUSSION

Chronic constipation, a prevalent gastrointestinal disorder,
adversely affects patients’ quality of life and healthcare sys-
tems."* Postbiotics have emerged as a promising strategy for
managing gastrointestinal diseases, offering health benefits
that may be similar to those of probiotics.'®?> However, the ef-
fects of postbiotics and the metabolites have not been fully
elucidated. Building on previous work demonstrating constipa-
tion-alleviating effect of probiotic through regulation of host-mi-
crobiome interactions,'>?° this study comprehensively charac-
terized the beneficial effects of the postbiotic Probio-Eco in
both human and mouse constipation models. Our findings re-
vealed that Probio-Eco activates the Succ and tryptophan meta-
bolic pathways by modulating gut microbiota, resulting in the
production of beneficial metabolites including SCFAs, 3-IA,
and 5-HT that interact with several intestinal cells. This interac-
tion enhances the secretion of intestinal hormones and mucin,
modulates inflammation, and promotes mucosal homeostasis
and intestinal transit, thus alleviating constipation symptoms
(Figure 6). This study advances our understanding of postbiotics’
therapeutic potential for gastrointestinal disorders and supports
developing more effective interventions.

Our first finding is that Probio-Eco administration effectively
improved constipation symptoms in both the ITT and PP ana-
lyses. Specifically, the postbiotic group demonstrated signifi-
cantly improved weekly mean CSBMs and reduced stool strain-
ing scores compared to placebo at days 21 and 56, which is
consistent with prior research.'® Moreover, chronic constipation
can severely impact patients’ quality of life,”” and we found that
the postbiotic intervention significantly reduced worries and
physical discomfort on days 21 and 56. Notably, no significant
differences were observed in the CSBMs; stool straining; stool
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consistency; Patient Assessment of Constipation Quality of
Life (PAC-Qol); and depression, anxiety, and stress scale
(DASS-21) scores between the two groups after the 14-day
washout period (day 35). This suggests that the intervention ef-
fects were eliminated after the washout, providing a basis for
the subsequent omics data analysis. Unlike probiotics, which
can proliferate and expand in the colon, postbiotics do not
have a sustained effect once the intervention is discontinued.?®
Although postbiotics’ effects on the gut microbiome may be
temporary, they significantly impact gastrointestinal health by
inhibiting unfavorable microorganisms through antimicrobial
components.'* Therefore, we evaluated gut microbiota changes
during postbiotic intervention, and beta diversity analysis
showed moderate gut bacteria and bacteriophage community
shifts in patients. This mirrors previous observations of parallel
shifts in gut bacteria, bacteriophages, and their interactions
across health and disease states.?® At finer taxonomic resolu-
tion, the postbiotic group exhibited significant enrichment of
Lacticaseibacillus paracasei, Lactiplantibacillus plantarum, and
several vOTUs belonging to Siphoviridae. Notably, the fermenta-
tion strains used in Probio-Eco included two strains, and previ-
ous evidence demonstrated that Lactiplantibacillus plantarum-
containing synbiotics improve bowel movement frequency in
constipation patients,*® while Lacticaseibacillus paracasei me-
tabolites alleviate constipation in aged mice by modulating gut
microbiota.'” Furthermore, higher gut Siphoviridae levels were
associated with improved brain executive function.®' In sum-
mary, these results suggest that the constipation-alleviating ef-
fects of Probio-Eco are accompanied by desirable changes in
various health-related gut bacteria and bacteriophages.

We identified that Probio-Eco administration elevated trypto-
phan and its downstream metabolites (3-1A and 5-HTP) in fecal
metabolomes. Gut bacteria convert tryptophan into various
indole compounds that act as AhR ligands, and AhR activation
can partially restore gut motility.* Previous studies have found
that elevated serum 3-IA levels were also linked to symptom
improvement after fecal microbiota transplantation in constipa-
tion patients, suggesting a broader role in this metabolite in gut
motility regula’(ion.33 Another key tryptophan metabolic pathway
involves 5-HT synthesis via 5-HTP as an intermediate, whose
availability depends on tryptophan levels and enzyme activity.**
Constipation patients exhibit reduced colonic and serum levels
of 5-HT and PYY, and a study found that serotonin can regulate
gut motility, influencing gastrointestinal function.>> Moreover,
the postbiotic group exhibited increased tryptophan synthesis
pathway and reduced p-cresol synthesis pathway. p-cresol
has been implicated in chronic constipation among children
with autism,®® and our previous work identified a positive corre-
lation between p-cresol and Oscillospiraceae, which can affect
colonic transit.'? Taken together, these findings indicated that
elevated tryptophan and its metabolites (3-IA and 5-HTP) and
reduced p-cresol in postbiotic recipients may enhance colonic
transit and relieve constipation.

Succ, a key microbial metabolite, is produced by Bacteroides
and Prevotella through pentose and hexose metabolism,*” and
our study revealed that postbiotic recipients showed elevated
fecal fumarate and Succ levels. However, excessive Succ accu-
mulation may be harmful.*® Its degradation by gut microbiota
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Figure 6. Schematic diagram illustrating the proposed mechanisms by which Probio-Eco modulates intestinal pathways to alleviate chronic

constipation

Specifically, the postbiotic influences the succinate and tryptophan metabolic pathways, promoting intestinal homeostasis and motility. AQP3, Aquaporin 3;
AQP4, Aquaporin 4; AAAD, Aromatic amino acid decarboxylase; GAS, Gastrin; GLP-1, Glucagon-like peptide-1; ILC3, Group 3 innate lymphoid cells; HDAC,
Histone deacetylase; IL, interleukin; MUC2, Mucin-2; PYY, Peptide YY; Treg, regulatory T cells; 5-HT, 5-hydroxytryptamine; VIP, Vasoactive intestinal poly-

peptide; ZO-1, Zonula Occludens-1.

is thus essential, serving as the main pathway for intestinal propi-
onate production. Additionally, some gut microbes can further
convert Succ into acetate and butyrate.>” Consistent with this,
our results showed that postbiotic intervention significantly
increased fecal propionate and butyrate levels, which canimprove
constipation by stimulating intestinal smooth muscle contrac-
tion.®%? Interestingly, we also observed that postbiotic interven-
tion increased fecal chenodeoxycholate and deoxycholate levels,
which are known to stimulate fluid secretion and trigger high-
amplitude colon contractions.*"*? In addition, the postbiotic inter-
vention was observed to alter neurotransmitter profiles, increasing
propionate and glutamate while decreasing 17a-hydroxypregne-
nolone and cortisol. A recent trial showed that SCFA supplemen-
tation blunted cortisol responses to stress compared to the pla-
cebo group.”® Notably, 17-hydroxypregnenolone is a cortisol
precursor,** the key stress hormone associated with anxiety. Prior

studies show that probiotic intake significantly reduces free
cortisol in urine and feces, suggesting that probiotics may regulate
cortisol levels and alleviate anxiety symptoms.**“® Therefore, the
observed improvement in worry and physical discomfort may
result from postbiotic-modulated SCFAs and neurotransmitter
regulation. In summary, the clinical results demonstrate that the
Probio-Eco intervention effectively alleviates chronic constipation
and enhances quality of life. Importantly, this alleviation effect was
mediated not by broad gut microbiome shifts but by targeted
modulation of beneficial microbes and their metabolites. Among
these, the metabolic pathways involving tryptophan-3-IA,
tryptophan-5-HT, and Succ-SCFAs mediated by Probio-Eco
intervention are likely to play a pivotal role in these beneficial
outcomes.

To validate clinical observations, we employed a loperamide-
induced constipation mouse model that showed significantly
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decreased fecal water content, delayed gut transit, and pro-
longed defecation time. Notably, administration of the postbiotic
and its components (Succ, 3-1A, and 5-HTP) reversed these ef-
fects, demonstrating efficacy against constipation. Given that
impaired intestinal homeostasis is a hallmark of loperamide-
induced constipation,”” we evaluated key regulatory aspects
including intestinal hormones, mucosal barrier integrity, and im-
mune responses. In the Mod group, we observed significantly
reduced levels of excitatory intestinal hormones (gastrin and
motilin) but elevated inhibitory hormones (vasoactive intestinal
polypeptide) and pro-inflammatory cytokines (IL-6 and IL-1B).
Additionally, intestinal mucosal epithelial cells exhibited atrophy,
with both mucus layer damage and mucosal thinning. These
physiological and pathological changes are consistent with pre-
vious reports, where Bifidobacterium longum supplementation
alleviated constipation by increasing fecal water content, regu-
lating intestinal hormones, and improving intestinal motility,
corroborating our observations.*® Emerging evidence suggests
that gut microbiota dysbiosis disrupts microbiome-gut-brain
axis signaling, impairing intestinal motility.*® Our study found
that loperamide-induced constipation in mice caused gut
dysbiosis and dysregulated colonic transport gene expression,
characterized by decreased CLDN1, ZO-1, and MUC2, along-
side elevated PYY, AQP3, and AQP4 in the colon. Interestingly,
Succ, 3-lA, and 5-HTP exhibited distinct efficacy pathways
and hormonal regulation patterns, highlighting the nuanced
mechanisms through which these metabolites alleviate
constipation.

Treatment with the postbiotic component Succ significantly
increased the abundance of SCFA-producing bacteria, while
reducing potentially harmful taxa (Erysipelatoclostridium
saccharogumia, Parabacteroides sp910577325, and Desulfovi-
brionaceae), collectively modulating intestinal motility.*>
Previous studies found that Parabacteroides and Desulfovibrio-
naceae overgrowth are linked to the development of constipa-
tion.>?>® As downstream products of Succ, particularly propio-
nate and butyrate can influence colon motility by regulating
hormones release and stimulating MUC2 secretion from goblet
cells.”"** Our results show that Succ treatment increased
gastrin levels and upregulated colonic expression of CLDNT,
Z0-1, and MUC2 genes, which were associated with increased
production of propionate and butyrate, leading to improved in-
testinal mechanical barrier function. Furthermore, SCFAs stim-
ulate G protein-coupled receptors on enteroendocrine cells,
mediating secretion of glucagon-like peptide-1 and PYY to
regulate gastrointestinal motility.© Interestingly, Succ treatment
significantly reduced colonic PYY gene expression, a gut hor-
mone that inhibits intestinal motility. This finding is consistent
with studies showing that probiotics relieve constipation by
decreasing PYY levels and promoting intestinal peristalsis.®®->¢
Additionally, we observed that Succ intervention reduced
colonic expression of aquaporin genes AQP3 and AQP4, with
AQP3 negatively correlating with fecal water content and
AQP4 inversely associated with Prevotella sp. Colonic aqua-
porins promote water absorption, and their overexpression
may cause excessive reabsorption and fecal dehydration.®” In
summary, the postbiotic Succ activated the Succ-SCFA
pathway, enriching Succ-utilizing bacteria and increasing
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propionate and butyrate production. These metabolites
enhanced intestinal barrier function by modulating tight
junction proteins and goblet cell-derived mucins, while also
stimulating G protein-coupled receptors on enteroendocrine
cells to improve intestinal transport, ultimately alleviating
constipation.

Treatment with the postbiotic component 3-1A significantly
increased the abundances of Roseburia sp., Eubacterium
sp000435815, and Olsenella sp003150175, while Erysipelotri-
chaceae sp. and Mucispirillum schaedleri decreased signifi-
cantly. Both Eubacterium and Roseburia are known butyrate
producers, while probiotic supplementation has been shown
to elevate Olsenella abundance, linked to reduced gut inflam-
mation.®®°°® Mucispirillum schaedleri has been identified as a
major member of the mouse cecal crypt microbiome, which is
linked to gut inflammation.®® Notably, indole derivatives can
activate AhR in myenteric neurons to enhance colonic peri-
stalsis.®"® Our findings revealed that 3-IA treatment increased
serum AhR levels while decreasing its downstream effector IL-
22. Accumulating evidence indicates that AhR activation can
modulate immune responses in a ligand-specific manner.%-%
Therefore, the 3-IA-mediated regulation of AHR and IL-22
may represent an additional pathway through which this post-
biotic compound promotes intestinal health. We also found
that 3-1A exerted stronger immune regulatory effects than other
metabolites, significantly reducing IL-18 and IL-6 while
increasing IL-10 in constipated mice. Furthermore, indole de-
rivatives enhance intestinal barrier integrity by upregulating
epithelial genes that promote mucus secretion,®*® and we
also observed that 3-IA treatment increased CLDN71 and
MUC?2 expression. A previous report found that Peptostrepto-
coccus metabolizes tryptophan into 3-IA, which enhances
intestinal barrier integrity in mice, potentially through AhR acti-
vation and regulation of goblet cell-related genes like MUC2.°”
In summary, these findings suggest that the postbiotic 3-1A
activated the indole-AhR axis by modulating gut microbiota. It
maintains mucosal homeostasis by activating AhR in myenteric
neurons, exerts ligand-specific anti-inflammatory immune
modulation, and upregulates genes supporting epithelial
function, thereby improving barrier integrity and alleviating
constipation.

Treatment with 5-HTP markedly decreased the abundances of
Oscillospiraceae sp. and Duncaniella dubosii, while significantly
increasing Jeotgalicoccus sp., Ruminococcus sp., and Paramur-
ibaculum sp001689535. Previous studies have linked a reduced
abundance of Oscillospiraceae to looser stool consistency and
implicated this family in altered colonic transit.?®°° Notably, a
study found that the abundance of Jeotgalicoccus increased in
constipated mice after prebiotic administration,’” and we
observed that its negative correlation with AQP4 expression
suggests a role in relieving constipation via colonic water trans-
port regulation. Certain Ruminococcus species encode AAAD
enzymes that convert aromatic amino acids into bioactive
amines, stimulating colonic 5-HT production.”’ Through seroto-
nin signaling, the gut microbiome enhances gut motility by trig-
gering enterochromaffin cell-derived 5-HT release.””"* We
also found that 5-HTP treatment upregulated AAAD gene
expression, which encodes the enzyme that converts 5-HTP to
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5-HT.”® This effect was unique to 5-HTP, as neither Succ nor 3-1A
interventions altered these microbial pathways associated
with 5-HT production. Furthermore, 5-HT can directly activate
5-HT receptor 4 located on goblet cells, stimulating MUC2
expression and secretion.”® We observed that 5-HTP treatment
increased colonic MUC2 expression while reducing PYY levels in
mice, which aligns with a previous animal study.’” In summary,
the postbiotic 5-HTP treatment activates the 5-HTP-5-HP
pathway by modulating gut microbiota-mediated AAAD. The
activation stimulates enterochromaffin cells to release 5-HT,
which regulates smooth muscle contraction and promotes
MUC2 secretion in goblet cells, effectively relieving constipation
symptoms.

In conclusion, this study provides compelling evidence
for the efficacy of the postbiotic Probio-Eco in alleviating
chronic constipation. The observed improvements in defeca-
tion were accompanied by the modulation of key microbial
metabolic pathways, including the Succ-SCFA, tryptophan-
5-HTP-5-HT, and tryptophan-3-IA pathways. By targeting
specific microbial pathways and metabolites, postbiotic inter-
ventions may represent a promising, gut-centric therapeutic
approach. These microbiome-mediated pathways provide a
valuable framework for clinical application of postbiotics to
treat chronic constipation and refractory gastrointestinal
disorders.

Limitations of the study

This study has several notable limitations. Firstly, this study
was conducted over a relatively short time frame, and, given
that clinical evidence surrounding postbiotics is still in its early
stages, there is a lack of comprehensive data regarding how
factors such as intervention duration and dosage may influ-
ence their effectiveness in alleviating constipation. Therefore,
whether long-term use enhances efficacy or induces depen-
dency remains unclear, warranting future longitudinal studies.
Secondly, the trial spanned from November 2021 to January
2022, during which the COVID-19 pandemic significantly
impacted our ability to conduct social recruitment. This
constraint yielded a predominantly young, university-based
cohort, potentially limiting generalizability. While this demo-
graphic provides valuable insights, it may not fully represent
the broader population of constipated patients. Additionally,
to improve compliance and efficiency, colon transport tests
were omitted due to participants’ concerns about tolerance
and radiation exposure. Future studies should enhance partic-
ipant engagement in assessment discussions to include colon
transit time indicators. Furthermore, the trial design lacks
detailed daily diet monitoring, potentially affecting intestinal
motility and constipation outcomes, and future trials should
include detailed dietary assessments to better understand
these variables. Finally, we acknowledge that the lopera-
mide-induced experimental constipation model, while widely
used and validated for its reliability and similarity to human
constipation, does not fully replicate the complexity of primary
constipation in humans. Although this model offers valuable
insights, developing more accurate animal models of human
primary constipation is essential for improving intervention
studies.
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o The raw sequencing data are available in the CNGB Sequence Archive
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cnsa/) under accession numbers CNGBdb: CNP0005022 (human)
and CNGBdb: CNP0005187 (mouse) and will be publicly accessible
upon publication. The metabolomics data are available in MassIVE:
MSV000096310 and are publicly available and accessible upon
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e The original code has been deposited at GitHub and Zenodo and is
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chronic-constipation (https://doi.org/10.5281/zenodo.14992672).
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Probio-Eco® Jinhua Yinhe Biological Technology N/A
Co., Ltd.
Lacticaseibacillus paracasei Zhang Key Laboratory of Dairy Biotechnology and CGMCC5469
(One of the main fermentation strains Engineering, Ministry of Education, Inner
of Probio-Eco®) Mongolia Agricultural University
Lactiplantibacillus plantarum P-8 (One of Key Laboratory of Dairy Biotechnology and CGMCC6312
the main fermentation strains of Probio- Engineering, Ministry of Education, Inner
Eco®) Mongolia Agricultural University
Bifidobacterium animalis subsp. lactis V9 Key Laboratory of Dairy Biotechnology and CGMCC5470
(One of the main fermentation strains of Engineering, Ministry of Education, Inner
Probio-Eco®) Mongolia Agricultural University
Biological samples
Human stool samples This study N/A
Mouse stool samples This study N/A
Mouse serum samples This study N/A

Chemicals, peptides, and recombinant proteins

TRIzol reagent

Wheat germ agglutinin conjugated to
fluorescein isothiocyanate

Loperamide hydrochloride
3-indoleacrylic acid
5-hydroxytryptophan
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Meimian Biotechnology
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Meimian Biotechnology
Meimian Biotechnology

el Cell Reports Medicine 6, 102093, May 20, 2025

Cat# 51504
Cat# Q32854
Cat# E7530S
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Cat# MM-0446M2

Cat# MM-0443M2
Cat# MM-0163M1
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Mouse IL-18 ELISA kit
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Meimian Biotechnology
Meimian Biotechnology
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Meimian Biotechnology
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Cat# MM-0040M1
Cat# MM-0892M2
Cat# MM-46547M2

Deposited data

Shotgun metagenomics data (Human)
Untargeted Metagenomics data (Human)
Shotgun metagenomics data (Mice)

This paper
This paper
This paper

CNGBdb: CNP0005022
MassIVEdb: MSV000096310
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Experimental models: Organisms/strains

Males C57BL/6 mice

Charles River Labs Co., Ltd

N/A

Software and algorithms

R (version 4.3.2) R Project https://www.r-project.org

MetaboAnalyst 5.0 Ewald et al. https://www.metaboanalyst.ca/
MetaboAnalyst/home.xhtml

MEGAHIT V1.2.9 Lietal.’® https://github.com/voutcn/megahit

MetaBAT2 Kang et al.”® https://bitbucket.org/berkeleylab/metabat

VAMB Johansen et al.?° https://github.com/RasmussenLab/vamb.

DAS Tool 1.1.4 Sharrar et al.®’ https://github.com/cmks/DAS_Tool

CheckM2 Donovan H et al.® https://ecogenomics.github.io/CheckM/

dRep Matthew et al.® https://github.com/MrOIm/drep.

CoverM Aroney et al. https://github.com/wwood/CoverM

MetaCyc Wikoff et al. https://metacyc.org/

KEGG Minoru Kanehisa et al. http://www.genome.ad.jp/kegg/

Kraken2 Wood et al. https://ccb.jhu.edu/software/kraken2/

VIBRANT Kristopher et al.®* https://github.com/AnantharamanLab/
VIBRANT/

CheckV Pedro et al.®® https://bitbucket.org/berkeleylab/CheckV

CD-HIT Fu et al. http://cd-hit.org

ProteoWizard Darren et al. http://proteowizard.sourceforge.net

Other

Placebo (consisted of soy protein powder,
skim milk powder, and sodium citrate)

Original code

Jinhua Yinhe Biological
Technology Co., Ltd.

This paper

N/A

https://doi.org/10.5281/zenodo.14992672

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fermentation and production of the dry powder postbiotic product, Probio-Eco®

The postbiotic material was provided by Jinhua Yinhe Biological Technology Co., Ltd. (Zhejiang, China). The production process
began with the thorough mixing of soybean powder, skim milk powder, and sodium citrate with water for 15 min, followed by pre-
heating the mixture to a temperature range of 55-60°C. The mixture was then homogenized at a pressure of 18-20 MPa, sterilized
at 95°C for 60 min, and subsequently cooled to 35°C. Next, three probiotic strains (Lacticaseibacillus paracasei Zhang, Lactiplanti-
bacillus plantarum P-8, and Bifidobacterium animalis subsp. lactis V9) were inoculated into the mixture for fermentation. The fermen-
tation was conducted with continuous stirring at 35°C until the pH of the broth reached a target range of 4.50 to 4.60. Following
fermentation, the broth was pasteurized at 75°C for 15 min, followed by sterile homogenization at 25-30 MPa. The Probio-Eco® pow-
der was obtained though spray-drying, with a feed temperature maintained at 60°C. The inlet and outlet air temperatures were set to
210°C and 88°C, respectively. Finally, the postbiotic powder was compressed into triangular tablets using a ZPW23 rotary tablet
press (Shanghai Tianxiang & Chentai Pharmaceutical Machinery Co., Ltd., Shanghai, China). All procedures were performed in strict

adherence to Good Manufacturing Practice.
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Determination of major bioactive metabolites in Probio-Eco®

To determine the major bioactive metabolites in Probio-Eco®, a postbiotic sample of 0.1 g was accurately weighed and placed into a
2 mL centrifuge tube. To this sample, 600 pL of methanol, pre-cooled to -20°C, and 4 ppm of 2-amino-3-(2-chloro-phenyl)-propionic
acid were added. The mixture was vortexed for 30 s and then subjected to ultrasonication at room temperature for 10 min. Following
ultrasonication, the sample was centrifuged at 12,000 rpm for 10 min at 4°C. The resulting supernatant was filtered through a 0.22 uym
membrane and transferred into an appropriate sample vial for subsequent liquid chromatograph-mass spectrometry analysis. Trip-
licate samples were prepared in parallel.

For the separation of metabolites, an Agilent 1290 Infinity LC Ultra-High-Performance Liquid Chromatography system (Agilent
Technologies, Inc., Santa Clara, CA, USA) and a C18 chromatographic column (2.1 x 100 mm, 1.7 um; Waters Corporation, Milford,
MA, USA) were used. The AB 6500 + QTRAP mass spectrometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used for
mass spectrometry analysis.

Human participants

We conducted a comprehensive randomized, double-blind, placebo-controlled crossover trial in collaboration with Inner Mongolia
People’s Hospital from November 2021 to January 2022. The sample size calculation was based on the primary outcome variable,
the weekly mean CSBMs. Drawing on insights from referenced studies and expert opinions from gastroenterologists,®**° we antic-
ipated a difference of 0.9 in CSBMs between the intervention and control groups, with a standard deviation of 1.3. To achieve a two-
sided significance level of 5% and a power of 80%, we determined that a minimum sample size of 40 subjects per group was
required, accounting for an expected dropout rate of less than 20%. Initially, 125 subjects were screened for eligibility to participate
in this study. Of these, 15 were excluded due to not meeting the inclusion criteria, declining participation, or other reasons (Fig-
ure S1A). Consequently, a final cohort of 110 patients with chronic constipation was recruited from Inner Mongolia Agricultural Uni-
versity (Inner Mongolia, China), Nanchang University (Nanchang, China), and Jiangxi University of Chinese Medicine (Nanchang,
China).

The inclusion criteria for the study were as follows: males and females aged 18-65 years who met the Rome |V criteria for chronic
constipation, based on self-reported symptoms over the past three months,®° with symptom onset within the last six months. Par-
ticipants had to experience two or more of the following symptoms: 1) straining during more than 25% of defecations; 2) lumpy or
hard stools (Bristol Stool Form Scale type 1-2) during more than 25% of defecations; 3) sensation of incomplete evacuation during
more than 25% of defecations; 4) sensation of anorectal obstruction or blockage during more than 25% of defecations; 5) at least
25% of defecations requiring manual assistance (such as finger assistance or pelvic floor support); 6) fewer than three spontaneous
bowel movements per week. Exclusion criteria included: 1) individual or family history of colon cancer, celiac disease, or inflamma-
tory bowel disease; 2) prior colonoscopy diagnosis of organic gastrointestinal diseases; 3) recent conception, pregnancy, or breast-
feeding; 4) allergies to any study materials; 5) use of antibiotics, probiotic, or postbiotics within the past two weeks; 6) use of psy-
chotropic medications within the past month; 7) need for long-term constipation medications; 8) serious medical conditions such
as myocardial infarction, cerebral infarction, malignancy; 9) mental illnesses that could preclude study participation.

The trial comprised a 1-week run-in period, followed by two reciprocal 3-week intervention periods of either postbiotic or placebo,
separated by a 2-week washout period. After the run-in phase, participants were randomized into two groups using a simple random-
ization method: Group A (received postbiotic first, followed by placebo; n =54) and Group B (received placebo first, followed by post-
biotic; n = 56). Randomization was executed by two independent project administrators using a computer-generated random num-
ber sequence to assign participants to their respective groups. All subjects, physicians, and investigators involved in the trial were
blinded, and the group assignment information was concealed in opaque envelopes, which were opened only prior to the primary
data analysis. Ultimately, 105 subjects successfully completed the trial and demonstrated good compliance with the protocol (Group
A:n=52; Group B: n =53; Figure S1A). An ITT analysis was also performed on all 110 subjects who participated in the study, revealing
no significant differences in gender distribution between groups A and B.

The postbiotic intervention used was Probio-Eco®, which contained an inactivated bacterial count of 30 billion/g, as verified by
flow cytometry. Participants received the intervention twice daily, with each dose consisting of six tablets (0.6 g per tablet). The pla-
cebo intervention consisted of soybean powder, skim milk powder, and sodium citrate. Both the postbiotic and placebo materials
were provided by Jinhua Yinhe Biological Technology Co., Ltd. (Zhejiang, China) and were prepared in identical shape, texture,
and appearance. For each 3-week intervention period, participants received a 21-day supply of either the postbiotic or placebo ma-
terial, corresponding to their assigned group. The two spare doses were provided as a precaution against potential loss or damage.
Compliance with the postbiotic intervention was assessed by counting the returned doses, with the compliance rate calculated as
follows: [(Number of actual dispensed dose - Number of returned dose) / Number of prescribed doses] x 100%.

Mouse models

Sixty males C57BL/6 mice (6 weeks old; average body weight of 22.4 + 0.8 g) were obtained from Charles River Labs Co., Ltd (Beijing,
China) for this animal study. The mice were maintained in a specific pathogen-free animal facility, where they were maintained under
controlled environmental conditions (temperature: 22 + 2°C; humidity: 45% + 5%) with a 12-h light-dark cycle. They were provided
with a standard commercial diet and sterile water ad libitum throughout the study.
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A mouse model of constipation was induced by administering loperamide. The effects of the postbiotic and other bioactive me-
tabolites on constipation were assessed by their co-administering alongside loperamide. The metabolite intervention doses were
determined based on previous literature.>”*° Mice were acclimatized for one week before being randomized into six groups (n =
10 per group), including: the Con group (received normal saline), the Mod group (received 15 mg/kg of loperamide), the Post group
(received 15 mg/kg of loperamide and 500 mg/kg of Probio-Eco®), the Succ group (received 15 mg/kg of loperamide and 200 mg/kg
of Succ), the 3-1A group (received 15 mg/kg of loperamide and 20 mg/kg of 3-1A), and the 5-HTP group (received 15 mg/kg of loper-
amide and 20 mg/kg of 5-HTP).

The intervention trial was conducted in two distinct stages: the loperamide-induced constipation modeling stage and the interven-
tion stage. The modeling stage lasted 7 days, during which the Con group received daily intragastric gavage of 0.1 mL of saline, while
the other groups received 0.1 mL of loperamide hydrochloride. The intervention stage lasted 14 days, during which the Con group
continued to receive daily intragastric gavage of 0.1 mL of saline. In contrast, the remaining groups received 0.1 mL of loperamide
hydrochloride. One hour later, the Con and Mod groups received an additional 0.1 mL of saline, while the other groups received
0.1 mL of postbiotic, Succ, 3-1A, and 5-HTP (dissolved in saline), respectively. Throughout the trial, food and water intake were re-
corded every other day at 9:00 am, and mouse body weights were measured weekly. Mouse fecal samples were collected at the
beginning and end of both intervention periods.

At the end of the trial, after a 12-h fasting period, orbital blood samples were collected from all mice, followed by euthanasia via
cervical dislocation. The blood samples were centrifuged (3,000 x g, 10 min) to obtain the sera, which were stored at -80°C for later
use. The entire intestine, including the duodenum, ileum, colon, and cecum, was collected and stored in 0.5 mL sterile tubes. These
tissue samples were quickly frozen in liquid nitrogen and immediately kept at -80°C for later use.

All animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of Inner Mongolia
Agricultural University (Permit No: SYXK-2020-0002) and were approved by the Animal Ethics Committee of Inner Mongolia Agricul-
tural University (No: NND2023105).

METHOD DETAILS

Clinical endpoint definitions

The primary endpoint of this study was the weekly mean frequency of CSBMs, with a lower score indicating more severe constipation
symptoms. Secondary endpoints included several parameters: the weekly mean stool consistency score, assessed using the Bristol
Stool Form Scale, which categorizes stool types on an ordinal scale from the hardest (type 1) to the softest (type 7), scoring from 1 to
7, respectively; the weekly mean stool straining score, which was graded from 0 (not difficult), 1 (a little difficult, need some straining
to defecate), 2 (difficult, need straining to defecate), 3 (very difficult, need hard straining to defecate); two comprehensive question-
naires, PAC-QoL and DASS-21, that evaluate the multi-dimensional impacts of constipation on patients’ quality of life and psycho-
logical well-being, respectively; and fecal metagenomics and metabolomics analyses. Data for the stool-related endpoints were
collected using a daily electronic stool diary, with means calculated for each dimension at designated time points (days 7, 14, 21,
35, 42, 49, and 56). Adverse events, including systemic infections, deleterious metabolic activities, excessive immune stimulation,
and gastrointestinal side effects, were recorded throughout the intervention period to ensure participant safety and assess the toler-
ability of the treatments.

Human fecal microbiome sample preparation

Fecal samples were self-collected by participants using sterile stool samplers, with a DNA protection solution (Guangdong Longsee
Biomedical Co., Ltd., Guangzhou, China) added immediately after sampling. Samples were collected on days 0, 21, 35, and 56, and
stored at -80°C until further metagenomics and metabolomics analyses. Fecal metagenomics analysis was conducted on samples
from 103 subjects in the PP population. Metagenomic DNA was extracted from the collected stool samples using the Magnetic Soil
and Stool DNA Kit (DP712; TIANGEN Biotech Co., Ltd., Beijing, China) following previously established procedures.'? Shotgun
sequencing was performed on the extracted DNA samples using the lllumina Novaseq 6000 (lllumina Inc., San Diego, CA, USA).
Notably, metagenomic sequencing failed for four samples from four different participants, resulting in a total of 408 successfully
sequenced samples (Table S12).

Human fecal untargeted metabolomic sample preparation

Untargeted metabolomic analysis was performed on stool samples from the PP population. However, five samples were excluded
due to insufficient stool volume, which posed challenges for fecal metabolomics analysis. A total of 407 samples were analyzed
across all time points. Fecal samples were dried and then mixed with 600 pL of a methanol solution containing
2-chlorophenylalanine. The mixture was vortexed for 30 s, before grinding for 60 s at 55 Hz in the presence of 100 mg of glass beads.
After ultrasonication and centrifugation at 12,000 rpm for 10 min, the supernatant was filtered through a 0.22 um ultrafiltration mem-
brane. Chromatographic separations were performed according to a previous work.'? Briefly, the separation was achieved using an
ACQUITY UPLC BEH amide column (100 x 2.1 mm, 1.7 um; Waters Corporation, Milford, MA, USA) at 25°C with a flow rate of 0.5 mL/
min. The mobile phase consisted of a mixture of 25 mM ammonium acetate and 25 mM ammonia in water (A) and acetonitrile (B).
Each sample was analyzed in both positive and negative ionization modes under electrospray ionization conditions.
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Human fecal targeted metabolomics sample preparation

Fecal bioactive metabolites (SCFAs, BAs, organic acids, and amino acids) were isolated partly according to previously published
methods.?>? In brief, 100 mg of thawed feces was combined with 0.9 mL of a methanol-water solution (4:1, v/v), which was
then homogenized using an OMNI Bead Ruptor at 55Hz for 1 min. The suspension was then vortexed and centrifuged at
12,000 x g for 10 min, and the supernatant was collected and stored at -20°C. Unlike other bioactive metabolites, the
determination of SCFAs required a derivatization step. Specifically, 40 pL of the sample supernatant was mixed with 20 uL of
3-nitrophenylhydrazine (200 mM) and 20 uL of an N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC)-6% pyridine solution
(120 mM). After incubation at 40°C for 30 min, 1.92 mL of a 10% acetonitrile-water solution was added to terminate the reaction.
The sample was then centrifuged (12,000 x g, 4°C, 10 min), and 500 pL of the supernatant was filtered through a 0.22 um membrane
into a sample vial for subsequent analysis.

Record of constipation-related indicators in mice

Constipation-related indicators, including fecal weight, water content, first black stool defecation time, and small intestinal transit
rate, were measured according to methods described in previous studies.®>* Fecal water content was calculated on days 0, 7,
14, and 21. This was determined by the ratio of the difference between the wet and dry weights of the feces to the wet weight.
The first black stool defecation time was determined on days 7 and 21, defined as the interval between the administration of activated
carbon powder and the appearance of darkened feces. The small intestinal transit rate was evaluated on day 21 by measuring the
distance traveled by the activated carbon solution relative to the total length of the small intestine.

Mice serum SCFAs sample preparation

The extraction and preparation of serum metabolites, along with quantification methods, were adapted from a prior study.®® Briefly,
serum samples were centrifuged at 10,000 g for 10 min to remove particulates. Then, 100 uL of each serum sample was mixed with
400 pL of acetonitrile for 30 s to precipitate proteins. The mixtures were centrifuged again at 10,000 g for 10 min, and the supernatants
were filtered through a 0.22 mm syringe filter. A 200 pL aliquot of each filtered supernatant was analyzed using Ultra-Performance
Liquid Chromatography coupled with a Triple Quadrupole Mass Spectrometer (SCIEX QTRAP 6500+, CA, USA). Serum SCFA con-
centrations were quantified using the external standard method with analytical standards purchased from Sigma-Aldrich, Inc. (St.
Louis, MO, USA).

Histological analysis of mice colon

Proximal colon tissue samples were fixed in 4% paraformaldehyde, embedded in paraffin wax, and sectioned to a thickness of 4 um.
The fixed tissue sections were deparaffinized with xylene, rehydrated through a graded series of ethanol, and rinsed with distilled
water. Hematoxylin and eosin staining were performed to assess morphological changes in the colon tissue. Additionally, mucus-
producing cells in the colon were stained using an alcian blue-periodic acid-Schiff staining kit (Nanjing BioChannel Biotechnology
Co., Ltd., Nanjing, China). Wheat germ agglutinin conjugated to fluorescein isothiocyanate (ZCIBIO Technology Co., Ltd., Shanghai,
China) was used to visualize glycosylated mucin expression in the colon sections. All staining procedures were performed according
to the manufacturer’s instructions.

RNA extraction and real-time quantitative PCR of mice colon tissue

Total RNA was extracted from 30 mg of proximal colon tissue samples using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA,
USA). One microgram of the isolated RNA was reverse transcribed into complementary DNA using a cDNA first strand synthesis kit
(Merck, Darmstadt, Germany). For real-time quantitative PCR analysis, 600 ng of complementary DNA was used as the amplification
template, with reactions performed using SYBR qPCR Master Mix (Tianya Biotech, Guangzhou, China) on a BIO-RAD CFX Connect
Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The primers sequences used to evaluate the
expression of various genes encoding claudin-1, tight junction protein ZO-1, proto-oncogene c-Kit, aguaporin-3, aguaporin-4, pep-
tide YY, mucin-2, aromatic L-amino acid decarboxylase, glucagon-like peptide-1 are provided in Table S13. The gene amplification
protocol was as follows: initiation at 95°C for 10 min, followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. Target gene expression
was normalized to the endogenous reference gene, pB-actin.

QUANTIFICATION AND STATISTICAL ANALYSIS

Human fecal microbiome data analysis

A total of 2.52 Tbp of high-quality clean data were generated (mean = 6.32 Gbp/sample; Table S12). The clean data were assembled
into contigs using MEGAHIT,”® and contigs larger than 2,000 bp were screened for binning using MetaBAT2,”® VAMB,®® and DAS
Tool®" with default parameters. All resulting bins were then combined to generate metagenome-assembled genomes using custom
scripts. The quality of these metagenome-assembled genomes was evaluated using CheckM,® categorizing them into high-, me-
dium-, and partial-quality based on completeness and contamination metrics. High-quality genomes were clustered, and the
most representative genomes were selected to obtain SGBs using dRep (with parameters: -pa 0.95 and -sa 0.95).%° Taxonomic
annotation of the SGBs was performed using Kraken2 and the NCBI Non-Redundant Protein Sequence Database. The relative
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abundance of each SGB was calculated using the CoverM tool (https://github.com/wwood/CoverM, with parameters set to —-min-
read-percent-identity 0.95 -min-covered-fraction 0.4.

To predict the GMMSs encoded by the SGBs, relevant literature and the MetaCyc metabolic database were consulted.'*°® Open
reading frames were annotated against the KEGG database to identify key metabolic modules associated with each SGB, and the
distribution of synthesis or degradation modules within the SGBs was determined using Omixer-RPM, with the parameter set to
-c 0.66.

Human fecal phageome identification and analysis

The gut DNA phageome was characterized through several steps. Firstly, potential bacteriophage features were identified from con-
tigs greater than 1,000 bp using VIBRANT and CheckV.?":? Secondly, viral contigs greater than 5,000 bp were selected and clus-
tered into vOTUs based on a threshold of 95% nucleotide identity over 80% of the sequence length, using CD-HIT (https://github.
com/weizhongli/cdhit).®® This process resulted in the identification of 158,640 vOTUs, which were then compared against a curated
set of 189,680 viral genomes from the Metagenomic Gut Virus catalogue to assess the novelty of the identified vOTUs within our
dataset.'® Finally, the average abundance of these vOTUs across the viral population was calculated using the CoverM contig
pipeline (https://github.com/wwood/CoverM), applying parameters: —min-read-percent-identity 0.95, —-min-read-aligned-percent
0.5, —proper-pairs-only, and —exclude-supplementary.

Human untargeted fecal metabolomics analysis

The raw data generated by ultra-high-performance liquid chromatography-quadrupole time-of-flight mass spectrometry was
processed using ProteoWizard software and the R package XCMS. Principal component analysis and partial least squares-discrim-
inant analysis were applied to identify differential biomarker metabolites between groups (cut-off level: VIP value > 2 and
P-value < 0.05). Further identification of selected biomarkers and potential metabolic pathways was achieved by searching the
HMDB (http://www.hmdb.ca/), METLIN (http://metlin.scripps.edu/), Massbank (http://www.massbank.jp), and KEGG (http://www.
kegg.com/) databases.

Human targeted fecal metabolomics analysis

Prepared samples were analyzed on a QTRAP 6500+ UPLC-MS system (AB Sciex LLC., Framingham, MA, USA) equipped with a
Kinetex® EVO C18 100A column (2.6 um, 2.1 x 100 mm; Phenomenex, Torrance, CA, USA). Standard curves were generated using
concentration gradients and peak area ratios from constructed standards (Sigma-Aldrich, Inc., St. Louis, MO, USA), and the external
standard method was employed to quantitatively analyze the concentrations of various bioactive metabolites of interest in the
samples.

Mice fecal metagenomics analysis

Fecal DNA extraction from mouse samples, metagenomic sequencing, and subsequent data analysis, including sequence quality
control, read assembly, binning, de-redundancy, species annotation, and abundance calculation, were achieved using the same
methods and pipeline described in the human fecal metagenomic analysis.

Measurements of serum gastrointestinal regulatory peptides and immune factors

Serum levels of gastrointestinal regulatory peptides (motilin, gastrin, and vasoactive intestinal peptide), 5-HT, immune factors (IL-6,
IL-10, IL-1B and IL-22, and AhR) were quantified using ELISA kits (Meimian Biotechnology, Jiangsu, China), following the instructions
in the operation manuals.

Statistical analyses

All statistical analyses were conducted using R software (version 4.3.2), with data visualizations created in Adobe lllustrator. Results
are presented as mean + standard deviation. We evaluated differences in demographic and baseline characteristics, including
gender, body mass index, allergy history, drug use, and adverse events, between Groups A and B using the chi-square test. Inter-
and intragroup differences in primary and secondary outcomes were evaluated using either the unpaired or two-sided paired Wil-
coxon rank-sum test. To address missing data in the ITT population analysis, the baseline-observation-carried-forward method
was utilized for imputation, ensuring a comprehensive assessment of the entire population and a robust evaluation of the study find-
ings. Additionally, sensitivity analyses for the primary outcome were conducted using a mixed-effects model, incorporating treatment
group, time, and time X group interaction as fixed effects, along with a random intercept for subjects, using the nime package in R.
Non-parametric covariance analysis, with baseline data as covariates, was also performed using the sm package in R. The normality
of the animal model data was evaluated by the Shapiro-Wilk test, while differences between skewed and normally distributed data
across multiple groups were compared using the Kruskal-Wallis test and ANOVA, following by corresponding post hoc analyses. The
Levene’s test was employed to evaluate the homogeneity of variances among groups, and the least significant difference (LDA) post
hoc test was further applied. The Benjamini-Hochberg procedure was implemented to adjust P-values for multiple comparisons, with
P < 0.05 considered statistically significant.
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To calculate the GMM modules, we leveraged the dplyr R package, using the formula: cumulative abundance of GMM modules =
number of metabolic modules encoded in the genomes x genome abundance. We calculated and visualized multivariable associ-
ation using R packages including MaAsLin2, tidyverse, and ggplot2. Additionally, we conducted Spearman correlation analysis to
investigate relationships between specific response markers and the defecation parameters in mice treated with Succ, 3-IA, and
5-HTP. This comprehensive analytical approach enabled us to identify potential links between gut microbiome, its metabolite profile,
and clinical outcomes observed in our study. Other statistical analyses were performed using a suite of well-established R packages,
including vegan, optparse, mixOmics, ggplot2, and ggpubr. We leveraged these tools to calculate Shannon and Simpson’s diversity
indices, as well as to execute principal component analysis, principal coordinates analysis, partial least squares-discriminant anal-
ysis, adonis test, and Procrustes analysis.

ADDITIONAL RESOURCES
The study was approved by the Ethics Committee of Inner Mongolia People’s Hospital (Approval number: 2021004). It was registered

on the Chinese Clinical Trial Registry (http://www.chictr.org.cn; ChiCTR2100054376). The investigation conformed to the principles
of the Declaration of Helsinki, with all subjects provided informed consent prior to participation in the study.
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