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SUMMARY

Alteredgutmicrobiota‒metabolite interactionsmay result in intestinal inflammationseverity variation inCrohn’s
disease (CD).Magnetic resonance enterography (MRE) advances anti-inflammatory strategy development.We
aimed to identify inflammation-relatedmultiomics factors andMRE interactions for CDmanagement, analyzing
425 CD patients and 42 healthy controls undergoing MRE, ileocolonoscopy, and fecal/blood sampling (micro-
biota/metabolite analyses),with intestinal inflammationcategorizedbyMREand ileocolonoscopy.Ruminococ-
cus species were enriched in CD patients versus healthy controls, while Pseudomonas and Staphylococcus
dominatedmoderate–severeversusno–mild inflammationgroups, suggesting inflammation-level associations.
Ruminococcus gauvreauii suppressed intestinal inflammation by regulating serum PC(O-34:3), ePE(38:6), and
ceramides (all p < 0.05). Serum N-acetylneuraminic acid and guanidinoacetic acid correlated with intestinal
morphological changes (e.g., MRE-detectable effusion and wall thickness) and inflammation severity
(PACME < 0.05). A link was established between microscopic microbiota-metabolite markers and macroscopic
imaging of inflammatory features, which could offer valuable insights into inflammation management.

INTRODUCTION

Inflammatory bowel diseases (IBDs), including Crohn’s disease

(CD), affect 6.8 million individuals globally.1 Significant alter-

ations in the microecological environment of IBD are character-

ized by an increasing abundance of Escherichia coli and

decreased levels of short-chain fatty acids.2,3 Despite its preva-

lence CD is currently incurable. Although the use of biologics has

reduced the risk of surgery in patients with CD,4 some patients

still require surgical intervention5 due to refractory penetrating

and stricturing complications.6 Since the risk of postoperative

recurrence remains high, patients’ microbiome compositions

were recognized as key players in this condition.7 Multiple surgi-

cal resections may lead to short bowel syndrome, further im-

pacting patients’ quality of life. Therefore, exploring potential

biomarkers related to severe intestinal inflammation is urgently

needed to avoid intestinal resection.

Intestinal inflammation in CD patients can be influenced by

dysfunctional gut microbiota and metabolites.8–11 The investiga-

tion of perturbations in the microbial–metabolome interface may

reveal novel therapeutic targets.12 However, previous studies

have focused primarily on conducting comparative analyses be-

tween CD and ulcerative colitis.13,14 Whether disturbances in the

gut microbiota‒metabolite interaction can lead to inflammation

exacerbation in CD patients remains unclear. Furthermore, the

common standards used to assess CD activity rely primarily on

laboratory indicators (e.g., fecal calprotectin) or clinical scoring

systems (e.g., the Harvey–Bradshaw Index).11,15 However, these

methods often lack specificity.

Endoscopy and cross-sectional imaging such as magnetic

resonance enterography (MRE) are main standards to assess

disease activity in CD patients.16,17 Gastrointestinal endoscopy

is important in the management of CD.18 The simplified endos-

copy for CD (SES-CD) is a reliable scoring system for CD inflam-

mation.19 MRE is currently the most promising cross-sectional

tool for assessing transmural inflammation with high speci-

ficity.20 The inclusion of MRE as a standard will increase the pre-

cision of evaluating intestinal inflammation. More importantly,
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MRE has emerged as a pivotal imaging modality for surgeons to

assess inflammatory lesions before surgery, owing to its ability to

depict intestinal morphological alterations such as strictures and

penetration induced by inflammation.21 Therefore, linking the gut

microbiota and metabolites to MRE-detected macromorpholog-

ical changes is highly important for identifying more specific bio-

markers related to severe intestinal inflammation or potential

surgical outcomes.

In this prospective study involving 467 participants (Table 1),

we aimed to investigate the differences in the gut microbiota

and fecal and blood metabolites among healthy controls (HCs),

CD patients with no–mild bowel inflammation (BI0), and those

with moderate–severe bowel inflammation (BI1) to explore novel

biomarkers that can potentially inhibit the severe intestinal

inflammation. To increase the specificity and clinical transla-

tional potential of the identified biomarkers, a combination of

MRE and endoscopy was employed for the joint evaluation of in-

testinal inflammation, and microscopic multiomics factors were

linked to MRE-detectable macroscopic morphology through

correlation analysis. This unique study design may provide novel

insights into the underlyingmechanism of intestinal inflammation

development and identify possible biomarkers for improving

treatment in CD patients.

RESULTS

Alterations in fecal and blood metabolites among HC,
BI0, and BI1
Clustering analysis of the fecal and blood metabolites revealed a

clear separation between the groups. The HC, BI0, and BI1

groupswere significantly separated from each other by fecal me-

tabolites (PERMANOVA test, p = 0.001; Figures 1A and 1B) and

bloodmetabolites (p = 0.001; Figures 1C and 1D). A visible differ-

ence in blood metabolites between the BI0 and BI1 groups was

detected, although the difference did not reach statistical signif-

icance (p = 0.151). These results indicate a metabolite shift dur-

ing the inflammatory process.

We performed pairwise comparisons and KEGG enrichment

analysis to further identify valuable metabolites during inflamma-

tion development. In the fecal metabolism analysis, 106 overlap-

ping metabolites were obtained from pairwise comparisons on

HC vs. BI0 and HC vs. BI1 (Mann‒Whitney U test, FDR<0.05)

(Figure 1E). The pathways associated with arginine and proline

metabolism, aminoacyl-tRNA biosynthesis, etc., were enriched,

with significant differences between HC vs. BI0 and HC vs. BI1.

Although no metabolite showed a statistically significant differ-

ence between BI0 vs. BI1 (Figure 1E), KEGG analysis revealed

a fecal metabolic pathway related to ‘glycine, serine, and threo-

nine metabolism’, which showed enrichment, though lowly sig-

nificant (p = 0.047), in HC vs. BI1, but not in HC vs. BI0

(Figure 1F).

Encouragingly, bloodmetabolite analysis revealed 26 overlap-

ping metabolites with significant differences in abundance

across all three groups (Figure 1G), highlighting the consistent

involvement of the ether lipid metabolism pathway (Figure 1H)

and suggesting its potential contribution to varying levels of

intestinal inflammation. We further examined the expression

levels of these 26 overlapping blood metabolites. Among them,

23 metabolites, including guanidinoacetic acid, decreased

gradually with increasing inflammatory severity, while N-

acetylneuraminic acid was positively correlated with inflamma-

tion severity (Figures 2A and 2B). The levels of PE (36:3) and

PE (34:2) from HC to BI0 to BI1 initially decreased but then sub-

sequently increased; however, their BI1 levels remained lower

than those in HCs. Logistic regression (LR) prediction models

were built using these 26 metabolites to differentiate HC from

BI0 and BI0 from BI1, achieving satisfactory performance, with

roc AUCs of 0.83 and 0.68 (Figure 2C), as assessed with an inde-

pendent validation dataset.

Collectively, the metabolites significantly differed across

the three groups. Among them, guanidinoacetic acid and

N-acetylneuraminic acid were detected in both the fecal and

blood samples. We further confirmed consistent concentration

trends of N-acetylneuraminic acid in both the discovery dataset

and the validation dataset with blood and fecal samples; the

observed trend was positively correlated with inflammation

levels. However, no such trend was observed for guanidinoace-

tic acid (Figure 2D).

Metabolites as significant biomarkers of intestinal
inflammation severity
A machine-learning approach was employed to identify more

robust metabolites for inflammation severity. LR was used to

identify fecal and blood metabolites significantly contributing

to inflammatory classification (Method S1). Between HC vs.

BI0, BI0 vs. BI1, and HC vs. BI1, we identified 26, 9, and 24 fecal

metabolites, respectively. N-acetylneuraminic acid and guanidi-

noacetic acid were consistently present in the lists (Figure 3A).

Using these fecal metabolites as features, three LR models

were trained. The rocAUC reached 0.90, 0.57, and 0.87, respec-

tively, using a validation dataset (Figure 3A). Moreover, 13, 9, and

14 bloodmetabolites were identified (Figure 3B) and constructed

into three better LR models, with a rocAUC of 0.97 for distin-

guishing BI1 from HC using a validation dataset.

To further improve distinguishing performance, fecal and

blood metabolites were integrated to develop composite

models, with 17, 19, and 20 of the most significant biomarkers,

respectively (Figure 3C). These composite models exhibited

superior performance compared with the individual models,

with improved cross-validated rocAUC values of 0.99, 0.72,

and 1.00 for each respective group. The performance also

demonstrated remarkable stability, with rocAUC values of

0.88, 0.67, and 0.99 when applied to the validated dataset

(Figure 3C).

Consequently, combining fecal and blood metabolites en-

hances the prediction of inflammation severity, offering a panel

of significant metabolites.

Bacterial species as significant biomarkers of intestinal
inflammation severity
We further investigated the differential distribution of bacteria

during inflammation stages via fecal 16S rRNA amplicon

sequencing. The alpha diversity decreased gradually among

the HC, BI0 and BI1 groups (Figure 4A). Analysis of beta

diversity with nonmetric multidimensional scaling (NMDS) re-

vealed that intestinal flora characteristics exhibited significant
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Table 1. Clinical characteristics of healthy controls and patients with CD

Characteristics Healthy controls

Discovery dataset Validation dataset

Total BI0 BI1 P b Total BI0 BI1 P b

Gender, n (%) n = 42 n = 230 n = 108 n = 122 0.429 n = 195 n = 95 n = 100 0.211

Male 35(83.33%) 184(80%) 84(77.78%) 100(81.97%) 144(73.85%) 74(77.89%) 70(70%)

Female 7(16.67%) 46(20%) 24(22.22%) 22(18.03%) 51(26.15%) 21(22.11%) 30(30%)

Age, mean ± SD 29.50 ± 6.19 30.30 ± 7.99 29.82 ± 8.02 30.72 ± 7.98 0.397 28.95 ± 7.20 29.95 ± 7.13 28.01 ± 7.18 0.060

Disease course, month, mean ± SD N/A 60.26 ± 51.40 66.87 ± 50.67 54.41 ± 51.54 0.066 56.44 ± 49.57 60.44 ± 48.13 52.64 ± 50.85 0.273

Drug usea, n (%) N/A

Biologics 63(27.39%) 28(25.93%) 35(28.69%) 0.520 85(43.59%) 53(55.79%) 32(32%) 0.001

Corticosteroids 12(5.21%) 4(3.70%) 8(6.56%) 0.606 10(5.13) 4(4.21%) 6(6%) 0.572

Immunomodulator 69(30%) 46(42.59%) 23(18.85%) 0.000 35(17.95%) 24(25.26%) 11(11%) 0.010

5-Aminosalicylic acid 36(15.65%) 15(13.89%) 21(17.21%) 0.528 47(24.10%) 17(17.89%) 30(30%) 0.049

Surgery, n (%) N/A 0.861 0.209

Intestinal surgery 59(25.65%) 32(29.63%) 27(22.13%) 38(19.49%) 28(29.47%) 10(10%)

Perianal surgery 35(15.22%) 13(12.04%) 22(18.03%) 19(9.74%) 6(6.32%) 13(13%)

Montreal classification, n (%) N/A

Age 0.285 0.050

A1 [%16] 2(0.87%) 0 2(1.64%) 0 0 0

A2 [17–40] 204(88.70%) 98(90.74%) 106(86.89%) 183(93.85%) 88(92.63%) 95(95%)

A3 [>40] 24(10.43%) 11(10.19%) 13(10.66%) 12(6.15%) 7(7.37%) 5(5%)

Disease location 0.308 0.091

L1 [terminal ileum] 26(11.30%) 10(9.26%) 16(13.11%) 41(21.03%) 25(26.32%) 16(16%)

L2 [colon] 9(3.91%) 6(5.56%) 3(2.46%) 8(4.10%) 4(4.21%) 4(4%)

L3 [ileocolon] 186(80.87%) 85(78.70%) 101(82.79%) 144(73.85%) 65(68.42%) 79(79%)

L4 [upper gastrointestinal] 9(3.91%) 7(6.48%) 2(1.64%) 2(1.03%) 1(1.05%) 1(1%)

Disease behavior 0.162 0.209

B1 [inflammatory] 89(38.70%) 44(40.74%) 45(36.89%) 65(33.33%) 38(40.00%) 27(27%)

B2 [stricturing] 70(30.43%) 44(40.74%) 26(21.31%) 83(42.56%) 34(35.79%) 49(49%)

B3 [penetrating] 71(30.87%) 20(18.52%) 51(41.80%) 47(24.10%) 23(24.21%) 24(24%)

Perianal diseases, n (%) N/A 0.272 0.081

Fistula 115(50%) 51(47.22%) 64(52.46%) 85(43.59%) 41(43.16%) 44(44%)

Abscess 28(12.17%) 12(11.11%) 16(13.11%) 23(11.79%) 7(7.37%) 16(16%)

Resection length of bowel (cm) N/A

Resection length of small intestine 54.56 ± 41.12 41.64 ± 29.82 70.26 ± 43.20 0.064 43.71 ± 33.71 41.08 ± 23.14 45.00 ± 35.74 0.189

Resection length of colon 8.00[0, 22.00] 4.50[0.00, 4.00] 10.00[0, 22.00] 0.644 10.00[3.75, 21.63] 9.50[0, 10.75] 11[4, 23] 0.219

Smoking, n (%) 5(11.90%) 21(9.13%) 6(5.56%) 15(12.30%) 0.077 7(3.59%) 3(3.16%) 4(4%) 0.753

Drinking, n (%) 21(50%) 16(6.96%) 7(6.48%) 9(7.38%) 0.790 6(3.08%) 5(5.26%) 1(1%) 0.086

(Continued on next page)
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discriminatory power among the HC, BI0, and BI1 groups

(PERMANOVA test, p = 0.001) (Figure 4B). Among them, HCs

and BI0/BI1 differentiated significantly from each other; along

the different dimensions of NMDS, BI0 and BI1 showed small

but not significant difference from each other (Figure 4B).

Similarly, we also conducted a comparative analysis of bacte-

rial composition among groups with different inflammatory

levels. Significant differences in intestinal bacterial composition

were observed between HCs vs. BI0 and HCs vs. BI1, with 103

and 130 gut microbiota (Mann‒Whitney U tests, FDR<0.05),

respectively, under an overlap of 97 common gut microbiota

(Figure 4C). However, no bacterial composition significantly

differed between BI0 and BI1. With a different comparison strat-

egy, LEfSe analysis also revealed significant differences be-

tween HC vs. BI0 and HC vs. BI1 (84 and 229 gut microbiota,

respectively, absolute value of LDA scoreR2) (representative re-

sults are shown in Figure 4D; complete results are presented in

Figures S2 and S3). Notably, there was a high degree of concor-

dance regarding the differential gut microbiota identified by both

of the above showed comparisons (Figures S2 and S3). LEfSe

analysis revealed that the gut microbiota differed between BI0

and BI1: Pseudomonas and Staphylococcus were more abun-

dant in BI1, whereas Hafnia-Obsumbacterium was more abun-

dant in BI0 (Figure 4D). Pseudomonas is proinflammatory,22

with 50% of CD patients developing serum antibodies against

it.23 Similarly, Staphylococcus stimulates proinflammatory

gene expression and cytokine production.24 Moreover, this

study may be the first to report a correlation between Hafnia-

Obesumbacterium and CD-related inflammation, but further in-

vestigations are needed to understand its role in reducing the

severity of inflammation. For HCs vs. BI0 and HCs vs. BI1,

LEfSe analyses also revealed many taxa associated with inflam-

mation, including well-known CD-associated species such

as Enterococcus, Ruminococcus, and Lachnospiraceae (Fig-

ures 4D, S2, and S3). Interestingly, multiple Ruminococcus spe-

cies had different effects.

Again, the taxonomic characteristics that could classify

inflammation levels most effectively were analyzed via LASSO,

which generated 29 and 21 features between HCs vs. BI0 and

HCs vs. BI1, respectively. The LR models exhibited good

discrimination for both the training and validation datasets,

with rocAUC values of 0.95 and 0.85 for HCs vs. BI0 and 0.85

and 0.94 for HCs vs. BI1, respectively (Figure 4E). However,

the model based only on the three gut microbiota types failed

to distinguish BI0 and BI1 effectively. It was noted that applying

LASSO also identified different species or groups of Ruminococ-

cus, a genus closely associated with IBD, including Ruminococ-

cus gnavus and R. gauvreauii.

Taken together, although the differential flora observed among

BI0 vs. BI1 did not exhibit significant discriminative efficacy, we

identified several bacteria that may play crucial roles in intestinal

inflammation severity variation.

Combining the gut microbiota with fecal and blood
metabolites improves the accuracy of characterizing
intestinal inflammation severity
The aforementioned results prompted us to investigate whether

integrating these multiomics factors can further enhance theT
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performance in characterizing inflammation severity. Initially, 17,

19, and 20 characteristic metabolite‒flora combinations were

identified to distinguish HCs vs. BI0, BI0 vs. BI1, and HCs vs.

BI1 groups from LASSO regression, respectively (Figures 4F–

4H). The application of these features to train LR models in inde-

pendent validation datasets yielded satisfactory results in distin-

guishing HCs vs. BI0 and HCs vs. BI1, with rocAUC values of

0.89 and 0.99, respectively (Figures 4F and 4H). Notably, the BI0

A B

C D

E F

G H

Figure 1. Fecal and blood metabolome comparisons between HCs, BI0, and BI1 patients

(A–D) Clustering of the subjects with fecal (A and B) or blood (C and D) metabolites after PLS-DA analysis. PERMANOVA tests were performed, and the p values

are indicated.

(E) Comparison of the fecal metabolites between the HC, BI0, and BI1 groups.

(F) Functional enrichment analysis of the significantly different fecal metabolites between the groups is shown.

(G) Comparison of the blood metabolites between the HC, BI0, and BI1 groups.

(H) Functional enrichment analysis of the significant differences in blood metabolites between the groups is shown.
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vs. BI1 model, which is based on multiomics features, had a ro-

cAUC value of 0.69 for independent assessment with the valida-

tion dataset, outperforming the models developed with single

omics (Figure 4G).

Accordingly, the combination of metabolites with the gut mi-

crobiota enables a more accurate prediction of intestinal inflam-

mation levels.

Interactions between metabolites and the gut
microbiota are altered during different intestinal
inflammation severity
To elucidate the underlyingmechanism of the gutmicrobiota and

metabolites in intestinal inflammation severity, we analyzed

possible pathway associations among the gut microbiota, me-

tabolites, and intestinal inflammation. For blood metabolites,

we focused on the 26 metabolites that consistently showed sig-

nificant differences between each pair of intestinal inflammation

groups. For the gut microbiota and fecal metabolites, we

observed the aggregation of microbiota/fecal metabolites linked

to the degree of intestinal inflammation, yielding significant find-

ings in comparisons between HCs vs. BI0 and HCs vs. BI1

(Spearman correlation coefficient, SCC absolute value R 0.3,

FDR<0.05). Significant results of LEfSe analysis were also

included in the gut microbiota.

For the ‘‘microbiota-blood metabolite-intestinal inflammation’’

pathway, 40 gut microbiota, 17 metabolite, and intestinal inflam-

mation levels were included (Figure S4). Among them, 13 gut mi-

crobes and 10metabolites were significantly associated with the

degree of intestinal inflammation (Figure 5A; the absolute values

of the SCC and FDR were R0.4 and 0.05, respectively). Media-

tion analysis revealed that 24 out of 35 pathways were significant

(PACME < 0.05), and 23 pathways were strongly significant

(PACME < 0.005) (Figure 5A). In all 24 significant pathways, the

gut microbiota acted as an inhibitor of intestinal inflammation

(Figures 5A and S4). For example, the intestinal bacterium

R. gauvreauii was negatively correlated with inflammation

severity and strongly associated with three blood metabolites,

PC(O-34:3), ePE (38:6), and Cer (d18:2/24:2). Mediation analysis

also revealed that R. gaureauii could positively regulate these

three blood metabolites, resulting in the inhibition of intestinal

A B

C D

Figure 2. The abundance patterns of 26 blood metabolites were significantly different between each pair of bowel inflammation groups

(A) Abundance heatmap of the 26 blood metabolites.

(B) Violin diagrams showing the abundances of the 26 blood metabolites. All the metabolites are significantly different between each pair of groups (p < 0.05,

Mann-Whitney U test).

(C) ROC curves of the bowel inflammation prediction models based on the 26 blood metabolites. The average 5-fold cross-validation (5F‒CV) curve with the

discovery dataset and the independent validation (Val) curve with the validation dataset are shown in red and blue, respectively. The rocAUC was indicated for

each model, while for 5F-CV evaluation, the mean of 5-fold rocAUC values was indicated.

(D) Abundances of guanidinoacetic acid and N-acetylneuraminic acid in the blood and feces of the discovery and validation datasets. The z-scores of the

metabolites for each group in (B) and (D) were represented as mean ± SEM among the pooled cases. *, p < 0.05, Mann‒Whitney U test.
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inflammation (Figures 5A and 5B, all p < 0.05). The relative abun-

dance of these gut microbes tended to decrease across the BI0

and BI1 groups (Figure S5B and S5C).

For the ‘‘microbiota-fecal metabolites-intestinal inflammation’’

pathway, a more complex association network was identified

(Figure S6), including 46 gutmicrobiota and 46 fecal metabolites.

Twenty-nine of these gut microbiota presented in blood metab-

olite pathways. We then selected the most significantly corre-

lated microbiota and metabolites (absolute value of the SCC be-

tween the gut microbiota and metabolites R0.5), including 21

gutmicrobiota and 25metabolites (Figure 5C). The bacterial flora

and fecal metabolites form complex pathways to regulate

inflammation, resulting in a more typical ‘‘multibacteria-multime-

tabolite-intestinal inflammation’’ pattern. Mediation analysis also

revealed multiple significant pathways (PACME < 0.05), involving

the gut microbiota of Adlercreutzia, Odoribacter, Alistipes,

Agathobacter, and Fusicatenibacter; multiple groups of Lachno-

spiraceae, Roseburia, Ruminiclostridium_5 and Ruminococca-

ceae; and metabolites such as 2,2-dimethyladipic_acid and

12-ketoLCA (Figure 5C). However, consistent directions were

identified in which bacteria correlated with intestinal inflamma-

tion directly or by the mediation of metabolites. For example,

both Adlercreutzia and Fusicatenibacter promoted the produc-

tion of 2,2-dimethyladipic acid in the stool, which mediated the

suppression of inflammation (Figure 5D). Fusicatenibacter could

also positively regulate other inflammation-inhibiting fecal me-

tabolites, such as 12-ketoLCA (Figure 5D). The concentrations

of 2,2-dimethyladipic acid and 12-ketoLCA decreased

A

B

C

Figure 3. ROC curves of models for the identification of patients with different levels of bowel inflammation based on metabolite-based

biomarkers

Models based on the fecal metabolites, blood metabolites, and combined fecal and blood metabolites are shown in (A), (B), and (C), respectively. The features

listed on the right of the ROC curves were selected with LASSO regression. Guanidinoacetic acid and N-acetylneuraminic acid, shown in red, were always

selected as effective biomarkers. Both the 5-fold cross-validation (5F-CV) and the independent validation (Val) results are shown in red and blue, respectively. The

rocAUC was indicated for each model, while for 5F-CV evaluation, the mean of 5-fold rocAUC values was indicated. For the models with combinatorial features,

the fecal and blood metabolites are indicated by the names followed by ‘_fe’ and ‘_bl’, respectively.
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significantly with increasing inflammation (Figure S5D). Surpris-

ingly, Fusicatenibacter could also negatively regulate inflamma-

tion-promoting blood metabolites such as N-acetylneuraminic

acid to inhibit inflammation (Figure 5B).

In summary, themultiple gut microbiota work together to influ-

ence inflammation severity by forming complex networks with

multiple fecal/blood metabolites.

The gut microbiota and metabolites are correlated with
MRE-detectable morphological alterations caused by
different intestinal inflammation severity
To noninvasively illustrate the role of the gut microbiota and me-

tabolites in inflammation severity, we further investigated their

potential link to intestinal macromorphological alterations. Ten

of the 12 MRE findings (Detailed in Table 2), excluding lymph

node and perianal disease, exhibited significant correlations

with the degree of inflammation (p < 0.05). Among these param-

eters, all but the ADC were positively correlated with the degree

of inflammation (Figure 6A).

We then analyzed the correlations between the gutmicrobiota,

metabolites, and MRE features. Twenty-four blood metabolites

and four fecal metabolites, but not the gut microbiota, were

significantly correlated with ten MRE features (Figures 6A and

6B). These 24 blood metabolites were also included in the 26

subsets that exhibited significant differences between each

pair of inflammation groups (Figure 6B). No significant correla-

tion of metabolites with either lymph node alterations or perianal

diseaseswas detected (Figures 6A andS7). Additionally, the lack

of significant correlations betweenmicrobiota andMREsmay be

attributed to their relatively lower abundance than that of

metabolites.

From the blood and fecal metabolites that were significantly

associated with the MRE features (Figure S7), we further identi-

fied several significant ‘‘metabolite-MRE feature-intestinal

inflammation’’ pathways through mediation analysis (Figure 6C;

PACME < 0.05). Most of the metabolites exhibited inverse associ-

ations with the MRE features. Among them, blood metabolites

were strongly correlated with effusion, thickness, T2WI-SI, and

penetration. In particular, N-acetylneuraminic acid, the only

blood metabolite identified in this study, significantly promoted

inflammation by positively regulating MRE-detectable effusion

(Figure 6C). The ADC, the only MRE feature inversely associated

with intestinal inflammation, was specifically regulated by guani-

dinoacetic acid (Figure 6C). Among the fecal metabolites, only

citrulline was identified through a ‘‘metabolite-MRE feature-in-

testinal inflammation’’ pathway, with thickness being the only

significant mediating factor (Figure 6C).

Taken together, the associations among the gut microbiota,

fecal and blood metabolites, and intestinal/perienteric alter-

ations detected via MRE provide novel evidence supporting

the role of these selected multiomics factors in the severity of in-

testinal inflammation.

DISCUSSION

A recent study revealed that the gut microbiota and its metabo-

lites play important roles in intestinal inflammation.25 We profiled

the blood and fecal metabolites and microbiomes of CD patients

with different levels of inflammation and compared them with

those of HCs, demonstrating that the interactions among CD-

associated bacteria and metabolites are altered during the vary-

ing levels of intestinal inflammation. Importantly, we expanded

on previous research examining the relationship between micro-

biota, metabolome, and IBD inflammation26,27 by further linking

microscopic multiomics factors to intestinal macromorphologi-

cal changes. We demonstrated potential pathways through

which bacteria, metabolite markers, and imaging features

contribute to different levels of inflammation. This enabled us

to identify potential multiomics factors that may lead to

increased intestinal inflammation in CD patients.

Previous studies have indicated a strong correlation between

the composition of the intestinal microbiota and the incidence of

gastrointestinal disorders.6,11,28 Our findings revealed that 29

microbiome markers, including various pathogenic bacteria,

such as Alloprevotella29 and Roseburia,12 had a significant

discriminatory effect on BI0 patients (rocAUC = 0.89). These

BI0 patients may be difficult to distinguish from HCs based on

imaging features, suggesting the possibility of the use of micro-

ecological markers in identifying CD patients with milder inflam-

matory manifestations.

Moreover, CD patients exhibit characteristic variations in

metabolite profiles.12 Our results demonstrated that the concen-

tration of N-acetylneuraminic acid in the blood and feces gradu-

ally increased as inflammation progressed. These findings align

with those of previous studies showing a positive correlation with

inflammatory markers (e.g., C-reactive protein and sedimenta-

tion rate).30,31 Interestingly, N-acetylneuraminic acid, a type of

sialic acid,32 also serves as a preferential energy source for

Escherichia coli proliferation. A surge in the Escherichia coli pop-

ulation can exacerbate the inflammatory response by inducing

the production of proinflammatory cytokines.33 Moreover,

N-acetylneuraminic acid, a proinflammatory factor, was further

shown to be significantly negatively correlated with the gut mi-

crobiota of Fusicatenibacter. The reduction in Fusicatenibacter

Figure 4. Different compositions of the gut microbiota between subjects with different levels of bowel inflammation, and ROC curves of

models for the classification of patients with different levels of bowel inflammation based on combinatorial biomarkers of metabolites and

the gut microbiota

(A and B) Alpha diversity (A) and beta diversity (B) of the gut microbiota of HC, BI0, and BI1 subjects.

(C) Venn diagram showing the number of microbiota taxa with significant differences in relative abundance between the HC, BI0, and BI1 groups.

(D) Gut microbiota with significant differences in relative abundance between the HC, BI0, and BI1 groups detected via LEfSe analysis. All the significant taxa for

BI0 vs. BI1 are shown. For HCs vs. BI0 andHCs vs. BI1, only the taxawith absolute LDA scoresR4.0 are shown, whereas the full sets of significant taxa are shown

in Figures S2 and S3.

(E) ROC curves of bowel inflammation prediction models based on the gut microbiota were generated via LASSO regression.

(F–H) The biomarkers were selected via LASSO regression. The fecal and blood metabolites are indicated by the names followed by ‘_fe’ and ‘_bl’, respectively.

The rocAUC was indicated for each model, while for 5F-CV evaluation, the mean of 5-fold rocAUC values was indicated in (E-H).
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A B

C D

Figure 5. Pathways connected to the gut microbiota, metabolites, and bowel inflammation
(A) Sankey diagram showing the representative correlation pathways of the gut microbiota, blood metabolites, and bowel inflammation. Only the 26 blood

metabolites with significant differences in abundance among all three bowel inflammation groups were identified. The gut microbiota shown in the Sankey

diagram is correlated with bowel inflammation (SCC >0.3 or < �0.3, FDR <0.05) and typically correlated with the listed blood metabolites (SCC >0.4 or < �0.4,

FDR <0.05).

(B) Mediation analysis of the representative pathways of ‘‘gut microbiota–blood metabolite–bowel inflammation’’ (ADE, average direct effect; ACME, average

causal mediation effect).

(C) Sankey diagram showing the representative correlation pathways of the gut microbiota, fecal metabolites, and bowel inflammation. The gut bacterial taxa and

fecal metabolites shown in the Sankey diagram are correlated with bowel inflammation (SCC >0.3 or <�0.3, FDR <0.05) and typically correlated with each other

(SCC >0.5 or < �0.5, FDR <0.05).

(D) Mediation analysis of the representative pathways of ‘‘gut microbiota–faecal metabolite–bowel inflammation’’. For (A) and (C), the positive and negative

correlations are shown as red and blue lines, respectively, for which the width is proportional to the correlation level. Pathways with significant mediating effects

are shown with asterisks. *, significant with p value <0.05; **, significant with p value <0.01; ***, significant with p value <0.005.
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Table 2. Definitions and illustrations of MRE features

Score 0 Score 1 Score 2

Semi-quantitative evaluation

Stricture

d Stricture: The bowel

diameter is reduced to

50% or less of the

adjacent well-expanded

normal lumen.

d Pre-stenotic dilatation:

The bowel diameter

exceeds 1.5 times

that of the adjacent

well-expanded

normal intestinal lumen.
No stricture, no pre-stenotic dilatation

Stricture without pre-stenotic dilatation Stricture with pre-stenotic dilatation

Penetration

d Deep ulcer: Thickened

intestinal mucosa

interruptions cause

contrast agent infiltration

into the serosa, yielding

thin linear high-signal

patterns on T2-weighted

imaging.

d Fistula: Abnormal

channels were observed

connecting the affected

bowel to other bowel

segments, body cavities,

or the body surface,

including bowel-bowel

fistula, bowel-cutaneous

fistula, intestinal-bladder

fistula as well as intestinal-

vaginal fistula.

d Abscess: mesenteric or

peritoneal fluid collection

with rim enhancement and/

or internal air.

No penetration

Deep ulcer

Fistula/abscess

(Continued on next page)
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Table 2. Continued

Score 0 Score 1 Score 2

Effusion

The increase of perienteric

signal on fat-suppressed

T2WI sequence with or

without perienteric

effusion was observed.

Similar to the normal mesentery

Increased mesenteric signal without
perienteric effusion

Increased mesenteric signal with
perienteric effusion

Bowel wall contrast

enhancement (CE) extent

The enhancement extent

in the arterial phase of the

affected bowel wall was

compared with that of

the normal bowel wall

and blood vessels.

Similar to the normal bowel Stronger than that of normal bowel wall
but weaker than that of adjacent vessels

Close to the adjacent blood vessels

Bowel wall contrast

enhancement (CE) pattern

Homogeneous enhancement throughout

the entire layer Mucosal enhancement exceeded
submucosal, muscular, and serous layers

/

(Continued on next page)
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Table 2. Continued

Score 0 Score 1 Score 2

Perianal diseases

No perianal diseases
Perianal fistula

Perianal abscess

Bowel wall T2WI signal

(T2WI-SI)

The bowel wall signal

on the T2W non-fat

sequence was measured

when the bowel cavity

was well filled.

Similar to the normal bowel wall
Higher than the normal bowel
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Table 2. Continued

Score 0 Score 1 Score 2

Length of diseased bowel

The length of the bowel

segment with the most

obvious lesion was

comprehensively evaluated

in combination with

multiple directions.

Length %15 cm

Length >15 cm

/

Comb sign

The vessels on the

mesenteric side of the

affected bowel were dilated

and arranged in comb shape,

which was observed on the

enhanced arterial phase.

No comb sign Comb sign

/

Lymph node

Short axis of lymph node%10 mm
Short axis of lymph node >10 mm

/

(Continued on next page)
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Table 2. Continued

Score 0 Score 1 Score 2

Quantitative evaluation

Bowel wall thickness

Measured the largest bowel

wall thickness on the

thickest area on the short

axis of inflamed intestine

Bowel wall ADC (310�3

mm2/s)

The region of interest

covered the affected bowel

wall and the delineation of

extraenteric structures was

avoided.

Note. MRE, magnetic resonance enterography; T2WI, T2 weighted imaging; ADC, apparent diffusion coefficient.
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may contribute to the increase in C-reactive protein levels in CD

patients.34 The presence of Fusicatenibacter is inversely corre-

lated with intestinal inflammation and exerts inhibitory effects

on N-acetylneuraminic acid, thereby exerting a suppressive ef-

fect on overall intestinal inflammation. Additionally, this study re-

vealed that Ruminococcus gauvreauii had a low abundance in

CD, whereas R. gnavus had a high abundance; although both

showed a decreasing trend from BI0 to BI1, they had opposite

effects on inflammation through metabolites (Figures S5B and

S5C). Moreover, our LEfSe analysis revealed that the abundance

A B

C

Figure 6. Correlations between MRI findings and bowel inflammation, metabolites, or the gut microbiota

(A) Spearman correlations between the twelveMRE features and bowel inflammation (BI) or biological factors. TheMRE features that were significantly correlated

with the BI are shown with asterisks. *, significant with p value <0.05; **, significant with p value <0.01; ***, significant with p value <0.005. The numbers of

metabolites and gut microbes significantly correlated with the MRE features are shown in bar plots.

(B) Heatmaps illustrating the SCC between representative blood or fecal metabolites and MRI indications. The representative blood metabolites presented

significant differences in abundance among all three groups and were significantly correlated with at least one of the twelve MRE features. The fecal metabolites

were significantly correlated with both the BI and at least one of the twelve MRE features.

(C) Sankey diagram showing the pathways associated with metabolites, MRE features, and bowel inflammation. All the metabolites were significantly correlated

with BI. Only the pathways with significant mediating effects according to the MRE features are shown. The positive and negative correlations are shown as red

and blue lines, respectively, for which the width is proportional to the correlation level.
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of Pseudomonas and Staphylococcus increased from BI0 to BI1,

indicating an inducing effect of inflammation. Current studies

have also demonstrated that lipopolysaccharide release from

Pseudomonas activates NF-kB signaling, leading to inflamma-

tion.35 Moreover, Staphylococcus produces serine protease-

like proteins associated with allergic inflammation.36

In addition to N-acetylneuraminic acid, 26 blood lipid metabo-

lites varied significantly across inflammation processes. Ceram-

ides are crucial for various cellular physiological processes,

including stress and inflammation.37 However, the impact of

ceramides with different acyl chain lengths on IBD remains unex-

plored.38 Preclinical studies have shown that ceramide lipo-

somes can alleviate colitis in IBD mice.39 These findings support

our observation that ceramide levels tended to decrease from

HCs to CD patients with variance in inflammation. Additionally,

diminished levels of phosphatidylcholine (PC) are associated

with the onset of inflammation.40 By modulating lysophosphati-

dylcholine metabolism, it is possible to mitigate inflammation

and enhance intestinal barrier function,41 supporting our

findings.

To elucidate the underlying mechanism responsible for the

generation of characteristic metabolites, KEGG pathway anal-

ysis was employed to reveal differential pathways. The ether lipid

metabolism pathway and sphingolipid metabolic pathway were

significantly altered in moderate-to-severe CD-related inflam-

mation, which aligns with the findings of previous studies.42

Another study reported that host sphingolipid levels are corre-

lated with the inflammatory effect of fecal bacteroides.43 More-

over, the ether lipid metabolism pathway induces inflammation

progression through regulating neutrophil accumulation.44 With

respect to the fecal metabolic pathways, glycine, serine, and

threonine metabolism pathways were enriched in the moder-

ate-to-severe inflammatory group, which aligns with the findings

of an IBD mouse experiment.45

In clinical practice, MRI is a valuable reference for surgical de-

cision-making in CD patients because it allows accurate identi-

fication of imaging features such as stenosis or penetration.46,47

According to the European Crohn’s and Colitis Organisation

(ECCO) guidelines, a comprehensive assessment of the intes-

tines, ideally via preoperative MRE, is crucial when surgical

intervention becomes necessary.48 Therefore, we also identi-

fied a significant correlation between microscopic metabolic

markers and macroscopic imaging features, suggesting the

involvement of multiple metabolites in the inflammatory process

underlying these imaging features. Most blood metabolites,

including N-acetylneuraminic acid, guanidinoacetic acid, and

ceramide, that persist in varying levels of inflammation have

inhibitory effects on imaging features associated with the de-

gree of inflammation. This finding offers additional information

for personalized precision medicine to delay or prevent severe

inflammation.

In conclusion, our comprehensive investigation of the gut mi-

crobiome and metabolites revealed dynamic alterations in spe-

cific components associated with different levels of intestinal

inflammation, highlighting the potential association between

the gut microbiota, metabolites, and intestinal inflammation

severity. We also established a link between microscopic micro-

biota metabolite markers and macroscopic imaging features.

Modulating crucial microbial metabolites could mitigate the

pronounced inflammation associated with imaging features,

thereby circumventing the need for surgery. Additionally, we pri-

marily employed mediation analysis to establish the causal

relationship between microscopic and macroscopic factors,

thereby facilitating the identification of more specific bio-

markers. In the future, alternative causality analysis methods

such as Mendelian randomization could be considered for

more robust results.

Limitations of the study
There are certain limitations in our study. First, this was a single-

center study. However, the participants were recruited from a

highly reputable IBD center with wide geographical representa-

tion. This highlights the study’s commitment to population diver-

sity and encourages model generalizability. In the future,

including data from other centers could further increase the

robustness and replicability of our conclusions. Second, we

could not track the same patient over time or collect multiomics

data at different intervals, whichwould demonstrate the dynamic

changes in these omics data with intestinal inflammation within

an individual’s body. Third, in vivo animal experiments were

not performed. Finally, we used traditional MRE sequences for

evaluating intestinal stricture features, which may not accurately

differentiate inflammatory from fibrotic strictures.49 Future

studies should consider employing advanced MRI techniques,

such as magnetization transfer imaging, or using excised intes-

tinal specimens as histological controls to more precisely distin-

guish the stricture types. This would enable a more thorough

evaluation of the differences in microbiota and metabolomics

between these two types of strictures.
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KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement
This prospective observational study was approved by Institutional Ethics Review Board of First Affiliated Hospital of Sun Yat-Sen

University (No. [2021]215-2). Informed consent was obtained from all participants.

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw and analyzed data This paper N/A

Software and algorithms

R Version 4.3.1 https://www.r-project.org/

Vegan Version 2.6 https://github.com/vegandevs/vegan

ClusterProfiler Version 4.15.1 https://bioconductor.org/packages/release/

bioc/html/clusterProfiler.html

Microeco Version 1.12.0 https://github.com/ChiLiubio/microeco

Pheatmap Version 1.0.12 https://doi.org/10.32614/CRAN.package.pheatmap

Ggplot2 Version 3.5.1 https://github.com/tidyverse/ggplot2

Glmnet Version 4.1–7 https://glmnet.stanford.edu

Python Version 3.11.3 https://www.python.org/

Scikit-learn Version 1.3.0 https://scikit-learn.org/stable/

Mediation Version 4.5.0 https://imai.princeton.edu/projects/mechanisms.html

Origin Origin2024 https://www.originlab.com

QIIME2 2019.4 N/A https://docs.qiime2.org/2019.4/tutorials/

Cutadapt Version1.2.1 https://github.com/marcelm/cutadapt/

Map2slim N/A https://www.metacpan.org

Kraken2 N/A https://ccb.jhu.edu/software/kraken2/

MMseqs2 N/A https://github.com/soedinglab/MMseqs2

Megahit Version 1.1.2 https://github.com/voutcn/megahit

KOBAS N/A http://bioinfo.org/kobas/

EggNOG N/A http://eggnogdb.embl.de/

CAZy N/A http://www.cazy.org/

Chemicals, peptides, and recombinant proteins

MagBeads FastDNA Kit for Soil 116564384 MP Biomedicals, CA, USA

Other

NanoDrop NC2000 spectrophotometer N/A Thermo Fisher Scientific, Waltham, MA, USA

Vazyme VAHTS DNA Clean Beads N/A Vazyme, Nanjing, China

Quant-iT PicoGreen dsDNA Assay Kit N/A Invitrogen, Carlsbad, CA, USA

Illumina NovaSeq 6000 N/A Illumina

QubitTM 4 Fluorometer N/A Invitrogen, USA

TruSeq Nano DNA High Throughput Library Prep Kit

(96 samples)

20015965 Illumina,USA

N-(3-(dimethylamino)propyl)-N0-ethylcarbodiimide (EDC)$HCl N/A Sigma‒Aldrich, St. Louis, MO, USA

Ultraperformance liquid chromatography coupled to

tandem mass spectrometry (UPLC‒MS/MS

N/A ACQUITY UPLC Xevo TQ-S, Waters Corp.,

Milford, MA, USA

Targeted Metabolome Batch Quantification (TMBQ) Version 1.0 Metabo-Profile, Shanghai, China

iMAP platform Version 1.0 Metabo-Profile, Shanghai, China

iScience 28, 112310, May 16, 2025 e1

iScience
Article

ll
OPEN ACCESS

https://www.r-project.org/
https://github.com/vegandevs/vegan
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://bioconductor.org/packages/release/bioc/html/clusterProfiler.html
https://github.com/ChiLiubio/microeco
https://doi.org/10.32614/CRAN.package.pheatmap
https://github.com/tidyverse/ggplot2
https://glmnet.stanford.edu
https://www.python.org/
https://scikit-learn.org/stable/
https://imai.princeton.edu/projects/mechanisms.html
https://www.originlab.com
https://docs.qiime2.org/2019.4/tutorials/
https://github.com/marcelm/cutadapt/
https://www.metacpan.org
https://ccb.jhu.edu/software/kraken2/
https://github.com/soedinglab/MMseqs2
https://github.com/voutcn/megahit
http://bioinfo.org/kobas/
http://eggnogdb.embl.de/
http://www.cazy.org/


Patient recruitment and specimen collection
FromMay 2021 to April 2023, 438 patients were consecutively recruited according to the following inclusion criteria: a) patients diag-

nosed with CD; and b) patients who simultaneously underwent MRE and ileocolonoscopy and provided faecal/serum samples within

one week of MRE scanning. The exclusion criteria were as follows: a) antibiotic, probiotic, or prebiotic use three months before in-

clusion; or b) other concomitant digestive diseases. Thirteen potential participants were excluded because they had antibiotic, pro-

biotic, or prebiotic use in the three months before inclusion (n=11) or other concomitant digestive diseases (n=2) (Figure S1). There-

fore, the final patient cohort included 425 subjects.

To illustrate the differences in microecology between HCs and CD patients with different levels of inflammation, we included an

additional 42 HCs. HCs were recruited based on matching the age range and sex ratio of CD patients, with their faecal/serum sam-

ples collected. Exclusion criteria included gastrointestinal symptoms or the use of antibiotics, probiotics, or prebiotic drugs within

three months before enrolment. The faeces were immediately frozen at �80�C. Blood samples were sent directly to the laboratory

to obtain serum and frozen at �80�C (Method S2).

The 467 participants were divided into two cohorts: a derivation cohort (CD, n=230; HCs, n=30) and a test cohort (CD, n=195; HCs,

n=12) (Table 1). All analyses were derived from the derivation cohort, whereas the test cohort was solely utilized to verify the models’

generalizability.

METHOD DETAILS

Grading intestinal inflammation via MRE and ileocolonoscopy
CD patients underwent ileocolonoscopy followed byMRE (Method S3). MRE (including T2-weighted imaging, diffusion-weighted im-

aging, and pre/postenhancement T1-weighted imaging) was performed using a 3.0T MR system50(protocol detailed in Table S1).

The simplified Magnetic resonance index of activity (sMaRIA)51 andMR enterography global score (MEGS)52 (Table S2) were used

to assess transmural inflammation by three radiologists who were blinded to the patients’ clinical information. The former encom-

passes evaluation from the ileum to the rectum, while the latter complements sMaRIA by assessing segments from the jejunum

to the rectum, thereby addressing previously unassessed intestinal regions. The simplified endoscopic activity score for Crohn’s dis-

ease (SES-CD) was employed to quantify mucosal inflammation from the terminal ileum to the colorectum by two gastroenterologists

without knowledge of MRE (Method S4). The cut-off values between BI0 and BI1s were SES-CDR11,53,54 MEGS scoreR10 (small

bowel) or MEGS scoreR12 (colon),55,56 and sMaRIAR2.51 BI1 was defined when at least two of the above criteria were met. Finally,

203 patients were diagnosed with BI0, and 222 exhibited BI1.

Assessment of intestinal inflammation-associated morphological alterations on MRE
The MRE findings of the most severely diseased intestines were jointly evaluated by three radiologists who were blinded to the pa-

tients’ clinical information.57 The imaging features included bowel stricture, penetrating disease, perienteric effusion, comb sign, wall

thickness, apparent diffusion coefficient (ADC), T2WI-SI, mural hyperenhancement, mural enhancement pattern, length of diseased

bowel, adenopathy, and perianal diseases (Table 2).

Faecal and blood metabolomics
Blood samples were collected from all 467 participants for targetedmetabolomics profiling. A total of 245 patients (derivation cohort,

n=152; test cohort, n=93) and all 42 HCs provided faecal samples for targeted metabolomics profiling. After Z-transformation of the

metabolomic data, partial least squares discriminant analysis (PLS-DA) was conducted to identify differentially abundant metabolites

between the groups. Ultimately, 233 faecal metabolites and 529 blood metabolites were identified. Metabolomic experiments, data

analyses, and statistical methods are detailed in Methods S1 and S5.

16S rRNA gene amplicon sequencing
16S rRNA gene amplicon sequencing was conducted on all the faecal samples. The alpha diversity was measured with the Chao1,

Shannon, and Simpson indices. Mann‒Whitney U tests were performed to compare alpha diversity. Bray‒Curtis distances were

calculated, and beta diversity was evaluated. Permutational multivariate analysis of variance (PERMANOVA) was performed with

the adonis function in Vegan (v.2.6) to assess the microbial variance explained by different groups (https://view.qiime2.org/). Linear

discriminant analysis effect size (LEfSe) was performed to identify the differentially abundant gut microbiota (Methods S1 and S6).

QUANTIFICATION AND STATISTICAL ANALYSIS

The continuous variables were compared between groups via Student’s t tests or Mann‒WhitneyU tests, whereas chi‒square tests

were employed to compare discrete variables. Additional statistical methods are described in the corresponding sections of themain

text or detailed in Method S1. Benjamini‒Hochberg corrections were performed if multiple testing was performed, and the false dis-

covery rate (FDR) was calculated. Statistical analyses were conducted via R statistical software. A significance level of P < 0.05 or

FDR<0.05 for multiple testing was applied for all the statistical tests.
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