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Abstract
Background: Gut microbial imbalance is one of the recognized factors that may lead to Crohn’s disease (CD). In addition, the disturbances of gut microbiota
may further contribute to metabolic disorders. The present study investigated the alterations and correlations of ileum microbiota and serum metabolites in
CD.

Methods: Fecal samples from the ileal stoma and venous blood samples were collected from CD patients in the active and remission stages. The composition
of ileum microbiota was evaluated by 16S ribosomal RNA (rRNA) gene sequencing, and the alterations of serum metabolites including bile acids and amino
acids were assessed by liquid chromatography-mass spectrometry (LC-MS).

Results: The alpha diversity of ileum microbiota in the active stage was higher than in the remission stage, the statistical difference was not signi�cant.
However, a signi�cant difference was observed for the beta diversity. On the phylum level, the relative abundances of Bacteroidetes, Desulfobacterota,
Myxococcota, and Unclassi�ed_k__norank_d__Bacteria were statistically higher in the active stage of CD. On the genus level, lower relative abundances of
Veillonella, Lactococcus, Klebsiella, Unclassi�ed_f__Enterobacteriaceae, Blautia, and Streptococcus were found in the active stage, while the contrary were
observed for Bacteroides, Ralstonia, Collinsella, and Ruminococcus_torques_group with statistical differences.

In terms of the alterations of serum metabolites, the concentrations of cholic acid, chenodeoxycholic acid, serine, isoleucine and arginine were higher in the
active stage with statistical differences, while the concentrations of taurocholic acid, glycocholic acid, glycinechenodeoxycholic acid, asparagine, tyrosine and
glycine were higher in the remission stage with statistical differences. Additionally, CDAI score was positively associated with active stage enriched microbiota
and metabolites, while prealbumin was positively correlated with remission stage enriched microbiota and metabolites.

Conclusion: The results revealed the dysbiosis of ileum microbiota and metabolites in CD, which varied across disease stages. Studying microbiology and
metabolomics may establish a foundation for subsequent mechanistic studies and lead to novel therapy.

Introduction
Crohn’s disease (CD) is a complex chronic in�ammatory bowel disease of which the prevalence is gradually increasing worldwide,,,. It is most frequently
diagnosed in individuals between the ages of 20 and 30. Currently, the etiology of CD is still obscure, whereas more and more evidence has revealed that
genetic susceptibility, environmental triggers, and an imbalance of gut microbiota play essential roles in the occurrence and development of the disease,,. Until
now, many scholars worldwide have offered a detailed insight into the disorders of colonic microbiota in CD patients, characterized by a decreased diversity
and alterations in the abundance of speci�c microbiota,. De�ciency of Faecalibacterium and Roseburia and overgrowth of Enterobacteriaceae and
Ruminococcus gnavus have been revealed in previous studies,. Furthermore, the disturbances of certain gut microbiota have been closely associated with the
activity of CD, which is characterized by an increase in Enterobacteriaceae and Bacteroides and a reduction of Clostridium coccoides group,. However, the
ileum is a vital section of the whole gastrointestinal tract and the main location of CD activity, speci�c microbiota alterations in the ileum remain
underestimated.

Bile acids are soluble derivatives of cholesterol produced in the liver, subsequently undergoing a microbial transformation, yielding diverse metabolites. Bile
acids play an integral role in maintaining homeostasis in the human body, being involved in such activities as lipid and lipoprotein metabolism, energy
expenditure, intestinal motility, liver regeneration, and the like. Moreover, amino acids are vital active molecules in the human body. They can be applied as
energy substrates for intestinal cells and participate in intestinal mucosal repair. The most frequent lesions of CD are located in the terminal ileum and
proximal colon. Finally, gut microbiota disturbances further lead to bile acids and amino acids dysmetabolism in CD patients. In recent years, liquid
chromatography-mass spectrometry (LC-MS) has brought new insights into metabolic disorders in CD patients and has further helped us explore the causes
of disorders.

The present study aimed to investigate the alterations of ileum microbiota and serum metabolites in the active and remission stages of CD. In addition, the
potential correlations among ileum microbiota, serum metabolites, and clinical factors were explored.

Methods

Recruitment of CD patients
CD patients in the active and remission stages included in the present study were recruited in Shanghai Tenth People’s Hospital from July 2021 to August
2021. The included and excluded criteria adopted were similar to the previous study. The participants had to have been diagnosed with CD mainly based on
clinical symptoms, laboratory test, endoscopic features, radiological �ndings, and histological examinations by two experienced physicians. The above
enrolled patients were divided into two groups according to Crohn’s disease activity index (CDAI). A CDAI score of over 150 was regarded as the active stage,
while a CDAI score of 150 or below was de�ned as the remission stage. In the present study, a right hemicolectomy was performed for CD patients in the
active stage, whereas patients in the remission stage all came to the hospital for the reversal of ileostoma. Moreover, patients who had a history of exposure
to antibiotics, probiotics, or prebiotics within one month were excluded. Patients diagnosed with acute or chronic gastrointestinal and hepatobiliary disorders
were also excluded from the present study. The Ethics Committee of Shanghai Tenth People’s Hospital approved this study protocol (Ethical Approval Number:
SHSY-IEC-4.1/21–145/01). The patients provided their written informed consent to participate in the study. All procedures were performed according to the
Declaration of Helsinki and its later amendments. The present study has been registered on ClinicalTrial.gov (NCT04965584).

Samples collection
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All patients were asked to complete a questionnaire, which included baseline information such as age, gender, height, weight, duration of CD, and history of
diet, smoking, alcohol use, and medicine. Moreover, patients were asked to draw 5 ml of venous blood between 6 am, and 7 am after at least 8 h of overnight
fasting before surgery. Whole blood samples were centrifuged at 5000 rpm for 10 min at room temperature, and serum samples were collected in Eppendorf
boxes, then stored at -80 ℃ until further analysis.

Fecal samples from the ileal stoma were obtained with a sterile cotton swab during the surgery and placed in a 2 ml sterile container. It should be noted that
all patients in the active stage of CD were routinely administrated with 2 g of cefmetazole from the beginning of surgery, while there was no antibiotics
exposure before surgery for those patients. Fecal samples for 16S ribosomal RNA (rRNA) gene sequencing were transported to Majorbio Bio-Pharm
Technology Co. Ltd. (Shanghai, China) with an ice pack within 2 h.

Microbial 16S rRNA gene sequence
The details of DNA extraction, PCR ampli�cation, and 16S rRNA gene sequencing have been depicted previously20. Brie�y, microbial DNA was extracted using
an E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA, U.S.). The V3-V4 hypervariable regions of 16S rRNA gene were ampli�ed with primers 338F (5’-
ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’), using the thermocycler PCR system (GeneAmp 9700, ABI, USA). The resulting
PCR products were further puri�ed and quanti�ed. Subsequently, paired-end sequencing (2×300 bp) was performed on an Illumina MiSeq platform (Illumina,
San Diego, USA). Raw fastq �les were demultiplexed, quality-�ltered by Trimmomatic, and merged by FLASH. High-quality sequences were clustered at a 97%
similarity level with the Silva (SSU123) 16S rRNA database into an operational taxonomic unit.

Metabolites extraction
Targeted metabolomic pro�ling was performed to measure the concentrations of serum bile acids and amino acids in the clinical chemistry department of
Shanghai Tenth People’s Hospital (Shanghai, China). The serum samples were spiked with 400 µL of a solution consisting of methanol: acetonitrile: water
(4:4:2, V/V) in plastic centrifuge tubes. Vortexed samples were left at -20 ℃ for 60 min before centrifugation at 14000 g and 4 ℃ for 20 min. Each sample
was transferred into a glass HPLC vial, dried under a stream of nitrogen gas, and reconstituted with 100 µL of a solution consisting of acetonitrile: water (1:1,
V/V). Then, the samples were centrifuged again in plastic Eppendorf tubes at 14000 g and 4 ℃ for 15 min. The supernatant was collected, and 2 µL was
injected into LC-MS/MS system for subsequent analysis.

LC-MS/MS analysis
Ultra-performance liquid chromatography (UPLC) was performed on an Ultimate 3000 system (Dionex, USA). The chromatographic separation was performed
using an ACQUITY UPLC BEH C18 column (100*2.1 mm, 1.7 µm, Waters, USA). The �ow rate was 0.3 ml min − 1, and the temperature of the column was
maintained at 40 ℃. Mobile phase A consisted of water and 0.1% formic acid, and mobile phase B consisted of acetonitrile. The metabolites were eluted with
the following gradient: 0-0.5 min, 5% B; 0.5-1.0 min, 5% B; 1.0–9.0 min, 5-100% B; 9.0–12.0 min, 100% B; 12.0–15.0 min, 5% B.

Quanti�cation was performed with electrospray positive and negative ionization modes on a Q-Exactive mass spectrometer (Thermo Fisher Scienti�c, USA).
Compound Discoverer 3.0 software (Thermo Fisher Scienti�c, USA) was applied to process the original UPLC-MS data to acquire the calibration equation and
the measured concentration of metabolites in the samples.

Statistical and bioinformatics analysis
The alpha diversity of the ileum microbiota was analyzed by the Mothur software (version 1.30.2 https://www.mothur.org/wiki/Download_mothur). The Chao
diversity index represented the abundance of microbiota, while the Shannon diversity index indicated microbiota diversity. The principal coordinates analysis
(PCoA) was performed by software R (version 3.3.1) to describe the beta diversity of the ileum microbiota. Moreover, a microbial typing analysis (ade4
package, cluster package, and clustersim package in R) was used to distinguish the enterotypes of dominant ileum microbiota in the active and remission
stages. A Circos diagram was drawn by software Circos−0.67−7 (http://circos.ca/) to re�ect the composition ratio of dominant microbiota in each group. A
community bar diagram was drawn by software R (version 3.3.1) to describe the relative abundance of ileum microbiota. Linear discriminant analysis effect
size (LEfSe) (http://huttenhower.sph.harvard.edu/galaxy/root?tool_id=lefse_upload) was used to identify the dominant genera with signi�cantly different
effects in each group. Furthermore, the Wilcoxon rank-sum test (R package “stats” and python package “scipy”) was applied to identify speci�c ileum
microbiota and serum metabolites with signi�cant differences between active and remission stages of CD. A correlation heatmap (pheatmap package in R)
was used to re�ect the potential correlations among ileum microbiota, serum metabolites, and clinical factors. Benjamini-Hochberg method was used to
correct multiple comparisons, and an FDR (false discovery rate) value < 0.05 was considered statistically signi�cant. P < 0.05 on two sides was deemed
signi�cant in all statistical analyses (Fig. 1).

Data access
The 16S rRNA gene sequence data sets have been deposited in NCBI Sequence Read Archive under the study accession number PRJNA77361720.

Results

Baseline clinical data of recruited CD patients
A total of 38 CD patients (19 patients in the active stage and 19 patients in the remission stage) were �nally enrolled in the present study (Table 1), as noted
previously20. The indexes, including age, gender, body mass index, lesion location, duration of disease, and history of life (diet, smoking, and alcohol use),
were similar in these individuals (all P > 0.05). The patients in the active stage had a higher nutritional risk than their counterparts in the remission stage (P = 
0.0300). Moreover, the levels of C reactive protein, hemoglobin, albumin, prealbumin, and the erythrocyte sedimentation rate were signi�cantly different



Page 4/12

between the two groups (all P < 0.05). However, the levels of procalcitonin, interleukin (IL)−1, IL−6, IL−8, IL−10, and white blood cells were similar (all P > 0.05,
Table 1).

Alterations of ileum microbiota abundance and diversity in CD patients
The alpha diversity was evaluated by Chao and Shannon diversity indexes between the active and remission stages in CD patients. The Chao index indicated
the abundance of ileum microbiota, while the Shannon index was performed to show the diversity of the microbiota. Compared with the remission stage, Chao
and Shannon diversity indexes were higher in the active stage, while no signi�cant differences were observed (all P > 0.05, Fig. 2A, 2B). PCoA was also
performed to evaluate the beta diversity of ileum microbiota. On the phylum level, PC1 and PC2 accounted for 28% and 12.49% of the variance, respectively. A
similarity analysis did not reveal a statistically signi�cant difference between these two groups (P = 0.0770, Fig. 2C). Moreover, PC1 and PC2 accounted for
19.86% and 10.4% of the variance on the genus level. A signi�cant difference was observed in the analysis of similarity (P = 0.0010, Fig. 2D).

Structural alterations of ileum microbiota in CD patients
The ileum microbiota taxonomic pro�les between active and remission stages of CD were analyzed on the phylum and genus levels. On the phylum level, the
ileum microbiota was partitioned into four main enterotypes based on the CH index, including Proteobacteria, Firmicutes, Bacteroidetes, and Firmicutes_1,
respectively. Among them, ileum microbiota in the active stage of CD was mostly of the type Firmicutes_1, while in the remission stage, it was mostly of the
type Firmicutes (Fig. 3A, 3B). Moreover, seven dominant phyla were identi�ed in all samples. The relative abundances of Bacteroidetes, Actinobacteria,
Fusobacteria, and Synergistota were higher in the active stage of CD, while the converse were observed for Firmicutes, Proteobacteria, and Patescibacteria
(Fig. 3C, 3E). The only signi�cant difference in the dominant phyla was Bacteroidetes (P = 0.0007). Furthermore, Desulfobacterota,
Unclassi�ed_k__norank_d__Bacteria, and Myxococcota were signi�cantly different between the active and remission stages (P = 0.0002, P = 0.0004, and P = 
0.0490, respectively) (Fig. 3D).

On the genus level, the ileum microbiota was also partitioned into two main enterotypes based on the CH index, these being Streptococcus and Escherichia-
Shig. Among them, ileum microbiota in the active stage of CD was mostly of the type Streptococcus, whereas in the remission stage, it was mostly of the type
Escherichia-Shigella (Fig. 4A, 4B). Streptococcus and Bacteroides were the most signi�cantly different genera enriched by LEfSe in the active and remission
stages of CD, respectively (Fig. 4C). The main genera with signi�cant differences included Veillonella, Lactococcus, Klebsiella,
Unclassi�ed_f__Enterobacteriaceae, and Blautia (P = 0.0002, P = 0.0039, P = 0.0019, P = 0120, and P = 0.0339, respectively), which were more abundant in the
remission stage of CD. Conversely, Ruminococcus_torques_group, Ralstonia, and Collinsella were more abundant in the active stage (P = 0.0002, P = 0.0101,
and P = 0.0029, respectively). These microbiota were also signi�cantly different between the two stages. Interestingly, the relative abundance of Lactobacillus
was higher in the remission stage with statistical difference (Fig. 4D−4F).

Alterations of serum bile acids in CD patients
The total concentrations of serum primary and secondary bile acids in the active stage of CD were higher than those in the remission stage. A signi�cant
difference was observed in serum secondary bile acids between the active and remission stages of CD (P = 0.0006), but the difference was not statistically
signi�cant regarding serum primary bile acids (P = 0.4526, Fig. 5A).

Concerning serum primary bile acids, the proportions of cholic acid, chenodeoxycholic acid, and taurochenodeoxycholic acid were higher in the active stage of
CD, while the opposite were observed for glycocholic acid, glycinechenodeoxycholic acid, and taurocholic acid. Signi�cant differences were observed
regarding cholic acid, chenodeoxycholic acid, glycocholic acid, glycinechenodeoxycholic acid, and taurocholic acid (P = 0.0005, P = 0.0006, P = 0.0046, P = 
0.0090, and P = 0.0130), respectively. As for serum secondary bile acids, the proportions of glycolithocholic acid, glycideoxycholic acid, glycoursodeoxycholic
acid, and taurolithocholic acid were higher in the active stage of CD, while the opposite were observed for deoxycholic acid, ursodeoxycholic acid, lithocholic
acid, taurodeoxycholic acid, and tauroursodeoxycholic acid. However, the differences were not statistically signi�cant (Fig. 5C).

Alterations of serum amino acids in CD patients
Compared with the active stage of CD, the total concentrations of serum essential and non-essential amino acids were higher in the remission stage, but no
statistical difference was observed between these two stages (P = 0.1668 and P = 0.1628, Fig. 5B).

Regarding serum essential amino acids, the proportions of valine, phenylalanine, methionine, threonine, and isoleucine were higher in the active stage of CD,
while the opposite were observed for leucine, lysine, tryptophan, and histidine. The only signi�cant difference in essential amino acids between active and
remission stages was isoleucine (P = 0.0010). As for serum non-essential amino acids, arginine, serine and aspartic acid proportions were higher in the active
stage of CD, and signi�cant differences were observed regarding arginine and serine (P < 0.0001 and P = 0.0430). Conversely, the proportions of glycine,
tyrosine, alanine, proline, glutamate, and asparagine were lower in the active stage of CD than in the remission stage. The serum non-essential amino acids
with a signi�cant difference between the active and remission stages were glycine, tyrosine, and asparagine (P = 0.0400, P = 0.0150, and P = 0.0030,
respectively) (Fig. 5D).

Correlations among ileum microbiota, serum metabolites, and clinical factors in CD
patients
The correlations among the key phyla, serum metabolites and clinical factors were evaluated in patients with CD. Interestingly, Desulfobacterota,
Unclassi�ed_k__norank_d__Bacteria, and Bacteroidetes were all positively associated with arginine (R = 0.3668, P = 0.0235; R = 0.3515, P = 0.0305 and R = 
0.3352, P = 0.0397, respectively) and CDAI score (R = 0.5761, P = 0.0002; R = 0.5066, P = 0.0012 and R = 0.4331, P = 0.0066, respectively). Conversely, glycine
(R=-0.3494, P = 0.0316; R=-0.4723, P = 0.0028 and R=-0.4413, P = 0.0055, respectively), citrulline (R=-0.3921, P = 0.0149; R=-0.3371, P = 0.0385 and R=-0.3228,
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P = 0.0481, respectively), glycinechenodeoxycholic acid (R=-0.3802, P = 0.0185; R=-0.3444, P = 0.0343 and R=-0.5360, P = 0.0005, respectively), and prealbumin
(R=-0.5659, P = 0.0002; R=-0.4868, P = 0.0019 and R=-0.5887, P = 0.0001, respectively) showed negative correlations (Fig. 6A, 6C).

Furthermore, the key genera which were more abundant in the active stage of CD were evaluated. Ralstonia, Ruminococcus_torques_group, and Bacteroides
were positively associated with glycolithocholic acid (R = 0.5424, P = 0.0004; R = 0.6898, P = 0.0002 and R = 0.6086, P = 0.0001, respectively), glycideoxycholic
acid (R = 0.3834, P = 0.0175; R = 0.5180, P = 0.0009 and R = 0.4815, P = 0.0022, respectively), and CDAI score (R = 0.4372, P = 0.0061; R = 0.5494, P = 0.0004
and R = 0.4204, P = 0.0086, respectively), whereas they were negatively correlated with citrulline (R=-0.4035, P = 0.0120; R=-0.3479, P = 0.0323 and R=-0.3946,
P = 0.0142, respectively) and prealbumin (R=-0.4764, P = 0.0025; R=-0.5738, P = 0.0002 and R=-0.5570, P = 0.0003, respectively) (Fig. 6B, 6D).

Regarding the key genera which were more abundant in the remission stage of CD, CDAI score, the only clinical factor, was negatively correlated with
Veillonella (R=-0.5794, P = 0.0001), Unclassi�ed_f__Enterobacteriaceae (R=-0.3709, P = 0.0219), Klebsiella (R=-0.5075, P = 0.0011), Rothia (R=-0.4687, P = 
0.0030), and Streptococcus (R=-0.3898, P = 0.0156, Fig. 6B, 6D).

The potential correlations between serum metabolites and clinical factors were also investigated. CDAI score was positively associated with cholic acid (R = 
0.3982, P = 0.0133), chenodeoxycholic acid (R = 0.4647, P = 0.0033), and arginine (R = 0.5052, P = 0.0012), both of which were more abundant in the active
stage of CD. Conversely, CDAI score was negatively correlated with asparagine (R=−0.5644, P = 0.0002), glycine (R=−0.3703, P = 0.0221), tyrosine (R=−0.4131,
P = 0.0099), and taurocholic acid (R=−0.3427, P = 0.0352), which were more abundant in the remission stage. However, prealbumin was positively associated
with asparagine (R = 0.4838, P = 0.0021), glycine (R = 0.3993, P = 0.0130), tyrosine (R = 0.3951, P = 0.0141), taurocholic acid (R = 0.3505, P = 0.0310),
glycocholic acid (R = 0.4228, P = 0.0082), and glycinechenodeoxycholic acid (R = 0.4553, P = 0.0041), while the opposite was observed for arginine (R=-0.3623,
P = 0.0254, Fig. 6E).

Discussion
In the present prospective study, we focused on the changes in microbial diversity and stage-speci�c alterations of microbiota architecture in the ileum of CD
patients. In addition, the alterations of serum metabolites in the different phases of CD were evaluated to further reveal metabolic disorders in CD patients.

Previous studies on the disturbances of colonic microbiota in CD patients are relatively mature, but the current study focuses on ileum microbiota, rather than
the feces, during different phases of the disease. Previous evidence has con�rmed that gut microbiota diversity in CD patients is signi�cantly reduced,. We
further found that the alpha diversity of ileum microbiota in the active stage of CD was higher than in the remission stage. Unfortunately, the difference was
not statistically signi�cant. However, the beta diversity of ileum microbiota was signi�cantly different in these two stages. Furthermore, we observed that the
relative abundances of Bacteroidetes, Actinobacteria, Fusobacteria, and Synergistota were higher in the active stage of CD, while the opposite were observed
for Firmicutes, Proteobacteria, and Patescibacteria. Interestingly, the alterations of dominant phyla (Bacteroidetes and Firmicutes) in the ileum were similar to
those in the colon, which have been validated via mice experiments. Vasquez et al have also revealed that the alterations of mucosa-associated bacteria in
nonin�amed and in�amed areas of CD, characterized by a decrease of Firmicutes and an increase of Bacteroidetes in the in�amed tissues, were similar to
those in the ileal feces.

Regarding the genus level, a lower relative abundances of Veillonella, Streptococcus, Unclassi�ed_f__Enterobacteriaceae, Lactococcus, Klebsiella, and Blautia
were observed in the active stage of CD, while the opposite were observed for Bacteroides, Ruminococcus_torques_group, Ralstonia, and Collinsella, which
aligned with Nagayama’s report. A previous study by Chen et al revealed that adhesive bacteria in the terminal ileum, including Veillonella and
Ruminococcus_torques_group, was correlated with an increased T helper (Th)17 cell activation and luminal secretory immunoglobulin (Ig) A, which may play
an essential role in human gut immunity and CD. Hattori et al revealed that Streptococcus was more abundant in the phase of ileal mucosal healing and that
is may have the potential ability to predict ileal mucosal healing. We believed the ileal mucosal of CD patients in the remission stage tended to be healed, and
the conclusions of the present study further con�rmed this.

Lactobacillus is recognized as a kind of probiotics that plays a vital role in protecting the intestinal mucosal barrier and effectively improving intestinal
in�ammation. Previous studies have con�rmed that the therapeutic mechanism of probiotics for CD mainly include an antioxidant effect, affecting the
secretion and metabolism of gut microbiota and inhibiting the formation of pathogenic bacterial bio�lms,. However, compared with the remission stage of CD,
a noticeable reduction of Lactobacillus in the active stage was observed in the present study. In the future, transplantation of targeted probiotics could be
applied as effective adjuvant therapy for CD in clinical practice,.

As an indispensable metabolite in the human body, bile acids play a vital role in modulating intestinal immune responses. The present study showed that CD
patients had bile acids dysmetabolism to different degrees. Interestingly, we observed that the levels of lithocholic acid and deoxycholic acid were lower in the
active stage of CD, similar to Liu’s report. A recent study by Paik et al revealed that gut microbiota could convert lithocholic acid into 3-oxolithocholic acid (3-
oxoLCA) as well as the abundant gut metabolite, isolithocholic acid (isoLCA). Similar to 3-oxoLCA, isoLCA could also suppress Th17 cell differentiation by
inhibiting retinoic acid receptor-related orphan nuclear receptor-γt, which is an essential Th17-cell-promoting transcription factor. Thus, gut microbial
transformation playes a pivotal role in bile acids imbalance in CD patients.

Furthermore, abnormal bile acid metabolism in CD was related to decreased expression of the farnesoid X receptor (FXR). Disruption of the intestinal barrier
led to a reduction in FXR expression, which may further have inhibited the �broblast growth factor (FGF)19-FGFR4 pathway and contributed to bile acids
metabolism disorders. Notably, CD is strongly correlated with in�ammation-related colorectal cancer. A recent study by Guo et al revealed that the decreased
expression of FXR led to disturbances in bile acids metabolism. The altered bile acids pro�le further shaped speci�c gut microbiota and positively regulated
secretory immunoglobulin A (sIgA), which may enhance adhesion and the bio�lm formation of enterotoxigenic Bacteroides fragilis, and contribute to the
occurrence of colitis-associated cancer.
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Similarly, disturbances of amino acids metabolism in CD patients have also been observed. Currently, more attention has been focused on the potential links
between the down-regulation of tryptophan metabolism and CD,,. A previous study by Zelante et al revealed that tryptophan could be converted by gut
microbiota into bioactive indole-containing molecules, further activating the aryl hydrocarbon receptor and suppressing in�ammation. Wlodarska et al also
con�rmed that indoleacrylic acid, which promotes mucus secretion and inhibits in�ammatory cytokine production, was decreased in CD patients. Moreover,
gut microbiota related to tryptophan-metabolizing pathways was identi�ed, including Clostridium sporogenes, E.coli and Lactobacillus,,. In the present study,
we observed that the level of tryptophan was lower in the active stage of CD, while the potential correlation between the gut microbiota mentioned above and
tryptophan was not signi�cant.

While the present study results offer a detailed insight into the alterations of ileum microbiota and serum metabolites in the active and remission stages of CD,
some limitations still need to be addressed. Issues about antibiotic exposure in the group of active stage have been discussed previously20. Brie�y, in an
earlier study, microbial samples from the ileal stoma were collected from CD patients in the active stage during surgery. The potential in�uence of antibiotic
exposure on results within such a short operative time cannot be evaluated, whereas this effect cannot be completely avoided either. Moreover, it is
challenging to obtain ileal fecal samples from healthy individuals without potential damage, and it is also against ethical requirements. Thus, a group of
healthy controls was not set up in the present study, leaving the groups of active and remission stages of CD to be compared with each other. Since the
patients in the remission stage of CD all came to the hospital for the reversal of ileostoma, they had already undergone a right hemicolectomy. Their
metabolism may have been affected by removing part of the intestine. Although there is no strong evidence regarding this issue to date, we believe that the
length of the removed intestine is only a small fraction of the total length of the digestive tract and has little impact on the overall results.

In conclusion, disturbances of ileum microbiota and serum metabolites were observed in CD patients, which varied across disease phases. Although the
sample size included in this study was limited, it still allowed us to explore the alterations of ileal microbiota and serum metabolites and establish a
foundation for subsequent mechanistic studies. Perhaps in the future, a new therapeutic approach based on microbiology and metabolomics may be applied
in clinical practice and offer further bene�ts for CD.
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Tables
Table 1 The baseline clinical data of patients with CD in the present study

Characteristics Active stage

N=19

Remission
stage N=19

Age 34.68±13.83 36.58±10.95

Gender male/female 15/4 13/6

BMI Kg/m2 19.80±4.51 19.68±2.41

CDAI score 295.14±75.24 78.55±27.18

Lesion location*    

L1/L2/L3/L4 7/0/12/0 2/0/17/0

Duration of disease years 3.57±3.01 4.35±5.54

NRS score 2002 2.74±0.93 3.63±1.42

Diet    

Regular diet/enteral nutrition/mixed diet 14/3/2 13/2/4

Smoke    

Never/past/current 12/3/4 15/4/0

Alcohol    

Never/past/current 11/4/4 12/2/5

Bristol stool scale#    

Type 1/2/3/4/5/6/7 0/2/1/6/5/5/0 0/1/2/1/3/11/

Hematochezia Yes/No 5/14 0/19

Hematologic index    

CRP mg/L 49.17±58.66 3.65±1.75

WBC *109/L 7.06±3.80 5.30±1.23

Hemoglobin g/L 113.58±17.20 129.32±12.30

Albumin g/L 35.34±5.83 41.77±3.40

Prealbumin mg/L 146.74±59.47 271.79±72.95

ESR mm/h 33.84±20.08 20.21±15.59

PCT ng/ml 0.58±1.73 0.05±0.01

IL-1 pg/ml 7.27±7.20 6.85±4.49

IL-6 pg/ml 38.50±110.46 5.42±4.48

IL-8 pg/ml 100.41±114.81 88.72±101.43

IL-10 pg/ml 5.96±2.81 5.00±0.00

Medicine    

Mesalazine/Azathioprine/Adamuzumab/Remicade/Steroids/Others 10/4/6/5/2/2 1/6/4/11/0/0

BMI: Body mass index; CDAI score: Crohn’s disease activity index score; NRS score(2002): Nutrition risk screening score (2002); CRP: C reactive protein; WBC:
White blood cell; ESR: Erythrocyte sedimentation rate; PCT: Procalcitonin; IL-1: Interleukin-1; IL-6: Interleukin-6; IL-8: Interleukin-8; IL-10: Interleukin-10

Lesion location* L1: Terminal ileum; L2: Colon; L3: Ileocolon; L4: Upper digestive tract
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Bristol stool scale#  Type 1: Separate hard lumps, like nuts; Type 2: Sausage-shaped but lumpy; Type 3: Like a sausage but with cracks on its surface; Type 4:
Like a sausage or snake, smooth and soft; Type 5: Soft blobs with clear-cut edges; Type 6: Fluffy pieces with ragged edges, a mushy stool; Type 7: Watery, no
solid pieces

 

 

 

 

 

Figures

Figure 1

Experimental �ow diagram.

Figure 2

Alpha and Beta diversity of ileum microbiota in CD patients. (A) Chao and Shannon diversity indexes of phylum level in the microbial samples of ileum. (B)
Chao and Shannon diversity indexes of genus level in the microbial samples of ileum. (C) PCoA on the phylum level using the unweighted UniFrac distance
and Adonis test. (D) PCoA on the genus level using the unweighted UniFrac distance and Adonis test. Brown color represents samples from active stage, while
blue indicates remission stage.

Figure 3

Ileum microbiota on the phylum level in CD patients. (A) Clustering in the COMBO cross-sectional study using Jensen-Shannon distance. The panel showed
that the data were most naturally separated into four clusters by the PAM method. (B) The panel showed the clustering on the �rst four principal components.
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(C) Barplot of the relative abundances of different taxa on the phylum level. (D) Wilcoxon rank-sum test bar plot of different taxa on the phylum level. (E)
Circos diagram was applied to describe the correspondence between samples and species.

*, ** and *** correspond to P values < 0.05, 0.01 and 0.001, respectively.

Figure 4

Ileum microbiota on the genus level in CD patients. (A) Clustering in the COMBO cross-sectional study using Jensen-Shannon distance. The panel showed that
the data were most naturally separated into two clusters by the PAM method. (B) The panel showed the clustering on the �rst two principal components. (C)
LEfSe was used to identify speci�c microbiota on the genus level which had signi�cantly different effects on sample partitioning. (D) Circos diagram was
applied to describe the correspondence between samples and species. (E) Barplot of the relative abundances of different taxa on the genus level. (F) Wilcoxon
rank-sum test bar plot of different taxa on the genus level.

*, ** and *** correspond to P values < 0.05, 0.01 and 0.001, respectively.

Figure 5

Alterations of serum metabolites in CD patients. (A) Violin plot of serum primary and secondary bile acids. (B) Violin plot of serum essential and non-essential
amino acids. (C) Wilcoxon rank-sum test bar plot of different serum bile acids. (D) Wilcoxon rank-sum test bar plot of different serum amino acids.

*, ** and *** correspond to P values < 0.05, 0.01 and 0.001, respectively. Ns correspond to statistically difference was not signi�cant.

Figure 6
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Correlations among ileum microbiota, serum metabolites, and clinical factors in CD patients. (A, B) Correlations between ileum microbiota on the phylum and
genus levels and serum metabolites. (C, D) Correlations between ileum microbiota on the phylum and genus levels and clinical factors. (E) Correlations
between serum metabolites and clinical factors.

*, ** and *** correspond to P values < 0.05, 0.01 and 0.001, respectively.


