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Changes in amino acid concentrations and the
gut microbiota composition are implicated

in the mucosal healing of ulcerative colitis

and can be used as noninvasive diagnostic
biomarkers
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Abstract

Background Mucosal healing is the therapeutic target for ulcerative colitis (UC). While amino acids (AAs) and the gut
microbiota are known to be involved in the pathogenesis of UC, their specific roles in mucosal healing have not been
fully defined.

Objectives To longitudinally assess the changes in AA concentrations and the gut microbiota composition in the
context of mucosal healing in UC patients, with the aim of identifying new biomarkers with predictive value for
mucosal healing in UC patients and providing a new theoretical basis for dietary therapy.

Methods A total of 15 UC patients with infliximab-induced mucosal healing were enrolled. Serum and fecal AA
concentrations before and after mucosal healing were determined via targeted metabolomics. A receiver operating
characteristic (ROC) curve was plotted to evaluate the value of different AAs in predicting mucosal healing in

UC patients. The changes in the composition of the fecal gut microbiota were analyzed via metagenomics, and
bioinformatics was used to analyze the functional genes and metabolic pathways associated with different bacterial
species. Spearman correlation analyses of fecal AAs with significantly different concentrations and the differentially
abundant bacterial species before and after mucosal healing were performed.

Results 1.The fecal concentrations of alanine, aspartic acid, glutamic acid, glutamine, glycine, isoleucine, leucine,
lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine and valine were significantly
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/decreased after mucosal healing. The serum concentrations of alanine, cysteine and valine significantly increased,
whereas that of aspartic acid significantly decreased. Glutamic acid, leucine, lysine, methionine and threonine could
accurately predict mucosal healing in UC patients, and the area under the curve (AUC) was > 0.9. After combining
the 5 amino acids, the AUC reached 0.96. 2. There were significant differences in the gut microbiota composition
before and after mucosal healing in UC, characterized by an increase in the abundance of beneficial microbiota
(Faecalibacterium prausnitzii and Bacteroides fragilis) and a decrease in the abundance of harmful microbiota
(Enterococcus faecalis). LEfSe analysis identified 57 species that could predict mucosal healing, and the AUC was
0.7846. 3. Amino acid metabolic pathways were enriched in samples after mucosal healing, was associated with the
abundance of multiple species, such as Faecalibacterium prausnitzi, Bacteroides fragilis, Bacteroides vulgatus and Alistipes
putredinis. 4. The fecal concentrations of several AAs were negatively correlated with the abundance of a variety of
beneficial strains, such as Bacteroides fragilis, uncultured Clostridium sp., Firmicutes bacterium CAG:103, Adlercreutzia
equolifaciens, Coprococcus comes and positively correlated with the abundance of several harmful strains, such as
Citrobacter freundii, Enterococcus faecalis, Klebsiella aerogenes, Salmonella enterica.

\Keywords Ulcerative colitis, Mucosal healing, Amino acids, Gut microbiota, Biomarkers

Conclusion Altered concentrations of amino acids and their associations with the gut microbiota are implicated in
the mucosal healing of UC patients and can serve as noninvasive diagnostic biomarkers.

Introduction
Ulcerative colitis (UC) is a chronic, relapsing disease of
the colorectum tract, and its pathogenesis is still unclear.
The incidence and prevalence of UC have been increas-
ing worldwide in recent years, resulting in a considerable
health burden [1, 2]. Endoscopic mucosal healing is the
current therapeutic target for UC. Achieving mucosal
healing in patients with UC is associated with a higher
incidence of sustained clinical hormone-free remission
and translates to lower rates of hospitalization and sur-
gery, further improving the quality of life of patients [3,
4]. Colonoscopy is the main examination used to evalu-
ate mucosal healing in UC patients, but it is an inva-
sive examination that increases the risk of infection and
perforation and requires miserable bowel preparation
[5]. Alternately, diagnostic biomarkers such as high-sen-
sitivity C-reactive protein, the erythrocyte sedimenta-
tion rate and fecal calprotectin (FC) are commonly used
to evaluate disease activity and predict mucosal healing
in a noninvasive manner. However, the low specificity
and different cutoff values cause confusion in the clinic.
Therefore, it is important to explore new noninvasive bio-
markers for predicting mucosal healing in UC patients.
The structural and functional repair of the colon
mucosa is the basis for achieving mucosal healing [6].
Amino acids (AAs), microelements, proteins and other
materials are required in this process. Some special
AAs play a role in reducing intestinal inflammation and
restoring intestinal mucosal homeostasis, which may
be related to enhancing intestinal barrier integrity, pro-
moting protein synthesis, increasing energy metabolism,
and regulating oxidative stress and inflammation [7,
8]. AA concentrations in the serum, feces and urine of
patients with UC are altered with the disruption of intes-
tinal mucosal homeostasis. Quantitative metabolomic

profiling revealed that AAs were the most significantly
altered metabolites in serum and plasma samples from
inflammatory bowel disease (IBD) patients compared
to healthy individuals [9]. Moreover, metabonomics is
rapidly becoming a powerful method to characterize
IBD because it reflects the pathophysiological processes
involved in the pathogenesis of IBD and thereby may
have greater accuracy than other methods [10].

There is a mutual relationship between AAs and the
gut microbiota; AAs can promote the growth of the
gut microbiota, and the gut microbiota can utilize AAs
to synthesize new metabolites. The interplay between
the gut microbiota and AAs can have profound effects
on host health [11]. Previous studies have confirmed
gut microbiota imbalance in patients with IBD, which
manifests as reduced bacterial diversity and a lower
abundance of Firmicutes and a higher abundance of Pro-
teobacteria; this imbalance plays an important role in the
pathogenesis of IBD [12, 13]. Pull et al. [14] reported that
intestinal mucosal healing was strongly affected and that
the proliferation rate of colonic epithelial stem cells was
significantly reduced in germ-free mice. Subsequent in
vivo and in vitro experiments have shown that the gut
microbiota profoundly affects epithelial barrier function
and cell metabolism, proliferation and differentiation;
participates in mucosal repair; and maintains intestinal
homeostasis in UC [15]. Regretfully, recent studies have
focused mainly on comparisons between IBD patients
and healthy individuals, and there is still a lack of assess-
ment of the changes in AA concentrations and the gut
microbiota composition before and after mucosal healing
in UC patients.

Metagenomics or metabolomics alone do not fully
reflect the function of the gut microbiota. In recent
years, gas chromatography and mass spectrometry
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(GC-MS/MS) have been applied to the gut microbiota
to systematically characterize the metabolic diversity
of symbiotic bacteria and hosts through targeted and
untargeted metabolomics combined with metagenomics
[16]. Accordingly, we performed targeted metabolomics
combined with metagenomics before and after mucosal
healing in UC patients to explore new biomarkers for
predicting the mucosal healing of UC patients. In addi-
tion, we aimed to gain insight into the interplay between
AAs and the gut microbiota and provide a new theoreti-
cal basis for dietary therapy.

Materials and methods

Ethics statements

In this study, informed consent forms were signed volun-
tarily by all patients. This study was approved by the Eth-
ics Committee of the First Affiliated Hospital of Kunming
Medical University, Kunming, China (2019-L-23).

Patients and sample collection

A cohort of 15 patients aged>18 years with UC admit-
ted to the First Affiliated Hospital of Kunming Medical
University from 2020 to 2022 were enrolled in this study.
UC was diagnosed in these patients using the diagnostic
criteria of the third European Crohn’s and Colitis Organi-
zation (ECCO) consensus, and excluded EB, CMYV, Clos-
tridium difficile, tuberculosis, invasive adhesion E. coli
and other common opportunistic infections of UC [17].
The clinical disease activity of UC patients was evaluated
via the modified Mayo endoscopic score (MES) score.
Fecal and serum samples were collected from patients
with moderate to severe UC according to the third ECCO
consensus who received infliximab alone and maintained
treatment for at least 6 months. UC patients in clinical
remission underwent colonoscopy, and mucosal heal-
ing was defined as a MES score of 0 [18]. None of these
patients used antibiotics, probiotics or enemas at least 3
months before sample collection. Fecal samples were col-
lected before colonoscopy, and serum samples were col-
lected during fasting. All the samples were immediately
stored at -80 °C. The participants were willing to provide
fecal and serum samples as research samples, and we pro-
vided additional assistance to these volunteers, including
reductions in examination costs, long-term free health
counseling, etc.

Targeted amino acid analysis
The samples were analyzed via GC-MS/MS analysis by
Lu-Ming Biotech Co., Ltd. (Shanghai, China).

Sample preparation

A 50 mg fecal sample was mixed with 400 uL of metha-
nol: water (4:1) and ground (60 Hz, 2 min) after 2 min
at -20 °C. The mixtures were ultrasonicated at low
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temperature for 10 min and incubated at -20 °C for
30 min. The samples were centrifuged at 12,000 rpm for
10 min at 4 °C twice, and 500 pL of the supernatant was
collected and vortexed for 30 s. One hundred microli-
ters of the supernatant was transferred to a new test tube
and dried with a centrifugal freeze dryer. The QC sam-
ples were prepared by mixing aliquots of all the samples.
Next, 80 puL of 15 mg/mL methoxylamine hydrochloride
in pyridine was added. The resulting mixture was vor-
texed for 2 min and incubated at 37 °C for 90 min. Next,
80 pL BSTFA (with 1% TMCS) and 20 uL n-hexane were
added to the mixture, which was vortexed for 2 min and
then derivatized at 70 °C for 60 min. The samples were
placed at ambient temperature for 30 min before GC-
MS/MS analysis. One hundred microliters of serum was
added to a 1.5mL Eppendorf tube with 20 pL of 3 ppm
succinic acid 2,2,3,3-d4 and 600 pL of methanol: acetoni-
trile solution (2:1, containing 0.1% formic acid). The mix-
tures were vortexed for 1 min, ultrasonicated for 10 min,
and then incubated at -20 °C. The samples were subse-
quently centrifuged at 12,000 rpm for 10 min at 4 °C,
after which 100 pL of the supernatant was collected. The
follow-up procedure was the same as that used for fecal
sample processing.

GC-MS/MS analysis

The derivatized samples were analyzed on a Tracel310
gas chromatography system coupled to a TSQ9000 mass
spectrometer (Thermo Fisher Scientific, USA). A DB-5MS
fused-silica capillary column (30 mx0.25 mmx0.25 pm,
Agilent J&W Scientific, Folsom, CA, USA) was utilized
to separate the derivatives. Helium (>99.999%) was used
as the carrier gas at a constant flow rate of 1.2 mL/min
through the column. The injector temperature was main-
tained at 300 °C. The injection volume was 1 pL, and the
solvent was delayed for 4 min. The initial oven tempera-
ture was 50 °C, ramped to 125 °C at a rate of 15 °C/min,
held for 2 min, to 210 °C at a rate of 8 °C/min, held for
2 min, to 270 °C at a rate of 11 °C/min, held for 1 min, to
305 °C at a rate of 25 °C/min, and finally held at 305 °C for
3 min. Mass data were acquired in full-scan mode (m/z:
40-600). Selective reaction monitoring by triple quadru-
pole mass spectrometry was used for quantitative analy-
sis. According to the standard curve, the absolute content
of amino acid in the actual sample was obtained.

Receiver operating characteristic (ROC) curve

GraphPad Prism (version 9.5.1) was used for receiver
operating characteristic (ROC) curve analyses to deter-
mine the AUC values.
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Metagenomic shotgun sequencing and analysis
Metagenomic shotgun sequencing and analysis were per-
formed by Novogene Bioinformatics Technology (Bei-
jing, China).

Database building and sequencing

Fecal sample DNA was extracted at Novogene Bioinfor-
matics Technology via the sodium dodecyl sulfate (SDS)
method. DNA integrity and quantification were assessed
using 1% agarose and a Qubitinstrument. Qualified DNA
samples were used for library construction. All the sam-
ples were sequenced on an Illumina platform in PE150
mode. The original raw data were preprocessed, and
unqualified data were removed to obtain clean data for
subsequent analysis.

Annotation of species

DIAMOND software [19] (version 0.9.9.110) was used
for alignment of unigene sequences with those of bacte-
rial, archaeal, viral and eukaryotic sequences extracted
from the NCBI nonredundant (NR) database (BLASTP,
evalue<=1e-5) [20]. In addition to the results of the low-
est common ancestor (LCA) annotation strategy and
gene abundance table, the abundance of each sample
at each taxonomic level was acquired [21, 22]. Alpha
diversity (a diversity) was evaluated by determining the
Chaol, Shannon and Simpson indices at each taxonomic
level with an in-house Perl script. Principal component
analysis (PCA) was performed via the R package Fac-
toMineR and factoextra. Beta diversity was visualized via
principal coordinate analysis (PCoA) via the Bray-Curtis
distance matrix data in R with ggplot2. Metastats and lin-
ear discriminant analysis effect size (LEfSe) analysis were
used to search for species differences between groups.
Metastats analysis is used to perform a permutation test
between groups at each taxonomic level and obtain a p
value. The Benjamini and Hochberg false discovery rate
was subsequently used to correct the p value and obtain
a q value [23]. LEfSe analysis was performed with LEfSe
software to determine the features most likely to explain

Table 1 Clinical characteristics of the patients
Patient characteristics Number of patients (%)/Mean(range)

Sex

Male 7(46.67%)
Female 8(53.33%)
Mean age 43.67(18-68)
Initial modified Mayo score

Moderate 5(33.33)
severe 10(66.67)
Extent of lesion

E1 1(6.67)

E2 2(13.33)
E3 12(80.00)
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differences between groups [24]. All identified biomark-
ers were verified via random forest (R pROC and random
forest packages, Version 2.15.3) with 10-fold cross vali-
dation. Finally, receiver operating characteristic (ROC)
analysis was conducted to construct a random forest
model.

Bioinformatic analysis

Unigenes were annotated using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database [25]. The best
BLAST hit results from the alignment results of each
sequence were selected for subsequent analysis. Enriched
KEGG pathways/modules were identified according
to their reporter score from the Z scores of individual
orthologs (KOs). Comparative analysis of metabolic path-
ways was conducted.

Correlation analyses of fecal amino acids and gut microbial
species

The Spearman correlations of fecal amino acids with sig-
nificantly different concentrations and the differentially
abundant species identified by LEfSe analysis in the UC
and mucosal healing groups were calculated. Heatmaps
were hierarchically clustered to represent the species-
amino acid-associated patterns on the basis of the cor-
relation distance.

Statistical analysis

The Wilcoxon signed rank test was used to test the paired
data. Spearman correlation analysis was performed to
evaluate the correlations among differentially abundant
bacterial species and fecal amino acids with significantly
different concentrations between the two groups. All the
statistical analyses were performed with R software, and
p values<0.05 were considered statistically significant.
The p value of group comparisons that were less than
0.05 was delineated as*. The p value of group compari-
sons that were less than 0.01 was delineated as**.

Results

Clinical characteristics of the patients

Fifteen UC patients in remission that were treated with
infliximab and achieved mucosal healing, as confirmed
by colonoscopy, were enrolled in this study. The clinical
characteristics are shown in Table 1. The samples were
collected for subsequent analysis (Fig. 1).

Five fecal AAs can predict mucosal healing in UC

After mucosal healing in UC patients, the levels of fecal
alanine, aspartic acid, glutamic acid, glutamine, glycine,
isoleucine, leucine, lysine, methionine, phenylalanine,
proline, serine, threonine, tryptophan, tyrosine and
valine were significantly decreased (p<0.05) (Fig. 2A).
The serum concentrations of alanine, cysteine and valine
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Fig. 1 Workflow of the entire study. Patients with moderate to severe UC who received infliximab > 6 m to achieve mucosal healing were enrolled. All the
samples were analyzed via targeted metabolomics combined with metagenomics analysis

significantly increased, and that of aspartic acid sig-
nificantly decreased (p<0.05) (Fig. 2B). Fecal AAs had
greater potential for predicting mucosal healing in UC
patients than serum AAs. To further evaluate the value of
fecal AAs in predicting mucosal healing in UC patients,
ROC curves were generated. The results revealed that the
16 kinds of fecal AAs had a certain value in predicting
mucosal healing in UC patients, and the areas under the
curve (AUCs) were all >0.7 (Table 2). The accuracies of
glutamic acid, leucine, lysine, methionine and threonine
in the prediction of mucosal healing in UC patients were
high, and all the AUCs were >0.9. After the combination
of the 5 AAs, the AUC reached 0.96 (95% CI: 0.897-1.000)
(Fig. 2C). In brief, our findings indicate that AAs have the
potential to predict mucosal healing in UC patients and
could be noninvasive diagnostic biomarkers.

Significant differences in the composition of the gut
microbiota before and after mucosal healing in UC
Metagenomic sequencing was performed and generated
an average of 6591.02 clean reads per fecal sample. The
dilution curves of the Core and Pan genes revealed that
as the number of samples increased, the number of genes
gradually stabilized, suggesting that the sample size of
our study was sufficient (Fig. 3A). The biological repeat-
ability of UC and MH samples was good in the inter-sam-
ple gene abundance correlation analysis, suggested this
results of the study were reliable(Fig. 3B). To assess the

difference in bacterial diversity before and after muco-
sal healing in UC, we aligned sequences for gene count
and a diversity. A total of 546,789 genes were identified
in the UC patient samples before mucosal healing, and
834,937 genes were identified in the UC patient samples
after mucosal healing, among which 487,981 genes were
shared between UC and mucosal healing, 346,956 genes
were unique to mucosal healing, and 58,808 genes were
unique to UC, indicating that the genes were more abun-
dant after mucosal healing (Fig. 3C). At the phylum level,
Firmicutes (28.48%), Bacteroidetes (15.20%), Proteobac-
teria (12.82%) and Ascomycota (5.78%) were dominant in
UC, and the abundance of Firmicutes (42.18%) and Bac-
teroidetes (42.49%) increased significantly after mucosal
healing. At the genus level, Bacteroides (12.75%), Entero-
coccus (5.70%), Saccharomyces (5.39%) and Lactobacillus
(3.51%) were dominant in UC, and Bacteroides (32.74%),
Faecalibacterium (6.52%), Roseburia (3.57%) and Clos-
tridium (2.94%) were dominant after mucosal healing.
At the species level, Enterococcus faecium (1.84%) and
Escherichia coli (1.62%) were the main bacteria in UC,
and Faecalibacterium prausnitzii (4.73%) was dominant
after mucosal healing (Fig. 3D). Alpha diversity reflects
the abundance and uniformity of microbial species in a
population and can be assessed using the Chao 1, Shan-
non and Simpson indices. The three indices were signifi-
cantly different before and after mucosal healing in UC
patients, which was indicative of alterations in the gut
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Fig. 2 Changes in serum and fecal AA levels before and after mucosal healing in UC patients and the value of AAs in the prediction of mucosal healing.
There were significant changes in various AAs after mucosal healing, and fecal AAs have the potential to predict mucosal healing in UC patients. (A): Fecal
alanine, aspartic acid, glutamic acid, glutamine, glycine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan, tyro-
sine and valine levels were significantly decreased after mucosal healing in UC. (B): Serum alanine, cysteine and valine levels significantly increased, and
aspartic acid levels significantly decreased after mucosal healing in UC patients. (C): The AUCs of glutamic acid, leucine, lysine, methionine and threonine
for the prediction of mucosal healing in UC patients was >0.9. After combining the 5 AAs, the AUC reached 0.96

bacterial structure after mucosal healing in UC patients
(Chao 1 index, p<0.001; Shannon index, p<0.001; Simp-
son index, p=0.006) (Fig. 3E). We subsequently used
PCA, PCoA and nonmetric multidimensional scaling
(NMDS) to evaluate the overall gut microbiota compo-
sition in UC patients before and after mucosal healing
at the genus and species levels, respectively. Our results
revealed some overlap of gut microorganisms at different
taxonomic levels before and after mucosal healing in UC
patients, but the samples formed distinct clusters, indica-
tion the significant differences in the composition of the
gut microbiota (Fig. 3F, Fig. S1). Analysis of similarities
(ANOSIM) with Bray-Curtis distance (B diversity) also
revealed significant differences in the composition of the

gut microbiota at different taxonomic levels before and
after mucosal healing in UC patients (Fig. S1). Thus, our
findings collectively indicated significant differences in
the gut microbiota composition before and after mucosal
healing in UC patients.

Species-level changes in the gut microbiota composition
before and after mucosal healing in UC

Metastats and LEfSe analyses were used to assess the
microbial abundance at different taxonomic levels before
and after mucosal healing in UC. The results revealed
that the gut microbiota differed significantly after muco-
sal healing in UC at different taxonomic levels (Fig. S2).
At the species level, we observed a marked increase in
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Table 2 AUCs of fecal AAs in predicting mucosal healing in UC

patients

Amino acid AUC 95%(ClI
Alanine 0.836 0.686-0.985
Aspartic acid 0.880 0.757-1.000
Glutamic acid 0916 0.819-1.000
Glutamine 0.876 0.732-1.000
Glycine 0.742 0.559-0.925
Isoleucine 0.840 0.700-0.980
Leucine 0.929 0.839-1.000
Lysine 0.907 0.799-1.000
Methionine 0.920 0.826-1.000
Phenylalanine 0.871 0.744-0998
Proline 0.813 0.653-0974
Serine 0.889 0.752-1.000
Threonine 0.938 0.858-1.000
Tryptophan 0.778 0614-0.942
Tyrosine 0.716 0.520-0911
Valine 0.880 0.759-1.000

the abundance of microbial species closely associated
with UC, such as Faecalibacterium prausnitzii, Bacte-
roides fragilis and Anaerostipes hadrus. The abundances
of some microbial species, such as Enterococcus fae-
calis, Lactobacillus camelliae and Citrobacter freundii
decreased (Fig. 4A). LEfSe analysis was further applied
and identified 57 species that were associated with muco-
sal healing, of which 10 species whose abundance was
increased in UC samples before mucosal healing and
47 species whose abundance was increased in UC sam-
ples after mucosal healing (LEfSe: LDA>4.0, p<0.05).
(Fig. 4B). Faecalibacterium prausnitzii is a representative
species of Faecalibacterium and has a low abundance in
individuals with obesity, type 2 diabetes and colorectal
cancer. Previous studies have shown that Faecalibacte-
rium prausnitzii is an anti-inflammatory symbiotic bacte-
rium associated with inflammation and is depleted in CD
[26, 27]. Bacteroides fragilis was obviously more abun-
dant in UC samples after mucosal healing. The human
commensal Bacteroides fragilis has evolved beneficial
immunomodulatory properties that induce the produc-
tion of IL-10 by CD4+ Foxp3+regulatory T cells and pre-
vent experimental colitis [28]. In contrast, Enterococcus
faecalis aggravated experimental colitis and induced coli-
tis in IL-10 knockout mice [29, 30], and the abundance
of Enterococcus faecalis was significantly reduced in UC
samples after mucosal healing in our study. In our study,
other unstudied strains that may be involved in mucosal
healing in UC were also found, such as Roseburia faecis,
Clostridium_sp_CAG_127, Eubacterium_sp_CAG_252,
Clostridium_sp_CAG_7, Ruminococcus_lactaris, Eubac-
terium_sp_CAG_38, Dialister_sp_CAG_357, Clos-
tridium_sp_CAG_43, Ruminococcus_sp_JC304 and
Eubacterium ventriosum. We further built a random
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forest model to explore the potential use of the gut
microbiota for the noninvasive prediction of mucosal
healing. The results revealed that the AUC of the com-
bination of significantly altered bacterial species in the
prediction of mucosal healing in UC patients was 0.7846
(Fig. 4C). Thus, our results suggest the great potential of
these microbial-based classifiers as noninvasive biomark-
ers for the early prediction of mucosal healing.

AA metabolism was enriched after mucosal healing

Next, we annotated the unigenes with those in the KEGG
database. The results revealed that AA metabolism, the
metabolism of cofactors and vitamins, glycan biosynthe-
sis and metabolism, and the biosynthesis of other sec-
ondary metabolites increased significantly after mucosal
healing (Fig. 5A). Many AA metabolic pathways, includ-
ing glycine, serine, threonine, cysteine, methionine, ala-
nine, aspartic acid, and glutamic acid metabolism and
phenylalanine, tyrosine, lysine, and leucine biosynthesis,
were enriched after mucosal healing (Fig. 5B). We fur-
ther identified species contributing predominantly to AA
metabolic pathways. Faecalibacterium prausnitzi, Bacte-
roides fragilis, Bacteroides vulgatus and Alistipes putre-
dinis were the leading bacterial species involved in the
above pathways (Fig. 5C). Overall, our findings indicate
that AA metabolism and the gut microbiota are closely
related and participate in mucosal healing in UC.

Putative correlations of fecal AAs with the bacterial species
during mucosal healing in UC

There is a close relationship between AAs and the gut
microbiota, which plays an important role in the patho-
physiological processes of many diseases. To further
understand the relationship among fecal AAs and the
gut microbiota in the mucosal healing of UC patients, we
calculated the Spearman correlations of fecal AAs with
significantly different concentrations and distinctively
abundant bacterial species between the two groups and
generated a heatmap to highlight the species and amino
acid-associated patterns. Our results revealed that fecal
AAs were negatively correlated with a variety of ben-
eficial strains, such as Bacteroides fragilis, uncultured
Clostridium sp., Firmicutes bacterium CAG:103, Adler-
creutzia equolifaciens and Coprococcus comes. However,
these AAs were positively correlated with several harm-
ful strains, such as Citrobacter freundii, Enterococcus fae-
calis, Klebsiella aerogenes,Salmonella enterica (Fig. 5D).
So far studies about Bacillus pseudomycoides had focused
on plants, there was no relevant studies related to IBD.
Our results further demonstrate the close relationship
between AAs and the gut microbiota in the process of
mucosa healing in UC.
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Fig. 3 Gut microbiota composition before and after mucosal healing in UC. Significant differences in the gut microbiota composition existed before and
after mucosal healing in UC patients. (A): The dilution curves of the core and pan genes revealed that the sample size of our study was sufficient. (B): The
inter-sample gene abundance correlation analysis showed results of the study were reliable. (C): The genes were more abundant after mucosal healing
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indicated the significant differences in the composition of the gut microbiota

Discussion

Mucosal healing is a therapeutic target for UC that can
lead to better clinical outcomes. Intestinal repair is a
process involving intestinal epithelial cells, immune
and microbial interactions [31]. The process of mucosal
healing is triggered by a chain of energetically expen-
sive mechanisms to restore the continuity of tissue after
mucosal damage. AAs, as the basic elements of protein
synthesis, fuel the anabolism of bioactive compound pre-
cursors, interact with the gut microbiota to participate in
mucosal healing in UC and maintain intestinal homeo-
stasis. Our study revealed significant changes in AA con-
centrations and the gut microbiota composition before
and after mucosal healing in UC patients, and these
altered AAs and bacterial species have predictive value

for mucosal healing in UC patients. Moreover, our find-
ings indicate that AA metabolism and the gut microbiota
are closely related and participate in mucosal healing in
ucC.

A prospective intention-to-diagnose pilot study
revealed that the concentrations of 9 fecal amino acids
(alanine, citrulline, glutamine, leucine, lysine, phenyl-
alanine, serine, tyrosine and valine) differed signifi-
cantly between IBD patients and non-IBD patients. No
significant differences were detected in the serum [32].
Fecal leucine, alanine and tyrosine levels were greater in
UC patients than in healthy individuals and were posi-
tively correlated with disease severity [33]. In our study,
the concentrations of 16 fecal AAs decreased signifi-
cantly after mucosal healing in UC, whereas the serum
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concentrations of alanine, cysteine and valine increased
and that of aspartic acid decreased, suggesting that AAs
participate in the process of mucosal healing in UC.
Hypotheses regarding potential mechanisms for altered
fecal amino acid concentrations in patients with IBD
include malabsorption, metabolic changes, gut micro-
biota disorders and colonic leakage. Because essential
AAs cannot be synthesized in the body and must be
obtained from the diet, malabsorption and colonic leak-
age may be responsible for lower concentrations in the
serum and higher concentrations in the feces. However,
there was no significant difference in serum levels before
and after mucosal healing in UC patients in our study,

and malabsorption and colonic leakage did not seem
to fully explain the changes in feces. The KEGG analy-
sis revealed that the metabolic pathways of several AAs
were enriched after mucosal healing, and previous stud-
ies have reported that various AA levels are decreased
in the colonic mucosa of IBD patients [34]. Changes in
intestinal metabolism and gut microbiota disorders may
be the most possible explanation [35], suggesting that
AAs interact with the gut microbiota and participate in
the metabolic processes of intestinal epithelial cells, thus
promoting the mucosal healing of UC. During the patho-
physiology of UC, AA metabolism in the colon changes in
response to injury to provide feedback on tissue damage
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and promote repair after injury. If AA metabolism disor-
ders cannot be corrected in a timely manner, the repair
ability of the colonic mucosa will be hindered, exacer-
bating tissue damage and thus promoting the progres-
sion of UC. AAs are considered as the building blocks
for protein synthesis and play major roles in other pro-
cesses, such as cell signaling, gene expression, intracel-
lular protein turnover, reproduction, oxidative stress and
immunity [36]. At present, many studies have focused
on glutamine, glutamic acid, arginine, sulfur-containing
amino acids (methionine and cysteine), tryptophan, gly-
cine and histidine, which may play beneficial roles in IBD
through anti-inflammatory and anti-apoptotic effects and
maintaining intestinal barrier integrity [37], suggesting
that restoring AA metabolism though adjusting dietary
structure may be a promising therapeutic method.

In addition to being involved in the mucosal healing of
UC, AAs also showed a superior ability to predict muco-
sal healing. Compared with serum amino acid levels,
fecal amino acid levels are more sensitive and specific for
predicting mucosal healing. Recent studies have shown
that the serum and fecal amino acid compositions can
be used to distinguish IBD patients from healthy indi-
viduals with high sensitivity [38]. Another previous study
revealed that, compared with those of healthy individu-
als, the fecal histidine, tryptophan, phenylalanine, leu-
cine, tyrosine and valine contents of UC patients were
significantly greater, and the AUCs for the diagnosis of
UC were all greater than 0.75 [35]. Our study revealed
that the AUCs of fecal glutamate, leucine, lysine, methio-
nine and threonine for the prediction of mucosal healing
in UC patients were 0.916, 0.929, 0.907, 0.920 and 0.938,
respectively. After combination, the AUC reached 0.96.
These findings underscore the potential of this noninva-
sive stool test to be applied in clinic to predict the muco-
sal healing of UC patients.

The treatment of IBD has entered a new era of biologi-
cal agents. Although a wide variety of biologics are cur-
rently available in the clinic, infliximab is widely used
as it was the first biologic to be approved for the treat-
ment of UC [39]. In view of the effect of the drug on
gut microbiota, only patients who exhibited mucosal
healing after infliximab treatment were included in this
study. a-Diversity analysis, PCA, PCoA and NMDS col-
lectively revealed significant differences in the gut micro-
biota composition before and after mucosal healing in
UC patients. Furthermore, Metastats and LEfSe analysis
identified several species involved in UC and mucosal
healing, including Faecalibacterium prausnitzii, Bacteroi-
des fragilis and Enterococcus faecalis. Lactobacillus rham-
nosus and Faecalibacterium prausnitzii can partially
restore the function of the intestinal barrier by increas-
ing the levels of Occludin and E-cadherin, which may
be associated with microbial-induced downregulation
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of nuclear transcription factor-kappa B [40]. Faecalibac-
terium prausnitzii supernatant may reduce the severity
of DSS-induced colitis in mice by enhancing intestinal
barrier function via paracellular permeability regula-
tion, suggesting the potential role of Faecalibacterium
prausnitzii in the treatment of IBD [41]. EXL01, derived
from Faecalibacterium prausnitzii, is currently in Phase
I clinical trial for treatment of CD, expected to be a
therapeutic candidate. In addition to that of Faecalibac-
terium prausnitzii, the abundance of Bacteroides fragilis
also increased significantly after mucosal healing in UC
patients. After mucosal healing, these enriched bacteria,
represented by Faecalibacterium prausnitzii, are associ-
ated with short-chain fatty acid (SCFA) production [42].
The gut microbiota composition of UC patients changed
after mucosal healing. For example, the abundance of
Clostridium species involved in SCFA production was
decreased in UC patients but increased after mucosal
healing. The results suggested that the diversity of the
gut microbiota was restored, the abundance of beneficial
microbes increased, the abundance of harmful microbes
decreased, and the production of a variety of metabolites
involved in mucosal healing in UC patients increased. On
the basis of these findings, it may be hypothesized that
these bacterial species are linked to mucosal healing, is
the direction of future precise treatment.

When the metabolic pathways in the KEGG database
were assessed, carbohydrate and amino acid metabolism
were found to be enriched in multiple genes from these
taxa, which was consistent with previous studies [43].
The biosynthesis of various AAs increased after mucosal
healing in UC. AA metabolism in IBD was found to be
significantly suppressed in a previous study [44], suggest-
ing that AA metabolism is involved in mucosal healing
in UC, corresponding with the targeted metabolomics
results. Further analysis revealed that these changes
in AA metabolism were closely related to a variety of
gut microbiota, such as Faecalibacterium prausnitzii,
Bacteroides fragilis, Bacteroides vulgatus, and Alistipes
putredinis. In the context of inflammation, an increase
in threonine, serine, proline, and cysteine contents by
dietary supplementation could promote mucin synthe-
sis, restore balance in the gut microbiota composition,
promote the growth of symbiotic bacteria, including
Bacteroides and Lactobacillus, and thus favor colonic
protection and mucosal healing [45]. Additionally, leucine
supplementation increased the Firmicutes: Bacteroidetes
ratio [46]. All of the above studies revealed a close rela-
tionship between AAs and the gut microbiota. To visu-
alize this relationship, we conducted correlation analyses
of distinctively abundant species and AAs and showed
that the concentrations of fecal AAs were negatively
correlated with the abundance of a variety of beneficial
strains, such as Adlercreutzia equolifaciens,Bacteroides
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fragilis, but positively correlated with the abundance
of several harmful strains, such as Citrobacter freundii,
Enterococcus faecalis. Intestinal diseases are character-
ized by gut microbiota dysbiosis and metabolic disorders,
and gut metabolites may also manipulate the metabolic
state of intestinal epithelial cells to induce an immune
response in the gut. AAs can not only be used for the
synthesis of the gut microbiota but also be degraded to
produce metabolites through different pathways. The lat-
ter may affect colon epithelial cell metabolism and main-
tain homeostasis by altering intestinal barrier function,
immunity, reactive oxygen species production, oxygen
consumption, SCFA production, and colon epithelial cell
activity and proliferation. The mechanism by which AAs
and the gut microbiota are involved in mucosal healing in
UC needs further study.

In summary, we assessed fecal AA concentrations and
the gut microbiota composition before and after muco-
sal healing in patients with UC in the present prospective
case—control study. The strengths of this study include
the prospective design in which all patients were treated
with infliximab and evaluated via endoscopy, which is
currently the gold standard for treating UC. In addition,
targeted metabolomics and metagenomics analyses were
combined to evaluate the process of mucosal healing in
UC. A limitation of this study was the small number of
patients included. Moreover, AAs in the colonic mucosa
were not detected because of the screening and sampling
of noninvasive markers. AA metabolism in intestinal epi-
thelial cells was not directly analyzed, although it was
indirectly reflected by the serum and fecal concentrations
of AAs. In conclusion, both AAs and the gut microbiota
are implicated in the mucosal healing of UC and can be
noninvasive diagnostic biomarkers; however, a large sam-
ple of patients is needed to verify the accuracy and sensi-
tivity of these biomarkers, and further research is needed
to explore the underlying mechanism involved, to pro-
vide new theoretical basis for individual therapy.
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