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Abstract

Background & aim The course of ulcerative colitis (UC)
involves successive periods of remission and exacerbation
but is difficult to predict. Gut dysbiosis in UC has already
been intensively investigated. However, are periods of
exacerbation and remission associated with specific distur-
bances in the composition of the intestinal microbiota and
its metabolome? Our goal was to answer this question and
to identify bacteria and metabolites necessary to maintain
the remission.

Methods We enrolled 65 individuals, including 20 UC
patients in remission, 15 in exacerbation, and 30 healthy
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controls. Metagenomic profiling of the gut microbial com-
position was performed based on 16S rRNA V1-V9 sequenc-
ing. Stool and serum metabolic profiles were studied by
chromatography combined with mass spectrometry.
Results We revealed significant differences in the gut bac-
terial and metabolic composition between patients in active
UC and those in remission, as well as in healthy controls.
As associated with UC remission we have identified fol-
lowing bacteria: Akkermansia, Agathobacter, Anaerostipes,
Enterorhabdus, Coprostanoligenes, Colinsella, Ruminococ-
cus, Subdoligranulum, Lachnoclostridium, Coriobacteri-
ales, Erysipelotrichaceae, and Family XII, and compounds
— 1-hexadecanol, phytanic acid, squalene, adipic acid, cis-
gondoic acid, nicotinic acid, tocopherol gamma, ergosterol
and lithocholic acid. Whereas, in the serum lithocholic acid,
indole and xanthine were found as potential candidates for
biomarkers of UC remission.

Conclusion We have demonstrated that specific bacteria,
metabolites, and their correlations could be crucial in the
remission of UC among Polish patients. Our results provide
valuable insights and a significant source for developing new
hypotheses on host-microbiome interactions in diagnosis
and course of UC.
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Abbreviations

BMI Body mass index

F/B Firmicutes/Bacteroidetes Ratio

FC Fold-change

GC/MS Gas chromatography combined
with mass spectrometry

IBD Inflammatory bowel diseases

LC Liquid chromatography

LCA Lithocholic acid

OTU Operational taxonomic unit
PCA Principal component analysis
SCFA Short-chain fatty acid

ucC Ulcerative colitis

UPLC-HESI-HRMS/MS  Ultra-performance liquid chro-
matography coupled to high-
resolution mass spectrometry

Introduction

Ulcerative colitis (UC) is an inflammatory bowel disease
(IBD) characterized by chronic, recurrent inflammation of
the digestive tract with immuno-genetic and microbial ori-
gins, influenced by environmental factors [1, 2]. Its clinical
course involving alternating periods of remission (R) and
exacerbation (E) is often unpredictable [3]. Despite scien-
tific advances, the cause of UC remains unclear. Over the
past decade, UC incidence has increased worldwide with
a further rise expected, highlighting the need for effective
therapy or long-term remission [4].

Gut microbiota plays a key role in UC, as studies have
shown that the intestinal microbiota from UC patients can
induce the disease in germ-free mice [5-9]. UC is linked
to dysbiosis, where microbial composition shifts, reducing
biodiversity and increasing harmful bacteria (e.g., Escheri-
chia coli, Desulfovibrio) while decreasing beneficial ones
(e.g., Lactobacillus, Akkermansia muciniphila) what con-
sequently alters the balance of gut Th17 and RORyt(+)
regulatory T cells, disrupting the harmful inflammatory
response reported among Polish patients in our previous
study [10—14]. Research on microbial-derived metabolites,
like butyrate, suggests their role in modulating the host epi-
genome, hormone release and mucosal integrity [15, 16].
There are myriad impacts of gut microbial compounds on
host health; however, metabolomic studies have allowed
us to discover only a small proportion of these effects [17,
18]. Understanding these metabolite changes may aid in UC
diagnosis and treatment, though general microbial shifts for
exacerbation are still unknown [19]. Therefore, functional
studies on microbial metabolomics are so essential.
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Our approach was to identify gut microbes and metab-
olites indicative of the clinical course of UC by quanti-
tatively measuring microbiota-associated metabolites in
fecal samples combined with metagenomic profiling. We
hypothesized that specific bacterial and metabolomic signa-
tures would significantly differ between UC patients during
exacerbation and remission, compared to healthy controls.
Thus, we aimed to characterize these signatures as potential
biomarkers to enhance the prediction and management of
UC flare-ups.

Materials and methods
Subjects and study design

The study was approved by the Ethics Committee of Poznan
University of Medical Sciences (resolution no. 957/21
approved on 9 December 2021). All experiments were
performed in accordance with the principles of the 1964
Declaration of Helsinki and its later amendments. All the
participants provided written informed consent prior to
their enrollment in the study. Thirty-five Polish patients
with diagnosed UC (twenty patients in remission and fifteen
in exacerbation of the disease) who were under the care of
the University Clinical Hospital in Poznan and the Depart-
ment of Gastroenterology, Dietetics and Internal Diseases
at Poznan University of Medical Sciences in Poland were
enrolled in this study. UC diagnosis was made based on clin-
ical, endoscopic and histologic data. The exclusion criteria
were additional diseases (e.g., Clostridium difficile infection,
diabetes, or cancer), pregnancy and intake of antibiotics or
probiotics during the last 3 months. The remission state was
defined as at least 12 months of flare-free disease with clini-
cal, histologic and endoscopic remission. The exacerbation
state was defined as clinically active disease at the moment
of involvement in the study.

The control group included thirty healthy Polish volun-
teers (eighteen women and twelve men) who fulfilled the
following inclusion criteria: aged > 18 years, had a BMI
between 18.5 and 25 years, did not have a diagnosis of
gastrointestinal disorders or other serious diseases, did not
smoke, had no regular alcohol intake, had no history of IBD
in the family, and had no history of antibiotic or probiotic
intake in the last 3 months.

For all individuals, UC patients and controls, the
gut microbiota composition and fecal metabolites were
determined.

Sample collection

Fresh morning stool samples were taken to the sterile set as
two aliquots (~ 1 g) by all participants and immediately frozen.
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The transfer of the samples to the laboratory was performed
within 24 h of collection. All stool samples were stored at
-80 °C until microbial DNA extraction. At the same day a
peripheral blood sample (9 mL) were taken from each patient
and serum was separated.

Microbial community analysis
DNA extraction

Microbial DNA was isolated from 0.2 g of stool sample using
a QIAmp Power Faecal Pro DNA Kit (QIAGEN, Germany)
according to the manufacturer’s protocol. The concentration
and purity of the extracted DNA were determined using a Nan-
oDrop™ 2000 spectrophotometer (Thermo Fisher Scientific,
Inc., Waltham, MA, USA). All DNA samples were stored at
-20 °C until further molecular analysis.

Metagenomic library preparation and sequencing

Metagenomic libraries for next-generation sequencing
(NGS) were prepared according to the QIAseq 16S/ITS
Panel protocol (QIAGEN, Hilden, Germany) as we already
described previously [8].

Metadata processing and bacterial taxa identification

The obtained sequences of the V1-V9 regions of the 16S
rRNA gene were processed using CLC Genomic Workbench
11.0 with CLC Microbial Genomics Module 1.2 (Qiagen
Bioinformatics, Aarhus, Denmark). In the first step, demul-
tiplexing and trimming of the reads were performed. Next,
alignment to the SILVA SSU 99% (v138.1) database of
ribosomal RNA sequences was performed [20]. Chimeric
sequences were removed, and operational taxonomic units
(OTUs) for Bacteria, Archaea and Eukarya were distin-
guished. Paired reads were merged. The relative abundance
of all identified microorganisms in the sample at each taxo-
nomic level was calculated. The raw demultiplexed sequenc-
ing data with sample annotations were deposited in the Short
Read Archive (SRA) database (PRINA1040490).

Alpha diversity, based on OTU richness and Shannon
entropy, as well as beta diversity was determined using a
Bray—Curtis dissimilarity matrix for the analyzed groups of
samples.

For predicted metabolic pathway inside, the detected
OTUs were subjected to PICRUSt2 tool.

Metabolic profiling

Stool metabolite analysis with gas chromatography
combined with mass spectrometry (GC-MS)

A 0.1 g fecal sample was suspended in 1 mL of methanol
and homogenized by vortexing for 1 h at 1400 rpm in a
ThermoMixer (Eppendorf). The sample was then centri-
fuged for 10 min at 10,000 rpm at room temperature. The
supernatant was pipetted into a new Eppendorf tube and
centrifuged again. Finally, the supernatant was transferred
to a fresh tube and dried in a centrifugal vacuum concen-
trator under vacuum and over P,Os. During derivatization,
the polar groups in the sample were blocked. The derivati-
zation procedure consisted of a 1.5-h incubation with 100
pL of methoxyamine hydrochloride in pyridine (20 mg/mL)
at 37 °C, followed by a 30-min incubation with 160 pL of
N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA)
at 37 °C. The quality and quantity of all the samples were
verified using a LECO Pegasus 4D system composed of a
7890A gas chromatograph (Agilent) and a LECO ToF mass
analyser. LECO ChromaTOF software version 4.51.6.0 was
used for data analysis. Gas chromatography was performed
using a 30-m long, 0.25-mm internal diameter DB-5MS col-
umn with 0.25-pm film thickness (J&W Scientific, Agilent).
For injection, a Gerstel CIS PTV-type injector was applied.
The temperature of the injection was increased from 40 °C/
sec to 240 °C, and the MS transfer line and ion source were
set at 250 °C. Pure helium was used as the carrier gas at a
constant flow rate of 1 mL/min. The oven temperature was
held constant at 70 °C for 2 min, increased 10 °C/min to
300 °C, and held constant for 10 min at 300 °C. Mass spec-
tra were recorded in the range of 35-650 m/z in EI+mode
under standard 70 eV ionization conditions. The retention
index mixture was analyzed prior to the relevant analyses,
and an appropriate retention index method was created.
Identification of peaks was performed based on their reten-
tion indices and comparisons of their spectra with those in
proper mass spectra databases (NIST).

Detection and quantification of SCFAs

with ultra-performance liquid chromatography coupled

to high-resolution mass spectrometry (UPLC-HESI-HRMS/
MS)

Fecal samples (0.1 g) were shaken with 1000 pL of 70% iso-
propanol (LC/MS grade, VWR) for 5 min at 4 °C on a vortex
mixer (3000 rpm, IKA). The suspensions were homogenized
for 10 min using an ultrasonic bath (Bandelin Sonorex) and
centrifuged for 15 min (15,000 rpm, UNIVERSAL, Hettich)
at 4 °C. Reagents: 30 uL of 45.0 mM 2-chloro-1-methyl-
pyridinium iodide (Sigma Aldrich), 60 pL of 20-mM tri-
methylamine (Sigma Aldrich) and 200 pL of acetonitrile

@ Springer
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(ACN, LC-MS grade, Sigma Aldrich) were added to 50 uL.
of the supernatant. The samples were incubated for 5 min
at 50 °C (ThermoMixer C, Eppendorf). Next, the mixture
was shaken with 100 puL of 45 mM 2-(diethylamino)ethanol
(DEEA, Sigma Aldrich) for 40 min at 50 °C. The samples
were dried using a speedvac system at 30 °C for 60 min. The
dried samples were reconstituted in 300 uL of 50% ACN,
centrifuged for 5 min (15,000 rpm) and transferred to chro-
matographic vials. The standard compounds were prepared
in a similar way using a volatile free acid mixture (Supelco,
CRM46975). The calibration curves were prepared for 0.01,
0.1, 1.0, 10, 100 and 1000 uM of each compound.

The parallel reaction monitoring (PRM) method was per-
formed by applying ultraperformance liquid chromatography
(Acquity, Waters) with high-resolution mass spectrometry
(QExactive, Thermo Scientific). The sample (2 pL, partial
loop mode) was separated on an Acquity HSS T3 column
(2.1 x50 mm, grain size 1.7 um) at 30 °C using a gradient
of 0.1% formic acid in water (LC-MS grade — eluent A)
and 0.05% formic acid in acetonitrile (eluent B) at a 300
pL min-1 flow rate. The linear gradient program was set as
follows: initial to 1 min — 0.1% B, 7 min — 45% B, 9 min
— 99% B, 11 min — isocratic 99% B, 12 min — 0.1% B
and isocratic 0.1% B to 15 min. The HESI-II ion source was
operated in positive ion mode. The parameters used were
3.5 kV — capillary voltages, 35 au — sheath gas flow, 10
au — auxiliary gas flow, 3 au —sweep gas flow and S-lens
RF level 50. The ion transfer tube and auxiliary gas tem-
peratures were set at 320 °C and 350 °C, respectively. The
PRM settings were as follows: AGC-target, 5 X 104 ions;
maximum injection time, 200 ms; isolation window, 1 m/z;
and normalized collision energy, 25%.

Serum metabolite analysis

Samples — 100 pL of serum were extracted using 900 uL
of acetonitrile (LC-MS grade, Merck, Darmstadt, Germany)
with methanol (LC-MS grade, Merck, Darmstadt, Germany)
1:1 (v/v) in 1.5-mL tubes (Eppendorf, Hamburg, Germany)
at4 °C by 15 min. Tubes were centrifuged at 4 °C by 15 min
using MIKRO 120 centrifuge (Hettich, Westphalia, Ger-
many) and supernatants were transferred into HPLC-vials.
The untargeted metabolomics were performed using
UPLC system (Acquity, Waters, Milford, MA, USA) with
OrbiTrap based high resolution mass spectrometer (QEx-
active, Thermo Scientfic). The chromatography separation
was performed using HSS T3 column (50 mm X 2.1 mm,
1.7 um of grain size, Waters, Milford, MA, USA) at
30 °C. The gradient of water with 0.1% of formic acid
(LC-MS grade, Merck, Darmstadt, Germany) and acetoni-
trile (LC-MS grade, Merck, Darmstadt, Germany) was 0.5%
of B— 70% of B from O to 7 min, 70% of B — 99% of
B from 7 to 9 min, isocratic 99% to 12 min and return to
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initial settings to 13 min at flow rate 0.4 mL/min. The eluate
was ionizing using heated electrospray ion sources. HRMS
operated in positive and negative ion mode at m/z range
75—-1000. The FullMS scans were registered at resolution of
70 000 FWHM and 100 ms of maximum IT time. The data
dependent MS/MS experiments were provided at resolution
of 17 500 FWHM, 50 ms of maximum IT time and 30% of
normalized collision energy.

The raw data were processed using MS-DIAL for peak
extraction, annotation, LOESS normalization and export
into.csv file [21]. The data post-processing was performed
in the R environment using MSPrep package [22]. The data
frames were filtrated based on sample/blank ratio (> five-
folds), number of missing values (< 30%) and relative stand-
ard deviation in QC group (RSD < 60). The missing values
were estimated using 50% of minimum value of feature. The
peak areas were scaled using log2.

Statistical analyses

To analyze the differences in demographic data between
groups, Student’s ¢ test for independent measures was applied.
For comparisons of metagenomic data, the Shapiro—Wilk test
was used first to determine whether the data were normally
distributed, and if the assumptions were not met, the non-
parametric Mann—Whitney test was used. For three-group
comparisons, a nonparametric multivariate statistical permu-
tation test (PERMANOVA) or the Kruskal-Wallis test with
Dunn’s post hoc test was applied. The obtained peak areas
of the metabolites were normalized and log-transformed. The
data were imported into MStat for statistical analysis (http://
proteom.ibb.waw.pl/mstat). The correlation analysis between
metabolites and microbial taxa was performed with Spear-
man’s correlation with asymptotic t tests for P values. With
respect to multiple hypothesis testing, the adjusted P values
were calculated according to the Benjamini-Hochberg pro-
cedure. The statistical analysis was performed using STATA
software (Stata statistical software: Release 15. College, TX:
StataCorp LLC) and R 4.2.2 (R Foundation for Statistical
Computing, Vienna, Austria). All tests were considered sig-
nificant at P <0.05. GraphPad Prism 8.0.1 (GraphPad Soft-
ware, San Diego, CA, USA) and CLC Genomics Workbench
software (Qiagen Bioinformatics, Aarhus, Denmark) were
used to prepare the graphs.

Results
Subject characteristics

The study population included 65 participants, 30 HC and
35 UC patients, of which 20 (57%) were UC_R, while 15
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Table 1 pc?mogr aphic . Variable UC patients Healthy controls P value
characteristics of the studied
subjects (n=35) (n=30)
Female/Male, n (%) 19/16 (54.3/45.7) 18/12 (60/40) 0.642
Age, years (mean +SD) 38.3+12.1 35+6.4 0.322
BMI, kg/m? (mean + SD) 22.2+4.4 23.2+3.1 0.38
Disease duration, years (mean+SD) 8+6.5
Remission (20) Exacerbation (15)
CRP, mg/L (mean + SD) 3.7+4.8 33.7+48.8 <0.01
Haemoglobin, g/dL (mean +SD) 139+1.4 8.8+2.2 <0.05
Calprotectin, ug/g (mean =+ SD) 51+43.9 739 +598 <0.0001
Montreal classification* of UC extent, n (%)
El 3(15) 4(26.6)
E2 12 (60) 7 (46.8)
E3 5(25) 4(26.6)
Montreal classification of severity, n (%)
SO 20 (100) 0(0)
S1 0(0) 0(0)
S2 0 (0) 5(33.3)
S3 0 (0) 9 (60)
Comorbidities, n (%)
Degenerative joint disease 5(14.3)
Primary sclerosing cholangitis 4(11.4)
Autoimmune hepatitis 3(8.6)
Reflux 2(5.7)
Asthma 2(5.7)
Kidney tumor 1(2.8)
Osteoporosis 1(2.8)
Medication, n (%)
Biologic treatment 7 (20)
5-ASA drugs 27 (77.1)
Thiopurines 5(14.3)
Steroids 11 (31.4)

BMI body mass index, CRP C-reactive protein

*Based on Satsangi J. 2006

(43%) UC_E. The detailed characteristics of all patients is
presented in Table 1.

Gut microbiota diversity

The alpha-diversity of microbial samples was determined
based on OTU richness and Shannon entropy. Significant
difference was revealed in Shannon entropy between HC
and UC_E, as well as between UC_R and UC_E (P=0.0017
and P=0.012, respectively) (Fig. S1A). The mean number
of OTUs for HC was 912 (+157), while UC_E was the least
diverse group, with a mean number of OTUs of 800 (z210).

Using Bray—Curtis dissimilarity index, the beta-diver-
sity of the studied samples was illustrated, however, the
groups did not cluster significantly different from each other
(Fig. S1B).

Taxonomic composition of the microbial community

Among all identified bacterial taxa, only those presented
in at least 50% of the tested fecal samples were selected for
further comparative analyses. Thus, at the phylum level, 6
phyla from 14 primarily identified were included (Fig. 1A,
Table S1). In all groups, Firmicutes was the dominant phy-
lum, followed by Actinobacteria and Bacteroidetes. UC_E
patients differed significantly from UC_R and HC only in
terms of Verrucomicrobia abundance, which was of 0.6%,
2.6% and 6.3%, respectively (P=0.017 and P <0.001,
respectively).

Calculated Firmicutes/Bacteroidetes ratio (F/B) was
much greater among HC (mean ratio 478.1) than among
UC patients (mean ratio 129.1), although the difference was
not significant (P =0.138), confirming the dysbiosis in UC.

@ Springer
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Fig.1 A The abundance of the main bacterial phyla in all stud-
ied groups. Data shown as the means+SDs; Mann—-Whit-
ney test with the Benjamini-Hochberg procedure was used; B
Firmicutes/Bacteroidetes ratio. Medians with min and max; Mann—
Whitney test; C Abundance of the main bacterial families in the

A significant difference was observed only between HC
and UC_E (P=0.019), but not between UC_E and UC_R
(P=0.066; Fig. 1B).

The UC_E was lower enriched than UC_R and HC of
Akkermansiaceae (0.6% vs. 2.6%, P=0.037), Coriobacte-
riaceae (2.9% vs. 8.3%, P=0.028), Coprostanoligenes group
(0.64% vs. 3.04%, P=0.028) and an unknown family from
the order Coriobacteriales (0.42 vs. 0.83, P=0.028). Results
of the interaction between bacterial families differentiated
UC_E from UC_R were illustrated as a bubble plots, pre-
senting that UC_R is more similar to HC, unlike the UC_E
is significantly distinguished by strong positive correlations
between particular bacterial families (Fig. 1C, D).

@ Springer

studied groups. Mean abundance (%); Mann—Whitney test with
Benjamini—-Hochberg procedure; D Correlation analysis at the bacte-
rial family level in UC patients and healthy controls. Only families
primarily differentiated inflammation from remission in UC patients
were included. *P <0.05

Gut microbiota associated with remission
and exacerbation in UC patients

Being focused particularly on bacterial genus and species in
detection taxa significantly associated with the disease, we
revealed that 5 genera and 11 bacterial species significantly
differentiated UC_E from UC_R (Table S1).

Based on the FC analysis at the genus level, we observed
Parabacteroides and Erysipelotrichaceae UCG-003 approxi-
mately four times enriched in the UC_R than in UC_E. Fur-
thermore, the richness of Dialister, Enterorhabdus, Alistipes,
and Lachnospiraceae NK4A 136 was more than three times
greater in the UC_R than in HC. However, Akkermansia,
Collinsella, Enterorhabdus, { Unknown Family} Coriobac-
teriales, and {Unknown Genus} Lachnospiraceae were sig-
nificantly associated with the UC_R (P adj <0.05; Fig. 2A).
The genera Lachnospiraceae NC2004 group, Streptococcus,



J Gastroenterol (2025) 60:1384—1399

1391

A

Parabacteroides=
Erysipelotrichaceae UCG-003+
Dialister

En!ernmabdur

Alistipe.
Lachnospiraceae NK4A136 group=
Agathobacter=
Anaerostipes=
Roseburia=

representative genus

Genus} i group=|
Akkermansia=

Lachnoclostridium=
Chnistenseneflaceae R-7 group=
Monoglobus=

{Unknown Genus) Lachnospiraceae=
Incertae Sedis=

Famity Xl AD3011 group=
Unculturod-12-
Collinsefla~
Lachnospvaceae UCG-004
Ruminococcus—
Coprococcus=
{Unknown Order} Clostridia~
Subdoligranulum=
{Unknown Genus} Runwnococcamae—
{Unknown Family} Conobacteriales=
Lachnospiraceae UCG-008-
Bacteroides-|
Dorea=
Uncultured-10-
Faecalibacterium=
Romboutsia=

{Unknown Phylum) Bacteria
{Unknown Class} Firmicutes=
{Unknown Family} Oscillospirales=
Blautia=]
Clostridium sensu stricto 1=

Streptococcus=|
[Ruminococcus) torques group=|
UCG-005+

UCG-002+

Lachnospiraceae NC2004 group=

(@)

FC of mean relative abundance in UC
remission relative to exacerbation

Uncuttured bacterium-194=

Uncuttured bacterium-019=

[Eubacterium] rectale M104/1-
; ium-002

Gut metagenome-030-
Uncultured bacterium-099-
Uncultured bacterium-097-
Uncuttured bacterium-129=
Uncultured organism-055=
Anaerostipes hadrus-001-
Uncultured bactenium-137-
Uncuttured bacterium-081=
Unidentified-003-
Uncultured bactenium-135-
Uncultured bacterium-163+
Uncuttured bacterium-014=
Uncultured bacterium-160-
{Unknown Genus) Lachnospiraceae=
Blautia obeum=
Uncultured bacterium-121=
{Unknown Species} Collinsella—]
{Unknown Genus} Ruminococcaceae=
Uncuttured bacterium-164=
Uncultured bacterium-100-]
{Unknown Family} Coriobactenales=
Uncultured organism-078=
{Unknown Order) Clostridia=]
{Unknown Class} Firmicutes=
Conobac!enum sp. CCUG 33918+
Uncuttured bacterium-227=
Uncultured bacterium-111-
Uncultured bacterium-123-
Uncultured bacterium-103=
Uncultured bacterium-158-
Uncultured bacterium-183-
Uncultured bacterium-024-
L Firmi jum-010
Faecalibacterium prausnitzii~
Uncultured organism-005-
Bifidobacterium adolescentis=
Uncultured organism-073-
{Unknown Phylum} Bacteria—|
{Unknown Family} Oscillospirales=|
Uncuttured bacterium-134=
Unidentified-002-
Uncultured bactenium-102-
Streplococcus salivarius=
Uncuttured bacterium-077=
Faecalibacterium sp-
{Unknown Species) Bacteroides=
Bifidobactenium longum subsp. longum F8=
Uncultured bacterium-096-]
{Unknown Species} Subdoligranulum=
subsp.
Bifidobacterium longum subsp. infantis 157F=
Uncultured bacterium-003-]
{Unknown Species} Faecalibacterium=
Bifidobacterium longum=
{Unknown Species} Bifidobacterium=|
Romboutsia ilealis—
{Unknown Species) Streplococcus=
Uncuitured bacterium-116=
Uncultured bacterium-150-]
Uncultured organism-036-
Uncultured bacterium-148=
Bifidobacterium breve=|

representative species

FC of mean relative abundance in UC
remission relative to exacerbation

Fig. 2 A Bacterial genera associated with remission and exacerba-
tion of UC. B Bacterial species associated with remission and exac-
erbation of UC. C Abundance of bacterial genera associated with

Agathobacter Akkormansia
. .
- ) |
ol s “} 41 “
.
¢ . N ' . ‘ . k . . . l’
. : . ’
T T T T T T T T T T ' -y "
H i H 3 . H H H + . H ot o3 [ ois o o7 130
relative abundance (%] relatree atundance [N retative atbundance (%]
Anacrostipes. Collinsella Subdoligranulum
. .
o . o2 . . " . "
N . = 0
, P | - ] .
.
B - 4 1 L
s bt . g i
. . . . . . . o,
- o T AR OF | v S
. . . . N .
) o o 2 R 1) » H H H i H ) Y
retative abundance '] retative atbundance %] retatrve abundance (%] retative sbundance (%]
Enterorhabdus. Erysipelotrichaceae UCG-003 {Unknown Family) Corlobacteriales q ) o
e ~ » -
e |x & L4 |. b |x
! ' |
- CR N - -
l . . » g ] = 8 s ) : i
. .
" - ol . N . o .
. . » . = D
o os i) s H H H 3 ‘. H H H H 3 H H M H H
relative sbundence %] relative sbundance (%) Telatrve sbundance (%] retative stundance (]

remission. Data shown as medians with min and max. Kruskall-Wal-
lis test with post hoc Dunn’s test, corrected with Benjamini—-Hoch-
berg procedure was used; * P<0.05; ** P<0.01; *** P<0.001

@ Springer



1392

J Gastroenterol (2025) 60:1384-1399

Ruminococcus torques group, UCG-005, and UCG-002 were
linked with UC_E.

Nearly 78% of all analyzed bacterial species were
unknown or unidentified. Similarly, based on the FC analy-
sis of bacterial species, we observed two various uncultured
bacterial species approximately four times more abundant in
UC_R than in UC_E (Fig. 2B). Furthermore, the richness
of [Eubacterium] rectale M104/1, one uncultured Rumi-
nococcaceae bacterium, and one gut metagenome species
was more than three times greater in UC_R. A significant
association with the UC_R was also detected for [Eubacte-
rium] rectale M104/1, an unknown species of Colinsella, an
unknown family of Coriobacteriales, Coriobacterium sp.
CCUG 33918, and several unknown or uncultured bacteria.
Romboutsia ilealis and one unknown species of Streptococ-
cus were linked with UC_E.

Combining the highest FC (FC > 1.5) and the significant
difference in bacterial genera abundance between both, the
exacerbation and remission, as well as between exacerba-
tion and healthy controls, we have indicated Agathobacter,
Akkermansia, Anaerostipes, Enterorhabdus, Colinsella, Ery-
sipelotrichaceae UCG-003, Ruminococcus, Subdoligranu-
lum, Lachnoclostridium, Family XIII AD3011 group, Corio-
bacteriales and Coprostanoligenes group as the potential
biomarkers of UC remission (Fig. 2C).

Fecal metabolites associated with remission
and exacerbation in UC patients

All metabolites from 65 fecal samples were identified using
GC-MS analysis. This approach allowed us to detect 349
compounds, of which 115 significantly differentiated UC
from HC (P <0.05) (Table S2).

Among the numerous fecal compounds significantly dif-
ferentiating UC_E from UC_R, only some metabolites also
showed a crucial difference in the level between UC_E and
HC (61 in total, including 48 compounds associated with
UC_R and 23 with UC_E). These metabolites included adi-
pic acid, tocopherol gamma, squalene, phytanic acid, ergos-
terol and lithocholic acid, whose levels were found to be
most significantly (P <0.001) greater in remission. During
exacerbation, the L-tryptophan concentration significantly
increased (P <0.001). However, based on FC analysis, we
revealed that L-tryptophan and succinic acid, which are cru-
cial in UC_E, were almost four times more abundant in this
group of patients, while in UC_R, 1-hexadecanol and cis-
gondoic acid were almost four times more abundant in this
group of individuals (Fig. 3A).

Combining the results of the highest FC (FC > 2) and the
significant difference in metabolite content between both, the
exacerbation and remission (P <0.01), and between exac-
erbation and healthy control (P <0.01) groups, we selected
compounds that have the potential to be human fecal
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indicators of UC course. Finally, twelve metabolites met
these criteria: 1-hexadecanol, lithocholic acid, squalene, adi-
pic acid, cis-gondoic acid, nicotinic acid, tocopherol gamma,
ergosterol and phytanic acid as a indicators of remission, and
tryptophan, L-tryptophan, and succinic acid as a biomarkers
of exacerbation (Fig. 3B).

SCFAs

Using ultra-performance liquid chromatography coupled to
high-resolution mass spectrometry (UPLC-HESI-HRMS/
MS) SCFAs in 65 fecal samples were detected, including
acetic acid, propionic acid, butyric acid, n-valeric acid, cap-
roic acid and enanthic acid (Table S3).

The UC_E group was characterized by a significantly
lower richness of propionic acid than UC_R and HC, but
only before FDR correction (Table S4, Fig. S2A). Moreo-
ver, UC_E presented significantly lower levels of caproic
and enanthic acid in comparison to HC but not to UC_R.
On the other hand, the SCFAs concentration in UC_R was
generally similar to that in HC, except for that of enanthic
acid (P <0.05), the level of which was significantly greater
in HC. Principal component analysis (PCA) illustrates that
the dissimilarity of the groups is not as evident (Fig. S2B).
Correlations between bacterial genera and identified SCFAs
are presented on the Fig. S2C.

Serum metabolites associated with course of UC

Over thousand different metabolites has been found in the
serum samples from all individuals included in the study and
418 compounds showed significant differences in amount
between the all studied groups (Table S5). Among them,
mainly bile acids, amino acids, alcohols, vitamins, fatty
acids, esters, carboxylic acids, indoles, xanthines, and their
derivatives were identified.

We have verified the presence of the most significant in
UC course fecal metabolites also in the serum. Our results
has shown that lithocholic acid, adipic acid, L-tryptophan,
tryptophan, nicotinic acid, and succinic acid were found also
in the serum. However, among them, only lithocholic acid
was observed significantly increased in remission both, in
serum and stool (Fig. 4A).

We have observed, based on partial least squares discri-
minant analysis (PLS-DA), that UC patients in remission are
separately grouped from the patients being in the exacerba-
tion state, however still only partly similar, whereas healthy
controls are separated from patients, having only common
part with patients in remission (Fig. 4B).

Among all identified metabolites in the serum, we have
observed xanthine and indole as a potential biomarkers
of remission state in UC. Both presented the strongest
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«Fig.3 A Fecal metabolites associated with remission and exacer-
bation of UC. Bar plot with different P values and FC thresholds;
shown are only metabolites P adj<0.01 (**) and llog2FCI>1 (FC=2
vertical thresholds). For metabolites grouped according to their dif-
ferences in levels from the control, “E:C” indicates that metabolite
levels are significantly different between the E and C groups, “R:C”
indicates that metabolite levels are different between the R and C
groups, and “both” indicates that these metabolites are different from
the control in both groups (E and R). Data obtained by the Mann—
Whitney test corrected with the Benjamini—-Hochberg procedure; B
Fecal metabolites most significantly differentiating UC exacerbation
from UC remission patients and healthy controls. Boxplots visual-
izing differences have been included for selected metabolites (which
have the highest significance or FC value). Boxplots represent the
median values. * P<0.05; ** P<0.01; *** P<0.001

association with remission state of UC, as well as the sig-
nificant difference in amount between UC patients in exac-
erbation and healthy controls (Fig. 5).

Crosstalk between the gut microbiota and metabolites

To understand the relationship between bacterial distur-
bances and changes in the composition of metabolites,
we created a correlation matrice for bacterial genera with
metabolites based on calculations using Spearman’s rank
correlation test.

On the heatmaps (Fig. 6 and Fig. S3), a very clear, highly
positive correlation block of metabolites significantly
increased in the remission group is visible. This confirmed
our partial findings of metabolic biomarkers of remission
presented on Fig. 3B, such as adipic acid, tocopherol gamma,
squalene, 1-hexadecanol. We also noted specific bacteria
composition among UC_R, such as the Coprostanoligenes
group {unknown genus}, Christensenellaceae R-7 group,
Family XIII AD3011 group and others, as UCG-002 and
UCG-005. The same relationship was observed between
beneficial Akkermansia, which was significantly enriched in
UC_R (P adj <0.05) and tocopherol gamma, 1-hexadecanol;
as well as between Colinsella (also enriched in UC_R, P
adj <0.05), 1-hexadecanol and phytanic acid, similar to the
findings for Colinsella and the {unknown family} Coriobac-
teriales, with phytanic acid and 1-hexadecanol.

On the other hand, for the same set of bacteria (Copros-
tanoligenes group {unknown genus}, Christensenellaceae
R-7 group, Family XIII AD3011 group), which were sig-
nificantly less abundant (Table S1) among UC_E, there was
a separate block of inverse correlations with metabolites
that were enriched in UC_E, such as citric acid, isocitric
acid, and creatinine, whose levels were increased in UC_E.
L-tryptophan and tryptophan were the most significantly
associated with UC_E (Fig. 3B), and these parameters exhib-
ited an inverse correlation with Akkermansia abundance.

The strongest positive correlation between bacteria and
SCFAs was observed for enanthic acid and Oscillospirales
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{unknown family }, UCG-002, Subdoligranulum, and Family
XIII AD3011 (Fig. S2C). Moreover, caproic acid, which was
significantly more abundant in controls than in UC_E and
more abundant in UC_R than in UC_E was positively cor-
related with Akkermansia, [ Eubacterium] coprostanoligenes
{unknown genus}, UCG-002, and the Family XIII AD3011
group, which were associated with remission. The same bac-
terial genera were correlated with n-valeric acid.

Discussion

Although dysbiosis has been characterized more thor-
oughly in UC patients than in healthy individuals, the
differences in microbial structure between patients with
active disease and patients in remission are unclear [18,
23-25]. Identifying differences in the composition of gut
microbiota and microbiota-derived metabolites specific
to the remission and flare states in UC could not only
improve our understanding of disease pathogenesis but
also support the development of new therapeutic options.

In presented study, we followed the hypothesis that gut
microbiota and microbiota-associated metabolites could
drive the UC disease course.

We confirmed gut dysbiosis in UC patients. The highest
alpha-diversity value was found for controls, followed by
remission and exacerbation of UC [26] (Fig. S1A). Our
results indicated important complex differences in micro-
bial and metabolite composition due to disease activity.
Active UC compared with remission, was associated with
a lower abundance of Verrucomicrobiota. The F/B ratio
in UC_E was lower than that in HC (P =0.019). Moreo-
ver, UC_E were characterized by significantly lower rich-
ness of the Akkermansiaceae, Coriobacteriaceae, and
Coprostanoligenes groups and an unknown family from
the order Coriobacteriales than UC_R and HC. Finally,
we identified the following genera as bacterial biomarkers
of remission in our cohort of Polish UC patients: Family
XIII AD3011 group, Lachnoclostridium, Subdoligranu-
lum, [Eubacterium] coprostanoligenes, Agathobacter,
and Akkermansia. These bacteria were markedly more
abundant in the healthy control group than in the remis-
sion, with the lowest abundance occurring in the exac-
erbation group. After function analysis of all of them
based on available databases, we have observed that
those bacteria are beneficial microbes, involved in the
following processes in the intestine, as strengthening of
the intestinal barrier, mucus layer formation, regulation
of microbial balance, protection against pathogens, what
lead to enhancing the anti-inflammatory impact (MiMe-
Database; Data Repository for Human Gut Microbiota).
The strong positive correlation between the bacterial fami-
lies Akkermansiaceae and Coriobacteriaceae appears to
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with metabolites in UC remission and exacerbation at the bacte-
rial genus level. The bar plots on the left side show the mean rela-
tive abundance proportions of bacterial genera listed on the right side
of the plot; on the bottom of the plot, there are significantly different
metabolites between remission and exacerbation, P<0.01 (**) and
[log2FCI> 1. On the right side of the plot, bacterial genera identified
with 50% frequency in the analyzed samples are listed. On the upper

be particularly important during the flare state of UC,
in contrast to the remission phase or healthy individuals
(Fig. 1D).

To date, metagenomic data have revealed a correlation
between a reduced abundance of Akkermansia (particularly
A. muciniphila) and diseases, such as IBD, obesity, and dia-
betes [27]. Akkermansia, a Gram-negative obligate anaer-
obe belonging to the Verrucomicrobiota phylum, possesses
great beneficial activity in the human intestine because it
produces important SCFAs, such as acetate and propionate,
as a consequence of host-glycan degradation [28]. Recently,
this bacterium was identified as an immunomodulatory pro-
biotic that can accelerate inflammation, which is consistent
with ongoing clinical research [29, 30]. Our results con-
firmed a positive correlation between the abundance of the
Akkermansia genus and the amount of caproic, n-valeric,
enanthic, propionic and acetic acids in the stool samples.
The same correlation was found for these SCFAs and Agath-
obacter, as well as one unknown genus of the coprostanoli-
genes group [Eubacterium]. In particular, a strong positive
correlation was observed between the Family XIII AD3011
group and enanthic, n-valeric and caproic acids (Fig. S2C).
On the other hand, the levels of two SCFAs — acetic and
propionic — were substantially greater in the remission
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group and healthy controls than in the exacerbation group,
although these differences were not statistically significant
(Fig. S2A). To our surprise, none of the identified SCFAs
showed a strong correlation with UC remission. However,
studies demonstrate that butyrate is one of the most impor-
tant SCFAs, and its role is to serve as a source of energy for
colonocytes, strengthen the tightness of the intestinal bar-
rier and to calm inflammation, which has a vital effect on
the human organism [31]. Hence, we expected a protective
effect of butyrate on UC in our study.

We also confirmed, that gut microbial dysbiosis and spe-
cific bacterial shifts in active UC have consequences for the
composition of fecal and serum metabolites. Among the
fecal metabolites associated with remission we detected
adipic acid, cis-gondoic acid, ergosterol, lithocholic acid,
phytanic acid, squalene, tocopherol gamma, nicotinic acid,
and 1-hexadecanol. The fact that the levels of these metabo-
lites are not dependent on the inflammation marker (CRP)
supports the hypothesis that they may serve as potential
indicator metabolites in the course of UC, closely related
to the composition of the intestinal microbiota (Table S6).
Whereas L-tryptophan, succinic acid, and tryptophan levels
in feces were strongly correlated with exacerbation. Trypto-
phan (Trp) is an essential, exogenous amino acid in humans,
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and its biotransformation plays a central role in microbiota-
host crosstalk. Alterations in Trp metabolism in IBD have
been already described [32]. The role of microbiota in tryp-
tophan metabolism is significant because microbial enzymes
are involved in this process. One of the main transformation
pathways of Trp is the kynurenine pathway (KP), during
which nicotinic acid is produced. Interestingly, in our study
Trp is accumulated in the exacerbation state compared to
the remission, while nicotinic acid (the end product of KP)
was found to be accumulated in patients in remission phase.
Both of these compounds are negatively linked to each other,
which indicates that the augmentation of nicotinic acid (vita-
min B3) and tocopherol gamma (vitamin E) supports the
maintenance of remission.

We decided to more focus on the bacterial branch of
Trp metabolism, particularly the pathway involving the
enzyme tryptophanase (TnaA, EC 4.1.99.1), which is
produced by certain beneficial gut bacteria. In this path-
way finally indoles are produced. Indole derivatives (e.g.,
indole-3-acetic acid) are able to inhibit pro-inflammatory
cytokines through suppression of NF-kB signaling [33].
As a result, indole metabolites strengthen tight junctions
and stimulate mucin production, reducing bacterial trans-
location [34]. In our study, an increased level of indoles
we have found in the serum of UC patients being in remis-
sion state (Table S5; Fig. 5). Moreover, we inferred the
presence of the TnaA enzyme from bacterial community
profiles using a PICRUSt-based functional pathway pre-
diction analysis in the CLC software. The results revealed
highest presence of tryptophanase in the control group
and patients in remission (6%) compared to patients in
exacerbation state (1.5%), which explains the levels differ-
ence. This observations confirm an important role of gut
bacteria in Trp metabolism and in disease course.

Our attention was also drawn to another metabolite,
serum lithocholic acid (LCA), which was found to be sig-
nificantly associated with UC remission (Fig. 5). Lithocholic
acid is a secondary bile acid, produced with the participa-
tion of gut beneficial bacteria. Recent studies revealed its
possible anti-inflammatory role and impact in mucosal bar-
rier improvement [35, 36]. The anti-inflammatory effect of
LCA is based on the activation of TGR5/PKA and inhibition
of the NF-xB pathways [37]. In addition, LCA induces the
expression of proteins, such as occludin, which strengthen
tight junctions between enterocytes. Studies suggest, that
increased LCA, produced by beneficial bacteria, may
mitigate UC [38, 39]. In our study among positively cor-
related bacteria with LCA was for example Akkermansia,
Family XIII AD3011 group, and Christensenellaceae R-7
group. These conclusions confirm our belief that LCA has
a potential to be a candidate marker of UC remission, as we
observed in our Polish patients.

Our study also provided a huge amount of data on the cor-
relation of intestinal bacteria with fecal metabolites (Fig. 6).
This is certainly material for further research, but for now
it has allowed us to clearly distinguish exacerbation from
remission in UC, to better understand the pathogenesis of
the disease itself, but also its course. A strong positive cor-
relation was found between tocopherol gamma and bacterial
predictors of remission, such as Akkermansia, the [Eubacte-
rium] coprostanoligenes group, and the Family XIII AD3011
group (r>0.5, P<0.05). Furthermore, the elevated level of
ergosterol, which is a provitamin D2, was found among UC
patients in remission. The nearly two-fold greater level of
ergosterol in the remission group than in the exacerbation
group may be a result of the decreased amount of sterol
24-C-methyltransferase in this group of patients, an enzyme
involved in the steroid biosynthesis pathway (PICRUSt,
enzyme number 2.1.1.41; MetaCyc).

The strength of our research is the precise selection of
criteria for including participants into the study, supported
by the results of statistical comparisons of the demographic
and clinical data between groups.

We are also aware of the limitations of our study. First,
metagenomic analysis at the genus level did not allow for
the detection of numerous well-known species, such as
Akkermansia muciniphila. On the other hand, the share
of unknown and uncultured bacterial species was domi-
nant, which shows that a major part of the entire intestinal
microbiota remains unknown. Some of them (e.g., unidenti-
fied-003 and uncultured bacterium-183) showed significant
differences between remission and exacerbation states in our
study, which encouraged us to investigate these previously
uncultured bacteria.

We identified specific microbial and metabolic signatures
associated with remission and flare in UC, which may con-
tribute to progress in understanding the pathophysiology
of the disease. These signatures have also been partially
observed in a previous study [40].

The results of our research revealed a number of complex
relationships between the broadly defined bacterial micro-
biota and metabolome across different clinical courses of
UC. Although they do not fully explain the mechanisms that
determine disease progression, they clearly define the bacte-
rial and metabolic characteristics of remission in UC.

Conclusion

This is the first comprehensive study presenting significant
differences between UC courses—remission state and flare
in the field of gut microbiota composition and metabo-
lites. The results definitely help in understanding the pos-
sible mechanism of remission in patients with UC and may
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constitute a milestone in developing UC therapy by main-
taining constant remission of the disease in future.
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