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ABSTRACT

Recent evidence indicates that repeated antibiotic usage lowers microbial diversity and ultimately
changes the gut microbiota community. However, the physiological effects of repeated - but not
recent - antibiotic usage on microbiota-mediated mucosal barrier function are largely unknown. By
selecting human individuals from the deeply phenotyped Estonian Microbiome Cohort (EstMB), we
here utilized human-to-mouse fecal microbiota transplantation to explore long-term impacts of
repeated antibiotic use on intestinal mucus function. While a healthy mucus layer protects the
intestinal epithelium against infection and inflammation, using ex vivo mucus function analyses of
viable colonic tissue explants, we show that microbiota from humans with a history of repeated
antibiotic use causes reduced mucus growth rate and increased mucus penetrability compared to
healthy controls in the transplanted mice. Moreover, shotgun metagenomic sequencing identified
a significantly altered microbiota composition in the antibiotic-shaped microbial community, with
known mucus-utilizing bacteria, including Akkermansia muciniphila and Bacteroides fragilis, dominat-
ing in the gut. The altered microbiota composition was further characterized by a distinct metabolite
profile, which may be caused by differential mucus degradation capacity. Consequently, our proof-of-
concept study suggests that long-term antibiotic use in humans can result in an altered microbial
community that has reduced capacity to maintain proper mucus function in the gut.
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Introduction

The colon is densely populated by commensal bac-
teria that play an important role in aiding digestion
and preventing colonization by pathogenic bacteria.
However, if not controlled by the host, the intestinal
bacteria can pose a threat. Therefore, a gel-like
mucus layer, which lines the colonic epithelium,
acts as a barrier to both the native bacteria and any
potential pathogens by physically separating the
epithelium from the luminal content. Moreover,
while initially considered to be only a lubricant for
fecal material, the mucus layer has since been shown
to play an important role in host immune defense
and immune cell signaling regulation, as well as
acting as a reservoir for signaling peptides.'

A healthy colonic mucus layer can be described as
having a gradient, consisting of a sterile and densely
structured inner area, lying closest to the epithelium,
and a more loosely structured outer area that is
colonized by the native microbiota and periodically
washed away along with fecal material, which itself
can be covered by mucus derived from the proximal
part of the colon.” To thus replenish the layer, mucus
is continuously secreted by goblet cells located in the
epithelium, thereby creating a luminal-directed flow,
referred to as the mucus growth rate, which is esti-
mated as ~2 pum/min in healthy mice and ~4 um/
min in healthy humans.>* This mucus growth
actively maintains a safe distance between the
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epithelium and the microbiota, and we recently
showed that the microbially produced short-chain
fatty acids (SCFAs) acetate and propionate directly
stimulate mucus growth ex vivo from viable tissue
through the activation of free fatty acid receptor 2
(Ffar2).”

The presence of the gut microbiota is known to be
crucial for the development of a functioning mucus
layer, as illustrated in germ-free mice where the lack
of microbiota results in a dysfunctional, penetrable
inner mucus layer.® Moreover, the composition of
the gut microbiota can affect mucus function and
development.” A change in composition can result
in certain bacterial species beginning to degrade the
mucus layer at an excessive rate, contributing to
altered mucus structure which allows bacteria to
move closer to the epithelium, consequently trigger-
ing inflammation.

Recent studies have shown that changes in gut
microbiota composition, for example through con-
sumption of a low-fiber diet, cause defects in the
colon mucus layer®’. Moreover, impaired mucus
function has been observed in colitis, diabetes, and
obesity in mice'®"? and has been connected to
metabolic disease'* and ulcerative colitis'>'® in
humans. Interestingly, the mucus defect may even
precede the onset of ulcerative colitis and thereby
contribute to its development."

Besides diet, antibiotic intake has a major impact
on gut microbiota composition.'>"” By assessing data
collected from volunteers in the Estonian micro-
biome cohort (EstMB), we were able to recently
show that a history of repeated antibiotic usage causes
perturbations to the gut microbiota, including loss of
diversity, which can persist over time.'"® With the
dramatic rise in global antibiotic use in recent years,
an increase in various complex diseases, including
asthma," allergies,”® celiac disease,”’ diabetes,” and
chronic inflammatory diseases of the gastrointestinal
tract,” has been observed. Interestingly, maternal
antibiotic-perturbed microbiota has been shown to
exacerbate gut inflammation when transferred to
mouse pups deficient in the anti-inflammatory cyto-
kine interleukin 10 (IL107"),** and antibiotic usage
has been significantly associated with an increased
risk of new-onset IBD,*” indicating a connection
between antibiotic use, microbiome composition

and gut health.

While our previous work revealed the significant
impact of antibiotic usage on microbiome compo-
sition and links between microbiota changes and
disease,'® little is known about the long-term
impact of antibiotic treatment on mucosal barrier
function. As antibiotics can modify microbiota
composition and microbiota can, in turn, affect
mucus characteristics, we hypothesized that anti-
biotic usage may lead to changes in the colonic
mucus layer. To address this, we utilized our deeply
phenotyped EstMB cohort and selected human
microbiota samples from individuals with
a history of repeated, but not recent, antibiotic
usage and a matched control group. Using human-
to-mouse fecal microbiota transplantation (FMT)
alongside ex vivo mucus function assessment from
viable tissue, we studied the impact of antibiotic-
altered human microbiota on the mouse gut envir-
onment, with a particular focus on the colonic
mucus layer.

Materials and methods
Human donor recruitment and sample collection

Human donors were recruited as part of the
Estonian Microbiome (EstMB) project established
in 2017, as described in detail previously.'® Briefly,
2509 volunteers from the Estonian Biobank, which
contains more than 210,000 genotyped adults,
donated stool, oral, and plasma samples for the
microbiome study. The cohort currently includes
1764 female and 745 male participants, aged 23-89
years old. The participants collected a stool sample
immediately after defecation and delivered it to the
study center, where it was stored at —80°C until
further processing. All participants provided
informed consent and signed a broad consent
form, which allows access to the participant’s per-
sonal and medical health record data from national
health registries and databases. Additionally,
patients reported their health-related behavior by
completing a lifestyle questionnaire, which
included questions about their physical activity,
medical data, living environment, and stool char-
acteristics (i.e. Bristol stool scale). Dietary habits
were recorded through a food frequency question-
naire (FFQ) that included information about the



consumption of coffee, tea, bread/white bread,
potatoes, rice/pasta, porridge/muesli, dairy, fish,
meat, meat products (wieners, sausages), fresh
vegetables, boiled vegetables, fresh fruits, berries,
compote/jams, sweets, soft drinks, eggs, and added
salt. In addition, we assessed the participants’ gen-
eral eating habits with the following options:
Omnivore; Omnivore, excl milk and cream;
Omnivore, excl fish; Omnivore, excl red meat;
Vegan; Vegetarian eating dairy and eggs;
Vegetarian eating fish; Vegetarian eating dairy pro-
ducts. The study was approved by the Research
Ethics Committee of the University of Tartu
(approval No. 266/T10) and by the Estonian
Committee on Bioethics and Human Research
(Estonian Ministry of Social Affairs; approval
No. 1.1-12/17). The rights of gene donors are
regulated by the Human Genes Research Act
(HGRA) § 9 - Voluntary nature of gene donation.

Human donor inclusion criteria

The following inclusion criteria were used for this
study: Healthy adults of both sexes with normal
BMI (between 18.5 and 25), no medical history of
complex diseases (listed in Supplementary Table
S1) and had not taken any medications in the
3 months prior to stool sample collection (listed
in Supplementary Table S2) nor antidepressants
in the 5years prior to stool sample collection.
Additionally, participants with seasonal allergies
or celiac disease according to the questionnaire
data were excluded.'” *°"*"7?® Likewise, vegans
and vegetarians were excluded to avoid any diet-
dependent bias on microbiota composition.

For the donor group of repeated antibiotics users
(hABX), we identified four individuals that did not
take any antibiotics in the 6 months prior to stool
sample collection but had used antibiotics at least 5
times within the last 5 years. Of note, we excluded
participants who had taken antibiotics for gastro-
intestinal diseases, to avoid any disease-related
effects on the microbiome. Only four individuals
remained after applying these strict selection
criteria.

For the control group of human donors
(hCTRL), only individuals who had not used anti-
biotics in the last 10 years were included. Out of
these, we selected matched controls by considering
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the following factors: age, sex, BMI, Bristol stool
scale (stool type), and dietary habits (matched
case—control pairs based on the three first principal
components of a comprehensive Food Frequency
Questionnaire, explaining in total 37.65% of the
variability between individuals). In summary,
from 2509 individuals, four cases were selected
and matched with four controls. For both treat-
ment groups, stool samples from the respective
four individuals were pooled and prepared for
microbiota transplantation.

Human-to-mouse fecal microbiota transplantation
(FMT)

Male (n=38) and female (n=28) C57Bl/6] 10-week-
old mice, originally obtained from Charles River
Laboratory Germany, were bred in-house and kept
in individually ventilated cages in a pathogen-free
environment at 22 + 1°C under a 12:12-hour light-
dark cycle. All mice had ad libitum access to auto-
claved water and food and were fed a standard chow
diet (#801730, Special Diet Services, UK). For FMT,
antibiotic pre-treatment to deplete inherent mouse
bacteria was performed as previously described*’
with modifications. Briefly, all mice were given auto-
claved drinking water supplemented with an
absorbable  antibiotic = cocktail  (ampicillin
(1 mg/ml), cefoperazone (0.5 mg/ml), clindamycin
(1 mg/ml)) for 5 days, followed by a 2-day washout
period. Next, a non-absorbable antibiotic cocktail
(streptomycin (1 mg/ml), neomycin (1 mg/ml), van-
comycin (0.5 mg/ml)) was administered for an addi-
tional 5 days, followed by a final 2-day washout
period.

Inoculation with human microbiota using oral
gavage was carried out directly after the second
washout period. FMT gavage suspensions were pre-
pared in an anaerobic chamber (Whitley DG250
Anaerobic Workstation) using 100 mg of human
stool sample per 1 ml of PBS supplemented with
0.1% L-cysteine (Sigma-Aldrich, St-Louis, MO,
USA) and 15% glycerol. The suspension was incu-
bated for 10 min to allow large particles to settle. The
four-case (hABX) and four-control (hCTRL) sam-
ples were pooled into two separate suspensions, and
200 ul of suspension per mouse was then gavaged
into the corresponding group of antibiotic-
pretreated mice (n =4 males and n =4 females per
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group, n =16 in total). The gavages were repeated
after 4 and 7 days. Three d after the final gavage (i.e.
10 days after the first gavage), the mice were sacri-
ficed. This selected time point was a compromise to
allow microbial establishment and development of
a microbiota-dependent mucus phenotype but at the
same time prevents outcompeting of the trans-
planted community by potential inherent mouse
bacteria that had survived the antibiotic treatment.

After sacrifice, the distal colon was collected
for immediate ex vivo analysis of mucus growth
rate, mucus penetrability, and histology.
Additionally, distal colon content was collected
for metagenomic sequencing, cecal content was
collected for metabolomics profiling, and mid-
colon tissue was collected for RNA expression
analyses. The distal colon content was obtained
directly from the distal colon upon termination.
In cases where the colon was empty (n=2),
stool samples that were collected 1 day before
the sacrifice were used. Additionally, colon
length, cecum weight, abdominal fat weight,
and body weight were measured. The research-
ers were blinded to the case—control groups
until the end of the analyses.

Mucus thickness and growth rate measurements

Colonic mucus layer thickness and growth rate were
measured as previously described.*” Briefly,
the distal part of the colon was gently flushed with
Kreb’s buffer (116 mM NaCl, 1.3 mM CaCl,, 3.6
mM KCl, 1.4 mM KH,PO,, 23 mM NaHCOs, and
1.2mM MgSO, (pH 7.4)) to remove luminal con-
tent and unattached mucus. The muscle layer was
then removed, and colonic tissue was mounted in
a horizontal perfusion chamber system supplemen-
ted with a continuous basolateral supply of RPMI
1640 Medium-Gibco (ThermoFisher Scientific). The
surface was visualized by adding black 10 um poly-
styrene microspheres (Polysciences, Warrington,
USA) on top of the mucus. Kreb’s-mannitol (10
mM mannitol, 5.7 mM sodium pyruvate, and 5.1
mM sodium glutamate) was added apically for
hydration. Mucus thickness was measured using
a fine glass micropipette connected to
a micrometer under a stereomicroscope
(Olympus). The mucus growth rate (um/min) was
obtained by measuring mucus thickness at time

points 0 and 45 min, and then calculating the change
in mucus thickness per minute.

Mucus penetrability measurements

Mucus penetrability was measured as previously
described™” with modifications. Briefly, the distal
colon tissue was prepared in the same way as
described above for mucus growth measurements.
After placing the tissue in the perfusion chamber,
the epithelium was stained with Syto 9
(ThermoFisher Scientific, 1:500 in Kreb’s-mannitol
buffer), and the mucus layer was stained with
Wheat Germ Agglutinin (ThermoFisher Scientific,
1:20 in Kreb’s mannitol buffer) and Ulex Europaeus
Agglutinin I (Vector Laboratories, 1:20 in
Kreb’s-mannitol buffer) for 10 min in the dark, on
ice. Subsequently, the tissue was washed with
Kreb’s-mannitol buffer and 1 pm bacteria-sized fluor-
escent microspheres (ThermoFisher Scientific, 1:20 in
Kreb’s-mannitol buffer) were added on top of the
mucus. The tissue was incubated for a further 10
min in the dark, on ice, to allow time for the
microspheres to settle onto the mucus layer. Excess
microspheres  were gently washed away
with Kreb’s-mannitol buffer, and the tissue was then
covered apically with fresh Kreb’s-mannitol buffer.
The tissue was visualized by acquiring Z-stack images
(5 um steps) with a 20x/0.5 N-Achroplan water dip-
ping objective on an upright Zeiss LSM 800 confocal
microscope. Two to four Z-stack images per mouse
were taken. The images were then exported and pro-
cessed with Imaris (Version 9.9.0, Oxford
Instruments) to map epithelium, mucus, and micro-
spheres to isosurfaces. On average 916+ 185
(min 501, max 1252) distances between individual
microspheres and epithelial surfaces per image were
extracted and mucus penetrability was quantified by
analysis of microsphere distribution within the
mucus layer. The average fraction of microspheres
penetrating the areas within 10 pm and 50 um dis-
tance to the colonic epithelium were plotted for each
image from the mice.

Tissue histology

For each mouse, a section of distal colon was fixed
in Methacarn solution (60% methanol, 30% chloro-
form, and 10% glacial acetic acid) at room



temperature for at least 1 week. Samples were then
paraffin-embedded using Sakura Tissue Tek VIP
(USA). For Alcian-Blue-Periodic acid-Schiff (AB-
PAS) staining, 5 um colon sections were prepared.
In brief, the staining procedure included deparaffi-
nization of the sections in xylene (VWR
Chemicals) and rehydration in ethanol gradients
(99%, 90%, and 70%) and water. Thereafter, the
slides were placed in 3% acetic acid (VWR
Chemicals) and then stained with Alcian-Blue
(Sigma-Aldrich) for 20 min. Tissues were oxidized
in 0.05% periodic acid (Sigma-Aldrich) before
staining with Schiff’s reagent (Sigma-Aldrich) for
20 min. Mayer’s hematoxylin (Sigma-Aldrich) was
used for nuclear visualization, and section
dehydration was performed in water, ethanol
steps (70%, 90%, and 99%), and xylene. The result-
ing stained tissues were mounted under coverslips
using Pertex glue (Histolab), and images were cap-
tured with 20X magnification using Pannoramic
Scan P250 Flash III BL/FL (3DHistech, Hungary).
The number of goblet cells per crypt and crypt
length was evaluated for at least 10 crypts per
mouse by three blinded scientists. Moreover,
mucus thickness from fixed tissue was measured
at 10 locations per section by two blinded scientists.

Colony-forming unit (CFU) counts

Stool samples were taken from mice at multiple
time points for CFU counting: at baseline before
the start of the experiment (Day 0), after the
absorbable antibiotic treatment (Day 5), after
the first washout period (Day 7), after the non-
absorbable antibiotic treatment (Day 12), and
after the second washout period (Day 14).
Stool samples were weighed and mixed with
500 ul of sterile PBS. The samples were then
plated on Brain Heart Infusion (BHI) agar
plates and incubated under anaerobic conditions
at 37°C for 2 days. Thereafter, the colonies were
counted.

RNA extraction and cDNA generation

A biopsy of the distal colon was collected after
sacrifice, immediately snap-frozen in liquid nitro-
gen and stored at —80°C until extraction. For RNA
extraction, the tissue was homogenized in
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a TissueLyser II (Qiagen, Germany) using stainless
steel beads (5mm; Qiagen). RNA was then
extracted using a RNeasy Mini kit (Qiagen), follow-
ing the manufacturer’s protocol. RNA concentra-
tion and quality were determined using
a Nanodrop Lite Spectrophotometer
(ThermoFisher Scientific). Per sample, 500 ng of
RNA was reverse transcribed to cDNA with
a High-Capacity cDNA Reverse Transcription Kit
(ThermoFisher Scientific) and diluted 1:7 in nucle-
ase-free water.

Quantitative real-time PCR analysis

Mouse cDNA was amplified with gene-specific pri-
mers and HotStarTaq Master Mix Kit (Qiagen)
(Table 1). The amplicons were cloned into
a pGEM-T vector (Promega, WI) and transformed
into competent DH5a E. coli cells. The plasmids
were isolated using a Plasmid Mini Kit (Qiagen),
sequenced using Sanger sequencing (Eurofins
Genomics, Ebersberg, Germany), the target copy
number/ng DNA quantified, and target-specific
dilution series were prepared. The copy number
of specific transcripts was determined by analyzing
mouse cDNA in a 10 pl reaction mix consisting of
1x iQ SYBR® Green Supermix (Bio-Rad, USA),
0.2uM of each primer, and 2pl of template
c¢DNA on a CFX Connect Real-Time System (Bio-
Rad). Samples and plasmid standards were ampli-
fied using the following protocol: denaturation at
95°C for 3 min, followed by 35 cycles of denatura-
tion at 95°C for 20 sec, gene-specific annealing
temperature (see Table 1) for 40 sec and extension
at 72°C for 1 min. A standard curve was generated
for each gene of interest, and the transcript copy
number in each sample was calculated using the
Bio-Rad CFX Maestro software (v.2.3) and
reported as copy number/10 ng RNA.

DNA extraction and metagenomic sequencing

DNA extraction and sequencing of the EstMB
donor stool samples was carried out as described
previously.'® For the mouse samples, as well as the
human stool gavage samples, the microbial DNA
extraction was performed using a DNeasy
PowerSoil Pro Kit (Qiagen, Germany), according
to the manufacturer’s instructions. The DNA
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concentration was measured using the Qubit®
dsDNA Assay Kit in Qubit® 2.0 Fluorometer (Life
Technologies, CA, USA). DNA quality control,
library preparation, and shotgun metagenomic
paired-end sequencing were performed by
Novogene Bioinformatics Technology Co., Ltd.
Samples were sequenced using the Illumina
NovaSeq6000 platform alongside a single mock
community sample and a negative control.

Bioinformatics analysis and processing of the
metagenomic sequencing data

Reads were trimmed for quality and adapter
sequences using fastp®® with — length_required 5
and - cut_mean_quality 30. The host reads that
aligned with the human (build GRCh38) and
mouse (build GRCm39) genomes were removed
using Bowtie 2°! with parameters — minins 200
and - maxins 400 and SAMtools.”* This resulted
in a total of 763,608,660 paired reads from all
mouse samples, excluding controls (n =64, mean
11,931,385 + 7,366,927 read length 2 x 150 bp) and
116,713,904 paired reads from human donor sam-
ples (n=8, mean 14,589,238 + 1,153,486, read
length 2 x 150 bp). Additionally, 14,404,157 reads
were obtained from the hCTRL pool sample, and
26,510,699 reads were obtained from the hABX
pool sample. As expected, the read numbers after
the second washout (n=16, mean 219,232 +
254,232) were exceptionally low compared to the
rest of the samples (n =61, mean 15,884,751 +
3,294,077), leading us to exclude these data from
further analysis. We did not rarefy the counts to
avoid loss of data. The taxonomic composition of
the decontaminated and quality-filtered metagen-
omes was identified by using MetaPhlAn 4> with
default parameters and database version
mpa_vOct22_ CHOCOPhIAnSGB_202212. In
total, 20 phyla, 858 genera, and 1277 species were
identified from the sample set.

Additionally, host-cleaned reads from human
donors and distal colon content samples were also
used for de novo metagenomic assembly to detect
Akkermansia muciniphila strains from these sam-
ples. First, the reads were assembled into contigs
with MEGAHIT v1.2.9.>* Thereafter, the contigs
were binned using single binners - MetaBAT
v2.15,>> Maxbin v2.2.7°° and VAMB v3.0.7.”

Since different binning tools reconstruct genomes
at various levels of completeness, bin aggregation
software, i.e. DAS Tool v1.1.4,>® was used to inte-
grate the results of bin predictions made by VAMB,
MetaBAT?2, and MaxBin2 to optimize the selection
of non-redundant, high-quality bin sets using
default parameters. Bin quality, including comple-
teness and contamination, was estimated using
CheckM v2.%° Bin statistics, including total size,
number of contigs, N50, and GC content, were
obtained using seqkit v2.3.1.*° Finally, bins were
taxonomically annotated using GTDB-Tk v2.3.0,
GTDB release number 214.*' The taxonomic posi-
tion of the assembled genome was determined
using GTDB-Tk. All assembled genomes belonging
to the Akkermansia muciniphila species were clus-
tered at strain level with an average nucleotide
identity (ANI) threshold of 99%, as calculated
with FastANI v2.09.*> The clustering procedure
resulted in two strain-level clusters. The best qual-
ity genome from each strain cluster was selected as
its representative based on genome completeness,
minimal contamination, strain heterogeneity, and
assembly N50. The reads from distal colon content
and human samples were then mapped against the
representative genomes from each cluster.

Metabolomics analysis

Metabolomics profiling was carried out at the
FIMM Metabolomics Unit at the University of
Helsinki, Finland, and the scientists were blinded
to the sample groups. Metabolites were extracted
from 30 mg of cecum samples with 400 pL of cold
extraction solvent (Acetonitrile: Methanol: Milli-Q
Water; 40:40:20, ThermoFisher Scientific).
Subsequently, the samples were homogenized in
three cycles of 30 sec at 5000 rpm at 4°C, centri-
fuged and supernatants were passed through
a Phenomenex Phree Phospholipid removal 96
well plate using robotic vacuum. Sample filtrates
were transferred into evaporation tubes and dried
under a gentle stream of nitrogen. The dried sam-
ples were then re-suspended with 50 uL of cold
extraction solvent (Acetonitrile: Methanol: Milli-
Q Water; 40:40:20) and analyzed for targeted
relative profiling and for relative SCFA abundance
on a Thermo Vanquish UHPLC coupled with
a Q-Exactive Orbitrap quadrupole mass



spectrometer, equipped with a heated electrospray
ionization (H-ESI) source probe (ThermoFisher
Scientific). Scanning was performed using the full
MS and polarity switching modes in the mass range
55-825 mv/z and the following settings: resolution of
70,000, spray voltages: 4250 V for positive and
3250V for negative mode, sheath gas: 25 arbitrary
units (AU), and auxiliary gas: 15 AU, sweep gas
flow 0, Capillary temperature: 275°C, S-lens RF
level: 50.0. Instrument control was operated with
Xcalibur 4.1.31.9 software (ThermoFisher
Scientific).

The chromatographic separation for metabolite
profiling was performed using a SeQuant ZIC-
pHILIC (2.1 x100 mm, 5-pm particle) column
(Merck) at 40°C, with a flow rate of 100 pl/min
and a total run time of 24 min. Gradient was started
with 2 min at 80% mobile phase B (Acetonitrile)
and then gradually increased to 80% mobile phase
A (20 mM ammonium hydrogen carbonate in
water, adjusted to pH 9.4) until 17 min, back to
20% A at 17.1 min and then equilibrated to the
initial conditions for 7 min.

For SCFA profiling, the separation was per-
formed using a Hypercarb Porous Graphitic
Carbon HPLC Column, 50x2.1 3pum
(ThermoFisher Scientific) with the gradient start-
ing at 2.5 min at 100% mobile phase A, gradually
increased to 100% mobile phase B for 10 min, held
until 18 min, returned to 100% A at 18.1 min, and
then equilibrated to the initial conditions for 6 min.
TraceFinder 4.1 software (ThermoFisher Scientific)
was used for data integration, the final peak inte-
gration and peak area calculation of each metabo-
lite. Data quality was monitored throughout the
run using pooled samples such as Quality Control
(QC), prepared by pooling each study sample,
which was interspersed after every 10th sample
throughout the run.

Out of the targeted metabolomics panel with 462
metabolites, 220 metabolites were detected in our
samples. The metabolite data were checked for
peak quality (poor chromatograph), RSD (%rela-
tive standard deviation, 20% cutoff), and carryover
(20% cutoff). Additionally, metabolites with multi-
ple missing values were excluded from the analysis.
After quality control, 171 metabolites remained for
further analysis. No samples were excluded from
the data analysis. The identified metabolites were
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Table 1. Gene-specific primers and annealing temperatures used
for quantitative real-time PCR analysis.

Gene Annealing
name Primer (5'-3") temperature (°C)
Muc2 F GAACGGGGCCATGGTCAGCA 60
R CATAATTGGTCTGCATGCC
Reg3y F CCTCAGGACATCTTGTGTCTGTGCTC 68
R TCCACCTCTGTTGGGTTCATAGCC
Dmbt1 F GGGGATCTCCACTGTTATCTTTGA 60
R AGAATCTGTTCCATCTGTGGGA
mLys F GGCTGGCTACTATGGAGTCAGCCTG 65
R GCATTCACAGCTCTTGGGGTTTTG
mBD4 F  CCACTTGCAGCCTTTACCC 63.3
R GCCAATCTGTCGAAAAGCGG
Lypd8 F GCCTTCACTGTCCATCTATTT 60
R GTGACCATAGCAAGACATGCA
Z0-1 F CCACCTCTGTCCAGCTCTTC 55
R CACCGGAGTGATGGTTTTCT
Claudin-1  F  TCCTTGCTGAATCTGAACA 53
R AGCCATCCACATCTTCTG
TNF-a F ACGGCATGGATCTCAAAGAC 55
R AGATAGCAAATCGGCTGACG
IL-1B8 F AACCTGCTGGTGTGTGACGTTC 55
R CAGCACGAGGCTTTTTTGTTGT

normalized according to sample weight before ana-
lyzing the data (peak intensities) using
Metaboanalyst 6.0 (www.metaboanalyst.ca.).

The metabolomics profile data were trans-
formed using log-transformation. Data scaling
was carried out for each variable by mean-
centering the variable divided by the square root
of the standard deviation (i.e. auto-scaling).
Significantly different metabolites between the
two groups were identified using the Wilcoxon
Rank Sum test. Metabolites with a fold change of
1.5 and an FDR < 0.05 were considered significant.

The same quality procedures were applied to the
SCFA metabolomics panel, and all four metabolites
passed quality control. The metabolites were also
normalized according to sample weight before ana-
lyzing peak intensities, and significantly different
metabolites between the two groups were identified
using the Wilcoxon Rank Sum test.

Statistical analyses

If not stated otherwise, the data analysis was com-
pleted using GraphPad Prism 8. For comparisons
between the groups, an unpaired t-test was used
when samples were distributed normally, as indi-
cated by the Shapiro-Wilk test, and the Mann
—Whitney U/Wilcoxon Rank Sum Test was used
for non-normally distributed samples. In the case
of assessing sex differences in body characteristics
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between the FMT-ABX and FMT-C groups, com-
parisons were carried out with multiple t-tests. For
correlation analyses, Pearson correlation coeffi-
cients were computed for normally distributed
data, as determined by the D’Agostino & Pearson
test, while Spearman correlation coefficients were
computed for non-normally distributed data.
P-values were corrected for multiple comparisons
where appropriate, according to the Benjamini-
Hochberg procedure (False Discovery Rate (FDR)
< 0.05). In all figures, data are presented as mean
+SD.

Additional analyses were performed using dif-
ferent packages in the R environment (version
4.3.1), as described in further detail below. In all
R analyses, stringr (version 1.5.0) and tidyverse
(version 2.0) packages were used for data manip-
ulations and ggplot2 (version 3.3.6), ggsci (version
2.9), and ggpubr (version 0.4.0) packages were used
for data visualizations.

To evaluate whether there are significant differ-
ences in mucus penetrability between the two
groups, the linear mixed-effects model was used
by applying the Imer function in the lmerTest
package (version 3.1.3) on bead-distance measure-
ment values, with the study group as a fixed para-
meter and mouse and image number as nested
random parameters. This allowed us to account
for the dependencies in data arising from different
numbers of observations per mouse and image.

For the microbiome analyses, the R package
phyloseq (version 1.46.0) was used to import,
store, and analyze the data. The observed number
of unique species (richness) and the Shannon
diversity index were used to assess the alpha diver-
sity using the vegan package (v2.6.4). The
Euclidean distance on the centered log ratio (CLR)-
transformed microbiome species profile was used
to calculate the between-sample distances for the
beta diversity analysis. Permutational analysis of
variance (PERMANOVA) on Euclidean distances
was carried out using the adonis function in the
vegan package to test the associations between the
groups and microbiome composition using
10,000 permutations for the p-value calculations.
Alpha and beta diversity analyses were performed
on the whole identified composition. To test the
differential abundance of different species, analysis
of Compositions of Microbiomes with Bias

Correction (ANCOM-BC, package version 2.4.0)
and ANOVA-Like Differential Expression
(ALDEx, package ALDEx2 version 1.34.0) were
used. To limit the number of tests carried out
when studying differentially abundant species, the
species detected in at least two samples, per sample
type, with mean relative abundances higher than
0.1% were selected, resulting in 105 species being
tested in distal colon content samples. To account
for multiple tests the Benjamini — Hochberg pro-
cedure was applied (FDR < 0.05).

Results

To investigate the potential effect of gut microbiota
changes caused by long-term antibiotic use,'® we
carefully selected human subjects from the EstMB
cohort using extensive Electronic Health Records
(EHR), a Food Frequency Questionnaire, self-
reported microbiome questionnaire data, and
stringent criteria  (Figure 1(a),
Supplementary Tables S1 & S2). Briefly, from
2509 Estonian Microbiome Project participants,
four subjects who had not used antibiotics in the
6 months prior to stool sample collection but did
use at least five courses of antibiotics in the last 5
y (hABX), and four subjects with no antibiotic
usage history during the last 10y (hCTRL) were
selected. The hCTRL donors were matched with
hABX donors based on BMI, sex, age, stool type
(Bristol stool scale), and diet, as these factors are
known to be major drivers of microbiome varia-
bility (Table 2). All selected participants were
healthy, with normal BMI and no history of com-
plex  diseases (41  excluded  diseases,
Supplementary Table S1) nor any history of recent
medication usage (27 excluded medications,
Supplementary Table S2) that had been previously
associated with the microbiome composition.'®
Interestingly, although both donor groups were
generally healthy and did not use antibiotics for at
least 6 months prior to stool sample collection, analy-
sis of microbial communities identified a significantly
lower number of observed microbial species (168.0 +
77.69 [hABX] versus 322.2 + 46.54 [hCTRL]; p = 0.02)
(Figure 1(b)) and significantly reduced Chaol diver-
sity (p = 0.02, Supplementary Figure S1) in the hABX
donors compared to the hCTRL donors. A similar, yet

exclusion
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Figure 1. Overview of the donor selection, experimental plan and donor microbiomes.

(@) Workflow of fecal microbiota donor

selection from the EstMB participants, including mouse sample collection and analysis; (b) Alpha diversity analyses (observed number
of species and Shannon diversity index) of individual human donor stools (hCTRL, hABX); (c) Beta diversity of the individual human
donor stools and pooled donor stool; (d) Relative abundance of most common genera in hCTRL and hABX individual donors; hCTRL —
human controls with no history of antibiotic use in 10 years preceding stool collection; hABX — human donors with a history of
repeated antibiotic use. P-value corresponds to unpaired t-test, p < 0.05 (¥).

not statistically significant, trend was observed for the
Shannon diversity (2.9 +£1.13 [hABX] versus 4.1 +
0.21 [hCTRL]; p=0.11) (Figure 1(b)) and the
Simpson diversity index (p =0.15, Supplementary

Table 2. Characteristics of the FMT donors.

Figure S1). Furthermore, the principal component
analysis biplot shows the clustering of these two
groups though this difference did not reach statistical
significance according to the permutational analysis

FMT donor Group Antibiotics users Controls

Patient ID hABX1 hABX2 hABX3 hABX4 hCTRL1 hCTRL2 hCTRL3 hCTRL4 p
Gender Male Female Female Female Male Female Female Female ik
Age at sampling 30 51 30 52 39 51 31 59 056"
BMI 21.06 24.69 23.14 2494 24.49 18.83 23.03 23.04 0.34"
Stool type (BSS) 1 3 3 4 1 4 2 5 NA
Antibiotics courses (last 5y before sampling)* 5 7 10 10 0 0 0 0 0.02'

Diet

Omnivore Omnivore Omnivore Omnivore Omnivore Omnivore Omnivore Omnivore p > 0.05'

*- Controls had not taken antibiotics in the last 10 years. See the list of preceding exclusion criteria for donor selection in Methods and Supplementary Tables S1

~and S2. BMI - body mass index, BSS - Bristol stool scale.
- p-values based on Fisher’s exact test. "
described the most variability in the Food Frequency Questionnaire.

- p-values based on the Wilcoxon Rank Sum Test. Diet was compared using the top three Principal Components which
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of variance (PERMANOVA R?=0.1856, p =0.085)
(Figure 1(c)). Analysis of gut microbial composition
at genus level revealed several significantly different
genera between hABX and hCTRL samples, including
Bacteroides, Phocaeicola, Parabacteroides, Blautia,
Clostridium, and Akkermansia among others (p <
0.05, Figure 1(d), Supplementary Table S3).
Importantly, we observed that the donors chosen for
this study exhibit similar changes in Bacteroides abun-
dance (mean relative abundances 35.27 + 18% in
hABX donors versus 9.24 +7.3% hCTRLs) to those
observed across the entire EstMB population cohort,
where antibiotic usage resulted in more Bacteroides-
dominant communities.'®

Repeated antibiotic use in humans promotes
mucosal barrier dysfunction in mice following FMT

To investigate whether long-term antibiotic-shaped gut
microbiota could contribute to intestinal mucus dys-
function, stool samples from the hABX and hCTRL
participants were pooled in two separate suspensions,
according to the respective groups, in preparation for
fecal microbiota transplantation (FMT). Each FMT
group consisted of eight mice (four males and four
females), and all mice received the same standard
chow diet before and throughout the experiment.
Groups of mice receiving microbiota from hABX and
hCTRL donors were named FMT-ABX and FMT-C
mice, respectively (Figure 1(a)). FMT was performed
on microbiota-depleted young adult mice as, unlike
germ-free mice, they have undergone normal devel-
opment of the mucus layer and do not have an under-
stimulated intestinal immune system.*>** Following
three repeats of the FMT, colonic mucus function was
analyzed ex vivo on viable tissue 10 d after the first
human-to-mouse transplant (Figure 2(a)).

Mucus growth is an intrinsic part of mucus
function, which helps to maintain the mucus layer
by providing a constant flow from the epithelial
surface toward the lumen, thereby pushing
microbes and debris away from the proximity of
the epithelium. Thus, to compare the mucus
growth between the two microbiota-transplanted
groups, we measured the mucus thickness of the
inner mucus layer periodically over 45 min to cal-
culate the mucus growth rate. While the mucus
thickness did not differ between the two groups

after gently flushing away loose luminal material
(116 ym + 38 [FMT-ABX] versus 128 um + 47
[FMT-C]; p=0.5824) Figure 2(b)), the mucus
growth rate was significantly lower in the distal
colon of hABX mice that received FMT from
donors with antibiotic use history (hABX), com-
pared to FMT-C mice that received FMT from
healthy controls (hCTRL) (1.16 pm/min + 0.11
[FMT-ABX] versus 1.74 um/min + 0.27 [FMT-C];
p <0.0001) (Figure 2(c)), allowing the possibility
for the microbes to move closer to the epithelium
as the mucus flow is not pushing the microbes away
as effectively.

While a healthy colonic mucus layer is impene-
trable to bacteria, microbes can gain access to the
colonic epithelium through degradation and pene-
tration of this glycan-rich gel matrix. To assess
mucus penetrability, we collected confocal Z-stack
images of mouse distal colon tissue to determine
mucus structure and location of bacteria-sized
microspheres (i.e. beads) in the mucus. When mea-
suring the distances of individual beads to the
colonic epithelium surface, most of the beads
were situated closer to the epithelium in FMT-
ABX mice compared to the FMT-C group
(Figure 2(d)). Further, the average distance of the
beads from the epithelium was significantly lower
(p=0.025) in the FMT-ABX mice (47 £47 um;
median 45 pum) when compared to the FMT-C
mice (98 + 68 um; median 90 um) (Figure 2(e)).
Likewise, physical changes to the mucus layer
were observed in the top and the side view of the
confocal microscopy Z-stack images, with a sparser
mucus layer in the FMT-ABX group compared to
the FMT-C group (Figure 2(f)).

In healthy mice, the inner ~50 um of the mucus
is generally considered impenetrable to microbes.*
However, we observed that an average of 61 + 39%
beads (median 74.55%) were closer than 50 um
from the epithelial surface in the FMT-ABX
group, while in the FMT-C group only an average
of 23 +34% (median 7.51%) were found to be in
this vicinity (p = 0.038, Figure 2(g)). These findings
indicate structural damage to the mucus layer of
mice colonized by microbiota from humans repeat-
edly exposed to antibiotics. A similar tendency was
observed for the area within 10 um from the epithe-
lial surface (average 35+ 40% beads (median 16%)
in the FMT-ABX group vs average 17 +32%
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Figure 2. Mucus function analyses of mouse distal colon following FMT. (a) Outline of the mouse experiment; (b) Mucus thickness (um)
after gentle flushing of loose material; (c) Mucus growth rate (um/min, p-value corresponds to unpaired t-test); (d) Average bacteria-
sized bead distances from epithelium per mouse (um); (e) Average bacteria-sized bead distances from epithelium per group (um,
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(median 3%), in the FMT-C group), though this
difference in proportions of beads did not reach
statistical significance (p=0.22, Figure 2(g)).
Correspondingly, visualizing the epithelial isosur-
face and the beads illustrated that the beads were
indeed more spread throughout the mucus layer in
the FMT-ABX group compared to the FMT-C
group, where beads were instead located at
a greater distance from the epithelial isosurface
(Figure 2(h)).

Furthermore, the counting of mucus-producing
goblet cells indicated that the FMT-ABX group had
a lower number of filled goblet cells compared to the
FMT-C group (p = 0.035, Figure 2(i)). Yet, the analy-
sis of histological sections did not reveal any signs of
inflammation in either group (Figure 2(j)), which was
also supported by similar lengths of the colonic crypts
(p =0.57, Figure 2(k)). Moreover, measuring mucus
thickness from the fixed tissue sections confirmed
a similar thickness between the two transplanted
mice groups (p=0.195, Supplementary Figure
S2F) yet revealed that tissue fixation led to
a reduction of the actual mucus thickness by around
90%. Overall, these results indicate a change in the
physical structure of the mucus layer in the FMT-
ABX group, allowing microbes to move closer to the
epithelial layer compared to the FMT-C group.

Increased expression of Muc2 and Reg3y might
compensate for impaired mucus function

As mucus function was impaired in the FMT-ABX
mice compared to the FMT-C mice, we thus won-
dered whether the deterioration in host defense led
to compensatory activation of alternative intestinal
defense mechanisms to prevent the bacteria from
moving closer to the epithelium. The host can
respond to bacterial proximity to the colonic
epithelium by increasing the secretion of antimi-
crobial peptides (AMPs), including defensins, lyso-
zyme, regenerating islet-derived protein 3 gamma
(Reg3y) and Ly6/PLAUR domain containing 8
(Lypd8).**™*® As such, we assessed the expression
of Mucin 2 (Muc2) and these AMPs using absolute
quantification of RNA from colonic tissue samples.

Expression of Muc2, the main component of
mucus, was significantly higher in the FMT-ABX
group compared to the FMT-C group (p=0.02,
Figure 3(a)). In addition, the expression level of
the antibacterial lectin Reg3y was significantly
higher in the FMT-ABX group (mean 1.6 x 10’
transcripts/10 ng RNA [FMT-ABX] versus 4.1 x
10* transcripts/10 ng RNA [FMT-C]; p =0.003,
Figure 3(b)). However, the expression of additional
intestinal mucosal host defense proteins, such as
lysozyme (Lys), mouse beta-defensin 4 (mBD4),
Lypd8, or Deleted in malignant brain tumors 1
(Dmbtl) was not significantly different between
the two groups (Figure 3(c)-(f)). Likewise, the
expression of the tight junction proteins Zonulin-
1 (ZO-1) and Claudin-1, as well as inflammatory
markers TNF-a and IL-1B was also not signifi-
cantly different between the two groups
(Supplementary Figure S3). Consequently, the
defect led to
a selective compensatory host response toward

microbiota-mediated mucus

encroaching gut bacteria. Moreover, linking the
expression data of Muc2 with our mucus function
measurements demonstrates that measuring Muc2
expression without any functional mucus analysis
can be misleading, as it disregards the relevant
post-transcriptional processing of mucus proteins
that influence mucus properties and function.
Antibiotic-mediated changes in the gut micro-
biota are linked to metabolic impairments in
humans and mice,”> and a defective mucus layer
has been linked to a microbiota-dependent increase
in abdominal fat in mice.*” To thus characterize
whether the transplanted microbiome shaped by
a history of antibiotic usage affected the mouse
metabolism, we assessed the weight of abdominal
fat and total body weight. Strikingly, we observed
a significantly higher weight of abdominal fat in
FMT-ABX mice (p=0.028, Figure 3(g)), despite
total body weight not differing between the two
groups (Figure 3(h)). Furthermore, the percentage
of abdominal fat contributing to the total body
weight was significantly higher in FMT-ABX mice

(j) Representative histological images of AB-PAS stained colon tissue to visualize colonic crypts and goblet cells; (k) Average colonic
crypt lengths. FMT — Fecal Microbiota Transplant, hCTRL pool — pooled stool from human controls with no history of antibiotic use in
10 years preceding stool collection, hABX pool — pooled stool from human donors with a history of repeated antibiotic use, BL — mouse
baseline stool, FMT-C — mice that received FMT from hCTRL pool, FMT-ABX — mice that received FMT from hABX pool. p < 0.05 (*); p < 0.01
(**); p <0.001 (***); p < 0.0001(****). Circles represent male mice while squares represent female mice.
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(p=0.037, Figure 3(i)). These findings thus further
corroborate a link between gut microbiota, defective
intestinal mucosal barrier function, and metabolic
impairments in the host.

Distal colon microbiome composition differs
between antibiotic users and healthy controls

To next identify the differences in the microbial
communities between the FMT-ABX and FMT-C
groups, we initially evaluated the success of the
microbiota transplant. Depletion of the inherent
mouse microbiota prior to FMT by antibiotic cock-
tails was confirmed by stool plating, displaying
a reduction in colony-forming units (CFU/g of
stool) by at least 6 logs (Supplementary Figure
S4A). Additionally, through plating of the pooled
samples/FMT material, we confirmed that the
microbes in the pooled donor samples were viable
in both groups (>10° CFU/g of pooled stool).
Shotgun metagenomic sequencing revealed that 74
of the 113 species, around 65%, detected in human
donors, were transferred to mice (Supplementary
Figure S4B), which is in agreement with previous
studies using a similar approach.”>*° Moreover, the
sequencing analysis further identified that the inher-
ent mouse microbiota before depletion (baseline,
BL) was significantly different from human donor
samples (PERMANOVA R?=0.5319, p <0.00005),
as well as from the mice microbiota 10 d post-FMT
with human microbiota (PERMANOVA R’=
0.56335, p < 0.00005). Correspondingly, the baseline
mouse microbiota is separated from the human
donors and mouse termination samples as shown
by the first principal component (Figure 4(a)), indi-
cating that the mouse microbiota becomes more
similar to the human microbiota, which was also
confirmed by Aitchison’s distance analysis
(Supplementary Figure S4C). Crucially, the
Euclidean distance metric-based beta diversity ana-
lysis of the CLR-transformed species-level profile
confirmed that the FMT transplant led to
a significantly different and donor-group specific
microbiome composition of the mice (Figure 4(b),
PERMANOVA R*=0.3163, p < 0.0002). Similar to
the differences seen in the human donor groups,
a lower number of species was observed in the FMT-

ABX mice compared to the FMT-C mice though the
difference was not statistically significant (p = 0.056),
as was also the case for the Shannon (Figure 4c, p =
0.68), Chaol (Supplementary Figure S4D, p =
0.056) and  Simpson  diversity  indices
(Supplementary Figure S4E, p = 0.26).

While no striking overall differences between
individual FMT-ABX and FMT-C microbiota were
observed for the most common genera (Figure 4(d)),
compositional profiling at the species level revealed
that 21 species from 4 different phyla were differen-
tially abundant between the two groups (FDR < 0.05,
Figure 4(e)). Of these 21 species, 12 were more
abundant in the FMT-ABX group and 9 in the
FMT-C group. In fact, the nine species were found
to be unique to the FMT-C group, having not been
detected in the FMT-ABX samples, which may indi-
cate that these species play a protective role against
the development of a mucus-deteriorating pheno-
type (Figure 4(e)). Conversely, out of the 12 species
that were enriched in the FMT-ABX group, 6 could
not be detected in any of the FMT-C samples
(Figure 4(e)), again indicating that antibiotic usage
might induce compositional changes, resulting in
communities distinct from those of healthy controls.
Interestingly, multiple species that were dominant in
the FMT-ABX group have been previously shown to
be mucin utilizers, including Akkermansia mucini-
phila, Blautia producta, Parasutterella excrementiho-
minis, and species of the Bacteroides genus, such as
Bacteroides fragilis and Bacteroides salyersiae.”"*
Previously reported mucin-utilizer species, i.e.
Bacteroides thetaiotaomicron™> and Clostridium
cocleatum™ were also found to be significantly
more abundant in the FMT-C group; however,
their relative abundance in the community was
much lower compared with the mucin utilizers in
the FMT-ABX group, which seemed to dominate in
the community.

History of antibiotic use results in a distinct
microbial metabolite profile

The health status of the gut environment is deter-
mined by both the gut microbiota and the host
immune system, as well as the interactions between
them. The gut microbiota signal to the host via the
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Figure 4. Distal colon microbiome composition of mice following FMT. (a) Beta diversity of the microbiota between FMT-C and FMT-
ABX mouse stool at baseline, post FMT, and human donor stool used for FMT; (b) Beta diversity of the microbiota between FMT-C and
FMT-ABX mouse stool at baseline and post FMT; (c) Boxplots representing alpha diversity (observed species and Shannon diversity
index) of the mouse microbiota at termination; (d) Most prevalent genera in FMT-C and FMT-ABX gut microbiota of individual mouse
samples; (e) Relative abundances of significant differentially abundant species in mouse microbiota between the two groups (FDR
<0.05). Bacterial species previously shown to degrade mucus are indicated in bold. FMT - Fecal Microbiota Transplant. BL — mouse
baseline stool, hCTRL — human controls with no antibiotic use history in last 10y, hABX — human donors with a history of repeated
antibiotic use, FMT-ABX — mice receiving FMT from hABX pool, FMT-C — mice receiving FMT from hCTRL pool. p < 0.05 (*). Circles
represent male mice while squares represent female mice.
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production of metabolites.”® To thus analyze whether
the history of antibiotic usage affects the microbial
metabolomics  profile in the transplanted
mice, we carried out relative metabolomics profiling
on mouse cecal content using high-performance
liquid chromatography - mass spectrometry.
Unsupervised hierarchical cluster analysis of the 171
reliably detected metabolites identified a clear separa-
tion based on transplant group (Figure 5(a)), with
distinct clusters of metabolites being enriched or
depleted in either group. 10 metabolites (5.8%)
showed significantly different abundance levels
between the FMT-ABX and FMT-C groups, with
the majority (adenine, adenosine, betaine, butanoate,
4-coumarate, dihydroxybenzoate, 4-imidazole acetic
acid, propionate, pentanoate) being enriched in the
FMT-ABX group (Figure 5(b), FDR < 0.05). In con-
trast, N-Acetyl-L-Alanine was the only metabolite
that was significantly enriched in the FMT-C group.
Consequently, these findings indicate that a history of
antibiotic use can result in significant alterations in
microbial metabolism compared with healthy
controls.

Among the differentially abundant metabolites, we
identified the short-chain fatty acids (SCFAs) propio-
nate, butyrate, and pentanoate. As SCFAs have been
associated with gut health and mucosal barrier
function,™**” we further quantified the SCFA levels
in the different groups by targeted SCFAprofiling.
Confirming that global profiling (Figure 5(a)), pro-
pionic, butyric, and valeric acids were found to be
significantly higher in mice who received the FMT
from human donors with a history of repeated anti-
biotic use (p <0.05, Figure 5(c)), which was unex-
pected with regard to the general assumption that
higher levels of SCFAs correlate with improved muco-
sal barrier function. To thus explore this surprising
observation further, we tested for potential correla-
tions between the SCFAs and the most abundant
microbial genera. After adjusting for multiple com-
parisons, we found that Akkermansia, Butyricimonas,
and GGB3583 each significantly correlated with pro-
pionate (p(udj) =0.007, r,=0.7853; Pladj = 0.008,
r=-0.7529; p(aq=0.007, r,=0.8147), butyrate
(Pagy = 0.013, 7= 0.7206; p(agy = 0.020, r=—0.6777;
Padgj = 0.023, r,=0.6765), and valerate (p(aq = 0.013,
7= 0.7206; p(agyy = 0.007, r = —0.7809; p (g = 0.009,
=0.7529), but not acetate levels, respectively (Figure 5

(d)). However, due to the group-dependent differ-
ences in CLR abundances for GGB3583, we consid-
ered the correlations of this genus as a methodological
artifact. Correlations for the remaining most abun-
dant genera were not significant (Supplementary
Figure S5).

The abundance of Akkermansia correlated posi-
tively with propionate, butyrate, and valerate pro-
duction, particularly in the FMT-ABX group where
these SCFA concentrations were higher.
Interestingly, metagenomic analyses confirmed
that the Akkermansia genus in our dataset con-
sisted of Akkermansia muciniphila, a well-known
mucin degrader,”® thereby corroborating previous
findings that A. muciniphila mucolytic activity is
associated with the production of SCFAs.”®>
However, when testing for correlations within the
two individual groups (Figure 5(d), dashed lines)
we detected significant positive correlations
between propionate (p = 0.03, r = 0.7561) and buty-
rate (p = 0.0495, r=0.7078) only in the FMT-ABX
group, while no significant correlations were
observed for the control FMT-C group (propionate
p=0.793, r=-0.119; butyrate: p=0.6191,
r,=-0.2143). Intrigued by this observation, we per-
formed de novo metagenomic assembly and iden-
tified two distantly related A. muciniphila strains,
indicated by an average nucleotide identity (ANI)
index > 99%, which were distinct between the mice
receiving the FMT from donors with a history of
antibiotic use and their respective controls
(Figure 5(e)). While further characterization of
these two strains is required, it is thus possible
that repeated antibiotic usage selects for a gut
microbial community that is detrimental to
mucus function.

Discussion

Maintaining a safe distance between the gut micro-
biota and the epithelial barrier is a crucial charac-
teristic of intestinal health. Recently, impaired
mucus barrier function has been connected to dif-
ferent diseases, including ulcerative colitis'®"> and
metabolic disease'* in humans and has been asso-
ciated with cancer development in mice.®
Moreover, antibiotic use has been shown to have
long-term effects on microbiome composition'®
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Figure 5. Metabolomic profiling of mice following FMT. (a) Individual mouse (left) and FMT-grouped (right) heatmaps of the top 20
metabolites from the relative metabolomics profile (unpaired t-test p < 0.05); (b) Volcano plot highlighting significant differentially
abundant metabolites in the relative metabolomics profile (FDR <0.05); (c) Targeted SCFA metabolomics analysis of acetic acid,
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GGB3583, p-values correspond to Spearman (rs) or Pearson correlation (r), as noted, p-value correction was performed using the
Benjamini-Hochberg procedure (FDR <0.05). All other p-values correspond to the Wilcoxon Rank Sum Test. CLR = Centred Log Ratio;
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and has also been characterized as a risk factor for
several diseases such as type-2 diabetes, IBD, and
celiac disease.®'"** However, while such diseases
have been associated with both antibiotic usage
and mucus dysfunction, the direct link between
the two has so far not been studied. Here, we
show that human-derived microbiota from donors
with a history of repeated antibiotic use, but no
diagnosed disease, can trigger mucus barrier dys-
function in mice, including increased mucus
penetrability and reduced mucus growth rate.

Previous studies have highlighted the impor-
tance of microbial colonization for normal mucus
barrier function® and have implicated certain
microbiota and their metabolites in determining
Muc2 glycosylation, with conventionally raised
mice generally having longer Muc2 glycans than
germ-free mice.> Furthermore, microbial compo-
sition has also been implicated in mucus layer
structure, as demonstrated in studies where the
same mouse strain was colonized with different
microbiota, resulting in differing mucus function
phenotypes.””** Importantly, germ-free mice have
an intrinsically defective mucus layer and are thus
not optimal for studying mucus function. In our
experiments, we thus used mice pre-treated with
antibiotics to deplete the inherent mice microbiota.
However, while previous studies have not observed
any negative impact of acute antibiotic treatment,’
a recent study describes a microbiota-independent
effect on mucus function by vancomycin
treatment.”® We can therefore not fully rule out
that the mucus layer in our transplanted mice was
altered by the prior antibiotic treatment. Still, as
both mouse groups were treated similarly, and we
still observe significant differences in mucus func-
tion between the two groups, it is highly probable
that our observed mucus effect is due to the differ-
ent donor microbiota rather than to a potential
effect of previous mouse treatment.

Microbial modulation of mucus function has
been shown to follow distinct timelines. A change
from a high-fiber diet to a low-fiber Western-style
diet leads to reduced mucus growth rate and
increased penetrability within 3-7 d after the diet
switch.” Likewise, it has been shown that microbial
enzymatic mucus degradation activity increases
within 1-4d after a switch to a low-fiber diet,®
and our microbial colonization of 10d after FMT

thus allows sufficient time for the development of
a mucus phenotype. In contrast, it takes approxi-
mately 6 to 8 weeks after microbial colonization of
germ-free mice until their penetrable mucus layer
becomes impenetrable and reaches the thickness of
conventionally raised mice.® This indicates that
once the mucus layer is damaged, the presence of
beneficial bacteria alone does not immediately
affect mucus penetrability, but that a more complex
and slower regulatory process, which may include
the differential induction of specific glycosyl trans-
ferases, is required. Likewise, removing luminal
bacteria does not lead to immediate recovery of
mucus function, allowing us to capture the mucus
function ex vivo even after removing the colonic
tissue from the animal.

Mucus growth, in contrast, seems to be a faster
and more direct effect of the microbiota, and we
recently showed that the SCFAs acetate and pro-
pionate stimulate mucus growth ex vivo through
activation of free fatty acid receptor 2 (FFAR2),
also termed G-protein coupled receptor 43
(GPR43), within less than 45 min under low dietary
fiber feeding conditions.” As mucus growth is thus
dependent on the local microbial metabolite profile
that is expected to be maintained within the mucus
layer after removal from the animal, the mucus
growth measured ex vivo is expected to reflect the
conditions that were present in the mouse gut
in vivo.

While our analyses focused on mucus function
in the distal colon, a recent study highlighted the
importance of mucus derived from the proximal
colon.” In the mouse gut, mucus produced in the
proximal colon encapsulates the fecal pellet and
thereby provides a spatial containment of the gut
microbiota. This encapsulation is maintained even
in the distal colon, thereby adding an “outer” layer
of mucus on top of the adherent mucus produced
in the distal colon. Thus, while we observed
a strong effect of the FMT-ABX gut microbiota
on the mucus in the distal colon, it cannot be
ruled out that the microbial community causes
additional effects also on the mucus of the prox-
imal colon.

To counteract a dysfunctional mucus barrier, the
host can activate compensatory mechanisms to rees-
tablish protection against the encroaching antibiotics-
induced microbial community. Accordingly, we



detected increased mRNA expression of the genes
encoding for Muc2 and the antimicrobial peptide
Reg3y (the mouse
homologue for human REG3A) in the colon of mice
transplanted with the microbiota derived from
repeated antibiotic users. The expression of both
Muc2 and Reg3y has been previously shown to be
induced by the presence of gut bacteria,**®” and
Reg3y has also been shown to be highly expressed in
the mouse colon during acute colitis,”® suggesting
that the ABX-shaped microbiota may induce
a similar host response to that observed in the
inflamed gut. Importantly, measuring the expression
of Muc?2 is not a reliable indicator of mucus function,
which is rather controlled on a post-translational level
and may involve distinct glycosylation and secretion
pathways. As such, it was recently shown that colonic
mucus secretion is regulated through autophagy and
ER stress,”” which is not captured by measuring
Muc2 gene expression.

Analysis of the microbiota composition in our
transplanted mice revealed that several species
present in the FMT-ABX group were absent
from the microbial community of the FMT-C
group, suggesting that antibiotics might be
selected for a microbial community that is detri-
mental to mucus function. Supporting this
hypothesis, several species that have previously
been shown to degrade mucus differed between

the two transplantation groups. Namely,
A. muciniphila,”® B. fragilis, B. salyersiae,
B. producta, and P. excrementihominis,”">

which were more prevalent in the FMT-ABX
group when compared to the control group. In
contrast, in the FMT-C mice, only
B. thetaiotaomicron™> and C. cocleatum>® have
been previously associated with mucus consump-
tion and, though generally being low in abun-
dance, have higher abundance when compared
to the FMT-ABX group.

While moderate mucus consumption is part of
a homeostatic microbiota-host interaction, an
overly active mucus-foraging microbial commu-
nity can disturb the balance between mucus
secretion and mucus degradation, consequently
leading to increased penetrability and barrier
breakdown. As such, some bacterial species,
including A. muciniphila, have been characterized
as mucin specialists,® feeding exclusively on mucin
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O-glycans as a nutrient source, while others have
been described as mucin generalists, which are
capable of nutrient-dependent flexible foraging.
One example of the latter is B. thetaiotaomicron,
which has a preference for dietary polysaccharides
but can switch to feed on mucin O-glycans when
dietary nutritional sources are unavailable.””
Additionally, B. thetaiotaomicron has been shown
to produce SCFAs including acetate and
propionate,”’ and we have recently been able to
link these SCFAs to improved mucus growth rates
under  Western-style  diet consumption.’
Furthermore, B. thetaiotaomicron is able to stimu-
late mucus fucosylation, with induction of fucosy-
lation only occurring if the bacterium is also
capable of fucose foraging.” Interestingly, the
mucus-promoting abilities of B. thetaiotaomicron
can be attenuated by the presence of
Faecalibacterium  prausnitzii, ~demonstrating
a homeostatic cross-feeding relationship between
bacterial species in the gut in relation to mucus
function.”!

A. muciniphila, which is more abundant in the
mouse group that received microbiota from donors
with a history of antibiotic use, is a well-known
mucus degrader, and its excessive colonization has
been shown to break the dynamic balance between
mucin production and consumption, thereby
affecting  intestinal  barrier  function.”
Additionally, previous studies have linked
A. muciniphila-mediated mucus disruption to an
exacerbation of food allergy’”> and Salmonella
typhimurium infection.”* In accordance with our
findings, the latter study also detected increased
Muc2 expression, but lower numbers of mucin-
filled goblet cells in the presence of
A. muciniphila, confirming that Muc2 expression
might not be an optimal indicator of mucin
production.

A. muciniphila, as well as B. fragilis, have been
shown to repopulate the colon after antibiotic
supplementation.”””® In line with this, we detected
A. muciniphila in the FMT-C mice in modest abun-
dance, while it reached higher abundance in
the FMT-ABX group. Interestingly, using de novo
metagenomic assembly, we could detect two differ-
ent previously undescribed A. muciniphila strains
that were distinct between the mice receiving FMT
from donors with a history of antibiotic usage and
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respective controls. It is thus possible that strain-
specific =~ characteristics led to  different
establishments within the microbial communities,
thereby leading to the distinct physiological pheno-
types. Besides, a recent study identified that
A. muciniphila can have discrete functional
responses to mucosal barrier function under differ-
ent dietary conditions: under fiber deprivation,
A. muciniphila exacerbated susceptibility to the
mouse pathogen Citrobacter rodentium, whereas it
reduced the pathogen load under a fiber-sufficient
diet.”” This context-dependent behavior might thus
be one reason for the controversial role
A. muciniphila is currently playing in the
literature,”® as it has, on the one hand, been success-
fully introduced in a proof-of-concept study as
a next-generation probiotic’’ but, on the other
hand, is discussed as a detrimental mucus-
degrading species.

Besides differences in the microbial commu-
nities, we detected group-specific metabolomics
profiles, characterized by significant differences in
the abundance of most of the SCFAs.
Unexpectedly, propionate, butyrate, and valerate
were more abundant in the intestinal content of
the FMT-ABX mice, which had a dysfunctional
mucus layer. Yet, this may be explained by the
fact that most studies that have previously investi-
gated mucus function focused on dietary interven-
tions, often with varying dietary fiber content,
which directly affects microbial fermentation and
SCFA production™®”*>*! In contrast, when study-
ing mucus function in mouse models of diet-
independent obesity, where both groups were fed
on a chow diet, no differences in SCFA levels were
detected between mouse groups, despite their
strong difference in mucus function.'”> Combined
with our present study, these results suggest that
SCFAs can potently modulate mucus function
under specific environmental conditions, including
defined diet-shaped microbial communities, but
that high SCFA levels alone are not sufficient to
maintain healthy mucus function. As such,
A. muciniphila has been shown to produce
propionic acid as well as stimulate butyric acid pro-
duction in syntrophic interactions with Anaerostipes
caccae.** Interestingly, in our experiment A. caccae
was only detected in the mice who received FMT
from donors with a history of antibiotic use. It is

thus possible that the co-occurrence of the two
species in an antibiotic-disturbed community leads
to a microbial composition, in which the SCFA-
mediated mucus production® is no longer sufficient
to compensate for the excessive mucin degradation
by A. muciniphila. Alternatively, defects in the
intestinal mucosal barrier may impede SCFA-
mediated mucus production or SCFA uptake by
the intestinal epithelium.

Antibiotic usage early in life increases the risk of
developing obesity and central adiposity in humans
and mice.**®*> Interestingly, we observed signifi-
cantly higher abdominal fat weight in FMT-ABX
mice already 10 d after the microbial transplant. At
this time point, however, no difference in body
weight was observed. Mucus dysfunction has pre-
viously been linked to obesity-associated microbiota
in mice, independent of dietary composition,'* simi-
lar to our current study. Moreover, mice deficient in
the antibacterial mucus protein zymogen granule
protein 16 (ZG16) displayed enlarged abdominal
fat pads, and these enlarged fat pads were not
observed when the ZG16™'~ mice were depleted of
their microbiota.* Consequently, a defective mucus
barrier may allow the translocation of commensal
intestinal bacteria across the epithelial barrier, which
may eventually lead to metabolic impairments.*
Such a scenario would thus support the existence
of the proposed “gut to adipose tissue axis” and
potentially a tissue microbiota in obesity.*” Of
note, to match the age of the human donors to the
recipient mice we used adult mice in this study.
Repeating a similar experiment with young mice in
the future could provide additional information on
whether antibiotic usage early in life may lead to an
even stronger mucus phenotype.

A potential limitation of our study is the pooling
of four human stool samples for each group for the
microbiota transplantations, which creates artificial
communities. However, our main aim with this
study was to prove the concept that a history of
antibiotic usage can shape the microbiota to affect
mucus quality. We thus considered this reductionist
approach that limited individual variability to
improve reproducibility. In humans, pooling donor
stool samples for FMT has been shown to induce
clinical remission and endoscopic improvement in
patients with active ulcerative colitis, in at least two
randomized controlled trials.*** Remarkably,



ulcerative colitis is also characterized by
a dysfunctional mucus layer'®" and early-onset
IBD has been linked to antibiotic usage,> so we are
confident that, despite its limitation, our approach is
appropriate in this context. However, replicating our
findings by using individual stool samples for micro-
biota transplantations would be required to general-
ize our findings from this proof-of-concept study.
Likewise, due to limited sample availability from this
deeply phenotyped cohort, the human-to-mouse
microbiota transplantation could not be performed
in an independent mouse cohort, which would sup-
port further generalization of our findings.

In conclusion, we here identified that
a previous — but not recent - history of antibiotic
use in humans shaped a microbial community that
was insufficient to maintain proper mucus function
in mice. Since both intestinal mucosal barrier dys-
function and antibiotic use are increasingly linked
to modern lifestyle diseases, including inflammatory
bowel disease and metabolic disease, our findings
now provide a possible link between these observa-
tions. However, despite the usage of human-derived
microbiota, further studies are required to verify
that repeated antibiotic use causes similar micro-
biota-mediated mucus defects in humans.

Acknowledgments

The authors thank the Estonian Biobank research team (Mait
Metspalu, Andres Metspalu, Lili Milani, Ténu Esko) from the
Estonian Genome Center, Institute of Genomics, University
of Tartu, for collecting the health record data for the EstBB.
Services from the Biochemical Imaging Center Umeé (BICU)
as part of the National Microscopy Infrastructure NMI (VR-
RFI 2019-00217), Umea Hypoxia Research Facility (UHREF),
the Umea Plant Science Center (UPSC) Microscopy Facility,
Umeé Center for Comparative Biology (UCCB), and the
FIMM Metabolomics/Lipidomics/Fluxomics Unit (Finland),
supported by HiLIFE, are further acknowledged.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the Estonian Research Council
grant PUT [#PRG1414 and #1371], the Swedish Research
Council [#2018-02095 and #2021-06602], the European

GUT MICROBES (&) 21

Union through the Horizon 2020 research and innovation
program [#810645] and MIBEst H2020-WIDESPREAD
-2018-2020/GA [#857518] and through the European
Regional Development Fund [#MOBECO008] as well as
through an EMBO Installation grant (#3573).

ORCID

Kertu Liis Krigul (%) http://orcid.org/0000-0002-4195-7357
Rachel H. Feeney (1) http://orcid.org/0000-0002-7686-6279
Supapit Wongkuna (2) http://orcid.org/0000-0003-3766-5391
Oliver Aasmets (1) http://orcid.org/0009-0001-9872-6031
Sandra M. Holmberg http://orcid.org/0000-0002-6290-
2590

Reidar Andreson () http://orcid.org/0000-0002-5612-5043

Fabiola Puértolas-Balint () http://orcid.org/0000-0003-4898-

5673

Kateryna Pantiukh () http://orcid.org/0000-0002-2595-0673
Tonis Org (12 http://orcid.org/0000-0003-3071-2183

Tanel Tenson (2 http://orcid.org/0000-0002-0260-3601

Elin Org (1) http://orcid.org/0000-0001-8688-9717

Bjoern O. Schroeder http://orcid.org/0000-0002-6716-
8284

Data availability statement

Human stool samples used in this study have been collected
from a previously published study,'® and the corresponding
shotgun metagenomic data have been deposited previously in
the European Genome-Phenome Archive database (https://
www.ebi.ac.uk/ega/.) under accession code EGAS00001008448.
Due to the sensitive nature of the human phenotype data, access
is restricted and must be requested through the Estonian bio-
bank. Such access must follow informed consent regulations set
out by the Estonian Committee on Bioethics and Human
Research (https://genomics.ut.ee/en/content/estonian-biobank.).
Preliminary requests for phenotype and raw metagenome data
access must be sent to releases@ut.ee.

The shotgun metagenomic sequencing data from mice and
human pooled samples (human reads removed) are deposited
in the European Nucleotide Archive with accession number
PRJEB72415 (https://www.ebi.ac.uk/ena/browser/view/
PRJEB72415.).

Author contributions

Conceptualization, KLK, OA, RHF, TT, TO, EO, BOS;
Methodology, KLK, RHF, SW, SMH, FPB, SW, KP, OA,
BOS, Investigation, KLK, RHF, SW, SMH, FPB, RA, KP, EO,
BOS; Writing - Original Draft, KLK; Writing — Review &
Editing, all authors; Funding Acquisition, TT, BOS, EO;
Resources, BOS, EO; Supervision, EO, BOS.


https://www.ebi.ac.uk/ega/
https://www.ebi.ac.uk/ega/
https://genomics.ut.ee/en/content/estonian-biobank
https://www.ebi.ac.uk/ena/browser/view/PRJEB72415
https://www.ebi.ac.uk/ena/browser/view/PRJEB72415

22 (& K L KRIGULETAL.

Ethics approval

Animal experiments performed at Umea University, Sweden,
were approved by the local animal ethical committee (Dnr
A14-2019). The activities of the Estonian Biobank (EstBB) are
regulated by the Human Genes Research Act, which was
adopted in 2000 specifically for the operations of the EstBB.
This study was approved by the Research Ethics Committee of
the University of Tartu (approval No. 266/T10) and by the
Estonian Committee on Bioethics and Human Research
(Estonian Ministry of Social Affairs; approval No. 1.1-12/17).

References

1.

Aihara E, Engevik KA, Montrose MH. Trefoil factor
peptides and gastrointestinal function. Annu Rev
Physiol. 2017;79(1):357-380. doi:10.1146/ANNUREV-
PHYSIOL-021115-105447.

Bergstrom K, Shan X, Casero D, Batushansky A,
Lagishetty V, Jacobs JP, Hoover C, Kondo Y, Shao B,
Gao L. Proximal colon-derived O-glycosylated mucus
encapsulates and modulates the microbiota. Sci.
2020;370(6515):467-472. doi:10.1126/science.aay7367.
Birchenough GMH, Nystrom EEL, Johansson MEV,
Hansson GC. A sentinel goblet cell guards the colonic
crypt by triggering Nlrp6-dependent Muc2 secretion.
Sci (New York, NY). 2016;352(6293):1535-1542.
doi:10.1126/SCIENCE.AAF7419.

Gustafsson JK, Ermund A, Johansson MEV, Schiitte A,
Hansson GC, Sjovall H. An ex vivo method for studying
mucus formation, properties, and thickness in human
colonic biopsies and mouse small and large intestinal
explants. Am ] Physiol-Gastrointestinal And Liver
Physiol. 2012;302(4):G430-G438. doi:10.1152/AJPGI.
00405.2011.

Holmberg SM, Feeney RH, Prasoodanan V, Puértolas-
Balint F, Singh DK, Wongkuna S, Zandbergen L,
Hauner H, Brandl B, Nieminen Al, et al. The gut
commensal blautia maintains colonic mucus function
under low-fiber consumption through secretion of
short-chain fatty acids. Nat Commun. 2024;15
(1):3502. doi:10.1038/s41467-024-47594-w.

Johansson MEV, Jakobsson HE, Holmén-Larsson J,
Schiitte A, Ermund A, Rodriguez-Pifieiro AM,
Arike L, Wising C, Svensson F, Biackhed F, et al.
Normalization of host intestinal mucus layers requires
long-term microbial colonization. Cell Host & Microbe.
2015;18(5):582. do0i:10.1016/].CHOM.2015.10.007.
Jakobsson HE, Rodriguez-Pifieiro AM, Schiitte A,
Ermund A, Boysen P, Bemark M, Sommer F,
Backhed F, Hansson GC, Johansson MEV. The compo-
sition of the gut microbiota shapes the colon mucus
barrier. EMBO Rep. 2015;16(2):164-177. d0i:10.15252/
EMBR.201439263.

Desai MS, Seekatz AM, Koropatkin NM, Kamada N,
Hickey CA, Wolter M, Pudlo NA, Kitamoto S,

10.

11.

12.

13.

14.

15.

16.

17.

18.

Terrapon N, Muller A, et al. A dietary fiber-deprived
gut microbiota degrades the colonic mucus barrier and
enhances pathogen susceptibility. Cell. 2016;167
(5):1339-1353.€21. d0i:10.1016/].CELL.2016.10.043.

. Schroeder BO, Birchenough GMH, Stahlman M,

Arike L, Johansson MEV, Hansson GC, Bickhed F.
Bifidobacteria or fiber protects against diet-induced
microbiota-mediated colonic mucus deterioration.
Cell Host & Microbe. 2018;23(1):27. doi:10.1016/].
CHOM.2017.11.004.

Johansson MEV, Gustafsson JK, Holmen-Larsson J,
Jabbar KS, Xia L, Xu H, Ghishan FK, Carvalho FA,
Gewirtz AT, Sjovall H, et al. Bacteria penetrate the
normally impenetrable inner colon mucus layer in
both murine colitis models and patients with ulcerative
colitis. Gut. 2014;63(2):281-291. doi:10.1136/gutjnl-
2012-303207.

Miranda MCG, Oliveira RP, Torres L, Aguiar SLF,
Pinheiro-Rosa N, Lemos L, Guimardaes MA, Reis D,
Silveira T, Ferreira E, et al. Frontline science: abnorm-
alities in the gut mucosa of non-obese diabetic mice
precede the onset of type 1 diabetes. ] Leukocyte Biol.
2019;106(3):513-529. do0i:10.1002/JLB.3HI0119-024RR.
Schroeder BO, Birchenough GMH, Pradhan M,
Nystrom EEL, Henricsson M, Hansson GC,
Bdckhed F. Obesity-associated microbiota contributes
to mucus layer defects in genetically obese mice. The
J Biol Chem. 2020;295(46):15712-15726. doi:10.1074/
JBC.RA120.015771.

Shen L, Ao L, Xu H, Shi J, You D, Yu X, Xu W, Sun J,
Wang F. Poor short-term glycemic control in patients
with type 2 diabetes impairs the intestinal mucosal
barrier: a prospective, single-center, observational
study. BMC Endocr Disord. 2019;19(1):1-6. doi:10.
1186/512902-019-0354-7.

Chassaing B, Raja SM, Lewis JD, Srinivasan §,
Gewirtz AT. Colonic microbiota encroachment corre-
lates with dysglycemia in humans. Cellular And Mol
Gastroenterol And Hepatol. 2017;4(2):205-221. doi:10.
1016/].JCMGH.2017.04.001.

van der Post S, Van Der Jabbar KS, Birchenough G,
Arike L, Akhtar N, Sjovall H, Johansson MEV,
Hansson GC. Structural weakening of the colonic
mucus barrier is an early event in ulcerative colitis
pathogenesis. Gut. 2019;68(12):2142-2151. doi:10.
1136/GUTJNL-2018-317571.

Anthony WE, Wang B, Sukhum KV, D’Souza AW,
Hink T, Cass C, Seiler S, Reske KA, Coon C,
Dubberke ER, et al. Acute and persistent effects of
commonly used antibiotics on the gut microbiome
and resistome in healthy adults. Cell Rep. 2022;39
(2):110649. doi:10.1016/].CELREP.2022.110649.

Blaser MJ. Antibiotic use and its consequences for the
normal microbiome. Sci. 2016;352(6285):544-545.
doi:10.1126/science.aad9358.

Aasmets O, Krigul KL, Lull K, Metspalu A, Org E. Gut
metagenome associations with extensive digital health


https://doi.org/10.1146/ANNUREV-PHYSIOL-021115-105447
https://doi.org/10.1146/ANNUREV-PHYSIOL-021115-105447
https://doi.org/10.1126/science.aay7367
https://doi.org/10.1126/SCIENCE.AAF7419
https://doi.org/10.1152/AJPGI.00405.2011
https://doi.org/10.1152/AJPGI.00405.2011
https://doi.org/10.1038/s41467-024-47594-w
https://doi.org/10.1016/J.CHOM.2015.10.007
https://doi.org/10.15252/EMBR.201439263
https://doi.org/10.15252/EMBR.201439263
https://doi.org/10.1016/J.CELL.2016.10.043
https://doi.org/10.1016/J.CHOM.2017.11.004
https://doi.org/10.1016/J.CHOM.2017.11.004
https://doi.org/10.1136/gutjnl-2012-303207
https://doi.org/10.1136/gutjnl-2012-303207
https://doi.org/10.1002/JLB.3HI0119-024RR
https://doi.org/10.1074/JBC.RA120.015771
https://doi.org/10.1074/JBC.RA120.015771
https://doi.org/10.1186/s12902-019-0354-7
https://doi.org/10.1186/s12902-019-0354-7
https://doi.org/10.1016/J.JCMGH.2017.04.001
https://doi.org/10.1016/J.JCMGH.2017.04.001
https://doi.org/10.1136/GUTJNL-2018-317571
https://doi.org/10.1136/GUTJNL-2018-317571
https://doi.org/10.1016/J.CELREP.2022.110649
https://doi.org/10.1126/science.aad9358

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

data in a volunteer-based estonian microbiome cohort.
Nat Commun. 2022;13(1):1-11. doi:10.1038/s41467-
022-28464-9.

Korpela K, Salonen A, Virta LJ, Kekkonen RA,
Forslund K, Bork P, DeVos WM. Intestinal microbiome
is related to lifetime antibiotic use in finnish pre-school
children. Nat Commun. 2016;7(1):7. doi:10.1038/
NCOMMS10410.

Hirsch AG, Pollak J, Glass TA, Poulsen MN, Bailey-
Davis L, Mowery J, Schwartz BS. Early-life antibiotic
use and subsequent diagnosis of food allergy and aller-
gic diseases. Clin And Exp Allergy: ] Br Soc For Allergy
And Clin Immunol. 2017;47(2):236-244. doi:10.1111/
CEA.12807.

Marild K, Ye W, Lebwohl B, Green PHR, Blaser M]J,
Card T, Ludvigsson JF. Antibiotic exposure and the
development of coeliac disease: a nationwide
case-control study. BMC Gastroenterol. 2013;13(1).
doi:10.1186/1471-230X-13-109.

Livanos AE, Greiner TU, Vangay P, Pathmasiri W,
Stewart D, McRitchie S, Li H, Chung J, Sohn J, Kim S,
et al. Antibiotic-mediated gut microbiome perturbation
accelerates development of type 1 diabetes in mice. Nat
Microbiol. 2016;1(11):1-13. doi:10.1038/nmicrobiol.
2016.140.

Fenneman AC, Weidner M, Chen LA, Nieuwdorp M,
Blaser MJ. Antibiotics in the pathogenesis of diabetes
and inflammatory diseases of the gastrointestinal tract.
Nat Rev Gastroenterol Hepatol. 2023;20(2):81-100.
doi:10.1038/541575-022-00685-9.

Schulfer AF, Battaglia T, Alvarez Y, Bijnens L, Ruiz VE,
Ho M, Robinson S, Ward T, Cox LM, Rogers AB, et al.
Intergenerational transfer of antibiotic-perturbed
microbiota enhances colitis in susceptible mice. Nat
Microbiol. 2017;3(2):234-242. doi:10.1038/s41564-
017-0075-5.

Duan R, Zhang C, Li G, Li J, Duan L. Antibiotic expo-
sure and risk of new-onset inflammatory bowel disease:
a systematic review and dose-response meta-analysis.
Clin Gastroenterol And Hepatol. 2024; doi:10.1016/j.
cgh.2024.02.010.

Akobeng AK, Singh P, Kumar M, Al Khodor S. Role of
the gut microbiota in the pathogenesis of coeliac disease
and potential therapeutic implications. Eur ] Nutr.
2020;59(8):3369-3390. doi:10.1007/s00394-020-02324-y.
Fujimura KE, Lynch SV. Microbiota in allergy and
asthma and the emerging relationship with the gut
microbiome. Cell Host & Microbe. 2015;17
(5):592-602. d0i:10.1016/j.chom.2015.04.007.

Herman RA. Increasing allergy: are antibiotics the ele-
phant in the room? Allergy Asthma Clin Immunol.
2020;16(1):35. doi:10.1186/s13223-020-00432-2.

Staley C, Kaiser T, Beura LK, Hamilton M],
Weingarden AR, Bobr A, Kang J, Masopust D,
Sadowsky M]J, Khoruts A. Stable engraftment of
human microbiota into mice with a single oral gavage

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

GUT MICROBES (&) 23

following antibiotic conditioning. Microbiome. 2017;5
(1):87. doi:10.1186/s40168-017-0306-2.

Chen S, Zhou Y, Chen Y, Gu]J. fastp: an ultra-fast all-in-
one FASTQ preprocessor. Bioinformat. 2018;34(17):
i884-i890. doi:10.1093/BIOINFORMATICS/BTY560.
Langmead B, Salzberg SL. Fast gapped-read alignment
with Bowtie 2. Nat Methods. 2012;9(4):357-359. doi:10.
1038/nmeth.1923.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J,
Homer N, Marth G, Abecasis G, Durbin R. The
sequence alignment/map format and SAMtools.
Bioinformat. 2009;25(16):2078-2079. doi:10.1093/
BIOINFORMATICS/BTP352.

Blanco-Miguez A, Beghini F, Cumbo F, Mclver LJ,
Thompson KN, Zolfo M, Manghi P, Dubois L,
Huang KD, Thomas AM, et al. Extending and improving
metagenomic taxonomic profiling with uncharacterized
species using MetaPhlAn 4. Nat Biotechnol. 2023;41
(11):1633-1644. doi:10.1038/s41587-023-01688-w.

Li D, Liu CM, Luo R, Sadakane K, Lam TW. MEGAHIT:
an ultra-fast single-node solution for large and complex
metagenomics assembly via succinct de Bruijn graph.
Bioinf (Oxford, Engl). 2015;31(10):1674-1676. doi:10.
1093/BIOINFORMATICS/BTV033.

Kang DD, Li F, Kirton E, Thomas A, Egan R, An H,
Wang Z. MetaBAT 2: an adaptive binning algorithm for
robust and efficient genome reconstruction from meta-
genome assemblies. Peer]. 2019;7(7):e7359. doi:10.
7717/ peer;j.7359.

Wu YW, Simmons BA, Singer SW. MaxBin 2.0: an
automated binning algorithm to recover genomes
from multiple metagenomic datasets. Bioinformat.
2016;32(4):605-607. doi:10.1093/BIOINFORMATICS/
BTV638.

Nissen JN, Johansen ], Allesge RL, Senderby CK,
Armenteros JJA, Greonbech CH, Jensen L],
Nielsen HB, Petersen TN, Winther O, et al. Improved
metagenome binning and assembly using deep varia-
tional autoencoders. Nat Biotechnol. 2021;39
(5):555-560. doi:10.1038/s41587-020-00777-4.

Sieber CMK, Probst AJ, Sharrar A, Thomas BC,
Hess M, Tringe SG, Banfield JF. Recovery of genomes
from metagenomes via a dereplication, aggregation and
scoring strategy. Nat Microbiol. 2018;3(7):836-843.
doi:10.1038/s41564-018-0171-1.

Chklovski A, Parks DH, Woodcroft BJ, Tyson GW.
CheckM2: a rapid, scalable and accurate tool for asses-
sing microbial genome quality using machine learning.
Nat Methods. 2023;20(8):1203-1212. doi:10.1038/
$41592-023-01940-w.

Shen W, Le S, Li Y, Hu F, Zou Q. SeqKit: a
cross-platform and ultrafast toolkit for FASTA/Q file
manipulation. PLOS ONE. 2016;11(10):e0163962.
doi:10.1371/JOURNAL.PONE.0163962.

Chaumeil PA, Mussig AJ, Hugenholtz P, Parks DH,
Borgwardt K. GTDB-Tk v2: memory friendly


https://doi.org/10.1038/s41467-022-28464-9
https://doi.org/10.1038/s41467-022-28464-9
https://doi.org/10.1038/NCOMMS10410
https://doi.org/10.1038/NCOMMS10410
https://doi.org/10.1111/CEA.12807
https://doi.org/10.1111/CEA.12807
https://doi.org/10.1186/1471-230X-13-109
https://doi.org/10.1038/nmicrobiol.2016.140
https://doi.org/10.1038/nmicrobiol.2016.140
https://doi.org/10.1038/S41575-022-00685-9
https://doi.org/10.1038/s41564-017-0075-5
https://doi.org/10.1038/s41564-017-0075-5
https://doi.org/10.1016/j.cgh.2024.02.010
https://doi.org/10.1016/j.cgh.2024.02.010
https://doi.org/10.1007/s00394-020-02324-y
https://doi.org/10.1016/j.chom.2015.04.007
https://doi.org/10.1186/s13223-020-00432-2
https://doi.org/10.1186/s40168-017-0306-2
https://doi.org/10.1093/BIOINFORMATICS/BTY560
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/BIOINFORMATICS/BTP352
https://doi.org/10.1093/BIOINFORMATICS/BTP352
https://doi.org/10.1038/s41587-023-01688-w
https://doi.org/10.1093/BIOINFORMATICS/BTV033
https://doi.org/10.1093/BIOINFORMATICS/BTV033
https://doi.org/10.7717/peerj.7359
https://doi.org/10.7717/peerj.7359
https://doi.org/10.1093/BIOINFORMATICS/BTV638
https://doi.org/10.1093/BIOINFORMATICS/BTV638
https://doi.org/10.1038/s41587-020-00777-4
https://doi.org/10.1038/s41564-018-0171-1
https://doi.org/10.1038/s41592-023-01940-w
https://doi.org/10.1038/s41592-023-01940-w
https://doi.org/10.1371/JOURNAL.PONE.0163962

2 K. L. KRIGUL ET AL.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

classification with the genome taxonomy database.
Bioinf (Oxford, Engl). 2022;38(23):5315-5316. doi:10.
1093/BIOINFORMATICS/BTAC672.

Jain C, Rodriguez-R LM,  Phillippy AM,
Konstantinidis KT, Aluru S. High throughput ANI analy-
sis of 90K prokaryotic genomes reveals clear species
boundaries. Nat Commun. 2018;9(1):1-8. do0i:10.1038/
$41467-018-07641-9.

Rodriguez-Pineiro AM, Johansson MEV. The colonic
mucus protection depends on the microbiota. Gut
Microbes. 2015;6(5):326. doi:10.1080/19490976.2015.
1086057.

Thompson GR, Trexler PC. Gastrointestinal structure
and function in germ-free or gnotobiotic animals. Gut.
1971;12(3):230. doi:10.1136/GUT.12.3.230.

Johansson MEV, Phillipson M, Petersson J, Velcich A,
Holm L, Hansson GC. The inner of the two Muc2
mucin-dependent mucus layers in colon is devoid of
bacteria. Proc Natl Acad Sci USA. 2008;105
(39):15064-15069. doi:10.1073/pnas.0803124105.
Okumura R, Kurakawa T, Nakano T, Kayama H,
Kinoshita M, Motooka D, Gotoh K, Kimura T,
Kamiyama N, Kusu T, et al. Lypd8 promotes the segrega-
tion of flagellated microbiota and colonic epithelia. Nature.
2016;532(7597):117-121. doi:10.1038/nature17406 .
Salzman NH. Paneth cell defensins and the regulation
of the microbiome: détente at mucosal surfaces. Gut
Microbes. 2010;1(6):401-406. doi:10.4161/GMIC.1.6.
14076.

Vaishnava S, Yamamoto M, Severson KM, Ruhn KA,
Yu X, Koren O, Ley R, Wakeland EK, Hooper LV. The
antibacterial lectin ReglIly promotes the spatial segre-
gation of microbiota and host in the intestine. Science.
2011;334(6053):255-258. doi:10.1126/science.1209791.
Bergstrom JH, Birchenough GMH, Katona G,
Schroeder BO, Schiitte A, Ermund A, Johansson MEV,
Hansson GC. Gram-positive bacteria are held at a distance
in the colon mucus by the lectin-like protein ZG16. Proc
Natl Acad Sci USA. 2016;113(48):13833-13838. doi:10.
1073/pnas.1611400113.

Hintze KJ, Cox JE, Rompato G, Benninghoff AD,
Ward RE, Broadbent J, Lefevre M. Broad scope method
for creating humanized animal models for animal
health and disease research through antibiotic treat-
ment and human fecal transfer. Gut Microbes. 2014;5
(2):183-191. doi:10.4161/gmic.28403.

Glover JS, Ticer TD, Engevik MA. Characterizing the
mucin-degrading capacity of the human gut
microbiota. Sci Rep. 2022;12(1). doi:10.1038/S41598-
022-11819-Z.

Pan M, Barua N, Ip M. Mucin-degrading gut commen-
sals isolated from healthy faecal donor suppress
intestinal epithelial inflammation and regulate tight
junction  barrier function. Front Immunol.
2022;13:1021094. doi:10.3389/fimmu.2022.1021094.
Bry L, Falk PG, Midtvedt T, Gordon JI. A model of
host-microbial interactions in an open mammalian

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

ecosystem. Science. 1996;273(5280):1380-1383. doi:10.
1126/SCIENCE.273.5280.1380.

Boureau H, Decré D, Carlier JP, Guichet C,
Bourlioux P. Identification of a clostridium cocleatum
strain involved in an anti-clostridium difficile barrier
effect and determination of its mucin-degrading
enzymes. Res In Microbiol. 1993;144(5):405-410.
doi:10.1016/0923-2508(93)90198-B.

Schroeder BO, Bickhed F. Signals from the gut
microbiota to distant organs in physiology and
disease. Nat Med. 2016;22(10):1079-1089. doi:10.
1038/NM.4185.

Liu P, Wang Y, Yang G, Zhang Q, Meng L, Xin Y,
Jiang X. The role of short-chain fatty acids in intestinal
barrier function, inflammation, oxidative stress, and
colonic  carcinogenesis. ~ Pharmacological  Res.
2021;165:105420. doi:10.1016/].PHRS.2021.105420.
Willemsen LEM. Short chain fatty acids stimulate
epithelial mucin 2 expression through differential
effects on prostaglandin E(1) and E(2) production by
intestinal myofibroblasts. Gut. 2003;52(10):1442-1447.
doi:10.1136/GUT.52.10.1442.

Derrien M, Vaughan EE, Plugge CM, de Vos WM.
Akkermansia municiphila gen. nov. sp. nov. a human
intestinal mucin-degrading bacterium. Int J Systematic
And Evol Microbiol. 2004;54(5):1469-1476. doi:10.
1099/ijs.0.02873-0.

Ottman N, Davids M, Suarez-Diez M, Boeren S,
Schaap PJ, dos Santos VAPM, Smidt H, Belzer C, de
Vos WM, Kelly RM. Genome-scale model and omics
analysis of metabolic capacities of akkermansia muci-
niphila reveal a preferential mucin-degrading lifestyle.
Appl Environ Microbiol. 2017;83(18). doi:10.1128/
AEM.01014-17.

Velcich A, Yang WC, Heyer J, Fragale A, Nicholas C,
Viani S, Kucherlapati R, Lipkin M, Yang K,
Augenlicht L. Colorectal cancer in mice genetically
deficient in the mucin Muc2. Science. 2002;295
(5560):1726-1729. doi:10.1126/science.1069094.

Faye AS, Allin KH, Iversen AT, Agrawal M, Faith J,
Colombel JF, Jess T. Antibiotic use as a risk factor for
inflammatory bowel disease across the ages: a
population-based cohort study. Gut. 2023;72
(4):663-670. doi:10.1136/GUTJNL-2022-327845.
Mamieva Z, Poluektova E, Svistushkin V, Sobolev V,
Shifrin O, Guarner F, Ivashkin V. Antibiotics, gut
microbiota, and irritable bowel syndrome: What are
the relations? World ] Gastroenterol. 2022;28
(12):1204. doi:10.3748/WJG.V28.112.1204.

Mikkelsen KH, Knop FK, Frost M, Hallas ],
Pottegard A. Use of antibiotics and risk of type 2 dia-
betes: a population-based case-control study. The J Clin
Endocrinol And Metab. 2015;100(10):3633-3640.
doi:10.1210/JC.2015-2696.

Sander SD, Andersen AMN, Murray JA, Karlstad @,
Husby S, Sterdal K. Association between antibiotics in


https://doi.org/10.1093/BIOINFORMATICS/BTAC672
https://doi.org/10.1093/BIOINFORMATICS/BTAC672
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.1080/19490976.2015.1086057
https://doi.org/10.1080/19490976.2015.1086057
https://doi.org/10.1136/GUT.12.3.230
https://doi.org/10.1073/pnas.0803124105
https://doi.org/10.1038/nature17406
https://doi.org/10.4161/GMIC.1.6.14076
https://doi.org/10.4161/GMIC.1.6.14076
https://doi.org/10.1126/science.1209791
https://doi.org/10.1073/pnas.1611400113
https://doi.org/10.1073/pnas.1611400113
https://doi.org/10.4161/gmic.28403
https://doi.org/10.1038/S41598-022-11819-Z
https://doi.org/10.1038/S41598-022-11819-Z
https://doi.org/10.3389/fimmu.2022.1021094
https://doi.org/10.1126/SCIENCE.273.5280.1380
https://doi.org/10.1126/SCIENCE.273.5280.1380
https://doi.org/10.1016/0923-2508(93)90198-B
https://doi.org/10.1038/NM.4185
https://doi.org/10.1038/NM.4185
https://doi.org/10.1016/J.PHRS.2021.105420
https://doi.org/10.1136/GUT.52.10.1442
https://doi.org/10.1099/ijs.0.02873-0
https://doi.org/10.1099/ijs.0.02873-0
https://doi.org/10.1128/AEM.01014-17
https://doi.org/10.1128/AEM.01014-17
https://doi.org/10.1126/science.1069094
https://doi.org/10.1136/GUTJNL-2022-327845
https://doi.org/10.3748/WJG.V28.I12.1204
https://doi.org/10.1210/JC.2015-2696

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

the first year of life and celiac disease. Gastroenterol.
2019;156(8):2217-2229. doi:10.1053/j.gastro.2019.02.
039.

Arike L, Holmén-Larsson J, Hansson GC. Intestinal
Muc2 mucin O-glycosylation is affected by microbiota
and regulated by differential expression of
glycosyltranferases. Glycobiol. 2017;27(4):318-328.
doi:10.1093/GLYCOB/CWW134.

Sawaed ], Zelik L, Levin Y, Feeney R, Naama M,
Gordon A, Zigdon M, Rubin E, Telpaz S,
Modilevsky S, et al. Antibiotics damage the colonic
mucus barrier in a microbiota-independent manner.
BioRxiv. 2024;2024-03. doi:10.1101/2024.03.19.585540.
Vaishnava S, Behrendt CL, Ismail AS, Eckmann L, &
Hooper LV. Paneth cells directly sense gut commensals
and maintain homeostasis at the intestinal host-microbial
interface. Proc Natl Acad Sci USA. 2008;105
(52):20858-20863. doi:10.1073/pnas.0808723105.
Darnaud M, Dos Santos A, Gonzalez P, Augui S,
Lacoste C, Desterke C, De Hertogh G, Valentino E,
Braun E, Zheng J, et al. Enteric delivery of regenerating
family member 3 alpha alters the intestinal microbiota
and controls inflammation in mice with colitis.
Gastroenterol. 2018;154(4):1009-1023.e14. doi:10.
1053/].GASTRO.2017.11.003.

Naama M, Telpaz S, Awad A, Ben-Simon S, Harshuk-
Shabso S, Modilevsky S, Rubin E, Sawaed J, Zelik L,
Zigdon M, et al. Autophagy controls mucus secretion
from intestinal goblet cells by alleviating ER stress. Cell
Host & Microbe. 2023;31(3):433-3446. doi:10.1016/j.
chom.2023.01.006.

Sonnenburg JL, Xu J, Leip DD, Chen CH, Westover BP,
Weatherford J, Buhler JD, Gordon JI. Glycan foraging
in vivo by an intestine-adapted bacterial symbiont. Sci.
2005;307(5717):1955-1959. doi:10.1126/science.1109051.
Wrzosek L, Miquel S, Noordine ML, Bouet S,
Chevalier-Curt M]J, Robert V, Philippe C,
Bridonneau C, Cherbuy C, Robbe-Masselot C, et al.
Bacteroides thetaiotaomicron and faecalibacterium
prausnitzii influence the production of mucus glycans
and the development of goblet cells in the colonic
epithelium of a gnotobiotic model rodent. BMC Biol.
2013;11(1):1-13. doi:10.1186/1741-7007-11-61.

Qu S, Zheng Y, Huang Y, Feng Y, Xu K, Zhang W,
Wang Y, Nie K, Qin M. Excessive consumption of
mucin by over-colonized akkermansia muciniphila
promotes intestinal barrier damage during malignant
intestinal environment. Front Microbiol. 2023;14:14.
doi:10.3389/fmicb.2023.1111911.

Parrish A, Boudaud M, Grant ET, Willieme S,
Neumann M, Wolter M, Craig SZ, De Sciscio A,
Cosma A, Hunewald O. Akkermansia muciniphila
exacerbates food allergy in fibre-deprived mice. Nat
Microbiol. 2023;8(10):1863-1879. doi:10.1038/s41564-
023-01464-1.

Ganesh BP, Klopfleisch R, Loh G, Blaut M, Ryffel B.
Commensal akkermansia muciniphila exacerbates gut

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

GUT MICROBES (&) 25

inflammation in salmonella typhimurium-infected
gnotobiotic mice. PLOS ONE. 2013;8(9):74963. doi:10.
1371/JOURNAL.PONE.0074963.

Derrien M, Belzer C, de Vos WM. Akkermansia muci-
niphila and its role in regulating host functions. Microb
Pathogen. 2017;106:171-181. do0i:10.1016/j.micpath.
2016.02.005.

Lee SM, Donaldson GP, Mikulski Z, Boyajian S, Ley K,
Mazmanian SK. Bacterial colonization factors control
specificity and stability of the gut microbiota. Nature.
2013;501(7467):426-429. doi:10.1038/nature12447.
Wolter M, Grant ET, Boudaud M, Pudlo NA,
Pereira GV, Eaton KA, Martens EC, Desai MS. Diet-
driven differential response of akkermansia mucini-
phila modulates pathogen susceptibility. Mol Syst Biol.
2024;20:596-625.

Si J, Kang H, You HJ, Ko G. Revisiting the role of
akkermansia muciniphila as a therapeutic bacterium.
Gut Microbes. 2022;14(1):2078619. doi:10.1080/
19490976.2022.2078619.

Depommier C, Everard A, Druart C, Plovier H,
Van Hul M, Vieira-Silva S, Falony G, Raes J,
Maiter D, Delzenne NM. Supplementation with
akkermansia muciniphila in overweight and obese
human volunteers: a proof-of-concept exploratory
study. Nat Med. 2019;25(7):1096-1103. doi:10.1038/
$41591-019-0495-2.

Chen K, Man S, Wang H, Gao C, Li X, Liu L, Wang H,
Wang Y, Lu F. Dysregulation of intestinal flora: excess
prepackaged soluble fibers damage the mucus layer and
induce intestinal inflammation. Food Funct. 2022;13
(16):8558-8571. doi:10.1039/D2FO01884E.

Riva A, Kuzyk O, Forsberg E, Siuzdak G, Pfann C,
Herbold C, Daims H, Loy A, Warth B, Berry D. A
fiber-deprived diet disturbs the fine-scale spatial archi-
tecture of the murine colon microbiome. Nat Commun.
2019;10(1):4366. doi:10.1038/s41467-019-12413-0.
Belzer C, Chia LW, Aalvink S, Chamlagain B,
Piironen V, Knol J, de Vos WM, Dubilier N.
Microbial metabolic networks at the mucus layer lead
to diet-independent butyrate and vitamin B12 produc-
tion by intestinal symbionts. MBio. 2017;8(5). doi:10.
1128/MBIO.00770-17.

Liu MJ, YangJY, Yan ZH, Hu S, LiJQ, Xu ZX, Jian YP.
Recent findings in akkermansia muciniphila-regulated
metabolism and its role in intestinal diseases. Clin
Nutr. 2022;41(10):2333-2344. doi:10.1016/J.CLNU.
2022.08.029.

Azad MB, Bridgman SL, Becker AB, Kozyrskyj AL.
Infant antibiotic exposure and the development of child-
hood overweight and central adiposity. Int J Obes.
2014;38(10):1290-1298. doi:10.1038/1J0.2014.119.

Cho I, Yamanishi S, Cox L, Methé BA, Zavadil J, Li K,
Gao Z, Mahana D, Raju K, Teitler I, et al. Antibiotics in
early life alter the murine colonic microbiome and
adiposity. Nature. 2012;488(7413):621-626. doi:10.
1038/nature11400.


https://doi.org/10.1053/j.gastro.2019.02.039
https://doi.org/10.1053/j.gastro.2019.02.039
https://doi.org/10.1093/GLYCOB/CWW134
https://doi.org/10.1101/2024.03.19.585540
https://doi.org/10.1073/pnas.0808723105
https://doi.org/10.1053/J.GASTRO.2017.11.003
https://doi.org/10.1053/J.GASTRO.2017.11.003
https://doi.org/10.1016/j.chom.2023.01.006
https://doi.org/10.1016/j.chom.2023.01.006
https://doi.org/10.1126/science.1109051
https://doi.org/10.1186/1741-7007-11-61
https://doi.org/10.3389/fmicb.2023.1111911
https://doi.org/10.1038/s41564-023-01464-1
https://doi.org/10.1038/s41564-023-01464-1
https://doi.org/10.1371/JOURNAL.PONE.0074963
https://doi.org/10.1371/JOURNAL.PONE.0074963
https://doi.org/10.1016/j.micpath.2016.02.005
https://doi.org/10.1016/j.micpath.2016.02.005
https://doi.org/10.1038/nature12447
https://doi.org/10.1080/19490976.2022.2078619
https://doi.org/10.1080/19490976.2022.2078619
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.1039/D2FO01884E
https://doi.org/10.1038/s41467-019-12413-0
https://doi.org/10.1128/MBIO.00770-17
https://doi.org/10.1128/MBIO.00770-17
https://doi.org/10.1016/J.CLNU.2022.08.029
https://doi.org/10.1016/J.CLNU.2022.08.029
https://doi.org/10.1038/IJO.2014.119
https://doi.org/10.1038/nature11400
https://doi.org/10.1038/nature11400

26 K. L. KRIGUL ET AL.

86.

87.

88.

Stenman LK, Burcelin R, Lahtinen S. Establishing a causal link
between gut microbes, body weight gain and glucose metabo-
lism in humans-towards treatment with probiotics. Benefic
Microbes. 2016;7(1):11-22. doi:10.3920/BM2015.0069.

Sun J, Germain A, Kaglan G, Servant F, Lelouvier B,
Federici M, Fernandez-Real JM, Sala DT, Neagoe RM,
Bouloumié A. The visceral adipose tissue bacterial
microbiota provides a signature of obesity based on
inferred metagenomic functions. Int J Obes. 2023;47
(10):1008-1022. doi:10.1038/s41366-023-01341-1.
Kedia S, Virmani S, Vuyyuru SK, Kumar P, Kante B,
Sahu P, Kaushal K, Farooqui M, Singh M, Verma M, et
al. Faecal microbiota transplantation with anti-

89.

inflammatory  diet (FMT-AID) followed by
anti-inflammatory diet alone is effective in inducing
and maintaining remission over 1 year in mild to mod-
erate ulcerative colitis: a randomised controlled trial.
Gut. 2022;71(12):2401-2413. doi:10.1136/gutjnl-2022-
327811.

Paramsothy S, Kamm MA, Kaakoush NO, Walsh AJ,
van den Bogaerde ], Samuel D, Leong RWL,
Connor S, Ng W, Paramsothy R. Multidonor inten-
sive faecal microbiota transplantation for active
ulcerative colitis: a randomised placebo-controlled
trial. The Lancet. 2017;389(10075):1218-1228.
doi:10.1016/S0140-6736(17)30182-4.


https://doi.org/10.3920/BM2015.0069
https://doi.org/10.1038/s41366-023-01341-1
https://doi.org/10.1136/gutjnl-2022-327811
https://doi.org/10.1136/gutjnl-2022-327811
https://doi.org/10.1016/S0140-6736(17)30182-4

	Abstract
	Introduction
	Materials and methods
	Human donor recruitment and sample collection
	Human donor inclusion criteria
	Human-to-mouse fecal microbiota transplantation (FMT)
	Mucus thickness and growth rate measurements
	Mucus penetrability measurements
	Tissue histology
	Colony-forming unit (CFU) counts
	RNA extraction and cDNA generation
	Quantitative real-time PCR analysis
	DNA extraction and metagenomic sequencing
	Bioinformatics analysis and processing of the metagenomic sequencing data
	Metabolomics analysis
	Statistical analyses

	Results
	Repeated antibiotic use in humans promotes mucosal barrier dysfunction in mice following FMT
	Increased expression of Muc2 and Reg3γ might compensate for impaired mucus function
	Distal colon microbiome composition differs between antibiotic users and healthy controls
	History of antibiotic use results in a distinct microbial metabolite profile

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Data availability statement
	Author contributions
	Ethics approval
	References

