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ABSTRACT
Inulin, an increasingly studied dietary fiber, alters intestinal microbiota. The aim of this study was to 
assess whether inulin decreases intestinal colonization by multidrug resistant E. coli and to 
investigate its potential mechanisms of action. Mice with amoxicillin-induced intestinal dysbiosis 
mice were inoculated with extended spectrum beta-lactamase producing E. coli (ESBL-E. coli). The 
combination of inulin and pantoprazole (IP) significantly reduced ESBL-E. coli fecal titers, whereas 
pantoprazole alone did not and inulin had a delayed and limited effect. Fecal microbiome was 
assessed using shotgun metagenomic sequencing and qPCR. The efficacy of IP was predicted by 
increased abundance of 74 taxa, including two species of Adlercreutzia. Preventive treatments with 
A. caecimuris or A. muris also reduced ESBL-E. coli fecal titers. Fecal microbiota of mice effectively 
treated by IP was enriched in genes involved in inulin catabolism, production of propionate and 
expression of beta-lactamases. They also had increased beta-lactamase activity and decreased 
amoxicillin concentration. These results suggest that IP act through production of propionate and 
degradation of amoxicillin by the microbiota. The combination of pantoprazole and inulin is 
a potential treatment of intestinal colonization by multidrug-resistant E. coli. The ability of pre
biotics to promote propionate and/or beta-lactamase producing bacteria may be used as 
a screening tool to identify potential treatments of intestinal colonization by multidrug resistant 
Enterobacterales.
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1. Introduction

The gut is the main reservoir of multidrug resis
tant Enterobacterales (MDRE). Intestinal coloni
zation by MDRE promotes various infections 
including urinary, gastrointestinal and blood
stream infections, and contaminates the environ
ment and/or healthy or diseased subjects. 
Different non-antibiotic approaches such as pro
biotics and fecal microbiota transplantation have 
been assessed to treat or prevent MDRE intestinal 
colonization, but treatments that are both effec
tive and easy to administer remain to be 
identified.1 Although mechanisms of microbiota 
resistance to intestinal colonization by MDRE 
after exposure to antibiotics are incompletely elu
cidated, they include competition for nutrients 

and inhibition of MDRE by microbiota- 
produced short chain fatty acids (SCFAs) and 
more hypothetically isoflavonoids.2–5 Specifically 
in the case of exposure to a beta-lactam agent, 
antibiotic degradation in the colonic lumen by 
beta-lactamase producing microbiota may limit 
the antibiotic-induced dysbiosis and confer resis
tance to colonization by MDRE.6–9 Prebiotics are 
nondigestible carbohydrates that modulate the 
composition of gut microbiota. Inulin, commer
cially available as a prebiotic, originates from 
plant roots.10 Its structure consists of 10–60 
units of β-D-fructosyl subgroups linked together 
by (2→1) glycosidic bonds that are not digested 
by gut enzymes. Inulin is selectively fermented by 
certain intestinal bacteria, and induces the 
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production of SCFAs in the colon, including 
butyrate, acetate and propionate.2,11,12 Indeed, in 
humans, inulin promotes intestinal growth of 
SCFA producers, including genera of various 
families such as Bifidobacteriaceae 
(Bifidobacterium), Lachnospiraceae (Anaerostipes), 
Oscillospiraceae (Faecalibacterium) and 
Lactobacillaceae (Lactobacillus).13 Furthermore, 
in mice inulin promotes the intestinal growth of 
Lachnospiraceae (Blautia, Roseburia), 
Muribaculaceae (Duncaniella muris), 
Oscillospiraceae (Ruminococcus) and 
Akkermansiaceae (Akkermansia) that are also 
associated with resistance to colonization by 
MDRE in antibiotic dysbiosed mice.14–21 Hence, 
we made the hypothesis that, by altering intest
inal microbiota and promoting SCFA producers, 
inulin would limit the level and/or prevalence of 
intestinal colonization by MDRE.

The aim of this study was to assess whether 
inulin prevents intestinal colonization by an 
extended spectrum beta-lactamase producing 
E. coli (ESBL-E. coli) in mice with amoxicillin- 
induced intestinal dysbiosis. We also investigated 
potential mechanisms by which this treatment 
could reduce MDRE colonization, including the 
increased abundance of inulin catabolizing and 
SCFA producing bacteria, equol production and 
decreased fecal concentration of amoxicillin by 
beta-lactamase producing bacteria, resulting in 
the limitation of antibiotic-induced dysbiosis. In 
our model, pantoprazole was used to decrease gas
tric acidity and promote the colonization by ESBL- 
E. coli.22,23 We found that the combination of inu
lin and pantoprazole decreased the level of ESBL- 
E. coli colonization, and identified various predic
tors of treatment efficacy.

2. Methods

2.1. Bacterial strains and media

A clinical isolate of phylogroup B2, serotype O25, 
ESBL-producing -E. coli was collected from 
University Hospital of Nantes (GenBank accession 
number: JAOTNQ000000000). In addition to ESBL 
production mediated by CTX-M-27, it was also 
resistant to carbapenem antibiotics through an 
OXA-181 carbapenemase. ESBL-E. coli 

enumeration was realized on ChromIDTM ESBL 
agar plates (Biomerieux). Adlercreutzia strains 
were grown under anaerobic conditions (N2-CO2, 
80:20) on supplemented BHI medium (Oxoid) 
with glucose 0.4% (Braun), cysteine 0.05% (Sigma- 
Aldrich), and yeast extract 0.04% (Biokar).24

2.2. Murine model of ESBL-E. coli intestinal 
colonization

All experiments were approved by the Animal 
Experiment Committee of Pays de la Loire (France, 
authorization number APAFIS#18120) and complied 
to ARRIVE Guidelines. Six weeks old male Swiss mice 
(Janvier Labs, Saint-Berthevin, France) were housed 
individually to avoid inter-individual contamination, 
in pathogen free conditions with free access to food 
and water. Intestinal microbiota was first altered by 
amoxicillin administration in drinking water (0.5  
g·L−1) for 3 days to make mice susceptible to ESBL- 
E. coli colonization (Figure 1a). Inulin sourced from 
chicory roots was purchased from Bulk Powders. 
A 0.2% (w/w) solution was prepared by dissolving 
inulin powder in distilled water before autoclaving, 
and administered in drinking water from the first day 
of amoxicillin. In some mice, pantoprazole was added 
to drinking water (0.1 g·L−1) on the first day of amox
icillin, because it is known to suppress the gastric acid 
production and to promote intestinal colonization by 
multidrug resistant bacteria.22 Two days after amox
icillin discontinuation, ESBL-E. coli was intragastri
cally inoculated (106 CFU per mouse). Mice were 
monitored for 8 days and feces were serially collected. 
Mice were randomly divided into four groups 
(Figure 1a) : control (n = 19); inulin (n = 10); panto
prazole (n = 11); inulin and pantoprazole (IP, n = 12). 
About 50 mg of feces were suspended in 1 ml of sterile 
water and shaken at 20 Hz (Mixer Mill MM 400, 
RETSCH’s) for 5 min. ESBL-E. coli fecal titers were 
assessed after incubation at 37°C for 24 hr in aerobic 
conditions.

2.3. Beta-Lactamase detection assay and 
amoxicillin fecal concentrations

Feces sampled 2 days before ESBL-E. coli inocula
tion were resuspended in 1 ml of phosphate- 
buffered saline (PBS). Samples were left for 5  
min to allow particulate matter to sediment. 
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Next, 180 µl of the suspension were incubated 30  
min at 37°C with 20 µl of Nitrocefin 0.5 mg/ml 
(Merck). Then the β-Lactamase activity was 
determined in the supernatant by absorption at 
492 nm. Amoxicillin fecal concentrations were 
assessed as follows. Feces sampled 2 days before 
ESBL-E.coli inoculation were weighed, resus
pended and homogenized in water (10 mg/100  
μL) by sonication. The material obtained was 
centrifuged (5 min 13,000 g, + 4 ° C). The super
natant was mixed with acetonitrile solution con
taining the internal standard (13C6 amoxicillin). 

After centrifugation of the mixture (5 min 13,000  
g, +4°C), the supernatant was diluted in formic 
acid 0.1% v/v (1/2 v/v) and injected into the chro
matographic system. The system consisted of 
a Kinetex® 2.6 µm C18 50 mm x 2.1 mm column 
(Phenomenex, Le Pecq, France) in 
a thermostatically controlled oven at 40°C, mobile 
phases with a binary gradient [(acetonitrile/for
mic acid 0.1% v/v) and (ultrapure water/formic 
acid 0.1% v/v)] at a flow rate of 0.5 mL/min and 
a tandem mass spectrometry monitoring (3200 
QTRAP® Sciex, Villebon-sur-Yvette, France).

Figure 1. Effect of inulin, pantoprazole and their combination on ESBL-E. coli fecal titers. Note. (a) Experimental design. (b) Individual 
and mean fecal titers of ESBL-E. coli. (c) Distribution of AUC of the ESBL-E. coli titers between 1 and 8 dpi, all treatments together. From 
this distribution, limits for low and high AUCESBL-E. coli were set at 39 and 50 day∙log10CFU/g (dashed lines). (d) mean ESBL-E. coli titers 
and their 95% confidence interval, according to the group of AUCESBL-E. coli, all treatments together. (e) Distribution of AUCESBL-E. coli of 
the ESBL-E. coli titers between 1 and 8 dpi, according to the treatment.
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2.4. Microbiome analysis using quantitative PCR

DNA from fecal samples (30 mg) was extracted 
with Nucleospin DNA stool kit (Macherey Nagel) 
and eluted in 30 µl of buffer. We used previously 
published primers (Supplementary material, table 
S6). We also designed primers for Bacteroides 
acidifaciens, Duncaniella muris and Adlercreutzia 
caecimuris. Primers for the specific amplification 
of Bacteroides acidifaciens 5’-CGATGAAGACGG 
AAGAAGTGG (Baci3) and 5’-TTCAAG 
TTCATAAAGCTCATCATTC (Baci4) were 
designed as follows: B. acidifaciens genomes 
were acquired from NCBI public database. 
Coding sequences (CDSs) from these genomes 
were clustered together by CD-HIT v4.8.1 at 
a 95% nucleotide identity threshold in global 
alignment.25 Genes that were present in all gen
omes were taken for further analysis. CDSs of 
other species (off-targets) were downloaded 
from the NCBI. Conserved genes from 
B. acidifaciens were clustered with the genes 
from most similar species at the 80% nucleotide 
identity threshold. Sequences that clustered 
together with off-targets were discarded. The tar
get gene was selected and searched for dissim
ilarity by BLAST in NCBI. Primers were designed 
on the NCBI web server using Primer-BLAST 
and checked for homo- and heteroduplexes 
using the OligoAnalyzer® tool from Integrated 
DNA Technologies, Inc.26 Those for Duncaniella 
muris 5’-TCACCATCCGTGAGATGCCTCC 
(Dunca-f), 5’- ATAGAGGAAAGCCGCCCAGC 
AG (Dunca-r) and Adlercreutzia caecimuris 5’- 
AGTCACGCACCCCCGTATTCTC (ACA-f), 5’- 
CGCGCCATTCGATGATGCTTCC (ACA-r) 
were designed by comparing the genome of 
D. muris and A. caecimuris with the genome of 
25 bacteria specially selected for the identification 
of unique sequences. We selected bacteria 
affiliated or not with the same taxonomic genus 
in order to achieve the widest possible analysis. 
All bacterial genomes were acquired from NCBI 
public database with the Entrez Direct (EDirect) 
tools. These genomes were used to develop 
a BLAST database and then to compare genomes 
using «blastn» command lines in the BASH script 
available on https://github.com/ncbi/blast_plus_ 
docs. The unique sequences were retrieved and 

quality control was performed using the NCBI 
BLASTn and UniProt BLAST tools. The primers 
have been designed by the Eurofins Genomics 
webserver «PCR Primer Design Tool» (https:// 
eurofinsgenomics.eu/en/ecom/tools/pcr-primer- 
design/). The selection criteria for the primers 
were as follows: a melting temperature close to 
60°C, a percentage of GC greater than 50% and 
an amplicon length between 300 and 500 bps. 
Their specificity were controlled by PCR amplifi
cation from fecal DNA and sequencing of the 
amplicon.

The PCR reactions were performed in a total 
volume of 20 µl. All taxa were detected by using 
the PowerUp SYBR Green Master Mix (Life 
Technologies), with 10 pmol of each of the forward 
and reverse primers for each reaction. Most of the 
PCR reaction conditions were 94°C for 3 min, then 
40 cycles of 94°C for 30 sec, 55°C for 30 sec, 72°C 
for 30 sec. For the PCR of Bacteroides species, EPC, 
D. muris and A. caecimuris the conditions were the 
following : 94°C for 3 min, then 40 cycles of 94°C 
for 30 sec, 59°C for 1 min. The calibrations were 
done with each PCR fragment amplified from the 
respective strains and whose concentration was 
adjusted to 5.106 molecules/µl. The specificity of 
each primer pair was verified by controlling that 
only one band of the expected size was obtained on 
a 2% agarose gel after amplification from the fecal 
DNA and that its sequence was as expected. The 
titers of each bacteria was inferred from the shift of 
the threshold cycle (CT), obtained by amplifying 
target from the fecal DNA in comparison to that of 
reference DNA. Corrections were made when the 
target was the 16S RNA gene since it is differently 
repeated in the bacterial genomes.

2.5. Metagenomic analyses

Fresh stools samples were immediately frozen 
and stored at − 80°C until DNA extraction. The 
DNA was then extracted using the PowerSoil Pro 
HTP (Qiagen Inc., Venlo, The Netherlands) fol
lowing the manufacturer’s protocol. Sequencing 
was then performed using NovaSeq S1 150PE 
platform at the University of Minnesota 
Genomic Center. Raw sequences were filtered 
and trimmed using FastQC (v. 0.11.9) and 
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Trimmomatic (v. 0.36).27 Metagenomic taxo
nomic classification was performed using 
Kraken2 (v. 2.1.2) and Bracken (v. 2.5.0) against 
the mouse specific MGBC database (release 
2.0).28–30 For antibiotic resistance gene (ARG) 
quantification, ARG-OAP v.2.0 pipeline was 
used.31 Subsampled FASTQ files were also pro
cessed with ARG-OAP v.2.0 to obtain the anno
tation of ARG profiles. ARG-OAP v.2.0 provides 
model-based identification of assembled 
sequences using SARGfam, a high-quality profile 
Hidden Markov Model containing profiles of 
ARG subtypes and including cell number quanti
fication by using the average coverage of essential 
single-copy marker genes. ARG abundances were 
normalized by cell number. Each reference 
sequence was tagged with its functional gene 
annotation (ARG subtype) and membership 
within a class of antibiotics targeted by the gene 
(ARG type). Sequencing data are available in the 
NCBI Sequence Read Archive and publicly acces
sible under BioProject ID PRJNA1052115.

2.6. Statistical analyses

Median are reported with 1st and 3rd quartiles, 
and means with SD. Treatment efficacy at dif
ferent time points was assessed through compar
ison of ESBL-E. coli fecal titers using linear 
mixed effect models. Area under the curve of 
ESBL-E. coli fecal titers was calculated by the 
trapezoidal method between 1 and 8 dpi. 
Diversity analyses were performed using vegan 
R package (version 2.5–7). Taxa which were not 
present in at least 20% of the samples were 
removed. Beta diversity was assessed from Bray- 
Curtis distances that were compared with per
mutational multivariate analysis of variance 
(PERMANOVA). Differences in fecal micro
biome composition among samples can be 
visualized by means of the Principal 
Coordinates Analysis (PCoA), such that each 
point represents a single fecal sample. Similar 
samples are located relatively close to each 
other, and clusters of distinct microbiome com
positions can be appreciated. We defined poten
tial predictors of treatment efficacy as features 
that were significantly different between effec
tively treated mice and control or ineffectively 

treated mice (FDR corrected Wilcoxon test 
p value ≤ .05 with absolute value of generalized 
fold change > 0.5 log10). All statistical analyses 
were performed with R 3.6.3, R Foundation for 
Statistical Computing, Vienna, Austria.

3. Results

3.1. The combination of inulin and pantoprazole 
limited the intestinal dysbiosis

Intestinal dysbiosis is considered to be necessary 
to achieve a sustained colonization by ESBL- 
E. coli in mice. Mice were exposed to amoxicillin 
during 3 days. After a 2-day wash-out they were 
intragastrically inoculated with ESBL-E. coli 
(Figure 1a). To show that amoxicillin induced 
intestinal dysbiosis, we used qPCR to assess the 
effect of amoxicillin on fecal microbiota of con
trol mice, by comparing feces sampled 5 days 
before starting amoxicillin, that is, at −5 days 
post-inoculation (dpi, naive feces) and before 
ESBL-E. coli inoculation (0 dpi). Amoxicillin 
decreased significantly DNA fecal concentration 
and titers of Bacteroidota, Adlercreutzia caeci
muris, Bacteroides acidifaciens, B. ovatus, 
Duncaniella muris, Muribaculum sp. and Equol 
producing Coriobacteriia (EPC), and increased 
Enterococcus (Extended data, Figure S1).

Then, we assessed the impact of treatments on 
fecal microbiome by comparing feces sampled 
just before ESBL-E. coli inoculation (0 dpi) in 
control and treated mice. The inulin- 
pantoprazole treatment increased DNA fecal 
concentration and abundance of 8 taxa 
(Bacteroidota, Bacteroides, B. acidifaciens, 
A. caecimuris, EPC, B. ovatus, 
B. thetaiotaomicron and E. coli), of which 6 had 
been reduced by amoxicillin (Extended data, 
Figure S1). Pantoprazole alone increased DNA 
fecal concentration and abundance of 4 taxa 
that were decreased by amoxicillin 
(Bacteroidota, Muribaculum sp., Duncaniella 
muris and EPC). Inulin alone induced no signifi
cant changes in DNA fecal concentration or 
selected taxa, including Lactobacillus sp. and 
Bifidobacterium sp. previously reported to be 
increased by inulin (data not shown). Hence, 
qPCR analyses of fecal microbiome showed that 
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the combination of inulin and pantoprazole, and 
to a lesser extent pantoprazole alone, limited the 
amoxicillin-induced intestinal dysbiosis.

3.2. The combination of inulin and pantoprazole 
decreased fecal titers of ESBL-E. coli

The efficacy of different treatments was assessed by 
comparing mean ESBL-E. coli fecal titers in treated 
and control mice using a multivariate model 
between 1 and 8 dpi (Extended data, Table S1). In 
the control group, ESBL-E. coli titers slightly 
decreased with time, by 0.2 ± 0.1 log10 CFU/g/day. 
In inulin-treated mice, ESBL-E. coli titers tended to 
be higher than control (9.0 ± 0.4 vs 8.6 ± 0.5 log10 
CFU/g, Wilcoxon test P-value, .06) at 1 dpi, but 
they subsequently decreased by 0.3 ± 0.1 log10 
CFU/g/day, resulting in lower titers at 8 dpi (6.1  
± 1.9 vs 7.7 ± 1.6 log10 CFU/g, Wilcoxon test 
P-value, .03, Figure 1b). Pantoprazole alone had 
no significant activity on ESBL-E. coli titers. The 
combination of inulin and pantoprazole (IP) 
showed a better efficacy than single treatments. 
Indeed, it significantly decreased ESBL-E. coli titers 
by 0.7 ± 0.3 log10 CFU/g and the effect gradually 
increased over time by 0.3 ± 0.1 log10 CFU/g 
each day (Figure 1c, Table S2). Finally, at 8 dpi, 
mean titers were lower in IP-treated than in control 
mice (4.5 ± 1.8 vs 7.7 ± 1.6 log10 CFU/g, Wilcoxon 
test P-value, <.001).

Inspection of ESBL-E. coli titers of each mice 
showed that treatments were highly effective in 
some mice, and not effective in other mice. To 
support this observation, we computed for each 
mouse the AUC of ESBL-E. coli titers between 1 
and 8 dpi (AUCESBL-E. coli). AUCESBL-E. coli ranged 
between 22 and 64 log10 CFU·day·g−1 (Figure 1c). 
AUCESBL-E. coli were grouped into three classes in 
order to identify treated mice with lower ESBL- 
E. coli titers than any control mice. From the dis
tribution of AUCESBL-E. coli in various groups of 
treatment, we defined low, medium and high levels 
of ESBL-E. coli colonization as AUCESBL-E. coli ≤39, 
between 39 and 50 or ≥ 50 log10 CFU·day·g−1, 
respectively (Figure 1d,e). The proportion of mice 
with low AUCESBL-E. coli in control and IP treated 
mice was 0 among 19 (0%) and 7 among 12 (58%), 

respectively (P-value, < .001). The proportion of 
low AUCESBL-E. coli in mice treated with IP (58%) 
was higher than in mice treated with either panto
prazole or inulin (14%; chi2 P-value, .02). Hence, 
this classification of AUCESBL-E. coli identified mice 
effectively treated by any treatment, and confirmed 
the better efficacy of IP over pantoprazole or inulin 
alone.

In the remainder of this study, we sought to 
identify factors predictive of the effectiveness of 
the combination of inulin and pantoprazole, by 
comparing mice effectively treated by IP (effective 
treatment defined by low AUCESBL-E. coli) and con
trol mice or mice ineffectively treated by IP (med
ium or high AUCESBL-E. coli).

3.3. The microbiome architecture predicted the 
treatment efficacy

To identify taxa predictive of the efficacy of IP, we 
analyzed fecal microbiome diversity and composi
tion before ESBL-E. coli inoculation (i.e. at 0 dpi). 
Fecal microbiome was assessed using shotgun 
metagenomic sequencing in control mice (n = 7, 
including 6 high and 1 medium AUCESBL-E. coli) 
and mice treated with IP (n = 11, including 4 
high, 1 medium and 6 high AUCESBL-E. coli). We 
grouped together control and ineffectively treated 
mice (high or medium AUCESBL-E. coli, n = 12) and 
compared them to effectively treated mice (low 
AUCESBL-E. coli, n = 6).

Alpha-diversity was higher in effectively treated 
mice (Shannon index, P-value, .004; observed species, 
P-value, .02, Figure 2a,b). Bray-Curtis dissimilarities 
readily separated the fecal microbiome of effectively 
treated mice and control or ineffectively treated mice 
(PERMANOVA, P-value, .001), and the first two 
principal coordinates discriminated the two groups 
of mice (Figure 2c). Among 195 species, 74 were 
differentially abundant between the two groups, all 
being increased in effectively treated mice (Extended 
data, Table S2). More specifically, mice effectively 
treated with IP had higher titers of 28 species of the 
Muribaculaceae family (including Duncaniella muris 
and 2 other Duncaniella sp., Muribaculum intestinale 
and another Muribaculum sp., Paramuribaculum 
intestinale and 2 other Paramuribaculum species), 16 
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species of the Lachnospiraceae family, 6 species of 
order Enterobacterales (including E. coli, Citrobacter 
A rodentium, Klebsiella pneumoniae, K. oxytoca and 
K. variicola), 6 species of genus Alistipes (family 
Rikenellaceae), 3 species of the Coriobacteriia class 
and Eggerthellaceae family (Adlercreutzia caecimuris, 
Adlercreutzia_sp004793465 and a Parvibacter sp.), 
and 2 species of the Bacteroidaceae family (including 
one Bacteroides).

To support these results based on relative 
abundances, we assessed fecal titers of selected 

taxa with qPCR. In comparison with control or 
ineffectively treated mice, mice effectively treated 
with IP had significantly higher DNA fecal con
centration (median, 99 (71–147) vs 27 (22–45) 
µg/g, p = .002 and higher titers of Muribaculum 
sp., Duncaniella muris, E. coli and A. caecimuris, 
thus confirming results of metagenomic sequen
cing (Extended data, Figure S2). EPC, Bacteroides 
and Akkermansia had also higher titers, and 
Enterococcus lower titers in mice effectively trea
ted with IP.

Figure 2. Taxonomic diversity and architecture of fecal microbiome in mice effectively treated by inulin and pantoprazole in 
comparison with control or ineffectively treated mice. Note. (a), alpha-diversity, Shannon index. (b), alpha-diversity, observed species. 
(c) beta-diversity. Blue, control mice or mice ineffectively treated with inulin-pantoprazole; red, mice effectively treated with inulin- 
pantoprazole. Mice were classified as low (circles), medium (triangles) or high (squares) level of ESBL-E. coli colonization, according to 
the AUC of ESBL titers between 1 and 8 dpi (≤39, >39 and < 50, and ≥ 50 log10 CFU·day·g−1, respectively). Ineffective and effective 
treatments were defined by high or medium, and low levels of ESBL-E. coli colonization, respectively. 95% confidence ellipses of points
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3.4. Treatment with adlercreutzia decreased 
ESBL-E. coli colonization

Quantitative PCR and metagenomic analyses 
showed that higher titers of EPC, Adlercreutzia cae
cimuris and Adlercreutzia_sp004793465 were pre
dictive of efficacy of IP. Hence, we assessed 
whether treating mice with Adlercreutzia caecimuris 
or any equol-producing Adlercreutzia would 
decrease the level of ESBL-E. coli colonization. To 
isolate a murine isolate of equol producing 
Adlercreutzia, we selected a mouse with a high titer 
of EPC at 0 dpi and subsequently colonized at low 
level by ESBL-E. coli. Fecal samples were cultivated 
on a medium designed to isolate Adlercreutzia con
taining colimycin 20 µg/ml. Several colonies were 
tested by PCR with the EPC primers and a positive 
colony was further characterized. Its 16S RNA gene 
sequence had 99% identity on 900bp with that of 
Adlercreutzia muris strain SP-7 (DSM 29,508), and 
genome sequencing identified the isolate as A. muris 
(NCBI accession number JAOTNR000000000). We 
also purchased the A. caecimuris DSM 21,839. In 

a new set of experiments, mice were treated with 7 
log10 CFU of either A. caecimuris DSM 21,839 or 
A. muris. Shotgun metagenomic sequencing showed 
higher A. caecimuris relative abundancy in mice 
treated with A. caecimuris than in control mice 
(Figure 3b). The five species of Adlercreutzia identi
fied by shotgun metagenomic analysis did not 
include A. muris, but Adlercreutzia_sp004793465 
was detected in all mice treated with A. muris and 
in none of the control mice, suggesting that 
Adlercreutzia_sp004793465 belongs to the A. muris 
species (Figure 3b). In comparison with control 
mice, preventive treatments with A. caecimuris and 
A. muris decreased significantly ESBL-E. coli titers 
by 1.6 ± 0.4 and 1.5 ± 0.4 log10 CFU/g, respectively, 
without significant variation of effect over time 
(Figure 3c; Extended data, table S3). The combina
tion of inulin, pantoprazole and A. muris was more 
effective, decreasing ESBL-E. coli titers by 2.7 ± 0.5 
log10 CFU/g. Mice treated with the combination of 
A. muris and IP had lower ESBL-E. coli titers than 
those treated by A. muris alone (difference, −1.2 ±  

Figure 3. Preventive treatment with adlercreutzia caecimuris or adlercreutzia muris on ESBL-E. coli intestinal colonization. Note. (a) 
Experimental design; (b) Effect of treatment with A. muris or A. caecimuris on relative abundance of five Adlercreutzia species just 
before ESBL-E. coli inoculation (c) Effect of treatment with A. muris, A. muris with inulin or A. caecimuris on ESBL-E. coli titers. Full line, 
mean titer.
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0.5 log10 CFU/g, p = .035) or by IP alone (difference, 
−3.4 ± 0.6 log10 CFU/g, p < .0001). Hence, these 
results support the hypothesis that Adlercreutzia sp. 
is involved in the activity of IP treatment.

3.5. Higher abundance of genes involved in inulin 
catabolism and propionate production predicted 
the treatment efficacy

Then we searched for associations between efficacy 
of IP and metabolic pathways of fecal microbiome 

at 0 dpi. Metabolic pathways were predicted using 
HUMAnN3 and the MetaCyc Metabolic Pathways 
database.32,33 Alpha-diversity of metabolic path
ways was higher in effectively treated mice 
(Shannon index, P-value, .067; observed species, 
P-value, .003, Figure 4a,b). The first two principal 
coordinates discriminated effectively treated mice 
and control or ineffectively treated mice 
(Figure 4c), and PERMANOVA showed significant 
difference in their overall architecture (P-value, 
.001). Among 301 metabolic pathways, 85 were 

Figure 4. Metabolic pathways of fecal microbiota in mice effectively treated with inulin and pantoprazole vs control or ineffectively 
treated mice. Note. Metabolic pathways were predicted from the MetaCyc Metabolic Pathways (a, b, c) and CAZy databases (d, e, f, g). 
(a and d), alpha-diversity, Shannon index. (b and e), alpha-diversity, observed species. (c and f) beta-diversity. 95% confidence ellipses 
of points. (g) abundance of fructan beta-fructosidase. Blue, control mice or mice ineffectively treated with inulin-pantoprazole; red, 
mice effectively treated with inulin-pantoprazole.
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differentially abundant between effectively treated 
mice and control or ineffectively treated mice 
(Extended data, table S4). Of note, 9 of these path
ways were involved in synthesis of propionate, all 
being higher in effectively treated mice (Extended 
data, Figure S3). None was directly associated with 
inulin catabolism.

To complete this analysis, we used the CAZy 
database (www.cazy.org), specifically dedicated 
to carbohydrate metabolism.34 Alpha-diversity 
was higher in effectively treated mice (Shannon 
index, P-value, .007; observed species, P-value, 
<.001, Figure 4d,). The first two principal coor

dinates discriminated effectively treated mice 
and control or ineffectively treated mice 
(Figure 4f), and PERMANOVA showed signifi
cant difference in their overall architecture 
(P-value, .003). The relative abundance was sig
nificantly different for 94 among 225 families or 
modules of carbohydrate active enzymes, 
including 72 increased and 22 decreased relative 
abundances in effectively treated mice in com
parison with control or ineffectively treated 
mice (Extended data, Table S5). Among those, 
gene abundance of fructan beta-fructosidase, 
that is involved in catabolism of inulin, was 

Figure 5. Fecal β-lactamase activity, amoxicillin concentration and resistome in mice effectively treated by inulin and pantoprazole 
and in control or ineffectively treated mice. Note. (a) Fecal β-lactamase activity (nitrocefin test) in arbitrary units/g. (b) Fecal amoxicillin 
concentrations in µg/g. (c), alpha-diversity, Shannon index. (d), alpha-diversity, observed species. (e) beta-diversity. Blue, control mice 
or mice ineffectively treated with inulin-pantoprazole; red, mice effectively treated with inulin-pantoprazole. Mice were classified as 
low, medium or high level of ESBL-E. coli colonization, according to the AUC of ESBL titers (≤39, >39 and < 50, and ≥ 50 log10 

CFU·day·g−1, respectively). Ineffective and effective treatments were defined by high or medium, and low levels of ESBL-E. coli 
colonization, respectively. 95% confidence ellipses of points.
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higher in feces of effectively treated mice than 
in control or ineffectively treated mice 
(Figure 4g).

3.6. Higher β-lactamase activity and abundance of 
β-lactam resistance genes, and lower amoxicillin 
fecal concentration predicted the treatment efficacy

Since β-lactamase producing bacteria have been 
reported to decrease amoxicillin fecal concentration 
and prevent the effect of amoxicillin on the micro
biota, we assessed β-lactamase activity and amoxicil
lin concentration in the feces sampled just after 
amoxicillin discontinuation (−2 dpi).6 In comparison 
with control mice, IP increased fecal β-lactamase 
activity (median (Q1-Q3), 5.0 (3.5–6.9) AU/g vs 1.4 
(0.8–1.5) AU/g, p = .003) and decreased amoxicillin 
concentration (median (Q1-Q3), 0 (0–69) µg/g vs 79 
(52–89) µg/g, p = .05). Fecal amoxicillin concentra
tion and β-lactamase activity were significantly corre
lated (Spearman ρ, −0.73, p = .002). Moreover, mice 
treated by pantoprazole alone had higher fecal β- 
lactamase activity (median, 3.3 [3.0–6.2] AU, 
Wilcoxon test P-value, p = .01) and lower amoxicillin 
concentration (median, 0 [0–0] µg/g, Wilcoxon test 
P-value, p = .13) than control mice. Mice effectively 
treated with IP had higher fecal β-lactamase activity 
and lower amoxicillin concentration than control or 
ineffectively treated mice (Figure 4a,b). Furthermore, 
5 Enterobacterales isolates randomly picked from 
feces sampled 2 days before ESBL-E. coli inoculation 
from five mice with low level of colonization by 
ESBL-E. coli were resistant to amoxicillin.

Resistome alpha-diversity was higher in mice 
effectively treated with IP than in control or inef
fectively treated mice (ARG subtypes, Wilcoxon 
test p-value, .01 for Shannon index, 0.001 for 
Observed Species, Figure 4c,d). Bray-Curtis dissim
ilarities readily separated the fecal resistome from 
effectively treated mice and control or ineffectively 
treated mice (PERMANOVA, p-value = .004, 
Figure 5). We identified 19 ARG subtypes that 
were differentially abundant between effectively 
treated mice and control or ineffectively treated 
mice (Extended data, Figure S4). Among these 19 
ARG subtypes, 13 conferred resistance to betalac
tam antibiotics, 12 of them coding for a SHV beta- 
lactamase and being higher in effectively treated 
mice. Most of these beta-lactamase resistance 

genes code for enzymes that hydrolyze amoxicillin. 
Furthermore, abundance of beta-lactam ARG was 
correlated with fecal beta-lactamase activity 
(Spearman rho, 0.57, P-value, .04).

4. Discussion

Here, we showed that a preventive treatment with 
a combination of inulin and pantoprazole syner
gistically decreased ESBL-E. coli intestinal coloni
zation in amoxicillin dysbiosed mice. Inulin 
without pantoprazole did not limit amoxicillin- 
induced dysbiosis, as assessed by qPCR, and this 
result was consistent with the limited and delayed 
efficacy of inulin on ESBL-E. coli colonization. 
Unlike inulin alone, pantoprazole and the combi
nation of inulin and pantoprazole limited the dys
biosis induced by amoxicillin. We initially used 
pantoprazole to decrease gastric acidity and pro
mote high level colonization.22 In our study, pan
toprazole-treated mice had no higher ESBL-E. coli 
titers than control mice, probably because control 
mice had high ESBL-E. coli titers due to high 
inoculum, in line with what we recently reported 
with a different murine model.35 We hypothesize 
that pantoprazole helped to maintain the richness 
and diversity of the microbiota exposed to amox
icillin, including beta-lactamase-producing bac
teria, which would decrease the intraluminal 
concentration of amoxicillin and attenuate the 
effect of amoxicillin on microbiota. Pantoprazole 
may also decrease the susceptibility of microbiota 
to antibiotics by stimulating efflux pumps, as 
reported for tigecycline.36 The impact of proton 
pump inhibitors (PPI) on intestinal microbiota 
and digestive colonization by MDRE remain 
debated.37–39 Some studies found that PPI 
decreased alpha-diversity while others did not.40 

In agreement with our results, a small-size study 
previously found that PPI use was associated with 
higher alpha diversity in older inpatients treated 
with more than two antibiotics, suggesting that 
PPIs may prevent antibiotic-induced dysbiosis.41 

PPI effects on microbiota and intestinal coloniza
tion by MDRE in antibiotic treated patients may 
depend on duration of PPI treatment and delay 
between PPI and antibiotic treatments, but these 
points remain to be elucidated.
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The interindividual variability of IP efficacy may 
be viewed as a pitfall for its therapeutical use, but it 
gave us the opportunity to search predictors of IP 
efficacy in order to decipher its mode of action. 
Taxonomic and functional analyses showed that IP 
efficacy was associated with increased abundances 
of taxa known to be promoted in inulin-fed mice 
(in particular, taxa of Muribaculaceae and 
Lachnospiraceae families) as well as the gene of 
fructan beta-fructosidase that is involved in inulin 
metabolism, reinforcing the plausibility of its effect 
on ESBL-E. coli colonization.13 Indeed, the 
Muribaculaceae family has been reported to be 
predominant in murine cecal microbiota, with 
high level expression of genes involved in carbohy
drate metabolism and production of SCFAs, espe
cially propionate.42–44 Microbiota-produced 
SCFAs prevent digestive colonization by MDRE.2 

Consistently, among predictors of IP efficacy, we 
found several taxa known to produce SCFAs, 
including Duncaniella muris and other 
Muribaculaceae, Alistipes and species of the 
Lachnospiraceae family, and 9 predicted metabolic 
pathways involved in propionate synthesis.45–47 

Hence, the IP combination may decrease ESBL- 
E. coli titers through the production of SCFAs, 
especially propionate, from inulin fermentation.

The IP combination may also prevent ESBL- 
E. coli colonization by increasing intestinal beta- 
lactamase activity through an increased abundance 
of SHV beta-lactamases (associated with 
Enterobacterales as supported by the resistance to 
amoxicillin observed in Enterobacterales isolated 
from feces of mice with low-level ESBL-E. coli colo
nization), thus decreasing intestinal concentrations 
of amoxicillin and microbiota susceptibility to 
colonization by ESBL-E. coli. This mechanism of 
action is supported by previous reports that show 
that various beta-lactamase producing bacteria 
reduced beta-lactam induced gut dysbiosis and 
colonization by multidrug organisms.6–9 

However, this mechanism seems not sufficient to 
explain the activity of IP on ESBL-E. coli coloniza
tion, as pantoprazole altered fecal beta-lactamase 
activity and amoxicillin concentration, without 
decreasing ESBL-E. coli titers. Of note, we found 
that IP-induced increase of resistome α-diversity 
and abundances of 18 ARG was associated with 
a beneficial effect on ESBL-E. coli colonization. 

This type of counter-intuitive result had previously 
been reported in a study that showed that a diet 
rich in non digestible carbohydrates decreased the 
abundancy of 86 ARG in obese children, but also 
increased the abundancy of 10 other ARG.48 

Similarly, probiotics may have various effects on 
gut resistome, although those are as poorly 
described as for prebiotics. For example, a 11- 
strain probiotic administered after antibacterial 
therapy increased resistome α-diversity in murine 
cecal luminal and in human colonic mucosal 
microbiota.49 In a context where knowledge of 
relationships between resistome and health out
comes remains preliminary, these results encou
rage us not to consider that an increase in the 
diversity of the resistome or in the abundance of 
certain ARGs is necessarily detrimental to health. 
Another mechanism of action may be the competi
tion for nutrients between the IP promoted 
Enterobacterales, especially Klebsiella sp., and the 
inoculated ESBL-E. coli, as previously shown with 
K. michiganensis or K. oxytoca.3,4 In line with these 
results, we found that high abundancy of three 
species of Klebsiella sp. (K. pneumoniae, 
K. oxytoca and K. variicola) was predictive of the 
efficacy of IP. Finally, equol production may be 
involved in the activity of IP on ESBL-E. coli colo
nization. Equol is an isoflavonoid produced from 
dietary daidzein by several taxa, mainly of the 
Coriobacteriiia class, including Adlercreutzia 
equolifaciens.50 Equol inhibits the in vitro biofilm 
formation by carbapenem resistant E. coli.5 qPCR 
of the tdr gene showed that an increased titer of 
EPC predicted IP efficacy, as well as relative abun
dances of three Coriobacteriia including two 
Adlercreutzia sp. The tdr gene was present in the 
genome of the A. muris strain that we successfully 
used to treat ESBL-E. coli colonization, but not in 
the A. caecimuris DSM21839 genome. 
Furthermore, equol production has been described 
in non Coriobacteriia such as Alistipes and 
Eubacterium, that we also found to be associated 
with IP efficacy.51,52 Hence, the efficacy of treat
ment with A. muris, IP and their combination may 
be partly mediated by equol production. To sum
marize our current understanding of its mechan
isms of action, the IP combination limited 
amoxicillin-associated dysbiosis by promoting bac
terial species that are able to metabolize inulin and/ 
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or to hydrolyze amoxicillin in the colonic lumen 
through the production of betalactamases. This 
limited dysbiosis likely prevented MDRE coloniza
tion by nutrient competition at least with endogen
ous Enterobacterales such as Klebsiella as 
previously reported, but also by the production of 
SCFA and more hypothetically of equol.

This work presents several limitations. First, we did 
not assess fecal or cecal concentrations of SCFAs to 
confirm that propionate concentration is predictive of 
the level of colonization by ESBL-E. coli. Second, we 
could not determine taxa involved in the increased 
abundance of beta-lactamase genes and activity. In 
future studies, identification of amoxicillin resistant 
Enterobacterales on specific culture media would help 
to ascertain their involvement in the efficacy of IP. 
Third, we did not elucidate why the Enterobacterales 
titer increased in mice effectively treated with IP. 
Fourth, the extrapolation of our results in antibiotic- 
treated patients must be prudent because there are 
numerous differences in gut structure, intestinal 
microbiota composition and metabolic pathways 
between mice and Humans. For example, the 
Muribaculaceae family, highly involved in IP efficacy 
in mice, is far less abundant in human than in murine 
microbiota. However, it is plausible that, as we showed 
in mice, the efficacy of IP in Humans may show 
interindividual variability, and that the multidimen
sional analysis of microbiota (including microbiome 
architecture, resistome and beta-lactamase activity, 
fecal concentration of antibiotic and/or SCFA pro
duction) may help to predict treatment efficacy.

4.1. Conclusion

Our results showed that inulin had a limited and 
delayed preventive effect on ESBL-E. coli colonization 
in a murine model of amoxicillin-induced dysbiosis. 
By contrast, inulin combined with pantoprazole had 
a synergistic, early effect on intestinal colonization by 
ESBL-E. coli. Our results suggest that the therapeutic 
activity of the combination of inulin and pantoprazole 
may be mediated by various mechanisms, including 
the degradation of amoxicillin in the intestinal content 
through promotion of beta-lactamase-producing 
taxa, inulin-mediated production of SFCA and the 
production of equol. These results open new insight 
for the future use of inulin combined with pantopra
zole for the prevention of ESBL-E. coli colonization. 

Further studies are needed to determine the applic
ability of this treatment in humans.
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