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ABSTRACT
Objectives  Clinical studies revealed that early-life 
adverse events contribute to the development of IBS in 
adulthood. The aim of our study was to investigate the 
relationship between prenatal stress (PS), gut microbiota 
and visceral hypersensitivity with a focus on bacterial 
lipopeptides containing γ-aminobutyric acid (GABA).
Design  We developed a model of PS in mice and 
evaluated, in adult offspring, visceral hypersensitivity to 
colorectal distension (CRD), colon inflammation, barrier 
function and gut microbiota taxonomy. We quantified 
the production of lipopeptides containing GABA by mass 
spectrometry in a specific strain of bacteria decreased in 
PS, in PS mouse colons, and in faeces of patients with IBS 
and healthy volunteers (HVs). Finally, we assessed their 
effect on PS-induced visceral hypersensitivity.
Results  Prenatally stressed mice of both sexes 
presented visceral hypersensitivity, no overt colon 
inflammation or barrier dysfunction but a gut microbiota 
dysbiosis. The dysbiosis was distinguished by a decreased 
abundance of Ligilactobacillus murinus, in both sexes, 
inversely correlated with visceral hypersensitivity to CRD 
in mice. An isolate from this bacterial species produced 
several lipopeptides containing GABA including 
C14AsnGABA. Interestingly, intracolonic treatment 
with C14AsnGABA decreased the visceral sensitivity of 
PS mice to CRD. The concentration of C16LeuGABA, a 
lipopeptide which inhibited sensory neurons activation, 
was decreased in faeces of patients with IBS compared 
with HVs.
Conclusion  PS impacts the gut microbiota composition 
and metabolic function in adulthood. The reduced 
capacity of the gut microbiota to produce GABA 
lipopeptides could be one of the mechanisms linking PS 
and visceral hypersensitivity in adulthood.

INTRODUCTION
IBS affects ~11% of the world population and is 
one of the most common causes of gastroenterology 
consultation.1 This functional intestinal disorder is 
characterised by repeated periods of abdominal pain 
and transit changes (constipation, diarrhoea or an 
alternate of both). Risk factors for IBS encompass 

infection, female sex and stress. Indeed, stressful 
events deeply impact body functions and have 
been linked to increased IBS symptom severity.2–4 
Recent literature has shown that early-life adverse 
events have consequences on the onset of chronic 
non-communicable diseases in adulthood such as 
IBS.5–7 In 2012, Bradford et al showed that patients 
with IBS reported more early-life stressors than 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Intestinal microbiota dysbiosis is associated 
with IBS symptoms.

	⇒ Perinatal stress is a major risk for the 
development of IBS in adulthood.

	⇒ A bacterial lipopeptide, C12AsnGABA, 
possesses analgesic properties against 
capsaicin-induced visceral hypersensitivity in 
mice.

WHAT THIS STUDY ADDS
	⇒ In mice, prenatal stress at the end of the 
gestation induced IBS-like symptoms in 
adulthood.

	⇒ Abundance of Ligilactobacillus murinus is 
inversely correlated to visceral sensitivity to 
colorectal distension.

	⇒ L. murinus produce several lipopeptides 
containing GABA, whose concentration is 
decreased in prenatally stressed mice.

	⇒ GABA-lipopeptide concentration is decreased 
in faeces of patients with IBS compared with 
healthy volunteers.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Treatment of patients with IBS with 
lipopeptides containing GABA could be used to 
decrease visceral pain.

	⇒ Quantification of lipopeptides containing GABA 
could be used to develop personal therapy.

	⇒ Lipopeptide-producing bacteria cultured with 
GABA could represent a novel therapeutic 
approach in IBS.
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healthy subjects, linking early-life adverse events and IBS onset 
in adulthood.8 Because events occurring before birth can hardly 
be included in questionnaires, the effects of in utero events on 
intestinal dysfunction and IBS symptoms remain unexplored.

In murine models, stress in pregnancy results in gut microbiota 
dysbiosis in mother and offspring.9 In patients with IBS, dysbi-
osis has been reported, but there is a discrepancy in the bacterial 
composition between studies. For instance, in IBS-D, Tap and 
colleagues quantified an increase in Bacteroides,10 while Su and 
collaborators described a decrease in the same IBS subtype.11 In 
IBS, a lot of studies investigated the taxonomic composition of 
the microbiota, but few studies have investigated active genes, 
proteins or metabolites.12 However, to better understand the 
role played by microbiota in host function, studying the mole-
cules produced by the microbiota rather than composition may 
be more relevant. Indeed, although the taxonomic composition 
of the human microbiota varies tremendously across individuals, 
its functional capacity is highly conserved.13 In a previous study, 
we highlighted that a probiotic, Escherichia coli Nissle 1917, 
produces a lipopeptide, the C12-asparagine-γ-aminobutyric acid 
(C12AsnGABA) that decreases both neuronal activation induced 
by pro-nociceptive molecules in vitro and capsaicin-induced 
hypersensitivity in vivo.14 We then determined lipoamino acid 
(LpAA) and GABA–lipopeptide structures by high-resolution 
mass spectrometry and developed a quantitative method of 
newly identified LpAA and lipopeptide–GABA by liquid chro-
matography coupled to mass spectrometry (LC-MS/MS) in 
different strains of bacteria.15 16

We hypothesised that visceral hypersensitivity in adulthood 
may originate from functional intestinal microbiota dysbiosis 
induced by stress in pregnancy. Based on our previous studies 
demonstrating the ability of lipids to regulate sensory neuron 
activation,14 17 18 we assumed that bacteria-derived GABA–lipo-
peptides may be the link between functional dysbiosis and IBS 
symptoms. We show that prenatal stress (PS) induces in adult 
mouse offspring microbiota dysbiosis characterised by a decrease 
in GABA-containing lipopeptides and visceral hypersensitivity. 
This decrease is also observed in faeces of patients with IBS.

METHODS
Animal experiments
Six to ten-week-old C57BL/6 J mice (Janvier, Saint Quentin 
Fallavier, France) were used. Mice were raised in sanitary condi-
tions without pathogens, with free access to water and food, 
and submitted to alternating cycles of 12 hours of light and 
darkness. After mating (three males and two females per cage), 
C57BL/6J dams, two mice per cage, were randomly assigned to 
receive stress from day 13 to day 18 of gestation. The pregnant 
mice assigned to the stress group experienced bright light (100 
W) coupled to restraint in a drilled falcon tube (50 mL; Fischer 
Scientific, Illkirch, France) for 30 min, 3 times a day, with at least 
3 hours between each stress session. Stress efficacy was assessed 
by controlling faecal output (>4 faecal pellets during the first 
stress session for the first 2 days). The pregnant mice assigned 
to the control group were not manipulated. On the last day, 
gestating mice were put one per cage for natural delivery. The 
pups were weighed every 3 days to monitor their growth. On 
postnatal days 21–28, the pups were weaned from their mothers. 
The offspring between 8 weeks and 11 weeks of age, both male 
and female, were assessed for visceral sensitivity to CRD, para-
cellular permeability, colon inflammation, plasma corticoste-
rone concentration, colonic concentration of GABA-containing 
lipopeptides, and taxonomic, predicted functional analysis 

and biogeography of the gut microbiota (online supplemental 
methods). In a second set of experiments, visceral sensitivity to 
CRD was assessed in PS mice before and 30 min after intraco-
lonic administration of C14AsnGABA (10 µM).

Patients
Patients with IBS and diarrhoea (IBS-D) were recruited according 
to Rome IV criteria.19 Clinical examination and standard biolog-
ical tests were normal. Total colonoscopy and additional tests 
when necessary had excluded organic disease. Demographic data 
were prospectively recorded (table 1). IBS symptom severity was 
assessed by IBS Severity Scoring System (IBS-SSS).20 This score 
allows classification of patients with mild (75–174), moderate 
(175–299) or severe symptoms (>300) (table 1). Healthy volun-
teers (HVs) were recruited by public advertisement using the 
gastrointestinal symptom rating scale (GSRS) questionnaire 
according to European consensus (European cost project).21 
Patients were included at the gastroenterology department of the 
tertiary care centre (Rouen University Hospital, France) between 
March 2017 and June 2019 and at the outpatient clinic of the 
University Hospitals Leuven in Belgium between January 2019 
and October 2021.

RESULTS
PS induces visceral hypersensitivity in the adult offspring
We measured the impact of PS on visceral sensitivity in adulthood 
by measuring visceromotor responses (VMRs) to colorectal disten-
sion (CRD). In PS male and female offspring, the VMR and the 
AUC of the VMR was significantly increased compared with control 
mice (figure  1A,B). No significant differences in visceral paracel-
lular permeability (online supplemental figure S1A), colon thick-
ness (online supplemental figure S1B) and inflammatory scores at 
the macroscopic and microscopic level (online supplemental figure 
S1B) were observed in offspring from stressed dams as compared 
with controls. PS altered neither basal plasma corticosterone nor 
the expression of corticosterone receptors in the colon of the adult 
offspring (online supplemental figure S1C).

At the molecular level, polyunsaturated fatty acid (PUFA) 
metabolites were quantified in the mouse colons using LC-MS/
MS. Mice hierarchical clustering showed that the mice were 
not separated by their stress status but by their sex (figure 1C), 
demonstrating that PS had little or no impact on colonic PUFA 
metabolism. PUFA metabolites hierarchical clustering revealed 
three different clusters (figure  1C). The first one regrouped 
products derived from the metabolism of PUFAs by cyclo-
oxygenases (COXs) (PGE2, TXB2, 6k-PGF1∝, PGF2∝, PGD2, 
8-isoPGA2, 15-dPGJ2 and PGE3), by lipoxygenases (LOXs) (15-
HETE, 12-HETE, 9-HODE, 13-HODE, PDx and 14-HDoHE) 
and by cytochromes epoxygenases (11,12-EET). The means of 
these metabolites’ concentrations were higher in females than in 

Table 1  Demographic and clinical characteristics of the human 
cohort

HV IBS

N 18 43

Female, n (%) 15 (75) 32 (78)

Age, mean±SD 31.9±12.1 29.6±8.6

Mild IBS, n (%) 75<IBS-SSS<149 7 (16)

IBS–moderate, n (%) 150<IBS-SSS<299 18 (42)

IBS–severe, n (%) IBS-SSS>300 18 (42)

.HV, healthy volunteer; IBS-SSS, IBS Severity Scoring System.
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Figure 1  PS induces visceral hypersensitivity in the adult offspring. VMR to colorectal distensions in control (white) or PS (black) mice in response 
to increasing pressures of distension (15, 30, 45 and 60 mm Hg) was measured in both male (A) and female (B) offspring. Data are expressed as 
mean±SEM (n=14–19 mice/group, three independent experiments). Statistical analysis was performed using two-way analysis of variance and 
subsequent Sidak multiple comparison test. *P<0.05, **P<0.01, ***P<0.001 significantly different from the control group. The results are also 
expressed as AUC presented as scatter dot plot with the mean. Statistical analysis was performed using a Mann-Whitney test. **P<0.01, significantly 
different from the control group. (C) Heat map of PUFA metabolites quantified by liquid chromatography coupled to mass spectrometry. Data are 
shown in a matrix format: each row represents a single PUFA metabolite, and each column represents a group of mice: C M=control males, PS M=PS 
males, C F=control females, PS F=PS females. each colour patch represents the normalised quantity of PUFA metabolites (row) in a group of mice 
(column), with a continuum of quantity from bright green (lowest) to bright red (highest). The pattern and length of the branches in the dendrogram 
on the left, reflect the relatedness of the PUFA metabolites, on top the relatedness of the mouse groups. The dashed red line is the dendrogram 
distance used to cluster PUFA metabolites and mouse groups. (n=15 mice/group, 2 independent experiments). (D) Heatmap of mRNA expression of 
genes coding for enzymes implicated in PUFA metabolism (top panel), colonic immune response (middle panel) and gut homeostasis (bottom panel). 
Data are shown in a matrix format: each row represents a single PUFA metabolite, and each column represents a group of mice: CM, CF, PSM and 
PSF. Each colour patch represents the normalised gene expression (row) in a group of mice (column), with a continuum of quantity from bright green 
(lowest) to bright red (highest). The pattern and length of the branches in the dendrogram on the left reflect the relatedness of the gene expression on 
top the relatedness of the mouse groups. The dashed red line is the dendrogram distance used to cluster genes and mouse groups (n=15 mice/group, 
three independent experiments). AUC, area under the curve; CF, control female; CM, control male; PS, prenatal stress; PSF, prenatal stress male female; 
PSM, prenatal stress male; PUFA, polyunsaturated fatty acid; VMR, visceromotor response.
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males, but no statistical differences were observed between PS 
and control mice, except for the 11,12-EET, which was signifi-
cantly decreased in PS male versus control (online supplemental 
table S1). The second cluster was composed of LOX metabolites 
(13-oxoODE, 9-oxoODE, 9-HOTrE, LTB4, LXA4, 5-HETE, 
5-oxoETE, 8-HETE and 18-HEPA), CYP metabolites (8,9-
EET, 9,10-DiHOME, 14,15-EET, 5,6-EET, 12,13-DiHOME) 
and by the 10-HODE. In this cluster, the concentration of 
5-oxoETE, 5-HETE, 8-HETE, LXA4, 10-HODE, 8,9-EET and 
14–15-EET was significantly decreased in PS male offspring 
compared with control mice (online supplemental table S1). 
Other PUFA metabolites from the LOX pathway (10-TriHOME, 
12-TriHOME, LTB5, LXB4 and 13-HOTrE) were portrayed in 
the last cluster, and their mean concentrations were increased in 
males compared with females, but no statistical differences were 
observed (online supplemental table S1). In addition, we quan-
tified mRNA expression of genes coding for the main enzymes 
implicated in PUFA metabolism. Heatmap of the expression of 
PUFA metabolising enzymes showed a hierarchical separation 
of the control males from the three other experimental groups. 
5-LOX and 15-LOX expression clustered apart form 12-LOX, 
COX-1 and COX-2 mRNA expression. Only Alox5, which codes 
for the 5-LOX, was increased in PS males compared with control 
(online supplemental table S2). PS increases neither proinflam-
matory lipid mediators nor the enzymes implicated in their 
synthesis, with the exception of the 5-LOX, in adult male mice.

Then, we assessed the mRNA expression of genes implicated 
in colonic immune response and homeostasis (figure  1D). Again, 
hierarchical clustering showed that mice were not separated by 
their stress status but by their sex and that genes were clustered in 
three groups Penk and Ccl5 (cluster 1), Ifng (cluster 2), and Tgfb, 
Il6, Il1b, Cxcl2 and Tnfa (cluster 3). No statistical differences were 
observed between PS and control adult male and female mice. In 
agreement, the percentages of CD8+ and CD4+ T cells, regardless 
of their conventional or memory phenotype, were not significantly 
different between control and PS mice (online supplemental figure 
S1D). The expression of genes significant for the epithelium homeo-
stasis grouped the female mice together, unlike males that were sepa-
rated by the hierarchical clustering, depending on their stress status. 
Control male mice were represented by an increase in the means of 
the expression of Ocln, Nfkb, Ppara, Tjp1, Acot12, Angptl4, Muc2, 
Mmp7, Cd36, Ahr, Ephx2 and Reg3g, whereas PS males were repre-
sented by an increase of Tff3, Ocln, Nfkb, Ppara, Tjp1 and Acot12 
(figure 1D). In female mice, the means of expression of these genes 
were lower than in male mice. No statistical difference between 
control and PS mice was observed (online supplemental table S2).

In conclusion, PS induced visceral hypersensitivity in the 
absence of any sign of colonic inflammation in adulthood.

PS induces a gut microbiota dysbiosis and alters gut 
microbiota spatial organisation in adulthood
The 16S RNA analyses of the faeces revealed a shift in the gut 
microbiota composition in PS mice that differed in male and female 
offspring. In males, PS mice showed a higher relative abundance 
of Clostridium clostridioforme, Deltaproteobacteria, Desulfovibri-
onales and Blautia, while the relative abundance of Desulfovibrio 
and Desulfovibrionaceae as well as Tyzzerella and C. colinum was 
higher in control mice (figure  2A). In females, the relative abun-
dances of taxa from Bacteroidetes and Verrucomicrobia phyla were 
higher than in control mice (figure 2B). In both PS male and female 
offspring, the relative abundance of C. clostridioforme was higher, 
whereas the relative abundance of Lactobacillus animalis was lower 
(figure  2A,B). These taxonomical differences were in accordance 

with a significant different and lower overall diversity, mostly based 
on Chao-1 index, related to rare species, for both PS male and female 
mice (figure 2C,D). We also performed a phylogenetic investigation 
of communities by reconstruction of unobserved states (PICRUSt)-
based predictive analysis of gut microbial functions. In males, PS 
mice showed a higher function related to secretion system, whereas 
control mice displayed higher undefined enzyme families (figure 2E). 
In females, the predictive gut microbiome did not vary compared 
with control mice, which showed a higher galactose metabolism 
(figure 2F).

Beyond taxonomic and functional alteration of the gut micro-
biota, PS induced a spatial organisational change of the colonic 
microbiota. In control mice of either sex, bacteria were sepa-
rated from the epithelial cells by a dense sterile mucus layer 
(figure 3). In contrast, in PS mice, some bacteria from the gut 
lumen invaded this layer (figure  3). By quantifying the 16S 
RNA-labelled pixels inside the mucus layer, we showed that in 
PS mice, more bacteria crossed the border with the lumen and 
moved close to the epithelium (figure 3).

Overall, these data show that PS induces gut microbiota dysbi-
osis and biogeographical changes in adulthood.

Abundance of L. animalis is inversely correlated to visceral 
hypersensitivity
To extract the important differences between prenatally stressed 
and control mice, we first ran a principal component analysis 
(PCA) model followed by a partial least-squares discriminant 
analysis (PLS-DA) model. In both models, the mice were mainly 
located in within the 95% CIs (black ellipse) (figure 4A,B). The 
plotted PCA scores showed the aggregation and dispersion of 
the mice, and no outliers were identified (figure 4). The PLS-DA 
score plot was fitted on unit variance-scaled data and displays 
the classification effect. It showed a clear discrimination between 
the control and PS groups (figure 4B), and the underlying model 
was validated by a robust (p<0.05) permutation test (figure 4C). 
Seven variables had a variable importance in projection value of 
≥1 and a p value of ≤0.05, showing their importance for group 
separation in the PLS-DA model. Besides visceral sensitivity 
(AUC), six bacterial species were identified as important: Clos-
tridia unclassified, L. animalis, C. clostridioforme, C. colinum, 
Clostridiales unknown and Bacteria unclassified (figure  4D). 
However, when similar analysis were done on each sex sepa-
rately, visceral sensitivity was a common variable for separating 
Ctrl and PS mice, while significant bacteria abundances were 
different in male and female (online supplemental figure S2). 
We performed Spearman correlations between these variables 
to consolidate the link between the identified bacterial species 
and visceral hypersensitivity. Clostridia unclassified, L. animalis, 
Clostridiales unknown and Bacteria unclassified were inversely 
correlated to visceral sensitivity (figure 4E). The highest correla-
tion coefficient was reached with L. animalis (figure 4E).

In conclusion, visceral hypersensitivity and microbiota compo-
sition were the main drivers of the separation between control 
and PS mice and visceral hypersensitivity strongly correlated to 
the decreased abundance of L. animalis.

Ligilactobacillus murinus concentration is decreased in adult 
PS faeces
In the mucus of control but not PS mice, we identified by matrix 
assisted laser desorption ionisation-time of flight (MALDI-TOF) the 
presence of L. murinus, L. reuteri and L. johnsonii/gasseri. In 2020, 
the Lactobacillus genera regrouped 261 species very diverse from 
each other on the phenotypical, ecological and genotypical levels. 
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Figure 2  PS induces a gut microbiota dysbiosis both in male and female mice. LDA score in male (A) and female (B) PS mice versus control mice; 
diversity indices in male (C) and female (D) PS mice versus control mice; PICRUSt-based predicted gut microbial functions in male (E) and female 
(F) PS mice versus control mice (n=15 mice/group). **** P<0.0001 significantly different from the control group. Ctrl, control; LDA, linear discriminant 
analysis; PS, prenatal stress; PSF, prenatal stress male female; PSM, prenatal stress male.
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Zheng et al re-evaluated the taxonomy of Lactobacillaceae based on 
whole-genome sequencing and reclassified them into 25 genera.22 
On this basis, Lactobacillus reuteri is now classified as Limosilacto-
bacillus reuteri and L. murinus as L. murinus. The latter is closely 
related to another species, L. animalis and differentiating them from 
one another remains an issue using the current 16S RNA sequencing 
pipelines.23 The same observation is done for probe designing as it 
is difficult to find species-specific 16S RNA locations. Therefore, it 
is now recommended to identify them as a single species named L. 
murinus/animalis. As L. murinus/animalis was the only identified 
bacterial species to be correlated with visceral sensitivity, we focused 
our attention on the role of this bacterium in intestinal homeostasis. 
Whole-genome sequencing of L. murinus, identified in the mice and 
named strain IRSD_2020, allowed us to determine that it possessed 
few sequences different from the reference strain DSMZ-20602 
(online supplemental figure S3). We then quantified L. murinus 
IRSD_2020 from mice faecal samples by Taqman real-time PCR. L. 
murinus IRSD_2020 quantity was lower in the faeces of PS mice in 
adulthood and was inversely correlated to the AUC of the visceral 
sensitivity (online supplemental figure 5A and table S4). The same 
results were obtained with primers and probe designed for the L. 
animalis strain DSMZ-20602 (figure 5B).

L. murinus produces analgesic lipopeptides
As the abundance of L. murinus IRSD_2020 was inversely correlated 
to the visceral sensitivity, we hypothesised that these bacteria 
produced a metabolite decreasing visceral sensitivity. Based on our 
previous study where we described the production of an analgesic 
GABA-containing lipopeptide by E. coli strain14 14 and on our 
studies identifying several lipoamines in bacteria,15 16 we developed 
a method to quantify the concentration of lipopeptides containing 
GABA: C12AlaGABA, C12AsnGABA, C14AsnGABA, C14:1Al-
aGABA, C12ValGABA, C12LeuGABA, C14GABA, C12IleGABA, 

C14IleGABA, C16LeuGABA, C16PheGABA and C16GluGABA 
(online supplemental methods). In L. murinus IRSD_2020, as 
no clear production of lipopeptides-GABA was observed (online 
supplemental figure 6A and table S5) and as these bacteria did not 
express the enzymes implicated in GABA synthesis, we cultured 
L. murinus IRSD_2020 in the presence of GABA. Under this 
condition, L. murinus IRSD_2020 produced several lipopeptides 
containing GABA: C16PheGABA, C12AsnGABA, C16GluGABA, 
C14AsnGABA, C12IleGABA, C14IleGABA and C12AlaGABA 
(online supplemental figure 6A and table S5). C14:1AlaGABA, 
C12ValGABA, C12LeuGABA, C14GABA and C16LeuGABA were 
not quantifiable in L. murinus IRSD_2020. The concentrations of 
C12AsnGABA, C16GluGABA, C14AsnGABA and C14IleGABA 
were significantly increased in bacteria cultured with 4 mg/mL of 
GABA (figure 6A). In mouse colons, we quantified C12AsnGABA, 
C16GluGABA, C14AsnGABA, C12IleGABA and C14IleGABA 
(online supplemental figure 6B and table S6). C16PheGABA, 
C12AlaGABA, C14:1AlaGABA, C12ValGABA, C12LeuGABA, 
C14GABA and C16LeuGABA were not quantifiable in mouse 
colons. In the colon of PS mice, the concentrations of C12AsnGABA 
and C14AsnGABA were significantly decreased compared with 
control (online supplemental figure 6B and table S5). Finally, in the 
last set of experiments, CRD experiments were performed before 
and 30 min after intracolonic administration of 10 µM, as already 
described for the C12AsnGABA,14 of C14AsnGABA in male and 
female adult PS mice. Treatment by the lipopeptide decreased 
the visceral hypersensitivity induced by PS (online supplemental 
figure 6C and table S5). We identified that L. murinus IRSD_2020 
produced lipopeptides containing GABA in the presence of GABA. 
The treatment of sensitive mouse by C14AsnGABA, whose concen-
tration was decreased in their colon, restored a normal visceral 
sensitivity.

Figure 3  PS alters gut microbiota spatial organisation in adulthood. Bacteria were labelled with the universal probe Eub338 (red); wheat germ 
agglutinin-Fluorescein-5-isothiocyanate (FITC) was used to stain the polysaccharide-rich mucus layer (green); and the epithelial cell nucleus was 
stained with 4',6-diamidino-2-phénylindole (DAPI; blue). Bacteria penetration into the mucus was measured in both M (square) and F (circle) control 
(white symbols) and PS (black symbols) mice by image processing on Fiji by quantifying the number of 16S RNA-labelled pixel between the edge 
of the lumen and the middle of the mucus (apical) and between the middle of the mucus and the edge of the epithelium (basal). The results are 
expressed as scatter dot plot with the mean. Statistical analysis was performed using Mann-Whitney test. * P<0.05, **P<0.01, significantly different 
from the control group. (n=12 mice/group; four images/mice, two independent experiments). F, female; M, male; PS, prenatal stress.
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Figure 4  The abundance of Lactobacillus animalis is inversely correlated to visceral hypersensitivity in adulthood. Multivariate analysis of the 
complete cohort: (A) two-dimensional PCA (R2=52%) score plot of data generated from 56 samples (control, n=28, blue; PS, n=28, red). each dot 
corresponds to an individual. (B) two-dimensional PLS-DA (R2X=26.2%, R2Y=77.9%, Q2=0.367) score plot of data generated from 53 samples 
(control, n=26, blue; PS, n=27, red). Each dot corresponds to an individual. The black ellipse corresponds to a 95% CI based on the Hotelling’s 
T2. RMSEE, root mean square error (C) Permutation test result for PLS-DA model validation. (D) Box plots of discriminant (variable importance in 
projection >1) and significant (false discovery rate (FDR)-corrected p value of Wilcoxon test <0.05) variables. (E) Spearman correlations were used 
to analyse the correlation between the faecal microbiota abundances and visceral motor response to colorectal distension expressed in AUC, in male 
(square) and female (circle) offspring. P and R values are indicated on each graph. AUC, area under the curve; PS, prenatal stress.
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Concentration of neuronal activation inhibitory lipopeptides 
is decreased in faeces of patients with IBS
GABA–lipopeptides were quantified in faeces from patients 
with IBS and HVs using LC-MS/MS. In contrast to L. 
murinus supplemented with GABA and mouse colon, only 
the C12AsnGABA and the C16LeuGABA were quantifiable 
in human faeces. C12AsnGABA was quantifiable in 8 out of 
18 HVs and was significantly decreased in patients with IBS 
(figure 7A). C16LeuGABA was quantifiable in 17 out of 18 HVs 
and was significantly decreased in patients with IBS (figure 7A). 
The concentration of C16LeuGABA was significantly inversely 
correlated to the IBS-SSS and to the abdominal pain score 
(figure 7B), and did not correlate with SF-36 (online supple-
mental filgure S8). As C16LeuGABA has never been quantified 
before, its role on sensory nerves activation is unknown. We 
next determined whether C16LeuGABA decreases neuronal 
activation, as previously described for C12AsnGABA.14 Primary 
cultures of mouse dorsal root ganglion neurons, activated 
either by an agonist of the receptor calcium channel TRPV1 
(capsaicin) or by a mix of agonists (histamine, serotonin and 
bradykinin) for G protein-coupled receptors (GPCRs), were 
treated with C16LeuGABA. Neuron exposure to either capsa-
icin (500 nM) or the GPCR agonists mix (histamine, bradykinin 
and serotonin, 10 µM each) induced an increase in calcium flux 
as shown by the higher % of responding neurons (figure 7C,D). 
The calcium flux increase induced by both nociceptive stimuli 
was prevented by C16LeuGABA pretreatment in a dose-
dependent manner (figure 7).

DISCUSSION
The onset of IBS in adulthood is associated with a higher number 
of early-life adverse events.8 However, due to the lack of data on 
prenatal period in humans, it is difficult to establish the causal 
link between stressful events during pregnancy and intestinal 
homeostasis disruption in adulthood. Here, in a mouse model 
of PS, we show that the male and female offspring of stressed 
mothers present the main characteristics of IBS in adulthood: 
visceral hypersensitivity, no overt colonic inflammation and a 
gut microbiota dysbiosis. Our results confirmed previous obser-
vations made in a rat model of PS where an increase in visceral 
sensitivity and no change of paracellular permeability have been 
described.24 25 In contrast to stress performed in adulthood,26 
we did not observe an increase in plasma corticosterone concen-
tration in PS mice as previously observed in PS rodents.24 25 27 28 
So, corticosterone is probably not implicated in the increase in 
visceral sensitivity observed in this model at adulthood. Never-
theless, we cannot exclude a long-lasting impact of corticoste-
rone during foetal development and infancy. The gut microbiota 
of PS mice was, however, significantly altered in both male and 
female offspring, characterised by an increased abundance of C. 
clostridioforme and a decreased abundance of L. murinus/ani-
malis. C. clostridioforme, reclassified as Enterocloster clostridio-
formis in 2019,29 is hardly dissociable from two other bacteria: 
C. bolteae and C. hathewayi, all found in human faeces.30 These 
three species are therefore usually considered as the C. clostrid-
ioforme group. A higher abundance of this group in the faeces 
has been linked to the onset of autism spectrum disorders (ASDs) 

Figure 5  Ligilactobacillus murinus IRSD_2020 concentration is decreased in PS mouse faeces. The levels of the L. murinus strain IRSD_2020 (A) 
and of the reference L. murinus/animalis strain DSMZ 20602 (B) were quantified by TaqMan real-time PCR in the faeces of control mice (white) or PS 
mice (black), in the M (square) and F(circle) offspring. Data are expressed as scatter dot plot with the mean. Statistical analysis was performed using 
Mann-Whitney test. ****P<0.0001, significantly different from the control group (n=27–36 mice/group, three independent experiments). Spearman 
correlations were used to analyse the correlation between the faecal bacteria quantity and visceral motor response to colorectal distension expressed 
in AUC, in M (square) and F (circle) offspring. P and R values are indicated on each graph. AUC, area under the curve; F, female; M, male; PS, prenatal 
stress
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Figure 6  Ligilactobacillus murinus IRSD_2020 produces an analgesic lipopeptide. (A) Concentration of lipopeptides quantified by LC-MS/MS in 
the bacterial pellets of L. murinus IRSD_2020 cultivated without (white circle) or with (4 mg/mL) (black circle) GABA . Data are expressed as scatter 
dot plot with the mean (n=9). Statistical analysis was performed using Mann-Whitney test. *P<0.05, **P<0.01, significantly different from the 
corresponding L. murinus IRSD_2020 without GABA. (B) Concentration of lipopeptides quantified by LC-MS/MS in the colon of M (square) and 
F (circle) control (white) and PS mice (black). Data are expressed as scatter dot plot with the mean (n=9–10). Statistical analysis was performed 
using Mann-Whitney test. **P<0.01, significantly different from the corresponding control group. (C) VMR to colorectal distensions in response to 
increasing pressures of distension (15, 30, 45 and 60 mm Hg) was measured in both M and FM PS offspring. Measurements were done before (white) 
and after intracolonic administrations of C14AsnGABA (black). Data are expressed as mean±SEM (n=19 mice/group, two independent experiments). 
Statistical analysis was performed using two-way analysis of variance and subsequent Sidak multiple comparison test. *P<0.05, ***P<0.001, 
****P<0.0001 significantly different from the pretreatment group. The results are also expressed as area under the curve (AUC) presented as scatter 
dot plot with the mean for M (square) and F (circle) mice. statistical analysis was perform using a Wilcoxon test. ****p<0.0001, significantly different 
from the pretreatment group. F, female; GABA, LC-MS/MS, iquid chromatography–tandem mass spectrometry; M, male; ns, not significant; PS, prenatal 
stress; VMR, visceromotor response.
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in children.31 32 In rodents, PS has also been associated with an 
increase of ASD-like behaviours in adulthood,33–35 but, in the 
absence of microbiota analysis, a direct link between PS, C. clos-
tridioforme and ASD is still unknown. More studies are needed 
to decipher the implication of C. clostridioforme in IBS, but its 

correlation with behavioural disorders is indicative of a role in 
psychological comorbidities such as anxiety and depression.

The decreased abundance of the Lactobacillus genera seems 
to be a universal response to chronic stress as this observation 
has been made in various chronic stress models, applied either 

Figure 7  Lipopeptide–GABA concentrations are decreased in the faeces of patients with IBS. (A) 16LeuGABA (left panel) and C12AsnGABA (right 
panel) concentrations quantified by liquid chromatography–tandem mass spectrometry; in the faeces of HVs (n=18, white) and patients with IBS 
(black) with an IBS-SSS corresponding to mild (n=7), moderate (n=18) or severe (n=18) IBS. Data are expressed as scatter dot plots with the mean. 
Statistical analysis was performed using Kruskal-Wallis analysis of variance and subsequent Dunn multiple comparison test. **P<0.01, **P<0.001 
significantly different from HVs. (B) Spearman correlations were used to analyse the correlation between the concentration of CL16LeuGABA and 
abdominal pain score (left panel) or IBS-SSS (right panel) in HVs (white) and patients with IBS (black). P and R values are indicated on each graph. 
(C) Percentage of responding neurons pretreated with increasing amounts of C16LeuGABA or vehicle (HBSS/MeOH 0.06%, 0 µM) and treated with 
capsaicin (500 nM) or (D) a mix of GPCR agonists (histamine, serotonin and bradykinin, 10 µM each). Data are represented as mean±SEM; n=4 
independent experiments of two to three wells per condition and 20–50 neurons per well. Statistical analysis was performed using Kruskal–Wallis 
analysis of variance and subsequent Dunn post hoc test. *P<0.05, **P<0.01, ****P<0.0001 significantly different from capsaicin or GPCR mix. 
GPCR, G protein-coupled receptor; IBS-SSS, IBS Severity Scoring System; ns, not significant; HV, healthy volunteer.
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in adulthood or in early life, and in different species.24 27 36 37 
In humans, studies looking at the correlation between stress in 
pregnancy and the baby’s gut microbiota have also highlighted 
that infants of stressed mothers present a decreased abundance 
of Lactobacillus in their faeces.38 However, how chronic stress 
impacts the Lactobacillus population and its duration remain 
to be determined. Given that we previously showed analgesic 
properties of C12AsnGABA, a lipopeptide containing GABA 
in a model of visceral pain,14 the inverse correlation between 
L. murinus/animalis abundance and visceral sensitivity led us 
to hypothesise that this bacterium was implicated in the main-
tenance of normosensitivity by producing analgesic molecules. 
As expected, L. murinus IRSD_2020, in the presence of GABA, 
produced GABA-containing lipopeptides, such as C16PheGABA, 
C12AsnGABA, C16GluGABA, C14AsnGABA, C12IleGABA, 
C14IleGABA and C12AlaGABA, highlighting the redundancy to 
produce lipopeptides linked to GABA.

GABA production is widely distributed in all three life king-
doms: animals, plants and bacteria. In bacteria, the most studied 
producers belong to the lactic acid-producing bacteria, a group 
that includes Lactobacilli.39 40 GABA is synthetisd by a pyridocal-
5′-phosphate-dependent enzyme glutamate decarboxylase (EC 
4.1.1.15) by irreversible α-decarboxylation of L-glutamate and 
consumption of one cytoplasmic proton.41 These enzymes are 
encoded by gadB and gadC genes.42 L. murinus/animalis does not 
possess the enzymes required to produce GABA. Nevertheless, 
when cultivated in a GABA-enriched medium, this species forms 
lipopeptides linked to GABA. In vivo GABA could be provided to 
L. murinus/animalis by two other hardly differentiable Lactoba-
cillus species that we isolated from the mucus of control but not 
from PS mice, L. reuteri and the L. johnsonii/gasseri cluster. In 
the literature, these two latter species tend to form dual-species 
biofilm in the gut and are often clustering with L. murinus/ani-
malis.43 L. reuteri possesses the GABA production machinery,43 
and the close interactions between these species in the gut could 
be one of the mechanisms through which L. murinus/animalis 
acquires the GABA to produce lipopeptides containing GABA. 
Interestingly, we quantified a decrease of C16LeuGABA concen-
tration in the faeces of patients with IBS compared with HVs. 
C16LeuGABA was not quantifiable in L. murinus/animalis or in 
mouse colon, meaning that in human, this lipopeptide could be 
produced by other species of lactobacillus or even other species 
of bacteria. The diversity in lipopeptide composition could 
be dependent on the culture conditions or on the diet as the 
leucine is an essential fatty acid, which cannot be produced by 
the organism. In addition, bacterial environment could also have 
an impact on lipopeptide synthesis as, for the example, the size 
of fatty acids in bacteria is dependent on culture conditions and 
temperature.44 45 A prospective clinical study unifying micro-
biota analyses and lipopeptides quantification is needed to iden-
tify bacteria implicated in the production of C16LeuGABA in 
the human gut microbiota. As this GABA–lipopeptide decreased 
capsaicin-induced and GPCR agonist-induced neuronal activa-
tion, the contribution of GABA–lipopeptides to visceral pain 
could be relevant in patients. Quantification of GABA–lipopep-
tides in patients would allow identification of patients which 
could be treated directly by the lipopeptide or by a probiotic 
supplemented with GABA.

GABA analogues such as gabapentine or pregabalin decrease 
abdominal pain in patients with IBS, but their serious side effects 
(hepatotoxicity and neurotoxicity) prevent their chronic use.46–48 
The analgesic properties of GABA lipopeptides, as demonstrated 
here for C14AsnGABA and C16LeuGABA, show that they could 
represent a novel therapeutic track to explore in patients with 

IBS. Our results show that the production of lipopeptides–
GABA by commensal bacteria could be one of the mechanisms 
of communication between the host and its gut microbiota impli-
cated in the upkeep of intestinal homeostasis.
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