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Abstract: Background: An inadequate perinatal nutritional environment can alter the maturation
of the intestinal barrier and promote long-term pathologies such as metabolic syndrome or chronic
intestinal diseases. The intestinal microbiota seems to play a determining role in the development
of the intestinal barrier. In the present study, we investigated the impact of consuming an early
postnatal prebiotic fiber (PF) on growth, intestinal morphology and the microbiota at weaning in
postnatal-growth-restricted mice (PNGR). Methods: Large litters (15 pups/mother) were generated
from FVB/NRj mice to induce PNGR at postnatal day 4 (PN4) and compared to control litters (CTRL,
8 pups/mother). PF (a resistant dextrin) or water was orally administered once daily to the pups
from PN8 to PN20 (3.5 g/kg/day). Intestinal morphology was evaluated at weaning (PN21) using
the ileum and colon. Microbial colonization and short-chain fatty acid (SCFA) production were
investigated using fecal and cecal contents. Results: At weaning, the PNGR mice showed decreased
body weight and ileal crypt depth compared to the CTRL. The PNGR microbiota was associated
with decreased proportions of the Lachnospiraceae and Oscillospiraceae families and the presence
of the Akkermansia family and Enterococcus genus compared to the CTRL pups. The propionate
concentrations were also increased with PNGR. While PF supplementation did not impact intestinal
morphology in the PNGR pups, the proportions of the Bacteroides and Parabacteroides genera were
enriched, but the proportion of the Proteobacteria phylum was reduced. In the CTRL pups, the
Akkermansia genus (Verrucomicrobiota phylum) was present in the PF-supplemented CTRL pups
compared to the water-supplemented ones. Conclusions: PNGR alters intestinal crypt maturation
in the ileum at weaning and gut microbiota colonization. Our data support the notion that PF
supplementation might improve gut microbiota establishment during the early postnatal period.

Keywords: prebiotic fiber; PNGR; maturation; microbial colonization; short-chain fatty acids

1. Introduction

The concept of the Developmental Origins of Health and Diseases (DOHaD) posits
that the environmental conditions during the first 1000 days of life are critical for pro-
gramming long-term health and disease [1,2]. In particular, clinical and preclinical studies
using rodent models have shown that a deleterious nutritional environment during the
perinatal period can notably program the occurrence of long-term metabolic diseases,
such as obesity [3,4]. Recent studies emphasized that long-term intestinal health may
also be programmed by perinatal period environmental conditions [5,6]. Indeed, the use
of antibiotics during the early postnatal period is closely associated with the occurrence
of inflammatory bowel diseases later in life through the modulation of the maturation
and functioning of intestinal epithelial cells [7–9]. Indeed, the early postnatal period is a
period of significant maturation of the digestive tract, with critical structural, functional and
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immune modifications associated with great evolution of the intestinal microbiota, passing
from an immature neonatal intestine to an “adult” intestine [10–12]. We previously showed
that postnatal growth restriction (PNGR) induced in mice by increasing the number of pups
per litter was associated with delayed intestinal maturation and microbiota acquisition
at weaning. This was associated with the establishment of a pro-inflammatory state that
increases susceptibility to DSS-induced chronic colitis in adulthood [13]. Yet, it has been
shown that the acquisition of an appropriate microbiota during weaning is essential for
the maturation of the intestinal immune system, which is of major importance for the
acquisition of a competent intestinal immunity and long-term intestinal health [14,15].

Thus, prevention strategies aimed at reducing the later risk of intestinal diseases due to
an early deleterious nutritional environment must be developed. Prebiotics are promising
candidates, given their beneficial effects on the intestinal barrier and the immune system,
implemented by positively influencing the intestinal microbiota composition. Prebiotics
are substrate-selectively utilized by host microorganisms to confer health benefits [16].
As they are not (fully) digested and/or absorbed in the small intestine, they reach the
colon, where they can stimulate the growth of certain bacteria [17]. They display benefi-
cial health effects through the modulation of the microbiota composition, specifically by
increasing the proportions of favorable bacteria which enable the secretion of the microbial
metabolites’ short-chain fatty acids (SCFAs), such as butyrate, known to favor intestinal
barrier function [17,18]. Moreover, studies on animals and on healthy infants have shown
that prebiotics, such as fructo- and galacto-oligosaccharides (FOS/GOS), have a long-term
impact on the composition of the gut microbiota through the stimulation of the growth of
beneficial bacteria and the increase in SCFA production [19,20]. Considering this knowl-
edge, we hypothesized that early-life supplementation with prebiotics might improve
gut maturation, microbial colonization and health in the context of neonatal intestinal
immaturity. Thus, we investigated whether the early postnatal consumption of a resistant
dextrin could impact growth, intestinal morphology and the microbiota at weaning in the
context of PNGR in rodents.

2. Materials and Methods
2.1. Animals and Experimental Design

FVB/NRj mice aged 8 weeks (Janvier Labs, Le Genest-Saint-Isle, France) were housed
in a specific pathogen-free environment (12:12-h light-dark cycle) and had ad libitum access
to food and water. After 7 days of acclimation, 1 male mouse was mated with 2 to 3 females
for 7 days. The pregnant mice were fed with a breeding diet (SAFE® diets R03-25, Augy,
France). The PNGR model was induced by increasing the litter size (8 or 15 pups per litter),
as described by Ley et al. [13]. Briefly, at postnatal day 0 (PN0), the litters were culled
to 8 pups per mother, and those with less than 6 or more than 11 pups were excluded
to homogenize lactation. At PN4, large litters of 15 pups per mother were generated by
grouping pups from 2 litters of 8 pups (PNGR group, n = 4 litters) and further compared
with control litters of 8 pups per mother (CTRL group, n = 5 litters) (Figure 1A). From PN8,
pups from the CTRL and PNGR groups were orogastrically fed once daily with either a PF
(commercial soluble-resistant dextrin, 3.5 g/kg/day) or water up to PN20. PF powder was
resuspended in water (70% wt/vol) and administered as an oral solution using a lubricated
polyethylene tube (0.3 mm diameter) mounted on a 30G needle. Supplementation was
performed once daily in the morning from PN8 to PN20, and the feeding volume was
5 mL/kg body weight. The type of supplementation (PF or water) was randomly assigned
among the litters (n = 2–3 litters per supplementation per group). Each pup within a
litter was orally fed with the same supplementation, independent of its sex, to ensure a
similar intervention within litters. The mice pups’ body weight was collected every second
day until weaning (PN21) to adapt the feeding volume and validate PNGR. PNGR was
validated for each pup of the PNGR group if its body weight was lower than the 10th
percentile for the body weight distribution in the CTRL group from PN6 to PN21. Moreover,
to avoid the sex-specific outcomes on gut barrier function observed following early life
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adverse environmental factors in suckling and weanling rodents [21,22], only males were
studied further. At PN21, the male pups (n = 9–20 per group) were euthanized for sample
collection. Cecal contents and colonic feces were collected with cleaned tools, immediately
flash-frozen and stored at −80 ◦C until analysis. Ileum and colon samples were fixed in 4%
paraformaldehyde overnight, processed and embedded in paraffin wax using an automatic
sample preparation system (LOGOS One, Milestone Medical, Sorisole, Italy) for histological
analysis.

2.2. Intestinal Morphology

Hematoxylin and eosin (HE) staining was performed on four-micron paraffin-
embedded tissue sections. A total of 8 male pups per group were selected for histological
analyses (n = 2–4 males per litter per group). The selections were based on the males’ body
weight at PN20 to represent the average body weight and standard deviation of their litter.
At PN21, the ileal villus height and crypt depth, as well as the colonic mucosa thickness
and colonic crypt depth, were determined using ImageJ software v1.53t (NIH, USA) in a
blinded manner by two independent observers (10 well-oriented villi or crypts per section,
9 sections from 3 segments per tissue, 8 mice per group).

2.3. Intestinal Microbiota

Genomic DNA (gDNA) was extracted from the colonic contents (mean weight: 14.2 g)
of male pups at PN21 using an optimized tissue-specific technique, as previously de-
scribed [23]. The quality and quantity of extracted gDNA were monitored via gel elec-
trophoresis and a NanoDrop 2000 UV spectrophotometer (ThermoFisher Scientific, Illkrich-
Graffenstaden, France). All gDNA samples were stored at −20 ◦C until further processing.
The V3–V4 region of the 16S rRNA gene was amplified via PCR using the forward primer
1F (CTTTCCCTACACGACGCTCTTCCGATCT–TCCTACGGGAGGCAGCAGT) and the
reverse primer 2R (GGAGTTCAGACGTGTGCTCTTCCGATCT–GGACTACCAGGGTATC
TAATCCTGTT), as follows: 94 ◦C for 10 min, followed by 35 cycles at 94 ◦C for 1 min, 68 ◦C
for 1 min and 72 ◦C for 1 min, with a final elongation step at 72 ◦C for 10 min. Amplicons
were then purified using the CleanNGS magnetic beads for DNA clean-up (CleanNA). A
second PCR reaction for sample multiplexing was performed using tailor-made 6 bp unique
index sequences with the forward primer 2F targeting 1F (AATGATACGGCGACCACC-
GAGA TCTACACT–CTTTCCCTACACGAC) and reverse primer 2R targeting primer 1R
(CAAGCAGAAGACGGCATACGAGAT–index–GTGACT–GGAGTTCAGACGTGT), as
follows: 94 ◦C for 10 min, 12 cycles at 94 ◦C for 1 min, 65 ◦C for 1 min and 72 ◦C for 1 min,
with a final extension at 72 ◦C for 10 min. Amplicons were purified as described for the
first PCR round. All libraries were pooled in the same quantity to generate an equivalent
number of raw reads and were sequenced on the MiSeq Illumina platform (2 × 300 bp
paired-end MiSeq kit v3, Illumina, Évry-Courcouronnes, France). The targeted metage-
nomic sequences were analyzed using a bioinformatics pipeline based on the ‘find, rapidly,
operational taxonomic units (OTUs) with Galaxy solution’ (FROGS) guidelines [24]. The
taxonomic assignment was performed using BLAST (v2.2.30) against the SILVA 138 Parc
database to determine the bacterial profiles from phylum to genus and, when reachable, to
species level. Alpha (Shannon and Simpson indexes) and beta diversity (Unifrac) analyses
were conducted using the OTU table.

2.4. Dosage of Cecal Short-Chain Fatty Acids (SCFAs)

The cecal content was weighted (mean weight: 74.9 g) and homogenized in 1.5 mL
of a solution of NaOH at 0.005 M, including internal standards (Acetate-D3, Propionate-
D2, Butyrate-13C2 and Valerate-D9) using Precellys equipment. Total DNA was extracted
following the described steps: 300 µL of supernatant was collected and transferred to a 5 mL
glass tube; next, 500 µL of propanol/pyridine mix (3:2 v/v) was added and then vortexed.
SCFAs were derivatized for chromatography–mass spectrometry (GC/MS) analysis using
PCF. The SCFAs were extracted using 0.5 mL of hexane. The GC/MS analysis comprised a
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phase of liquid injection at 260 ◦C in the split mode and a separation phase on a 50 m ×
0.25 mm, 0.25 µm, DB-5 ms capillary column. Quantification was performed with a single
quadripole using electron impact ionization.

2.5. Statistical Analysis

Statistical analyses, except for the microbiota, were performed with GraphPad Prism
8.0 Software (San Diego, CA, USA). Variables were expressed using the mean and standard
error of the mean (SEM) or standard deviation (SD). Statistical analyses were conducted
based on values obtained for each individual. Outliers were excluded using Grubb’s test.
The variables’ normality was assessed using the D’Agostino–Pearson test. If necessary, a
log10 transformation was applied to reach normality. Thus, depending on the variable
normality test results, statistical differences were tested via mixed-effects analysis (Tukey’s
post-test), one-way ANOVA (Tukey’s post-test) or the Kruskal–Wallis test (Dunn’s post-test)
for group comparisons. For the microbiota analysis, the normal distribution of the values
was verified with the Shapiro–Wilk test. Significant variations in alpha diversity were
assessed using Kruskal–Wallis or Wilcoxon rank sum tests. Multidimensional scaling anal-
yses (MDS) were performed on beta diversity distance matrices, and differences between
groups were assessed using PERMANOVA and PERMDISP analyses (2000 permutations).
LEfSe (Linear discriminant analysis of Effect Size) analyses were used to determine signifi-
cant variations in taxa-relative abundance [25]. Each bacterial taxon with presence in less
than half of a group samples was analyzed using a chi-square test (for presence/absence
analysis). Correlations were analyzed using Spearman’s r. A p-value < 0.05 was considered
significant.

3. Results
3.1. Effects of PNGR and PF Supplementation on Pups’ Growth and Intestinal Morphology

PNGR (n = 15 pups) and CTRL litters (n = 8 pups) were created at PN4 and supple-
mented with water or PF daily from PN8 to weaning (Figure 1A). From PN6 to PN20, male
pups from the PNGR litters displayed a significantly reduced body weight compared to
CTRL pups (Figure 1B). The CTRL pups supplemented with PF tended to show a tran-
sient increased body weight from PN10 to PN14 but then displayed similar growth until
PN20 compared to the CTRL pups supplemented with water. These growth patterns were
representative of the evolution of body weight in each group with the sexes combined
(Supplementary Figure S1).

On the ileal structure level, while villus height was not different, ileal crypt depth
was reduced in the PNGR pups supplemented with water compared to the CTRL ones
(Figure 1C). However, ileal crypt depth was not different between the PNGR and CTRL
pups supplemented with PF, nor were colonic crypt depth or mucosa thickness significantly
impacted by the PNGR model or PF administration (Figure 1D).
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Figure 1. PNGR decreased pups’ growth and ileal crypt depth. (A) Control (CTRL, n = 8 pups/dam)
and postal-growth-restricted (PNGR, n = 15 pups/dam) litters were induced at postnatal day 4 (PN4).
From PN8 to PN20, the pups were supplemented with prebiotic fiber (PF) or water once daily and
were euthanized at PN21. (B) Body weight of the CTRL water, CTRL PF, PNGR water and PNGR
PF male pups during suckling (n = 9–20 from 2–3 litters, mean ± SD, *** p < 0.001 PNGR vs. CTRL;
$ p < 0.05 PF vs. water according to mixed-effects analysis). (C) Histological analysis (representative
images, villus height and crypt depth) of ilea from the CTRL water, CTRL PF, PNGR water and PNGR
PF male pups at PN21 (n = 8/group, mean ± SEM, * p < 0.05 PNGR water vs. CTRL water by Dunn’s
post Kruskal–Wallis test). (D) Histological analysis (representative images, crypt depth and mucosa
thickness) of colons from CTRL water, CTRL PF, PNGR water and PNGR PF male pups at PN21
(n = 8/group, mean ± SEM).

3.2. Effects of PNGR and PF Supplementation on Intestinal Microbial Colonization and
SCFA Production

α-Diversity was not different between the PNGR and CTRL pups, but significantly
decreased microbiota richness was observed in PNGR pups supplemented with PF as
compared to water (Figure 2A,B). β-Diversity, measured using the UniFrac distance, high-
lighted a significant difference between the four groups, mainly between the pups sup-
plemented with PF and those supplemented with water, independent of their belonging
to the CTRL or PNGR group (Figure 2C). On the phylum level, the microbiota of the
CTRL and PNGR mice was mostly colonized by Bacteroidetes and Firmicutes (Supple-
mentary Figure S2). In the CTRL pups, the microbiota was characterized by enrichment
with the Lachnospiraceae and Oscillospiraceae families from the Firmicutes phylum (gen-
era A2, Lachnospiraceae NK4A136 group and Colidextribacter) and enrichment with the
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Odoribacter genera (Figure 2D). Conversely, the PNGR pups’ microbiota showed an over-
representation of members of the Tannerellaceae (Parabacteroides genera), Prevotellaceae
and Muribaculaceae families from the Bacteroidota phylum. Interestingly, the PNGR pups
were also characterized by the presence of the Akkermansia genus (Verrucomicrobiota
phylum) and Enterococcus genus, which were absent in the CTRL pups (Figure 2E). In the
PNGR pups, PF supplementation enriched the proportions of Bacteroides, Parabacteroides,
Anaerotruncus and Marvinbryantia genera and reduced the proportions of Proteobacteria
and Desulfobacterota phyla, as well as the Rikenellaceae RC9 gut group, Alistipes, Prevotel-
laceae UCG_001 genera and the Muribulaceae family (Figure 2F). Moreover, bacteria from
the Enterococcaeae and Erysipelotrichaceae families were absent in the PNGR pups supple-
mented with PF as compared to water (Figure 2G). In the CTRL pups, PF administration
reduced the proportions of bacteria from the Actinobacteriota phylum and Marinifilaceae
and Rikenellaceae families but led to enrichment with members of the Tannerallaceae
family and Clostridia UCG_014 order (Figure 2H). Moreover, while the Enterorhabdus
genus was absent, the Akkermansia genus (Verrucomicrobiota phylum) was present in the
PF-supplemented CTRL pups, as compared to the water-supplemented ones (Figure 2I). Fi-
nally, we found three significant correlations between ileal crypt depth and the Bacteroidota
(r = −0.692, p < 0.001), Firmicutes (r = 0.672, p < 0.001) and Desulfobacterota (r = 0.367,
p = 0.042) phyla (Supplementary Figure S3).
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Figure 2. PNGR impacts gut microbial colonization, which is improved via PF supplementation.
(A) Shannon and (B) Simpson indexes showing α-diversity on the OTU level in fecal samples
(n = 9–20/group, mean ± SEM, ** p < 0.01 and *** p < 0.001 PNGR water vs PNGR PF by Dunn’s
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post Kruskal-Wallis test). (C) β-Diversity using Multidimensional scaling (MDS) ordination based
on UniFrac analysis. (D) Difference in bacteria abundance between CTRL water and PNGR water
pups represented via taxonomic cladogram following LEfSe analysis. (E) Presence, absence or similar
proportions of specific taxonomic ranks between CTRL water and PNGR water pups following
chi-square test. Dots similar colors indicate belonging to a common taxonomic rank. (F) Differences in
bacteria abundance between PNGR water and PNGR PF pups represented via taxonomic cladogram
following LEfSe analysis. (G) Presence, absence or similar proportions of specific taxonomic ranks
between PNGR water and PNGR PF pups following chi-square test. Dots similar colors indicate
belonging to a common taxonomic rank. (H) Difference in bacteria abundance between CTRL water
and CTRL PF pups represented via taxonomic cladogram following LEfSe analysis. (I) Presence,
absence or similar proportions of specific taxonomic ranks between CTRL water and CTRL PF pups
following chi-square test. Dots similar colors indicate belonging to a common taxonomic rank.

Majors SCFAs, such as acetate and butyrate, were not affected by PNGR or PF sup-
plementation (Figure 3A,B). However, the propionate concentrations were significantly
increased in PNGR pups supplemented with water and tended to increase in CTRL pups
supplemented with PF, as compared to CTRL pups supplemented with water (Figure 3C).
Other less concentrated SCFAs were either increased in the PNGR pups, as for valerate
(Figure 3D), or not significantly altered between groups, as for isobutyrate and isovalerate
(Figure 3E,F). Finally, the propionate concentrations were positively correlated with the
Akkermansia (Spearman r = 0.318, p = 0.016), Bacteroides (Spearman r = 0.277, p = 0.037)
and Parabacteroides (Spearman r = 0.423, p = 0.001) genera (Supplementary Figure S4).
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4. Discussion

In this study, we aimed to investigate the impact of early postnatal PF supplemen-
tation on pup growth, intestinal structure and gut microbial colonization in PNGR mice.
As expected, mice in the PNGR group showed significant growth restriction during lac-
tation, indicating severe undernutrition [13]. Surprisingly, we only found a decreased
ileal crypt depth in the PNGR pups, without any impact of growth restriction on colonic
structures [13]. We postulate that this discrepancy may be due to the trophic effects of
glucocorticoid hormones secreted by neonatal mice in response to the chronic stress (daily
oral gavage) introduced in this model. Indeed, while glucocorticoid hormones, such as



Nutrients 2023, 15, 2771 8 of 11

corticosterone, are released in cases of chronic stress [26], hypercortisolism has been shown
to promote precocious colonic maturation in young rats [27]. In addition, consistent with
our previous findings, microbial colonization was substantially altered in the PNGR pups
compared to the CTRL ones [13]. Indeed, the lower abundance of the Odoribacter genus
and several members of Firmicutes (Lachnospiraceae and Oscillospiraceae families) and
the greater abundance of the Parabacteroides genus, as well as the presence of the Entero-
coccus genus, in the undernourished pups are highly representative of the immature profile
established by PNGR [13]. Moreover, the presence of Verrucomicrobiota in the PNGR
pups is consistent with the normal evolution of this phylum during the early postnatal
period [12] and the microbial colonization delay induced by the PNGR model [13]. Indeed,
Akkermansia muciniphila supplementation in rodents enhanced intestinal epithelial de-
velopment through the acceleration of intestinal stem cell proliferation and promoted the
differentiation of Paneth cells and goblet cells in the small intestine [28]. Thus, the detection
of the Akkermansia family in PNGR could be the result of its necessary presence for proper
intestinal maturation during postnatal development. Moreover, the beneficial effects of
Akkermansia bacteria might occur through the production of metabolic compounds, such
as propionate, a health-promoting and anti-inflammatory SCFA, which was associated with
Akkermansia family presence in our study and others [28,29]. In addition, Pandey et al.
(2022) recently showed that intestinal mucosal integrity and maturation during mouse
postnatal life is accompanied by the co-development of specific gut microbial colonization
at specific time points [12]. However, in the case of early development and/or malnutri-
tion, it is still unclear whether changes in the microbiota promote or simply result from
alterations in the intestinal mucosa [30,31]. Moreover, whereas a high energy demand is
required for intestinal epithelial cells during maturation [32], it is plausible that caloric
and/or protein–energy restriction induced in the PNGR model, potentially associated with
the lesser availability of milk bioactive factors implicated in gut maturation [33], might
directly lead to growth restriction and blunted intestinal maturation. Thus, further studies
are needed to elucidate the question of causality between undernutrition and histological
and microbiota composition changes. Finally, our results can be related to recent studies
which propose that intestinal maturation, especially through the proper establishment of
the intestinal microbiota, are decisive for the maturation of the intestinal immune system,
the acute inflammatory response and susceptibility to intestinal inflammatory pathologies
later in life [13,14,34].

Then, we investigated whether a fermentable fiber supplementation during lacta-
tion could counter PNGR effects, particularly on microbiota colonization. We did not
report significant effects of PF administration during lactation on body weight or intestinal
morphology in the PNGR and CTRL groups. Similarly, other studies investigating the
impacts of postnatal supplementation with different prebiotic compounds in rodents failed
to induce significant body weight changes during lactation or at weaning [35,36]. Although
the impact of prebiotic supplementation on intestinal microbiota colonization remains
undeniable in the case of postnatal supplementation, the results can vary widely between
studies [19,35,36]. Indeed, Morel et al. (2015) clearly showed that the prebiotic compound’s
nature differentially impacts the composition of the microbiota in the young rat, as well as
the programming the adult intestinal microbiota, making comparisons difficult [19]. Here,
we propose that PF supplementation might improve gut microbial colonization in both
PNGR and CTRL pups. Indeed, we showed that PF supplementation increased the pro-
portions of beneficial bacteria from the Bacteroides and Parabacteroides genera in PNGR,
which participate in gut homeostasis and inflammation regulation through the secretion
of SCFAs, such as propionate [37,38]. Moreover, prebiotic supplementation in undernour-
ished mice was associated with a lesser content of inflammatory-related and potentially
pathogenic bacteria, represented by an absence of the Erysipelotrichaceae family and En-
terococcus genus in this group, compared to the group supplemented with water [13,39].
Finally, the decreased proportions of Proteobacteria and particularly γ-Proteobacteria,
which dominates the neonatal “immature” microbiota, in the PNGR pups supplemented
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with PF also support this hypothesis [40]. In the CTRL pups, the beneficial effects of PF sup-
plementation were marked by the increased proportions of the beneficial Parabacteroides
genus [37], as well as the lesser content of the Actinobacteriota phylum, the proportions of
which normally decrease in the progression from postnatal age in rodents [12]. However,
although we did not find any significant effects of PF supplementation on ileal and colonic
histological features, the presence of the Akkermansia genus and a trend towards increased
propionate concentrations were found the CTRL-PF pups compared to the CTRL-water
pups. Thus, due to the positive effects of Akkermansia muciniphila and propionate on
intestinal immune cell development [28,29], we hypothesized that the presence of bacteria
from the Verrucomicrobiota phylum following PF supplementation in CTRL pups might
be beneficial for intestinal homeostasis and maturation.

5. Conclusions

To conclude, this study supports the notion that early postnatal nutrition is crucial for
proper gut microbial colonization and that prebiotic fiber supplementation during this criti-
cal period of development might contribute to the improvement of the protective properties
in altered nutritional environments. However, the consequences of such modifications for
gut microbiota during postnatal development and in response to PNGR on later intestinal
health and susceptibility to chronic intestinal diseases remain to be investigated [5,41].

Supplementary Materials: Supporting information can be downloaded at: https://www.mdpi.com/
article/10.3390/nu15122771/s1, Figure S1: Pups body weight in both sexes, Figure S2: Individual
phylum composition, Figure S3: Phyla and crypt depth correlations, Figure S4: Propionate and genera
correlations.

Author Contributions: Conceptualization, J.L. and D.L.; formal analysis, L.M., L.C.T., E.M., M.A., J.L.
and D.L.; investigation, L.M., L.C.T., E.M. and M.A.; writing—original draft preparation, L.M., L.C.T.,
J.L. and D.L.; writing—review and editing, F.G., J.L. and D.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by grants from the French Ministère de l’Enseignement Supérieur
et de la Recherche (MESR).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the regional Institutional Animal Care Ethics Committee (protocol ID:
#25481-2020050415255797, approved in 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data from this study are available upon request from the authors.

Acknowledgments: The authors thank Céline Ribière and Anne Deflisque for their support with
the analysis of the microbiota (Vaiomer, Toulouse) and Farid Ichou for the analysis of SCFAs (ICAN,
Paris).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Carpinello, O.J.; DeCherney, A.H.; Hill, M.J. Developmental Origins of Health and Disease: The History of the Barker Hypothesis

and Assisted Reproductive Technology. In Seminars in Reproductive Medicine; Thieme Medical Publishers: New York, NY, USA,
2018; Volume 36, pp. 177–182. [CrossRef]

2. Barker, D.J.P. The origins of the developmental origins theory. J. Intern. Med. 2007, 261, 412–417. [CrossRef] [PubMed]
3. Hoffman, D.J.; Reynolds, R.M.; Hardy, D.B. Developmental origins of health and disease: Current knowledge and potential

mechanisms. Nutr. Rev. 2017, 75, 951–970. [CrossRef] [PubMed]
4. Hanson, M.A.; Gluckman, P.D. Early developmental conditioning of later health and disease: Physiology or pathophysiology?

Physiol. Rev. 2014, 94, 1027–1076. [CrossRef]
5. Ley, D.; Desseyn, J.-L.; Mischke, M.; Knol, J.; Turck, D.; Gottrand, F. Early-life origin of intestinal inflammatory disorders. Nutr.

Rev. 2017, 75, 175–187. [CrossRef] [PubMed]
6. Ratsika, A.; Codagnone, M.C.; O’Mahony, S.; Stanton, C.; Cryan, J.F. Priming for Life: Early Life Nutrition and the Microbiota-

Gut-Brain Axis. Nutrients 2021, 13, 423. [CrossRef]

https://www.mdpi.com/article/10.3390/nu15122771/s1
https://www.mdpi.com/article/10.3390/nu15122771/s1
https://doi.org/10.1055/s-0038-1675779
https://doi.org/10.1111/j.1365-2796.2007.01809.x
https://www.ncbi.nlm.nih.gov/pubmed/17444880
https://doi.org/10.1093/nutrit/nux053
https://www.ncbi.nlm.nih.gov/pubmed/29186623
https://doi.org/10.1152/physrev.00029.2013
https://doi.org/10.1093/nutrit/nuw061
https://www.ncbi.nlm.nih.gov/pubmed/28340001
https://doi.org/10.3390/nu13020423


Nutrients 2023, 15, 2771 10 of 11

7. Guo, A.Y.; Stevens, B.W.; Wilson, R.G.; Russell, C.N.; Cohen, M.A.; Sturgeon, H.C.; Thornton, A.; Giallourakis, C.; Khalili, H.;
Nguyen, D.D.; et al. Early life environment and natural history of inflammatory bowel diseases. BMC Gastroenterol. 2014, 14, 216.
[CrossRef]

8. Garcia, T.M.; van Roest, M.; Vermeulen, J.L.M.; Meisner, S.; Smit, W.L.; Silva, J.; Koelink, P.J.; Koster, J.; Faller, W.J.; Wildenberg,
M.E.; et al. Early Life Antibiotics Influence In Vivo and In Vitro Mouse Intestinal Epithelium Maturation and Functioning. Cell.
Mol. Gastroenterol. Hepatol. 2021, 12, 943–981. [CrossRef]

9. Kamphorst, K.; Van Daele, E.; Vlieger, A.M.; Daams, J.G.; Knol, J.; van Elburg, R.M. Early life antibiotics and childhood
gastrointestinal disorders: A systematic review. BMJ Paediatr. Open 2021, 5, e001028. [CrossRef]

10. Drozdowski, L.A.; Clandinin, T.; Thomson, A.B. Ontogeny, growth and development of the small intestine: Understanding
pediatric gastroenterology. World J. Gastroenterol. 2010, 16, 787–799. [CrossRef]

11. Chin, A.M.; Hill, D.R.; Aurora, M.; Spence, J.R. Morphogenesis and maturation of the embryonic and postnatal intestine. In
Seminars in Cell & Developmental Biology; Academic Press: Cambridge, MA, USA, 2017; Volume 66, pp. 81–93. [CrossRef]

12. Pandey, U.; Aich, P. Postnatal intestinal mucosa and gut microbial composition develop hand in hand: A mouse study. Biomed. J.
2022, 46, 100519. [CrossRef]

13. Ley, D.; Desseyn, J.-L.; Gouyer, V.; Plet, S.; Tims, S.; Renes, I.; Mischke, M.; Gottrand, F. Early life nutrition influences susceptibility
to chronic inflammatory colitis in later life. Sci. Rep. 2019, 9, 18111. [CrossRef] [PubMed]

14. Nabhani, Z.A.; Dulauroy, S.; Marques, R.; Cousu, C.; Bounny, S.A.; Déjardin, F.; Sparwasser, T.; Bérard, M.; Cerf-Bensussan, N.;
Eberl, G. A Weaning Reaction to Microbiota Is Required for Resistance to Immunopathologies in the Adult. Immunity 2019, 50,
1276–1288. [CrossRef]

15. Al Nabhani, Z.; Eberl, G. Imprinting of the immune system by the microbiota early in life. Mucosal Immunol. 2020, 13, 183–189.
[CrossRef]

16. Gibson, G.R.; Hutkins, R.; Sanders, M.E.; Prescott, S.L.; Reimer, R.A.; Salminen, S.J.; Scott, K.; Stanton, C.; Swanson, K.S.; Cani,
P.D.; et al. Expert consensus document: The International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus
statement on the definition and scope of prebiotics. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 491–502. [CrossRef]

17. Slavin, J. Fiber and Prebiotics: Mechanisms and Health Benefits. Nutrients 2013, 5, 1417–1435. [CrossRef]
18. Linares, D.M.; Ross, P.; Stanton, C. Beneficial Microbes: The pharmacy in the gut. Bioengineered 2015, 7, 11–20. [CrossRef]

[PubMed]
19. Morel, F.B.; Oozeer, R.; Piloquet, H.; Moyon, T.; Pagniez, A.; Knol, J.; Darmaun, D.; Michel, C. Preweaning modulation of intestinal

microbiota by oligosaccharides or amoxicillin can contribute to programming of adult microbiota in rats. Nutrition 2015, 31,
515–522. [CrossRef]

20. Knol, J.; Boehm, G.; Lidestri, M.; Negretti, F.; Jelinek, J.; Agosti, M.; Stahl, B.; Marini, A.; Mosca, F. Increase of faecal bifidobacteria
due to dietary oligosaccharides induces a reduction of clinically relevant pathogen germs in the faeces of formula-fed preterm
infants. Acta Paediatr. Suppl. 2005, 94, 31–33. [CrossRef]

21. Moussaoui, N.; Jacobs, J.P.; Larauche, M.; Biraud, M.; Million, M.; Mayer, E.; Taché, Y. Chronic Early-life Stress in Rat Pups Alters
Basal Corticosterone, Intestinal Permeability, and Fecal Microbiota at Weaning: Influence of Sex. J. Neurogastroenterol. Motil. 2017,
23, 135–143. [CrossRef]

22. Guilloteau, E.; Coll, P.; Lu, Z.; Djouina, M.; Cazaunau, M.; Waxin, C.; Bergé, A.; Caboche, S.; Gratien, A.; Marj, E.A.; et al. Murine
in utero exposure to simulated complex urban air pollution disturbs offspring gut maturation and microbiota during intestinal
suckling-to-weaning transition in a sex-dependent manner. Part. Fibre Toxicol. 2022, 19, 41. [CrossRef]

23. Lluch, J.; Servant, F.; Païssé, S.; Valle, C.; Valière, S.; Kuchly, C.; Vilchez, G.; Donnadieu, C.; Courtney, M.; Burcelin, R.; et al. The
Characterization of Novel Tissue Microbiota Using an Optimized 16S Metagenomic Sequencing Pipeline. PLoS ONE 2015, 10,
e0142334. [CrossRef] [PubMed]

24. Escudié, F.; Auer, L.; Bernard, M.; Mariadassou, M.; Cauquil, L.; Vidal, K.; Maman, S.; Hernandez-Raquet, G.; Combes, S.; Pascal,
G. FROGS: Find, Rapidly, OTUs with Galaxy Solution. Bioinformatics 2018, 34, 1287–1294. [CrossRef] [PubMed]

25. Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery
and explanation. Genome Biol. 2011, 12, R60. [CrossRef]

26. Walker, M.K.; Boberg, J.R.; Walsh, M.T.; Wolf, V.; Trujillo, A.; Duke, M.S.; Palme, R.; Felton, L.A. A less stressful alternative to oral
gavage for pharmacological and toxicological studies in mice. Toxicol. Appl. Pharmacol. 2012, 260, 65–69. [CrossRef]

27. Chen, M.; Sun, P.; Liu, X.-Y.; Dong, D.; Du, J.; Gu, L.; Ge, Y.-B. α-fetoprotein involvement during glucocorticoid-induced
precocious maturation in rat colon. World J. Gastroenterol. 2011, 17, 2933–2940. [CrossRef] [PubMed]

28. Kim, S.; Shin, Y.-C.; Kim, T.-Y.; Kim, Y.; Lee, Y.-S.; Lee, S.-H.; Kim, M.-N.; Eunju, O.; Kim, K.S.; Kweon, M.-N. Mucin de-
grader Akkermansia muciniphila accelerates intestinal stem cell-mediated epithelial development. Gut Microbes 2021, 13, 1892441.
[CrossRef]

29. Huang, S.; Gao, Y.; Wang, Z.; Yang, X.; Wang, J.; Zheng, N. Anti-inflammatory actions of acetate, propionate, and butyrate in
fetal mouse jejunum cultures ex vivo and immature small intestinal cells in vitro. Food Sci. Nutr. 2022, 10, 564–576. [CrossRef]
[PubMed]

30. Soni, K.G.; Dike, P.N.; Suh, J.H.; Halder, T.; Edwards, P.T.; Foong, J.P.P.; Conner, M.E.; Preidis, G.A. Early-life malnutrition causes
gastrointestinal dysmotility that is sexually dimorphic. Neurogastroenterol. Motil. 2020, 32, e13936. [CrossRef]

https://doi.org/10.1186/s12876-014-0216-8
https://doi.org/10.1016/j.jcmgh.2021.05.019
https://doi.org/10.1136/bmjpo-2021-001028
https://doi.org/10.3748/wjg.v16.i7.787
https://doi.org/10.1016/j.semcdb.2017.01.011
https://doi.org/10.1016/j.bj.2022.03.004
https://doi.org/10.1038/s41598-019-54308-6
https://www.ncbi.nlm.nih.gov/pubmed/31792267
https://doi.org/10.1016/j.immuni.2019.02.014
https://doi.org/10.1038/s41385-020-0257-y
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.3390/nu5041417
https://doi.org/10.1080/21655979.2015.1126015
https://www.ncbi.nlm.nih.gov/pubmed/26709457
https://doi.org/10.1016/j.nut.2014.09.011
https://doi.org/10.1111/j.1651-2227.2005.tb02152.x
https://doi.org/10.5056/jnm16105
https://doi.org/10.1186/s12989-022-00481-y
https://doi.org/10.1371/journal.pone.0142334
https://www.ncbi.nlm.nih.gov/pubmed/26544955
https://doi.org/10.1093/bioinformatics/btx791
https://www.ncbi.nlm.nih.gov/pubmed/29228191
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1016/j.taap.2012.01.025
https://doi.org/10.3748/wjg.v17.i24.2933
https://www.ncbi.nlm.nih.gov/pubmed/21734804
https://doi.org/10.1080/19490976.2021.1892441
https://doi.org/10.1002/fsn3.2682
https://www.ncbi.nlm.nih.gov/pubmed/35154692
https://doi.org/10.1111/nmo.13936


Nutrients 2023, 15, 2771 11 of 11

31. Pan, W.-H.; Sommer, F.; Falk-Paulsen, M.; Ulas, T.; Best, P.; Fazio, A.; Kachroo, P.; Luzius, A.; Jentzsch, M.; Rehman, A.; et al.
Exposure to the gut microbiota drives distinct methylome and transcriptome changes in intestinal epithelial cells during postnatal
development. Genome Med. 2018, 10, 27. [CrossRef]

32. Yang, H.; Wang, X.; Xiong, X.; Yin, Y. Energy metabolism in intestinal epithelial cells during maturation along the crypt-villus
axis. Sci. Rep. 2016, 6, 31917. [CrossRef]

33. van den Elsen, L.W.J.; Rekima, A.; Verhasselt, V. Early-Life Nutrition and Gut Immune Development. Hum. Milk Compos. Clin.
Benefits Future Oppor. 2019, 90, 137–149. [CrossRef]

34. Menezes-Garcia, Z.; Do Nascimento Arifa, R.D.; Acúrcio, L.; Brito, C.B.; Gouvea, J.O.; Lima, R.L.; Bastos, R.W.; Dias, A.C.F.;
Dourado, L.P.A.; Bastos, L.F.S.; et al. Colonization by Enterobacteriaceae is crucial for acute inflammatory responses in murine
small intestine via regulation of corticosterone production. Gut Microbes 2020, 11, 1531–1546. [CrossRef]

35. Le Dréan, G.; Pocheron, A.-L.; Billard, H.; Grit, I.; Pagniez, A.; Parnet, P.; Chappuis, E.; Rolli-Derkinderen, M.; Michel, C. Neonatal
Consumption of Oligosaccharides Greatly Increases L-Cell Density without Significant Consequence for Adult Eating Behavior.
Nutrients 2019, 11, 1967. [CrossRef]

36. Spitzer, S.O.; Tkacz, A.; Savignac, H.M.; Cooper, M.; Giallourou, N.; Mann, E.O.; Bannerman, D.M.; Swann, J.R.; Anthony, D.C.;
Poole, P.S.; et al. Postnatal prebiotic supplementation in rats affects adult anxious behaviour, hippocampus, electrophysiology,
metabolomics, and gut microbiota. iScience 2021, 24, 103113. [CrossRef]

37. Cui, Y.; Zhang, L.; Wang, X.; Yi, Y.; Shan, Y.; Liu, B.; Zhou, Y.; Lü, X. Roles of intestinal Parabacteroides in human health and
diseases. FEMS Microbiol. Lett. 2022, 369, fnac072. [CrossRef] [PubMed]

38. Wexler, A.G.; Goodman, A.L. An insider’s perspective: Bacteroides as a window into the microbiome. Nat. Microbiol. 2017, 2,
17026. [CrossRef] [PubMed]

39. Kaakoush, N.O. Insights into the Role of Erysipelotrichaceae in the Human Host. Front. Cell. Infect. Microbiol. 2015, 5, 84. [CrossRef]
[PubMed]

40. Mirpuri, J.; Raetz, M.; Sturge, C.R.; Wilhelm, C.L.; Benson, A.; Savani, R.C.; Hooper, L.V.; Yarovinsky, F. Proteobacteria-specific
IgA regulates maturation of the intestinal microbiota. Gut Microbes 2014, 5, 28–39. [CrossRef]

41. Xun, Y.; Yan, F.; Zhu, H.; Feng, L.; Zhang, D.; Xue, Y.; He, F.; Wang, S. Oral administration of Lactobacillus paracasei N1115 on
neonatal mice prevents the intestinal inflammation in adulthood. Lett. Appl. Microbiol. 2022, 75, 330–337. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s13073-018-0534-5
https://doi.org/10.1038/srep31917
https://doi.org/10.1159/000490301
https://doi.org/10.1080/19490976.2020.1765946
https://doi.org/10.3390/nu11091967
https://doi.org/10.1016/j.isci.2021.103113
https://doi.org/10.1093/femsle/fnac072
https://www.ncbi.nlm.nih.gov/pubmed/35945336
https://doi.org/10.1038/nmicrobiol.2017.26
https://www.ncbi.nlm.nih.gov/pubmed/28440278
https://doi.org/10.3389/fcimb.2015.00084
https://www.ncbi.nlm.nih.gov/pubmed/26636046
https://doi.org/10.4161/gmic.26489
https://doi.org/10.1111/lam.13729

	Introduction 
	Materials and Methods 
	Animals and Experimental Design 
	Intestinal Morphology 
	Intestinal Microbiota 
	Dosage of Cecal Short-Chain Fatty Acids (SCFAs) 
	Statistical Analysis 

	Results 
	Effects of PNGR and PF Supplementation on Pups’ Growth and Intestinal Morphology 
	Effects of PNGR and PF Supplementation on Intestinal Microbial Colonization and SCFA Production 

	Discussion 
	Conclusions 
	References

