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Abstract: Human milk serves as a model for infant formula providing nutritional solutions for
infants not able to receive enough mother’s milk. Infant formulas aim to mimic the composition
and functionality of human milk by providing ingredients reflecting those of the latest human
milk insights, such as prebiotics, probiotics and postbiotics. The aim of this study was to examine
the effects of the supplementation with a postbiotic (LactofidusTM) and its combination with the
prebiotics short-chain galactooligosaccharides (scGOS) and long-chain fructooligosaccharides (lcFOS)
in a preclinical model of healthy suckling rats. Pups were supplemented daily with LactofidusTM

(POST group) and/or scGOS/lcFOS (P+P and PRE groups, respectively). Body weight and fecal
consistency were analyzed. At the end of the study, immunoglobulin (Ig) profile, intestinal gene
expression, microbiota composition and short chain fatty acid (SCFA) proportion were quantified. The
supplementation with all nutritional interventions modulated the Ig profile, but the prebiotic mixture
and the postbiotic induced differential effects: whereas scGOS/lcFOS induced softer feces and
modulated microbiota composition and SCFA profile, Lactofidus™ upregulated Toll-like receptors
gene expression. The use of the combination of scGOS/lcFOS and Lactofidus™ showed the effects
observed for the oligosaccharides separately, as well as showing a synergistic impact on animal
growth. Thus, the combined use of both products seems to be a good strategy to modulate immune
and microbial features in early life.

Keywords: postbiotic; prebiotic; suckling rats; Lactofidus; scGOS/lcFOS; microbiota; SCFA

1. Introduction

Breast milk is the best nutrition for the newborn, and provides all the essential nu-
trients and bioactive compounds such as oligosaccharides (natural prebiotics), immune
cells and bacteria (natural probiotics) and their metabolites (natural postbiotics) in order to
promote his/her development [1,2]. However, in some cases, breastfeeding might not be
possible, and then, an infant formula is the best substitute for breast milk. Thus, manufac-
turers infant formulas aim to mimic the composition of breast milk by adding bioactive
agents to their formulas such as prebiotics, probiotics and more recently, postbiotics [3,4].

Prebiotics are defined as non-digestible compounds that are selectively metabolized
by the microorganisms in the gut, thus modulating the composition and/or activity of the
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gut microbiota, conferring a health benefit on the host [5,6]. In this regard, the short-chain
galactooligosaccharides (scGOS) and long-chain fructooligosaccharides (lcFOS) mixtures
are the most studied prebiotics in infant formula. [7]. Clinical research has demonstrated
that scGOS and lcFOS supplements change the stool consistency and fecal microbiota
composition making them more similar to that of breastfed infants [7–9]. In addition, during
early life, the incidence of atopic dermatitis, allergy, and infections such as respiratory tract
and gastrointestinal infections in babies fed with this type of infant formula were lower
than those receiving formulas lacking these components [10–16].

Moreover, breast milk is also a source of live bacteria [1,17], thus, probiotic bacteria are
often added to infant formula. Probiotics are defined as live, natural microorganisms, that
when administered in adequate amounts, confer health benefits to the host [18,19]. The
most commonly commercialized probiotic bacteria are strains from the genera Bifidobac-
terium and Lactobacillus [20–22]. Probiotics have the potential to modulate baby’s immune
maturation and even to prevent or treat different diseases such as allergies, type 2 diabetes,
diarrhea, respiratory infections, infant colic, ulcerative colitis, obesity and irritable bowel
syndrome throughout life, their effects being strain specific [10,21,23–25].

Finally, postbiotics are described as a preparation of inanimate microorganisms and/or
their components that confers a health benefit on the host [26]. Postbiotics are a safe and
novel strategy to obtain the beneficial effects of probiotic bacteria without their possible
disadvantages such as the rare case reports of probiotic-related infections and the fact
that probiotics could express virulence factors and transfer antibiotic resistance genes to
pathogenic bacteria in the gut [27–29]. The various procedures (heat, high pressure, ionizing
irradiation or sonication) used to inactivate bacteria affect the microorganisms involved in
the fermentation process differently and can modify the postbiotic composition and the
host’s response to the postbiotic [21,30]. Postbiotics have attractive properties such as a
favorable absorption, distribution and excretion abilities, safety dose parameters and longer
shelf life [31]. Moreover, these properties might indicate a higher capacity to generate
biological responses in different organs and tissues in the host [31]. The effects of specific
postbiotics differ between individuals and also can depend on the temporal changes in gut
microbiota composition [21]. Although the mechanisms of action of postbiotics still remain
unclear [27], postbiotics can change the composition of gut microbiota and their function
and many of their outcomes rely on microbial metabolites, organic acids, carbohydrates,
proteins, lipids, cell wall components and other fermented products generated in the
matrix [21]. Short-chain fatty acids (SCFA) are the major end products of gut microbiota
activity and are associated with healthy gut microbiota composition and function as well
as enhancement of mucosal immunity and intestinal barrier function [2,21]. Some of these
postbiotics, such as the SCFA, are current components present in breast milk [2].

In recent years, the use of postbiotics as a nutritional strategy has increased and their
effects have been studied both at preclinical and clinical levels [21]. It has been observed
that postbiotics are useful in inflammatory diseases such as irritable bowel syndrome,
colitis, gout, arthritis, atopic dermatitis and asthma [21,22,32,33]. Moreover, postbiotics
could prevent or treat infectious diseases such as gastroenteritis, respiratory tract or enteric
infections caused by Escherichia coli or Salmonella enteritidis serovar, Listeria monocytogenes
and Escherichia coli K1 infection [27,34–36]. Finally, other uses of postbiotics could be in
neurological and cardiometabolic disorders [37,38].

For a long time, literature mainly focused on the beneficial effects of prebiotics and
probiotics in infant milk formula, but after the appearance of postbiotics in this field the
advantages compared to probiotics and their many applications have been identified.
Therefore, the present study aimed to examine the effects of a daily supplementation with
a formulation with a postbiotic and prebiotic mixture, as happens in breast milk. The
postbiotic is comprised of an inactivated fermented milk infant formula obtained from
Bifidobacterium breve and Streptococcus thermophilus activity by an innovative fermentation
process (Lactofidus™). Although these microorganisms are not found in breast milk, they
are known to produce 3-galactosyllactose (3-GL), a human milk oligosaccharide (HMO)
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present in breast milk, and frequently used in pediatric population [2]. The prebiotic
is based on a mixture of scGOS and lcFOS. The products alone or in combination were
administered to healthy suckling rats. This study aims to elucidate the specific effects of
this particular postbiotic, but also to ascertain whether its combination with prebiotics,
which is also observed in breast milk, modifies the health outcomes in rat pups. For that,
some growth and immune variables, microbiota composition and SCFA production, among
others, were evaluated.

2. Materials and Methods
2.1. Animals

Pregnant Lewis rats (G14) provided by Janvier (Le Genest St Isle, France) were individ-
ually housed in cages (2184L Eurostandard Type II L, Tecniplast, West Chester, PA, USA),
monitored daily and allowed to deliver at term. The cages contained bedding of large
fibrous particles (Souralit 1035, Bobadeb S.L., Santo Domingo de la Calzada, Spain) and tis-
sue papers (Gomà-Camps S.A.U., La Riba, Spain) as cage enrichment. The day of birth was
registered as day 1 of life. On day 2, litters were randomly assigned to four experimental
groups and were unified to 8 pups per lactating dam with a similar proportion (40–60%)
of each sex in each litter. Pups had free access to maternal milk and rat diet. Dams were
given a commercial diet corresponding to the American Institute of Nutrition 93 G formu-
lation [39] (Teklad Global Diet 2014, Envigo, Indianapolis, IN, USA) and water ad libitum.
Animal handling was performed during the first hours of the light phase on a scheduled
basis, to limit the disturbance and biological rhythms’ influence. After separating all the
mothers and keeping the pups in the home-cage, handling and oral administration was
performed once a day. Afterwards, the dam was reunited with her litter. Animals were
housed under controlled conditions of temperature (20–24 ◦C) and humidity (40–60%) in a
12 h light−12 h dark cycle (lights on at 8:00 a.m and lights off at 8:00 p.m), at the Faculty of
Pharmacy and Food Science animal facility (University of Barcelona, Spain). Cage cleaning
was performed weekly. All experimental procedures were conducted in accordance with
the institutional guidelines for the care and use of laboratory animals and were approved
by the Ethical Committee for Animal Experimentation of the University of Barcelona and
the Catalonia Government (CEEA/Ref. 255/18 and PAMN/Ref.10176, respectively), in
full compliance with national legislation following the EU-Directive 2010/63/EU for the
protection of animals used for scientific purposes. Sample size estimation was calculated by
the Appraising Project Office’s program from the Universidad Miguel Hernández de Elche
(Alicante, Spain). The minimal number of animals to provide statistically significant differ-
ences among groups, using plasma immunoglobulin (Ig) G as a variable and assuming that
there is no dropout rate and type I error of 0.05 (two-sided), was three litters per group, as
in previous studies, because of the remarkable variability among litters [15,40–42].

2.2. Experimental Design and Sample Collection

Upon natural delivery, pups were distributed into four groups of 24 animals each
(3 litters of 8 animals/group): the reference (REF) group and three groups supplemented
with a mixture of scGOS and lcFOS (PRE), LactofidusTM (POST), and the combination of
both (P+P). All supplementations were provided by Danone Nutricia Research (Utrecht,
The Netherlands).

Suckling rats were orally administered once daily, as previously described [10], with
normalized volume/body weight of vehicle, prebiotic, postbiotic or their combination
(9 µL/g/day), from the second to the sixteenth day of life, corresponding to the strict
lactation period. The PRE group was supplemented with 0.8 g of scGOS/lcFOS per 100 g
of body weight. GOS/FOS is a mixture of GOS (Vivinal GOS, Borculo Domo, Zwolle, The
Netherlands) with a degree of polymerisation (dp) of 3–8, and long-chain FOS (Raftiline
HP, Orafti, Wijchen, The Netherlands; average dp > 23) in a 9:1 ratio.

The POST group received 0.92 g/100 g body weight of an infant formula that contained
heat inactivated milk fermented by the bacteria Bifidobacterium breve and Streptococcus ther-
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mophilus (LactofidusTM) [43–46]. Particularly, the LactofidusTM process is a well-controlled
fermentation process in which the two unique and proprietary strains mentioned before
are used to ferment a milk matrix. During fermentation, both strains are metabolically
active and produce bioactive compounds (postbiotics). After the fermentation process the
milk matrix is spray dried and then used in the present study.

The P+P group were fed with both products at the same doses as when given sepa-
rately and maintaining the volume of administration (9 µL/g/day). Finally, a matched
volume of water was administered to the REF group. The product dose selections were
based on previous studies with similar approaches [10,12,41,42,47].

Body weight was recorded daily. Moreover, the naso-anal and tail lengths were mea-
sured to determine the body/tail ratio. In addition, body mass index (BMI) was calculated
as body weight/lenght2 (g/cm2), and the Lee Index was calculated as (weight0.33/length) ×
1000 (g0.33/cm).

During the study, fecal samples were obtained after gentle abdominal massage, to
determine changes in consistency and fecal weight. Stool consistency was scored from 1
to 4 in a blinded manner based on texture and amount as described: normal (1); soft (2);
totally loose (3); and high amount of watery (4) feces. The sampling was performed always
at the same time, after the pups were separated from their mothers and weighted, and
prior to its administration.

Animals were euthanized at two different time points by randomly selecting 4 pups
from each dam maintaining sex equality on each day: half of the litter on day 8 and
the other half on day 16, to obtain tissue samples each time. Rats were intramuscularly
anesthetized with ketamine (90 mg/kg) (Merial Laboratories S.A., Barcelona, Spain) and
xylazine (10 mg/kg) (Bayer A.G., Leverkusen, Germany) and exsanguinated. Plasma
was obtained in order to determine the Ig pattern. The weight of liver, stomach, spleen,
thymus, small intestine and large intestine was also recorded. Moreover, the length of
small and large intestines was measured. Then, a 1 cm central portion of the small intestine
was immediately conserved in RNAlater®(Ambion, Applied Biosystems, Austin, TX,
USA), incubated at 4 ◦C overnight and stored at −20 ◦C until PCR analysis. Moreover,
cecal content was obtained on day 16 for the analysis of the microbiota composition and
SCFA profile.

2.3. pH of Stools and Stomach Content

For pH determination, fecal samples from days 7–9 (middle of the study) and 14–16
(end of the study) were diluted in distilled water (up to 200 mg/mL) and gently agitated
before the measurement. In contrast, stomach content samples from day 8 and 16 were
measured directly without previous dilution. In both cases, pH was measured using
a 5207 pH electrode for surfaces and a micropH 2001 pH meter (Crison Instruments,
Barcelona, Spain).

2.4. Quantification of Immunoglobulins

At the end of the nutritional intervention, on day 16, plasma concentration of IgG1,
IgG2a, IgG2b, IgG2c, IgM and IgA was quantified using ProcartaPlex™ Multiplex im-
munoassay (Thermo Fisher Scientific, Barcelona, Spain) as described in previous stud-
ies [12], in which specific color-coded capture beads were bound to the Ig of interest. Then,
different detection antibodies conjugated to phycoerythrin (PE) were added. The specific
concentration of each analyte was obtained by MAGPIX®analyzer (Luminex Corporation,
Austin, TX, USA) at the Scientific and Technological Centers of the University of Barcelona
(CCiT-UB). The sensitivity of the assay was as follows: 0.02 ng/mL for IgM; 0.78 ng/mL for
IgG1; 0.02 ng/mL for IgG2a; 0.11 ng/mL for IgG2b; 0.19 pg/mL for IgG2c and 0.48 pg/mL
for IgA.
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2.5. Gene Expression Analysis

A 1 cm of a central portion of the small intestine of 16-day-old pups was homogenized
for 30 s in lysing matrix tubes (MP Biomedicals, Illkirch, France) using a FastPrep-24
instrument (MP Biomedicals), as previously described [47]. After RNA isolation with
the RNeasy®Mini Kit (Qiagen, Madrid, Spain) its purity and concentration was deter-
mined with a NanoPhotometer (BioNova Scientific S.L., Fremont, CA, USA). Later, the
corresponding cDNA was obtained using thermal cycler PTC-100 Programmable Ther-
mal Controller and TaqMan®Reverse Transcription Reagents (Applied Biosystems, AB,
Weiterstadt, Germany).

The specific PCR TaqMan®primers (AB) used to assess gene expression with real-
time PCR (ABI Prism 7900 HT, AB) were directed to the detection of IgA (4331348, made
to order), barrier function molecules such as Muc2 (Rn01498206_m1, inventoried [I]),
Muc3 (Rn01481134_m1, I) Ocln (Rn00580064_m1, I) and Cldn2 (Rn02063575_s1, I), Cldn4
(Rn01196224_s1, I) as well as to Toll-like Receptors (TLR), such as Tlr2 (Rn02133647_s1, I),
Tlr3 (Rn01488472_g1, I) Tlr4 (Rn00569848_m1, I), Tlr5 (Rn04219239_s1, I), Tlr7 (Rn01771083_s1,
I), Tlr9 (Rn01640054_m1, I), and maturation markers such as Fcgrt (Rn00583712_m1, I,
encoding for FcRn), and Prdm1 (Rn03416161_m1, I, encoding for Blimp-1). The relative
gene expression was normalized to the housekeeping gene Gusb (Rn00566655_m1, I) using
the 2-∆∆Ct method [48]. Results were expressed as the percentage of expression in each
experimental group normalized to the mean value obtained for the REF group, which was
set at 100%, as in previous studies [40].

2.6. Microbiota Composition

DNA from samples of cecal content collected on day 16 (6 rats/group corresponding
to 2 rats of each of the 3 litters constituting each experimental group) were amplified
25 PCR cycles. A negative control of the DNA extraction was included as well as a positive
Mock Community control to ensure quality control. They were later sequenced in the
V3-V4 variable region of the 16S rRNA gene. The Illumina Miseq sequencing 300 × 2
approach was assessed (Illumina Inc, San Diego, CA, USA) and sequences were merged
and processed using MiSeq run and MiSeq Reporter (on-system software) in collaboration
with (Microomics, Barcelona, Spain).

To estimate the alpha biodiversity, the number of observed operational taxonomic
units (OTUs, i.e., richness), Pielou’s evenness and Shannon’s diversity indexes were cal-
culated and to assess the beta diversity Unweighted Unifrac distance was measured. The
taxonomic assignment of phylotypes was performed using a Bayesian Classifier trained
with Silva database version 132- 99% OTUs full-length sequences [49]. The relative pro-
portions of families and genera were calculated and represented with stacked bars. The
category “others” represented in each graph includes those families whose presence was
lower than 1% in the REF group and those genera whose presence was lower than 3% in
the same group.

In order to study the presence or absence of taxonomic ranks (family and genera) in
the experimental groups, Venn diagrams were created. A bacterial group was considered
as present in the group when all 6 animals displayed proportions higher than 0.001%, while
the bacterial groups detected in less animals were regarded as absent in the group.

2.7. Quantification of Short-Chain Fatty Acids in the Cecal Content

Cecal content samples of 16-day-old suckling rats were acidified in 0.1 M formic acid
and homogenized using Pellet Pestles Cordless Motor (Sigma-Aldrich, Barcelona, Spain)
to reach the concentration of 200 mg/mL to measure cecal SCFA levels by headspace-gas
chromatography-mass spectrometry (HS-GC-MS) at the GC-MS unit of the CCiT-UB, as
previously described [12]. Acetic, propionic, isobutyric, butyric, isovaleric and valeric acids
were quantified. The lower limits of detection (µmol/g of feces) were as follows: 0.404 for
acetic acid, 0.068 for propionic acid, 0.003 for isobutyric acid, 0.020 for butyric acid, 0.001
for isovaleric acid, and 0.001 for valeric acid.
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2.8. Statistical Analysis

Results are expressed as mean ± SEM. The Statistical Package for Social Sciences
(SPSS v22.0) (IBM, Chicago, IL, USA) was used for statistical analysis. Data were tested for
homogeneity of variance and normality distribution by Levene’s and Shapiro–Wilk tests,
respectively. When data were homogeneous and had a normal behavior, conventional
one-way ANOVA test was carried out followed by the post hoc Bonferroni. Otherwise,
the nonparametric Kruskal–Wallis test followed by the post hoc Mann–Whitney U test
was performed. The Spearman correlation coefficient was used to search for correlation
between gut microbiota and SCFA production.

With regard to microbiota composition, alpha diversity comparisons were carried out
using Kruskal–Wallis test. Beta diversity distance matrices were used to calculate principal
coordinates analysis (PCoA) and to make ordination plots using R software package version
3.6.0. Permanova and ANOSIM tests were used to determine the significance of groups
present in community structure. Moreover, Permdisp test was used to identify location
vs. dispersion effects [50]. Differential relative abundance of taxa was tested using two
methods: ANCOM [51] and Kruskal–Wallis test. After Kruskal–Wallis test, Conover’s test
with FDR Benjamini-Hochberg correction was added for pairwise comparison. Finally,
Biodiversity R version 2.11-1, PMCMR version 4.3, RVAide Memoire version 0.9-7 and
vegan version 2.5-5 packages were used for the different statistical analysis preformed.

A principal components analysis (PCA) was performed with Simca v14.1 (Umetrics,
Umea, Sweden) to analyze the natural clustering of samples. Two data matrices consisting
of 40 rows and 8 variables (IgA, IgG, IgG1, IgG2a, IgG2b, IgG2c, IgM and Th1/Th2 ratio)
were constructed in order to analyze the variance observed in the Ig profile, and 34 rows
and 6 variables (TLR2, TLR3, TLR4, TLR5, TLR7 and TLR9) in order to analyze the variance
observed in the TLRs’ expression. Data were represented in score plots. Significant
differences were established when p < 0.05.

3. Results
3.1. Growth and Morphometry

As it can be observed in Figure 1, animals from the P+P group showed higher body
weight than those from the REF, PRE and POST groups (p < 0.05). The highest differences
were observed at the end of the study (day 16), when P+P showed an ~18% increase
compared to the REF group. On day 8, a slightly increase in body weight was observed in
the PRE animals compared to REF ones (p < 0.05). Finally, POST group had similar weights
compared to those of REF (Figure 1). The BMI was not affected due to the diets (Table 1).

Table 1. Growth-associated measurements and relative weight of organs at the end of the study (day 16 of life).

REF PRE POST P+P

Naso-anal (Body, cm) 9.10 ± 0.16 9.44 ± 0.10 9.38 ± 0.10 9.75 ± 0.07 *# ϕ
Anus-tail (Tail, cm) 4.78 ± 0.11 4.58 ± 0.07 5.00 ± 0.07 # 4.99 ± 0.07 #

Naso-tail (cm) 13.88 ± 0.24 14.03 ± 0.16 14.38 ± 0.08 14.74 ± 0.13 *# ϕ
Body/Tail length ratio 1.91 ± 0.03 2.06 ± 0.02 * 1.88 ± 0.04 # 1.96 ± 0.02 #

Body mass index (g/cm2) 0.32 ± 0.01 0.32 ± 0.00 0.33 ± 0.01 # 0.34 ± 0.00 #
Lee index (g0.33/cm, ×1000) 327.35 ± 2.53 321.97 ± 1.00 * 329.16 ± 2.78 327.21 ± 1.42 #

Spleen/BW ratio (%) 0.43 ± 0.03 0.47 ± 0.02 0.47 ± 0.02 0.49 ± 0.02
Thymus/BW ratio (%) 0.45 ± 0.01 0.44 ± 0.01 0.45 ± 0.01 0.45 ± 0.01

Liver/BW ratio (%) 3.40 ± 0.05 3.47 ± 0.06 3.42 ± 0.10 3.54 ± 0.08 *
Large int./BW ratio (%) 0.60 ± 0.01 0.71 ± 0.02 * 0.57 ± 0.02 # 0.68 ± 0.02 * ϕ
Small int./BW ratio (%) 3.48 ± 0.09 5.32 ± 0.09 * 3.45 ± 0.07 # 5.06 ± 0.15 * ϕ

Large int. length/BW (cm/g) 24.91 ± 1.48 22.78 ± 0.77 21.63 ± 1.28 20.41 ± 0.54 *#
Small int. length/BW (cm/g) 134.96 ± 6.49 142.73 ± 6.53 127.35 ± 2.86 # 120.41 ± 5.72 #

Stomach/BW ratio (%) 0.76 ± 0.02 0.75 ± 0.02 0.70 ± 0.01 # 0.71 ± 0.01

Relative weight of organs was expressed as percentage (%) with respect to the body weight (BW) and growth-associated measurements are
expressed as mean ± SEM (n = 8–12). Statistical significance: * p < 0.05 vs. REF, # vs. PRE and ϕ vs. POST. REF: reference group; PRE:
group supplemented with a mixture of scGOS and lcFOS; POST: group supplemented with LactofidusTM; P+P: group supplemented with
the combination of both.
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Figure 1. Body weight of pups (g) during the study (from day 2 to day 16 of life). Results are
expressed as mean ± SEM (n = 24 animals/group). Statistical differences: α p < 0.05 PRE vs. REF, β
P+P vs. REF, δ P+P vs. PRE and ε P+P vs. POST. REF: reference group; PRE: group supplemented
with a mixture of scGOS and lcFOS; POST: group supplemented with LactofidusTM; P+P: group
supplemented with the combination of both.

Some differences were observed in the naso-anal, naso-tail, body/tail length ratio
and Lee index on day 16 (Table 1. On day 16, prebiotic and postbiotic supplementation
increased the naso-anal and the naso-tail measures compared to REF, PRE and POST
animals (p < 0.05) (Table 1). Moreover, the PRE group showed a higher body/tail length
ratio compared to REF, POST and P+P (p < 0.05) and a lower Lee index compared to
REF group (p < 0.05). No differences were observed in the POST group compared to
REF animals.

In addition, on day 8, some of these changes were already present. Specifically, POST
group showed a ~5% increase in naso-anal length and a ~2% reduction in Lee index
compared to REF animals p < 0.05). P+P group had also a higher naso-anal length (~3.5%)
and body/tail length ratio (~6%) compared to REF group (p < 0.05) and the Lee index was
also higher (~2.5%) than that in the POST group (321.49 ± 1.72; p < 0.05).

With regard to organ weights, as it can be observed in Table 1, on day 16, PRE and P+P
groups showed a higher relative weight of the large and small intestine compared to REF
and POST animals (p < 0.05). In addition, P+P group showed a higher relative weight of
the liver and a lower large intestine length/weight ratio compared to REF group (p < 0.05).
No differences were observed in the POST group compared to REF animals (Table 1).

On day 8, after a few days of supplementation, other changes also appeared. A ~20%
increase in spleen relative weight was observed in PRE and P+P groups (compared to REF
animals (p < 0.05). In addition, PRE group showed a 9–40% lower relative weight increase
in liver compared to REF, POST and P+P animals p < 0.05), whereas in POST group it was
higher compared to REF. All supplemented groups showed an increase in the relative small
intestine weight, especially P+P group, which showed the highest value compared to all
groups (p < 0.05), whereas POST showed the lower value of the supplemented groups
(p < 0.05). In addition, P+P animals showed a 25% reduction in the length/weight ratio of
the large intestine with respect to REF ones (p < 0.05).

Only on day 16, the POST group showed higher platelets count compared to REF
and PRE animals (p < 0.05), whereas PRE group showed a lower hematocrit compared to
REF group (p < 0.05). P+P group had a reduction in the mean cell volume of erythrocytes
compared to REF and POST animals (p < 0.05) (Supplementary Table S1). On day 8,
the hematological variables in all supplemented groups were similar to REF ones (data
not shown).
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3.2. Fecal and Stomach Content Variables

Stool samples were collected and scored (scale 1–4) daily during all the studied period.
The PRE and P+P supplementations induced changes in fecal consistency increasing the
number of soft feces (p < 0.05). In contrast, the supplementation with the postbiotic did not
affect the stool score (Figure 2a).
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Figure 2. Fecal consistency during the study (from day 4 to day 16 of life) (a) and mean fecal weight from day 4 to day 7
(first week) and from day 8 to day 16 (second week) (b), fecal pH (on days 7–9 and 14–16) (c), and stomach content pH (on
day 8 and 16) (d). Results are expressed as mean ± SEM (n = 12–24 animals/group). Statistical differences: α p < 0.05 PRE
vs. REF, β P+P vs. REF, λ POST vs. PRE, δ P+P vs. PRE and ε P+P vs. POST (a), * vs. REF, # vs. PRE and φ vs. POST (b–d).
REF: reference group; PRE: group supplemented with a mixture of scGOS and lcFOS; POST: group supplemented with
LactofidusTM; P+P: group supplemented with the combination of both.

As it can be observed in Figure 2b, during the first (from day 4 to day 7) and second
(from day 8 to day 16) week of life, PRE and P+P groups had a higher fecal weight compared
to REF and POST animals (p < 0.05). POST group showed similar fecal weight compared
to REF ones, however, a tendency to increase the fecal weight was observed during the
second week (p = 0.05).

The fecal pH and the stomach content pH were also measured (Figure 2c,d, respec-
tively). P+P showed a higher fecal pH compared to PRE and POST groups at days 14–16
(p < 0.05). No differences in the fecal pH were observed between any of the supplemented
groups and the REF animals, although a tendency to reduce the fecal pH in the PRE group
was observed (p = 0.09) on days 7–9 and a tendency to increase the fecal pH in the P+P
group was observed on days 14–16 (p = 0.08) (Figure 2c). Moreover, on day 8, PRE and P+P
groups showed a reduction in the pH of the stomach content compared to REF animals
(p < 0.05, Figure 2d).

3.3. Immunoglobulins in Plasma

Plasma concentrations of IgG, IgM and IgA isotypes, IgG subclasses, as well as the
Th1/Th2 ratio were quantified at the end of the study (day 16, Table 2).
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Table 2. Concentration of immunoglobulins in plasma at the end of the study (day 16).

Ig (µg/mL) REF PRE POST P+P

IgG 3117.81 ± 271.58 2968.14 ± 194.43 2341.86 ± 202.01 * 1985.85 ± 110.81 *#
(98.64 ± 0.04%) (98.52 ± 0.03% *) (98.47 ± 0.06% *) (98.41 ± 0.05% *)

IgG1 260.53 ± 25.42 208.69 ± 14.56 142.05 ± 15.73 *# 130.10 ± 8.56 *#
(8.97 ± 1.06%) (7.02 ± 0.11%) (6.07 ± 0.42%) (6.56 ± 0.23%)

IgG2a 551.53 ± 38.91 499.33 ± 28.96 394.47 ± 31.40 *# 363.66 ± 19.07 *#
(18.01 ± 0.65%) (17.35 ± 1.27%) (17.01 ± 0.79%) (18.49 ± 0.69%)

IgG2b 1193.30 ± 109.62 1255.98 ± 93.37 813.73 ± 78.19 *# 758.59 ± 46.86 *#
(38.12 ± 0.45%) (42.11 ± 0.65% *) (34.61 ± 0.66% *#) (38.15 ± 0.88% #ϕ)

IgG2c 1112.44 ± 131.36 1004.12 ± 84.37 991.60 ± 87.20 733.49 ± 52.67 *#ϕ
(34.91 ± 1.21%) (33.52 ± 0.94%) (42.30 ± 0.35% *#) (36.79 ± 1.39% ϕ)

IgM 23.02 ± 1.55 26.86 ± 2.18 23.21 ± 3.14 20.46 ± 1.23 #
(0.74 ± 0.02%) (0.89 ± 0.03% *) (0.96 ± 0.07% *) (1.02 ± 0.04% *#)

IgA 18.97 ± 1.05 17.68 ± 0.76 13.30 ± 0.81 *# 11.61 ± 0.96 *#
(0.62 ± 0.02%) (0.6 ± 0.02%) (0.57 ± 0.02%) (0.57 ± 0.02%)

Th1/Th2 ratio a 2.81 ± 0.20 3.20 ± 0.22 * 3.34 ± 0.08 * 3.03 ± 0.14

The percentage of 100% of the isotypes corresponds to the sum of IgG + IgM + IgA and the percentage 100% of the subtypes of IgG
corresponds to the sum of IgG1 + IgG2a + IgG2b + IgG2c. Results were expressed as mean ± SEM (n = 8–12). Statistical significance:
* p < 0.05 vs. REF, # vs. PRE and ϕ vs. POST. a Th1/Th2 ratio refers to the relationship between IgG2b + IgG2c: IgG1+IgG2a. REF:
reference group; PRE: group supplemented with a mixture of scGOS and lcFOS; POST: group supplemented with LactofidusTM; P+P: group
supplemented with the combination of both.

PRE group showed an increase in the percentage of IgM caused by a reduction in that
for IgG (p < 0.05), although the percentage of IgG2b subclass was higher compared to REF
animals (p < 0.05). POST group showed a higher percentage of IgM whereas the levels
of IgA, IgG and the subclasses IgG1, IgG2a, IgG2b were lower compared to REF group
(p < 0.05). Moreover, although the percentage of IgG and IgG2b were reduced (p < 0.05),
the proportion of the IgG2c subclass was higher (p < 0.05) in animals from POST group
than in REF animals. Finally, in line with the POST group, a higher percentage of IgM and
a reduction in IgA, IgG, IgG1, IgG2a, IgG2b, IgG2c levels were observed in the P+P group
compared to REF (p < 0.05). Overall, the PRE and POST groups showed a higher Th1/Th2
ratio. The Ig profile between supplemented groups was also different. POST and P+P
groups displayed lower levels of IgA, IgG1, IgG2a and IgG2b compared to PRE (p < 0.05).
The percentage of IgG2b was lower in POST group whereas IgG2c was higher compared
to PRE animals. On the other hand, P+P showed lower levels of IgG and IgM whereas
the percentage of IgM increased compared to PRE group (p < 0.05) and the levels of IgG2c
decreased compared to PRE and POST groups and the percentage of IgG2b was higher
compared to POST (p < 0.05). The overall impact of the diets on the Ig pattern, is clearly
observed in a PCA representation: the POST and P+P groups were clustered differently to
REF, whereas the PRE group was intermediately distributed (Supplementary Figure S1a).

3.4. Gene Expression

The gene expression of molecules involved in the intestinal barrier capacity (mucin
[MUC] 2, MUC3, claudin [Cldn] 2, Cldn4 and occludin [Ocldn]), intestinal immunity (IgA,
FcRn and Blimp-1), and microbiota-host signaling receptors (TLR 2, 3, 4, 5, 7 and 9) were
measured at the end of the supplementation period (on day 16) (Figure 3).

The gene expression of MUC2 was lower in the PRE group compared to REF and
POST animals (p < 0.05. Figure 3a). As it can be observed in Figure 3b, the levels of MUC3
were higher in P+P group compared to REF and POST group (p < 0.05). Although no
differences were observed in the expression of Cldn2, Cldn4 and Ocldn, in the P+P group
there was a tendency to increase the levels of Cldn 4 (×1.5 times; p = 0.07) compared to
REF animals (Figure 3c–e).
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Figure 3. Relative gene expression of mucin (MUC) 2 (a) and MUC 3 (b), tight junction proteins claudin (Cldn) 2, Cldn4
(c,d, respectively) and occludin (Ocldn) (e), immunity related molecules IgA (f), FcRn (g) and Blimp-1 (h) and Toll-like
receptors (TLR) 2 (i), TLR3 (j), TLR4 (k), TLR5 (l), TLR7 (m) and TLR9 (n) was quantified by real-time PCR on day 16.
Relative gene expression was calculated with respect to REF animals, which corresponded to 100% of transcription. Results
are expressed as mean ± S.E.M. (n = 8–9 animals/group). Statistical significance: * p < 0.05 vs. REF, # vs. PRE and φ vs.
POST. REF: reference group; PRE: group supplemented with a mixture of scGOS and lcFOS; POST: group supplemented
with LactofidusTM; P+P: group supplemented with the combination of both.

With regard to the expression of molecules involved in the immune system maturation
and functionality, no differences were observed in the levels of IgA, FcRn and Blimp-1
(Figure 3f–h). However, POST group showed a tendency to increase the expression of IgA
compared to REF group (×1.8 times; p = 0.07).

Finally, POST group showed higher levels of TLR2, TLR3 and TLR9 compared to
REF animals being 1.5 times higher than REF animals (p < 0.05) and higher levels of TLR4
compared to PRE group (×1.7 times; p < 0.05). In addition, an increase in the expression of
TLR2, TLR3, TLR5, TLR7 and TLR9 (×1.4–1.8 times) was observed in P+P group compared
to REF group (Figure 3i–n) and higher levels of TLR3 compared to PRE group (×1.4 times;
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p < 0.05). No differences were observed in the PRE group, although, a tendency to increase
the levels of TLR2 was observed (1.5 times; p = 0.07). Thus, it seems that most of the effects
of the postbiotic are maintained in the mixture, as it can be observed in the PCA from
Supplementary Figure S1b, in which the POST and P+P groups showed a cluster that
differed from that of the REF; in contrast, PRE group formed an intermediate cluster.

3.5. Microbiota

The cecal microbiota composition was analyzed on day 16 (Figure 4). The alpha diver-
sity of microbial populations was assessed by richness, Pielou’s evenness and Shannon’s
indexes. The group supplemented with the postbiotic had a higher richness compared
to REF, PRE and P+P animals (p < 0.05; Figure 4a) and a higher Shannon’s index com-
pared to P+P group (p < 0.05), whereas the PRE group showed a lower Pielou’s evenness
(Figure 4b) compared to REF and a reduced Shannon’s (Figure 4c) index compared to REF
and POST group (p < 0.05). The beta diversity calculated by measuring the Unweighted
Unifrac distance (Figure 4d) showed that the POST group formed a cluster appart from the
other groups.

The proportion of bacteria at the family level was different between groups. The rats
supplemented with the prebiotic and with the combination of prebiotic and postbiotic
showed a lower relative abundance of Akkermansiaceae and higher levels of Clostridiaceae
1 compared to REF animals (p < 0.05) and the levels of Clostridiaceae 1 in P+P group were
also higher compared to POST group (p < 0.05). In addition, the relative abundance of
Peptostreptococcaceae were increased in PRE group compared to REF and POST animals
(p < 0.05) (Figure 4e). POST group showed lower levels of Enterobacteriaceae compared
to PRE and P+P animals (p < 0.05). The minority families together constituting the group
“others”, displayed some differences when analysed separately. Four rats from PRE group
showed some levels of Bifidobacteriaceae (0.21 ± 0.11) compared to REF and POST group
which did not have detectable values of this family in any animal (p < 0.05) confirming
the bifidogenic effect of this prebiotic. In addition, the Chitinophagaceae proportion was
lower in samples from POST group compared to those from the REF group (0.01 ± 0.01
and 0.11 ± 0.04, respectively; p < 0.05).

In order to gain a deeper understanding of the presence or the absence of bacterial
groups after the different supplementations, Venn diagrams were created. The Venn di-
agrams were restrictive, and only when all the animals of the group had a count of that
bacterial family, this family was considered to be present in the group. Therefore, Muribac-
ulaceae and Prevotellaceae were only present in the POST group and Clostridiaceae 1 was
present only in the P+P group. All the groups supplemented with the prebiotics, postbiotic
or both of them, but not the REF group, showed the presence of the Peptostreptococcaceae
and Burkholderiaceae families (Figure 4f).

The proportion of the majority genera was not statistically different between groups
except for the reduction observed in the Akkermansia genus in the groups PRE and P+P
compared to REF animals (p < 0.05) (Figure 4g). In the minority genera, no Bifidobacterium,
Tyzzerella 3, Turicibacter and Enterobacter were found in REF nor POST, however some
animals in the PRE group (four animals in Bifidobacterium, Tyzzerella 3 and Turicibacter
and five animals, in Enterobacter) showed these genera (0.22± 0.12, 0.85± 0.40, 0.08 ± 0.03
and 0.11 ± 0.03, respectively; p < 0.05). Romboutsia abundance was higher in PRE and
P+P group (3.31 ± 0.43, 3.81 ± 0.69, respectively) compared to REF group (1.58 ± 0.28;
p < 0.05), whereas in POST group Romboutsia abundance was lower compared to the
other groups (0.44 ± 0.05; p < 0.05). Vibrionimona proportions were reduced in POST
compared to REF group (0.01 ± 0.01 and 0.12 ± 0.05, respectively; p < 0.05). In contrast to
REF, PRE and P+P groups, Eubacterium nodatum group was found only in four animals
from the POST group (0.27 ± 0.09; p < 0.05). The relative abundance of Clostridium
ASF356 was higher in POST (0.70 ± 0.18) group compared to P+P animals (0.01 ± 0.01;
p < 0.05). No animal from REF and PRE group showed levels of Clostridium ASF356.
POST group had an increase in Faecalibacterium UBA1819 (1.35 ± 0.59) compared to PRE
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animals (0.03 ± 0.02; p < 0.05). No animal from REF and P+P groups showed levels of
Faecalibacterium UBA1819. Anaerotruncus increased its proportion in P+P (8.36 ± 1.01)
compared to REF group (2.91 ± 0.94, respectively; p < 0.05).
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Regarding the Venn diagram information, POST group had the exclusive presence
of the genera Erysipelatoclostridium, Lachnoclostridium, Lachnoclostridium 5, Lachno-
clostridium 9 and Prevotellaceae UCG-001. Moreover, P+P group was the only one that
showed Clostridium sensu stricto 1. Finally, Parasutterella was observed in the animals
supplemented with all the products tested but not in the REF group (Figure 4h).

3.6. Cecal SCFA Production

The amount of total SCFA and acetic, propionic, isobutyric, butyric, isovaleric and
valeric acid proportion in the cecum of the suckling rats were measured at the end of the
study (Figure 5).
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Figure 5. SCFA production in cecal samples of 16-day-old suckling rats. Total SCFA (a), acetic (b), propionic (c), butyric
(d), isobutyric (e), isovaleric (f) and valeric (g) acid proportion (µmol/g of cecal content). Results are represented as
mean ± SEM (n = 8–12 samples/group). Statistical significance: * p < 0.05 vs. REF, # vs. PRE and φ vs. POST. REF: reference
group; PRE: group supplemented with a mixture of scGOS and lcFOS; POST: group supplemented with LactofidusTM; P+P:
group supplemented with the combination of both.

The total SCFA levels in the caecum was similar between groups (Figure 5a). However,
the percentage of acetic acid was higher in PRE and P+P groups compared to REF and
POST animals (p < 0.05) (Figure 5b). On the other hand, the proportion of propionic,
isobutyric and isovaleric acids was lower in PRE and P+P groups compared to those in
the REF and POST groups (p < 0.05). No differences were observed in the percentages of
butyric and valeric acids between groups.

The acetic acid levels correlated positively with the relative proportion of Clostridi-
aceae 1 (r = 0.80, p < 0.05) (Clostridium sensu stricto 1 genus) Bifidobacteriaceae (r = 0.43,
p < 0.05) (Bifidobacterium genus), Peptostreptococcaceae (r = 0.78, p < 0.05) and Enterobac-
teriaceae (r = 0.68, p < 0.05) families and negatively with Akkermansiaceae (r = −0.56,
p < 0.05), Lachnospiraceae (r = −0.57, p < 0.05) Family XII (r = −0.49 p < 0.05), Muribac-
ulaceae (r = −0.70 p < 0.05) and Prevotella (r = −0.69 p < 0.05) families. With regard to
the propionic acid levels, a positive correlation was observed with the relative proportion
of Akkermansiaceae (r = 0.56, p < 0.05), Prevotella (r = 0.69, p < 0.05), Family XII (r = 0.49,
p < 0.05), Muribaculaceae (r = 0.62, p < 0.05) and Lachnospiraceae (r = 0.55, p < 0.05) fami-
lies, whereas Clostridiaceae 1 (r = −0.80, p < 0.05), Enterobacteriaceae (r = −0.70, p < 0.05)
Bifidobacteriaceae (r = −0.43, p < 0.05) and Peptostreptococcaceae (r = -0.72, p < 0.05)
showed a negative correlation. Butyric acid correlated positively with Eggerthellaceae
(r = 0.62, p < 0.05). Isobutyric acid correlated positively with the relative abundance of
Akkermansiaceae (r = 0.58 p < 0.05) and isobutyric and isovaleric acids correlated negatively
with Enterobacteriaceae (r = −0.67 and r = −0.55, respectively; p < 0.05) and Clostridiaceae
1 family abundance (r = −0.73 and r = −0.70, respectively; p < 0.05) whereas Muribacu-
laceae (r = 0.61 and r = 0.49, respectively; p < 0.05) Lachnospiraceae (r = 0.50 and r = 0.64,
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respectively; p < 0.05) and Prevotella (r = 0.53 and r = 0.49, respectively; p < 0.05) were
correlated positevely (Supplementary Figure S2).

4. Discussion

There is evidence supporting the beneficial effects of prebiotics, postbiotics and probi-
otics, modulating the gut microbiota [11,20,35,37]. Formulas with postbiotics and prebiotics
have been shown to support normal infant growth and are safe and well-tolerated in healthy
infants [45,52,53]. In addition, prebiotics and probiotics have been demonstrated to result in
stool consistency and frequency closer to breast-fed infants. Moreover, decreasing stool pH,
increasing SCFA and modulating gastrointestinal microbiota towards a breast-fed infant
profile [21,54,55]. In this study, we analysed the effects of a postbiotic (Lactofidus™) and
its combination with a prebiotic mixture usually used in infant formulas (scGOS/lcFOS) in
suckling rats, as a preclinical model for studying the immune system maturation.

In our study, the P+P group, but not the prebiotic or the postbiotic alone, showed a
consistent higher growth rate during the suckling period compared to REF animals. In
previous studies using this animal model, the administration of the same prebiotic mixture
of scGOS/lcFOS alone—without the postbiotic—also showed this lack of effect on body
weight [10] or just a slight increase at the end of suckling period [12]. Additionally, Morel
F.B et al. did not observe an effect on growth and body weight of pre-weaning rats after
GOS-Inulin supplementation [56]. With regard to humans, whereas a supplementation
with GOS-FOS in early life showed an increase in the body weight and length of infants [13],
other studies did not find these effects [9,45]. Focusing on the impact of the postbiotics
used alone in growing infants, no effect has been previously observed [4]. In line with this,
the studies evaluating infant weight/growth using a combination of scGOS/lcFOS with
Lactofidus™ also demonstrated adequate growth [52] or even an impact on the infant’s
length [57]. The possible rationale for this growth promoting effect in this preclinical study
only when scGOS/lcFOS and the postbiotic are combined may involve a potentiation effect
of the postbiotic on the well described capacity of oligosaccharides to increase intestinal
calcium absorption [58–60].

It is widely known that scGOS/lcFOS mixture can prevent constipation that can occur
in formula-fed infants by inducing a softer stool consistency and making it more similar
to that of breastfed infants [9,54,57]. This feature of softer stools is also observed in our
study after the PRE administration. In contrast, the postbiotic supplement alone did not
affect the stool consistency. However, the combination of both compounds maintained the
consistency observed in the PRE group. In this regard, besides the literature reporting this
effect by the prebiotic mixture scGOS/lcFOS [9,21,55,61] it has been shown that the infant
formula enrichment with Lactofidus™ combined with scGOS/lcFOS also induces softer
stool consistency [46,52]. Same effect was confirmed by Huet F. et al., who also observed
that infant’s fecal consistency after Lactofidus™ supplementation was higher compared to
scGOS/lcFOS alone or scGOS/lcFOS combined with different percentages of Lactofidus™
(15% or 50%) [57].

Changes in stool consistency may be accompanied by an increase in fecal water and
pH alterations. However, in our study the fecal pH was not significantly affected by any
of the interventions compared to that in non-supplemented animals, although the PRE
supplementation had a tendency to reduce the fecal pH during the first week. Previous
studies in our group with this same prebiotic mixture in suckling rats, although under
an infective process, showed some acidification effect [42]. In humans, some studies also
observed that scGOS/lcFOS supplementation reduced the fecal pH [9,52,61]. Huet F. et al.
reported that the infant formula supplemented with Lactofidus™ induced an increase in
the fecal pH [57] whereas Béghin L. et al. observed that fecal pH was lower in infants
that received infant formula containing scGOS/lcFOS with or without a postbiotic [52].
Moreover, during the first week in our study, the prebiotic and also its combination with
the postbiotic induced a reduction in the stomach content pH. Very few data are available
regarding the effect of these compounds in this compartment neither in animals nor humans.
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The result reported here could suggest a positive effect on the prevention of pathogen entry
into the gastrointestinal tract as it occurs in the case of the lower fecal pH [61,62].

The Ig profile changed in all supplemented groups, higher IgM proportion and lower
IgG levels were observed leading to an increase in the Th1/Th2 ratio. During the first
weeks of life, the main circulating Ig are maternal IgG which are even in higher levels than
the developing infant production of IgG and IgM and finally IgA [63]. Despite the lower
levels of IgG, the increase in the proportion of IgM due to the prebiotic, postbiotic and its
combination administration in early life could indicate a positive effect on the maturation
of the immune system. In addition, after all supplementations an increase in an isotype
associated with the Th1 response (rat IgG2b) and a decrease in an isotype associated with
the Th2 response (rat IgG1) thus leading to a Th1 promoting effect was also observed,
thereby suggesting again an enhancement of the immune system maturation. This effect on
Th1 response is also observed at the end of suckling period in a model of rotavirus infection
in rats supplemented with the scGOS/lcFOS mixture [12]. In humans, the Th1/Th2 IgG
subclasses are different from rats whereas IgG1, IgG2 and IgG3 are associated with a Th1
response, IgG4 is related to a Th2 response. Van Hoffen E. et al. observed that infants at
risk for allergy fed with infant hypoallergenic whey formula enriched in scGOS/lcFOS,
or in maltodextrin for comparison, had a significant reduction in the Th1 associated IgG
subclasses (i.e., IgG1, IgG2 and IgG3 for human) [64]. To our knowledge, this is the first
report of a postbiotic intervention indicating changes in the Ig profile similar to that induced
by a prebiotic intervention.

Intestinal mucins have a role in the innate defense through the limitation and the
neutralization of invasive pathogens [65]. The two most abundant intestinal mucins are the
secretory MUC2 and the membrane bound MUC3 [66]. The prebiotic intervention induced
a reduction in the levels of MUC2 gene expression, in agreement with a reduction also
observed in a gastrointestinal infection model in suckling rats supplemented with this
prebiotic mixture [12]. However, both rat and mice supplementation with GOS or FOS later
in life, did not allow to observe this effect on MUC2 [67,68]. Akkermansia species are mucin
degrading intestinal bacteria [69], thus a possible explanation for the reduction in MUC2 in
this study after the scGOS/lcFOS intervention could be the reduction in Akkermansiaceae
family observed in the PRE group. In this regard, in the PRE group could not need to
continuously replace the mucus layer because there were less Akkermansia using mucus as
energy source. Alternatively, the combination of the prebiotics with the postbiotic (P+P
group) increased the MUC3 gene expression levels, suggesting a reinforcement in the
innate barrier function of the suckling rats. In this regard, although it has been described
that rats supplemented with GOS or FOS do not show differences in the expression of
MUC3 [67], there is no available literature regarding the influence of a postbiotic alone or
in combination.

Tight junction proteins have an important role in the intestinal barrier function regu-
lating the permeability of molecules and acting as a physical barrier [70]. After the different
supplementations, no differences were observed in their gene expression which differs com-
pared to other studies evaluating GOS supplementation effect on the jejunum of piglets [71].
In addition, the expression of the genes FcRn, IgA and Blimp, which are related to the
immune maturation and regulation, was not modified due to the interventions. However,
the intestinal gene expression of the TLRs, which play a role in sensing pathogen-associated
molecular patterns and contributing to eliminate pathogens and establishing the adaptative
immunity [72], were highly modulated by the postbiotic intervention, and its combination
with the prebiotic mixture. Upregulation of TLR2, TLR3 and TLR9 gene expression due
to the postbiotic intervention was observed in the combination of the postbiotic and the
prebiotic. In addition, only the combination was able to induce the increase in TLR5 and
TLR7 expression, indicating that both types of compounds acting together are required
to induce such an effect. To our knowledge, there is no literature about the expression
of these genes after supplementation of a postbiotic alone or in combination with? in
healthy rats or infants. However, this enhancement may suggest that the postbiotic, alone
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or in combination, can prepare the intestinal immune system for a better response against
infections by strengthening the microorganism-host interaction.

In addition to the impact of these supplements on the immune system of the suckling
rats, the microbiota composition and its functionality was evaluated. Although the number
of samples per group (N = 6) could have been increased for clearer results, we found that
the alpha diversity of microbial populations was able to be measured by three indexes,
and whereas the intervention with the postbiotic induced a higher richness or number of
observed OTUs, the prebiotic intervention led to lower Pielou’s and Shannon’s indexes,
indicating lower overall biodiversity or lower equity in community proportion distribution.
Although a FOS intervention in piglets affected diversity [73], very little is known about
the postbiotics, in preclinical models or humans in this regard. Moreover, specific changes
in microbial composition due to the interventions were observed in the PRE and the
P+P group. The postbiotic alone did not change the microbial composition, however
in combination it maintained the changes induced by the prebiotic supplementation in
addition to some other slight differences. In this regard, the PRE and P+P groups showed
a lower abundance of Akkermansiaceae family and Akkermansia genus compared to REF
animals. Akkermansia muciniphila belongs to Akkermansiaceae family and this specie has
been associated with health and inversely correlated to different diseases such as colitis
and Crohn’s disease [74] or even Parkinson [75]. The reduction in the abundance of this
bacterium could be due to the lower expression of MUC2 in both groups, specially the
scGOS/lcFOS group. This reduction could decrease the formation of mucus and therefore
the bacterium would have less substrate for growing.

Moreover, some animal studies have demonstrated the promoting effect of FOS on
Akkermansia muciniphila growth [76], thus the combination with GOS or the postbiotic and
the early age could have a role in our differential result. In addition, some studies also
showed an inverse correlation of A. muciniphila abundance with body weight [77,78], a fact
that could be also involved in the growth promoting effect observed in P+P supplemented
animals in our study. In addition, our results showed that all the interventions promoted
the presence of Peptostreptococcaceae family in all the animals supplemented. Moreover, the
abundance of this family was increased in the PRE goup with respect to the REF group. Very
few data are available for this family and its modulation by diet, but it has been described
to be in lower proportion in diabetic people [79] or in a depression induced rat model [80].
In addition, PRE and P+P groups showed higher abundance of Clostridiaceae 1 family, in
the P+P group mainly due to the presence of Clostridium sensu stricto 1 genus as it was the
only group in which all animals presented this genus. In contrast with our results, neonatal
porcine supplemented with GOS showed a reduction in the abundance of Clostridium sensu
stricto 1 [81]. However, the higher abundance of these bacteria observed in our study due
to the prebiotic supplementation may be involving some positive effect in the intestinal
ecosystem because it is in line with lower abundance of this genus in diarrheal neonatal
piglets [82]. The prebiotic intervention, but not the postbiotic or the combination confirmed
the already described bifidogenic effect, which has also been described in previous studies
in rat pups [56] and infants [9,57,61,83]. It should be taken into account that the relative
abundances of bifidobacteria in this suckling rat model is much lower compared to the
bifidobacterial levels observed in an infant, thus the early life microbiota response to these
microbial-modulator products should be interpreted cautiously.

In our study, only the postbiotic group displayed Prevotellaceae and Muribaculaceae
families and the genus Prevotellaceae UCG-001, Erysipelatoclostridium, Lachnoclostridium,
Lachnoclostridium 5 and Ruminiclostridium 9 in all the animals supplemented. This particular
growth promoting effect is of importance in basis of the current literature. On the one hand,
the presence of Prevotellaceae in the microbiota of the postbiotic supplemented animals is
in line with the observation that the supplementation with only FOS in piglets induced a
higher relative abundance in Prevotella species, among others [73]. The healt promoting
effect of this change is based on the fact that Prevotellaceae UCG 001 is negatively correlated
with markers of glucose and lipid metabolism disorders [84], and that patients with chronic
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kidney disease had lower Prevotellaceae UCG-001 than healthy controls [85]. However, a
spontaneous diabetes type 2 rat model showed higher levels of Prevotellaceae UCG-001
compared with healthy Wistar rats [86]. On the other hand, although the higher abundance
of Muribaculaceae in the POST group, which is described to be inversely associated with
body weight [87,88], no effect was found in this regard in the present study. With respect
to Lachnoclostridium, some species of this genus can protect mice against colitis [89], their
abundance is lower in gastrointestinal tract neoplasia [90], even though higher levels of
Lachnoclostridium were observed in adenoma [91]. Finally, Ruminiclostridium 9, also present
after the POST intervention, are SCFA-producing microbes [92] associated with body
weight regulation, obesity, inflammation and aging [92,93]. Overall, the biological relevance
of these changes induced by the postbiotic in this context should be further elucidated.

With regard to microbial functionality, SCFAs are the main products of microbial
fermentation in the gut and play an important role in the interaction between diet, gut
microbiota and host immune response [22,94]. SCFAs are considered anti-inflammatory
mediators [22] with regulatory roles in energy homeostasis, glucose and lipid metabolism,
and inulin sensitivity [31,37]. Although, none of the nutritional interventions modified the
total amount of SCFAs, some qualitative changes were observed in the animals receiving
the prebiotic mixture, alone or in combination with the postbiotic. Particularly, a profile
of SCFAs with lower proportion of propionic, isobutyric and isovaleric acid and higher
proportion of acetic acid was found. In accordance with our results, Frédéric Huet et al.
observed that the presence of scGOS/lcFOS in an infant formula modulated the children
microbiota and was associated with a change in SCFA pattern, which contained higher
proportion of acetate and a lower proportion of propionate and other SCFAs [57]. Moreover,
also in infants, the intestinal acetic acid production was increased in GOS supplemented for-
mula making the profile more similar to that found in breastfed infants [83]. In agreement
with our results, L. Beghin et al. also observed that isovaleric acid was reduced in infants
fed with a fermented infant formula supplemented with scGOS/lcFOS, although they also
observed changes in butyric acid [52] that we did not observe in our study. However, other
similar approaches in early life, such as those using GOS in piglets showed an increase in
butyric acid, among other changes [71,81].

To further study the changes observed in the relative abundances of gut microbiota
and the modification in the pattern of SCFA production, the two variables were correlated.
We observed that propionic acid production was correlated positively and negatively
with some bacterial families in agreement with the literature [69,95]. The present study
also showed some correlations regarding the acetic acid production, as described in other
studies [96–98], as well with isovalerate and isobutyrate [99,100]. Overall, these correla-
tions showed that the supplementation with scGOS/lcFOS and their combination with
Lactofidus™ changed the relative abundances of gut microbiota and consequently modified
the pattern of SCFA production.

5. Conclusions

The nutritional supplementation with the prebiotic (scGOS/lcFOS), the postbiotic
(Lactofidus™) and the combination of both, modulated the Ig profile, but the prebiotic mix-
ture and the postbiotic induced differential effects: whereas scGOS/lcFOS induced softer
feces and modulated microbiota composition and SCFA profile, Lactofidus™ upregulated
TLR gene expression. The use of the combination of scGOS/lcFOS and Lactofidus™ kept
both effects observed separately, but also showed a synergistic impact on animal growth.
Thus, the combined use of both products seems to be a good strategy to modulate immune
and microbial features in early life.
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faecium BGPAS1-3 on the tight junction protein expression and immune function in differentiated caco-2 cells infected with
listeria monocytogenes ATCC 19111. Front. Microbiol. 2019, 10, 412. [CrossRef]

35. Gao, J.; Li, Y.; Wan, Y.; Hu, T.; Liu, L.; Yang, S.; Gong, Z.; Zeng, Q.; Wei, Y.; Yang, W.; et al. A novel postbiotic from lactobacillus
rhamnosus gg with a beneficial effect on intestinal barrier function. Front. Microbiol. 2019, 10, 477. [CrossRef]

36. Dunand, E.; Burns, P.; Binetti, A.; Bergamini, C.V.; Peralta, G.H.; Forzani, L.; Reinheimer, J.; Vinderola, G. Postbiotics produced
at laboratory and industrial level as potential functional food ingredients with the capacity to protect mice against salmonella
infection. J. Appl. Microbiol. 2019, 127, 219–229. [CrossRef]

37. Brial, F.; Le Lay, A.; Dumas, M.-E.; Gauguier, D. Implication of gut microbiota metabolites in cardiovascular and metabolic
diseases. Cell. Mol. Life Sci. 2018, 75, 3977–3990. [CrossRef] [PubMed]

38. Maguire, M.; Maguire, G. Gut dysbiosis, leaky gut, and intestinal epithelial proliferation in neurological disorders: Towards the
development of a new therapeutic using amino acids, prebiotics, probiotics, and postbiotics. Rev. Neurosci. 2018, 30, 179–201.
[CrossRef]

39. Reeves, P.G.; Nielsen, F.H.; Fahey, G.C., Jr. AIN-93 Purified diets for laboratory rodents: Final report of the american institute of
nutrition ad hoc writing committee on the reformulation of the AIN-76A rodent diet. J. Nutr. 1993, 123, 1939–1951. [CrossRef]

40. Azagra-Boronat, I.; Massot-Cladera, M.; Mayneris-Perxachs, J.; Knipping, K.; Land, B.V.; Tims, S.; Stahl, B.; Garssen, J.; Franch, À.;
Castell, M.; et al. Immunomodulatory and prebiotic effects of 2′-fucosyllactose in suckling rats. Front. Immunol. 2019, 10, 1773.
[CrossRef]

http://doi.org/10.1016/j.phrs.2012.09.001
http://doi.org/10.1093/jn/137.3.850S
http://www.ncbi.nlm.nih.gov/pubmed/17311986
http://doi.org/10.3390/ijms20194673
http://www.ncbi.nlm.nih.gov/pubmed/31547172
http://doi.org/10.1038/cti.2016.38
http://www.ncbi.nlm.nih.gov/pubmed/27757227
http://doi.org/10.1016/j.febslet.2014.03.035
http://www.ncbi.nlm.nih.gov/pubmed/24681100
http://doi.org/10.3390/ijms21020503
http://www.ncbi.nlm.nih.gov/pubmed/31941102
http://doi.org/10.1016/j.vetimm.2018.10.002
http://www.ncbi.nlm.nih.gov/pubmed/30596380
http://doi.org/10.1038/s41575-021-00440-6
http://doi.org/10.3390/nu12020389
http://doi.org/10.1186/s12906-019-2528-2
http://doi.org/10.3382/ps/pew362
http://www.ncbi.nlm.nih.gov/pubmed/28339522
http://doi.org/10.1016/j.tifs.2016.09.011
http://doi.org/10.1016/j.tifs.2018.03.009
http://doi.org/10.1186/s12876-017-0605-x
http://www.ncbi.nlm.nih.gov/pubmed/28410580
http://doi.org/10.1111/bph.13637
http://www.ncbi.nlm.nih.gov/pubmed/27684049
http://doi.org/10.3389/fmicb.2019.00412
http://doi.org/10.3389/fmicb.2019.00477
http://doi.org/10.1111/jam.14276
http://doi.org/10.1007/s00018-018-2901-1
http://www.ncbi.nlm.nih.gov/pubmed/30101405
http://doi.org/10.1515/revneuro-2018-0024
http://doi.org/10.1093/jn/123.11.1939
http://doi.org/10.3389/fimmu.2019.01773


Nutrients 2021, 13, 2975 20 of 22

41. Rigo-Adrover, M.D.M.; Knipping, K.; Garssen, J.; Van Limpt, K.; Knol, J.; Franch, À.; Castell, M.; Rodríguez-Lagunas, M.J.;
Pérez-Cano, F.J. Prevention of rotavirus diarrhea in suckling rats by a specific fermented milk concentrate with prebiotic mixture.
Nutrients 2019, 11, 189. [CrossRef]

42. Rigo-Adrover, M.D.M.; Van Limpt, K.; Knipping, K.; Garssen, J.; Knol, J.; Costabile, A.; Franch, À.; Castell, M.; Pérez-Cano, F.J.
Preventive effect of a synbiotic combination of galacto- and fructooligosaccharides mixture with bifidobacterium breve M-16V in
a model of multiple rotavirus infections. Front. Immunol. 2018, 9, 1318. [CrossRef]

43. Ayechu-Muruzabal, V.; Xiao, L.; Wehkamp, T.; van Ark, I.; Hoogendoorn, E.; Leusink-Muis, T.; Folkerts, G.; Garssen, J.; Willemsen,
L.; Land, B.V. A fermented milk matrix containing postbiotics supports Th1- and Th17-type immunity In Vitro and modulates the
influenza-specific vaccination response In Vivo in association with altered serum galectin ratios. Vaccines 2021, 9, 254. [CrossRef]
[PubMed]

44. Abrahamse, E.; Huybers, S.; Alles, M.S.; Renes, I.B.; Knol, J.; Bouritius, H.; Ludwig, T. Fermented infant formula increases ileal
protein digestibility and reduces ileal proteolytic activity compared with standard and hydrolyzed infant formulas in piglets. J.
Nutr. 2015, 145, 1423–1428. [CrossRef]

45. Vandenplas, Y.; De Halleux, V.; Arciszewska, M.; Lach, P.; Pokhylko, V.; Klymenko, V.; Schoen, S.; Abrahamse-Berkeveld, M.A.;
Mulder, K.; Rubio, R.P.; et al. A partly fermented infant formula with postbiotics including 3′-GL, specific oligosaccharides,
2′-FL, and milk fat supports adequate growth, is safe and well-tolerated in healthy term infants: A double-blind, randomised,
controlled, multi-country trial. Nutrients 2020, 12, 3560. [CrossRef]

46. Rodriguez-Herrera, A.; Mulder, K.; Bouritius, H.; Rubio, R.; Muñoz, A.; Agosti, M.; Lista, G.; Corvaglia, L.; Ludwig, T.;
Abrahamse-Berkeveld, M.; et al. Gastrointestinal tolerance, growth and safety of a partly fermented formula with specific
prebiotics in healthy infants: A double-blind, randomized, controlled trial. Nutrients 2019, 11, 1530. [CrossRef]

47. Azagra-Boronat, I.; Massot-Cladera, M.; Knipping, K.; Land, B.V.; Tims, S.; Stahl, B.; Knol, J.; Garssen, J.; Franch, À.; Castell, M.
Oligosaccharides modulate rotavirus-associated dysbiosis and TLR gene expression in neonatal rats. Cells 2019, 8, 876. [CrossRef]
[PubMed]

48. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative pcr and the 2−∆∆C
T method.

Methods 2001, 25, 402–408. [CrossRef] [PubMed]
49. Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naive bayesian classifier for rapid assignment of rRNA sequences into the new

bacterial taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261–5267. [CrossRef] [PubMed]
50. Anderson, M.J.; Walsh, D.C.I. Permanova, anosim, and the mantel test in the face of heterogeneous dispersions: What null

hypothesis are you testing? Ecol. Monogr. 2013, 83, 557–574. [CrossRef]
51. Mandal, S.; Van Treuren, W.; White, R.A.; Eggesbø, M.A.; Knight, R.T.; Peddada, S.D. Analysis of composition of microbiomes: A

novel method for studying microbial composition. Microb. Ecol. Health Dis. 2015, 26, 27663. [CrossRef] [PubMed]
52. Béghin, L.; Tims, S.; Roelofs, M.; Rougé, C.; Oozeer, R.; Rakza, T.; Chirico, G.; Roeselers, G.; Knol, J.; Rozé, J.C.; et al. Fermented

infant formula (with Bifidobacterium breve C50 and Streptococcus thermophilus O65) with prebiotic oligosaccharides is safe and
modulates the gut microbiota towards a microbiota closer to that of breastfed infants. Clin. Nutr. 2021, 40, 778–787. [CrossRef]

53. Toca, M.D.C.; Burgos, F.; Fernández, A.; Giglio, N.; Orsi, M.; Sosa, P.; Tabacco, O.; Ursino, F.; Ussher, F.; Vinderola, G. Gut
ecosystem during infancy: The role of “biotics”. Arch. Argent. Pediatr. 2020, 118, 278–285. [CrossRef]

54. Vandenplas, Y.; De Greef, E.; Veereman, G. Prebiotics in infant formula. Gut Microbes 2015, 5, 681–687. [CrossRef]
55. Vandenplas, Y.; Zakharova, I.; Dmitrieva, Y. Oligosaccharides in infant formula: More evidence to validate the role of prebiotics.

Br. J. Nutr. 2015, 113, 1339–1344. [CrossRef]
56. 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. Nutrients 2015, 31,
515–522. [CrossRef] [PubMed]

57. Huet, F.; Abrahamse-Berkeveld, M.; Tims, S.; Simeoni, U.; Beley, G.; Savagner, C.; Vandenplas, Y.; Hourihane, J.O. Partly
Fermented infant formulae with specific oligosaccharides support adequate infant growth and are well-tolerated. J. Pediatr.
Gastroenterol. Nutr. 2016, 63, e43–e53. [CrossRef] [PubMed]

58. Bryk, G.; Coronel, M.Z.; Lugones, C.; Mandalunis, P.; Rio, M.E.; Gualtieri, A.F.; De Portela, M.L.P.M.; Zeni, S.N. Effect of a mixture
of GOS/FOS® on calcium absorption and retention during recovery from protein malnutrition: Experimental model in growing
rats. Eur. J. Nutr. 2015, 55, 2445–2458. [CrossRef]

59. Bryk, G.; Coronel, M.Z.; Pellegrini, G.G.; Mandalunis, P.; Rio, M.E.; De Portela, M.L.P.M.; Zeni, S.N. Effect of a combination
GOS/FOS®prebiotic mixture and interaction with calcium intake on mineral absorption and bone parameters in growing rats.
Eur. J. Nutr. 2015, 54, 913–923. [CrossRef]

60. Abrams, S.A.; Griffin, I.J.; Hawthorne, K.M.; Liang, L.; Gunn, S.K.; Darlington, G.; Ellis, K.J. A combination of prebiotic short- and
long-chain inulin-type fructans enhances calcium absorption and bone mineralization in young adolescents. Am. J. Clin. Nutr.
2005, 82, 471–476. [CrossRef] [PubMed]

61. Rao, S.; Srinivasjois, R.; Patole, S. Prebiotic supplementation in full-term neonates. Arch. Pediatr. Adolesc. Med. 2009, 163, 755–764.
[CrossRef]

62. Beasley, D.; Koltz, A.M.; Lambert, J.E.; Fierer, N.; Dunn, R. The evolution of stomach acidity and its relevance to the human
microbiome. PLoS ONE 2015, 10, e0134116. [CrossRef] [PubMed]

http://doi.org/10.3390/nu11010189
http://doi.org/10.3389/fimmu.2018.01318
http://doi.org/10.3390/vaccines9030254
http://www.ncbi.nlm.nih.gov/pubmed/33805597
http://doi.org/10.3945/jn.114.208314
http://doi.org/10.3390/nu12113560
http://doi.org/10.3390/nu11071530
http://doi.org/10.3390/cells8080876
http://www.ncbi.nlm.nih.gov/pubmed/31405262
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1128/AEM.00062-07
http://www.ncbi.nlm.nih.gov/pubmed/17586664
http://doi.org/10.1890/12-2010.1
http://doi.org/10.3402/mehd.v26.27663
http://www.ncbi.nlm.nih.gov/pubmed/26028277
http://doi.org/10.1016/j.clnu.2020.07.024
http://doi.org/10.5546/aap.2020.eng.278
http://doi.org/10.4161/19490976.2014.972237
http://doi.org/10.1017/S0007114515000823
http://doi.org/10.1016/j.nut.2014.09.011
http://www.ncbi.nlm.nih.gov/pubmed/25701343
http://doi.org/10.1097/MPG.0000000000001360
http://www.ncbi.nlm.nih.gov/pubmed/27472478
http://doi.org/10.1007/s00394-015-1052-5
http://doi.org/10.1007/s00394-014-0768-y
http://doi.org/10.1093/ajcn/82.2.471
http://www.ncbi.nlm.nih.gov/pubmed/16087995
http://doi.org/10.1001/archpediatrics.2009.94
http://doi.org/10.1371/journal.pone.0134116
http://www.ncbi.nlm.nih.gov/pubmed/26222383


Nutrients 2021, 13, 2975 21 of 22

63. Penagos Paniagua, M.J.; Pérez, R.D.B.; Cruz, M.D.L.L.G.; Benítez, J.M.Z. El Sistema inmune del recién nacido. alergia, asma e
inmunol. Pediátricas 2003, 12, 18–23.

64. Van Hoffen, E.; Ruiter, B.; Faber, J.; M’Rabet, L.; Knol, E.; Stahl, B.; Arslanoglu, S.; Moro, G.; Boehm, G.; Garssen, J. A specific
mixture of short-chain galacto-oligosaccharides and long-chain fructo-oligosaccharides induces a beneficial immunoglobulin
profile in infants at high risk for allergy. Allergy 2009, 64, 484–487. [CrossRef]

65. Kim, J.J.; Khan, W.I. Goblet cells and mucins: Role in innate defense in enteric infections. Pathogens 2013, 2, 55–70. [CrossRef]
[PubMed]

66. Dharmani, P.; Srivastava, V.; Kissoon-Singh, V.; Chadee, K. Role of intestinal mucins in innate host defense mechanisms against
pathogens. J. Innate Immun. 2008, 1, 123–135. [CrossRef] [PubMed]

67. Okazaki, Y.; Katayama, T. Consumption of non-digestible oligosaccharides elevates colonic alkaline phosphatase activity by
up-regulating the expression ofIAP-I, with increased mucins and microbial fermentation in rats fed a high-fat diet. Br. J. Nutr.
2019, 121, 146–154. [CrossRef]

68. Leforestier, G.; Blais, A.; Blachier, F.; Marsset-Baglieri, A.; Davila, A.-M.; Perrin, E.; Tomé, D. Effects of galacto-oligosaccharide
ingestion on the mucosa-associated mucins and sucrase activity in the small intestine of mice. Eur. J. Nutr. 2009, 48, 457–464.
[CrossRef]

69. Van Herreweghen, F.; De Paepe, K.; Roume, H.; Kerckhof, F.-M.; Van De Wiele, T. Mucin degradation niche as a driver of
microbiome composition and Akkermansia muciniphila abundance in a dynamic gut model is donor independent. FEMS Microbiol.
Ecol. 2018, 94, 1–13. [CrossRef]

70. Suzuki, T. Regulation of the intestinal barrier by nutrients: The role of tight junctions. Anim. Sci. J. 2020, 91, e13357. [CrossRef]
[PubMed]

71. Alizadeh, A.; Akbari, P.; DiFilippo, E.; Schols, H.A.; Ulfman, L.H.; Schoterman, M.H.C.; Garssen, J.; Fink-Gremmels, J.; Braber, S.
The piglet as a model for studying dietary components in infant diets: Effects of galacto-oligosaccharides on intestinal functions.
Br. J. Nutr. 2016, 115, 605–618. [CrossRef]

72. Kaisho, T.; Akira, S. Toll-like receptor function and signaling. J. Allergy Clin. Immunol. 2006, 117, 979–987. [CrossRef]
73. Schokker, D.; Fledderus, J.; Jansen, R.; Vastenhouw, S.A.; De Bree, F.M.; Smits, M.A.; Jansman, A.A.J.M. Supplementation of

fructooligosaccharides to suckling piglets affects intestinal microbiota colonization and immune development. J. Anim. Sci. 2018,
96, 2139–2153. [CrossRef] [PubMed]

74. Geerlings, S.Y.; Kostopoulos, I.; De Vos, W.M.; Belzer, C. Akkermansia muciniphila in the human gastrointestinal tract: When, where,
and how? Microorganisms 2018, 6, 75. [CrossRef]

75. Nishiwaki, H.; Ito, M.; Ms, T.I.; Hamaguchi, T.; Maeda, T.; Kashihara, K.; Tsuboi, Y.; Ueyama, J.; Shimamura, T.; Mori, H.; et al.
Meta-analysis of gut dysbiosis in parkinson’s disease. Mov. Disord. 2020, 35, 1626–1635. [CrossRef]

76. Zhou, K. Strategies to promote abundance of Akkermansia muciniphila, an emerging probiotics in the gut, evidence from dietary
intervention studies. J. Funct. Foods 2017, 33, 194–201. [CrossRef]

77. Shin, N.R.; Lee, J.C.; Lee, H.Y.; Kim, M.S.; Whon, T.W.; Lee, M.S.; Bae, J.W. An increase in the Akkermansia spp. population induced
by metformin treatment improves glucose homeostasis in diet-induced obese mice. Gut 2014, 63, 727–735. [CrossRef]

78. Everard, A.; Belzer, C.; Geurts, L.; Ouwerkerk, J.P.; Druart, C.; Bindels, L.B.; Guiot, Y.; Derrien, M.; Muccioli, G.G.; Delzenne,
N.M.; et al. Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc. Natl.
Acad. Sci. USA 2013, 110, 9066–9071. [CrossRef]

79. Doumatey, A.P.; Adeyemo, A.; Zhou, J.; Lei, L.; Adebamowo, S.N.; Adebamowo, C.; Rotimi, C.N. Gut microbiome profiles are
associated with type 2 diabetes in urban Africans. Front. Cell. Infect. Microbiol. 2020, 10, 63. [CrossRef]

80. Yu, M.; Jia, H.; Zhou, C.; Yang, Y.; Zhao, Y.; Yang, M.; Zou, Z. Variations in gut microbiota and fecal metabolic phenotype
associated with depression by 16S rRNA gene sequencing and LC/MS-based metabolomics. J. Pharm. Biomed. Anal. 2017, 138,
231–239. [CrossRef] [PubMed]

81. Tian, S.; Wang, J.; Yu, H.; Wang, J.; Zhu, W. Changes in ileal microbial composition and microbial metabolism by an early-life
galacto-oligosaccharides intervention in a neonatal porcine model. Nutrients 2019, 11, 1753. [CrossRef] [PubMed]

82. Han, C.; Dai, Y.; Liu, B.; Wang, L.; Wang, J.; Zhang, J. Diversity analysis of intestinal microflora between healthy and diarrheal
neonatal piglets from the same litter in different regions. Anaerobe 2019, 55, 136–141. [CrossRef] [PubMed]

83. Ben, X.-M.; Li, J.; Feng, Z.-T.; Shi, S.-Y.; Lu, Y.-D.; Chen, R.; Zhou, X.-Y. Low level of galacto-oligosaccharide in infant formula
stimulates growth of intestinal Bifidobacteria and Lactobacilli. World J. Gastroenterol. 2008, 14, 6564–6568. [CrossRef] [PubMed]

84. Song, X.; Zhong, L.; Lyu, N.; Liu, F.; Li, B.; Hao, Y.; Xue, Y.; Li, J.; Feng, Y.; Ma, Y.; et al. Inulin can alleviate metabolism disorders
in ob/ob mice by partially restoring leptin-related pathways mediated by gut microbiota. Genom. Proteom. Bioinform. 2019, 17,
64–75. [CrossRef] [PubMed]

85. Hu, X.; Ouyang, S.; Xie, Y.; Gong, Z.; Du, J. Characterizing the gut microbiota in patients with chronic kidney disease. Postgrad.
Med. 2020, 132, 495–505. [CrossRef] [PubMed]

86. Kang, X.; Zhan, L.-B.; Lu, X.-G.; Song, J.-B.; Zhong, Y.; Wang, Y.; Yang, Y.-L.; Fan, Z.-W.; Jiang, X.Z.; Sun, R. Characteristics of
gastric microbiota in gk rats with spontaneous diabetes: A comparative study. Diabetes Metab. Syndr. Obes. Targets Ther. 2020, 13,
1435–1447. [CrossRef]

87. Cao, W.; Chin, Y.; Chen, X.; Mi, Y.; Xue, C.; Wang, Y.; Tang, Q. The role of gut microbiota in the resistance to obesity in mice fed a
high fat diet. Int. J. Food Sci. Nutr. 2019, 71, 453–463. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1398-9995.2008.01765.x
http://doi.org/10.3390/pathogens2010055
http://www.ncbi.nlm.nih.gov/pubmed/25436881
http://doi.org/10.1159/000163037
http://www.ncbi.nlm.nih.gov/pubmed/20375571
http://doi.org/10.1017/S0007114518003082
http://doi.org/10.1007/s00394-009-0036-8
http://doi.org/10.1093/femsec/fiy186
http://doi.org/10.1111/asj.13357
http://www.ncbi.nlm.nih.gov/pubmed/32219956
http://doi.org/10.1017/S0007114515004997
http://doi.org/10.1016/j.jaci.2006.02.023
http://doi.org/10.1093/jas/sky110
http://www.ncbi.nlm.nih.gov/pubmed/29800418
http://doi.org/10.3390/microorganisms6030075
http://doi.org/10.1002/mds.28119
http://doi.org/10.1016/j.jff.2017.03.045
http://doi.org/10.1136/gutjnl-2012-303839
http://doi.org/10.1073/pnas.1219451110
http://doi.org/10.3389/fcimb.2020.00063
http://doi.org/10.1016/j.jpba.2017.02.008
http://www.ncbi.nlm.nih.gov/pubmed/28219800
http://doi.org/10.3390/nu11081753
http://www.ncbi.nlm.nih.gov/pubmed/31366090
http://doi.org/10.1016/j.anaerobe.2018.12.001
http://www.ncbi.nlm.nih.gov/pubmed/30529715
http://doi.org/10.3748/wjg.14.6564
http://www.ncbi.nlm.nih.gov/pubmed/19030213
http://doi.org/10.1016/j.gpb.2019.03.001
http://www.ncbi.nlm.nih.gov/pubmed/31026583
http://doi.org/10.1080/00325481.2020.1744335
http://www.ncbi.nlm.nih.gov/pubmed/32241215
http://doi.org/10.2147/DMSO.S242698
http://doi.org/10.1080/09637486.2019.1686608
http://www.ncbi.nlm.nih.gov/pubmed/31774018


Nutrients 2021, 13, 2975 22 of 22

88. Hua, Y.; Fan, R.; Zhao, L.; Tong, C.; Qian, X.; Zhang, M.; Xiao, R.; Ma, W. Trans-fatty acids alter the gut microbiota in high-fat-diet-
induced obese rats. Br. J. Nutr. 2020, 124, 1251–1263. [CrossRef] [PubMed]

89. Haange, S.-B.; Jehmlich, N.; Hoffmann, M.; Weber, K.; Lehmann, J.; Von Bergen, M.; Slanina, U. Disease development is
accompanied by changes in bacterial protein abundance and functions in a refined model of dextran sulfate sodium (DSS)-
induced colitis. J. Proteome Res. 2019, 18, 1774–1786. [CrossRef]

90. Youssef, O.; Lahti, L.; Kokkola, A.; Karla, T.; Tikkanen, M.; Ehsan, H.; Carpelan-Holmström, M.; Koskensalo, S.; Böhling, T.;
Rautelin, H.; et al. Stool microbiota composition differs in patients with stomach, colon, and rectal neoplasms. Dig. Dis. Sci. 2018,
63, 2950–2958. [CrossRef]

91. Liang, J.Q.; Li, T.; Nakatsu, G.; Chen, Y.-X.; Yau, T.O.; Chu, E.; Wong, S.; Szeto, C.H.; Ng, S.C.; Chan, F.K.L.; et al. A novel faecal
Lachnoclostridium marker for the non-invasive diagnosis of colorectal adenoma and cancer. Gut 2020, 69, 1248–1257. [CrossRef]

92. Li, N.; Huang, S.; Jiang, L.; Dai, Z.; Li, T.; Han, D.; Wang, J. Characterization of the early life microbiota development and
predominant Lactobacillus Species at distinct gut segments of low- and normal-birth-weight piglets. Front. Microbiol. 2019, 10, 797.
[CrossRef]

93. Zhang, Y.; Chen, L.; Hu, M.; Kim, J.J.; Lin, R.; Xu, J.; Fan, L.; Qi, Y.; Wang, L.; Liu, W.; et al. Dietary type 2 resistant starch improves
systemic inflammation and intestinal permeability by modulating microbiota and metabolites in aged mice on high-fat diet.
Aging 2020, 12, 9173–9187. [CrossRef]

94. Ju, T.; Kong, J.Y.; Stothard, P.; Willing, B.P. Defining the role of Parasutterella, a previously uncharacterized member of the core
gut microbiota. ISME J. 2019, 13, 1520–1534. [CrossRef]

95. Louis, P.; Flint, H.J. Formation of propionate and butyrate by the human colonic microbiota. Environ. Microbiol. 2017, 19, 29–41.
[CrossRef] [PubMed]

96. Liu, L.; He, Y.; Wang, K.; Miao, J.L.; Zheng, Z. Metagenomics approach to the intestinal microbiome structure and function in high
fat diet-induced obesity in mice fed with conjugated linoleic acid (CLA). Food Funct. 2020, 11, 9729–9739. [CrossRef] [PubMed]

97. Cheng, M.; Zhang, X.; Miao, Y.; Cao, J.; Wu, Z.; Weng, P. The modulatory effect of (-)-epigallocatechin 3-O-(3-O-methyl) gallate
(EGCG3”Me) on intestinal microbiota of high fat diet-induced obesity mice model. Food Res. Int. 2017, 92, 9–16. [CrossRef]
[PubMed]

98. Wüst, P.K.; Horn, M.A.; Drake, H.L. Clostridiaceae and Enterobacteriaceae as active fermenters in earthworm gut content. ISME J.
2010, 5, 92–106. [CrossRef] [PubMed]

99. Chen, Y.-T.; Zeng, Y.; Li, J.; Zhao, X.-Y.; Yi, Y.; Gou, M.; Kamagata, Y.; Narihiro, T.; Nobu, M.K.; Tang, Y.-Q. Novel syntrophic
isovalerate-degrading bacteria and their energetic cooperation with methanogens in methanogenic chemostats. Environ. Sci.
Technol. 2020, 54, 9618–9628. [CrossRef] [PubMed]

100. Petrognani, C.; Boon, N.; Ganigué, R. Production of isobutyric acid from methanol by Clostridium luticellarii. Green Chem. 2020, 22,
8389–8402. [CrossRef]

http://doi.org/10.1017/S0007114520001841
http://www.ncbi.nlm.nih.gov/pubmed/32475367
http://doi.org/10.1021/acs.jproteome.8b00974
http://doi.org/10.1007/s10620-018-5190-5
http://doi.org/10.1136/gutjnl-2019-318532
http://doi.org/10.3389/fmicb.2019.00797
http://doi.org/10.18632/aging.103187
http://doi.org/10.1038/s41396-019-0364-5
http://doi.org/10.1111/1462-2920.13589
http://www.ncbi.nlm.nih.gov/pubmed/27928878
http://doi.org/10.1039/D0FO02112A
http://www.ncbi.nlm.nih.gov/pubmed/33063083
http://doi.org/10.1016/j.foodres.2016.12.008
http://www.ncbi.nlm.nih.gov/pubmed/28290302
http://doi.org/10.1038/ismej.2010.99
http://www.ncbi.nlm.nih.gov/pubmed/20613788
http://doi.org/10.1021/acs.est.0c01840
http://www.ncbi.nlm.nih.gov/pubmed/32667198
http://doi.org/10.1039/D0GC02700F

	Introduction 
	Materials and Methods 
	Animals 
	Experimental Design and Sample Collection 
	pH of Stools and Stomach Content 
	Quantification of Immunoglobulins 
	Gene Expression Analysis 
	Microbiota Composition 
	Quantification of Short-Chain Fatty Acids in the Cecal Content 
	Statistical Analysis 

	Results 
	Growth and Morphometry 
	Fecal and Stomach Content Variables 
	Immunoglobulins in Plasma 
	Gene Expression 
	Microbiota 
	Cecal SCFA Production 

	Discussion 
	Conclusions 
	References

