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Abstract: This study investigated the effect of antibiotics administered to pregnant dams on offspring
gut microbiome composition and metabolic capabilities, and how these changes in the microbiota
may influence their immune responses in both the periphery and the brain. We orally administered a
broad-spectrum antibiotic (ABX) cocktail consisting of vancomycin 0.5 mg/mL, ampicillin 1 mg/mL,
and neomycin 1 mg/mL to pregnant dams during late gestation through birth. Bacterial DNA was
extracted from offspring fecal samples, and 16S ribosomal RNA gene was sequenced by Illumina,
followed by analysis of gut microbiota composition and PICRUSt prediction. Serum and brain
tissue cytokine levels were analyzed by Luminex. Our results indicate that the ABX-cocktail led
to significant diversity and taxonomic changes to the offspring’s gut microbiome. In addition, the
predicted KEGG and MetaCyc pathways were significantly altered in the offspring. Finally, there were
decreased innate inflammatory cytokines and chemokines and interleukin (IL)-17 seen in the brains
of ABX-cocktail offspring in response to lipopolysaccharide (LPS) immune challenge. Our results
suggest that maternal ABX can produce long-lasting effects on the gut microbiome and neuroimmune
responses of offspring. These findings support the role of the early microbiome in the development
of offspring gastrointestinal and immune systems.

Keywords: antibiotics; gut microbiota; dysbiosis; autism spectrum disorder (ASD); lipopolysaccharide
(LPS); Lactobacillus; inflammatory cytokines; interleukin (IL)-17; metabolic pathways

1. Introduction

Autism spectrum disorder (ASD) comprises a group of heterogeneous neurodevelop-
mental disorders best characterized behaviorally by their impairments in communication,
social interactions, and repetitive and/or restrictive interests and behaviors. There are
physiological impairments that often precede and/or exacerbate the behavioral symptoms.
These impairments are not strictly neuronal in nature; we and others have shown that
there is frequently an increase in inflammatory cytokines, immune cell responses, and
altered microbiota profiles, often associated with worsening behavior [1–8]. Gastrointesti-
nal (GI) symptoms have commonly been reported in individuals with ASD, with over
half experiencing some type of GI comorbidity [9]. Despite this, there remain gaps in
our understanding of underlying physiological mechanisms connecting GI symptoms
with ASD impairments. The gut microbiota comprises a variety of microorganisms that
live in the GI tract and play essential roles in health and disease [10]. They can ferment
non-digestible substrates that support the growth of subpopulations of microbes, including
those that produce short-chain fatty acids (SCFAs), such as butyrate [11]. Dysbiosis (or
altered composition) can result in blooming (overgrowth) of under-represented and/or
potentially harmful microbes [12], with or without diminishing otherwise health-promoting
microbe populations. In addition, SCFAs and other bacterial metabolites have been shown
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to have a bidirectional influence on the central nervous system (CNS) with implications for
neuronal development and behavior. This bidirectional communication between the GI
and CNS is the microbiota–gut–brain (MGB) axis [13–15].

As part of the MGB axis, microbes can trigger the release of neurotransmitters by
signaling via toll-like receptors (TLR) and other pattern recognition molecules on epithelial,
immune, and neuronal cells, affecting physiological processes throughout the CNS [16–18].
In addition, bacteria can alter the metabolism of neurotransmitters; for example, Clostridium
can induce decarboxylation of tryptophan to tryptamine affecting serotonin production [19],
while Lactobacillus can metabolize glutamate into the neuronal inhibitor GABA [20]. There
are multiple routes for which molecules involved in the MBG axis (i.e., neurotransmitters,
microbial metabolites, and secreted cytokines) can pass the gut vascular barrier (GVB) and
ultimately reach the brain after crossing the blood–brain barrier (BBB) [21–23]. The MGB
axis has been proposed to be involved in disorders involving neuroimmune interactions,
including ASD. These disorders most often present with sex bias, suggesting the involve-
ment of sex differences in immune responses and gut-microbiota homeostasis [24–26]. The
microbiota has also been shown to participate in the maturation of the immune system; this
occurs during postnatal gut colonization and is thought to persist into adulthood, making
them potential modulators of immune responses throughout the lifespan [27,28]. An invalu-
able tool that provides insight into the MGB axis is antibiotic-induced depletion/dysbiosis
of the microbiota. Dysbiosis of the gut microbiota, as well as inflammation, play key roles
in the pathogenesis of several immunological diseases not limited to ASD [29,30].

Studies of environmental risk factors of ASD have included maternal infections/inflam-
mation or antibiotics during the prenatal and the early postnatal period [31,32]. Prenatal
maternal immune activation (MIA) has been used to model altered neurodevelopment
in animals, including rodents and non-human primates. It may help elucidate potential
mechanisms in disorders such as ASD or schizophrenia. In addition to recapitulating
some of the behavior defects seen in neurodevelopmental disorders [33,34], these animal
models have demonstrated that MIA leads to microbiota dysbiosis as well as impaired
GVB function [35,36], and alterations in the immune profiles of offspring [37,38]. Several
epidemiological studies also have shown an association between antibiotic (ABX) use
during pregnancy and increased risk of developing ASD [39–41], potentially due to al-
tering the microbiome. Together these studies demonstrated the influence that the early
microbiome and ABX have on offspring brain and, subsequently, behavior. Conversely,
in MIA offspring, ABX administered over time to eradicate the gut microbiota dampened
the degree of the maternal immune response during pregnancy, and subsequent effects on
behavior and immune responses in the offspring were blunted [42–46].

The limitations of epidemiological studies on antibiotic administration during ges-
tation can be overcome by using animal models which offer unique utilities, such as
longitudinal evaluation from birth through adulthood. ABX models could represent a
valuable tool, giving insight into how maternal administration of ABX may contribute to
changes in neuroimmune responses and offspring phenotype. Thus, in a modification to
the Rakoff-Nahoum et al. protocol, we generated a maternal ABX model by giving an
ABX-cocktail consisting of vancomycin 0.5 mg/mL, ampicillin 1 mg/mL, and neomycin
1 mg/mL, a treatment that is known to cause severe dysbiosis [17], during pregnancy. ABX
were removed immediately following birth for the maternal microbiome to recover and fos-
ter normal colonization of bacteria from environmental sources, which, together with diet,
may influence the overall composition of the gut microbiota. This allows us to precisely pin-
point the effects of maternal ABX during gestation and parturition. Removal of antibiotics
at birth was also intended to minimize the direct impact on the offspring’s gut microbiota
during nursing, as antibiotics administered to the mother can reach breastmilk [47]. Breast-
milk, free of ABX, is associated with basic essential nutrients, passive antibody transfer,
and microbiota that have considerable health benefits for the offspring [48]. Additionally,
it has been demonstrated that the most consequential timing of perinatal ABX was when
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giving in drinking water to dams and withdrawn at birth, rather than directly to pups or
indirectly through breastmilk to pups after birth [49,50].

As components of the ABX-cocktail can be absorbed through the GI tract, we included
a vancomycin alone group as an additional control as it does not cross the GVB when
administered orally, and targets only Gram-positive bacteria [13]. To adequately assess the
immune profile of offspring, responses to the potent immunogen LPS were evaluated in
offspring from ABX treated dams and vehicle control. To assess the stability of the model,
our mice were weaned at postnatal day 21 (p21); these served as the prepubescent (juvenile)
mice in which secondary sex characteristics start to develop and 6-month mice served as
mature adults in this study.

Gut microbiota influence motor activity and anxiety-like behaviors; these studies
suggest that gut microbiota can also affect the development of the brain and eventually
alter behavior [51–54]. Our study assesses how antibiotic use during pregnancy alters
offspring outcomes by assessing microbiome and immune profiles that predate behavioral
defects and determines if these alterations persist into adulthood. Significant sex differences
occur in neurodevelopmental disorders and in animal models of neurodevelopment, and
these are addressed here. Results from this study highlight that ABX administered during
the late prenatal period through birth have long-lasting effects on the immune system
of offspring, including neuroimmune responses and changes in the composition of the
microbiome. These effects could have long-term consequences for neurodevelopment and
subsequent behavior.

2. Materials and Methods
2.1. Experimental Animals

All breeders are C57BL/6J from Jackson Laboratory (Sacramento, CA, USA). The mice
were allowed to acclimate to our vivarium before any breeding. This study utilized both
male and female offspring. The ages were selected to represent development time points in
a mouse, i.e., from postnatal day 21 (p21) juvenile to 6 months (6m) mature adult mouse.
Mice were fed the same standard chow throughout the study and were housed under
specific pathogen-free conditions with a 12/12 h light/dark cycle at the UC Davis Medical
Center campus. This study was performed in consideration of alleviation of pain and
suffering. The Institutional Animal Care and Use Committee at the University of California
Davis approved these animal studies.

2.2. Maternal ABX

Mice were bred between 6 and 8 weeks of age. Trio breeding was used to increase
breeding efficiency, three cages per group totaling six dams. The embryonic (E) day was
determined by the presence of a vaginal plug marking E0.5, the males were then removed
from the cage. Dams were either untreated (naive group) or treated orally via drinking
water from E14.5 until parturition, i.e., 5–7 days with either vancomycin (0.5 mg/mL) (Alvo-
gen, Morristown, NJ, USA) alone (vancomycin group) or ampicillin (1 mg/mL), neomycin
(1 mg/mL) (MilliporeSigma, Burlington, MA, USA) and vancomycin (0.5 mg/mL) in tan-
dem (ABX-cocktail group). ABX treatment did not affect water consumption or chow.
Fresh antibiotics were maintained in the drinking water until birth, where they were then
switched back to regular drinking water. After birth, dams were placed in individual cages.
The average litter size for these first-time breeders was 7–8 pups and ABX did not alter
litter size. This study focused on the effects of maternal ABX during pregnancy on the
offspring, so they were kept in their groups 2–4 per cage. The untreated naive group served
as the control. Each experimental time point consisted of 1 male and 1 female from each of
the groups of dams.

2.3. Systemic Immune Challenge

We induced a robust systemic immune response by intraperitoneal (IP) injection with
5 mg/kg of body weight LPS from Escherichia coli O55:B5 (MilliporeSigma, Burlington, MA,
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USA) into offspring mice at p21 and 6m. Equivalent volumes of PBS were administered as
a control. Mice were euthanized for tissue and fecal pellets collection 24 h post-injections.
This allowed for enough time for signal transduction, transcription, and protein synthesis
to produce a peak CNS immune response. It also provided time for gut microbiota changes.

2.4. Sample Collection

Mice were placed individually in sterile cages to collect fecal pellets, without risk
of contamination. The collected samples were stored directly on dry ice before being
transferred to −80 ◦C until analysis. Animals were then anesthetized with isoflurane.
Blood was drawn into an uncoated capillary tube via a nick in the cardiac artery. The blood
was transferred to a tube and allowed to clot at room temperature before placing it on
ice. After a 10 min centrifugation at 4 ◦C and 12,000 rpm, blood serum was collected and
stored at −80 ◦C until analysis. Following blood collection, brains were perfused with
HBSS through the left ventricle, then the extracted brain was dissected. The extracted brain
was hemi-sectioned, and the hippocampus was exposed by peeling away the cortex layer;
the exposed hippocampal horn was then also excised. The cecum was then removed from
the gut. All tissue samples were immediately frozen on dry ice and then stored at −80 ◦C
until analysis.

2.5. Microbiota Analysis

Bacterial DNA was extracted from the frozen fecal samples of the naive, vancomycin,
and ABX-cocktail groups at p21 and 6m. Using barcoded primers, the 16S rRNA amplicon
sequencing of the V4 region was performed using the MiSeq platform (Illumina, San Diego,
CA, USA). In brief, the Illumina demultiplexing, merging of the reads and trimming of
the barcodes and primers, and the QC were performed by the UC Davis sequencing core.
FastQ files were then analyzed using the QIIME2 software package v. 2021.2 [55]. We
first used the DADA2 plugin [56], which was used to filter and trim the files reads, find
alternative sequence variants (ACVs), remove chimeras, and then count abundance. We
then used the q2-feature-classifier plugin [57], which was used to identify the most likely
original taxonomic sequences in the sample based on the SILVA 138 database [58] and can
be represented on bar plots. Finally, we used the q2-emperor plugin, which was used to
view sample taxonomic diversity profiles. β-diversity was represented on PCoA plots.

2.6. Cytokine Measurement

Serum was collected from the clotted blood samples. Brain samples were collected
from mice and immediately stored at −80 ◦C until use. Individual brain samples were
suspended in PBS with a protease inhibitor cocktail (Cell Signaling Technology, Danvers,
MA, USA), then physically disrupted by vortexing thoroughly followed by brief sonication.
The disrupted pellets were centrifuged (30,000× g for 10 min at 4 ◦C) to precipitate insoluble
materials. The hippocampus was processed similarly to the whole brain. The concentration
of protein extracts in the supernatant of the brain and hippocampus were measured by
using the BCA protein assay (Thermo Scientific, Waltham, MA, USA). The quantification of
cytokines in samples was then determined using mouse reactive Milliplex™ multiplexing
bead immunoassays (Millipore, Burlington, MA, USA). Serum was run at equal volumes,
while brain supernatant was run at 3.2 µg/µL in accordance with the instructions of the
manufacturer’s protocol. In brief, the supernatant was incubated with antibody-coupled
beads. After a series of washes, a biotinylated detection antibody was added to the
beads, and the reaction mixture was detected by the addition of streptavidin-conjugated to
phycoerythrin. The bead sets were analyzed using a flow-based Luminex™ 100 suspension
array system on the Bio-Plex 200 platform (Bio-Rad Laboratories, Hercules, CA, USA).
The unknown sample cytokine concentrations were then calculated by Bio-Plex Manager
software using a standard curve derived from the known reference cytokine concentrations
supplied by the manufacturer.
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2.7. Metagenome Computation Analysis

16S ASV datasets were used to predict metagenome functional content in each sample
of the naive, vancomycin, and ABX-cocktail groups. Briefly, the 16S ASVs were normalized
and aligned to a reference phylogenetic tree then the predicted functional gene families
and copy numbers for each specific ASV were found. We ran the full PICRUSt2 pipeline
command in QIIME2. As output, we obtained Kyoto Encyclopedia of Genes and Genomes
(KEGG) Orthology metagenome predictions [59] and MetaCyc pathway abundance predic-
tions based on enzyme profile enzyme commission (EC) code and abundances [60]. Linear
discriminant analysis (LDA) effect size (LEfSe) is an algorithm that identifies genomic
features characterizing the differences between biological groups. We used this to compare
the naive, vancomycin, and ABX-cocktail groups. We used the LPS treatment as a sub-
class in this analysis. The grouped data were analyzed using the non-parametric factorial
Kruskal–Wallis with a significance set to <0.05, and pairwise Wilcoxon’s tests. Finally,
LEfSe uses LDA to estimate the effect size of each differentially abundant feature [61]. The
LDA threshold was set at ±2. LEfSe data analysis was prepared using the Huttenhower
Lab Galaxy server.

2.8. Statistical Analysis

Statistical differences in abundances of gut microbiota were analyzed using a two-
way ANOVA followed by the Tukey post-hoc test for multiple comparisons. Data are
presented as mean ± standard error of the mean. Gut microbiota principal coordinate
analysis (PCoA) was performed using Emperor. Stack bar plots were generated in RStudio
v 1.4.1103 software (RStudio, Boston, MA, USA). The Kruskal–Wallis test was used for
the analysis of cytokine data followed by Dunn’s multiple comparison testing. Significant
differences between the three antibiotic groups were represented by *, with * p < 0.05,
** p < 0.01, *** p < 0.001, and **** p < 0.0001. Nonsignificant differences are not indicated in
the figures. All the analyses were performed using Qiime2 software and GraphPad Prism v
9.0 Software (GraphPad, La Jolla, CA, USA). Metagenome analysis used Kruskal–Wallis
with a significance set to p < 0.05, and pairwise Wilcoxon’s tests. LEfSe analysis revealed
significant bacterial differences in gut microbiota between the ABX-treated groups and the
naive group. LDA scores (log10) > 2 and p < 0.05 are shown. Final figures were assembled
using Biorender.com v 2022 (Toronto, ON, Canada).

3. Results
3.1. Maternal ABX Decreases the Diversity of Offspring Gut Microbiota

To assess the impact of maternal ABX on offspring gut microbiota and immunity,
pregnant dams were orally administered ABX on embryonic day 14.5 (E14.5) until the
birth of their pups. The offspring were analyzed at p21 and 6m (Figure 1A). We measured
body and cecum weights and found no significant differences in body weight across
groups or after in vivo LPS challenge (Figure 1B). The ABX-cocktail adults had significantly
larger cecum (p ≤ 0.05), while the cecum weights were significantly decreased (p ≤ 0.001)
following LPS challenge in all groups (Figure 1C and Figure S1). Changes in cecum size
have been associated with altered gut composition and or GI motility. We then analyzed the
gut microbiota by Illumina sequencing of the 16S rRNA gene of bacterial DNA extracted
from fecal samples. We determined the diversity and differential abundance of operational
taxonomic units (OTUs). Diversity can be measured as the degree of heterogeneity within a
group or the difference between two groups. The α-diversity indexes are used to determine
the ecological diversity within microbial communities [62].
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Figure 1. Prenatal ABX administration alters the gut’s microbiota diversity. (A) Experimental timeline
showing maternal ABX treatment, offspring LPS challenge, and collection days. (B,C) Effect of ABX
treatment and LPS challenge on cecum weight and body weight. (D,E) α-diversity indexes using
OTUs and Shannon index based on the Illumina sequencing data (F) β-diversity indexes using
(i) principal coordinate analysis (PCoA) plot and (ii) box plots of distances based on Bray–Curtis
dissimilarity between samples. Each color represents a unique prenatal exposure baseline combined
with or without stimulation: naive = light blue, vancomycin = light red, ABX-cocktail = light purple,
naive LPS = blue, vancomycin LPS = red, and ABX-cocktail LPS = purple. Naive, vancomycin,
and ABX-cocktail samples were run in parallel, the number of mice in each group were male n = 3
and female n = 3. The levels of significance (p-values) were determined by two-way ANOVA test
followed by Tukey post-correction test for multiple comparisons. The values represent means + SEM,
* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001.

We found that gut microbiota α-diversity was not significantly altered by the ABX-
cocktail treatment (Figure 1D,E). Though none reached significance at baseline, there were
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decreases in species richness in the offspring of the ABX-cocktail group as demonstrated by
lower observed OTUs at p21 and at 6m (Figure 1D). β-diversity indexes involve distance
metrics used for differences between microbial communities. There were significant differ-
ences observed in β-diversity in the ABX-cocktail group (Figure 1F). Principal coordinate
analysis (PCoA) comparing Bray–Curtis showed the ABX-cocktail group cluster separately
from the naive group, and this distance was significant (p ≤ 0.0001) at both p21 and 6m
(Figure 1F), with or without LPS stimulation. Generally, gut microbiota diversity and
richness were reduced in the cocktail group in both sexes, depending on age.

In the vancomycin alone treated group, the same concentration of vancomycin (namely,
0.5 mg/mL) as in the ABX-cocktail group was used. However, in contrast, the vancomycin
group showed a trend toward an increase in observed OTU and Shannon index decreases
at p21 (p ≤ 0.01) (Figure 1C, D). However, the vancomycin group microbiota displayed
significantly altered α-diversity without a distinct community clustering or a significant
distance from controls. Though these shifts from naive offspring mice also did not reach
significance, we saw that the cocktail and vancomycin groups are significantly different
from each other. The vancomycin group also clustered close with the naive group in
Bray–Curtis as demonstrated by the overlap (Figure 1F) and had no significant differences
in distance. However, following LPS stimulation, vancomycin groups were significantly
(p ≤ 0.0001) separated from the controls. Though some studies have shown that early life
vancomycin treatment decreased diversity in offspring, they often allowed for postnatal
treatment of dams beyond the first few days of life [63–69].

LPS challenge in vivo can affect α- and β-diversity [70,71]. In our model, we found that
LPS challenge decreased α-diversity in all groups, significantly in the naive and vancomycin
groups at p21 (p ≤ 0.05) and (p ≤ 0.0001), but not 6m (Figure 1C–E). LPS-treatment also
significantly decreased the Shannon index in the vancomycin group at p21 (p ≤ 0.05).
The β-diversity shift was less noticeable in the ABX-cocktail group due to their already
clustering separately from the unstimulated naive group. In general, LPS stimulation leads
to an alteration of the dysbiotic profile as measured by these diversity indexes.

3.2. Offspring Gut Microbiota Homeostasis Is Altered by Maternal ABX

Given the response the maternal ABX-cocktail had on the gut microbiota diversity of
offspring, we next examined how this altered diversity contributes to different taxonomic
profiles. There was a total of 72 fecal samples obtained for sequencing from the naive,
ABX-cocktail, and vancomycin groups. The relative abundance of the gut microbiota
composition was first compared for bacterial phyla present in the samples. In all of
our C57BL/6J naive mice, the most dominant bacteria phyla belonged to Firmicutes and
Bacteroidetes, accounting for more than 98% of the assigned sequences. The remaining phyla
belonged to Proteobacteria, Actinobacteria, and Verrucomicrobia, with relative abundances that
were relatively low or isolated (Figure 2A,B, Table S1). When naive males and females from
p21 were examined, variations at the phylum level were evident, where the Firmicutes were
84% and 78%, the Bacteroidetes were 15% and 21%, and lastly, the phylum Actinobacteria
accounted for 1% in both male and female naive controls. We next examined the ABX-
cocktail group to see how maternal ABX shifted populations at the phyla level. They
did not alter the p21 male phyla composition substantially with Firmicutes at 83% and
Bacteroidetes were 16%. However, females in the ABX-cocktail group experienced a loss of
Bacteroidetes, with Firmicutes increasing to 94%, and Proteobacteria now 4%, Actinobacteria
and Bacteroidetes both accounted for the remaining 1%. In contrast, the p21 vancomycin
males had decreased Firmicutes at 56% and increased Bacteroidetes at 42%, while the p21
females were similar to naive controls, with Firmicutes at 78% and Bacteroidetes at 21%
(Figure 2A, Table S1). In the 6m male and female naive controls, the Firmicutes were 59%
and 75%, and Bacteroidetes were 39% and 23% respectively, with Actinobacteria accounting
for the remaining populations. When we examined the ABX-cocktail group at the phyla
level, the 6m males and females also had differences in populations. The 6m male phyla
composition was Firmicutes at 92% and Bacteroidetes were 8%. However, females in the
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ABX-cocktail group experienced a loss of Firmicutes 74% similar to the naive controls, with
Bacteroidetes 8% similar to the males, with Verrucomicrobia now accounting for 17%, and
Actinobacteria accounting for the remaining 1%. The 6m vancomycin males had decreased
Firmicutes at 35% and increased Bacteroidetes were 57%, while the 6m vancomycin female
Firmicutes were 49% and Bacteroidetes were 41%. The remaining phyla from both sexes came
from Actinobacteria, Proteobacteria, and Verrucomicrobia (Figure 2B, Table S1). Variations at
the phylum level were evident at baseline in both the p21 and 6m.
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Figure 2. Prenatal ABX administration alters offspring gut microbiota taxonomy. (A,B) Rela-
tive abundances of sequences classified to phylum at p21 and 6m, respectively, with Firmicutes
being the most abundant in both. Only phyla with a significant number of reads are shown.
(C) Firmicutes/Bacteroidetes ratios where bars represent the group mean. Each color represents
a unique prenatal basal exposure combined with or without LPS stimulation: naive = light blue,
vancomycin = light red, ABX-cocktail = light purple, naive LPS = blue, vancomycin LPS = red, and
ABX-cocktail LPS = purple. Naive, ABX-cocktail, and vancomycin samples were run in parallel,
the number of mice in each group were male n = 3 and female n = 3. The levels of significance
(p-values) determined by two-way ANOVA test followed by Tukey post-correction test for multiple
comparisons. The bar values represent means + SEM, **** p ≤ 0.0001.
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Following in vivo LPS challenge phyla changes have been detected [70,72]. We found
that LPS challenge had a significant effect on the microbiota at both p21 and 6m timepoints,
depending on the maternal ABX treatment or offspring sex. For instance, in the p21 naive
LPS males and females, Firmicutes were 81% and 75%, and Proteobacteria were 18% and
23%, respectively, with Bacteroidetes accounting for the remaining populations. At 6m, LPS
challenge also altered phyla in naive male and females, Firmicutes were 44% and 58%, and
Bacteroidetes were 41% and 5%, respectively.

When we examined the ABX-cocktail group following LPS to see how maternal ABX
shifted populations at the phyla level, the p21 male phyla composition changed substan-
tially with Firmicutes decreasing to 31%, Bacteroidetes increasing to 34%, and Proteobacteria
increasing to 69%. However, p21 females in the ABX-cocktail group experienced a loss of
the phylum Bacteroidetes, with Firmicutes increasing to 85%, and Proteobacteria increasing to
14%; 6m ABX males with Firmicutes increased to 63%, and Bacteroidetes to 34%; 6m females
in the ABX-cocktail group experienced a loss of the phylum Bacteroidetes, with Firmicutes
increasing to 89%, and Actinobacteria accounting for the remaining population.

After LPS, the vancomycin group had predominantly Firmicutes as the remaining
phylum, with p21 male at 97%, p21 females at 96%, 6m males at 85%, and 6m females
at 98%. Following LPS, the 6m males also sustained some Bacteroidetes at 14% while p21
males and females of both ages had decreased Bacteroidetes to less than 1% (Figure 2A,B).
LPS challenge decreased Bacteroidetes in both sexes at p21 and 6m, which affects their
relationship to Firmicutes. The comparison of the relative abundance of these two phyla is
described as the Firmicutes/Bacteroidetes (F/B) ratio. An increased F/B ratio leads to less
favorable outcomes and has been associated with dysbiosis and metabolic disorders. When
comparing the F/B ratio of our samples, there was a significant increase in the F/B ratio in
the p21 ABX-cocktail females (p ≤ 0.0001) as compared to the naive control; however, the
males were not significant. The 6m males and females had increased F/B but they did not
reach significance following correction for multiple comparisons. The vancomycin group
had F/B ratios similar to the naive controls without LPS stimulation. However, after LPS
stimulation, female offspring from both treatment groups showed alterations in the F/B
ratio (p ≤ 0.0001), but males did not reach significance at any age (Figure 2C).

3.3. Gut Microbiota Relative Abundance Is Altered in a Sex-Dependent Manner

We further characterized the impact of maternal ABX treatment on the offspring
taxonomy by comparing the relative abundance of the gut microbiota composition at the
genus levels using 16S rRNA data [73]. The genus Lactobacillus were the most abundant
bacteria in our naive controls at both the p21 and 6m timepoints (Figure 3A,B). Lactobacillus
johnsonii contributed an average of greater than 40% of the total relative abundance. In the
ABX-cocktail group, Lactobacillus johnsonii was decreased in the males at p21 and 6m, but
this did not reach statistical significance after correction for multiple comparisons even
though 6m males had complete depletion; however, the females had a significant decrease
that depleted this bacteria entirely at p21 (p ≤ 0.0001) and 6m (p ≤ 0.01). Vancomycin alone
did not significantly alter Lactobacillus johnsonii in the offspring in either sex at p21 or 6m.
LPS resulted in robust decreases of Lactobacillus johnsonii in naive p21 mice (p ≤ 0.0001)
of both sexes. A significant reduction was also seen at 6m. This same pattern was seen in
ABX-cocktail male mice at p21 only, as 6m males and all females had negligible amounts of
Lactobacillus johnsonii prior to LPS stimulation. The vancomycin mice did not experience a
decrease in Lactobacillus johnsonii following LPS, rather they were significantly increased
(p ≤ 0.0001) as compared to naive controls, except for 6m males where increases did not
quite reach significance. Surprisingly, there was an increase in Lactobacillus johnsonii after
LPS for p21 males (p ≤ 0.01) (Figure 3C). Lactobacillus murinus was the next most abundant
in the gut microbiota in control mice, accounting for an average of 20% at p21 and 15% at
6m. ABX-cocktail mice had increased Lactobacillus murinus as compared to naive controls.
However, this was only significantly increased (p ≤ 0.05) in the 6m males after correction
for multiple comparisons. Vancomycin mice had drastically depleted Lactobacillus murinus
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in all groups except 6m males that had levels comparable to the controls. LPS treatment did
not result in significant changes in the abundance of Lactobacillus murinus in naive or ABX-
cocktail males at either timepoint; however, Lactobacillus murinus decreased (p ≤ 0.001) at
p21 and increased (p ≤ 0.05) in 6m female ABX-cocktail mice treated with LPS as compared
to males. No differences in these bacteria were seen in any of the vancomycin mice after
LPS (Figure 3D).

Muribaculaceae were the most abundant family from the phyla Bacteroidetes. These
uncultured bacteria species from the Muribaculaceae family accounted for approximately
15–25% of the total relative abundance of the gut microbiota of our naive controls, depend-
ing on sex and age. In the ABX-cocktail group Muribaculaceae was depleted in female p21
mice and was not restored at the 6m time point. Muribaculaceae in p21 ABX-cocktail males
were unaffected; however, at 6m, abundance was reduced. LPS resulted in robust decreases
of Muribaculaceae in all groups except in 6m males. Surprisingly, after LPS challenge the 6m
ABX-cocktail males had significantly increased Muribaculaceae (p ≤ 0.01) (Figure 3D). An-
other member of the phylum Bacteroidetes is Bacteroides thetaiotaomicron which was present
in all the naive mice. The ABX-cocktail group did not have Bacteroides thetaiotaomicron; how-
ever, the vancomycin had significantly more than the naive control p21 males (p ≤ 0.0001)
and p21 females (p ≤ 0.05). Bacteroides thetaiotaomicron was depleted entirely from the
naive and vancomycin groups following LPS challenge, despite vancomycin p21 having a
significantly higher abundance than the naive mice, while the ABX-cocktail did not have
any before or after LPS challenge (Figure 3E).

In addition to diminishing common commensal microbe populations, in vivo LPS
challenge has the propensity to alter the gut microbiota such that the gut could be a more
favorable environment for the growth of under-represented and/or potentially oppor-
tunistic microbes [74–76]. We saw increases in Akkermansia muciniphila (Verrucomicrobia)
and Enterobacteriaceae (Proteobacteria) in response to LPS challenge, depending on sex and
treatment group (Figure 3F,G). The unclassified genera in family Enterobacteriaceae had
the most significant change in the p21 male ABX-cocktail group (p ≤ 0.0001) compared
to naive controls, with substantially increased Enterobacteriaceae (p ≤ 0.0001) after LPS
treatment. Female p21 mice also had an expansion of Enterosbacteriaceae after LPS, but to a
less significant degree than males (p ≤ 0.001). The increases in Enterobacteriaceae were not
seen at 6m. Akkermansia muciniphila increased in males (p ≤ 0.05) and females (p ≤ 0.0001)
of the naive group at 6m after LPS, with higher increases in females (p ≤ 0.001). The 6m
female ABX-cocktail group had increased Akkermansia muciniphila (p ≤ 0.0001) comparing
naive controls; however, after LPS stimulation, there is no significant difference. Bifidobac-
terium pseudolongum belonging to the phyla Actinobacteria, along with additional phyla and
genera, had significant alterations in response to LPS that also varied in a sex-dependent
manner, which was greatly influenced by age (Figure S1). Overall, ABX treatment led to an
alteration in gut microbiota ranging from significant increases to entire depletion of whole
populations, while others had no significant differences regardless of sex.
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Figure 3. Taxonomy representation at genus and species level. (A,B) Relative abundances of se-
quences classified to genus at p21 and 6m respectively, with Lactobacillus being the most abundant in
both. Only the top 10 genera in each are shown, the remaining are summed and greyed. (C) Lactobacillus
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johnsonii, (D) Lactobacillus murinus, (E) Muribaculaceae, (F) Bacteroides thetaiotaomicron, (G) Akkermansia
muciniphila, and (H) Enterobacteriaceae. Each color represents a unique prenatal basal exposure
combined with or without stimulation: naive = light blue, vancomycin = light red, ABX-cocktail
= light purple, naive LPS = blue, vancomycin LPS = red, and ABX-cocktail LPS = purple. Naive,
vancomycin, and ABX-cocktail samples were run in parallel, the number of mice in each group were
male n = 6 and female n = 6. The levels of significance (p-values) determined by two-way ANOVA
test followed by Tukey post-correction test for multiple comparisons. The bar values represent
means + SEM, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001.

3.4. Maternal Gut ABX Influences CNS Cytokine Levels in the Offspring

We next assessed whether altered gut microbiota in the offspring resulting from ma-
ternal ABX treatment influenced cytokine patterns in the periphery and brain. Luminex
multiplex cytokine assay was performed, starting with serum samples in an effort to char-
acterize peripheral inflammation. Serum cytokines in the treatment groups were generally
not different from the naive controls at either timepoint, except for reduced production of
IFN-γ (p ≤ 0.05) by ABX-cocktail mice compared to the naive controls at 6m (Figure S3).
These results show that although ABX-cocktail resulted in altered gut microbiota, this
generally did not significantly alter the serum concentration of pro-inflammatory cytokines.
However, following LPS challenge, cytokines increased in each group, as expected. How-
ever, cytokines increased in the ABX-cocktail offspring significantly more than the naive
controls after LPS challenge (Figure 4A and Figure S2).

We next characterized cytokines in the CNS by measuring whole brain cytokine
levels. The ABX-cocktail group produced significantly less TNF-α is (p ≤ 0.0001) and IL-10
(p ≤ 0.05) at p21, and IL-17 (p ≤ 0.05) at 6m (Figure 4B). Due to the role of the hippocampus
in social memory and behavior [77] and the fact that it is highly vulnerable to external
stimuli we next measured cytokines in this specific region. Here, the ABX-cocktail group
produced significantly less IL-10 (p ≤ 0.05) and IL-17 (p ≤ 0.05) at p21 (Figure 4C), and
significantly less IFN-γ (p ≤ 0.05) at 6m (Figure S3). The vancomycin group cytokines were
not significantly different from the naive controls, except for decreased IL-17 (p ≤ 0.05) in
the whole brain and decreased IL-6 (p ≤ 0.05) in the hippocampus, both at 6m.

Following LPS challenge, cytokines increased overall in serum and brain tissue at both
timepoints; however, this differed depending on the group (Figure 4 and Figure S2). In
the ABX-cocktail group, LPS treatment induced significantly less peripheral IL-1α at 6m
(Figure S3), significantly less TNF-α (p ≤ 0.001) and IL-1α (p ≤ 0.05) in the brain at p21
(Figure 4B) compared to the LPS treated naive control. In the hippocampus, LPS-treated
ABX-cocktail mice produced significantly less IL-6 (p ≤ 0.005), IL-10 (p ≤ 0.05), IL-17
(p ≤ 0.01), and Regulated on Activation, Normal T cell Expressed and Secreted (RANTES)
(p ≤ 0.05) at p21 and TNF-α (p ≤ 0.001) and IL-17 (p ≤ 0.01) at 6m when compared to the
control mice (Figure 4C). Overall, the vancomycin group had significantly higher serum
cytokines while the ABX-cocktail had significantly less cytokines in the CNS. Therefore, we
confirmed that maternal ABX alters offspring neuroimmune responses.
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Figure 4. Inducible cytokines are affected by ABX exposure. Luminex data showing the responses of
IL-6, TNFα, IL-17, IL-10, and RANTES from (A) serum (B) brain and (C) hippocampus. Each color
represents a unique prenatal basal exposure with or without LPS stimulation: naive = light blue,
vancomycin = light red, ABX-cocktail = light purple, naive LPS = blue, vancomycin LPS = red, and
ABX-cocktail LPS = purple. Naive, vancomycin, and ABX-cocktail samples were run in parallel. The
levels of significance (p-values) determined by Kruskal–Wallis with Dunn’s multiple comparison test.
Values represent median (min-max), * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001.

3.5. Maternal ABX Alters Predicted Metabolic Pathways

To assess the impact of maternal ABX on functional metabolic profiles of offspring gut
microbiota, we performed pathway profiling based on predicted metagenomic functions
using the bioinformatic tool PICRUSt2 [78] to predict the relative abundances of functional
categories and show the deduced functional capacities ranked by the highest effect size
associated with the naive, ABX-cocktail, and vancomycin alone groups. The predictive
functional capacity of microbiota from each group were first determined by linear dis-
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criminative analysis (LDA) effect size (LEfSe) analysis of MetaCyc pathways. A total of
44 MetaCyc pathways were biologically significant of those identified in all samples. The
ABX-cocktail male microbiota had no significant changes of pathways at p21 (Figure 5A),
while there was a decrease in a single pathway in p21 female microbiota associated with
glycerol degradation to butanol, represented by a negative LDA score (Figure 5B). The
microbiota from 6m ABX-cocktail males had predicted increases in 5 pathways associated
with amino acid production, represented by a positive LDA score (Figure 5C), while in
the 6m females there were decreases in four pathways also associated with amino acid
production (Figure 5D). Of these, L-threonine biosynthesis was the only pathway affected in
both males and females; however, they had opposing LDA scores with 6m female pathways
being negatively affected.

In the vancomycin alone group, the methylerythritol phosphate pathway (MEP) I and
MEP II were increased in p21 males. In p21 females, a higher abundance of microbial genes
associated with glycolysis I from glucose 6-phosphate and L-tryptophan biosynthesis in
the vancomycin treatment group. At adulthood, additional pathways were enriched in the
vancomycin group—including glycolysis and TCA cycle. Components of the MEP pathway
seen in the p21 male mice are still observed in the 6m males adults, with an additional
upregulation of the shikimate pathway for the biosynthesis of tryptophan, phenylalanine,
and tyrosine [79] in the 6m male vancomycin group (i.e., chorismate biosynthesis I and cho-
rismate biosynthesis from 3-dehydroquinate). Overall, separate pathways were predicted
for males and females at p21 and 6m with few exceptions. We see the methylerythritol phos-
phate pathway (MEP) I/II in males from both ages, and TCA and L-threonine biosynthesis
in 6m from male and females.

Analysis of functional capacity was further characterized using KEGG orthologs [60].
The p21 ABX-cocktail males were the only group with negative LDA score for KEGG
orthologs (Figure S5). In contrast, the p21 females had increases in only one KEGG ortholog
with no decreases. In the ABX group, 6m males had more significantly increased orthologs
than the 6m females had, this increase in KEGG ortholog was more than any other group,
for instance, p21 and 6m naive females had only one significantly increased ortholog.
Overall, our group-wise comparison of functional metabolic profiles only revealed negative
LDA scores in the juvenile males from the ABX-cocktail group. Together these data suggest
that multiple MetaCyc pathways and KEGG orthologs were affected, most likely due to
shifts in the relative abundance of the microbes and their associated metabolic capacities
(Figure S4).
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Figure 5. PICRUSt predictions of metabolic pathways. Functional summary for MetaCyc pathways,
Linear discriminant analysis (LDA) effect size (LEfSe) analysis revealed significant bacterial differ-
ences in gut microbiota between the antibiotic-treated groups and naive group from (A) p21 male, (B)
p21 female, (C) 6m male, and (D) 6m female. LDA scores (log10) > 2 and p < 0.05 are shown. When all
three groups are present: naive = green, vancomycin = blue, and ABX-cocktail = red. Otherwise, they
correspond to their specific legend. The male n = 6 and female n = 6 for each group.

4. Discussion

Public policy for the use of antibiotics during labor was enacted in the 1990s to prevent
sepsis caused by Group B Streptococcus species [80], prior to our burgeoning understand-
ing of the importance of the microbiota. Since then, the use of prophylactic antibiotics
given during delivery has increased to greater than 30% of all deliveries in the United
States [81]. ABX treatment strongly disrupts and reduces the microbial communities in the
gut [63–66,69]; however, much less is known on how maternal ABX impacts the offspring
in ABX-treated dams during gestation and there remain significant gaps in our under-
standing of the health risks of intrapartum antibiotics to the offspring [82,83]. Antibiotics
during labor and delivery are known to decrease the diversity of the microbiota in the
offspring, including depletion of important early colonizers such as Bifidobacteria [84–87];
thus, research to identify potential long-term effects and outcomes is critically needed, and
our study helps to fill this knowledge gap.
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Comparing the relative abundance of specific bacteria across taxonomic levels is es-
sential for determining how maternal ABX affects offspring gut microbiota. Overall, we
generally found lower diversity within ABX-cocktail samples, differing microbial commu-
nities across groups, and changes in gut microbiota that ranged from large expansions
to complete loss of populations. Loss of diversity is a typical finding in dysbiosis and is
associated with a number of disease states that have risen in prevalence in Western societies
where overuse of antibiotics is common. These include, but are not limited to, metabolic
disorders (i.e., obesity, type II diabetes), immune-mediated disorders including autoim-
mune disorders such as multiple sclerosis and rheumatoid arthritis, and gut disorders
and inflammatory bowel disease [88]. Reduced diversity and dysbiosis have been seen
previously in ASD, and gut dysfunction is common in this disorder [89]; therefore, more
research is needed in this area to determine if dysbiosis is contributing pathogenesis of
these disorders.

Early colonizers of the gut microbiota alter the environment and affect future popula-
tions; for example, bacteria influence the secretion of mucus and antimicrobial peptides
by epithelial cells and can alter pH and oxygen tension [90]. Thus, early life microbiota
plays a significant role in the future composition of the community. Although not seen
in large numbers in mice, Actinobacteria are important early colonizers of the human
gut, specifically Bifidobacterium which predominate in the presence of human breastmilk
oligosaccharides [91]. Our findings that maternal ABX can deplete entire phyla, such as
Bacteroidetes or Actinobacteria, could have implications for human infant gut health.

In general, comparing Firmicutes to Bacteroidetes is considered to be of significant
relevance in human gut microbiota composition and a good indicator of gut homeostasis.
The ratio between these two phyla has been termed the F/B ratio and is associated with
maintaining homeostasis; changes in the F/B ratio have been associated with dysbiosis,
with increased ratios associated with inflammatory disorders and obesity [92]. We found
an increased F/B ratio in the ABX-cocktail and vancomycin groups following LPS due to
decreases in Bacteroidetes, namely from Bacteroides thetaiotaomicron; however, this increase
was only significant in p21 ABX-cocktail females, highlighting sex differences. Both male
and female ABX-cocktail mice completely lost Bacteroides thetaiotaomicron at both time points
and p21 females had a significant reduction the Muribaculaceae family which have been
shown to correlate with butyrate production [93]. Butyrate and other SCFA play essential
roles in maintaining gut immune homeostasis and have the potential to exert multiple
effects not limited to influencing gut motility, GVB permeability, and modulating inflamma-
tion [94,95]. Members of this family also play a vital role in modulating energy metabolism
in mice due to their specialization in the fermentation of complex polysaccharides [96].
The cecum is the microbial fermentation site for many SCFA [97]. The ABX-cocktail group
having a significantly increased cecum size was due to the females, highlighting another
sex difference.

In this study, Lactobacillus populations are drastically influenced by maternal ABX. We
can postulate that these dramatic shifts in Lactobacillus abundance might alter expression
of neuromodulators important for development behavior in the ABX-cocktail group. For
example, Lactobacillus johnsonii has been shown to increase BDNF in the hippocampus
while suppressing TNF-α expression. Lactobacillus johnsonii has also been shown to ame-
liorate some autistic features in mice such as altered cytokines and neuronal signaling
pathway [98–100]. Other Lactobacillus strains, including L. rhamnosus and L. reuteri, have
been found to influence social and emotional behaviors, alter expression of GABA receptors,
and influence production of oxytocin, suggesting that certain Lactobacillus species may have
therapeutic potential [20,101,102].

Some of the changes seen in less-represented taxa have the potential to disrupt gut
homeostasis; for example, although many members of the Enterobacteriaceae Gram-negative
family of bacteria are considered commensal, some members are pathogenic and have
been associated with inflammatory bowel disease [103]. Other changes could be transient
and less harmful; for example, expansion of Akkermansia muciniphila after LPS challenge
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is likely due to sickness behavior caused by inflammation, as this condition is known to
cause this expansion [104]. However, overall, these findings point to how specific bacterial
populations can potentially contribute to the loss of gut homeostasis.

We used cytokine concentrations as a comparative measure for the stability of immune
responses of offspring and saw significant shifts in pro-inflammatory cytokines in the
offspring from ABX treated dams, depending on group, age, and sex. Cytokines are key
mediators of intercellular signaling and communication, as well as inflammatory responses.
They are a diverse group of small proteins produced by cells, which lead to immune cell
activation and production of additional pro- or anti-inflammatory cytokines, both of which
are essential in influencing and regulating an immune response [105]. Pro-inflammatory
cytokines can disrupt the microbiome and impact GVB function [27,106]. Significantly,
cytokines must be tightly regulated in the brain for proper neurodevelopment and brain
function [107]. Our findings warrant further research to determine if these shifts in brain
cytokines due to maternal ABX lead to pathological outcomes.

We hypothesize that fewer changes persist at 6 months due to stabilization of the adult
microbiota, while p21 microbiota is labile and more susceptible to large changes from early
influences. However, when we look at predicted KEGG and MetaCyc pathways, we do see
differences in the adults. Additionally, 6m have taxonomic differences not seen at p21. The
functional capacity of the gut microbiota can give further insight into the effect maternal
ABX had on the offspring. In our analysis, the ABX-cocktail adults had a different set of
predicted metabolic pathways altered, mainly involving production of amino acids, and
these were oppositely predicted based on age. Amino acid metabolism by the microbiota
can shift bioavailability of amino acids for the host, increasing or decreasing them based on
available substrate. Release of amino acids by the microbiota can also become precursors
to other microbial molecules, including SCFA and neurotransmitters [108,109]. Amino
acids are altered in ASD [110]; additionally, ASD microbiota transplanted into mice led
to ASD-like behaviors associated with microbial metabolites, including altered amino
acids [111,112]. Shifts in pathways noted in the vancomycin mice provide evidence that
even moderate dysbiosis from maternal ABX is capable of significant changes in microbial
metabolism that may ultimately have consequences for the host.

Despite a relatively small sample size, our study provides evidence of how antibiotics
administered acutely during gestation can significantly influence offspring microbiota
and immune outcomes. The maternal antibiotics were removed from drinking water
immediately following birth to limit breastmilk transfer and any direct pup exposure. It is
possible that there was carryover to breastmilk very early on. Behavioral analyses were
outside the scope of this study and should be a focus of future studies. Behaviorally, we
believe the best approach here would be to perform assays that are implicated in a number
of neurodevelopmental disorders such as reciprocal social interactions, social approach,
social preference, stereotyped and repetitive behaviors, fear, and anxiety. Additionally, due
to sequencing limitations, we could not determine the exact species for all reads. These
species were represented as ‘uncultured bacterium’ and some had multiple read variations
detected which behave similarly for the most part. That is why we combined the different
OTUs, for example Muribaculaceae. However, despite these limitations, we were still able to
detect ABX-treatment, age, and even sex differences, thus increasing our understanding of
the gut microbiota and the long-lasting differential effect maternal antibiotic use can have
on the microbiota of male and female offspring.

5. Conclusions

Our results suggest that maternal ABX treatment leads to significantly altered gut
bacterial communities, α-diversity, and β-diversity in offspring. Taxonomic variation
because of maternal ABX differentially affects male and female offspring. This is highlighted
in how the F/B ratios differ in females only. Maternal ABX alters CNS cytokine profile
in offspring, resulting in decreased inflammatory cytokines, including IL-6, in the brain.
Predicted metabolic pathways were increased in the antibiotic treatment groups, and this
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pathway influence was increased in male and female adult offspring. Together, these
results further suggest that administration of ABX during late gestation and delivery
could profoundly influence offspring microbiota and immune outcomes, with alterations
that persist into adulthood. Future studies may disentangle the role of this altered gut
microbiota on behavior outcomes, particularly those mentioned associated with ASD and
how sex differences influence them.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines10051042/s1, Figure S1: Prenatal ABX administration alters the guts microbiota
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Taxonomy representation at genus and species level; Figure S4: Inducible cytokines are affected by
ABX exposure; Figure S5: PICRUSt predictions of metabolic pathways; and Table S1: Percentage
relative abundances of sequences classified to phylum.

Author Contributions: P.A., H.K.H. and A.M.M. conceived and designed the study. A.M.M. per-
formed the experiments and analyzed the data. A.M.M., H.K.H. and P.A. wrote and edited the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This material is based upon work supported by the National Institute of Child Health and
Disease (R01HD090214), Autism Research Institute, Grace Gardner Johnson and Jane B. Johnson,
Brain Foundation, CTSC Pilot Translational and Clinical Studies Program, A Child/Lifespan Health
Award, and the UC Davis MIND Institute.

Institutional Review Board Statement: The Institutional Animal Care and Use Committee at the
University of California Davis approved these animal studies under protocol #20808—dysbiosis and
neurodevelopment.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author.

Acknowledgments: We would like to acknowledge the supported by a National Institute of Mental
Health funded training program “Interdisciplinary Training for Autism Researchers, T32 MH073124”.
We would also like to thank Melanie Gareau for her advice and help with the model.

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

References
1. Rose, D.R.; Yang, H.; Serena, G.; Sturgeon, C.; Ma, B.; Careaga, M.; Hughes, H.K.; Angkustsiri, K.; Rose, M.; Hertz-Picciotto, I.; et al.

Differential immune responses and microbiota profiles in children with autism spectrum disorders and co-morbid gastrointestinal
symptoms. Brain Behav. Immun. 2018, 70, 354–368. [CrossRef] [PubMed]

2. Ashwood, P.; Krakowiak, P.; Hertz-Picciotto, I.; Hansen, R.; Pessah, I.; Van de Water, J. Elevated plasma cytokines in autism
spectrum disorders provide evidence of immune dysfunction and are associated with impaired behavioral outcome. Brain Behav.
Immun. 2011, 25, 40–45. [CrossRef] [PubMed]

3. Ashwood, P.; Krakowiak, P.; Hertz-Picciotto, I.; Hansen, R.; Pessah, I.N.; Van de Water, J. Altered T cell responses in children with
autism. Brain Behav. Immun. 2011, 25, 840–849. [CrossRef] [PubMed]

4. Suzuki, K.; Matsuzaki, H.; Iwata, K.; Kameno, Y.; Shimmura, C.; Kawai, S.; Yoshihara, Y.; Wakuda, T.; Takebayashi, K.; Takagai, S.;
et al. Plasma cytokine profiles in subjects with high-functioning autism spectrum disorders. PLoS ONE 2011, 6, e20470. [CrossRef]

5. Strati, F.; Cavalieri, D.; Albanese, D.; De Felice, C.; Donati, C.; Hayek, J.; Jousson, O.; Leoncini, S.; Renzi, D.; Calabro, A.; et al.
New evidences on the altered gut microbiota in autism spectrum disorders. Microbiome 2017, 5, 24. [CrossRef]

6. Williams, B.L.; Hornig, M.; Buie, T.; Bauman, M.L.; Cho Paik, M.; Wick, I.; Bennett, A.; Jabado, O.; Hirschberg, D.L.; Lipkin, W.I.
Impaired carbohydrate digestion and transport and mucosal dysbiosis in the intestines of children with autism and gastrointestinal
disturbances. PLoS ONE 2011, 6, e24585. [CrossRef]

7. Wang, L.; Christophersen, C.T.; Sorich, M.J.; Gerber, J.P.; Angley, M.T.; Conlon, M.A. Low relative abundances of the mucolytic
bacterium Akkermansia muciniphila and Bifidobacterium spp. in feces of children with autism. Appl. Environ. Microbiol. 2011, 77,
6718–6721. [CrossRef]

8. Adams, J.B.; Johansen, L.J.; Powell, L.D.; Quig, D.; Rubin, R.A. Gastrointestinal flora and gastrointestinal status in children with
autism–comparisons to typical children and correlation with autism severity. BMC Gastroenterol. 2011, 11, 22. [CrossRef]

https://www.mdpi.com/article/10.3390/biomedicines10051042/s1
https://www.mdpi.com/article/10.3390/biomedicines10051042/s1
http://doi.org/10.1016/j.bbi.2018.03.025
http://www.ncbi.nlm.nih.gov/pubmed/29571898
http://doi.org/10.1016/j.bbi.2010.08.003
http://www.ncbi.nlm.nih.gov/pubmed/20705131
http://doi.org/10.1016/j.bbi.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20833247
http://doi.org/10.1371/journal.pone.0020470
http://doi.org/10.1186/s40168-017-0242-1
http://doi.org/10.1371/journal.pone.0024585
http://doi.org/10.1128/AEM.05212-11
http://doi.org/10.1186/1471-230X-11-22


Biomedicines 2022, 10, 1042 19 of 22

9. Restrepo, B.; Angkustsiri, K.; Taylor, S.L.; Rogers, S.J.; Cabral, J.; Heath, B.; Hechtman, A.; Solomon, M.; Ashwood, P.; Amaral,
D.G.; et al. Developmental-behavioral profiles in children with autism spectrum disorder and co-occurring gastrointestinal
symptoms. Autism. Res. 2020, 13, 1778–1789. [CrossRef]

10. Shreiner, A.B.; Kao, J.Y.; Young, V.B. The gut microbiome in health and in disease. Curr. Opin. Gastroenterol. 2015, 31, 69–75.
[CrossRef]

11. Furusawa, Y.; Obata, Y.; Fukuda, S.; Endo, T.A.; Nakato, G.; Takahashi, D.; Nakanishi, Y.; Uetake, C.; Kato, K.; Kato, T.;
et al. Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature 2013, 504, 446–450.
[CrossRef] [PubMed]

12. Stecher, B.; Maier, L.; Hardt, W.D. ‘Blooming’ in the gut: How dysbiosis might contribute to pathogen evolution. Nat. Rev.
Microbiol. 2013, 11, 277–284. [CrossRef] [PubMed]

13. Cryan, J.F.; O'Riordan, K.J.; Cowan, C.S.M.; Sandhu, K.V.; Bastiaanssen, T.F.S.; Boehme, M.; Codagnone, M.G.; Cussotto, S.;
Fulling, C.; Golubeva, A.V.; et al. The Microbiota-Gut-Brain Axis. Physiol. Rev. 2019, 99, 1877–2013. [CrossRef] [PubMed]

14. Morais, L.H.; Schreiber, H.L.H.; Mazmanian, S.K. The gut microbiota-brain axis in behaviour and brain disorders. Nat. Rev.
Microbiol. 2021, 19, 241–255. [CrossRef] [PubMed]

15. Bercik, P.; Collins, S.M.; Verdu, E.F. Microbes and the gut-brain axis. Neurogastroenterol. Motil. 2012, 24, 405–413. [CrossRef]
16. Agirman, G.; Hsiao, E.Y. SnapShot: The microbiota-gut-brain axis. Cell 2021, 184, 2524–2524.e1. [CrossRef]
17. Rakoff-Nahoum, S.; Paglino, J.; Eslami-Varzaneh, F.; Edberg, S.; Medzhitov, R. Recognition of commensal microflora by toll-like

receptors is required for intestinal homeostasis. Cell 2004, 118, 229–241. [CrossRef] [PubMed]
18. d’Hennezel, E.; Abubucker, S.; Murphy, L.O.; Cullen, T.W. Total Lipopolysaccharide from the Human Gut Microbiome Silences

Toll-Like Receptor Signaling. mSystems 2017, 2, e00046-17. [CrossRef]
19. Roager, H.M.; Licht, T.R. Microbial tryptophan catabolites in health and disease. Nat. Commun. 2018, 9, 3294. [CrossRef]
20. Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, H.M.; Dinan, T.G.; Bienenstock, J.; Cryan, J.F. Ingestion of

Lactobacillus strain regulates emotional behavior and central GABA receptor expression in a mouse via the vagus nerve. Proc.
Natl. Acad. Sci. USA 2011, 108, 16050–16055. [CrossRef]

21. Varatharaj, A.; Galea, I. The blood-brain barrier in systemic inflammation. Brain Behav. Immun. 2017, 60, 1–12. [CrossRef]
[PubMed]

22. Paysour, M.J.; Bolte, A.C.; Lukens, J.R. Crosstalk Between the Microbiome and Gestational Immunity in Autism-Related Disorders.
DNA Cell Biol. 2019, 38, 405–409. [CrossRef] [PubMed]

23. Parker, A.; Fonseca, S.; Carding, S.R. Gut microbes and metabolites as modulators of blood-brain barrier integrity and brain
health. Gut Microbes 2020, 11, 135–157. [CrossRef] [PubMed]

24. Bruce, M.; Streifel, K.M.; Boosalis, C.A.; Heuer, L.; Gonzalez, E.A.; Li, S.; Harvey, D.J.; Lein, P.J.; Van de Water, J. Acute peripheral
immune activation alters cytokine expression and glial activation in the early postnatal rat brain. J. Neuroinflammation 2019,
16, 200. [CrossRef]

25. Elderman, M.; Hugenholtz, F.; Belzer, C.; Boekschoten, M.; van Beek, A.; de Haan, B.; Savelkoul, H.; de Vos, P.; Faas, M. Sex and
strain dependent differences in mucosal immunology and microbiota composition in mice. Biol. Sex Differ. 2018, 9, 26. [CrossRef]

26. Heidari, S.; Babor, T.F.; De Castro, P.; Tort, S.; Curno, M. Sex and Gender Equity in Research: Rationale for the SAGER guidelines
and recommended use. Res. Integr. Peer. Rev. 2016, 1, 2. [CrossRef]

27. Belkaid, Y.; Hand, T.W. Role of the microbiota in immunity and inflammation. Cell 2014, 157, 121–141. [CrossRef]
28. Pickard, J.M.; Zeng, M.Y.; Caruso, R.; Nunez, G. Gut microbiota: Role in pathogen colonization, immune responses, and

inflammatory disease. Immunol. Rev. 2017, 279, 70–89. [CrossRef]
29. Carding, S.; Verbeke, K.; Vipond, D.T.; Corfe, B.M.; Owen, L.J. Dysbiosis of the gut microbiota in disease. Microb. Ecol. Health Dis.

2015, 26, 26191. [CrossRef]
30. Cao, X.; Liu, K.; Liu, J.; Liu, Y.W.; Xu, L.; Wang, H.; Zhu, Y.; Wang, P.; Li, Z.; Wen, J.; et al. Dysbiotic Gut Microbiota and

Dysregulation of Cytokine Profile in Children and Teens With Autism Spectrum Disorder. Front. Neurosci. 2021, 15, 635925.
[CrossRef]

31. Croen, L.A.; Qian, Y.; Ashwood, P.; Zerbo, O.; Schendel, D.; Pinto-Martin, J.; Daniele Fallin, M.; Levy, S.; Schieve, L.A.;
Yeargin-Allsopp, M.; et al. Infection and Fever in Pregnancy and Autism Spectrum Disorders: Findings from the Study to Explore
Early Development. Autism. Res. 2019, 12, 1551–1561. [CrossRef] [PubMed]

32. Careaga, M.; Murai, T.; Bauman, M.D. Maternal Immune Activation and Autism Spectrum Disorder: From Rodents to Nonhuman
and Human Primates. Biol. Psychiatry 2017, 81, 391–401. [CrossRef] [PubMed]

33. Bauman, M.D.; Iosif, A.M.; Smith, S.E.; Bregere, C.; Amaral, D.G.; Patterson, P.H. Activation of the maternal immune system
during pregnancy alters behavioral development of rhesus monkey offspring. Biol. Psychiatry 2014, 75, 332–341. [CrossRef]
[PubMed]

34. Malkova, N.V.; Yu, C.Z.; Hsiao, E.Y.; Moore, M.J.; Patterson, P.H. Maternal immune activation yields offspring displaying mouse
versions of the three core symptoms of autism. Brain Behav. Immun. 2012, 26, 607–616. [CrossRef] [PubMed]

35. McBride, S.W.; Hsien, S.; Sharon, G.; Hyde, E.R.; McCue, T.; Codelli, J.A.; Chow, J.; Reisman, S.E.; Petrosino, J.F.; Patterson, P.H.;
et al. Microbiota modulate behavioral and physiological abnormalities associated with neurodevelopmental disorders. Cell 2013,
155, 1451–1463. [CrossRef]

http://doi.org/10.1002/aur.2354
http://doi.org/10.1097/MOG.0000000000000139
http://doi.org/10.1038/nature12721
http://www.ncbi.nlm.nih.gov/pubmed/24226770
http://doi.org/10.1038/nrmicro2989
http://www.ncbi.nlm.nih.gov/pubmed/23474681
http://doi.org/10.1152/physrev.00018.2018
http://www.ncbi.nlm.nih.gov/pubmed/31460832
http://doi.org/10.1038/s41579-020-00460-0
http://www.ncbi.nlm.nih.gov/pubmed/33093662
http://doi.org/10.1111/j.1365-2982.2012.01906.x
http://doi.org/10.1016/j.cell.2021.03.022
http://doi.org/10.1016/j.cell.2004.07.002
http://www.ncbi.nlm.nih.gov/pubmed/15260992
http://doi.org/10.1128/mSystems.00046-17
http://doi.org/10.1038/s41467-018-05470-4
http://doi.org/10.1073/pnas.1102999108
http://doi.org/10.1016/j.bbi.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/26995317
http://doi.org/10.1089/dna.2019.4653
http://www.ncbi.nlm.nih.gov/pubmed/30817175
http://doi.org/10.1080/19490976.2019.1638722
http://www.ncbi.nlm.nih.gov/pubmed/31368397
http://doi.org/10.1186/s12974-019-1569-2
http://doi.org/10.1186/s13293-018-0186-6
http://doi.org/10.1186/s41073-016-0007-6
http://doi.org/10.1016/j.cell.2014.03.011
http://doi.org/10.1111/imr.12567
http://doi.org/10.3402/mehd.v26.26191
http://doi.org/10.3389/fnins.2021.635925
http://doi.org/10.1002/aur.2175
http://www.ncbi.nlm.nih.gov/pubmed/31317667
http://doi.org/10.1016/j.biopsych.2016.10.020
http://www.ncbi.nlm.nih.gov/pubmed/28137374
http://doi.org/10.1016/j.biopsych.2013.06.025
http://www.ncbi.nlm.nih.gov/pubmed/24011823
http://doi.org/10.1016/j.bbi.2012.01.011
http://www.ncbi.nlm.nih.gov/pubmed/22310922
http://doi.org/10.1016/j.cell.2013.11.024


Biomedicines 2022, 10, 1042 20 of 22

36. Kim, S.; Kim, H.; Yim, Y.S.; Ha, S.; Atarashi, K.; Tan, T.G.; Longman, R.S.; Honda, K.; Littman, D.R.; Choi, G.B.; et al. Maternal gut
bacteria promote neurodevelopmental abnormalities in mouse offspring. Nature 2017, 549, 528–532. [CrossRef]

37. Choi, G.B.; Yim, Y.S.; Wong, H.; Kim, S.; Kim, H.; Kim, S.V.; Hoeffer, C.A.; Littman, D.R.; Huh, J.R. The maternal interleukin-17a
pathway in mice promotes autism-like phenotypes in offspring. Science 2016, 351, 933–939. [CrossRef]

38. Hsiao, E.Y.; McBride, S.W.; Chow, J.; Mazmanian, S.K.; Patterson, P.H. Modeling an autism risk factor in mice leads to permanent
immune dysregulation. Proc. Natl. Acad. Sci. USA 2012, 109, 12776–12781. [CrossRef]

39. Atladottir, H.O.; Henriksen, T.B.; Schendel, D.E.; Parner, E.T. Autism after infection, febrile episodes, and antibiotic use during
pregnancy: An exploratory study. Pediatrics 2012, 130, e1447–e1454. [CrossRef]

40. Holingue, C.; Brucato, M.; Ladd-Acosta, C.; Hong, X.; Volk, H.; Mueller, N.T.; Wang, X.; Fallin, M.D. Interaction between Maternal
Immune Activation and Antibiotic Use during Pregnancy and Child Risk of Autism Spectrum Disorder. Autism. Res. 2020, 13,
2230–2241. [CrossRef]

41. Hamad, A.F.; Alessi-Severini, S.; Mahmud, S.M.; Brownell, M.; Kuo, I.F. Prenatal antibiotics exposure and the risk of autism
spectrum disorders: A population-based cohort study. PLoS ONE 2019, 14, e0221921. [CrossRef] [PubMed]

42. Knoop, K.A.; McDonald, K.G.; Kulkarni, D.H.; Newberry, R.D. Antibiotics promote inflammation through the translocation of
native commensal colonic bacteria. Gut 2016, 65, 1100–1109. [CrossRef] [PubMed]

43. Caliskan, G.; French, T.; Enrile Lacalle, S.; Del Angel, M.; Steffen, J.; Heimesaat, M.M.; Rita Dunay, I.; Stork, O. Antibiotic-induced
gut dysbiosis leads to activation of microglia and impairment of cholinergic gamma oscillations in the hippocampus. Brain Behav.
Immun. 2022, 99, 203–217. [CrossRef] [PubMed]

44. Benner, M.; Lopez-Rincon, A.; Thijssen, S.; Garssen, J.; Ferwerda, G.; Joosten, I.; van der Molen, R.G.; Hogenkamp, A. Antibiotic
Intervention Affects Maternal Immunity During Gestation in Mice. Front. Immunol. 2021, 12, 685742. [CrossRef]

45. Lammert, C.R.; Frost, E.L.; Bolte, A.C.; Paysour, M.J.; Shaw, M.E.; Bellinger, C.E.; Weigel, T.K.; Zunder, E.R.; Lukens, J.R. Cutting
Edge: Critical Roles for Microbiota-Mediated Regulation of the Immune System in a Prenatal Immune Activation Model of
Autism. J. Immunol. 2018, 201, 845–850. [CrossRef]

46. Wang, X.; Yang, J.; Zhang, H.; Yu, J.; Yao, Z. Oral probiotic administration during pregnancy prevents autism related behaviors in
offspring induced by maternal immune activation via anti inflammation in mice. Autism. Res. 2019, 12, 567–588. [CrossRef]

47. Drugs, A.A.o.P.C.o. Transfer of drugs and other chemicals into human milk. Pediatrics 2001, 108, 776–789. [CrossRef]
48. Cacho, N.T.; Lawrence, R.M. Innate Immunity and Breast Milk. Front. Immunol. 2017, 8, 584. [CrossRef]
49. Hu, Y.; Jin, P.; Peng, J.; Zhang, X.; Wong, F.S.; Wen, L. Different immunological responses to early-life antibiotic exposure affecting

autoimmune diabetes development in NOD mice. J. Autoimmun. 2016, 72, 47–56. [CrossRef]
50. Hu, Y.; Peng, J.; Tai, N.; Hu, C.; Zhang, X.; Wong, F.S.; Wen, L. Maternal Antibiotic Treatment Protects Offspring from Diabetes

Development in Nonobese Diabetic Mice by Generation of Tolerogenic APCs. J. Immunol. 2015, 195, 4176. [CrossRef]
51. Diaz Heijtz, R.; Wang, S.; Anuar, F.; Qian, Y.; Bjorkholm, B.; Samuelsson, A.; Hibberd, M.L.; Forssberg, H.; Pettersson, S. Normal

gut microbiota modulates brain development and behavior. Proc. Natl. Acad. Sci. USA 2011, 108, 3047–3052. [CrossRef] [PubMed]
52. Sampson, T.R.; Debelius, J.W.; Thron, T.; Janssen, S.; Shastri, G.G.; Ilhan, Z.E.; Challis, C.; Schretter, C.E.; Rocha, S.; Gradinaru, V.;

et al. Gut Microbiota Regulate Motor Deficits and Neuroinflammation in a Model of Parkinson's Disease. Cell 2016, 167,
1469–1480.e12. [CrossRef] [PubMed]

53. Neufeld, K.M.; Kang, N.; Bienenstock, J.; Foster, J.A. Reduced anxiety-like behavior and central neurochemical change in
germ-free mice. Neurogastroenterol. Motil. Off. J. Eur. Gastrointest. Motil. Soc. 2011, 23, 255-e119. [CrossRef] [PubMed]

54. O'Connor, R.; Moloney, G.M.; Fulling, C.; O'Riordan, K.J.; Fitzgerald, P.; Bastiaanssen, T.F.S.; Schellekens, H.; Dinan, T.G.;
Cryan, J.F. Maternal antibiotic administration during a critical developmental window has enduring neurobehavioural effects in
offspring mice. Behav. Brain Res. 2021, 404, 113156. [CrossRef]

55. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019,
37, 852–857. [CrossRef]

56. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef]

57. Bokulich, N.A.; Kaehler, B.D.; Rideout, J.R.; Dillon, M.; Bolyen, E.; Knight, R.; Huttley, G.A.; Gregory Caporaso, J. Optimizing
taxonomic classification of marker-gene amplicon sequences with QIIME 2's q2-feature-classifier plugin. Microbiome 2018, 6, 90.
[CrossRef]

58. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glockner, F.O. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef]

59. Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef]
60. Caspi, R.; Billington, R.; Keseler, I.M.; Kothari, A.; Krummenacker, M.; Midford, P.E.; Ong, W.K.; Paley, S.; Subhraveti, P.; Karp, P.D.

The MetaCyc database of metabolic pathways and enzymes—A 2019 update. Nucleic Acids Res. 2020, 48, D445–D453. [CrossRef]
61. 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] [PubMed]
62. Shade, A. Diversity is the question, not the answer. ISME J. 2017, 11, 1–6. [CrossRef] [PubMed]
63. Boutin, R.C.T.; Dwyer, Z.; Farmer, K.; Rudyk, C.; Forbes, M.R.; Hayley, S. Perinatal antibiotic exposure alters composition of

murine gut microbiota and may influence later responses to peanut antigen. Allergy Asthma Clin. Immunol. 2018, 14, 42. [CrossRef]

http://doi.org/10.1038/nature23910
http://doi.org/10.1126/science.aad0314
http://doi.org/10.1073/pnas.1202556109
http://doi.org/10.1542/peds.2012-1107
http://doi.org/10.1002/aur.2411
http://doi.org/10.1371/journal.pone.0221921
http://www.ncbi.nlm.nih.gov/pubmed/31465485
http://doi.org/10.1136/gutjnl-2014-309059
http://www.ncbi.nlm.nih.gov/pubmed/26045138
http://doi.org/10.1016/j.bbi.2021.10.007
http://www.ncbi.nlm.nih.gov/pubmed/34673174
http://doi.org/10.3389/fimmu.2021.685742
http://doi.org/10.4049/jimmunol.1701755
http://doi.org/10.1002/aur.2079
http://doi.org/10.1542/peds.108.3.776
http://doi.org/10.3389/fimmu.2017.00584
http://doi.org/10.1016/j.jaut.2016.05.001
http://doi.org/10.4049/jimmunol.1500884
http://doi.org/10.1073/pnas.1010529108
http://www.ncbi.nlm.nih.gov/pubmed/21282636
http://doi.org/10.1016/j.cell.2016.11.018
http://www.ncbi.nlm.nih.gov/pubmed/27912057
http://doi.org/10.1111/j.1365-2982.2010.01620.x
http://www.ncbi.nlm.nih.gov/pubmed/21054680
http://doi.org/10.1016/j.bbr.2021.113156
http://doi.org/10.1038/s41587-019-0209-9
http://doi.org/10.1038/nmeth.3869
http://doi.org/10.1186/s40168-018-0470-z
http://doi.org/10.1093/nar/gks1219
http://doi.org/10.1093/nar/28.1.27
http://doi.org/10.1093/nar/gkz862
http://doi.org/10.1186/gb-2011-12-6-r60
http://www.ncbi.nlm.nih.gov/pubmed/21702898
http://doi.org/10.1038/ismej.2016.118
http://www.ncbi.nlm.nih.gov/pubmed/27636395
http://doi.org/10.1186/s13223-018-0263-8


Biomedicines 2022, 10, 1042 21 of 22

64. Frohlich, E.E.; Farzi, A.; Mayerhofer, R.; Reichmann, F.; Jacan, A.; Wagner, B.; Zinser, E.; Bordag, N.; Magnes, C.; Frohlich, E.; et al.
Cognitive impairment by antibiotic-induced gut dysbiosis: Analysis of gut microbiota-brain communication. Brain Behav. Immun.
2016, 56, 140–155. [CrossRef] [PubMed]

65. Isaac, S.; Scher, J.U.; Djukovic, A.; Jimenez, N.; Littman, D.R.; Abramson, S.B.; Pamer, E.G.; Ubeda, C. Short- and long-term effects
of oral vancomycin on the human intestinal microbiota. J. Antimicrob. Chemother. 2017, 72, 128–136. [CrossRef] [PubMed]

66. Lai, J.C.Y.; Svedin, P.; Ek, C.J.; Mottahedin, A.; Wang, X.; Levy, O.; Currie, A.; Strunk, T.; Mallard, C. Vancomycin Is Protective in a
Neonatal Mouse Model of Staphylococcus epidermidis-Potentiated Hypoxic-Ischemic Brain Injury. Antimicrob. Agents Chemother.
2020, 64, e02003-19. [CrossRef] [PubMed]

67. Lee, K.E.; Kim, J.K.; Kim, D.H. Orally Administered Antibiotics Vancomycin and Ampicillin Cause Cognitive Impairment With
Gut Dysbiosis in Mice With Transient Global Forebrain Ischemia. Front. Microbiol. 2020, 11, 564271. [CrossRef]

68. Nyangahu, D.D.; Lennard, K.S.; Brown, B.P.; Darby, M.G.; Wendoh, J.M.; Havyarimana, E.; Smith, P.; Butcher, J.; Stintzi, A.;
Mulder, N.; et al. Disruption of maternal gut microbiota during gestation alters offspring microbiota and immunity. Microbiome
2018, 6, 124. [CrossRef]

69. Sun, L.; Zhang, X.; Zhang, Y.; Zheng, K.; Xiang, Q.; Chen, N.; Chen, Z.; Zhang, N.; Zhu, J.; He, Q. Antibiotic-Induced Disruption
of Gut Microbiota Alters Local Metabolomes and Immune Responses. Front. Cell Infect. Microbiol. 2019, 9, 99. [CrossRef]

70. Sze, M.A.; Tsuruta, M.; Yang, S.W.; Oh, Y.; Man, S.F.; Hogg, J.C.; Sin, D.D. Changes in the bacterial microbiota in gut, blood, and
lungs following acute LPS instillation into mice lungs. PLoS ONE 2014, 9, e111228. [CrossRef]

71. Wang, J.; Gu, X.; Yang, J.; Wei, Y.; Zhao, Y. Gut Microbiota Dysbiosis and Increased Plasma LPS and TMAO Levels in Patients
With Preeclampsia. Front. Cell Infect. Microbiol. 2019, 9, 409. [CrossRef] [PubMed]

72. Salguero, M.V.; Al-Obaide, M.A.I.; Singh, R.; Siepmann, T.; Vasylyeva, T.L. Dysbiosis of Gram-negative gut microbiota and the
associated serum lipopolysaccharide exacerbates inflammation in type 2 diabetic patients with chronic kidney disease. Exp. Med.
2019, 18, 3461–3469. [CrossRef] [PubMed]

73. Johnson, J.S.; Spakowicz, D.J.; Hong, B.Y.; Petersen, L.M.; Demkowicz, P.; Chen, L.; Leopold, S.R.; Hanson, B.M.; Agresta, H.O.;
Gerstein, M.; et al. Evaluation of 16S rRNA gene sequencing for species and strain-level microbiome analysis. Nat. Commun. 2019,
10, 5029. [CrossRef] [PubMed]

74. Jang, S.E.; Lim, S.M.; Jeong, J.J.; Jang, H.M.; Lee, H.J.; Han, M.J.; Kim, D.H. Gastrointestinal inflammation by gut microbiota
disturbance induces memory impairment in mice. Mucosal. Immunol. 2018, 11, 369–379. [CrossRef]

75. Dubin, K.; Pamer, E.G. Enterococci and Their Interactions with the Intestinal Microbiome. Microbiol. Spectr. 2014, 5, 5–6. [CrossRef]
76. Li, J.; Lin, S.; Vanhoutte, P.M.; Woo, C.W.; Xu, A. Akkermansia Muciniphila Protects Against Atherosclerosis by Preventing

Metabolic Endotoxemia-Induced Inflammation in Apoe-/- Mice. Circulation 2016, 133, 2434–2446. [CrossRef]
77. Hitti, F.L.; Siegelbaum, S.A. The hippocampal CA2 region is essential for social memory. Nature 2014, 508, 88–92. [CrossRef]
78. Douglas, G.M.; Maffei, V.J.; Zaneveld, J.R.; Yurgel, S.N.; Brown, J.R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G.I. PICRUSt2 for

prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685–688. [CrossRef]
79. Tzin, V.; Galili, G. The Biosynthetic Pathways for Shikimate and Aromatic Amino Acids in Arabidopsis thaliana. Arab. Book 2010,

8, e0132. [CrossRef]
80. Verani, J.R.; McGee, L.; Schrag, S.J. Prevention of perinatal group B streptococcal disease–revised guidelines from CDC, 2010.

MMWR. Recomm. Rep. Morb. Mortal. Wkly. Rep. Recomm. Rep. Cent. Dis. Control. 2010, 59, 1–36.
81. Gilbert, R. Prenatal screening for group B streptococcal infection: Gaps in the evidence. Int. J. Epidemiol. 2004, 33, 2–8. [CrossRef]

[PubMed]
82. Mitchell, A.A.; Gilboa, S.M.; Werler, M.M.; Kelley, K.E.; Louik, C.; Hernandez-Diaz, S.; National Birth Defects Prevention Study.

Medication use during pregnancy, with particular focus on prescription drugs: 1976–2008. Am. J. Obs. Gynecol. 2011, 205,
51.e1–51.e8. [CrossRef] [PubMed]

83. Thorpe, P.G.; Gilboa, S.M.; Hernandez-Diaz, S.; Lind, J.; Cragan, J.D.; Briggs, G.; Kweder, S.; Friedman, J.M.; Mitchell, A.A.;
Honein, M.A.; et al. Medications in the first trimester of pregnancy: Most common exposures and critical gaps in understanding
fetal risk. Pharm. Drug Saf. 2013, 22, 1013–1018. [CrossRef] [PubMed]

84. Keski-Nisula, L.; Kyynarainen, H.R.; Karkkainen, U.; Karhukorpi, J.; Heinonen, S.; Pekkanen, J. Maternal intrapartum antibiotics
and decreased vertical transmission of Lactobacillus to neonates during birth. Acta Paediatr. 2013, 102, 480–485. [CrossRef]
[PubMed]

85. Penders, J.; Thijs, C.; Vink, C.; Stelma, F.F.; Snijders, B.; Kummeling, I.; van den Brandt, P.A.; Stobberingh, E.E. Factors influencing
the composition of the intestinal microbiota in early infancy. Pediatrics 2006, 118, 511–521. [CrossRef] [PubMed]

86. Aloisio, I.; Quagliariello, A.; De Fanti, S.; Luiselli, D.; De Filippo, C.; Albanese, D.; Corvaglia, L.T.; Faldella, G.; Di Gioia, D.
Evaluation of the effects of intrapartum antibiotic prophylaxis on newborn intestinal microbiota using a sequencing approach
targeted to multi hypervariable 16S rDNA regions. Appl. Microbiol. Biotechnol. 2016, 100, 5537–5546. [CrossRef] [PubMed]

87. Aloisio, I.; Mazzola, G.; Corvaglia, L.T.; Tonti, G.; Faldella, G.; Biavati, B.; Di Gioia, D. Influence of intrapartum antibiotic
prophylaxis against group B Streptococcus on the early newborn gut composition and evaluation of the anti-Streptococcus
activity of Bifidobacterium strains. Appl. Microbiol. Biotechnol. 2014, 98, 6051–6060. [CrossRef]

88. Mosca, A.; Leclerc, M.; Hugot, J.P. Gut Microbiota Diversity and Human Diseases: Should We Reintroduce Key Predators in Our
Ecosystem? Front. Microbiol. 2016, 7, 455. [CrossRef]

http://doi.org/10.1016/j.bbi.2016.02.020
http://www.ncbi.nlm.nih.gov/pubmed/26923630
http://doi.org/10.1093/jac/dkw383
http://www.ncbi.nlm.nih.gov/pubmed/27707993
http://doi.org/10.1128/AAC.02003-19
http://www.ncbi.nlm.nih.gov/pubmed/31818825
http://doi.org/10.3389/fmicb.2020.564271
http://doi.org/10.1186/s40168-018-0511-7
http://doi.org/10.3389/fcimb.2019.00099
http://doi.org/10.1371/journal.pone.0111228
http://doi.org/10.3389/fcimb.2019.00409
http://www.ncbi.nlm.nih.gov/pubmed/31850241
http://doi.org/10.3892/etm.2019.7943
http://www.ncbi.nlm.nih.gov/pubmed/31602221
http://doi.org/10.1038/s41467-019-13036-1
http://www.ncbi.nlm.nih.gov/pubmed/31695033
http://doi.org/10.1038/mi.2017.49
http://doi.org/10.1128/microbiolspec.BAD-0014-2016
http://doi.org/10.1161/CIRCULATIONAHA.115.019645
http://doi.org/10.1038/nature13028
http://doi.org/10.1038/s41587-020-0548-6
http://doi.org/10.1199/tab.0132
http://doi.org/10.1093/ije/dyh062
http://www.ncbi.nlm.nih.gov/pubmed/15075135
http://doi.org/10.1016/j.ajog.2011.02.029
http://www.ncbi.nlm.nih.gov/pubmed/21514558
http://doi.org/10.1002/pds.3495
http://www.ncbi.nlm.nih.gov/pubmed/23893932
http://doi.org/10.1111/apa.12186
http://www.ncbi.nlm.nih.gov/pubmed/23398392
http://doi.org/10.1542/peds.2005-2824
http://www.ncbi.nlm.nih.gov/pubmed/16882802
http://doi.org/10.1007/s00253-016-7410-2
http://www.ncbi.nlm.nih.gov/pubmed/26971496
http://doi.org/10.1007/s00253-014-5712-9
http://doi.org/10.3389/fmicb.2016.00455


Biomedicines 2022, 10, 1042 22 of 22

89. Hughes, H.K.; Rose, D.; Ashwood, P. The Gut Microbiota and Dysbiosis in Autism Spectrum Disorders. Curr. Neurol. Neurosci.
Rep. 2018, 18, 81. [CrossRef]

90. Gillilland, M.G., 3rd; Erb-Downward, J.R.; Bassis, C.M.; Shen, M.C.; Toews, G.B.; Young, V.B.; Huffnagle, G.B. Ecological
succession of bacterial communities during conventionalization of germ-free mice. Appl. Environ. Microbiol. 2012, 78, 2359–2366.
[CrossRef]

91. Chichlowski, M.; Shah, N.; Wampler, J.L.; Wu, S.S.; Vanderhoof, J.A. Bifidobacterium longum Subspecies infantis (B. infantis) in
Pediatric Nutrition: Current State of Knowledge. Nutrients 2020, 12, 1581. [CrossRef] [PubMed]

92. Stojanov, S.; Berlec, A.; Štrukelj, B. The Influence of Probiotics on the Firmicutes/Bacteroidetes Ratio in the Treatment of Obesity
and Inflammatory Bowel disease. Microorganisms 2020, 8, 1715. [CrossRef] [PubMed]

93. Wang, B.; Kong, Q.; Li, X.; Zhao, J.; Zhang, H.; Chen, W.; Wang, G. A High-Fat Diet Increases Gut Microbiota Biodiversity and
Energy Expenditure Due to Nutrient Difference. Nutrients 2020, 12, 3197. [CrossRef]

94. Canani, R.B.; Costanzo, M.D.; Leone, L.; Pedata, M.; Meli, R.; Calignano, A. Potential beneficial effects of butyrate in intestinal
and extraintestinal diseases. World J. Gastroenterol. 2011, 17, 1519–1528. [CrossRef]

95. Parada Venegas, D.; De la Fuente, M.K.; Landskron, G.; González, M.J.; Quera, R.; Dijkstra, G.; Harmsen, H.J.M.; Faber, K.N.;
Hermoso, M.A. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and Immune Regulation and Its Relevance for
Inflammatory Bowel Diseases. Front. Immunol. 2019, 10, 277. [CrossRef] [PubMed]

96. Lagkouvardos, I.; Lesker, T.R.; Hitch, T.C.A.; Gálvez, E.J.C.; Smit, N.; Neuhaus, K.; Wang, J.; Baines, J.F.; Abt, B.; Stecher, B.; et al.
Sequence and cultivation study of Muribaculaceae reveals novel species, host preference, and functional potential of this yet
undescribed family. Microbiome 2019, 7, 28. [CrossRef] [PubMed]

97. Brown, K.; Abbott, D.W.; Uwiera, R.R.E.; Inglis, G.D. Removal of the cecum affects intestinal fermentation, enteric bacterial
community structure, and acute colitis in mice. Gut Microbes 2018, 9, 218–235. [CrossRef]

98. Lee, H.J.; Lim, S.M.; Kim, D.H. Lactobacillus johnsonii CJLJ103 Attenuates Scopolamine-Induced Memory Impairment in Mice by
Increasing BDNF Expression and Inhibiting NF-kappaB Activation. J. Microbiol. Biotechnol. 2018, 28, 1443–1446. [CrossRef]

99. Bereswill, S.; Ekmekciu, I.; Escher, U.; Fiebiger, U.; Stingl, K.; Heimesaat, M.M. Lactobacillus johnsonii ameliorates intestinal,
extra-intestinal and systemic pro-inflammatory immune responses following murine Campylobacter jejuni infection. Sci. Rep.
2017, 7, 2138. [CrossRef]

100. Cresci, G.A.M.; Mayor, P.C.; Thompson, S.A. Effect of butyrate and Lactobacillus GG on a butyrate receptor and transporter
during Campylobacter jejuni exposure. FEMS Microbiol. Lett. 2017, 364. [CrossRef]

101. Varian, B.J.; Poutahidis, T.; DiBenedictis, B.T.; Levkovich, T.; Ibrahim, Y.; Didyk, E.; Shikhman, L.; Cheung, H.K.; Hardas, A.;
Ricciardi, C.E.; et al. Microbial lysate upregulates host oxytocin. Brain Behav. Immun. 2017, 61, 36–49. [CrossRef] [PubMed]

102. Sgritta, M.; Dooling, S.W.; Buffington, S.A.; Momin, E.N.; Francis, M.B.; Britton, R.A.; Costa-Mattioli, M. Mechanisms Underlying
Microbial-Mediated Changes in Social Behavior in Mouse Models of Autism Spectrum Disorder. Neuron 2019, 101, 246–259.e6.
[CrossRef] [PubMed]

103. Baldelli, V.; Scaldaferri, F.; Putignani, L.; Del Chierico, F. The Role of Enterobacteriaceae in Gut Microbiota Dysbiosis in
Inflammatory Bowel Diseases. Microorganisms 2021, 9, 697. [CrossRef] [PubMed]

104. Graef, F.A.; Celiberto, L.S.; Allaire, J.M.; Kuan, M.T.Y.; Bosman, E.S.; Crowley, S.M.; Yang, H.; Chan, J.H.; Stahl, M.; Yu, H.; et al.
Fasting increases microbiome-based colonization resistance and reduces host inflammatory responses during an enteric bacterial
infection. PLoS Pathog. 2021, 17, e1009719. [CrossRef] [PubMed]

105. Kany, S.; Vollrath, J.T.; Relja, B. Cytokines in Inflammatory Disease. Int. J. Mol. Sci. 2019, 20, 6008. [CrossRef]
106. Wu, H.J.; Wu, E. The role of gut microbiota in immune homeostasis and autoimmunity. Gut Microbes 2012, 3, 4–14. [CrossRef]
107. Deverman, B.E.; Patterson, P.H. Cytokines and CNS development. Neuron 2009, 64, 61–78. [CrossRef]
108. Chen, Y.; Xu, J.; Chen, Y. Regulation of Neurotransmitters by the Gut Microbiota and Effects on Cognition in Neurological

Disorders. Nutrients 2021, 13, 2099. [CrossRef]
109. Louis, P.; Flint, H.J. Formation of propionate and butyrate by the human colonic microbiota. Env. Microbiol. 2017, 19, 29–41.

[CrossRef]
110. Evans, C.; Dunstan, R.H.; Rothkirch, T.; Roberts, T.K.; Reichelt, K.L.; Cosford, R.; Deed, G.; Ellis, L.B.; Sparkes, D.L. Altered amino

acid excretion in children with autism. Nutr. Neurosci. 2008, 11, 9–17. [CrossRef]
111. Sharon, G.; Cruz, N.J.; Kang, D.W.; Gandal, M.J.; Wang, B.; Kim, Y.M.; Zink, E.M.; Casey, C.P.; Taylor, B.C.; Lane, C.J.; et al. Human

Gut Microbiota from Autism Spectrum Disorder Promote Behavioral Symptoms in Mice. Cell 2019, 177, 1600–1618.e17. [CrossRef]
[PubMed]

112. Ghanizadeh, A. Increased Glutamate and Homocysteine and Decreased Glutamine Levels in Autism: A Review and Strategies
for Future Studies of Amino Acids in Autism. Dis. Markers 2013, 35, 536521. [CrossRef] [PubMed]

http://doi.org/10.1007/s11910-018-0887-6
http://doi.org/10.1128/AEM.05239-11
http://doi.org/10.3390/nu12061581
http://www.ncbi.nlm.nih.gov/pubmed/32481558
http://doi.org/10.3390/microorganisms8111715
http://www.ncbi.nlm.nih.gov/pubmed/33139627
http://doi.org/10.3390/nu12103197
http://doi.org/10.3748/wjg.v17.i12.1519
http://doi.org/10.3389/fimmu.2019.00277
http://www.ncbi.nlm.nih.gov/pubmed/30915065
http://doi.org/10.1186/s40168-019-0637-2
http://www.ncbi.nlm.nih.gov/pubmed/30782206
http://doi.org/10.1080/19490976.2017.1408763
http://doi.org/10.4014/jmb.1805.05025
http://doi.org/10.1038/s41598-017-02436-2
http://doi.org/10.1093/femsle/fnx046
http://doi.org/10.1016/j.bbi.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/27825953
http://doi.org/10.1016/j.neuron.2018.11.018
http://www.ncbi.nlm.nih.gov/pubmed/30522820
http://doi.org/10.3390/microorganisms9040697
http://www.ncbi.nlm.nih.gov/pubmed/33801755
http://doi.org/10.1371/journal.ppat.1009719
http://www.ncbi.nlm.nih.gov/pubmed/34352037
http://doi.org/10.3390/ijms20236008
http://doi.org/10.4161/gmic.19320
http://doi.org/10.1016/j.neuron.2009.09.002
http://doi.org/10.3390/nu13062099
http://doi.org/10.1111/1462-2920.13589
http://doi.org/10.1179/147683008X301360
http://doi.org/10.1016/j.cell.2019.05.004
http://www.ncbi.nlm.nih.gov/pubmed/31150625
http://doi.org/10.1155/2013/536521
http://www.ncbi.nlm.nih.gov/pubmed/24167375

	Introduction 
	Materials and Methods 
	Experimental Animals 
	Maternal ABX 
	Systemic Immune Challenge 
	Sample Collection 
	Microbiota Analysis 
	Cytokine Measurement 
	Metagenome Computation Analysis 
	Statistical Analysis 

	Results 
	Maternal ABX Decreases the Diversity of Offspring Gut Microbiota 
	Offspring Gut Microbiota Homeostasis Is Altered by Maternal ABX 
	Gut Microbiota Relative Abundance Is Altered in a Sex-Dependent Manner 
	Maternal Gut ABX Influences CNS Cytokine Levels in the Offspring 
	Maternal ABX Alters Predicted Metabolic Pathways 

	Discussion 
	Conclusions 
	References

