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Abstract Vitamin A (VA) plays an essential role in modulating both the gut microbiota and gut
barrier function. Short-chain fatty acids (SCFAs), as metabolites of the gut microbiota, protect
the physiological intestinal barrier; however, they are compromised when VA is deficient.
Thus, there is an urgent need to understand how and which SCFAs modulate colonic epithelial
barrier integrity in VA deficiency (VAD). Herein, compared with normal VA rats (VAN), at the
beginning of pregnancy, we confirmed that the colonic desmosome junction was impaired in
the VAD group, and the amounts of acetate, propionate, and butyrate declined because of
the decreased abundance of SCFA-producing bacteria (Romboutsia, Collinsella, and Allobacu-
lum). The differentially expressed genes correlated with the gut barrier and the histone dea-
cetylase complex between the VAD and VAN groups were enriched by RNA sequencing. In the
VAD group, the expression levels of colonic CEA cell adhesion molecule 1 (CEACAM1) were
down-regulated, and the levels of histone deacetylase 1 (HDAC1) and HDAC3 were up-regu-
lated. Intriguingly, the above changes in the VAD groups were rescued by VA supplementation
in the early postnatal period. Further study indicated that in Caco-2 cells, butyrate treatment
significantly repressed the enrichment of HDAC3 on the promoter of the CEACAM1 gene to
induce its expression. Our findings support that butyrate intervention can alleviate the
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impairment of colonic barrier function caused by VAD, and timely postnatal VA intervention
may reverse the damage caused by VAD on gut barrier integrity during pregnancy.
ª 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Vitamin A (VA) is critical for protecting the host from in-
fections, enhancing epithelial barrier integrity, improving
cognitive ability, and promoting immunity, in addition to
promoting vision and growth. As reported by the latest
study on “Global Burden of Vitamin A Deficiency in 204
Countries and Territories from 1990 to 2019”, the global
incidence of vitamin A deficiency (VAD) has fallen by 44.19%
from 1990 to 2019, and the global age-standardized inci-
dence rate also shows a consistent downward trend. How-
ever, the burden of VAD remains high in regions with low
socio-demographic indexes, and children younger than 5
years old are most affected by VAD.1

VA is essential for protecting and maintaining the integrity
and homeostasis of the gut barrier.2 The gut barrier is
composed of chemical, mechanical, immune, and microbial
barriers. Previous studies have proven that VAD impairs the
gut barrier by reducing the secretion of mucins,3 down-regu-
lating tight junction protein levels,4,5 decreasing the intesti-
nal immune cell response,6,7 and disturbing the gut
microbiota structure.8,9 The imbalanced gut microbiome
composition and its perturbed metabolites, such as short-
chain fatty acids (SCFAs), secondary bile acids, indole, and
tryptophan, have been proven to aggravate the impairment of
the other three gut barriers.10 In our previous work, we found
that the microbiota from children with VAN restored the
epithelial barrier integrity in germ-freemice, while that from
children with VAD did not.11 This prompted us to further
investigate themechanism bywhich gutmicrobiomedysbiosis
related to VAD modulates gut epithelial barrier integrity.

SCFAs, predominantly acetic acid, propionic acid, and
butyric acid, are produced by gut microorganisms through
fermenting dietary fiber or protein12 and have been
discovered to play a crucial role in protecting the gut
barrier.13 As the preferred energy resource for colonic
cells, the actions of SCFAs are related to triggering G pro-
tein-coupled receptors and inhibiting histone deacetylases
(HDACs).14,15 Tian and coworkers found that VAD reduced
the amount of acetic acid, propionic acid, and butyric acid
in cecum contents. Therefore, we hypothesized that the
dysregulated production of SCFAs resulting from a disorga-
nized gut microbiota composition caused by VAD would
participate in impairing gut epithelial barrier integrity.
Meanwhile, we aimed to demonstrate whether this series of
pathological processes could be rescued by postnatal
vitamin A supplementation (VAS). To resolve the above
questions, we first confirmed the reduction of SCFAs in the
colons of offspring from the beginning of gestational VAD,
and whether it could be rescued by postnatal VAS. Then,
the combination of 16S rDNA gene sequencing of the gut
microbiome in cecum contents and colon tissue
transcriptome sequencing was conducted in rats from the
VAN (normal VA control), VAD, and VAS groups, to identify
the specific downstream targets of SCFAs associated with
gut barrier functions. Lastly, butyrate was used to stimu-
late Caco-2 cells in vitro to verify the specific epigenetic
modulatory mechanisms. The present research provides a
novel perspective to explore the mechanisms by which VAD
impairs gut epithelial barrier integrity, and suggests a po-
tential application to guide clinical practice in which SCFA
impairment should be concerned when treating intestinal
barrier dysfunction caused by VAD.

Methods

Animals, diets, and sample collection

Female SpragueeDawley rats aged three weeks old were
purchased from Chongqing Medical University and main-
tained in individually ventilated cages in the same rodent
house with a controlled temperature of 22e24 �C and a 12-h
light/12-h dark cycle in the Children’s Hospital of Chongq-
ing Medical University Animal Care Centre. After adapting
to the new environment for one week, the rats were
randomly divided into the maternal VAN group (n Z 3) and
the maternal VAD group (n Z 6). The rats in the maternal
VAN group were fed a VAN diet with 6500 IU/kg VA, while
the rats in the maternal VAD group were fed a VAD diet with
300 IU/kg VA for four weeks. Then, the retinol concentra-
tion was measured. The retinol concentration of the
maternal VAN rats was >1.05 mmol/L, and that of maternal
VAD rats was <0.7 mmol/L; therefore, they were mated
with male rats. The pregnant rats in the maternal VAN and
VAD groups were fed separately with a VAN or VAD diet until
the pups were born. Next, three cages of the maternal VAD
rats and their offspring were randomly selected as the VAS
group, whose diet was changed to a VAN diet, and the pups
received vitamin A supplementation at 83.3 IU/d for seven
days by oral gavage. The other three cages comprised the
VAD group and were fed a VAD diet. The maternal VAN rats
and their pups were still fed a VAN diet and were termed
the VAN group. When the offspring were three weeks old,
their blood was collected, and the cecum contents, colonic
contents, and colon tissue were obtained and snap-frozen
with liquid nitrogen and stored at �80 �C for further
experiments.

Serum retinol detection

As described previously,8 the serum retinol levels were
measured using high-performance liquid chromatography
(HPLC) methods.
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Transmission electron microscopy (TEM)

The proximal colon samples were harvested and fixed with
glutaraldehyde and osmic acid. The changes in apical
junctional complexes were observed using TEM. Image J
software (NIH, Bethesda, MD, USA) was used to measure the
length of desmosome junctions and the width of adherent
junctions.

Serum diamine oxidase (DAO) measurement

The concentration of serum DAO was determined using an
enzyme-linked immunosorbent assay under the manufac-
turer’s protocol (Jiang Lai Biotech, China).

DNA extraction and PCR amplification

The cecum contents of the offspring rats were collected.
Total microbial genomic DNA from the cecum contents was
extracted as described previously.8 The hypervariable
V3eV4 region of the 16s rDNA gene was amplified using a
PCR thermocycler system (GeneAmp� 9700, ABI, CA, USA)
with the primer pairs 338F (50-ACTCCTACGGGAGGCAGCAG-
30) and 806R (50- GGACTACHVGGGTWTCTAAT-30).

Illumina MiSeq sequencing and processing of the
sequencing data

Paired-end sequencing programs using the Illumina MiSeq
PE300 platform/NovaSeq PE250 platform (Illumina, San
Diego, CA, USA) were conducted on the above-purified PCR
products following the manufacturer’s standard protocols.
Raw FASTQ files were de-multiplexed using an in-house Perl
script, and then quality-filtered using FASTP software
(https://github.com/OpenGene/fastp, version 0.19.6) and
merged using FLASH software (http://www.cbcb.umd.edu/
software/flash, version 1.2.11) with previously described
criteria.8

Quantification of SCFAs

The colonic contents of the offspring rats were used to
quantify the amounts of SCFAs. 50 � 5 mg of colonic con-
tents dissolved in 2 mL dH2O was mixed by vortex. The
mixtures were homogenized in a ball mill for 4 min, treated
with ultrasound for 5 min, incubated in ice water, and then
centrifuged at 5000 rpm for 20 min at 4 �C. Then, 0.8 mL of
the supernatant was transferred into a fresh 2-mL micro-
fuge tube, added with the internal standard, vortex-mixed
for 10 s, oscillated for 10 min, treated with ultrasound for
5 min, centrifuged at 10,000 rpm under 4 �C for 15 min, and
incubated at �20 �C for 30 min. Then, the supernatant was
transferred into a fresh 2-mL glass vial for gas chromatog-
raphy-mass spectrometry analysis.

RNA extraction

Total RNA was extracted from the colon tissue of the
offspring rats. The quality and quantity of the RNA were
measured using a 2100 Bioanalyser (Agilent Technologies,
USA) and ND-2000 (NanoDrop Technologies, USA),
respectively.

Library preparation and sequencing

Total RNA (1 mg) was used to construct the transcriptome
library according to the TruSeq� RNA sample preparation
Kit from Illumina (San Diego, CA). After quantification using
a TBS380 mini fluorometer, the paired-end RNA-seq
sequencing library was sequenced with the Illumina Nova-
Seq 6000 sequencer.

Differential expression analysis and functional
enrichment

RNA sequencing (RNA-Seq) by expectation-maximization
(RSEM, http://deweylab.biostat.wisc.edu/rsem/) was used
to quantify gene abundance. Differentially expressed genes
(DEGs) were selected using DESeq2. The significant DEGswere
defined using the following criteria: |log2 (fold-change)
|� 0.58 and P value� 0.05 (DESeq2). In addition, functional-
enrichment analysis including gene ontology (GO, http://
www.geneontology.org, P < 0.05) and gene set enrichment
analysis (GSEA, http://software.broadinstitute.org/gsea/
index.jsp, |normalized enrichment score (NES)| > 1, nomi-
nal (NOM) P-value < 0.05, false discovery rate (FDR) q
value < 0.25) was performed to identify which functions and
pathways correlated significantly with the DEGs compared
with the whole-transcriptome background.

Quantitative real-time revere transcription PCR

Total RNA was extracted from the colon tissue of male
offspring rats or Caco-2 cells according to the protocol of the
RNA extraction kit. The RNA was reversed transcribed to
cDNA, which was used as the template for quantitative real-
time PCR using the CFX96 real-time PCR detection system
(Bio-Rad, USA). The primers sequence used were as follows:
Gapdh (rat) forward, 50-CCTGGAGAAACCTGCCAAG-3’; Gapdh
(rat) reverse, 50-CACAGGAGACAACCTGGTCC-3’; Ceacam1
(rat) forward, 50- GTGATTGGATCTGTGGCTGGAGTG-3’; Cea-
cam1 (rat) reverse, 50-GTGGCTGGAGGTTGAGGGTTTG-3’;
ACTB (human) forward, 50- GTGAAGGTGACAGCAGTCGGTT-
3’; ACTB (human) reverse, 50- GAGAAGTGGGGTGGCTTT-
TAGGA-3’; CEACAM1 (human) forward, 50-CAACAGGACCA-
CAGTCAAGACGATC-3’; CEACAM1 (human) reverse, 50-
TGGAGCAGGTCAGGTTCACAGAG-3’.

Western blotting

The nuclear protein samples from the colon were prepared
according to the kit’s instructions (Epigentek, USA). The
total protein samples of the colon and cells were extracted
using a radioimmunoprecipitation assay buffer containing
phenylmethylsulfonyl fluoride. Protein samples were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and then transferred to polyvinylidene fluoride
membranes (Millipore, USA). The membranes incubated
with the primary antibodies, including those recognizing
histone deacetylase 1 (HDAC1) (1:1000, ET1605-35, HuaBio,
China), HDAC2 (1:1000, ET1607-78, HuaBio), HDAC3
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(1:1000, ET1610-5, HuaBio), HDAC8 (1:1000, ET1612-90,
HuaBio), CEA cell adhesion molecule 1 (CEACAM1) (1: 1000,
A11626, Abclonal, China), proliferating cell nuclear antigen
(PCNA) (1:1000, 200,947-6B12, Zenbio, USA) and Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) (1:10,000,
HRP60004, Proteintech, USA) at 4 �C overnight. After in-
cubation with the appropriate secondary antibodies, the
immunoreactive protein bands were detected using the
ChemiDoc Imaging System (Bio-Rad).
Caco-2 cell culture

The human colon carcinoma cell line, Caco-2, was obtained
from the Cell Bank, Chinese Academy of Sciences. The Caco-
2 cells were cultured with Dulbecco’s Modified Eagle’s Me-
dium (DMEM, Gibco, USA) containing 10% fetal bovine serum
(FBS, Cellmax, China) in a CO2 cell incubator at 37 �C.
Cell exposure to butyrate

The cells were exposed to butyrate at different concen-
trations for different durations. Cells in the control group
were exposed to phosphate buffer. The cells were collected
and used for RNA or protein extraction.
Chromatin immunoprecipitation (ChIP)

Caco-2 cells were treated with phosphate-buffered saline
(PBS) or 2 mM butyrate for 24 h. ChIP assays were per-
formed according to the instructions of the manufacturer
(ABclonal). The cross-linked chromatin samples were
separately incubated with antibodies recognizing HDAC1
(1:50, 34589s, CST, USA), HDAC3 (1:50, 85057s, CST), his-
tone 3 (H3), and immunoglobulin G (IgG) (ABclonal) at 4 �C
for 3 h, and then the complexes of antibodies and target
proteins were incubated with protein A/G magnetic beads
at 4 �C for 2 h. The immunoprecipitation complexes were
washed and dissociated from the beads. The DNA was pu-
rified using an AFTSpin Multifunction DNA Purification Kit
(ABclonal). Finally, qPCR was used to analyze the enriched
DNA employing specific primers as follows: CEACAM1-1
(human) forward: 50-AGCCACCTCTGTCACCTTCCTG-3’;
CEACAM1-1 (human) reverse: 50-CAACACAGTGAGCTGCC
AGGTC-3’; CEACAM1-2 (human) forward: 50-GGCTTTGCT
AAGGAGGTGAAGGTAG-3’; CEACAM1-2 (human) reverse: 50-
CCAGGAAGGGACAGAGCAGGTAC-3’; CEACAM1-3 (human)
forward: 50-TTCTGTTCCTAGCCCACTTCC-3’; CEACAM1-3
(human) reverse: 50-AAAACAAAGGCCCAGTGAGG-3’.
Statistical analysis

Data were analyzed using GraphPad Prism software (version
8.3.0, GraphPad Inc., La Jolla, CA, USA). All data are rep-
resented as mean � standard error of the mean (SEM).
Comparisons among three groups were made using one-way
analysis of variance (ANOVA) followed by Tukey’s multiple
comparisons tests. Comparisons between the two groups
were made by unpaired t-test. The statistical significance
level was set as P < 0.05.
Results

VAD during pregnancy inhibited the body weight
growth and impaired the colonic epithelial barrier
of offspring rats, which could be restored by
postnatal VAS

To determine whether we successfully established the rat
model of VAN, VAD, and VAS, the serum retinol concentration
of those three groupswas firstmeasured by HPLC. As shown in
Figure 1A, the serum retinol concentration was lower in the
rats of the VAD group than in the VAN group (P Z 0.006).
Moreover, the serum retinol concentration in the VAS group
was significantly higher than that of the VAD group
(PZ 0.003). The results showed that the VADdiet successfully
caused VAD in rats, and postnatal VAS could greatly prevent
VAD in offspring. As VA strongly influences body growth and
development, we next compared the body weight among the
VAN, VAD, and VAS groups. Figure 1B shows that the VAD rats
had much lower body weights than the VAN rats (P < 0.001),
and the VAS rats were slightly heavier than the VAD rats
(P < 0.001), but still had a lower body weight compared with
those in the VAN group (P < 0.001). The above data demon-
strated that serum retinol levels and body weight gain were
inhibitedbyVAD.However, theywereeffectively improvedby
VAS in postnatal early life.

The mechanical barrier is the gut’s first line of innate
immune defense.16 To determine the effect of VAD on
colonic cell-to-cell junctions, the apical junction complexes
in the colon epithelium of the VAN, VAD, and VAS rats were
observed using TEM. The desmosome junctions in the rats of
the VAD group had shorter lengths and looser fibrils
compared with those of the VAN and VAS groups (Fig. 1C).
Then, we measured the length of the desmosome junctions
and the width of adhesion junctions between adjacent colon
epithelium cells to quantify the change in cell junctions. As
shown in Figure 1D, the desmosome junctions were shorter
in the VAD group than in the both VAN and VAS groups
(P Z 0.0176 and P Z 0.0125, respectively). Although no
statistical differences were observed among these three
groups, the width of adhesion junctions showed an
increasing trend in the VAD group compared with those in
the VAN and VAS groups (Fig. 1E). To verify the impairment
of gut epithelial integrity, we measured the concentration of
DAO. Rats in the VAD group had a higher concentration of
serum DAO compared with that in the VAN and VAS groups
(P Z 0.0306 and P Z 0.0285, respectively; Fig. 1F), which
proved that VAD caused a leaky gut, and postnatal VAS
decreased the gut epithelial permeability. The results indi-
cated that VAD seriously damages gut epithelial barrier
integrity, potentially by impairing the desmosome junctions,
as indicated by their shortened length and loosened fibrils.
Meanwhile, VAS in postnatal early life effectively protects
desmosome junctions and gut epithelial integrity.
VAD during pregnancy modulated gut microbiota
structure and alpha diversity

The gut microbiota, also called the microbial barrier, is
another protective barrier for intestinal homeostasis.



Figure 1 Effects of VAD and VAS on the weight and colonic epithelial barrier integrity. The alterations in (A) serum retinol
concentration (nZ 10 per group), (B) body weight (n Z 10 per group), (C) ultrastructure of apical junction complex, (D) the length
of desmosome junctions, (E) intercellular space width (n Z 3 per group), and (F) serum DAO concentrations of offspring rats with
different VA levels (n Z 7 per group). Values are presented as the mean � SEM. Significance was tested using one-way ANOVA.
*P < 0.05, ***P < 0.001; ns, not significant. VAN, vitamin A normal group; VAD, vitamin A deficiency group; VAS, vitamin A sup-
plementation group; D, desmosome; TJ, tight junction; AJ, adhesion junction; DAO, diamine oxidase.
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Studies have demonstrated the critical effects of the gut
microbiota in modulating gut mechanical, chemical, and
immune barriers, the mechanism of which might correlate
with various metabolites, such as SCFAs,17 secondary bile
acids,18 or tryptophan.19 To study the modulation by VAD on
the gut microbiota composition, 16S rDNA sequencing was
used to analyze the bacterial community structure and
alpha diversity of cecum contents. Firstly, both principal
coordinate analysis (PCoA) and non-metric multidimen-
sional scaling (NMDS) analysis at the operational taxonomic
unit (OTU) level revealed that the gut microbiome struc-
tures of the VAN, VAD, and VAS groups were notably
different. PCoA showed that samples from the VAN, VAD,
and VAS groups were markedly separated based on the first
two principal components scores (PC1 and PC2), accounting
for 26.92% (PC1) and 15.31% (PC2) of the explained vari-
ances (Fig. 2A). The NMDS analysis also displayed that the
samples among different groups were dispersed based on
NMDS1 and NMDS2 (Fig. 2B). Moreover, analysis of similar-
ities (ANOSIM) revealed that the differences among the
three groups were significantly greater than differences
within the groups (R2 Z 0.4957, P Z 0.001; Fig. 2A, B). In
addition, partial least squares discriminant analysis (PLDSA)
suggested that the serum retinol level was a fine group
effector to discriminate the microbiome structure among
the three groups (Fig. 2C). Then, community richness and
diversity were calculated using alpha diversity indexes. As
shown in Figure 2D, the Ace, Chao, and Sobs indexes, as
indicators of community richness, were significantly lower
in the VAD group than in the VAN group (P Z 0.0024,
P Z 0.0030, P Z 0.0064, respectively), while no significant
differences were found for above three indexes between
the VAS and VAD groups. Simpson and Shannon’s indexes are
another two alpha diversity indexes, in which the former is
negatively correlated, while the latter is positively corre-
lated, with community diversity. In Figure 2E, the Simpson
index in the VAD group was greater than that in the VAS
group but was similar to that in the VAN group. However,
the Shannon index was not significantly different among the
groups (Fig. 2F). The above results indicated that VAD alters
gut microbiome structure as well as its community richness
and diversity.
VAD during pregnancy altered the gut microbiota
composition and the relative abundance of SCFA-
producing bacteria

To determine the detailed alterations in the gut microbiota
composition and whether the relative abundance of SCFA-



Figure 2 Effects of VAD and VAS on the structure of the gut microbiota. (AeC) Principal coordinate analysis (A), non-metric
multidimensional scaling analysis (B), and partial least squares discriminant analysis (C) of the gut microbiota from the VAN, VAD,
and VAS groups at the operational taxonomic unit level. (DeF) Comparison of Ace, Chao, and Sobs indexes (D), Simpson index (E),
and Shannon index (F) of the gut microbiota from the VAN, VAD, and VAS groups. n Z 10 per group; values are presented as the
mean � SEM. Significance was tested with one-way ANOVA. *P < 0.05, **P < 0.01; ns, not significant.
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producing bacteria was modulated by VA, we analyzed the
community composition at the phylum, family, and genus
levels in the VAN, VAD, and VAS groups. The predominant
phyla in the VAN group were Firmicutes (84.02%), Bacter-
oidota (5.72%), Actinobacteriota (4.49%), Verrucomicro-
biota (3.46%), Desulfobacterota (1.17%), and
Proteobacteria (0.36%). However, Firmicutes (60.25%),
Verrucomicrobiota (14.47%), Bacteroidota (13.74%), Pro-
teobacteria (9.26%), Actinobacteriota (1.14%), and
Desulfobacterota (0.88%) were the predominant phyla in
the VAD group. Notably, Firmicutes (83.71%), Actino-
bacteriota (8.13%), Verrucomicrobiota (3.72%), Bacter-
oidota (2.31%), Proteobacteria (1.33%), and
Desulfobacterota (0.17%) were the predominant phyla in
the VAS group. The relative abundances of Firmicutes and
Actinobacteriota in the VAD group were significantly
decreased compared with those in the VAN group and were
significantly increased in the VAS group compared with
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those in the VAD group. In contrast, the relative abundance
of Bacteroidota in the VAD group was greatly increased
compared with that in the VAN and VAS groups (Fig. 3A).
However, there were no differences in the ratio of Firmi-
cutes to Bacteroidota among the VAN, VAD, and VAS three
groups (Fig. 3B).

At the family level, we noticed that the Lactobacilla-
ceae family was the most abundant among the VAN
Figure 3 Effects of VAD and VAS on the composition of the gut m
teria. (AeD) The difference in (A) phylum level, (B) the ratio of F
ANOVA. (E) Least discriminant analysis (LDA) score distribution for t
VAN, VAD, and VAS groups. SCFA-producing bacteria are marked w
mean � SEM. Significance was tested with one-way ANOVA. *P < 0
(44.55%), VAD (33.76%), and VAS (35.96%) groups. The top
10 microflora at the family level, the relative abundance of
which changed significantly, as determined by one-way
ANOVA analysis, among the VAN, VAD, and VAS groups are
shown in Figure 3C. Surprisingly, we found that Peptos-
treptococcaceae (6.54% vs. 14.05%), Erysipelotrichaceae
(0.84% vs. 6.74%), Coriobacteriaceae (0.20% vs. 4.21%),
Eggerthellaceae (0.08% vs. 0.16%), and Staphylococcaceae
icrobiota and the relative abundance of SCFA-producing bac-
/B, (C) family level, and (D) genus level based on the one-way
he most abundant phylotypes from the cecum microbiota of the
ith red stars. n Z 10 per group; values are presented as the
.05, **P < 0.01, ***P < 0.001; ns, not significant.
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(0.02% vs. 0.46%) were significantly decreased in the VAD
group compared with those in the VAN group, while they
were greatly increased in the VAS group (14.35% vs. 6.54%,
18.48% vs. 0.84%, 6.73% vs. 0.20%, 0.65% vs. 0.08%, 0.18%
vs. 0.02%). In contrast, Bacteroidaceae (6.15% vs. 1.18%,
0.36%), Streptococcaceae (0.86% vs. 0.37%, 0.47%), Butyr-
icicoccaceae (0.71% vs. 0.28%, 0.09%), and Actino-
mycetaceae (0.65% vs. 0.01%, 0.01%) in the VAD group were
significantly increased compared with those in both the VAN
and VAS groups.

Lactobacillus, belonging to the Lactobacillaceae family,
was the most abundant microflora genus in the VAN
(44.55%), VAD (33.76%), and VAS (35.96%) groups. The top
10 microflora at the genus level, the relative abundance of
which changed significantly among the VAN, VAD, and VAS
groups, are displayed in Figure 3D. The relative abundances
of Romboutsia (4.99% vs. 12.58%), Collinsella (0.20% vs.
4.22%), norank_F_Erysipelotrichaceae (0.55% vs. 2.30%),
and Allobaculum (0.11% vs. 3.95%) in the VAD group was
significantly lower than those in the VAN group, while their
abundances in the VAS group were significantly higher than
those in the VAD group (13.25% vs. 4.99%, 6.73% vs. 0.20%,
6.56% vs. 0.55%, 4.25% vs. 0.11%). However, the relative
abundance of Bacteroides (6.15% vs. 1.18%, 0.36%), nor-
ank_f_Oscillospiraceae (1.97% vs. 0.73%, 0.33%), Lachno-
spiraceae_NK4A136_group (1.36% vs. 1.15%, 0.43%),
Colidextribacter (1.26% vs. 0.42%, 0.12%), and Strepto-
coccus (0.86% vs. 0.37%, 0.44%) in the VAD group were
significantly higher than those in the VAN and VAS groups.

Linear discriminant analysis Effect Size (LEfSe) was used
to further identify the key phylotypes responsible for the
differences among the VAN, VAD, and VAS groups. As shown
in Figure 3E, f_Barnesiellaceae, g_Barnesiella, g_Phocea,
and f_Suttereuaceae were identified as key phylotypes to
discriminate the VAN group from the VAD and VAS groups.
Three phylotypes at the order level (o_Veillonellales-
Selenomonadales, o_Pasteurellales, o_Monoglobales),
three phylotypes at the family level (f_Veillonellaceae,
f_Pasteurellaceae, f_Monoglobaceae), and five phylotypes
at the genus level (g_Colidextribacter, g_Veillonella,
g_Rodentibacter, g_UCG-003, g_Monoglobus) were identi-
fied as key phylotypes to discriminate the VAD group from
the VAN and VAS groups. In the VAS group, the key phylo-
types were o_Erysipelotrichales, f_Erysipelotrichaceae,
g_Coriobacteriaceae_UCG-002, f_Atopobiaceae, and
f_Eggerthellaceae.

The above results demonstrated that the microbiota
composition was influenced by VAD, while VAS in postnatal
early life could prevent disorders in the relative abundance of
keymicrobiota. Themicrofloramodulatedby VAD and the key
phylotypes in the VAN, VAD, and VAS group were identified;
therefore, the SCFA-producing bacteria were identified and
marked with red stars (Fig. 3CeE). At the family level, SCFA-
producing bacteria, including Peptostreptococcaceae,20

Erysipelotrichaceae,21 Coriobacteriaceae,22 and Rumino-
coccaceae21 were decreased in the VAD group, while the
above bacteria in the VAS group, except Ruminococcaceae,
were increased. However, valeric acid-associated bacteria
Actinomycetaceae21 increased in the VAD group and
decreased in both the VAS and VAN groups (Fig. 3C). At the
genus level, Romboutsia23, Collinsella24, and Allobaculum25

among the SCFA-producing bacteria decreased and
Bacteroides26 increased in the VAD group (Fig. 3D). Further-
more, f_Barnesiellaceae, the key bacteria in the VAN group,
was reported to be positively correlated with butyrate and
total SCFAs.27 In addition, f_Erysipelotrichaceae,21 the key
bacteria in the VAS group, is an SCFA-producing bacteria
(Fig. 3E). Taken together, the reported and our current study
indicated that the gut microbiota composition, especially the
relative abundance of SCFA-producing bacteria taxa, is
greatly influenced by VAD and is ameliorated by postnatal
VAS.

VAD during pregnancy reduced the SCFA content
and proportion in colonic contents, which were
restored by postnatal VAS

Gut microorganisms ferment dietary fiber and protein to
produce SCFAs, mainly including acetic acid, propionic
acid, butyric acid, isobutyric acid, valeric acid, and iso-
valeric acid. As shown in Figure 4A, the number of total
SCFAs was significantly reduced in the VAD group compared
with that in the VAN group (P Z 0.0004) but was markedly
increased in the VAS group (P Z 0.0009). Moreover,
compared with both the VAN and VAS groups, the VAD group
presented a lower concentration of acetic acid (P Z 0.0333
and P Z 0.0197, respectively), propionic acid (P Z 0.0014
and P Z 0.0025, respectively), butyric acid (P < 0.0001 and
P Z 0.0003, respectively), isobutyric acid (P Z 0.0001 and
P < 0.0001, respectively), valeric acid (P < 0.0001 and
P Z 0.0008, respectively), and isovaleric acid (P < 0.0001
and P Z 0.0028, respectively) (Fig. 4BeG).

To further analyze the impact of VA on the composition
of total SCFAs, the proportion of acetic acid, propionic
acid, butyric acid, isobutyric acid, valeric acid, and iso-
valeric acid among total SCFAs was calculated (Fig. 4H).
The proportions of propionic acid (P Z 0.0014 and
P Z 0.0054, respectively), butyric acid (P Z 0.0005 and
P Z 0.0472, respectively), and isobutyric acid (P Z 0.0257
and P Z 0.0009, respectively) in the VAD group were lower
than those in the VAN and VAS groups (Fig. 4JeL), while the
proportion of acetic acid (P < 0.001 and P < 0.001,
respectively) was significantly higher in the VAD group
(Fig. 4I). However, the proportions of valeric acid and iso-
valeric acid were not significantly different among the
three groups (Fig. 4M, N).

Accordingly, we proposed that VAD could reduce SCFA
metabolites, as well as decrease the ratio of propionic
acid, butyric acid, and isobutyric acid among the total
SCFAs. In the meantime, postnatal VAS reversed the
changes in the absolute and relative amounts of colonic
SCFAs.

VAD during pregnancy affected different genes
related to colonic barrier function

Transcriptome sequencing of the colon was conducted to
find target functionally enriched pathways and different
genes affected by VAD. Figure 5A shows the principal
component analysis (PCA) of the colonic transcriptome
expression model in rats among the VAN, VAD, and VAS
groups. Then, we analyzed the number of DEGs between
the VAN and VAD groups and between the VAD and VAS



Figure 4 Effects of VAD and VAS on short-chain fatty acids. (A) Total short-chain fatty acids; (B) acetic acid; (C) propionic acid;
(D) butyric acid; (E) isobutyric acid; (F) valeric acid; (G) isovaleric acid. (H) The proportion of separate short-chain fatty acids in
total short-chain fatty acids. (IeN) The ratios of (I) acetic acid, (J) propionic acid, (K) butyric acid, (L) isobutyric acid, (M) valeric
acid, and (N) isovaleric acid to total SCFAs. nZ 10 per group; values are presented as the mean � SEM. Significance was tested with
one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.
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groups. As shown in Figure 5B, there were 825 DEGs be-
tween the VAN and VAD groups and 2157 DEGs between the
VAD and VAS groups. In detail, compared with the VAN
group, the VAD group had 355 significantly up-regulated
genes, and 470 significantly down-regulated genes. How-
ever, compared to the VAD group, the VAS group had 913
significantly up-regulated genes and 1244 down-regulated
genes.

To further analyze the functions of identified DEGs
among the VAN, VAD, and VAS groups, GO analysis was
conducted. We found that both the DEGs between the VAN
and VAD groups and between the VAD and VAS groups were
all enriched in GO categories related to the gut barrier
function in the biological process (Fig. 5C, D), molecular
function (Fig. 5E, F), and cellular component (Fig. 5G, H)
categories. Interestingly, DEGs between the VAN and VAD
group were enriched in cell adhesion molecule binding,
apical plasma membrane, anchoring junction, and cellecell
junction, and DEGs between the VAD and VAS group also
enriched in adherens junction organization, cellecell
junction organization, cell adhesion molecule binding,
apical plasma membrane, anchoring junction, and junc-
tional membrane complex. These data indicated that the
colonic transcriptome and gene expression levels associ-
ated with gut barrier function are impacted by different VA
levels.

VAD during pregnancy decreased CEACAM1 and
increased HDAC1 and HDAC3 expression levels

A Venn diagram suggested that the DEGs between the VAN
and VAD groups and those between the VAD and VAS groups
shared 25 common genes related to the gut barrier
(Fig. 6A). Among them, the Ceacam1 expression level
decreased in the VAD group compared with that in the VAN
group, while it increased in the VAS group (Fig. 6B).



Figure 5 Effects of VAD and VAS on the colonic transcriptome. (A) Principal component analysis of the colonic transcriptome
expression of rats from the VAN, VAD, and VAS groups. (B) Numbers of differentially expressed genes (DEGs) between the VAN and
VAD groups, and between the VAD and VAS groups. (CeH) (C, D) GO_BP enrichment analysis, (E, F) GO_MF enrichment analysis, and
(G, H) GO_CC enrichment analysis for DEGs between the VAN and VAD groups, and between the VAD and VAS groups. n Z 10 per
group; DEGs were identified according to |log2 (fold-change)| � 0.58 and a P value � 0.05 (DESeq2). BP, biological process; MF,
molecular function; CC, cellular component.
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Moreover, the result of qRT-PCR was consistent with that of
the transcriptome sequencing (Fig. 6D). Western blotting
revealed that the protein level of CEACAM1 was signifi-
cantly lower in the VAD group than in the VAN and VAS
groups (P Z 0.0125 and P Z 0.0111, respectively;
Figure 6E, F). In general, VAD down-regulated the tran-
scription and protein level of CEACAM1, and postnatal VAS
promoted it. However, the mechanism was unclear.

SCFAs play a protective role in the gut barrier by inhib-
iting histone deacetylase to modulate gene expression



Figure 5 (continued).
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levels. GSEA indicated that histone deacetylase complexes
were enriched in the VAD group compared with those in the
VAN group (NES Z 1.502, P value Z 0.006, P adjust
value Z 0.072; Fig. 6C). Therefore, we next detected the
protein levels of HDACs, including HDAC1, HDAC2, HDAC3,
and HDAC8 (Fig. 6GeK). The western blotting results
showed that the relative levels of HDAC1 and HDAC3 were
higher in the VAD group rats than in the VAN group, whereas
their levels were significantly lower in the VAS group.
Among the VAN, VAD, and VAS groups, there were no dif-
ferences in the levels of HDAC2 and HDAC8. These results
suggest that the decreased concentration of SCFAs caused
by VAD might lead to increased deacetylation, which was
reduced by postnatal VAS during the early-life period.

Butyrate inhibited the recruitment of HDAC3, not
HDAC1, onto the CEACAM1 promoter in Caco-2 cells

To determine whether SCFAs regulated CEACAM1 expres-
sion via HDACs, we treated Caco-2 cells in vitro using so-
dium butyrate at different concentrations for different
durations. qRT-PCR showed that butyrate promoted CEA-
CAM1 mRNA expression, which was dependent on the con-
centration of butyrate and the duration of treatment
(Fig. 7A). There was no difference in the mRNA expression
level of CEACAM1 between the control and butyrate groups
when Caco-2 cells were treated for 12 h. However, butyrate
at 2, 3, and 4 mM for 24 or 30 h significantly increased the
mRNA level of CEACAM1 in Caco-2 cells. We found that
there was an appropriate concentration of butyrate be-
tween 2 and 4 mM that promoted the mRNA expression of
CEACAM1, while butyrate at 1 mM had no effect. Moreover,
western blotting showed that butyrate treatment at 2 and
3 mM for 24 h significantly increased the protein levels of
CEACAM1 (P Z 0.0052 and P Z 0.0284, respectively;
Fig. 7B, C). Meanwhile, the levels of HDAC1 and HDAC3
were reduced following butyrate treatment at 2 mM for
24 h (P Z 0.0183 and P Z 0.0163, respectively; Fig. 7DeF).
Furthermore, to determine whether HDAC1 or HDAC3
interacted with the CEACAM1 gene promoter and was
responsible for its expression, primers for different CEA-
CAM1 gene promoter regions (�302 bp to �389 bp, �809 bp
to �905 bp, and �1294 bp to �1384 bp relative to the
transcription start site (TSS)) were used for ChIP-qPCR in
Caco-2 cells with or without butyrate exposure (Fig. 7G).
The ChIP data revealed that the recruitment of HDAC3, but
not HDAC1, onto the promoter regions of CEACAM1 was
significantly inhibited by butyrate in Caco-2 cells
(Fig. 7HeM). These results provided evidence that butyrate
promotes CEACAM1 gene expression by inhibiting the
recruitment of HDAC3, not HDAC1, onto its promoter.
Discussion

The mechanisms underlying the potential influence of
SCFAs on gut epithelial barrier integrity during VAD have not
been clarified. The present study first revealed that
gestational VAD resulted in gut microbiota dysbiosis (espe-
cially of flora-producing SCFAs) in their offspring, which
decreased SCFA levels. Decreasing SCFA levels (especially
butyric acid) inhibited CEACAM1 expression levels through
HDAC to impair desmosome junctions in the apical epithe-
lium. Nevertheless, VAS in the postnatal early-life period
could reverse the decrease in CEACAM1 expression by
increasing SCFAs. The mechanistic study revealed that
butyrate promoted CEACAM1 expression by inhibiting the
recruitment of HDAC3 to the CEACAM1 promoter.

The significant functions of the gut microbiome in
modulating gut homeostasis and the gut barrier have been
studied extensively. In recent years, scholars have discov-
ered that micronutrients (e.g., VA, vitamin C, vitamin E,
vitamin D, folate, iron, and zinc) are closely relevant to the
gut microbiota composition and the enrichment of partic-
ular bacterial taxa.28 Interestingly, in one study on the ef-
fects of micronutrients (VA, folate, iron, and zinc) on the



Figure 6 Effects of VAD and VAS on the expression of CEACAM1 and HDACs in the offspring’s colon tissue. (A) Numbers of DEGs
between the VAN vs. VAD groups and those between the VAD vs. VAS groups (n Z 10 per group). (B) The heatmap of common DEGs
(n Z 10 per group). (C) GSEA analysis on histone deacetylase complex between the VAN and VAD groups (n Z 10 per group). (D)
Comparison of Ceacam1 mRNA expression levels among the groups (n Z 10 per group). (E) Western blotting analysis of CEACAM1
protein levels among the groups. (F) Comparison of CEACAM1 protein levels among the groups (n Z 6 per group). (G) Western
blotting analysis of HDAC1, HDAC2, HDAC3, and HDAC8 levels among the groups. (HeK) Comparison of HDAC1, HDAC2, HDAC3, and
HDAC8 protein levels among the groups (n Z 3 per group). Values are presented as the mean � SEM. Significance was tested with
one-way ANOVA. *P < 0.05, **P < 0.01; ns, not significant.
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gut microbiome, researchers found that VA had the largest
influence on bacterial community structure.29 Firmicutes
and Bacteroidetes are the two most abundant phyla of the
gut microbiome in humans and animals. Changes in the
ratio of Firmicutes to Bacteroidetes have been identified in
imbalanced gut microecology.30,31 Li and colleagues
observed that the intake amount of beta-carotene, a pre-
cursor of vitamin A, correlated positively with Firmicutes



Figure 7 Butyrate inhibited the recruitment of HDAC3 to the promoter of CEACAM1 in Caco-2 cells. (A) The changes in CEACAM1
mRNA expression in cells exposed to butyrate at different concentrations and durations (n Z 5 per group). (B) Western blotting
analysis of CEACAM1 protein levels in cells exposed to butyrate at different concentrations for 24 h. (C) Comparison of CEACAM1
levels among groups (n Z 3 per group). (D) Western blotting analysis of HDAC1 and HDAC3 protein levels in cells exposed to 2 mM
butyrate for 24 h. (E, F) Comparison of HDAC1 and HDAC3 between the PBS group and the butyrate group (n Z 5 per group). (G)
Positions of ChIP-qPCR product fragments of primers for different promoter regions relative to the TSS. (HeM) ChIP-qPCR analysis
of the enrichment of (HeJ) HDAC1 and (KeM) HDAC3 on the different promoter regions of the CEACAM1 gene in cells from the PBS
and Butyrate groups (n Z 3 per group). Values are presented as the mean � SEM. Significance was tested with an unpaired t-test.
*P < 0.05; ns, not significant.
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and negatively with Bacteroidetes in patients with cystic
fibrosis.32 In the current study, we also found that persis-
tent VAD at the beginning of pregnancy decreased the
relative abundance of Firmicutes and increased the relative
abundance of Bacteroidetes in the offspring. In addition,
VAS in the postnatal early-life period effectively recovered
the relative abundance of Firmicutes and Bacteroidetes and
increased the ratio of Firmicutes to Bacteroidetes. Lee’s
study suggested that retinol and retinoic acid prevented
norovirus replication by affecting the gut microbiome
composition, especially by increasing the relative abun-
dance of Lactobacillus.33 Another work also observed that
the relative abundance of Lactobacillus was decreased in
the colon by VAD.34 Our study found that Lactobacillaceae
and Lactobacillus were the most abundant bacteria taxa at
the family and genus levels in the VAN, VAD, and VAS
groups. Moreover, the relative abundance of Lactobacilla-
ceae and Lactobacillus was decreased in the VAD group but
was increased by postnatal VAS.

The effects of VAD on gut microbiome composition have
been reported previously. However, the influence of VAD
and VAS on colonic SCFAs and SCFA-producing bacteria is
less well known. Scholars have found that a major bioactive
constituent of green tea ameliorated colonic barrier
integrity and inhibited inflammation by enriching SCFA-
producing bacteria, such as Akkermansia, and increasing
SCFA production in dextran sulfate sodium (DSS)-induced
colitis.35 Moreover, intestinal injury caused by a high iron
diet or radiation was correlated with the decrease in total
SCFAs and SCFA-producing bacteria.36 In our study, distur-
bances of SCFA levels and SCFA-producing bacteria abun-
dance were observed in the colons of rats with different VA
levels. Four bacteria (Peptostreptococcaceae, Erysipelo-
trichaceae, Coriobacteriaceae, and Ruminococcaceae) at
the family level, and three (Romboutsia, Collinsella, and
Allobaculum) at the genus level belonging to SCFA-pro-
ducing bacteria taxa were decreased by VAD but increased
following VAS. In contrast, one (Actinomycetaceae) at the
family level and one (Bacteroides) at the genus level were
enriched by VAD, but reduced by VAS. Similarly, gestational
VAD decreased the absolute content of acetic acid, propi-
onic acid, butyric acid, isobutyric acid, valeric acid, and
isovaleric acid in the offspring colon, while VAS in the
postnatal early-life period effectively prevented these re-
ductions. Moreover, among the total SCFAs, except for the
proportion of acetic acid, the proportions of propionic acid,
butyric acid, and isobutyric acid were decreased by gesta-
tional VAD and increased by postnatal VAS. Accordingly, we
first clarified that the decrease in SCFA levels during VAD
might be caused by the alterations in gut bacteria compo-
sition, especially the depletion of the above SCFA
producers.

SCFAs, especially butyric acid, have been reported to
regulate gene expression by inhibiting histone
deacetylases.37,38 To further investigate the potential
mechanism by which the insufficient production of SCFAs
led to disrupted colonic epithelial barrier function, we
compared the levels of class I histone deacetylases,
including HDAC1, HDAC2, HDAC3, and HDAC8, in colon tis-
sue among offspring rats from the VAN, VAD, and VAS
groups. The results revealed that the levels of HDAC1 and
HDAC3 in the VAD group were significantly higher than those
in the VAN group, which might result from the decreased
production of SCFAs. Surprisingly, following the elevation of
colonic SCFAs by timely postnatal VAS, HDAC1, and HDAC3
levels were down-regulated to levels similar to those in the
VAN group. A study showed that the reduction of butyrate-
producing bacteria and inadequate butyrate alleviated
HDAC3 inhibition to increase colon permeability.39 In rat
models of allergic rhinitis, a high HDAC1 protein level was
proven to inhibit the tight junction protein, zonula occlu-
dens-1 (ZO-1).39 Other studies showed that trichostatin A
(TSA), an inhibitor of HDACs, increased tight junction pro-
tein levels, including cingulin (CGN) and ZO-3, by down-
regulating the expression of p63.40 Furthermore, HDAC3
inhibition increased the levels of VE-cadherin and claudin-5
to protect the integrity of the bloodebrain barrier.41

By transcriptome sequencing, we found that pregnancy
VAD and postnatal VAS affected colonic genes enriched in
the gut epithelial barrier function, especially cellecell
junctions, in which Ceacam1 was the most affected. CEA-
CAM1 is highly expressed in colon epithelial cells42 and
significantly modulates the intestinal immune response to
infections and the integrity of the epithelial
barrier.43 Knockout of Ceacam1 was reported to cause a
dysregulated CD8þ T cell response and increase colonic
epithelial permeability during Citrobacter rodentium-
induced colitis.43 Lack of CEACAM1 reduced intestinal IgA
secretion and inhibited the host defense against pathogens
such as Listeria monocytogenes.44 In ulcerative colitis (UC)
mice, the CEACAM1 expression was determined to be
declined. Moreover, overexpression of Ceacam1 was proven
to play a protective role in the colonic epithelial barrier by
promoting tight junction protein expression, decreasing the
secretion of inflammatory factors, and down-regulating
expression levels of cytochrome C oxidase II (COX2) and
inducible nitrous oxide synthase (iNOS).45 However, no
studies have suggested the effects of VAD and VAS on
colonic CEACAM1 expression and the underlying modulatory
mechanism. The results of the present study revealed that
both the mRNA and protein expression levels of CEACAM1
were decreased in the VAD group, while they were restored
by VAS in the postnatal early-life period. According to a
previous report, the transcription factor Sp2 recruits HDAC
to repress transcription of the CEACAM1 gene; however, the
specific HDAC was not identified.46 To further shed light on
the regulatory mechanism among SCFAs, HDAC1, HDAC3,
and CEACAM1, we treated Caco-2 cells in vitro using buty-
rate. Butyrate effectively up-regulated CEACAM1 mRNA
transcription activity and inhibited the protein expression
levels of both HDAC1 and HDAC3 in Caco-2 cells. However,
the ChIP-qPCR results confirmed that the recruitment of
HDAC3, but not HDAC1, onto the CEACAM1 gene promoter
was suppressed by butyrate. The likely explanation is that
the target genes of HDAC1 and HDAC3 are different,
although they are known to down-regulate the transcrip-
tional activity of target genes through the action of histone
acetylation inhibition.47 Meanwhile, this finding also moti-
vates us to further clarify the detailed target genes that are
regulated by HDAC1 in vitamin A deficiency.

Thus, VAD from the beginning of pregnancy triggered
deacetylation of the colonic CEACAM1 gene, thereby
reducing its expression. This is mediated through
decreasing SCFA concentrations and impairing desmosome
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junctions of the apical epithelium in the offspring’s colon.
VAS in postnatal offspring successfully down-regulated
HDAC3 expression levels via enriching SCFA-producing
bacteria taxa, which increased CEACAM1 expression to
enhance desmosome junctions between epithelium cells.
However, the mechanism by which CEACAM1 modulates the
colonic epithelial barrier requires further investigation.

Conclusion

Our research firmly supported that VAD from the beginning
of pregnancy suppresses the production of colonic SCFAs in
the offspring by decreasing the relative abundance of SCFA-
producing gut microorganisms. This down-regulates colonic
CEACAM1 expression by triggering HDAC3 levels, ultimately
resulting in impaired apical epithelial integrity of the colon.
Furthermore, timely VAS in the postnatal early-life period
effectively up-regulated CEACAM1 expression to protect
colonic epithelial integrity by reversing the disordered gut
microbiota and the decrease in SCFAs.
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