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Abstract: Antibiotics can be a double-edged sword. The application of broad-spectrum antibiotics
leads to the suppression of microorganisms in the human body without selective targeting, including
numerous non-pathogenic microorganisms within the gut. As a result, dysbiosis of the gut microbiota
can occur. The gut microbiota is a vast and intricate ecosystem that has been connected with various
illnesses. Significantly, the gut and liver function in a closely coupled anatomical and physiological
relationship referred to as the “gut-liver axis”. Consequently, metabolites stemming from the gut
microbiota migrate via the portal vein to the liver, thereby influencing gene expression and proper
physiological activity within the liver. This study aimed to investigate the dysbiosis of gut microbiota
ecology and the disruption of gene expression resulting from oral antibiotics and their subsequent
recovery. In the experiment, mice were tube-fed neomycin (0.5 mg/mL) and ampicillin (1 mg/mL) for
21 days (ABX group) to conduct 16s rRNA sequencing. By simultaneously analyzing public datasets
PRJDB6615, which utilized the same antibiotics, it was found that nearly 50% of the total microbiota
abundance was attributed to the f__Lactobacillaceae family. Additionally, datasets GSE154465 and
GSE159761, using the same antibiotics, were used to screen for differentially expressed genes pre-and
post-antibiotic treatment. Quantitative real-time PCR was employed to evaluate gene expression
levels before and after antibiotic treatment. It was discovered that oral antibiotics significantly
disrupted gene expression in the gut and liver, likely due to the dysregulation of the gut microbiota
ecology. Fecal microbiota transplantation (FMT) was found to be an effective method for restoring gut
microbiota dysbiosis. To further enhance the restoration of gut microbiota and gene expression, an
antioxidant, vitamin C, was added to the FMT process to counteract the oxidative effect of antibiotics
on microorganisms. The results showed that FMTs with vitamin C were more effective in restoring
gut microbiota and gene expression to the level of the fecal transplant donor.

Keywords: genes; antibiotics; gut microbiota; vitamin C

1. Introduction

The colonization of the gut microbiota begins in early life [1] and is often referred to as
our ‘invisible organ’ [2]. It is widely accepted that a healthy gut microbiota plays a crucial
role in maintaining overall health, while prolonged abnormalities in gut microbiota can
lead to metabolic disorders, such as obesity [3], type II diabetes [4], liver cancer [5], and
cardiometabolic disease [6]. Although taking antibiotics is commonly used to treat diseases,
it can also disrupt the gut microbial ecology and lead to dysbiosis [7,8]. However, supple-
menting with probiotics can help alleviate this dysbiosis caused by antibiotics [9]. Fecal
microbial transplantation (FMT) is an innovative approach to correcting these alterations
by transferring fecal microbes from healthy individuals to the patient’s gut [10]. Due to
the oxidative effects of antibiotics on microbes [11,12], we speculate that administering
antioxidants (such as vitamin C [13]) after antibiotic therapy may aid in the recovery of the
gut microbiota. We added vitamin C to the FMT of antibiotic-treated mice (Group VF) and
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then sequenced 16s rRNA in mouse feces to determine the positive effect of vitamin C on
gut microbiota recovery. In addition, we analyzed the external dataset, PRJDB6615, which
involved mice treated with the same antibiotics as ours, together with our local data, to
explore the gut microbiota characteristics of mice treated with neomycin and ampicillin.

Another important topic to consider is the impact of oral antibiotics on host gene
expression through perturbations in the gut microbiota. Research has shown that the gut
microbiota can have a significant influence on host gene expression and the epigenetic status
of offspring by regulating DNA methylation and RNA methylation modifications [14,15].
Similarly, diet can also affect host gene expression via the gut microbiota, as metabolites
released by the gut microbiota can act on histones in tissues such as the proximal colon,
liver, and adipose tissue, altering gene transcription through epigenetic pathways [16].
Moreover, a study found that specific innate immune bridging genes, such as myd88, play a
vital role in regulating immune and host gene expression through the gut microbiota [17].

Furthermore, the gut and liver communicate with each other through the portal vein,
biliary tract, and body circulation [18], with approximately 70% of the liver’s blood supply
coming from the portal vein. As intestinal venous blood is drained into the portal vein,
the liver is the first organ to receive the products and metabolites of the gut microbiota.
This relationship between the gut microbiota and the liver has been compared to that
of a hen and an egg [19]. Therefore, it is essential to understand how oral antibiotics
may disrupt this delicate balance and cause potential long-term impacts on host gene
expression and overall health. The gut microbiota has been found to have a significant
impact on liver tissue diseases. For instance, in patients with alcoholic liver disease, there
is a marked reduction in the proportion of several probiotic bacteria such as Lactobacillus
spp., Bifidobacterium spp., and Enterococcus faecalis, as well as a significant decrease in fungal
diversity with an absolute predominance of Candida spp. [20,21]. Moreover, studies have
also revealed a strong association between the gut microbiota and non-alcoholic fatty liver
disease [22], cirrhosis [23], hepatocellular carcinoma [24,25], and other diseases related to
the enterohepatic axis. Given this close relationship between the liver and gut microbiota,
our research included the liver.

To investigate the effects of oral antibiotics on gene expression in the small intestine and
liver tissues under the influence of different gut microbiota, we downloaded public datasets,
GSE154465 and GSE159761, which used the same antibiotics as our study. We screened these
datasets for differentially expressed genes before and after antibiotic treatment and used
qRT-PCR to demonstrate differential gene expression in the small intestine and liver tissues.
This approach allowed us to examine how oral antibiotics can alter the gut microbiota and
affect gene expression in both the small intestine and liver tissues.

In summary, our study aimed to investigate the effects of oral neomycin and ampicillin
on the composition of the gut microbiota in mice. We used 16s rRNA sequencing to analyze
mouse fecal samples and combined our data with a public dataset (PRJDB6615) that also
utilized the same antibiotics as ours. Furthermore, we examined the impact of these
antibiotics on gene expression in the small intestine and liver tissues using qRT-PCR. Our
findings suggest that vitamin C may serve as an adjuvant for restoring the gut microbiota
after antibiotic treatment and promoting the recovery of gene expression(Figure 1).



Genes 2023, 14, 1423 3 of 20Genes 2023, 14, x FOR PEER REVIEW 3 of 21 
 

 

 
Figure 1. Overall graphical summary. 

2. Materials and Methods 
2.1. Data Sources 

Raw data from local 16s rRNA sequencing were deposited in the NCIB Repository. 
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qing University of Posts and Telecommunications. Approval reference numbers: 
20210324-1. 
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in sterile water for 21 days. The mice had free access to the antibiotic water throughout 
the experiment and it was changed once a day (during this period the mice could only be 
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other three were used for qRT-PCR in the ABX group. Mice in group F (n = 3) were given 
100 µL of fecal supernatant by gavage daily and mice in group VF (n = 3) were given 100 
µL of vitamin C supplemented fecal supernatant daily (vitamin C dosage of 200 mg/kg). 
Mice in the NS group (n = 3) were given 100 µL of sterile saline daily. We carried out the 
above for 21 consecutive days. Group N (n = 3) mice had free access to food and water. 

  

Figure 1. Overall graphical summary.

2. Materials and Methods
2.1. Data Sources

Raw data from local 16s rRNA sequencing were deposited in the NCIB Repository.
Accession number: PRJNA879117.

Additional datasets for comparative analysis in this manuscript are available from public
databases under accession numbers PRJDB6615, PRJNA810918, GSE154465, and GSE159761.

2.2. Animals and Antibiotics

Fifteen C57BL/6J mice (4 weeks old) were purchased from Spelford (Beijing) Biotech-
nology Co., Ltd. (Beijing, China) and housed at a controlled temperature (23 ± 1 ◦C) and a
12 h light/dark cycle (lit between 07:00 and 19:00) with sterilized food and water (commer-
cial food pellets were procured from Beijing Keao Xieli Feed Co., Ltd. (Beijing, China)). All
experimental procedures were approved by the Research Ethics Committee of Chongqing
University of Posts and Telecommunications. Approval reference numbers: 20210324-1.

Mice were tube fed with neomycin (0.5 mg/mL) and ampicillin (1 mg/mL) dissolved
in sterile water for 21 days. The mice had free access to the antibiotic water throughout
the experiment and it was changed once a day (during this period the mice could only be
given antibiotic water). Mice in the control group (group N, n = 3) were given drinking
water without added antibiotics.

2.3. Fecal Microbiota Transplantation

Fresh feces were collected from group N mice. The fecal pellets were mixed with sterile
saline (40 mg/mL) and homogenized immediately. The homogenate was centrifuged and
the supernatant was collected for transplantation from mice in the ABX group (n = 12) that
had undergone 21 consecutive days of antibiotic feeding. The ABX mice were randomly
divided into three groups, F, VF, and NS, three mice in each group, and the other three were
used for qRT-PCR in the ABX group. Mice in group F (n = 3) were given 100 µL of fecal
supernatant by gavage daily and mice in group VF (n = 3) were given 100 µL of vitamin
C supplemented fecal supernatant daily (vitamin C dosage of 200 mg/kg). Mice in the
NS group (n = 3) were given 100 µL of sterile saline daily. We carried out the above for
21 consecutive days. Group N (n = 3) mice had free access to food and water.

2.4. Conducting 16s rRNA Sequencing

Fecal samples were collected after 21 days of each treatment and all faecal samples
were immediately stored at −80 ◦C in liquid nitrogen. Microbial DNA was extracted from
the faecal samples using the HiPure Stool DNA Kit (Magen, Guangzhou, China) according
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to the manufacturer’s instructions. The highly variable V3-V4 region of the bacterial 16S
ribosomal RNA gene was amplified using primers 341F (CCTACGGGNGGCWGCAG),
806R (GGACTACHVGGGTATCTAAT). The PCR cycle conditions are as follows: initial
denaturation at 95 ◦C for 5 min, followed by denaturation at 95 ◦C for 1 min, annealing at
60 ◦C for 1 min, extension at 72 ◦C for 1 min for a total of 30 cycles, and a final extension
at 72 ◦C for 7 min. PCR amplicons were extracted from 2% agarose gels and purified
according to the manufacturer’s instructions using the AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA) and quantified using the ABI StepOnePlus
Real-Time PCR System (Life Technologies, Foster City, CA, USA). Purified amplicons
were double-ended sequenced on the Illumina platform according to standard practice
(PE250). The raw Illumina read data were deposited in the NCBI Repository. Accession
number: PRJNA879117.

2.5. Screening for Differentially Expressed Genes

High-throughput RNA sequencing data were downloaded from the Gene Expression
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/, accessed on 1 June 2022);
we selected datasets, GSE154465 and GSE159761, which used the same antibiotics as we
did. GSE154465 contains liver mRNA expression profiles from aged and control-aged
mice that were recolonized by two different microbial community types, PAM I and PAM
II, after early life exposure to antibiotics, and PAM II-colonized mice had a significantly
shorter lifespan compared to PAM I and ABX-free mice. GSE159761 contains liver mRNA
expression profiles for day 14 and control in ABX-treated hormonal mice after 14 days. Both
datasets use neomycin (0.5 mg/mL) and ampicillin (1 mg/mL) as antibiotic treatments.

Using the latest version of DESeq2 software(1.40.2), the thresholds for significantly dif-
ferent gene expression were set as follows:|log 2 FoldChange (FC)| > 1 and p-value < 0.05.
Ggplot2 was used to visualize.

GSEA aggregates statistics for each gene in a gene set and can therefore detect when all
genes in a predefined set have changed in a small but coordinated way. ID conversion was
performed using the R package “Biomart”, “clusterProfiler”. R package “clusterProfiler”
was used for gene set enrichment analysis (GSEA). To evaluate several gene features and
functional similarities, we used the mclusterSim function in the R package GOSemSim to
analyze the overall similarity of the list of gene features relative to their GO annotations.
GOSemSim integrates multiple algorithms to calculate functional similarities between
gene products based on the information content of GO terms and the similarity of their
associated GO annotations.

2.6. Quantitative Real-Time-PCR

TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc. Shanghai, China) was used,
following the instructions. Total RNA was extracted from liver and intestinal tissues.
The purity of the RNA was measured using spectrophotometric analysis (Quawell Q3000,
USA). The RNA was reverse-transcribed to cDNA using the RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific, USA). We used SYBRPRIME qPCR Kit (Baoguang Biotech-
nology Co., Ltd., Chongqing, China) and Bio-Rad iQ5 software (Bio-Rad, Shanghai, China)
for quantitative real-time PCR (qRT-PCR) analysis. GAPDH was analyzed in each sam-
ple to standardize expression. Three biological replicates were performed for each gene,
each containing three technical replicates. The primers used in this study are listed in
Supplementary Table S5. Relative expression was analyzed using the 2-∆∆Ct method.

2.7. Bioinformatics Analysis

FASTP (version 0.18.0) filters raw data from the Illumina platform, using FLASH
to merge paired ends. Sequence analysis was performed using UPARSE (version 9.2.64)
and the UCHIME algorithm to select the most abundant tag sequence as representative
of each OTU. Species classification was annotated using the SILVA database (version 132)
and a plain Bayesian model with RDP annotation software (version 2.2), with confidence

http://www.ncbi.nlm.nih.gov/geo/
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thresholds set at 0.8~1. Krona (version 2.6), was used to display the abundance statistics
for each species classification. Biomarker species from each group were screened using
LEfSe software [26] (version 1.0), the randomforest package (version 4.6.12), the pROC
package (version 1.10.0), and the labdsv package (version 2.0-1). Diversity indices were
calculated in QIIME [27] (version 1.9.1). PCoA (principal coordinates analysis) was based
on weighted unifrac distances using the Vegan package (version 2.5.3). KEGG (Kyoto
Encyclopedia of Genes and Genomes) metabolic pathway analysis of sample bacteria or
archaea was performed using PICRUSt 2. Classification of microbial phenotypes of bacteria
was carried out using BugBase [28]. Differentially expressed genes were screened using
DESeq2 software (|log 2 FoldChange (FC)| > 1 and p-value < 0.05).

2.8. Statistical Analysis

p < 0.05 was considered statistically significant when comparing any two groups using
the Student t-test.

3. Results
3.1. Significant Changes in Gut Microbiota Composition at the Family and Genus Level in Mice
after Oral Antibiotic Dosing

Our analysis of α diversity using the Sob (p = 0.0272) and Chao1 (p = 0.0226) indices
revealed significant differences in gut microbiota abundance between the ABX-treated mice
and the N group, indicating the significant inhibitory effect of antibiotics on microbiota
abundance (Figure 2a,b). To further demonstrate the differences in taxonomic composition
between the two groups, we utilized principal coordinates analysis (PCoA analysis), which
clearly showed the complete separation of the samples from the ABX and N groups
(Figure 2c).
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To gain insight into the species composition of gut microbiota after antibiotic treat-
ment, we downloaded 16s rRNA sequencing data from the public database (PRJDB6615)
for the same antibiotic used in our study. At the family level, both our local data (54.59%
relative abundance of f__Lactobacillaceae) and the PRJDB6615 dataset (47.17% relative
abundance of f__Lactobacillaceae) were dominated by f__Lactobacillaceae, followed by
f__Muribaculaceae (average 18.78%) and f__Erysipelotrichaceae (average 7.78%)
(Supplementary Tables S1 and S2). Similarly, at the genus level, g__Lactobacillus was the
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most dominant genus in both our local data (42.19% relative abundance of g__Lactobacillus)
and the PRJDB6615 dataset (47.17% relative abundance of g__Lactobacillus). In our lo-
cal data, this was followed by g__Muribaculaceae (27.58%), g__Bifidobacterium (9.12%),
whereas, in the PRJDB6615 dataset, it was followed by g__Allobaculum (7.01%) and
g__Muribaculaceae (5.90%) (Supplementary Tables S3 and S4).

In the N group mice, which had a more balanced and diverse distribution of gut
microbiota species, f__Lactobacillaceae still accounted for a large proportion (19.32%), with
f__Muribaculaceae having the highest relative abundance (36.16%) (Figure 2d).

To summarize, prior to antibiotic treatment, f__Muribaculaceae comprised the largest
proportion (36.16%) of gut microbiota in mice, followed by f__Lactobacillaceae (19.32%).
However, following antibiotic administration, f__Lactobacillaceae became the most abun-
dant species, accounting for approximately 50% of the total, likely due to the inhibition of
other microorganisms by the antibiotics.

We utilized PICRUSt2 to predict the functions of the microbiota genes that remained
colonized in the mouse intestine after receiving ABX, and found that their functions were
focused on metabolism and genetic information processing, with other functional pathways
accounting for a relatively small proportion (Figure 2e). Additionally, BugBase phenotypic
analysis indicated that the phenotypes of the microbiota after receiving ABX treatment
were not significantly different from those of the N group (Figure 3c).
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3.2. Weighted UniFrac-Based PCoA Results Show That Vitamin C Contributes to the Recovery of
Gut Microbiota to the Donor

Our analysis of the public database of 16s rRNA data (PRJNA810918) revealed that
mice receiving 8 consecutive weeks of FMT from mice not treated with antibiotics still did
not return to normal mouse levels of α diversity (Supplementary Figure S1). To assess the
recovery of gut microbiota in each group, we utilized Sob- and Chao1-based α diversity
and performed a t-test for Sob-based α diversity in any two groups (Figure 4). Our results
showed that, in terms of diversity alone, the NS group exhibited the best recovery, followed
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by the F and VF groups. However, after 21 consecutive days of treatment, the α diversity
was still not as good in either the F, NS, or VF groups as in the N group (Figure 2f,g). This
suggests that the recovery of the gut microbiota after oral antibiotic administration may
take a considerable amount of time.
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At both the family and genus level, we observed a significant decrease in the pro-
portion of f__Muribaculaceae (p = 0.0381) and a significant increase in the proportion of
g__mucispirillum (p = 0.0003085) in the VF group compared to the F group (Figure 3a,b).
Furthermore, our bugBase phenotypic analysis showed a significant increase in Aerobic
(p = 0.02981) and a significant decrease in Potentially_Pathogenic (p = 0.02144) in the VF
group compared to the F group. Comparing the VF group to the NS group, the VF group
was significantly more Aerobic (p = 0.02259) and significantly less Potentially_Pathogenic
(p = 0.00537). In contrast, while there was no significant difference in the ABX group
compared to the N group, we did observe a significant increase in Stress_Tolerant when
comparing the ABX group to the F group (p = 0.00115) (Figure 3c). Linear Discriminant
Analysis Effect Size (LEfSe) analysis, which was based on indicator species, revealed species
with significantly different abundances between the two groups [LDA score (log10) > 2].
The VF group exhibited significantly higher abundances of Ralstonia and Streptococcacease,
while the remaining indicator species were all more abundant in the F group (Figure 3e).
Additionally, we conducted Weighted UniFrac PCoA to assess both species diversity and
abundance, and found that the closest group to the N group was VF, followed by NS and
F (Figure 3d).

3.3. Screening for Six Differentially Expressed Genes before and after Antibiotic Treatment

To investigate the effects of antibiotic treatment on gene expression, we obtained
datasets GSE154465 [29] and GSE159761 [30] from public databases, which employed
neomycin (0.5 mg/mL) and ampicillin (1 mg/mL) as antibiotics, the same as those used
in our study. We verified the differential gene expression following antibiotic treatment
through the utilization of Quantitative Real-time-PCR. In GSE154465, we found 343 ho-
mologous genes that were significantly differentially expressed in PAM I-colonized mice
compared to normal ABX-free mice, with 168 exhibiting high expression and 175 displaying
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low expression (Figure 5A). Similarly, we observed 223 differentially expressed homologous
genes in PAM II-colonized mice relative to normal ABX-free mice, 114 of which exhibited
high expression and 109 displayed low expression (Figure 5B). Seventeen homologous
genes were significantly differentially expressed in PAM II-colonized mice compared to
PAM I-colonized mice, of which 14 were highly expressed genes and 3 were lowly expressed
genes(Figure 5C). In GSE159761, ABX-treated tumor-bearing mice exhibited significant
differential expression of 412 homologous genes compared to normal mice, including 188
highly expressed genes and 224 lowly dexpressed genes (Figure 5D).
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Figure 5. (A) Differential analysis of PAM I colonization in GSE154465 compared to ABX-free mice.
(B) Differential analysis of PAM II colonization in GSE154465 compared to ABX-free mice. (C) Differen-
tial analysis of PAM II colonization in GSE154465 compared to PAM I colonized mice. (D) Differential
analysis of ABX-treated tumor-bearing mice in GSE159761 compared to ABX-free mice.

KEGG results showed that PAM I colonization in GSE154465 was mainly enriched in
four pathways, namely the Herpes simplex virus 1 infection, Calcium signaling pathway,
Cardiac muscle contraction, and Apelin signaling pathway, compared to normal ABX-free
mice (Figure 6A). PAM II colonization, compared to normal ABX-free mice, was mainly
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enriched to Viral protein interaction with cytokine and cytokine receptor, Herpes simplex
virus 1 infection, Calcium signaling pathway, and 13 other pathways (Figure 6B). The
major enrichment pathways, Herpes simplex virus 1 infection, Viral protein interaction
with cytokine and cytokine receptor, and Herpes simplex virus 1 infection, are all immune-
related. PAM II colonization was enriched in 12 pathways, including cytokine–cytokine
receptor interaction, Viral protein interaction with cytokine and cytokine receptor, and
Ribosome, compared to PAM I-colonized mice (Figure 6C). In contrast, the tumor-bearing
mice in GSE159761 were mainly enriched in four pathways, including Ribosome, Oxidative
phosphorylation, and others, compared to normal mice (Figure 6D).
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Figure 6. (A) KEGG pathway enrichment results of PAM I colonization in GSE154465 compared to
ABX-free mice. (B) KEGG pathway enrichment results of PAM II colonization compared to ABX-free
mice.(C) KEGG pathway enrichment results in PAM II colonized compared to PAMI colonized
mice. (D) KEGG pathway enrichment results in tumor-bearing mice compared to normal mice
in GSE159761.

We focused on the data from PAM II-colonized mice because of the significantly
shorter lifespan compared to PAM I and ABX-free mice. There were four intersections of
differential genes in PAM II-colonized compared to PAM I-colonized mice or normal ABX-
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free mice (Figure 7A). A total of nine genes were intersected between the differential genes
in ABX-treated hormonal mice versus normal mice in GSE159761 for the PAM II-colonized
phase and PAM I colonized mice compared to normal ABX-free mice (Figure 7A). During
the comparison between PAM II-fixed compared to PAM I-fixed mice, and PAM II-fixed
compared to normal ABX-free mice, 55 core genes were repeated in both, with Cd4, Ccr3,
and Ccr9 being the genes that were significantly different in PAM II-fixed compared to
normal ABX-free mice (Figure 7B). Deleting genes that could not be mapped to human
homologs (via the R package Biomart), and genes with uncertain functionality or that were
associated with multiple complex functions, we finally selected six genes, Cd4, Ccr3, Ccr9,
Tenm4, Lonrf3, and Rgs16, as the genes to be investigated.
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3.4. Gut Microbiota Significantly Affects Gene Expression in the Gut-Liver Axis, which FMT with
Vitamin C May Help to Restore

To investigate the perturbation of gene expression in mice by ABX treatment and the
recovery of each group, we examined the changes in the expression of these six genes in
the small intestine and liver of mice in the ABX, VF, F, NS, and N groups by qPCR.

3.4.1. Gut Microbiota Significantly Affect Gene Expression in the Liver

The ABX group showed a significant increase in the expression of all six genes relative
to the N group and the effect of oral antibiotics on gene expression in the gut was quite
significant. After 21 days of cessation of ABX treatment, the NS group showed a significant
decrease in Cd4, Ccr9, Ccr3, Tenm4, and Rgs16 relative to the ABX group, while Lonrf3
showed no significant difference in change. After transplanting the feces of healthy mice
for 21 consecutive days, Cd4, Tenm4 significantly decreased and Ccr9, Lonrf3 significantly
increased in group F compared to group N. Compared to group NS, Ccr9 significantly
increased and Rgs16 significantly decreased in group F. There were no significant differences
in other genes. After additional vitamin C was added during fecal transplantation, all six
gene expressions were significantly increased in the VF group relative to the N group, and
all five genes were significantly increased relative to the F group, with the exception of
Lonrf3, which was not significantly increased (Figure 8). The clustering results based on
Euclidean distance showed that the ABX group clustered together individually and that
the VF group was the closest to the N group apart from the ABX group (Figure 9A).
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Figure 9. (A) Clustered heat map of gene expression in the small intestine. (B) Clustered heatmap of
gene expression in the liver.

3.4.2. Gut Microbiota Significantly Affect Gene Expression in the Liver

ABX treatment significantly increased Cd4, Ccr3, Ccr9, and Tenm4 expression relative
to the N group, while Lonrf3 significantly decreased. After 21 days of stopping ABX
treatment, Cd4, Ccr3, Tenm4, and Rgs16 decreased significantly and Lonrf3 increased
significantly in the NS group relative to the ABX group. Cd4, Ccr9, Tenm4, and Lonrf3 were
significantly upregulated in the NS group compared to the N group. Changes in Ccr3 and
Rgs16, although not significant, were higher in Ccr3 than in the normal group and lower in
Rgs16 than in the normal group. These were generally consistent with the results of the
GSE154465 dataset. After transplanting feces from healthy mice for 21 consecutive days, the
F group was closer to normal mice than the NS group for five genes except for Ccr9 (which
was significantly higher). Compared to group N, group F showed a significant decrease in
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Cd4, Ccr3, and a significant increase in Ccr9, Tenm4, while no significant differences were
found in other genes. After additional vitamin C was added during fecal transplantation,
the expression of all six genes was significantly increased in the VF group relative to the F
and N groups (Figure 10). The clustering results based on Euclidean distance showed that
group F was the closest to group N (Figure 9B).
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Figure 10. qPCR results for 6 genes in liver with different treatments. (A) Cd4, (B) Ccr9, (c) Ccr3,
(D) Tenm4, (E) Rgs16, and (F) Lonrf3. (*: p < 0.05,**: p < 0.01,***: p < 0.001).

3.4.3. Gut Microbiota also have a Significant Effect on the Expression of Other Genes in the
Gut-Liver Axis

As the two microarrays, GSE154465 and GSE159761, did not cover all genes, we tried
to select some representative genes outside their datasets for testing. Seven genes were
selected for study, namely TNF-α, Srebp-1, Mfns, LXR, IL-6R, IL-1β, and Chrebp, which
are involved in inflammatory cytokines, lipid synthesis, mitochondrial fusion, lipid and
cholesterol metabolism, immunity, carbohydrate response, and many others.

The qPCR results showed that these seven genes were significantly decreased in the
liver in the ABX group compared to the N group of normal mice, unlike in the intestine
where they were significantly increased. After 21 days of stopping ABX treatment, TNF-α,
Srebp-1, Mfns, IL-6R, and IL-1β were still decreasing in the NS group compared to the ABX
group, while LXR was significantly increasing and Chrebp was not significantly different,
and seven genes were still significantly decreased in the NS group compared to the N group.
In the intestine, TNF α, Srebp-1, Mfns, and IL-1β were significantly decreased in the NS
group compared to the ABX group, while Chrebp, LXR, and IL-6R were not significantly
changed. Compared to the N group, Mfns, LXR, IL-1β, and Chrebp increased significantly
in the NS group, while the remaining genes did not change significantly.

After transplantation of healthy gut microbiota, Srebp-1, Mfns, LXR, IL-6R, IL-1β,
and Chrebp were significantly increased in liver tissue in the F group compared to the
NS group, with no difference in TNF-α. Overall it was closer to the N group, but still
significantly lower in TNF-α, Srebp-1, Mfns, IL-6R, and IL-1β compared to the N group. In
the intestine, the trends in these genes were similar to those in the liver compared to the
NS group. However, all six genes were significantly increased compared to the N group
except for TNF.
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After vitamin C supplementation at the time of fecal transplantation, Mfns, IL-6R,
and Chrebp decreased significantly and IL-1β increased significantly in the liver in the VF
group compared to the F group. Srebp-1, LXR, and Chrebp were significantly decreased
and TNF-α was significantly increased in intestinal tissues. Compared to the NS group, all
genes except IL-6R were significantly increased in the liver and Chrebp was significantly
decreased in the intestinal tissue of the VF group. TNF, Srebp-1, Mfns, and IL-6R were
significantly decreased in the liver of the VF group compared to the N group. All five genes
were significantly elevated in intestinal tissue except for TNF-α, IL-6R (Figures 11 and 12).
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Figure 12. Gene qPCR results from different treated mice in the liver. (A) TNF-α, (B) Srebp-1,
(C) Mfns, (D) LXR, (E) IL-6R, (F) IL-1β, and (G) Chrebp. (*: p < 0.05,**: p < 0.01,***: p < 0.001).

The clustering results based on Euclidean distance showed that the VF group was the
closest to the N group, both in the intestine and the liver (Figure 13).



Genes 2023, 14, 1423 15 of 20
Genes 2023, 14, x FOR PEER REVIEW 16 of 21 
 

 

 
Figure 13. (A) Clustered heat map of gene expression in the small intestine. (B) Clustered heat map 
of gene expression in the liver. 

4. Discussion 
Antibiotic treatment can be detrimental to the gut microbiota as it kills some of the 

microorganisms, causing an imbalance in the microbial population. Prolonged use of an-
tibiotics can further increase the risk of various diseases [31,32]. Moreover, antibiotics have 
long-term and subtle effects on organisms, including altering the gut microbiota. These 
effects are not limited to the gut alone. In fact, early exposure to antibiotics has been found 
to influence the lifespan of mice [29]. 

Vitamin C has been proven to be effective in treating a variety of diseases, including 
sepsis [33]. It acts as a cofactor for a range of biosynthetic and gene regulatory enzymes. 
Vitamin C can treat disease by improving gut microbiota [34] and is also used in high 
doses for cancer treatment [35]. On the other hand, vitamin C deficiency increases the risk 
of intestinal infections [36]. 

Studies have shown that vitamin C intake can significantly improve the homogeneity 
of the intestinal microbial community, reduce fecal pH, increase microbial α diversity, and 
fecal short-chain fatty acids [37]. Additionally, vitamin C acts as an antioxidant which di-
rectly impacts intestinal redox homeostasis, thus playing an important role in regulating 
the intestinal microbiota. This helps to correct the oxidative effects of antibiotics on gut 
microbes. Moreover, vitamin C protects the intestinal mucosa from damage and inflam-
mation by enhancing the function of the intestinal epithelial barrier. A study conducted 
in Japan revealed that vitamin C intake was negatively associated with the risk of inflam-
matory bowel disease (IBD) [38]. 

Furthermore, vitamin C improves the intestinal micro-ecology by increasing the me-
tabolites of probiotic genera such as alanine and lactate, while reducing the metabolites of 
intestinal pathogenic bacteria such as nitrates and nitrites. Our team supplemented fecal 
transplanted mice with vitamin C and observed that their gut microbiota profile was most 
similar to that of the donor mice. Additionally, the expression of genes in the intestine was 
closest to that of normal mice, further confirming the positive effect of vitamin C on the 
recovery of the gut microbiota. 

The influence of gut microbiota on the immune system can be divided into two as-
pects: the innate immune system and the involvement of gut microbiota in the regulation 
of the body’s immune response. The colonization of gut microbiota early in life has an 
important influence on the development of the intestinal and systemic immune systems 
[39,40]. Dendritic cells play a critical role in regulating intestinal and systemic immunity 
[41]. Gut microbiota activates retinoic acid receptor α (RARα), forming the immunogen-
icity of human monocyte-derived dendritic cells, thereby regulating the immune response 

Figure 13. (A) Clustered heat map of gene expression in the small intestine. (B) Clustered heat map
of gene expression in the liver.

4. Discussion

Antibiotic treatment can be detrimental to the gut microbiota as it kills some of the
microorganisms, causing an imbalance in the microbial population. Prolonged use of
antibiotics can further increase the risk of various diseases [31,32]. Moreover, antibiotics
have long-term and subtle effects on organisms, including altering the gut microbiota.
These effects are not limited to the gut alone. In fact, early exposure to antibiotics has been
found to influence the lifespan of mice [29].

Vitamin C has been proven to be effective in treating a variety of diseases, including
sepsis [33]. It acts as a cofactor for a range of biosynthetic and gene regulatory enzymes.
Vitamin C can treat disease by improving gut microbiota [34] and is also used in high doses
for cancer treatment [35]. On the other hand, vitamin C deficiency increases the risk of
intestinal infections [36].

Studies have shown that vitamin C intake can significantly improve the homogeneity
of the intestinal microbial community, reduce fecal pH, increase microbial α diversity, and
fecal short-chain fatty acids [37]. Additionally, vitamin C acts as an antioxidant which
directly impacts intestinal redox homeostasis, thus playing an important role in regulating
the intestinal microbiota. This helps to correct the oxidative effects of antibiotics on gut mi-
crobes. Moreover, vitamin C protects the intestinal mucosa from damage and inflammation
by enhancing the function of the intestinal epithelial barrier. A study conducted in Japan
revealed that vitamin C intake was negatively associated with the risk of inflammatory
bowel disease (IBD) [38].

Furthermore, vitamin C improves the intestinal micro-ecology by increasing the
metabolites of probiotic genera such as alanine and lactate, while reducing the metabolites
of intestinal pathogenic bacteria such as nitrates and nitrites. Our team supplemented fecal
transplanted mice with vitamin C and observed that their gut microbiota profile was most
similar to that of the donor mice. Additionally, the expression of genes in the intestine was
closest to that of normal mice, further confirming the positive effect of vitamin C on the
recovery of the gut microbiota.

The influence of gut microbiota on the immune system can be divided into two aspects:
the innate immune system and the involvement of gut microbiota in the regulation of the
body’s immune response. The colonization of gut microbiota early in life has an important
influence on the development of the intestinal and systemic immune systems [39,40].
Dendritic cells play a critical role in regulating intestinal and systemic immunity [41].
Gut microbiota activates retinoic acid receptor α (RARα), forming the immunogenicity of
human monocyte-derived dendritic cells, thereby regulating the immune response [42]. In
addition, gut microbiota can also regulate immunity by affecting the intestinal barrier [43]
and influencing gastric acid secretion.
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Our study also looked at the effect of gut microbiota on immune-related genes after
antibiotic treatment. The Cd4 molecule is known for its unique immune function [44] as
it induces the selection of helper T cells during differentiation [45]. After disrupting the
gut microbial ecology with antibiotics, we observed a significant up-regulation of CD4
expression in both the gut and liver, particularly in the gut where CD4 expression rose
nearly thirty-fold. However, this returned to normal levels after receiving fecal microbial
transplants, further demonstrating the impact of the gut microbiota on the immune system.
The results obtained from our study demonstrate that Cd4, Ccr9, and Ccr3, which are
associated with immunity and inflammation, along with Tenm4, a protein involved in
neuronal connectivity, were significantly up-regulated in both the gut and liver after
antibiotic (ABX) treatment. Conversely, Rgs16 and Lonrf3, which showed significant up-
regulation in the intestine, displayed the opposite results in the liver. The relationship
between gut microbiota and host gene expression is complex, with many interactions at
play. The gut microbiota can directly influence the physiological metabolic processes of
host cells through metabolites, short-chain fatty acids, and other factors, thus affecting
host gene expression. Additionally, the gut microbiota can indirectly influence host gene
expression by regulating the immune system and activating signaling pathways. These
effects may lead to widespread changes in gene expression throughout the host’s body
through various signaling cascades. Further research is necessary to gain more insight into
the complex interactions between gut microbiota and host gene expression [46,47].

The time it takes for the gut microbiota to recover after oral antibiotics varies from
person to person and depends on several factors such as individual differences, disease state,
and diet. It can often take a considerable amount of time to fully recover. In our experiments,
after 21 consecutive days of FMT treatment, mice showed improved but not complete return
to normal levels of gut microbiota dysbiosis. Another dataset, PRJNA810918 [48], revealed
that antibiotic-treated mice treated with FMT for eight consecutive weeks still had not
returned to donor mouse levels of gut microbiota. Together, these two results suggest
that the time needed for full recovery of the gut microbiota may exceed three months [49].
During the early stages of the COVID-19 epidemic, empirical antibiotic use resulted in
patients’ gut microbiota not recovering even after the end of treatment [50]. However, the
gut microbiota is variable, and one study showed that it responds rapidly to different diets.
A specific diet in the short term can alter the community structure of the gut microbes,
promoting diversity in dietary patterns [51].

The intestinal barrier plays a crucial role in regulating the passage of microorganisms,
pro-inflammatory molecules, antigens, and toxins. Cytokines are a group of small molecule
proteins with diverse biological activities that are synthesized and secreted by immune cells
(such as monocytes, macrophages, T cells, B cells, NK cells, etc.) and certain non-immune
cells (including endothelial cells, epidermal cells, fibroblasts, etc.) upon stimulation. Cy-
tokines have powerful immunomodulatory effects and are essential for human physiology
and pathology [52]. The research results showed that, among the various inflammatory
markers tested (TNF-α, IL-1β, and IL-6R genes) in the liver, their expression was highest
in the ABX group and lowest in the normal group. Moreover, IL-6 expression gradually
decreased in the F and VF groups and the NS group. This suggests that IL-6 is significantly
affected by antibiotics and the abundance of gut microbiota. Treatment with fecal trans-
plants combined with vitamin C reduced the expression of the IL-6 cytokine gene in the
community, which suggests that the inflammatory response is decreasing.

The side effects of taking antibiotics have been taken seriously, especially after a
period of antibiotic abuse when many disadvantages became apparent. Continued use
of antibiotics makes bacteria more resistant to them, rendering them ineffective against
the bacteria. A significant proportion of microbial resistance results from mutations in
genes related to the compound’s mechanism of action, or the acquisition of exogenous
DNA through transformation, transduction, coupling, etc. [53]. Infections limited by multi-
drug-resistant microorganisms that cannot be cured are becoming increasingly common
in clinical practice. Antibiotic-associated diarrhea (AAD) is an example of the disruption



Genes 2023, 14, 1423 17 of 20

of gut microbiota caused by antibiotics. Antibiotics not only kill harmful bacteria but also
some beneficial ones, leading to dysbiosis of the gut microbiota and subsequent changes in
carbohydrate, short-chain fatty acid, and bile acid metabolism, which can cause diarrhea.
The prevalence of AAD is high in clinical settings, with estimates ranging from 5 to 39%,
depending on the type and duration of antibiotic treatment [54]. The effects of dysbiosis
on the ecology of the gut microbiota are widespread and long-lasting. In fact, more than
half of antibiotic treatments are unnecessary [55], and to some extent, antibiotics become a
new barrier to patient care. However, the inclusion of vitamin C as an adjunct to antibiotic
therapy may be a promising new approach.

In contrast to previous studies, a distinctive feature of our approach is that we in-
tegrated public data to provide a more comprehensive analysis. Through this method
we have investigated changes in the mice gut microbiome at the family and genus levels
following oral administration of ampicillin and neomycin. Moreover, we demonstrated
how these microbiome alterations affect the physiological function of the gut-liver axis
through specific genetic changes. An additional innovation was the use of vitamin C as an
adjuvant in efforts to facilitate the recovery of the altered gut microbiota, which yielded
positive outcomes.

We recognize that this manuscript has some limitations. During the experiment, we
refrained from establishing a specific daily dosage of antibiotics for the mice. This was
attributed to our reliance on methodologies employed in prior research endeavors [30,56].
However, a precise administration of antibiotics would have enhanced the experiment’s
interpretability and controllability. Regrettably, longitudinal sampling was absent, we
conducted a comparison using group N mice as specimens. We utilized a small sample size
for experimental validation and, for technical reasons, we used QIIME instead of QIIME 2 in
our experiment. The genes we selected may not entirely reflect the impact of gut microbiota
on gene expression in the small intestine and liver after oral antibiotic administration.

5. Conclusions

We investigated the impact of neomycin and ampicillin oral administration on gut
microbiota composition in mice (f__Muribaculaceae decreasing, f__Lactobacillaceae increas-
ing); genes related to gut-liver axis expression were significantly effected by this change in
gut microbiota, but FMT with vitamin C supplementation was effective in restoring gut
microbiota dysbiosis and gene expression.
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