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Simple Summary: After being fed an antibiotic-free diet, some rabbits showed typical diarrhea
symptoms. In order to explore the reasons, this study used multiple omics analysis. Bacteroidetes
and Proteobacteria were significantly upregulated in the colon of diarrhea rabbits, and the ratio
of Firmicutes to Bacteroidetes was decreased. The significantly upregulated differential genes were
mainly enriched in the IL-17 signaling pathway and were involved in promoting inflammatory re-
sponse. The different metabolites were mainly enriched in tryptophan metabolism and bile secretion,
which affected the anti-inflammatory function. In addition, Bacteroides is positively correlated with
4-Morpholinobenzoic acid and Diacetoxyscirpenol, which is believed to be an important cause of
inflammation. The enrichment of Proteobacteria is also related to the high expression of the IL-17
signaling pathway.

Abstract: Diarrhea symptoms appeared after antibiotics were banned from animal feed based on
the law of the Chinese government in 2020. The colon and its contents were collected and ana-
lyzed from diarrheal and healthy rabbits using three omics analyses. The result of the microbial
genomic analysis showed that the abundance of Bacteroidetes and Proteobacteria increased significantly
(p-value < 0.01). Transcriptomes analysis showed that differentially expressed genes (DEGs) are
abundant in the IL-17 signaling pathway and are highly expressed in the pro-inflammatory pathway.
The metabolome analysis investigated differential metabolites (DMs) that were mainly enriched in
tryptophan metabolism and bile secretion, which were closely related to the absorption and immune
function of the colon. The results of correlation analysis showed that Bacteroidetes was positively
correlated with 4-Morpholinobenzoic acid, and 4-Morpholinobenzoic acid could aggravate inflam-
mation through its influence on the bile secretion pathway. The enriched DMs L-Tryptophan in
the tryptophan metabolism pathway will lead to the functional disorder of inhibiting inflammation
by affecting the protein digestion and absorption pathway. Thus, the colonic epithelial cells were
damaged, affecting the function of the colon and leading to diarrhea in rabbits. Therefore, the study
provided an idea for feed development and a theoretical basis for maintaining intestinal tract fitness
in rabbits.

Keywords: rabbit; colon; diarrhea; microorganism; transcriptome; untargeted metabolomics

1. Introduction

Antibiotics have played an important role in animal feed over the past half-century. It
was used to prevent and treat animal infection for a long time, expedite intestinal absorption
and digestion, and expedite its production capacity [1]. Long-term addition of antibiotics in
feed, but the problem also followed [2]. Long-term feeding the feed containing antibiotics
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usually leads to drug resistance in animals [3,4]. Moreover, more and more studies proved
that the residue and accumulation of antibiotics in all kinds of meats would affect the health
of consumers [5]. An increasing number of people are paying attention to the rational
use of antibiotics. China’s Ministry of Agriculture and Rural Affairs signed a national
law banning antibiotics in 2020. Then, typical symptoms of diarrhea appeared in some
individuals, and the mortality and feeding cost of rabbitry increased [6].

The intestinal tract is an important organ for defense and immune response, as well
as the key to nutrient absorption [7,8]. The colon has a special structure and the highest
pH, which also leads to a more complex internal environment of the colon tissue [9].
Inflammation of the colon can cause diarrhea [10] and could damage the mucosal structure
of the colon epithelium [11]. Damage to the colon structure could affect the composition
of the microbial community and then affect the normal absorption function of the colon,
resulting in metabolic disorders [12,13].

Multi-omics research methods can reveal the complex process of rabbit nutrient ab-
sorption in a more three-dimensional way [14,15]. Thus, this study aimed to explore the
mechanism of diarrhea in rabbits caused by colon lesions. The colon tissues and con-
tents were collected and analyzed by microbial group, transcriptome, and non-targeted
metabolism group. It provided an idea for the development of healthy feed and a theoretical
basis for further study of rabbit diarrhea caused by colonic inflammation.

2. Materials and Methods
2.1. Ethics Statement

The experimental procedures in this study have been approved by the Animal Care
and Utilization Committee from the College of Animal Science and Technology, Sichuan
Agricultural University, China.

2.2. Animals Feeding Condition

The project was performed in the rabbitry, Leibo County (103.57° E, 28.26° N), Sichuan
Province, China. The rabbits were raised in clean cages with regularly inoculating vaccines.
The feed was purchased from a local feed manufacturer. July 2021, the rabbit farm began
to use the antibiotic-free diet based on the requirements of national policy. The rabbits
appeared to have typical diarrhea symptoms, such as loss of appetite, feces not forming,
and feces stench.

2.3. Samples Collection

40-day-old weaned rabbits were selected. Six female rabbits with typical diarrhea
symptoms were selected as the diarrhea group (DIA), and six female rabbits without
diarrhea symptoms were selected as the control group (CON). The selected rabbits were
fasted for 24 h and were slaughtered by the electric bloodletting method. The colon
tissue and its content were taken immediately and were preserved in liquid nitrogen at
—80 °C. The RNA and DNA in samples were extracted by conventional methods and
sent to Novogene Bioinformatics Technology Co., Ltd. (Beijing, China) for sequencing and
preliminary analyses [15,16].

2.4. Morphological Section Analysis of Rabbit Colon

Some colon tissues were washed with normal saline, fixed with neutral formalin, dehy-
drated with ethanol, embedded in paraffin, sectioned, and stained with hematoxylin
and eosin (HE). The histopathological features, using a CX22 microscope (OLMPUS,
Tokyo, Japan), were observed and photographed using Leica microscopic imaging system
(DM1000, Leica, Wetzlar, Germany).

2.5. Microbial Genomic16S rRNA Gene Sequencing and Sequencing Analysis

After DNA amplification, purification, and construction of the SMART bell library, the
bam file was exported by the SMRT analysis software of PacBio [17]. OTUs (operational
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taxonomic units) clustering and species classification analysis were performed after distin-
guishing samples according to barcode [18,19]. The representative sequences of each OTU
were annotated to obtain the corresponding species information and relative abundance of
species. The diversity and richness of microbial communities in the samples were analyzed
by alpha diversity analysis. Qiime software (Version1.9.1, Novogene, Beijing, China) was
used to calculate the alpha diversity index (Shannon index, chaol index, and Simpson
index), R software was used to analyze the difference between groups of alpha diversity
index, and the Wilcox rank-sum test was used for comparison. The microbial communi-
ties between the two groups of samples were compared and analyzed by beta diversity
analysis. The species annotation results of the two groups and the abundance information
of OTUs were combined, and then the weighted unifrac distance was calculated and con-
structed through the abundance relationship between OTUs of the same classification in
different groups.

Finally, multivariate statistical methods are used to enter non-metric multi-dimensional
scaling (NMDS) and multi-response permutation procedure (MRPP). The microorganisms
with significant differences between groups at each classification level were found by t-test
(p-value < 0.05). LEfSe was used to find high-dimensional biomarkers, and the microbial
population with the most significant difference was determined with “LDA score >4 as
the standard.

2.6. RNA-Seq Data and Differential Expression Analysis

After the extracted RNA was screened, amplified, and purified, the library was finally
obtained using NEBNext® UltraTM Directional RNA library Prep Kit for Illumina® (San
Diego, CA, USA) [20]. The sequencing fragment image data measured by a high-throughput
sequencing instrument was transformed into sequence data (reads) by CASAVA base
recognition to obtain clean reads. Q20, Q30, and CG of clean readings are also calculated.
In the correlation analysis of data between samples, the R2 of the Pearson correlation
coefficient is greater than 0.92 (ideal sampling and experimental conditions). In the specific
operation of the project, R2 between biological replicate samples is at least greater than
0.8. Otherwise, samples need to be properly explained or retested. According to the FPKM
values of all genes in each sample, the correlation coefficients of intra-group and inter-
group samples are calculated, and the heat map is drawn, which can visually display the
differences between groups and the repetition of samples within groups. The higher the
correlation coefficient between samples, the closer the expression pattern.

Then DESeq?2 software (1.20.0) was used to analyze the differential expression of the
two comparative combinations. The p-value < 0.05, and the FDR < 0.01. It was considered
that the genes with Ilog2 (fold change) | >1 were significantly differentially expressed
genes, and the results were shown in the voLithocholic acidnic map. Subsequently, GO
classification function annotation and KEGG enrichment analysis were performed on these
DEGs to obtain further differential enrichment results.

2.7. Metabolome Analysis

The metabolites in the intestinal segment were studied based on LC-MS technol-
ogy. After liquid nitrogen grinding and centrifugation of intestinal tissue samples, the
supernatant was injected into the ultra-performance liquid chromatography-tandem mass
spectrometry (UHPLC-MS/MS) system for analysis [21]. Firstly, the raw data of mass spec-
trometry were imported into Compound discoverer 3.1 software for spectral processing
and database retrieval, and the qualitative and quantitative results of metabolites were
obtained. Then, the quality of data was controlled to ensure the accuracy and reliability
of the data. Using high-resolution mass spectrometry (HRMS) technology, we can make
the non-target metabolic group as much as possible to detect the molecular characteristic
peaks in the sample. The raw data after offline is preprocessed by CD3.1 data processing
software. In order to make the identification accurate, we extract the peaks according to the
set of ppm, signal-to-noise ratio (S/N), additive ions, and other information and quantify
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the peak area. Then mzCloud, mzVault, and MassList databases were compared to identify
metabolites. Finally, metabolites with a coefficient of variation of less than 30% in QC
samples were retained as the final result. The metabolites were compared with KEGG,
HMDB, and other databases to obtain the annotation results. Then, a multivariate statistical
analysis of metabolites was performed, including principal component analysis (PCA),
partial least squares discriminant analysis (PLS-DA), and other methods to establish the
relationship between the expression of metabolites and samples [22]. According to the
results of Q2 and R2, the model was judged to reveal the differences in metabolic patterns
between different groups. KEGG enrichment pathway analysis was performed on the
differential metabolites to obtain clearer and more detailed differential analysis results.

2.8. Association Analysis

The association analysis was performed on the composition of colony differences and
the results of differential metabolites obtained from 16S rDNA and metagenomic analysis
of genus-level differences to compare the association degree between species diversity
and metabolites in environmental samples. The value between (—1,1) is the correlation
coefficient, which is negatively correlated when the correlation coefficient is less than 0,
and positively correlated when the correlation coefficient is greater than 0. The Pearson
correlation coefficient rho and p-value of top10 and top20 were calculated, and the scatter
plot analysis was drawn with the results of |thol >0.6 and p-value < 0.05, which intuitively
showed the results of the correlation scatter plot analysis of the expression of different
bacteria and different metabolites.

The top100 of genes with significant differences obtained by transcriptome analysis
and the top50 of metabolites with significant differences obtained by metabolic progenitor
analysis were analyzed based on the Pearson correlation coefficient to compare the corre-
lation between the two. The results are presented in the clustering heat map. When the
correlation coefficient (—1,1) is greater than 0, it is positive and negative when the correla-
tion coefficient is less than 0. Then all the differential genes and differential metabolites
were compared with the KEGG pathway database at the same time to obtain their common
pathway results and determine the main biochemical pathways and signal transduction
pathways that differential metabolites and differential genes participate in together.

3. Results
3.1. Colon Tissue Sections

Colon tissue samples stained with HE are shown in Figure 1. In the DIA group, the
colonic mucosa epithelium was exfoliated, part of the intestinal wall was necrotic, and the
number of lymphocytes was decreased, presenting typical that is diarrhea. In contrast, the
rabbit of the CON group had intact colon structure and no pathological features.

Figure 1. Pathological observation of colon tissue in rabbits by microscope (HE-staining, 100x).
(A) DIA. (B) CON.
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3.2. Microbial Community Imbalance

After alpha diversity analysis, the results are shown in Table 1. All the alpha diversity
indices in the DIA group were reduced, and the Shannon index and Chaol index were
significantly reduced (p-value < 0.05), indicating that the richness and evenness of microbial
communities in the DIA group were significantly reduced (p-value < 0.05). The results
of MRPP analysis also showed that the microbial separation between the two groups
was obvious.

Table 1. Alpha diversity analysis of intestinal microbial of rabbit colon. The notation * indicate
significant differences (p < 0.05) among groups.

Group Species Shannon Simpson Chaol Coverage
DIA 89 4.06 0.812 124.49 0.96
CON 146 544 * 0.936 215.25* 0.93

The results of PCoA and NMDS were consistent with the above results. The expected-
delta value and A value jointly indicated that the difference between groups was greater
than that within the group, and the significance < 0.05 indicated that the difference was
significant (Table 2).

Table 2. MRPP analysis of intestinal microbial of rabbit colon.

Group A Observed-Delta  Expected-Delta Significance
CON.VS.DIA 0.2053 0.6475 0.8147 0.002

The relative abundance differences of microorganisms between the two groups were
compared (Figure 2), and a t-test was performed to identify the species with significant
differences (p-value < 0.05) between groups (Table 3). The results showed that Bacteroidetes
were the dominant bacteria in the DIA group at the levels of phylum, class, order, family,
and genus, with an average proportion of 42%. In addition, Proteobacteria was also sig-
nificantly enriched in the DIA group, and the difference was significant (p-value < 0.01).
Some endemic microorganisms, Peptostreptococcaceae, Synergistetes, and Cyanobacteria,
were detected in the DIA group. Firmicutes, Clostridia, and Ruminococcaceae were the domi-
nant flora in the CON group, and the differences were significant (p-value < 0.01). It was
also found that Bacteroidetes and Firmicutes were the main flora at the phylum level, but
Bacteroidetes > Firmicutes in the DIA group and the opposite in the CON group. Moreover,
the dominant flora at other levels fall under the classification of these two microorganisms.

Table 3. T-test analysis of rabbit colon intestinal microflora in DIA group and CON group at phylum,
class, order, family, and genus level.

Level Name avg(DIA) sd(DIA) avg(CON) sd(CON) p-Value
phylum Firmicutes 0.286470 0.083302 0.530045 0.110976 0.001857
Proteobacteria 0.149093 0.078586 0.003590 0.003954 0.006152

Bacteroidetes 0.493764 0.147044 0.281935 0.083914 0.015600

Melainabacteria 0.000377 0.000585 0.007936 0.006042 0.027750

class Clostridia 0.227135 0.067548 0.500944 0.127411 0.001879
Bacteroidia 0.493764 0.147044 0.281935 0.083914 0.015600

order Bacteroidales 0.025132 0.038578 0.281746 0.083690 0.000243

Verrucomicrobiales 0 0 0.027021 0.016279 0.009673
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Table 3. Cont.

Level Name avg(DIA) sd(DIA) avg(CON) sd(CON) p-Value
family Peptostreptococcaceae 0.005480 0.003822 0 0 0.017071
Bacteroidaceae 0.335978 0.262398 0.010959 0.009849 0.028913
Ruminococcaceae 0.059901 0.039701 0.368102 0.103267 0.000356
genus Terrisporobacter 0.004535 0.003286 0 0 0.019661
Bacteroides 0.335978 0.262398 0.010959 0.009849 0.028913
Lachnoclostridium 0.021542 0.016209 0 0 0.022563
unidentified_Ruminococcaceae 0.002834 0.003344 0.012093 0.005203 0.005681
Intestinimonas 0.003590 0.002626 0 0 0.020366
Subdoligranulum 0 0 0.001322 0.000853 0.012676
Marvinbryantia 0 0 0.001889 0.001373 0.019868
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Figure 2. Average relative abundances histogram of species at phylum level (A), class level (B), order
level (C), family level (D), genus level (E).

LEfSe was used to analyze the differences in microbial communities between the two
groups at different classification levels. The results are shown in Figure 3. In the DIA
group, Bacteroidetes were significantly enriched at all levels, and Proteobacteria were also
significantly enriched at the phylum level. The analysis results of the CON group showed
that Ruminococcaceae, Clostridia, Clostridiales and Firmicutes were significantly enriched.
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Figure 3. LDA score of LEfSe-PICRUSt.

3.3. Differential Expression of Genes in Colon
After raw data filtering, sequencing error rate inspection, and GC content distribution

test. In the DIA group, 44,623,012 raw reads and 43,329,060 clean reads were read on
average. The average Q20 of clean reads was 97.67%, and the average Q30 was 93.65%.
Then, 45,259,949 raw reads and 44,084,909 clean reads were read in the CON group, with
an average Q20 of 97.67% and Q30 of 93.67%. The results of correlation analysis between
samples (Figure 4) showed that when the correlation coefficient R2 > 0.8, it was considered
that the correlation between samples was high. The general correlation of the samples in
the CON group was high, with an average R2 of 0.892, while that in the DIA group was
0.706. The sample correlation between the DIA group and the CON group is low, with an

average R2 of 0.773.
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Figure 4. Heat map of correlation analysis between samples. The higher the correlation coefficient
between samples, the closer the expression pattern is.

A total of 21,703 DEGs were obtained, as shown in the volcano map (Figure 5). There
were 321 DEGs with significant indigenous differences, 131 DEGs were upregulated, and
190 DEGs were downregulated. The significantly upregulated DEGs included S100A9,
S100A8, MMP1, CXCLS8, and other DEGs, while significantly downregulated DEGs in-
cluded ITGA11, FN1, COL6A6, COL1A1, and other DEGs. The result of GO enrichment
analysis indicated that DEGs were mainly enriched in extracellular space, extracellular
matrix, and collagen-containing extracellular matrix. The results after GO enrichment anal-
ysis and KEGG enrichment analysis of these DEGs were shown (Figures 6 and 7). KEGG
enrichment analysis indicated that significantly upregulated DEGs were mainly enriched
in the IL-17 signaling pathway. The downregulated DEGs were mainly concentrated in
protein digestion and absorption, ECM-receptor interaction, and focal adhesion.

DIA vs CON
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Figure 5. Volcano-map of DEGs in colon tissue of DIA and CON.
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Figure 7. The most enriched KEGG pathway of the DEGs, significantly upregulated DEGs (A), signif-
icantly downregulated DEGs (B).
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3.4. Differential Metabolite Analysis

The results of metabolite quantitative analysis showed that a total of 1663 metabolites
were collected, including 1191 positive metabolites and 472 negative metabolites. The
results of the QC sample correlation score (Figure 8) showed that the correlation R2 of
both negative and positive metabolites was between 0.989 and 0.992, indicating that the
correlation between samples was high and the data accuracy was high. PCA analysis
was performed on all samples, and the results of PCA analysis are shown in Figure 8.
The cathodic and anodic metabolites of the two groups were significantly separated, and
the dispersion of the DIA group was higher. This indicated that diarrhea leads to more
complex metabolites in the DIA group. The results of the PLS-DA analysis were consistent
with the above results. After screening for differential metabolites, the results showed in a
volcano map (Figure 9). There were 651 differential metabolites, including 472 for positive
and 179 for negative, and 373 metabolites were significantly upregulated, 278 metabolites
were significantly downregulated, 194 metabolites were significantly downregulated, and
84 metabolites were significantly downregulated.

Pearson correlation between pos QC samples

A B

pos_QC3-

0.992

neg_QC3-

1.0000
0.9975

pos_QC2- neg_QC2-

0.9950
0.9925
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pos_QC1-

0.992

neg_QC1-

$ o ¢ o & 6
& &
Figure 8. QC sample correlation score. (A) is the QC sample correlation analysis results of positive

metabolites, (B) is the QC sample correlation analysis results of negative metabolites.
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Figure 9. Volcano map of DMs in colon tissue of DIA and CON. Positive DMs (A), negative DMs (B).
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The results were presented as KEGG pathways, and the main biochemical metabolic
pathways and signal transduction pathways involved in differential metabolites could be
determined. Results of the KEGG pathway were shown (Figure 10). The results showed that
the differential metabolites at the positive were mainly enriched in tryptophan metabolism
(p-value = 0.013), phenylalanine, tyrosine and tryptophan biosynthesis (p-value = 0.06),
cortisol synthesis and secretion (p-value = 0.06), Cushing’s syndrome (p-value = 0.06). The
differential metabolites of the negative were mainly enriched in bile secretion (p-value
= 0.20), biosynthesis of acid (p-value = 0.24) and biosynthesis of unsaturated fatty acids
(p-value = 0.26).
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Figure 10. The most enriched KEGG pathway of the DMs. Positive DMs (A), negative DMs (B).

3.5. Metabolite-Centric Correlation Analysis

Figure 11 shows the results of correlation analysis between DMs and microorganisms.
Under genus-level classification, dominant Bacteroides in DIA group and Diacetoxyscirpenol
(rHO = 0.80, p-value < 0.01) and 4-morpholinobenzoic acid (rHO = 0.71, p-value < 0.01) in
positive, 2-(1-{2- [(3-Furylmethyl) Amino]-2-oxoethyl}cyclohexyl)acetic acid (RHO = 0.89,
p-value < 0.01) and 15(R) -lipoxin and A4 (RHO = 0.77, p-value < 0.01) in negative has a
strong positive correlation and is extremely significant. The dominant bacteria in CON
group Ruminococcaceae were compared with Robenidine (RHO = 0.92, p-value < 0.01) in
positive and INH (RHO = 0.89, p-value < 0.01) in negative.
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Figure 11. Correlation analysis results of differential-metabolites top20 and 16S microbial-genomic
Top10. Positive DMs (A), negative DMs (B).
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KEGG pathway comparative analysis was performed on DEGs and DMs. The results
of the KEGG pathway analysis (Figure 12) showed that the enrichment in the Arachidonic
acid metabolism pathway was extremely significant (p-value < 0.01). Enrichment in protein
digestion and absorption pathways was highly significant (p-value < 0.01).
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Figure 12. KEGG enrichment analysis of DMs and DEGs. Positive DMs (A), negative DMs (B).

4. Discussion

After being transferred to an antibiotic-free diet, we found that some rabbits developed
typical diarrhea symptoms such as loss of appetite, dilute feces, and feces stench. The
HE-stained intestinal tissue samples showed that damage in the colon was caused by an
inflammatory response. Inflammation would lead to abnormal immune response and
damage to intestinal epithelial mucosa, thus affecting their functions [11,23].

The diversity and evenness of microorganisms in the DIA group decreased signifi-
cantly, while Bacteroidetes increased significantly and Firmicutes decreased significantly. The
ratio of Firmicutes and Bacteroidetes could often reflect the health situation in the colon [24,25].
In healthy individuals, the index of Firmicutes/Bacteroidetes (F/B > 1) is usually high, and
an imbalance in the F/B index can lead to an inflammatory response [26,27]. The same
phenomenon was found in this study. Individuals with a more balanced index of Firmi-
cutes / Bacteroidetes often have a better ability to absorb nutrients [28,29]. Bacteroidetes plays a
role in assisting the absorption of sugars and lipids, which is a kind of Probiotics. However,
Bacteroidetes accumulate in large quantities and become pathogenic bacteria [30,31]. In
addition, Proteobacteria were significantly enriched in DIA. Studies have shown that there is
no significant enrichment in healthy individuals [32]. Proteobacteria enrichment causes an
inflammatory response that leads to the abnormal function of colon epithelial cells [33-35].
Thus, speculated that Bacteroidetes and Proteobacteria may be an important cause of colon
inflammation. Because there is a reciprocal balance between microbes and hosts in healthy
individuals, changing the feed formula to adjust the balance of microbial communities
mainly composed of Firmicutes and Bacteroidetes can be a way to prevent diarrhea and
maintain animal health [26,36].

We found that a large number of significantly upregulated DEGs were enriched in the
IL-17 signaling pathway. The interleukin-17 (IL-17) cytokine family, mostly produced by
Th17 cells, plays a major role in colon inflammation in mice and humans [37,38]. IL-17a
expression has been implicated in many immune diseases and inflammatory responses [39].
IL-17A could activate on a variety of cell types, and the high expression of IL-17A could
directly promote the production of pro-inflammatory molecules, so the expression of IL-
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17A is strictly regulated by the IL-17 signaling pathway [40,41]. S100A9, MMP1, CXCLS,
and S100A8 DEGs in the IL-17 signaling pathway were also found and significantly up-
regulated. Meanwhile, significantly downregulated DEGs were concentrated in protein
digestion and absorption, ECM-receptor interaction, and focal adhesion. Moreover, the
three pathways were very important and responsible for maintaining intestinal epithelial
cell structure and immune response, including some anti-inflammatory functions. Studies
showed that inflammation would break the homeostasis of ECM and weaken its ability
to be anti-inflammatory, which will further lead to lesions [42,43]. The main function of
focal adhesion is to induce neutrophils to relieve inflammation, and neutrophils play a
major role in regulating inflammation and tissue repair. Low expression of focal adhesion
pathways could lead to neutrophil dysfunction and greatly reduce the inhibitory effect of
inflammation [44,45].

After differential enrichment analysis of DMs showed that tryptophan metabolism and
bile secretion was the most significant. The metabolites in tryptophan metabolism included
indole-3-acetic acid, L-tryptophan, Indole, L-kynurenine, etc. Trp is a biologically essential
amino acid that plays an important role in the growth, development, and reproduction
of mammals. Moreover, it was an important precursor for the synthesis of metabolites
used for neurotransmitters involved in immune and inflammatory responses [46,47]. Stud-
ies showed that indole-3-acetic acid, L-tryptophan, and indole could effectively improve
the damage of inflammation to the colon. Moreover, I-tryptophan could also play a role
in the NF-«B signaling pathway, which could block transcription and activation of pro-
inflammatory cytokines, and other studies showed that it can reduce the risk of colorectal
cancer [48]. Metabolites enriched in the bile pathway were associated with regulating car-
bohydrate and lipid absorption and energy metabolism [49]. Bile acids (BA) could promote
the absorption of vitamins in the intestine and improve the immune function of the body
to maintain individual health [50,51]. Lithocholic acid and deoxycholic acid could regulate
bile levels and hepatoenteric circulation by activating the Farnesoid X receptor (FXR). One
of the characteristics of colonic inflammation is also the decreased expression level of FXR,
which increases the pro-inflammatory appearance and the generation of oxidative stress by
changing the BA receptor level. It even affects liver cells [52,53]. Meanwhile, lithocholic
acid has the function of protecting the epithelial barrier, which plays an important role in
inhibiting inflammation [53,54]. It was found that BA-related metabolites were significantly
downregulated, and the end of the correlation analysis showed that Bacteroidetes were neg-
atively correlated with these metabolites. Therefore, it was concluded that the enrichment
of Bacteroidetes reduced the expression level of the bile pathway, which led to the decrease
in digestion and absorption level of colon, weakened its inflammatory inhibition function,
and further aggravated the inflammatory reaction [54,55].

Individual metabolic health is closely related to microbial levels. In this study, 4-
morpholinobenzoic acid, Diacetoxyscirpenol, and Bacteroides are positively correlated
(p-value < 0.01) and were enriched in related pathways. In conclusion, we speculated
that the enrichment of Bacteroidetes was the main cause of colon inflammation. On the
one hand, protein digestion and absorption, ECM-receptor interaction, and focal adhesion
were affected, resulting in downregulated expression of these pathways, which weakened
nutrient absorption, immune function, and anti-inflammatory effect. These reasons lead
to structural damage to the colon epithelium. On the other hand, the IL-17 signaling
pathway and other pro-inflammatory pathways were activated, further exacerbating the
inflammatory response.

5. Conclusions

The result showed that the abundance of Bacteroidetes and Proteobacteria significantly
increased (p-value < 0.05), while Firmicutes significantly decreased (p-value < 0.05). The
pathway of bile secretion and tryptophan metabolism were enriched with the most DMs,
which impaired the absorption and energy conversion functions of the colon, and affected
its immune and anti-inflammatory functions. The high expression of the IL-17 signaling
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pathway aggravates the inflammatory response. We speculated that the main cause might
be the chain reaction caused by the imbalance of Bacteroidetes and Firmicutes. This leads to
an inflammatory response and damage to the epithelial structure of the colon. Moreover,
nutrient absorption, anti-inflammatory, and other functions were impaired. Under the
common action of these factors, the rabbits showed typical diarrhea symptoms. Studies
showed that proper adjustment of feed formula to restore microbial ecological balance
in the colon may effectively prevent diarrhea. However, its specific mechanism needs
further research and verification. The study provided an idea for feed development and a
theoretical basis for maintaining intestinal tract fitness in rabbits.

Author Contributions: J.W., conception of the research; S.X., HF, K.Z., G.C. and Y.L. collected data
and conducted the research; Y.C. wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was funded by high-quality and characteristic rabbit breeding materials and
method innovation and new variety breeding (breeding research project), key R & D project of
Sichuan Province (2021YFYZ0033), and national rabbit industry technology system meat rabbit
variety improvement (CARS-43-A-2).

Institutional Review Board Statement: The authors confirm that this study was performed in
accordance with the Guidelines of Good Experimental Practices adopted by the Institute of Animal
Science of the Sichuan Agricultural University, Chengdu, China. All experimental protocols involving
animals were approved by the Animal Care and Use Committee for Biological Studies, Sichuan
Province, China (DKY-B2019302083).

Informed Consent Statement: Not applicable.

Data Availability Statement: All the figures and tables used to support the results of this study
are included.

Conflicts of Interest: No conflict of interest exists in this manuscript.

References

1.  Rosen, G.D. Antibacterials in poultry and pig nutrition. In Biotechnology in Animal Feeds and Animal Feeding; VCH: Weinheim,
Germany, 1995; pp. 143-172.

2. Barton, M. Antibiotic use in animal feed and its impact on human healt. Nutr. Res. Rev. 2001, 13, 279-299. [CrossRef] [PubMed]

3. Bell, B.G,; Schellevis, E; Stobberingh, E.; Goossen, H.; Pringle, M. A systematic review and meta-analysis of the effects of antibiotic
consumption on antibiotic resistance. BMC Infect. Dis. 2014, 14, 13. [CrossRef]

4.  Van, T, Yidana, Z.; Smooker, PM.; Coloe, P.J. Antibiotic Use in Food Animals in the World with Focus on Africa: Pluses and
Minuses. J. Glob. Antimicrob. Resist. 2019, 20, 170-177. [CrossRef]

5. Yang, H.; Paruch, L.; Chen, X,; Eerde, A.V,; Clarke, ]J.L. Antibiotic Application and Resistance in Swine Production in China:
Current Situation and Future Perspectives. Front. Vet. Sci. 2019, 6, 136. [CrossRef]

6.  Seal, B.S,; Lillehoj, H.S.; Donovan, D.M.; Gay, C.G. Alternatives to antibiotics: A symposium on the challenges and solutions for
animal production. Anim. Health Res. Rev. 2013, 14, 78-87. [CrossRef]

7. Yu, K;; My, C;; Yang, Y,; Su, Y.; Zhu, W.Y. Segment specific responses of intestinal epithelium transcriptome to in-feed antibiotics
in pigs. Physiol. Genom. 2017, 49, 582-591. [CrossRef] [PubMed]

8. Vikram, A.; Rovira, P.; Agga, G.E.; Arthur, T.M.; Bosilevac, ].M.; Wheeler, T.L.; Morley, P.S.; Belk, K.E.; Schmidt, ].W. Impact
of “Raised Without Antibiotics” Beef Cattle Production Practices On Occurrences of Antimicrobial Resistance. Appl. Environ.
Microbiol. 2017, 83, e01682-17. [CrossRef]

9. Jakobsson, H.E.; Rodriguez-Pifieiro, A.; Schiitte, A.; Ermund, A.; Boysen, P.; Bemark, M.; Sommer, F; Bckhed, F.; Hansson,
G.C,; Johansson, M.E. The composition of the gut microbiota shapes the colon mucus barrier. EMBO Rep. 2015, 16, 164-177.
[CrossRef] [PubMed]

10. Yang, C.; Zhao, B.; Wu, Y.; Hu, S.; Wu, X. Impacts of diarrhea on the immune system, intestinal environment, and expression of
PGRPs in New Zealand rabbits. Peer] 2017, 5, e4100.

11.  Blumberg, R.S. Inflammation in the Intestinal Tract: Pathogenesis and Treatment. Dig. Dis. 2009, 27, 455-464. [CrossRef]

12. Rhouma, R.B.; Jouini, A.; Klibi, A.; Hamrouni, S.; Maaroufi, A. Molecular characterisation of antimicrobial resistance and virulence
genes in Escherichia coli strains isolated from diarrhoeic and healthy rabbits in Tunisia. World Rabbit Sci. 2020, 28, 81-91. [CrossRef]

13.  Maioli, T.U.; Trindade, L.M.; Souza, A.; Torres, L.; Andrade ME, R.; Cardoso, V.N.; Generoso, S.V. Non-pharmacologic strategies

for the management of intestinal inflammation. Biomed. Pharmacother. 2022, 145, 112414. [CrossRef] [PubMed]


http://doi.org/10.1079/095442200108729106
http://www.ncbi.nlm.nih.gov/pubmed/19087443
http://doi.org/10.1186/1471-2334-14-13
http://doi.org/10.1016/j.jgar.2019.07.031
http://doi.org/10.3389/fvets.2019.00136
http://doi.org/10.1017/S1466252313000030
http://doi.org/10.1152/physiolgenomics.00020.2017
http://www.ncbi.nlm.nih.gov/pubmed/28887368
http://doi.org/10.1128/AEM.01682-17
http://doi.org/10.15252/embr.201439263
http://www.ncbi.nlm.nih.gov/pubmed/25525071
http://doi.org/10.1159/000235851
http://doi.org/10.4995/wrs.2020.10879
http://doi.org/10.1016/j.biopha.2021.112414
http://www.ncbi.nlm.nih.gov/pubmed/34808552

Animals 2022, 12, 1497 150f 16

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Malmuthuge, N.; Liang, G.; Guan, L.L. Regulation of rumen development in neonatal ruminants through microbial metagenomes
and host transcriptomes. Genome Biol. 2019, 20, 172-187. [CrossRef]

Su, Y,; Li, X,; Li, D.; Sun, J. Fecal Microbiota Transplantation Shows Marked Shifts in the Multi-Omic Profiles of Porcine
Post-weaning Diarrhea. Front. Microbiol. 2021, 12, 619460. [CrossRef]

Tang, T.; Li, Y.; Wang, J.; Elzo, M.A.; Lai, S. Untargeted Metabolomics Reveals Intestinal Pathogenesis and Self-Repair in Rabbits
Fed an Antibiotic-Free Diet. Animals 2021, 11, 1560. [CrossRef] [PubMed]

Zhou, J. DNA recovery from soils of diverse composition. Appl. Environ. Microbiol. 1996, 62, 316-322. [CrossRef]

Edgar, R.C. UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 2013, 10, 996-998.
[CrossRef] [PubMed]

Edgar, R.C.; Haas, B.J.; Clemente, J.C.; Quince, C.; Knight, R. UCHIME improves sensitivity and speed of chimera detection.
Bioinformatics 2011, 27, 2194-2200. [CrossRef]

Borodina, T.; Adjaye, J.; Sultan, M. A strand-specific library preparation protocol for RNA sequencing. Methods Enzymol. 2011,
500, 79-98.

Wilson, 1.D.; Gika, H.; Theodoridis, G.; Plumb, R.S.; Shockcor, ].; Holmes, E.; Nicholson, ] K.; Want, E.J. Global metabolic profiling
procedures for urine using UPLC-MS. Nat. Protoc. 2010, 5, 1005-1018.

Anne-Laure, B.; Korbinian, S. Partial least squares: A versatile tool for the analysis of high-dimensional genomic data. Brief.
Bioinform. 2007, 8, 32-34.

Tan, G.; Huang, C.; Chen, J.; Chen, B.; Shi, Y.; Zhi, F. An IRF1-dependent Pathway of TNFa-induced Shedding in Intestinal
Epithelial Cells. J. Crohn’s Colitis 2021, 16, 133-142. [CrossRef]

Wang, X.; Xiao, K.; Yu, C.; Wang, L.; Liu, Y. Xylooligosaccharide attenuates lipopolysaccharide-induced intestinal injury in piglets
via suppressing inflammation and modulating cecal microbial communities. Anim. Nutr. 2021, 7, 609-620. [CrossRef]

Molist, F.; Manzanilla, E.G.; Pérez, ].F.,; Nyachoti, C.M. Coarse, but not finely ground, dietary fibre increases intestinal Fir-
micutes:Bacteroidetes ratio and reduces diarrhoea induced by experimental infection in piglets. Br. J. Nutr. 2012, 108, 9-15.
[CrossRef] [PubMed]

Natividad, ].M.; Pinto-Sanchez, M.1.; Galipeau, H.].; Jury, J.; Verdu, E.F. Ecobiotherapy Rich in Firmicutes Decreases Susceptibility
to Colitis in a Humanized Gnotobiotic Mouse Model. Inflamm. Bowel Dis. 2015, 21, 1883-1893. [CrossRef]

Luo, Y.; Chen, H.; Yu, B.; He, J.; Zheng, P.; Mao, X.; Yu, J.; Luo, J.; Huang, Z.; Chen, D. Dietary pea fibre alters the microbial
community and fermentation with increase in fibre degradation-associated bacterial groups in the colon of pigs. J. Anim. Physiol.
Anim. Nutr. 2017, 102, e254—e261. [CrossRef] [PubMed]

Abigail, R.B.; Adrian, G.N.; Alexandria, L.S.; Ludovica, B.; Danielle, K.; Alexandra, W.; Luca, D.M.; Gina, P.; Abdullah, O;
Alexander, R.P. Replacing Animal Protein with Soy-Pea Protein in an “American Diet” Controls Murine Crohn Disease-Like
Ileitis Regardless of Firmicutes: Bacteroidetes Ratio. J. Nutr. 2021, 151, 579-590.

Koliada, A.; Syzenko, G.; Moseiko, V.; Budovska, L. Association between body mass index and Firmicutes/Bacteroidetes ratio in an
adult Ukrainian population. BMC Microbiol. 2017, 17, 120. [CrossRef]

Nomura, K.; Dai, I.; Okahara, K.; Ito, S.; Nagahara, A. Bacteroidetes Species Are Correlated with Disease Activity in Ulcerative
Colitis. J. Clin. Med. 2021, 10, 1749. [CrossRef]

Johnson, E.L.; Heaver, S.L.; Walters, W.A.; Ley, R.E. Microbiome and metabolic disease: Revisiting the bacterial phylum
Bacteroidetes. J. Mol. Med. 2016, 95, 1-8. [CrossRef]

Shin, N.R.; Whon, T.W.; Bae, ].W. Proteobacteria: Microbial signature of dysbiosis in gut microbiota. Trends Biotechnol. 2015, 33,
496-503. [CrossRef] [PubMed]

Hrncirova, L.; Machova, V.; Trckova, E.; Krejsek, J.; Hrncir, T. Food Preservatives Induce Proteobacteria Dysbiosis in Human-
Microbiota Associated Nod2-Deficient Mice. Microorganisms 2019, 7, 383. [CrossRef]

Litvak, Y.; Byndloss, M.; Tsolis, R.; Baumler, A. Dysbiotic Proteobacteria expansion: A microbial signature of epithelial dysfunction.
Curr. Opin. Microbiol. 2017, 39, 1-6. [CrossRef]

Huang, Y.P; Li, P; Du, T; Du, X.J.; Wang, S. Protective effect and mechanism of Monascus-fermented red yeast rice against colitis
caused by Salmonella enterica serotype Typhimurium ATCC 14028. Food Funct. 2020, 11, 6363—-6375. [CrossRef] [PubMed]
Stojanov, S.; Berlec, A.; Trukelj, B. The Influence of Probiotics on the Firmicutes/Bacteroidetes Ratio in the Treatment of Obesity and
Inflammatory Bowel disease. Microorganisms 2020, 8, 1715. [CrossRef]

Monteleone, I.; Sarra, M.; Pallone, F.; Monteleone, G. Th17-Related Cytokines in Inflammatory Bowel Diseases: Friends or Foes?
Curr. Mol. Med. 2012, 12, 592-597. [CrossRef] [PubMed]

Zhang, Z.; Zheng, M.; Julie, B.; Paul, S.; Kolls, J.K. Critical role of IL-17 receptor signaling in acute TNBS-induced colitis. Inflamm.
Bowel Dis. 2010, 12, 382-388. [CrossRef]

Chang, S.H.; Dong, C. Signaling of interleukin-17 family cytokines in immunity and inflammation. Cell. Signal. 2011, 23,
1069-1075. [CrossRef] [PubMed]

Ouyang, W.; Kolls, ].K.; Zheng, Y. The Biological Functions of T Helper 17 Cell Effector Cytokines in Inflammation. Immunity
2008, 28, 454-467. [CrossRef]

Wu, Z; Ding, L.; Bao, J.; Liu, Y.; Li, J. Co-infection of Mycoplasma gallisepticum and Escherichia coli Triggers Inflammatory Injury
Involving the IL-17 Signaling Pathway. Front. Microbiol. 2019, 10, 2615. [CrossRef]


http://doi.org/10.1186/s13059-019-1786-0
http://doi.org/10.3389/fmicb.2021.619460
http://doi.org/10.3390/ani11061560
http://www.ncbi.nlm.nih.gov/pubmed/34071848
http://doi.org/10.1128/aem.62.2.316-322.1996
http://doi.org/10.1038/nmeth.2604
http://www.ncbi.nlm.nih.gov/pubmed/23955772
http://doi.org/10.1093/bioinformatics/btr381
http://doi.org/10.1093/ecco-jcc/jjab134
http://doi.org/10.1016/j.aninu.2020.11.008
http://doi.org/10.1017/S0007114511005216
http://www.ncbi.nlm.nih.gov/pubmed/22018207
http://doi.org/10.1097/MIB.0000000000000422
http://doi.org/10.1111/jpn.12736
http://www.ncbi.nlm.nih.gov/pubmed/28455883
http://doi.org/10.1186/s12866-017-1027-1
http://doi.org/10.3390/jcm10081749
http://doi.org/10.1007/s00109-016-1492-2
http://doi.org/10.1016/j.tibtech.2015.06.011
http://www.ncbi.nlm.nih.gov/pubmed/26210164
http://doi.org/10.3390/microorganisms7100383
http://doi.org/10.1016/j.mib.2017.07.003
http://doi.org/10.1039/D0FO01017K
http://www.ncbi.nlm.nih.gov/pubmed/32609139
http://doi.org/10.3390/microorganisms8111715
http://doi.org/10.2174/156652412800620066
http://www.ncbi.nlm.nih.gov/pubmed/22515978
http://doi.org/10.1097/01.MIB.0000218764.06959.91
http://doi.org/10.1016/j.cellsig.2010.11.022
http://www.ncbi.nlm.nih.gov/pubmed/21130872
http://doi.org/10.1016/j.immuni.2008.03.004
http://doi.org/10.3389/fmicb.2019.02615

Animals 2022, 12, 1497 16 of 16

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Laugerette, E.; Vors, C.; Géloén, A.; Chauvin, M.A.; Soulage, C.; Lambert-Porcheron, S.; Peretti, N.; Alligier, M.; Burcelin, R,;
Laville, M. Emulsified lipids increase endotoxemia: Possible role in early postprandial low-grade inflammation. J. Nutr. Biochem.
2011, 22, 53-59. [CrossRef]

Marozzi, M.; Parnigoni, A.; Negri, A.; Viola, M.; Rizzi, F. Inflammation, Extracellular Matrix Remodeling, and Proteostasis in
Tumor Microenvironment. Int. J. Mol. Sci. 2021, 22, 8102. [CrossRef]

Zhang, W,; Liu, X.; Piao, L. Chlorogenic acid-enriched extract of Ilex kudingcha C.J. Tseng tea inhibits neutrophil recruitment in
injured zebrafish by promoting reverse migration via the focal adhesion pathway. J. Food Biochem. 2020, 44, €13279. [CrossRef]
Jean, A; Shields, M.A.; David, N.; Gwon, P.C.; Alexandra, A.; Poindexter, M.E.; Priya, U.; Uyeminami, D.L.; Arnaud, P; Victoria, K.
Neutrophil extracellular traps produced during inflammation awaken dormant cancer cells in mice. Science 2018, 361, eaa04227.
Wang, B.; Sun, S.; Liu, M.; Chen, H.; Liu, N.; Wu, Z.; Wu, G.; Dai, Z. Dietary L-Tryptophan Regulates Colonic Serotonin
Homeostasis in Mice with Dextran Sodium Sulfate-Induced Colitis. J. Nutr. 2020, 150, 1966-1976. [CrossRef] [PubMed]

Wu, K K.; Cheng, H.H.; Chang, T.C. 5-methoxyindole metabolites of L-tryptophan: Control of COX-2 expression, inflammation
and tumorigenesis. J. Biomed. Sci. 2014, 21, 17. [CrossRef] [PubMed]

Papadimitriou, N.; Gunter, M.].; Murphy, N.; Gicquiau, A.; Achaintre, D.; Brezina, S.; Gumpenberger, T.; Baierl, A.; Ose, J.; Geijsen,
A.J.M.R; et al. Circulating tryptophan metabolites and risk of colon cancer: Results from case-control and prospective cohort
studies. Int. . Cancer 2021, 149, 1659-1669. [CrossRef]

Wenniger, L.; Beuers, U. Bile salts and cholestasis. Dig. Liver Dis. 2010, 42, 409-418. [CrossRef] [PubMed]

Russell, D.W. The enzymes, regulation, and genetics of bile acid synthesis. Annu. Rev. Biochem. 2003, 72, 137-174. [CrossRef]
Negroni, A.; Fiaschini, N.; Palone, F; Vitali, R.; Colantoni, E.; Laudadio, L; Oliva, S.; Aloi, M.; Cucchiara, S.; Stronati, L. Intestinal
Inflammation Alters the Expression of Hepatic Bile Acid Receptors Causing Liver Impairment. J. Pediatric Gastroenterol. Nutr.
2020, 71, 189-196. [CrossRef] [PubMed]

Sanchez, B. Bile acid-microbiota crosstalk in gastrointestinal inflammation and carcinogenesis: A role for bifidobacteria and
lactobacilli? Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 205. [CrossRef] [PubMed]

Chen, M.L.; Takeda, K.; Sundrud, M.S. Emerging roles of bile acids in mucosal immunity and inflammation. Mucosal Immunol.
2019, 12, 851-861. [CrossRef]

Gadaleta, RM.; Mil, S.; Oldenburg, B.; Siersema, P.D.; Klomp, L.; Erpecum, K. Bile acids and their nuclear receptor FXR: Relevance
for hepatobiliary and gastrointestinal disease. Biochim. Biophys. Acta 2010, 1801, 683-692. [CrossRef] [PubMed]

Zeng, H.; Umar, S.; Rust, B.; Lazarova, D.; Bordonaro, M. Secondary Bile Acids and Short Chain Fatty Acids in the Colon: A
Focus on Colonic Microbiome, Cell Proliferation, Inflammation, and Cancer. Int. J. Mol. Sci. 2019, 20, 1214. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jnutbio.2009.11.011
http://doi.org/10.3390/ijms22158102
http://doi.org/10.1111/jfbc.13279
http://doi.org/10.1093/jn/nxaa129
http://www.ncbi.nlm.nih.gov/pubmed/32386234
http://doi.org/10.1186/1423-0127-21-17
http://www.ncbi.nlm.nih.gov/pubmed/24589238
http://doi.org/10.1002/ijc.33725
http://doi.org/10.1016/j.dld.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20434968
http://doi.org/10.1146/annurev.biochem.72.121801.161712
http://doi.org/10.1097/MPG.0000000000002759
http://www.ncbi.nlm.nih.gov/pubmed/32404746
http://doi.org/10.1038/nrgastro.2018.23
http://www.ncbi.nlm.nih.gov/pubmed/29512648
http://doi.org/10.1038/s41385-019-0162-4
http://doi.org/10.1016/j.bbalip.2010.04.006
http://www.ncbi.nlm.nih.gov/pubmed/20399894
http://doi.org/10.3390/ijms20051214
http://www.ncbi.nlm.nih.gov/pubmed/30862015

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Animals Feeding Condition 
	Samples Collection 
	Morphological Section Analysis of Rabbit Colon 
	Microbial Genomic16S rRNA Gene Sequencing and Sequencing Analysis 
	RNA-Seq Data and Differential Expression Analysis 
	Metabolome Analysis 
	Association Analysis 

	Results 
	Colon Tissue Sections 
	Microbial Community Imbalance 
	Differential Expression of Genes in Colon 
	Differential Metabolite Analysis 
	Metabolite-Centric Correlation Analysis 

	Discussion 
	Conclusions 
	References

