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Liver injury is a commmon complication of inflammatory bowel disease (IBD). However, the
mechanisms of liver injury development are not clear in IBD patients. Gut microbiota is
thought to be engaged in IBD pathogenesis. Here, by an integrated analysis of host
transcriptome and colonic microbiome, we have attempted to reveal the mechanism of
liver injury in colitis mice. In this study, dextran sulfate sodium (DSS) -induced mice colitis
model was constructed. Liver transcriptome showed significant up- and down-regulation
of pathways linked to immune response and lipid metabolism, respectively. Whilst the
colon transcriptome exhibited dramatic alterations in immune response and pathways
associated with cell growth and death. The microbiota of DSS-treated mice underwent
strong transitions. Correlation analyses identified genes associated with liver and colon
injury, whose expression was associated with the abundance of liver and gut health-
related bacteria. Collectively, the results indicate that the liver injury in colitis mice may be
related to the intestinal dysbiosis and host-microbiota interactions. These findings may
provide new insights for identifying potential targets for the treatment of IBD and its
induced liver injury.

Keywords: IBD, liver injury, gene regulation, gut microbiota, host-microbe interactions

INTRODUCTION

Inflammatory bowel disease (IBD) including ulcerative colitis (UC) and Crohn’s disease (CD) is a
chronic intestine inflammatory disease characterized by low mortality and intractable cure (1).
Nowadays, IBD has become a worldwide epidemic due to the persistent rise in its incidence, and the
burden of IBD poses a challenge to health care systems (2). Of even greater concern is that IBD
increases the risk of multiple complications (3, 4). Therefore, reducing the occurrence of IBD will

Frontiers in Immunology | www.frontiersin.org 1

January 2022 | Volume 12 | Article 773070


https://www.frontiersin.org/articles/10.3389/fimmu.2021.773070/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.773070/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.773070/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.773070/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:yzwang321@zju.edu.cn
mailto:zongxin@zju.edu.cn
https://doi.org/10.3389/fimmu.2021.773070
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.773070
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.773070&domain=pdf&date_stamp=2022-01-06

Zhu et al.

Liver Injury in Colitis Mice

provide a positive effect on human and animal health as well as
social development. The onset of IBD is mediated by a variety of
factors such as microbes (5), genetics (6), and the external
environment (7), etc., however, the exact mechanisms are not
yet thoroughly elucidated.

As research on IBD continues, some researchers have
observed that patients with IBD frequently suffer from liver
disease (8). The development of complications may further
aggravate the treatment difficulty and health risk, and yet the
underlying molecular mechanisms and therapeutic targets of
IBD-induced liver disease are still inadequately characterized.
The development of multiple diseases is always closely linked to
abnormal gene expression (9). Transcriptomic technologies are
widely used in the fields of clinical diagnosis and drug
development due to their usefulness in revealing the molecular
mechanisms of specific biological processes and disease
development through understanding gene function and gene
structure (10, 11). Therefore, transcriptome sequencing analysis
of liver at risk from colitis is beneficial to uncover the underlying
mechanisms of its pathogenesis.

Intestinal dysbiosis often exists in patients with IBD, and the
immune response of the intestinal mucosa to dysbiosis
exacerbates the dysregulation of intestinal homeostasis (12).
The communication of cytokines and inflammatory mediators
between the gut and the liver means that dysregulation of gut
homeostasis inevitably affects liver health (13, 14). The gut
microbiota performs an essential role in maintaining intestinal
homeostasis and regulates host gene expression (15-17).
Nevertheless, the role of intestinal dysbiosis in gene expression
and injury of colon and liver under the context of colitis has not
been systematically reported to date.

Herein, Dextran Sulfate Sodium (DSS) -induced colitis model
was employed in this study. Comparison of the colonic
microbiome (16S rRNA sequencing) and differential gene
expression in the colon and liver (RNA-sequencing) of the
colitis and healthy group was used to discern the relevant
signaling pathways and potential molecular mechanisms that
lead to tissue injury. Furthermore, correlations between gut
microbes and colonic and liver gene expression were identified.
The aim of this study is to unravel the potential mechanisms
underlying the development of colitis and its induced liver injury
through exploring the potential link between microbes and host
genes. These findings will not only expand our knowledge of
IBD, but may also provide new avenues for finding potential
therapeutic targets for the treatment of IBD and its
complications such as liver disease.

MATERIALS AND METHODS

Animal Studies

All animal experiments were approved by the Animal Care and
Use Committee and the Animal Experimentation Ethics
Committee of Zhejiang University (Hangzhou, China). Twelve
6-week-old C57BL/6 mice were purchased from Shanghai SLAC
Laboratory Animal Co. Ltd, and the mice were housed in a

specific-pathogen-free (SPF) environment with a temperature of
18- 22°C, 55+ 5% humidity, and a 12-hour cycle of light/dark.
After one week of acclimatization, the mice were used for the
experiment. Each mouse was weighed on day 0 of the experiment
and randomly divided into control (CON group) and DSS
groups (6 per group). The mice in the DSS group drank
sterilized water containing 3% DSS (36- 50 kDa; MP
Biomedicals, California, USA) ad libitum for 7 consecutive
days, and the control group drank sterilized distilled water. All
mice were allowed to feed ad libitum throughout the study. The
status of the mice including mental status, diarrhea and stool
bleeding were recorded during the experiment and samples were
collected at day 8 (Figure 1A).

Disease Activity Index (DAI)

Mice in the CON and DSS groups were scored daily using the
DAI The DAI was assessed in accordance with the standard
scoring system previously defined by Wang et al. and Chen et al.
(18, 19), which included body weight loss (0 = no loss, 1 = 0.1-
5%, 2 = 5- 10%,3 => 10%), stool consistency (0 = normal, 1 =
regular shape but wet, 2 =mild diarrhea, 3 =diarrhea), stool
bleeding (0 = no blood, 1 = little blood in stool, 2 =gross blood in
the stool, 3 = blood in all stool) and mice condition (0 = normal,
1 = slightly poor condition, 2 =moderate poor condition, 3 =
poor condition).

Histologic Analysis and Histological
Evaluation

After the mice were sacrificed, the length of the colon was
measured. Approximately 0.5 cm of colon was fixed in 4%
formaldehyde for more than 24h and embedded in paraffin,
followed by slicing and staining with hematoxylin and eosin.
Images of the sections were acquired using a Leica DM3000
microscope (LEICA, Wetzlar, Germany) and the crypt depth
were measured using the Image ] Software (NIH Image,
Bethesda, MD). Histological evaluation was performed as
described in previous report (20). Histological score was
assessed according to the degree of inflammatory cell
infiltration (0-3, from few inflammatory cells in the lamina
propria to transmural extension of inflammatory cell
infiltration) and tissue damage (0-3, from no mucosal damage
to profound structural damage of the intestinal wall).

Serum Cytokine Levels Analysis

The levels of serum cytokines IL-6, IL-13 and TNF-o. were
performed as described by the manufacturer’s instructions
(Jiangsu Meibiao Biological Technology Co. Ltd., Jiangsu,
China) and measured at 450 nm with a MultiskanSky
Microplate Reader (Thermo Fisher Scientific, Waltham, USA).

Detection of Serum Biochemical
Parameters

The serum lipid profiles including triglyceride (TG), total
cholesterol (TChol) and low-density lipoprotein (LDL) were
determined using a Hitachi 7600-020 automatic clinical
chemistry analyzer (Hitachi, Tokyo, Japan).
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Transmission Electron Microscopy (TEM)

The tight junctions (TJs) and microvilli in colon were observed
by TEM as previously described (21). The colon was first fixed
with 2.5% glutaraldehyde in phosphate buffer (0.1 M, pH 7.0) for
24 h and then rinsed 3 times in the phosphate buffer (0.1M,
pH7.0) for 15 min each, then postfixed with 1% OsO4 in
phosphate buffer for 1h followed by three washes in 0.1 M
phosphate buffer (pH 7.0) for 15min at each step. After double
fixation, samples were firstly dehydrated by a graded series of
ethanol (30%, 50%, 70%, 80%) for about 15min at each step, and
then with acetone graded (90%, 95%) for about 15 min each step.
Finally, the samples were dehydrated twice with absolute acetone
for 20 min each. The specimens were then placed in a 1:1 mixture
of absolute acetone and final Spur resin mixture for 1 hour at
room temperature, then transferred to a 1:3 mixtures of absolute
acetone and final resin mixture for 3h and to final Spur resin

A o B
7 ~&- CON -4 DSS
Group 1: “ L M Bdfys > 24 “, ™
~—— le—sterile water —>| 1 g 3
Control (CON) sample collection 3 ?' s k—f"}“)
§’ 18 Q\i\l\x
2 18
H
3% DSS 2 154 -
0 7 8days 3
Group 2: * L M 1 > ]
DSS l+— 3% Dss water —»1 I . 1
— sample collection T T T T T T
01 2 3 4 5 6 7 8 9
Day
C D E
CON DSS
-o- CON DSs 8
X 3 - .- P<0.001
$ P
< £
= o 74
7 B
= ek
g 2,
31 1 <
8 o
7] o 54
a o
\ ==
01 2 3 4 5 6 7 8 4-
Day CON DSS
G P=0.017
1104 P=0.024 100+ P=0.022 800 —
i ; T
— - )
2 100 £ 90 T £ 750 -
E) 2 =
a = 5 ]
@ v
& 90 . 5 807 _ g 7004 u
£ =2 e . g -
=
S 80 é 5 70 @ = 2 § 6501
70 T T 60 T T 600 T T
CON DSS CON DSs CON Dss
1 J K
1.0 P <0.001 2.6 P =0.040 34 pP=0.36
I g T =
el T 2 . 3
E 0.6 0 E’ 207 - E. i
= . S o
2 0.4 -4 E ] . 'E . -
5 can, g™ £ == 3
& 0.2+ 5 s -
0.0 T T 1.0 T T 0 T T
CON DSs CON DSS CON DSS
FIGURE 1 | DSS-induced acute colitis, systemic inflammatory response and lipid metabolism disorders in mice. (A) Schedule of the experiment treatment; (B) Body
weight loss; (C) Disease activity index score; (D) Morphological observations of colon; (E) Colon length; (F-H) The concentrations of IL-6, IL-1p and TNF-a in serum;
(I-K) the content of LDL, Tchol and TG in serum. Data were expressed as means = SEM (n = 5-6/group). *P < 0.05, **P < 0.01.

mixture overnight. The specimens were heated (70°C) in Spurr
resin for more than 9h. Specimens were sectioned in LEICA EM
UC7 ultratome (LEICA, Wetzlar, Germany) and then stained
with uranyl acetate and basic lead citrate for 5-10 minutes,
respectively, and observed in Hitachi H-7650 (Hitachi,
Tokyo, Japan).

RNA Isolation and Quantitative Real Time
PCR (qRT-PCR)

The qRT-PCR was performed as described by Zong et al. (22).
Total RNA of colon was extracted with Trizol reagent
(Invitrogen, CA, USA). The quality of the extracted RNA was
evaluated using NanoDrop2000 (Thermo Fisher Scientific,
Waltham) and the absorbance rates (260/280 nm) of all
samples ranged from 1.8 to 2.0. The first-strand cDNA was
obtained by reverse transcription reaction of 1 pg RNA using

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 773070


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhu et al.

Liver Injury in Colitis Mice

random primers with a reverse transcription kit (Invitrogen, CA,
USA) following the manufacturer’s instructions. Subsequent
qRT-PCR was performed on StepOnePlus Real Time PCR
system (Applied Biosystems, Foster City, USA) with SYBR
Green dye (Roche, Mannheim, Germany) and gene-specific
primers (Supplementary Table 1). The target genes relative
mRNA expression was analyzed by the 2-AACT method. B-
actin housekeeping gene was used as normalization control.

16S rRNA Sequencing and Bioinformatics
Analyses

The obtained colon contents were snap frozen in liquid nitrogen
and stored at -80°C until 16s rRNA sequencing was performed.
For 16s rRNA sequencing, first, genomic DNA was extracted
from the gut contents according to the QIAamp DNA stool Mini
Kit (Qiagen, Hilden, Germany) instructions and then assayed the
DNA purity and integrity by NanoDrop2000 (Thermo Fisher
Scientific, Waltham) and agarose gel electrophoresis,
respectively. Subsequently, the V3-V4 region of 16S rDNA
(338F: ACTCCTACGGGAGGCAGCA, 806R:
GGACTACHVGGGT-WTCTAAT) was amplified through
PCR, and the amplified products were detected by 2% gel
electrophoresis and recovered by axyprep DNA gel extraction
kit (Axygen, USA). Miseq libraries were then generated on the
Illumina MiSeq platform (Illumina, Madison, USA) for
pyrosequencing. Clean sequences with >97% resemblance were
assigned to the same operational taxonomic units (OTUs). The
free online cloud platform (https://cloud.majorbio.com/) of
Majorbio (Shanghai, China) was used to analyze the data.
Briefly, alpha-diversity indices including coverage index,
numbers of OUT and Shannon index were analyzed by
student’s t-test at OTU level. PCoA analysis was based on
weighted unifrac distance algorithm (23). Significant
differences in relative abundance at the phylum and genus
levels were examined by Kruskal-Wallis rank-sum test. Linear
discriminant analysis (LDA) effect size (LEfSe) (24) analysis was
performed using the non-parametric factoria Kruskal-Wallis
sum-rank test to obtain significantly different species between
two groups, followed by Wilcoxon rank sum test between two
groups to detect between-group differences, and finally LDA was
applied to estimate the effect of each species abundance on the
differences. PICRUSt2 (25) was applied to predict the function of
the gut microbiota.

RNA Sequencing and Data Analysis

RNA sequencing analysis was performed on pertaining samples
as described by Kong et al. (26). Total amount and integrity of
RNA extracted from mouse liver and colon tissues were
accurately detected with an Agilent RNA 6000 Nano Kit of the
Bioanalyzer 2100 system (Agilent Technologies, CA, USA). For
library preparation, double-stranded cDNA derived from total
RNA as template was used for PCR amplification, then PCR
products were purified using the AMPure XP system and library
quality was assessed on the Agilent Bioanalyzer 2100 system. The
qualified library preparations were sequenced on an Illumina
Novaseq platform. PCA analysis based on gene expression

(FPKM) of all samples. Differential expression analysis between
the two groups was performed using the DESeq2 (27). To ensure
accurate differentially expressed genes (DEGs) results, as
previously reported noted (28, 29), genes with an adjusted P-
value < 0.05 obtained using the method of Benjamini and
Hochberg screened by DESeq2 and Fold change > 2 were
considered to be differentially expressed. The clusterProfiler R
package was used to perform the DEGs in the KEGG pathway for
statistical enrichment. We screened for genes enriched in
immune response and lipid metabolism-related pathways by
KEGG pathways enrichment analyses for the top 250 DEGs in
the colon and liver. Correlations between the colonic microbiota
and the screened genes were then revealed by Spearman
correlation analysis.

Statistical Analysis

All outcomes were assessed using a two-tailed Student’s t-test of
SPSS version 26.0 (SPSS, Inc., Chicago, IL, USA), P < 0.05 was
defined as the significance level, all data are expressed as mean +
SEM. The GraphPad Prism version 8.0 (GraphPad Prism, San
Diego, California, USA) and R version 4.0.5 were applied to
visualize the data.

RESULTS

DSS-Induced Acute Colitis, Systemic
Inflammatory Response and Lipid
Metabolism Disorders in Mice

DSS is typically applied to elicit the mouse model of colitis
because of the strengths of simplicity, reproducibility of induced
colonic lesions, and the ability to simulate the clinical and
histological features of IBD, especially ulcerative colitis (30,
31). Therefore, to investigate the potential mechanisms of the
occurrence of colitis and its adverse effects on the organism, a
mouse model of acute colitis was established by supplying mice
with sterilized water containing 3% DSS for one week
(Figure 1A). As shown in Figures 1B-E, DSS treated mice
exhibited significant body weight loss, dramatic increase in
DAI and remarkable shortening of colonic length in
comparison with the CON group. Furthermore, serum levels of
cytokines as IL-6, IL-1 and TNF-o were significantly
heightened in the DSS group (Figures 1F-H). Interestingly,
serum biochemical parameters results indicated that DSS
treatment significantly elevated serum TChol and LDL levels
(Figures 11, J), while serum TG showed an ascending trend
(Figure 1K). Overall, the above results suggested that DSS
provoked a gross inflammatory response and lipid metabolism
disorders in mice.

DSS Treatment Induced Liver Injury and
Altered Gene Expression in Mice

IBD is considered to be one of the factors affecting liver
homeostasis, patients with IBD often present with symptoms
of liver injury (8, 32). In this study, increased serum levels of
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cytokines and lipid metabolism-related indicators in the DSS
group indicated impaired liver function (33, 34). Histological
analysis of the liver showed swollen hepatocytes, larger nuclei,
narrower hepatic sinusoids, and infiltration of inflammatory cells
between the hepatic sinusoids and lobules in the DSS group
(Figure 2A). Thus, liver transcriptome analysis was performed to
further elucidate the molecular mechanisms underlying the
occurrence of liver injury in a DSS-induced colitis model. The
PCA plot revealed a significant difference in the abundance of
liver transcripts between the CON and DSS groups, with one
sample in the DSS group being somewhat distant from the other
two samples (Figure 2B). As shown in the volcano plot results in
Figure 2C, when adjusted P-value < 0.05, Fold change > 2 was
used as the screening criterion, 166 genes were significantly
down-regulated and 558 genes were significantly up-regulated
in the DSS group compared with the CON group. KEGG
functional clustering analysis of DEGs revealed that DSS

treatment led to a significant increase in immune response-
related pathways such as “Leukocyte transendothelial
migration”, “NOD-like receptor signaling pathway”, “Toll-like
receptor signaling pathway” and “IL-17 signaling pathway”
compared to the CON group (Figure 2D and Supplementary
File 1). While significant reductions were observed in the
pathways involved in lipid metabolism, including “Fatty acid
elongation”, “Fatty acid degradation” and “PPAR signaling
pathway” (Supplementary Figure 1A and Supplementary File 1).
The heatmaps displayed DEGs enriched in 4 immune response
pathways (Figures 2E-H) and 3 lipid metabolism-related pathways
(Supplementary Figures 1B-D). To validate the findings of RNA-
seq analysis, a total of 11 DEGs in these pathways were selected for
qRT-PCR analysis to further investigate their expression profiles. The
expression of 11 genes in the heatmap measured by qRT-PCR
demonstrated similar alterations to RNA-Seq analysis, including 7
genes (Itgb2, Mapk13, Tnfaip3, Cxcll, Cxcl2, IL1b and Tnf) with up-
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regulated expression (Figure 2I) and 4 genes (Cyp4al2b, Fabp2,
Elovi3 and Elovi5) with down-regulated expression (Supplementary
Figure 1E). Of these genes, Cxcl2 manifested the greatest
upregulation and Elovi3 presented the greatest downregulation.
Cxcl2 has been shown to pose as a gene involved in the immune
response (35). Elovi3 is engaged in maintaining lipid homeostasis by
replenishing the intracellular triacylglycerol pool (36).

Dysbiosis of Gut Microbiota Induced by
DSS Treatment

Liver is a major organ exposed to gut-derived substances,
numerous studies have proven that liver health strongly
associated with the gut homeostasis (14, 37). The gut
microbiota plays a vital role in maintaining gut homeostasis to
shield us from diseases related to dysbiosis, such as IBD (38). In
light of these studies, we further explored the role of gut
microbiota in the risk of liver injury in DSS-induced colitis.
Figure 3A showed that the Coverage index was greater than
0.999 in both the CON and DSS groups, indicating that the
sequencing depth reached the requirements for subsequent
analysis. A trend of decrease in the number of OTUs was
observed in the DSS group compared with the CON group
(Figure 3B) and there was no significant difference in the
diversity of intestinal bacteria as indicated by the Shannon
index (Figure 3C). The B diversity analysis is shown in
Figures 3D, E. The hierarchical clustering tree outcomes on
OTU level revealed that the bacterial structure exhibited
significant clustering in both groups (Figure 3D). Additionally,
the results of principal coordinates analysis (PCoA) based on
weighted unifrac metrics (Figure 3E) showed that bacterial
community structure was distinctly different between the CON
and DSS groups, indicating a clear separation between the
microbiota groups. Subsequently, the relative abundance of
bacteria was further assessed at the phylum and genus levels,
respectively (Figures 3F, G). At the phylum level, 10 bacteria had
a relative abundance of over 1% in at least one group, of which
the highest abundance in the CON and DSS groups were
Firmicutes and Bacteroidota, respectively, while there were 31
bacteria with relative abundances above 1% at the genus level.
Furthermore, significant differences in microbiota structure
between the two groups were revealed by cladogram plots of
LEfSe analysis (LDA>4) (Figure 3H). As shown in Figures 31, J,
at the phylum level, the relative abundance of Firmicutes and
Patescibacteria was significantly lower in the CON group than in
the DSS group based on the Kruskal-Wallis rank sum test, while
the relative abundance of Bacteroidota, Proteobacteria,
Campilobacterota and Desulfobacterota had significantly
higher relative abundance than the DSS group. At the genus
level, 17 bacteria were significantly different among those with
relative abundance greater than 1%, the relative abundance of
harmful bacteria such as Helicobacter, Escherichia-Shigella and
Coriobacteriaceae_UCG-002 was notably elevated in the DSS
group, while the relative abundance of beneficial bacteria as
Faecalibaculum, norank_f:Lachnospiraceae and Lactobacillus
were significantly decreased. These data supported that DSS
treatment gives rise to disorders of the gut microbiota. The

function of the intestinal microbiota depends on its composition
and abundance. Therefore, PICRUST 2 was employed for
metabolic functions prediction of the gut microbiota. The
findings revealed that there were significant variations in 5 of
the 6 pathways of KEGG level 1, except for no differences in
genetic information processing (Supplementary Figure 2A). In
addition, 24 pathways at KEGG level 2 differed considerably
between the two groups (Supplementary Figure 2B). At KEGG
level 3, we focused on the pathways related to immune response
and lipid metabolism. As shown in Figure 3K, immune
response-related pathways such as MAPK signaling pathway,
IL-17 signaling pathway and Th17 cell differentiation were
dramatically up-regulated in the DSS group. Pathways related
to lipid metabolism like Glycerophospholipid metabolism, Fatty
acid biosynthsis were significantly up-regulated in the DSS
group, while Glycerolipid metabolism, Secondary bile acid
biosynthesis, Synthesis and degradation of ketone bodies were
markedly down-regulated (Figure 3L). The above results
indicated that DSS treatment induced obvious compositional
and structural shifts in the colonic microbiota of mice, as well as
further influenced the metabolic functions of gut microbiota.

DSS Treatment Induced Colon
Histopathology and Gene Expression
Alterations in Mice

As the site of direct exposure to the colonic microbiota, dysbiosis
of the gut bacteria is one of the factors contributing to colitis (39).
To further investigate the functions of colonic microbiota in the
specific biological processes and molecular mechanisms involved
in the colitis development, we also performed histological
analysis and RNA sequencing of colonic tissues. As illustrated
in Figure 4A, H & E staining displayed striking evidences of
colonic crypt loss and inflammatory cell infiltration in the DSS
group, the further statistical findings also indicated shallow
colonic crypt depth in mice (Figure 4B), and the histological
scoring results suggested the colon was grossly damaged
(Figure 4C). The intestinal microvilli morphology and TJs
were observed using TEM (Figure 4D). Compared with the
CON group, the microvilli length in the DSS group was
significantly shorter (Figure 4E). TJs are the foremost
component in building the intestinal barrier. Figure 4
demonstrated that TJs got less and disorganized, and the cell
borders were blurred. These findings implied that intestinal
function was disrupted in DSS-challenged mice and triggered
an intestinal inflammatory response. Based on the RNA
sequencing from the colon, PCA analysis showed segregation
of colonic transcripts abundance in the CON and DSS groups
(Figure 5A). In terms of gene expression changes, 744 genes
were markedly down-regulated and 1660 genes were significantly
up-regulated in the DSS group compared with the CON group
when adjusted P-value < 0.05 and fold change > 2 was used as a
screening criterion (Figure 5B). Subsequently, KEGG functional
clustering analysis of DEGs revealed that treatment with DSS
resulted in up-regulation of some pathways associated with
immune responses in the colon (Figure 5C and
Supplementary File 2). The heatmap displayed DEGs enriched
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FIGURE 3 | Alterations in the gut microbiota of mice with DSS-induced colitis. (A) Coverage index of OUT level; (B) Number of OTUs; (C) Shannon index of OUT
level; (D, E) B-diversity was estimated by the hierarchical clustering tree (D) and PCOA (E) on OUT level; (F, G) The relative abundance of bacteria at the phylum

(F) and genus (G) levels; (H) Cladogram of LEfSe multi-level species difference discriminant analysis (LDA > 4), different color nodes indicate microbial communities
that are significantly enriched in the corresponding groups and significantly different between groups; (I, J) Comparative analysis of the relative abundance of bacteria
at the phylum (l) and genus (J) levels; (K, L) The different abundances of gut microbiota at immune response (K) and lipid metabolism (L) pathways. Data were
expressed as means + SEM (n = 5). *P < 0.05, **P < 0.01, **P < 0.001.
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FIGURE 4 | DSS-induced colonic histological changes and barrier dysfunction in mice. (A) The representative H&E staining of the colonic sections, the bars
represent 200um; (B) The colonic crypt depth; (C) histological scores; (D) Ultrastructural changes of TJs and microvilli under transmission electron microscopy
(12,000% and 40,000x); (E) Average microvillus length. Data were expressed as means + SEM (n = 3).
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in four up-regulated immune response pathways such as
“Cytokine-cytokine receptor interaction”, “MAPK signaling
pathway”, “Inflammatory mediator regulation of TRP
channels” and “IL-17 signaling pathway” (Figures 5D-G).
Notably, pathways down-regulated in the colon were mainly
involved in cell growth and death and DNA damage repair
(Supplementary Figures 3A-C and Supplementary File 2).
Furthermore, to evaluate the results of RNA-seq analysis, a
total of 10 DEGs involved in the pathways were selected for
qRT-PCR analysis. qRT-PCR expression findings of these genes
were consistent with RNA-Seq analysis (Figure 5H and
Supplementary Figure 3D), including 7 genes with increased
expression (Mapk10, Tnf, Cxcll, Cxcl2, Cxcl3, Cxcl5 and IL6) and
3 genes with decreased expression (Mcm6, Mcm5 and Fads2).
Among these genes, Cxcl2 as a gene with known involvement in
the immune response exhibited the greatest up-regulation (35).
Fads2, a gene reported to be mutation-prone in IBD patients,
showed the greatest downregulation in our study (40).

Correlation of DSS-Induced Gut
Microbiota Dysbiosis With DEGs in the
Liver and Colon

With the purpose to investigate the microbe-host gene expression
relationships and their potential mechanisms in DSS-induced
colitis and liver injury in mice. First, we screened 41 and 17
genes associated with immune response and lipid metabolism,

respectively, from the top 250 DEGs in liver tissues, and the top
250 DEGs in colon tissue with 24 and 13 genes related to immune
response and cancerogenesis, respectively. Then, 17 bacteria with
relative abundance greater than 1% at the genus level and with
significant differences were selected (Figure 3]). On this basis, we
performed a Spearman correlation analysis and visualized the
correlation between the relative abundance of bacteria and gene
expression of liver and colon in Figures 6A, D, respectively.
Particularly, we observed some significant positive gene-bacterial
correlations between Helicobacter, Escherichia-Shigella,
Coriobacteriaceae_UCG-002, etc. with immune response-related
genes and some significant negative gene-bacterial correlations
with lipid metabolism-related genes in liver tissues. However,
Faecalibaculum, norank_f:Lachnospiraceae, Lactobacillus, etc.
showed opposite trends of association with these genes
(Figure 6A). In the colon, the correlation between bacterial and
immune response-related genes was similar to that in the liver.
Interestingly, only a subset of genes related to cancerogenesis
showed positive correlations with Helicobacter, Escherichia-
Shigella, Coriobacteriaceae_UCG-002, etc. while Faecalibaculum,
norank_f:Lachnospiraceae, Lactobacillus, etc. presented negative
correlations with these genes (Figure 6D). Furthermore, we
visualized the results of strong correlations with P < 0.05 and R
> 0.85 or R < -0.85 using Cytoscape software. As shown in
Figures 6B, C, Escherichia_Shigella was the main microbiota
that presented positive correlations with immune response-
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related genes in the liver, which showing the highest correlation
with Lepr. norank_f:Lachnospiraceae, Faecalibaculum and
norank_f:Peptococcaceae were the main microbiota exhibiting
positive correlations with genes linked to lipid metabolism, and
the highest positive correlation was found between norank_f:
Lachnospiraceae and Elovl3, Faecalibaculum and Etnppl.
However, the correlation between Escherichia_Shigella and
Cyp4al2b showed the highest negative correlation
(Supplementary File 3). In the colon, the main microbiota
showed positive correlations with immune response-related
genes were Escherichia_Shigella and Parasutterella, of which,
Escherichia_Shigella had the highest correlation with Cntnap2.
Moreover, Escherichia_Shigella and g:norank_f:Peptococcaceae
were the main microbiota associated to cancerogenesis -related

genes, and Escherichia_Shigella was the most negatively associated
with Myb (Figures 6E, F and Supplementary File 4). Thus, it was
evident that among these representative correlations, changes in the
gut microbiota of DSS-treated mice were closely related to the
expression of host genes, where the increase of the pathogenic
bacterium Escherichia_Shigella in the DSS-induced colitis mouse
might be an important factor in causing alterations in host gene
expression and disease development.

DISCUSSION

With the global trend of increasing incidence and prevalence of
IBD, it demonstrates that IBD has become a global disease
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FIGURE 6 | Interaction between gut microbiota and DEGs in the colon and liver in healthy (CON) and acute colitis (DSS). (A, D) Correlation of gut microbiota with genes
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P < 0.001). (B, C) Network visualization of significant gene-microbe correlations in the liver associated with immune response (B) and lipid metabolism(C) (P < 0.05).
(E, F) Network visualization of significant gene-microbe correlations in the colon associated with immune response (E) and cancerogenesis (F) (P < 0.05). Blue and red
edges represent negative (R < -0.85) and positive (R > 0.85) correlations, respectively, respectively. Edge thickness indicates the strength of the correlation.

(41, 42). DSS is commonly used to induce colitis to study
intestinal diseases (43). In this study, after drinking sterilized
water containing 3% DSS for one week, mice exhibited visible
colitis phenotypes including decreased body weight, increased
DALI and shortened colon length, which were consistent with the
previous reports (44, 45). Elevated serum levels of cytokines are
one of the hallmark features of mice and patients with colitis (46,

47). Similar to previous reports, the elevated serum levels of IL-6,
IL-1B and TNF-o in the DSS-treated group indicated the
appearance of severe inflammation. Disruption of the intestinal
epithelial barrier including histological damage (48) and
breakdown of TJ structures (49) is another characteristic of
colitis. Our results also showed severe intestinal histological
damage and disruption of the structural integrity of TJ in the
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DSS group, which further indicated that DSS successfully
induced colitis. Interestingly, we observed significant variations
in serum TChol and LDL, which were consistent with the
findings of Rtibi et al. (50) and Zheng et al. (51). In addition,
the T7J structural damage could be one of the reasons of elevated
serum lipid levels. Nevertheless, it was reported that Tchol and
LDL levels were lower in IBD patients compared to healthy
subjects, which is contrary to the findings of this study. For TG
levels, there were no significant changes in both IBD patients and
mice with colitis (52). These results implied that although there
were differences in the lipid profiles of DSS-induced colitis mice
and IBD patients, colitis was closely associated with disturbed
lipid metabolism. It is well known that the liver is a major
handler of lipid metabolism (53), and the disturbances in lipid
metabolism are one of the signals of liver injury (54). Not
surprisingly, hepatocyte necrosis and inflammatory cell
infiltration were observed in the liver tissue of the DSS group
in this study, which was also reported by Duan et al. (34).
Overall, these results further suggested that both the colon and
liver are impaired to varying degrees in DSS-induced colitis, such
as inflammatory responses and lipid metabolism disorders.
Meanwhile, these results revealed differences between DSS-
induced colitis and human colitis, implying that this model
could only provide valuable information for human colitis study
in some aspects such as preliminary mechanistic exploration and as
a vehicle for potential biomarker identification.

Liver injury is proven to be a common extra intestinal
manifestation of IBD, however, the precise mechanism of its
evolution is still unknown (55, 56). Numerous studies have
demonstrated the role of host gene regulation in multiple
disease pathogenesis (9, 57). To the best of our knowledge, our
work is the first comprehensive transcriptome analysis focused
on the liver of colitis mice. In this study, the variation in the DSS
group as demonstrated by the PCA plot might be related to
biological variability such as differences in the sensitivity of mice
to DSS, which could not be eliminated by sequencing technology
(58). Conesa et al. (28) reported that the statistical power could
reach 87% when sequenced at 30 million mapped reads (an
average of 41 million mapped reads in current study) and a
sample size of 3 with fold change = 2 in a human blood RNA-seq.
Therefore, to ensure the reliability of the screened DEGs, fold
change = 2 was used for DEGs screening. Next, we observed
enrichment of liver DEGs in immune response related pathways
such as “Leukocyte transendothelial migration”, “NOD-like
receptor signaling pathway”, “Toll-like receptor signaling
pathway” and “IL-17 signaling pathway”, which have been
proven to play important roles in immune response (59-62).
Additionally, our analysis showed that chemokines CxclI and
Cxcl2 were differentially regulated in the liver of the DSS group.
Cxcll and Cxcl2 play critical roles in a variety of diseases by
mediating the inflammatory response, and their expression rise
significantly during this process, which was in accordance with
our results (63, 64). Except for the enrichment of liver DEGs in
immune response-related pathways, the downregulation was
observed in lipid metabolism pathways, including “Fatty acid

degradation”, “Fatty acid elongation” and “PPAR signaling

pathway”, as well as the upregulation of “Regulation of
lipolysis in adipocytes” signaling pathway (Supplementary File
1). The changes in these pathways suggested a reduced ability of
the liver to utilize lipids and an increased lipolysis, which would
cause lipid accumulation in the serum (65). In brief, The
dysfunctional lipid metabolism associated with DSS-induced
colitis might be due to an overall breakdown of metabolic
function (51, 66). Elovi3 is a gene involved in the synthesis of
saturated and monounsaturated long-chain fatty acids, its down-
regulated expression in the DSS group suggested that lipid
synthesis in the liver was impaired, which also indicated a
certain degree of liver injury (67). In the colon, the immune
response-related pathways like were significantly enriched.
Among them, MAPK signaling pathway is reported to be
involved in various physiological processes including
inflammation, apoptosis, stress, cell proliferation and
differentiation (68). Activation of MAPK signaling pathway
was also observed in DSS mice (69). Interestingly, consistent
with the liver results, Cxcll and Cxcl2 gene expression, which
were enriched in the IL-17 signaling pathway, were significantly
up-regulated. Kong et al. (26) reported that DEGs in the colon of
DSS-treated mice were involved in inflammatory response,
immune response, etc. These results further supported that
severe inflammation occurred in the intestine of DSS-treated
mice. Intestinal damage was also intimately linked to the
downregulation of “DNA replication” and “Cell cycle”
pathways. The downregulation of these two pathways often
lead to cell damage, tumors, cancer and other diseases (70, 71).
Based on these results, we hypothesized that DSS-induced colitis
and secondary liver injury could be mainly mediated through
modulation of immune response and lipid metabolism pathways,
while intestinal damage could also be associated with DNA
damage repair and cell growth and death. These results also
suggested that the alleviation of lipid metabolism disorders
might be one of the entry points for the future treatment of
colitis, which provides new insights for the subsequent
development of novel therapeutic agents. However, the precise
mechanism of DSS-induced disruption of lipid metabolism in
mice with colitis needs to be further explored.

Apart from host gene regulation, several studies have shown
that the gut microbiota plays an important role in maintaining
gut homeostasis and in liver health through the liver-
microbiome axis (15, 72). The gut microbiota of patients with
IBD is different from that of healthy individuals (73). DSS-
induced colitis is also accompanied by strong microbiome
shifts, such as dysbiosis expansion of the harmful bacteria
Escherichia-Shigella (74), and it has been reported that the
abundance of Escherichia-Shigella is significantly increased in
the stool of colitis patients (75, 76). Consistently, in our study,
the structure and composition of the colonic microbiome after
DSS treatment was distinctly different from that of the CON
group, with a notably elevated relative abundance of harmful
bacteria and a significantly decreased relative abundance of
beneficial bacteria in the DSS group, which indicated that DSS-
induced gut microbiota dysbiosis might be one of the causes of
exacerbating intestinal and liver injury.
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As previously reported, the intestinal microbiome is strongly
interacting with host gene expression (77). Therefore, its
superficial mechanisms were further parsed in this work from
the perspective of gut microbe -host gene interactions. In our
study, we observed some correlations between intestinal
microbes and DEGs in liver and colon. Consistent with
previous reports, the relative abundance of Escherichia_Shigella
and Butyricimonas was higher in colitis mice and lower in
Faecalibaculum and Eisenbergiella, which favor intestinal
health (78, 79). Escherichia_Shigella had the highest correlation
with Lepr, which has been reported to be involved in the process
of liver injury and inflammatory response (80, 81). The highest
positive correlation with Faecalibaculum was found with Etnppl,
a gene downregulated in hepatocellular carcinoma and lipid
metabolism disorders (82). Cyp4al2b, a gene belonging to the
cytochrome P450 system that was highly negatively associated
with Escherichia_Shigella, has been reported to be downregulated
in the liver and intestine of DSS-induced mice (83). Interestingly,
Escherichia_Shigella played a primary role in both the immune
response and lipid metabolism pathways in the colon. This
finding was also supported by previous studies that the
abundance of Escherichia_Shigella is higher in mice with DSS-
induced colitis and patients with ulcerative colitis than in healthy
individuals (84, 85). This suggested that Escherichia_Shigella
might be one of the key strains causing colitis. Cntnap2 was
the gene with the most positive relevance to Escherichia_Shigella,
and although this gene has not been studied in colitis, Buffington
et al. (86) reported that Cntnap2 interacts with the gut
microbiota. Myb has been reported to be downregulated in
patients with ulcerative colitis (87). Therefore, we speculated
that the gut microbiota might be involved in regulating the
expression of genes like Lepr, Etnppl, and Myb through their
metabolites, which in turn drive further intestinal and liver
injury. However, the precise mechanism needs to be
investigated in depth to explore the role of gut microbe -host
gene interactions in DSS-induced colitis and secondary
liver injury.

In summary, the results obtained in this study indicated the
risk of liver injury in DSS-induced colitis. This may be related to
changes in the composition and structure of the gut microbiota
during the development of colitis, especially the increased
relative abundance of harmful bacteria such as
Escherichia_Shigella, which led to dysbiosis of the gut bacteria
and the production of harmful metabolites. Subsequently, the
dysregulated gut bacteria further impaired intestinal and liver
health via affecting the expression of genes (e.g., Lepr, Cxcll,
Elovi3, Cyp4al2b, Myb) enriched in the immune response, lipid
metabolism and damage repair pathways. As for how gut
bacteria affect gene expression in the host, it needs to be
further explored. In addition, our data furnish candidate
interactions between colonic microbiota of colitis mice and
genes in the colon and liver, revealing the effects of host-
microbiota interactions and their correlation with liver injury
and colitis in DSS-induce mice. Nevertheless, this study mainly
focused on the correlations of colonic microbiota and host gene
expression profiles to investigate the liver injury and its

underlying mechanisms caused by DSS-induced colitis, the
exact causality and precise mechanisms still need to be clarified
by more detailed and comprehensive studies. It should also be
pointed out that the DSS-induced colitis model is unable to
realistically reproduce the features of real human colitis. The
limitations should consistently be taken into account when
applying laboratory data directly to the human disease.
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