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Abstract
Background: Inflammatory bowel disease (IBD), comprising Crohn's disease (CD) and 
ulcerative colitis (UC), is a heterogeneous state of chronic intestinal inflammation. 
Intestinal innate immunity, including innate immune cells, defends against pathogens 
and excessive entry of gut microbiota, while preserving immune tolerance to resident 
intestinal microbiota, and may be characterized by its capacity to produce a rapid and 
nonspecific reaction. The association between microbiota dysbiosis and the patho-
genesis of IBD is complex and dynamic. When the intestinal ecosystem is in dysbio-
sis, the reduced abundance and diversity of intestinal gut microbiota make the host 
more vulnerable to the attack of exogenous and endogenous pathogenic gut micro-
biota. The aim of our study was to comprehensively assess the relationship between 
microbial populations within UC, the signaling pathways of pathogenic gut microbe 
therein and the inflammatory response, as well as to understand the effects of using 
PE&AFWE (poppy extract [Papaver nudicaule L.] and Artemisia frigida Willd. extract) 
on UC modulation.
Methods: A UC mouse model was established by inducing SPF- grade C57BL/6 mice 
using dextrose sodium sulfate (DSS). Based on metagenomic sequencing to charac-
terize the gut microbiome, the relationship between gut microbiota dysbiosis and gut 
microbiota was further studied using random forest and Bayesian network analysis 
methods, as well as histopathological analysis.
Results: (1) We found that the 5 gut microbiota with the highest relative abundance 
of inflammatory bowel disease UC model gut microbiota were consistent with the 
top 5 ranked natural bacteria. There were three types of abundance changes in the 
model groups: increases (Chlamydiae/Proteobacteria and Deferribacteres), decreases 
(Firmicutes), and no significant changes (Bacteroidetes). The UC model group was sig-
nificantly different from the control group, with 1308 differentially expressed species 
with abundance changes greater than or equal to 2- fold. (2) The proportion of the 
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1  |  INTRODUC TION

The intestinal microbiota is estimated to contain approximately 1014 
commensal microorganisms, which are primarily bacteria localized in 
the distal ileum and colon.1 The colon contains the highest microbial 
diversity and load, up to 1012 bacteria/g feces, and the microbial den-
sity also peaks in the colon.2 The highly stable and shared compo-
nent of microbiota between individuals is known as ‘core microbiota’.3 
Although pathogens are rapidly recognized and destroyed by the im-
mune response, the host tolerates the intestinal microbiota by mech-
anisms that are still unclear. On the one hand, the microbiota and the 
host form a symbiotic relationship. Human healthy individuals have 
high levels of interindividual variation in immune cell subset compo-
sition, while the microbiota can protect the host from opportunistic 
pathogenic infections.4,5 Since they inhibit the adhesion to the gut 
mucus and colonization by pathogens, and bacteriocins and short- 
chain fatty acids,6 the microbiota encodes hundreds of genes that do 
not exist in the human genome and regulates a variety of biological 
functions of the host, involving the absorption and digestion of nutri-
ents, the maintenance of energy supply and the development of the 
immune system.7,8 On the other hand, this tolerance can be disrupted, 
and evolve into an uncontrolled inflammatory response.9 There are 

multiple causes of dysbiosis, such as imbalances in the composition of 
the gut microbiota, genetics of host–microbe interactions, etc.

Inflammatory bowel disease (IBD), characterized by chronic 
and relapsing inflammation of the gastrointestinal tract,10 af-
fects about 6.8 million people globally.11 Individuals with IBD 
are at greater risk of developing colorectal cancer, called colitis- 
associated cancer, than normal individuals.12 IBD not only affects 
the gastrointestinal (GI) tract but may also involve many other 
organs of the body,13 for which the pathogenesis is either depen-
dent on extended translocation of immune responses from the 
intestine, or is an independent perpetuated inflammatory event 
that shares a common environmental or genetic predisposition 
with IBD.14 Several pathways by which the microbiota could con-
tribute to IBD have been discussed in the past.14 The idea that 
there is a molecular similarity between gut microbiota antigens 
and non- microbial epitopes on cells of affected organs has never 
been supported by clear evidence. Further evidence comes mainly 
from studies reporting on ‘dysbiosis’ and ‘microbiota diversity’, but 
these patients do not suffer from IBD. Disturbances or changes in 
the pathogenic and symbiotic microbiota are often referred to as 
‘dysbiosis’. This deregulation has multiple causes, but dysbiosis (an 
imbalance in the gut microbiota composition) and genes involved 

fecal flora in the UC group decreased by 37.5% in the Firmicutes and increased by 
14.29% in the proportion of Proteobacteria compared to the control group before 
treatment. (3) The significantly enriched and increased signaling pathways screened 
were the ‘arachidonic acid metabolic pathway’ and the ‘phagosomal pathway’, which 
both showed a decreasing trend after drug administration. (4) Based on the causal 
relationship between different OTUs and the UC model/PE&AFWE administration, 
screening for directly relevant OTU networks, the UC group was found to directly 
affect OTU69, followed by a cascade of effects on OTU12, OTU121, OTU93, and 
OTU7, which may be the pathway of action that initiated the pathological changes 
in normal mice. (5) We identified a causal relationship between common differen-
tially expressed OTUs and PE&AFWE and UC in the pre-  and post- PE&AFWE- treated 
groups. Thereby, we learned that PE&AFWE can directly affect OTU90, after which 
it inhibits UC, inhibiting the activity of arachidonic acid metabolic pathway by affect-
ing OTU118, which in turn inhibits the colonization of gut microbiota by OTU93 and 
OTU7. (6) Histopathological observation and scoring (HS) of the colon showed that 
there was a significant difference between the model group and the control group 
(p < 0.001), and that there was a significant recovery in both the sulfasalazine (SASP)
and the PE&AFWE groups after the administration of the drug (p < 0.0001).
Conclusion: We demonstrated causal effects and inflammatory metabolic pathways 
in gut microbiota dysbiosis and IBD, with five opportunistic pathogens directly con-
tributing to IBD. PE&AFWE reduced the abundance of proteobacteria in the gut mi-
crobiota, and histopathology showed significant improvement.

K E Y W O R D S
Arachidonic acid metabolism, Gut microbiota, Microbial dysbiosis, Proteobacteria



    |  85FU et al.

in host–microorganism interactions have been associated with 
IBD,15 supporting the importance of the microbiota and its inter-
actions with the host in IBD pathogenesis.

The association of gut microbiota with IBD is strengthened by 
the fact that when germ- free mice are inoculated with IBD microbi-
ota, they develop severe colitis.16 Various murine models have been 
employed to evaluate factors that can alter the risk of IBD and to 
elucidate mechanisms of disease development and progression.17 
Our laboratory has used dextran sodium sulfate (DSS) to make an 
IBD model. Although most preclinical mouse models employed to 
evaluate factors do not fully recapitulate the complexity of human 
IBD, it remains unclear whether the currently accepted disorder of 
the gut microbiome is a cause or consequence of IBD. For this reason 
we have used DSS stimulation to simulate a model of disease onset 
and incorporate newly developed therapeutic approaches to pro-
vide new ideas for elucidating the mechanisms of IBD onset and for 
therapeutic strategies. A complete cure for IBD is unknown. The cur-
rent treatment regimen using sulfasalazine (SASP) as a positive drug, 
is adopted to reduce inflammation, promote clinical remission, and 
prevent disease relapse.18 However, the first- line treatment drugs 
currently used are usually accompanied by serious adverse reactions 
(such as allergies, intolerance, liver and kidney damage),19,20 and the 
recurrence rate after treatment is high, with a recurrence rate of 
about 30%–40% within one year.21,22 Fecal microbiota transplanta-
tion (FMT) interventions have also gained much attention as a novel 
therapeutic option for IBD.23 The drug PE&AFWE contains extracts 
from Papaver nudicaule (P. nudicaule L.) and Artemisia frigida (A. frigida 
Willd.). The main active ingredient of P. nudicaule extract is alkaloids, 
which can antagonize the binding of leukotrienes and their receptors 
to prevent inflammatory reactions. The main chemical components 
of A. frigida are flavonoids, which also have good anti- inflammatory 
effects and can inhibit tumor necrosis factor α (TNF- α), interleukin- 1β 
(IL- 1- β), and prostaglandin E2 (PGE2). In the early stages of this study, 
pharmacological studies on the two extracts confirmed that they 
have good therapeutic effects on ulcerative colitis (UC), as part of 
which the lipid soluble alkaloids can play an antidiarrheal role.

To overcome the drawbacks in DSS modeling (the development 
of induced colitis does not require the involvement of T-  and B- cells, 
whereas the pathological changes in DSS modeling more closely 
resemble those of human disease), firstly, we developed a stable 
immune- involved model of IBD by extending the stimulation of the 

modeling through three cycles, by selecting C57BL/6 mice. Mice 
that develop inflammatory colitis have differences in the compo-
sition of the gut microbiome during the early inflammatory phase 
compared to mice from other types of UC mouse model. Although 
these data suggest that the gut microbiome plays a role in IBD, we 
have not been able to determine a causal relationship between the 
microbiome and IBD. It is hypothesized that certain strains of gut 
microbes play a key pathogenic role in the development of IBD, and 
in order to gain a comprehensive understanding of the properties of 
gut microbes, a mouse model was designed, fabricated and studied.

2  |  METHODS

2.1  |  Chemicals

Dextran odium sulfate (36000–50 000 MW; MP Biomedicals, 
USA), 70% ethanol, Genomic DNA Extraction Kit (DP304; Tiangen 
Biochemical Technology Co., Ltd, China).

2.2  |  Laboratory animals

A total of 40 C57BL/6 mice, SPF grade, weighing 22 ± 2 g, 7 weeks old 
(Huafukang Biotechnology Co., Ltd; license number: SCXK [Beijing] 
2019- 0008). Three to five mice per cage were housed in the SPF 
Laboratory Animal Facility (SYKX [Tianjin] 2021- 0003; Prebiotic 
Gene Technology Co., Ltd). All mice were kept at 24 ± 1°C, 54 ± 2% 
humidity, and a 14:10 h light:dark cycle. Food and water were pro-
vided ad libitum. All experimental measures were carried out in ac-
cordance with the approved guidelines (Guide for the Care and Use 
of Laboratory Animals) formulated by the China Animal Protection 
Committee (Tables 1 and 2).

2.3  |  Composition and preparation of PE&AFWE

The drug PE&AFWE contains extracts from P. nudicaule L. and 
A. frigida Willd. Crude drugs were purchased from the Neimenggu 
autonomous region traditional Chinese medicine procurement and 
supply company. The P. nudicaule L. and A. frigida Willd. were mixed 

TA B L E  1  Scoring of disease activity index.

Observation index 0 1 2

Weight change Increase or decrease <5% Increase or decrease 5% ≤ 10% Increase or decrease >10%

Hair condition Neat and shiny Messy and shiny Messy and matte

Activity Normal Less activity Inactive

Fecal shape Well- formed Loose stool Liquid stool

Stool with mucus None Small amount Mass

Stool with pus None Small amount Mass

Stool with blood None Visible small amount to the naked eye Clearly visible to the naked eye
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with a weight ratio of 15 g:24 g and then 22 volumes of 70% ethanol 
were added to reflux the mixture for 5 h. The combined extract was 
reduced to give a crude drug concentration 0.59 g/mL and stored in 
the dark at 4°C.

2.4  |  Replication of UC model and administration

The establishment of the UC model was divided into three cycles. In 
the first cycle, mice received a 2.0% w/v DSS (MW 36 000–50 000; 
MP Biomedicals, USA) ad libitum solution for 7 days. The mice then 
received normal sterile drinking water ad libitum for the next 7 days. 
In the second cycle, mice were given a 1.5% w/v DSS drinking solution 
ad libitum for 7 days, after which they were given normal sterile drink-
ing water ad libitum for another 7 days. In the third cycle, the mice 
were given 2.0% w/v DSS solution ad libitum for 2 days, then 1.5% 
w/v DSS ad libitum for another 5 days, and then sterile drinking water 
for another 2 days. The control group was given sterile drinking water.

The mice were euthanized, after the UC model was established, 
After cervical dislocation, the colon was excised and prepared for 
histopathological examination. After approval, the experimental 
protocol was carried out according to the guidelines formulated by 
the ethics committee of China University for Nationalities (protocol 
number: ECMUC2021006AO).

There were four groups, N = 10 for each group: control group, UC 
model, sulfasalazine group (0.61 g/kg) and PE&AFWE group (5.07 g/
kg). During the process of model establishment, each group was given 
its corresponding drugs. The administration route was intragastric. The 
model group was also gavaged with sterile drinking water. Consistency 
of external conditions between the groups of mice was ensured.

2.5  |  Isolation of colonic lumen contents

The mice were euthanized and the colon segments were collected for 
longitudinal dissection in clean bench. The contents and fecal samples 
were collected and placed in 2 mL sterile cryotubes. Each sample was 
prepared with approximately 1 μg of DNA, frozen in liquid nitrogen 
and stored at −80°C. The above steps are carried out in clean bench.

2.6  |  DNA extraction

PowerOil was used according to the manufacturer's instructions® 
Total genomic DNA was extracted from fecal samples with a DNA 

isolation Kit (MO BIO Laboratories). The Qubit dsDNA HS assay kit 
was used to detect the quality and quantity of extracted DNA on a 
qubit 3.0 fluorometer (Life Technologies, Carlsbad, CA, USA), and 
electrophoresis was performed on 1% agarose gel.

2.7  |  Metagenomic analysis

Fecal DNA was isolated as described above. Whole genome shotgun 
libraries were prepared using the VAHTS Universal Plus DNA library 
preparation kit for Illumina (Vazyme Biotech). The paired ends of the 
library were sequenced using the 150 BP paired end sequencing mode 
on the Illumina Novaseq 6000 platform (Biomarker Technologies Co., 
Ltd, Beijing, China). Illumina raw reads were fine tuned for quality and 
adapter removal using Trimmomatic v0.33. After trimming the adapt-
ers and filtering the low- quality reads, the clean sequence data were 
used for further bioinformatics analysis. Sequence data associated 
with this project have been deposited in the NCBI short read archive 
database. The corresponding species information obtained after se-
quencing was analyzed for species composition and the abundance 
distribution of species was obtained by drawing a network diagram. 
Then, a Venn diagram was used to show the unique microbial spe-
cies in each group and the microbial species shared by various groups. 
Using multiple sequence alignment and phylogenetic tree construc-
tion of microbial species, the differences in microbiota among dif-
ferent samples were found, and the principal coordinate analysis 
(PCoA) and nonmetric multidimensional scale (NMDS) dimensionality 
reduction map was used for analysis. We applied the metagenomic 
data analysis method (DESeq2) and rank sum test, followed by the 
linear discriminant analysis effect size (LEfSe), to statistically analyze 
samples. The screened differentially expressed microorganisms were 
assigned operational taxon unit (OTU) to machine learning, and the 
putative representative classification of OTUs were annotated. Based 
on previous identification of microbial differences, random forest and 
Bayesian Causal Network Analysis machine learning methods were 
used to infer the interaction and causality between microorganisms.

2.8  |  Construction of unigenes and 
taxonomic prediction

Metagenemark was used to predict the open reading frame (ORF) 
of each assembled contig (Zhu W, Lomsadze A, Borodovsky M. 
Ab initio gene identification in metagenomic sequences. Nucleic Acid 
Res. 2010;38(12):132) (http:// exon. gatech. edu/ meta_ gmhmmp. cgi, 

Category 0 1 2

Infiltration of acute inflammatory cells None Mild increase Severe increase

Infiltration of chronic inflammatory cells None Mild increase Severe increase

Submucosal edema None Mild increase Severe increase

Epithelial cell necrosis None Limit Diffuse

Ulcer formation None Have

TA B L E  2  Histopathological score.

http://exon.gatech.edu/meta_gmhmmp.cgi
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version 3.26, default parameters), redundant genes (95% identity, 
90% overlap) were removed by mmseqs2 software (https:// github. 
com/ soedi nglab/  mmseqs2, version 12- 113e3), generating nonre-
dundant gene catalogs (Steinegger M, Soding J. mmseqs2 enables 
sensitive protein sequence searches to be used for the analysis of 
massive datasets. Nat Biotechnol. 35:1026–1028). The reads were 
aligned using diamond software for classification function assign-
ment and classification.

2.9  |  Gene function annotation

KEGG annotation was performed against the Kyoto Encyclopedia of 
genes and genomes database using diamond (version 0.9.29) (http:// 
www. genome. jp/ keeg/ ). The E- value cutoff is 1e- 5. If there are mul-
tiple alignment results (HIT), the best alignment result is selected as 
the annotation of the sequence. R studio and python were used to 
visualize the results of the analysis.

2.10  |  Data analysis and statistics

The data are expressed as the means ± SEM, using GraphPad Prism 
(version 9.0) and SPSS (version 23.0). Parametric and nonparametric 
tests (including Wilcoxon rank sum test and t test) were used to ana-
lyze the abundance differences between microorganisms as well as 
gene functions. Unless otherwise stated, an adjusted p value < 0.05 
should be considered statistically significant.

3  |  RESULTS

3.1  |  DSS stimulation was used to establish a 
mouse model of IBD, which was used as a basis for 
a comprehensive understanding of the relationships 
between gut microbiota in disease models and 
decreased diversity of the microbiome, microbial 
dysbiosis

Firstly, we established a UC model of inflammatory bowel disease 
(IBD) using dextran sodium sulfate (DSS) stimulation in C57BL/6 
mice and the results are shown in Figure 1A,B. In the model, the top 
5 gut microbiota in relative abundance in the mouse gut (natural gut 
microbiota Chlamydiae, Bacteroidetes, Firmicutes, Proteobacteria 
and Deferribacteres), when observed at the phylum level versus the 
genus level, revealed that the Bacteroidetes had reduced interac-
tions with other phyla, and the Ascomycota no longer correlated 
with the other phyla. In the control group, the phyla Actinobacteria 
and Ascomycota and Proteobacteria were closely associated with 
Bacteroidetes and Firmicutes.

In the model we compared the different groups according to the 
different levels of gut microbiota and found that the top 5 gut mi-
crobiota in relative abundance in the mouse gut can be observed 

at the phylum level versus the genus level (Figure 1A,B), which is 
consistent with the rankings of the natural bacterial community 
as Chlamydiae, Bacteroidetes, Firmicutes, Proteobacteria and 
Deferribacteres. Figure 1C–E shows that Chlamydiae abundance in-
creased, Bacteroidetes abundance did not change much, Firmicutes 
abundance decreased significantly, and at the family level, 
Chlamydiaceae abundance increased, and Muribaculaceae abun-
dance decreased, Lachnospiraceae and Clostridiaceae abundance 
significantly decreased and Bacteroidaceae significantly increased. 
At the genus level, except for Chlamydia and Bacteroides which in-
creased in abundance compared to the normal control, Clostridium 
and Prevotella decreased in abundance and Mucispirllum increased 
in abundance.

Using principal coordinate analysis (PCoA) and nonmetric mul-
tidimensional scaling (NMDS) analyses for β diversity analysis, the 
results showed that the number of gut microbiota shared by the 
UC model group and the normal control group was lower, and the 
number of differing species was higher (p value < 0.05). There was 
a significant difference in community structure (p value < 0.05), 
which proved the reliability of group differences in this experiment 
(Figure 1F–H).

We used Venn diagrams to show the microbial communities at 
the species level, and the results showed that there were significant 
differences between the UC model group and the control group, 
with 1308 differentially expressed species with abundance changes 
greater than or equal to 2- fold.

Among all species, in the UC model group (Figure 1I,J), 169 spe-
cies were significantly up- regulated, 1144 species were significantly 
down- regulated, and the overall microbial abundance was reduced 
in the UC model group.

3.2  |  Use of PE&AFWE treatment in a mice 
model of inflammatory bowel disease to observe 
changes in the gut microbiota

In our established mouse model, microscopic HE staining of colon 
sections showed severe structural destruction of the colon, destruc-
tion of crypts, loss of glands, visible ulcer formation in the intestinal 
wall, and infiltration of peripheral tissues with inflammatory cells. 
In the control group, the colonic mucosa and the structure of each 
layer were intact and normal (Figure 2A,B).

Before and after treatment with PE&AFWE, the three groups –  
the UC group, control group, and PE&AFWE group – were com-
pared; there were differences at both the phylum level and the 
species level. The proportion of the Firmicutes in the UC group de-
creased by 37.5% and the proportion of Proteobacteria increased 
by 14.29% in the fecal microbiota of the UC group compared to the 
control group before treatment. Lachnospiraceae bacterium a4 was 
reduced in abundance and Chlamydia abortus was the most abun-
dant. After the treatment, the abundance of Proteobacteria in the 
UC group decreased by 14.29%, the abundance of the Firmicutes in-
creased by 25%, and the proportion of the Bacteroidetes decreased 

https://github.com/soedinglab/mmseqs2
https://github.com/soedinglab/mmseqs2
http://www.genome.jp/keeg/
http://www.genome.jp/keeg/
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F I G U R E  1  The level and genus of colonic microbiota of normal mice changed after DSS stimulation, and the colonic microbiota of 
mice in UC model group changed differently. (A) Network diagram between microbiota and genus of mice in the normal control group. (B) 
Network diagram between microbial phyla and genera in DSS stimulated model group mice. (C–E) Histograms at phylum level (C), family 
level (D), and genus level (E) in the two groups of mice. (F–H) Principal coordinate analysis PCoA plot, anosim analysis (F), PerMANOVA 
analysis (G), nonmetric multidimensional scale NMDS analysis (H) were used for the normal control and UC model groups. (I) Venn diagram 
of microorganisms with significant differences between the two groups. (J) Volcano diagram of species difference change in UC model group 
compared with control group. C, control; M, UC model. Blue nodes represent the phylum level and green nodes represent the genus level.
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F I G U R E  2  PE&AFWE regulates the composition of intestinal microbes in mice after administration. (A, B) Pathological staining diagram of 
colon in control group (A) and the DSS + UC model group (B). (a) The upper image is 10× (scale bar:100 μm); (b) the lower image is 20× (scale 
bar: 50 μm). (C–E) Bar graphs for three groups of mouse at the phylum level (C), family level (D), and genus level (E). (F–H) The Circos ring 
diagram of phylum level (F), genus level (G) and species level (H) differences. (I–K) The heatmaps of top 30 species at phylum level (I), genus 
level (J) and species level (K) among the three groups showed the related abundances. C, control; M, UC model; P&A, PE&AFWE group.
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by 3.45% (Figure 2F–H), whereas the abundance of Lachnospiraceae 
bacterium a4 and Muribaculaceae bacterium Isolate- 037 (Harlan) in-
creased in the PE&AFWE group. We verified the reliability of the 
results by visualizing them to show the consistency of the Heatmap 
map with the CIROS map.

3.3  |  Changes in gut microbial diversity 
in a mouse model of inflammatory bowel 
disease were associated with its differential 
microbiota, and further comprehensive analyses 
revealed dysbiosis- associated inflammatory pathways

We went on to investigate the similarity in the flora between the 
different groups using PCoA and NMDS methods. As shown in 
Figure 3, the PE&AFWE administration group had a lower number of 
shared species, a higher number of differential species, a significant 
difference in community structure, and the reliability of grouping 
differences (p = 0.012, Stress = 0.0172) compared to the UC model 
group. KEGG analysis screened 858 gut microbiota associated with 
the inflammatory pathway.

In the PE&AFWE administration group (1) 339 microbial species 
were significantly changed, and the Firmicutes/Bacteroidetes ratio 
in the gut was significantly higher after administration (Figure 3E), 
whereas the Firmicutes/Bacteroidetes ratio was reduced in the 
model group; (2) 138 microbial community species levels were sig-
nificantly changed in the intervention, and the change in abundance 
was greater than or equal to 2- fold that of the model group; (3) 51 
species were significantly up- regulated after administration of the 
drug, and 294 species were significantly downregulated (Figure 3G).

Prior difference analysis of the UC model group compared to 
the control group showed 1038 differentially expressed microbes, 
and KEGG analysis was also performed showing that 858 differen-
tially expressed microbial species were significantly correlated with 
141 signaling pathways (r > 0.6, p < 0.05). 141 were correlated with 
inflammatory response pathways. In conclusion, the classification 
according to the operational taxonomic unit (OTUs) (Figure 3H) 
showed that the significantly enriched and increased signaling 
pathways screened were the ‘Arachidonic acid metabolism’ and 
‘Phagosome’, which both showed a decreasing trend after drug ad-
ministration (Figure 3I).

3.4  |  Causal relationships between key 
differentially expressed microbial OTUs

In order to further investigate the comparison of key microbial spe-
cies associated with UC before and after treatment by PE&AFWE. 
Using random forest and Bayesian network models, overlap was 
analyzed using supervised classification methods and the im-
portance of species was ranked according to the random forest 
MeanDecreaseAccuracy score as the degree of contribution of 
OTUs (Table S2). The results showed that OTU54 > OTU12 > OT

U93 > OTU69 > OTU7 > OTU121, with OTU90 having the great-
est impact (Figure 4A). OTU90, OTU27 and OTU118 were nega-
tively correlated with the phagosome pathway (r = −0.6, r = −0.65, 
r = −0.62, p < 0.001), and the rest were positively correlated 
(r > 0.6, p < 0.001, Figure 4B), and causal relationships between 20 
key differentially expressed OTUs and UC and PE&AFWE were 
identified (Figure 4C,D).

Based on the causal relationship between different OTUs and 
the UC model/PE&AFWE administration, the OTU network was 
screened for direct correlation. The UC group directly affected 
OTU69, followed by a cascade of effects on OTU12, OTU121, 
OTU93, and OTU7, which may be the pathway of action that initi-
ated the pathological changes in normal mice (Figure 4E). OTU90 
was directly affected in the PE&AFWE group, followed by a cas-
cade of effects on OTU27, OTU23 and OTU19, which may be the 
mechanism for the therapeutic effect of PE&AFWE in the UC model 
(Figure 4F).

3.5  |  A Bayesian network was used to analyze the 
causal relationship between microbiota in two 
groups of models of the same disease (the UC 
model and the PE&AFWE group)

Signaling pathways and correlation analyses between major gut mi-
crobiota before and after PE&AFWE treatment were constructed 
using a Bayesian network analysis model. The results showed that 
we identified a causal relationship between common differentially 
expressed OTUs in UC group in the pre-  and post- PE&AFWE- 
treated group (Figure 5B). Thereby, we learned that PE&AFWE can 
directly affect OTU90 after which it inhibits UC, which inhibits the 
activity of arachidonic acid metabolic pathway by affecting OTU118, 
which in turn inhibits the colonization of gut microbiota in the gut by 
OTU93 and OTU7.

Meanwhile, we learnt that the OTUs associated with UC and 
PE&AFWE are divided into two negatively correlated categories, 
namely OTU69/OTU12/ OTU121/OTU93/ OTU7 and OTU23/ 
OTU19/OTU25/OTU90/OTU27/OTU118, as shown in Figure 5A. 
The increased abundance of OTU90 was significantly different be-
fore and after PE&AFWE administration (Figure 5F) (p < 0.05). The 
change in abundance of these 11 key OTUs in the model group was 
reversible after administration.

In order to clarify the biomarkers of the different groups at 
three different levels, we applied LEfSe analysis to classify the 11 
OTUs in the three groups: OTU90 and OTU23 in the PE&AFWE 
administration group, OTU69, OTU93, OTU12, OTU121, and 
OTU7 in the model group, and OTU118, OTU25, OTU19, and 
OTU27 in the PE&AFWE, control group. The OTUs associated 
with the PE&AFWE administration group were not related to ar-
achidonic acid and were closely related to the phagosome path-
way (Figure 5D,E). The five OTUs directly associated with the UC 
model group were significantly enriched in the arachidonic acid 
metabolic pathway (Figure 5C).
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F I G U R E  3  Changes in intestinal microbial diversity and differential expression of microorganisms after PE&AFWE administration. (A–C) 
Phylum level (A), genus level (B) and species level (C) PCoA diagram based on Bray Curtis principal coordinate analysis. (D) Nonmetric 
multidimensional scale NMDS analysis was used for the three groups. (E) Bar chart of the ratio of Firmicutes/Bacteroidetes in the three 
groups of mice. (F) The Venn diagram of microbiota was changed by the difference in microbiota and model group after administration. (G) 
Volcano diagram of species difference change after administration compared with UC model group. (H) The Venn diagram of microbiota was 
changed by the difference in microbiota and model group after administration related to the KEGG pathway. (I) The three groups compared. 
Compared with the model group, *p < 0.05, **p < 0.01, ***p < 0.001. C, control; M, UC model; P&A, PE&AFWE group.
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F I G U R E  4  Causal relationship between key differentially expressed microbial OTUs related to inflammatory pathways. (A) Random forest 
model- selected top 20 OTUs contribution ranking and clustering heatmap among the three groups. (B) Correlation network diagram of top 
20 OTUs and related KEGG signaling pathways. (C) Bayesian correlation network diagram of key OTUs in the model group. (D) Bayesian 
correlation network diagram of key OTUs in PE&AFWE group. (E) Bayesian analysis network for the causal relationship between different 
lumen OTUs and UC. (F) Bayesian analysis network for the causal relationship between different lumen OTUs and PE&AFWE. C, control; M, 
UC model; P&A, PE&AFWE group.
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3.6  |  PE&AFWE administration alleviates colitis 
infiltration in UC model mice

To further compare PE&AFWE with the effectiveness of classical 
drugs currently used in the clinical treatment of inflammatory bowel 

disease, we established a salazosulfapyridine (SASP) group on the 
basis of the three original groups, i.e. the control group (N = 10), the 
PE&AFWE group (N = 10), the UC model group (N = 10) and the SASP 
group (N = 10), as shown in Figure 6. Based on the normal intestinal 
mucosal structural layer, we found that (1) the disease activity index 

F I G U R E  5  Causality of interactions between microorganisms directly regulated by UC model and drug administration groups established 
by Bayesian network model analysis. (A) Correlation coefficient diagram of common OTUs different between the two groups. (B) Network 
diagram of the interaction between the six OUTs of PE&AFWE and the five OTUs of UC. (C) Correlation diagram between directly related OTUs 
and arachidonic acid in UC model group. (D) Heatmap of correlation between directly related OTUs and metabolic pathways in PE&AFWE 
administration group. (E) Heatmap of correlation between directly related OTUs and phagosome metabolic pathway in PE&AFWE administration 
group. (F) STAMP analysis of key regulated OTUs in UC model and PE&AFWE administration groups. (G) LEFSe analysis showed that the two 
groups jointly changed the microbiota evolution map. (H) Bar chart of 11 key interaction OTU microbiota biomarkers among the three groups. (I) 
Analysis of the species annotation map of 11 key OTUs screened LDA > 2, p < 0.05. C, control; M, UC model; P&A, PE&AFWE group.
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(DAI) of the groups overall showed an upward trend when compared 
with that of the control group, among which the PE&AFWE treat-
ment group appeared to have a low potential effect in the course of 
this process but the trend became similar to that of the SASP group 
as the treatment progressed; (2) histopathological examination at 
high magnification revealed the disappearance of colonic glands and 
inflammatory cell infiltration in the ulcerated lesions in the model 
group, whereas in the PE&AFWE- treated group and the SASP group, 
there was an intact mucosal epithelium and inflammatory infiltrated 
lamina propria (fewer inflammatory cells in the former/more inflam-
matory cells in the latter), and a decrease in the number of glands; 
(3), histopathological observation and scoring (HS) of the colon 
showed that there was a significant difference between the model 
group and the control group (p < 0.001), and that there was a signifi-
cant recovery in both the SASP and the PE&AFWE groups after the 
administration of the drug (p < 0.0001).

4  |  DISCUSSION

IBD is thought to result from an inappropriate and continuing inflam-
matory response to commensal microbes in a genetically susceptible 
host.24 Histologically, ulcerative colitis shows superficial inflamma-
tory changes limited to the mucosa and submucosa with cryptitis 
and crypt abscesses. Our results in the mouse model of IBD reaffirm 

the idea that the reduced diversity of the microbiome leads to gut 
microbiota dysbiosis.25,26 Our study systematically analyzes the 
causal relationship between gut microbiota diversity and dysbiosis 
from the perspective of an animal model. Various statistics analy-
sis methods based on PCoA, NMDS analyses, random forest, and 
Bayesian network models have provided compelling evidence for a 
causal relationship between gut microbiota diversity and inflamma-
tory bowel disease, i.e. a causal relationship between different OTUs 
and UC model/PE&AFWE administration and screening for a net-
work of OTUs that are directly related. Evidence was also obtained 
to indicate that OTU118 inhibits the activity of the arachidonic acid 
metabolic pathway, which in turn inhibits the microbial colonization 
of the gut by OTU93 and OTU7.

The symptoms of DSS- induced colitis in mice are similar to 
human UC. Acute or chronic colitis models were constructed by ad-
justing the concentration and frequency of DSS administration.27,28 
DSS stimulation increased the proportion of Proteobacteria in 
mice intestine, while PE&AFWE treatment reversed the change of 
Proteobacteria. These results suggest that DSS can induce UC by 
changing the composition and structure of intestinal gut microbiota 
and special microbiota, and PE&AFWE can inhibit the inflammatory 
response of the colon by reversing the changes to intestinal gut mi-
crobiota. The diversity of intestinal gut microbiota in UC mice stimu-
lated by DSS decreased, with Bacteroides and Clostridium increasing 
significantly, and Akkermansia and Enterobacter also increasing. This 

F I G U R E  6  PE&AFWE administration alleviates colitis infiltration in UC model mice. (A) PE&AFWE administration alleviates the degree 
of inflammation in the intestine of UC model mice as shown by a weight change curve of mice. (B) Evaluation of disease activity index of a 
dextran sulfate sodium induced UC mouse model. (C) Pathological staining diagram of colon in control, DSS + UC model, DSS + PE&AFWE, 
and DSS + SASP groups. (D) Histogram of colonic pathological injury scores in control, DSS + UC model, DSS + PE&AFWE, and DSS + SASP 
groups; (a) the upper image is 10× (scale bar, 100 μm); (b) the lower image is 20× (scale bar, 50 μm); N = 10 in all groups. Compared with the 
control group, #p < 0.05, ##p < 0.01, ###p < 0.001; compared with the model group, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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resulted in a lack of species able to produce butyrate metabolites, 
which in turn relates to the inflammatory response associated with 
intestinal diseases in mice induced by DSS.29,30 β Diversity analysis 
showed that UC model mice showed obvious clustering separation 
through PCoA and NMDS. DSS stimulation increased the proportion 
of Proteobacteria and Deferribacteres in the intestinal tract of mice, 
and significantly reduced the abundance of Firmicutes. The relative 
abundance of beneficial microbial species in UC patients has been 
shown to be significantly reduced.31 In this study, analysis of the dif-
ferential microbiota of the UC group also showed that the overall 
microbial abundance of the UC group decreased compared with the 
normal control group of mice.

Two plant extracts were used in our study. In contrast to the use 
of chemical drugs in the treatment of UC, herbal medicine has the 
characteristics of being multi- target, low toxicity and with a low inci-
dence of side effects. PE&AFWE, composed of P. nudicaule L. extract 
and A. frigida Willd. extract, is a classic prescription for the treatment 
of UC. Its clinical application has proved that it can effectively treat 
UC, and the recurrence rate of UC treated with PE&AFWE is low.32 
However, the mechanism by which PE&AFWE attenuates UC remains 
to be proved. We found that compared with the untreated UC model 
group, PE&AFWE significantly alleviated the disease activity index 
(DAI), improved the symptoms of hematochezia and diarrhea, and re-
versed the inflammatory cell infiltration. Firmicutes and Bacteroidetes 
were shown to be the two largest microbial communities in this 
study and the proportion of Firmicutes/Bacteroidetes found in this 
study is consistent with that previously reported33. The proportion 
of Firmicutes/Bacteroidetes decreased in UC due to colon injury. 
Idiomarina has unique physiological fatty acids.34 Bayesian network 
analysis shows that it is also an important gut microbe that directly 
regulates the abundance of other gut microbiota after administration. 
It is speculated that increasing the abundance of idiomarina after ad-
ministration is helpful to the increase of short chain fatty acids.

Among the directly related species screened by the random for-
est and Bayesian causality network after PE&AFWE administration, 
three species belong to the family Lachnospiraceae. It is reported 
that members of the family Lachnospiraceae have a wide range of 
metabolic functions, including the synthesis of short chain fatty 
acids (including raw propionate, butyrate and other metabolites), 
the degradation of mucin, and the metabolism of sugar and aromatic 
amino acids.35–37 They are negatively correlated with the concentra-
tion of pro- inflammatory cytokines, and are related to the inflamma-
tory remission of IBD. Members of the family Lachnospiraceae play 
an active role in intestinal homeostasis.38,39

In this study, PE&AFWE administration significantly reversed 
the reduced abundance of Clostridiales in mice in the UC model 
group. According to the correlation coefficient analysis, the differ-
entially regulated gut microbiota after PE&AFWE administration 
can be divided into two categories, one is mainly enriched in ara-
chidonic acid (ko00590) and the other is mainly related to phago-
somes (ko04145). Arachidonic acid mediates adipoinflammation, 
and studies have shown that regulating gut microbiota metabolism 

through diet can alleviate inflammation, which is consistent with the 
results of this study.40 OTU69, OTU12, OTU121, OTU93 and OTU7 
directly regulated by UC were highly correlated with the arachidonic 
acid pathway, and there was no significant correlation between 
OTUs directly regulated by PE&AFWE administration and arachi-
donic acid (OTU69 [Rhodospirillales bacterium URHD0017], OTU12 
[Candidatus Staskawiczbacteria bacterium RIFCSPHIGHO2_02_
FULL_34_9], OTU121 [Candidate_division_WS6_bacterium_GW2011_
GWE1_34_7], OTU93 [Shewanella sp. BC20] and OTU7 [Bacteroidetes 
bacterium GWF2_43_11]).

The ability of phagosomes to prevent bacterial infection depends 
on their continuous interaction with the microbial community, which 
is the key to determining whether phagosomes will be infected by 
pathogens. The macrophage population in the intestinal lamina pro-
pria is the most abundant in the immune population, mainly nonmi-
gratory macrophages, belonging to the functional M2 subtype, which 
can produce a large number of IL- 10 cytokines. Studies have shown 
that most of the Tregs in the colon are accumulated by the microbiota 
in the colon and antigen- specific interactions. In this study, the micro-
bial gene functions of mice treated with PE&AFWE mainly involved 
arachidonic acid (ko00590) and phagosome (ko04145), revealing their 
close correlation with reducing antiviral infection and inhibiting the re-
lease of pro- inflammatory factors. The Bayesian causal network anal-
ysis graph in this study intuitively shows the interaction relationship 
of each biomarker analyzed by LEfSe, respectively, in the UC model 
and PE&AFWE groups. The directly linked biomarkers represent the 
intestinal species that have a direct effect on the intestinal microbial 
dysbiosis in UC model mice, that is, the intestinal species most closely 
related to the UC model or PE&AFWE after administration. This study 
found that PE&AFWE can regulate the dysbiosis of gut microbiota 
and directly affect Idiomarina aestuarii from the Idiomarinaceae family 
and Blautia sp. AM42- 2 from the Lachnospiraceae family.

This study confirms by random forest and Bayesian network 
analyses the causal effect of gut microbiota on dysbiosis in IBD, and 
also provides evidence of histopathological changes. The study also 
identified five opportunistic pathogens in three phyla that directly 
contribute to IBD, and the arachidonic acid metabolic pathway, an 
inflammatory pathway influenced by Idiomarina aestuarii, Significant 
histopathological improvement was seen when inflammatory bowel 
disease was treated with PE&AFWE, with decreased abundance of 
Proteobacteria gut microbiota. The findings of this study expand our 
understanding of the microbiota–IBD relationship and suggest that 
PE&AFWE could be a candidate for further research in the develop-
ment of gut therapeutics for IBD.
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