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Zhuyu pill (ZYP) is a traditional Chinese medicine prescription composed of two

drugs, Coptis chinensis Franch. and Tetradium ruticarpum (A. Jussieu) T. G.

Hartley, and is commonly used in the clinical treatment of diseases of the

digestive system. However, the mechanism underlying the effect of ZYP on

colitis remains unclear. In this study, a colitis rat model was induced with 2,4,6-

trinitro-benzenesulfonic acid (TNBS, 100 mg/kg) and treated with ZYP (low

dose: 0.6 g/kg, high dose: 1.2 g/kg). Disease activity index, colonic weight index,

and weight change ratio were used to evaluate the model and efficacy. LC-MS

and 16S rRNA gene sequencing were used to measure differences in fecal

metabolism and microorganism population among the control, model, low-

dose ZYP, and high-dose ZYP groups. To elucidate the mechanism of

interventional effect of ZYP, Spearman correlation analysis was used to

analyze the correlation between fecal metabolism and fecal microbial

number. High-dose and low-dose ZYP both exhibited significant

interventional effects on colitis rat models, and high-dose ZYP produced a

better interventional effect compared with low-dose ZYP. Based on a

metabolomics test of fecal samples, significantly altered metabolites in the

model and high-dose ZYP treatment groups were identified. In total,

492 metabolites were differentially expressed. Additionally, sequencing of

the 16S rRNA gene in fecal samples revealed that the high-dose ZYP could

improve TNBS-induced fecal microbiota dysbiosis. Ultimately, changes in

tryptophan metabolism and Firmicutes and Gammaproteobacteria

populations were detected after ZYP treatment in both colitis and

cholestasis. Therefore, we conclude that tryptophan metabolism and

Firmicutes and Gammaproteobacteria populations are the core targets of
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the anti-inflammatory effect of ZYP. These findings provide a scientific basis for

further investigation of the anti-inflammatory mechanism of ZYP in the future.

KEYWORDS

cholestasis, colitis, common interventional mechanism, fecal microbial diversity, fecal
metabolism, Zhuyu pill

Introduction

In recent years, with the change in diet patterns of the

population, the incidence of diseases of the digestive system is

gradually increasing (Van Cutsem et al., 2016). Colitis, which can

lead to poor quality of life, weight loss, andmalnutrition (Casellas

et al., 2001; Saibeni et al., 2005; Hwang et al., 2012), has become a

common clinical disease of the digestive system with an

unknown etiology, affecting the health of individuals

(Freeman et al., 2001; Colombel et al., 2017). According to

statistical data, the incidence of colitis in southern China,

such as Guangdong Province, has exceeded rates of 3/

1,00,000 persons (Zeng et al., 2013). A long-term or chronic

inflammatory response has been proven to be one of the

important pathophysiological mechanisms in the progression

of colitis (Okayasu, 2012; Onal et al., 2012), and corticosteroids

are considered to be the most effective treatment for colitis.

However, side effects and lack of benefit limit the clinical

application of these treatment options (Varshosaz et al., 2011).

Currently, the clinical treatment of colitis is in urgent need of

potential effective drugs and new treatment regimens. In the

thousands-of-years-old history of Traditional Chinese Medicine

(TCM), many diseases have been treated. Therefore, TCM may

inspire the clinical diagnosis and treatment of colitis.

Zhuyu pill (ZYP), a combination of Coptis chinensis Franch.

(huanglian in chinese) and Tetradium ruticarpum (A. Jussieu)

T. G. Hartley (Wuzhuyu in Chinese) in a ratio of 1:1, is a classic

TCM prescription for treating diseases of the digestive system,

such as cholestasis and colitis. It was traditionally used for the

treatment of diarrhea and hematochezia in both Tai Ping Sheng

Hui Fang (Wang, 2016) and Prescription Dictionary of Chinese

Medicine (Peng, 1993), by its mechanism of regulating the

balance of qi. In modern studies, the main active ingredients

of ZYP, such as berberine and evodiamine, have been confirmed

to have certain anti-inflammatory effects (Mohammadzadeh

et al., 2017; Ding et al., 2020; Jiang et al., 2021) and can affect

intestinal microecology by regulating bile acid metabolism (Wolf

et al., 2021). Furthermore, interest in the lipid-lowering effect of

the mixture of berberine and evodiamine in the 1:1 ratio has

increased (Zhou et al., 2017), and the anti-Alzheimer’s effect of

the two active ingredients has been reported (Fang et al., 2020). In

our previous study, ZYP was confirmed to produce a significant

anti-cholestasis effect by regulating fecal metabolism, fecal

microbial diversity (Yu et al., 2021b), and miRNA expression

(Yu et al., 2021a). The interventional effect of the Zuojin pill (ZJP,

composed of Coptis chinensis Franch. and Tetradium ruticarpum

(A. Jussieu) T. G. Hartley, usually mixed in a ratio of 6:1) on

colitis has been the focus of attention in research (Zhou et al.,

2020; Wei et al., 2021). These studies suggest that ZYP is a

potential drug for the treatment of colitis. However, the

interventional effect of ZYP on colitis has yet to be confirmed;

the underlying biological mechanism remains unclear.

“Treating different diseases with the same treatment” is a

unique original ideology in TCM (Zheng et al., 2015), which is

based on the idea of treating different diseases with similar

pathogenesis and clinical syndromes. Because both cholestasis

and colitis have obvious inflammatory responses (Rosenberg

et al., 2013; Zhang et al., 2019) and ZYP has potential

therapeutic effects on both diseases, we propose that

investigation of the common targets of the interventional

effect of ZYP on cholestasis and colitis can elucidate the

underlying mechanism of action of ZYP. To explore the

common mechanism of action of ZYP in cholestasis and

colitis from the perspective of fecal metabolism and fecal

microbial diversity, we combined data from an experiment on

the treatment of 2,4,6-trinitro-benzenesulfonic acid (TNBS)-

induced colitis rat models with ZYP and data from previous

studies (Yu et al., 2021b). The study sought to answer three

questions. First, it sought to investigate whether ZYP has a clear

mechanism of intervention in colitis rat model. Second, it sought

to assess whether the dual effect of ZYP on fecal metabolism and

fecal microbial homeostasis is the mechanism of action of ZYP in

colitis rat model. Third, it aimed to assess the changes in

biological function and bacterial number associated with the

common mechanisms by which ZYP produces anti-

inflammatory effects. This study provided a basis for further

studies on the anti-inflammatory effect of ZYP, improved our

understanding of “treating different diseases with the same

treatment” ideology in TCM, and provided a potential drug

for the clinical treatment of colitis.

Materials and methods

Reagents

TNBS was prepared using 5% TNBS (Sigma-Aldrich, St. Louis,

MO, United States) and diluted to a final concentration of 2% TNBS

and 50% ethanol with phosphate-buffered saline (PBS). Coptis

chinensis Franch. and Tetradium ruticarpum (A. Jussieu) T. G.

Hartley were purchased from Beijing Tongrentang Science and

Technology Development Co., Ltd. (Beijing, China). L,-2-
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chlorophenylalanine was obtained from Shanghai Hengchuang

Biotechnology Co., Ltd. (Shanghai, China). Water, methanol,

acetonitrile, and formic acid were purchased from CNW

Technologies GmbH (Düsseldorf, Germany). All chemicals and

solvents were reagent grade or high-performance liquid

chromatography (HPLC) analytical grade.

Zhuyu pill preparation and quality control

ZYP was composed of two herbs. All compositions of ZYP

are listed in Table 1.

In previous studies, we used HPLC to detect the content of

the main components of ZYP. As a result, ZYP contained

36.8 mg/g of berberine, 14.9 mg/g of coptisine, 0.78 mg/g of

evodiamine, and 0.33 mg/g of rutecarpine. The fingerprints of

different batches of ZYP decoction showed a consistent trend,

indicating that ZYP has botanical characteristics (Yu et al.,

2021a) (Supplementary Material S1). In this study, the

preparation of ZYP was consistent with that of our previous

studies (Yu et al., 2021a). Therefore, 120 ml of solution was

extracted from 12 g of herbs; the final concentration of ZYP was

0.1 g/ml (w/v).

Animals and treatments

Twenty-four male Sprague-Dawley rats aged 7–8 weeks,

weighing 180 ± 20 g, were purchased from Chengdu Dossy

Experimental Animals Co., Ltd. (Sichuan, China; certification

no. SCXK-CHUAN 2020-030). All rats were housed under

conventional conditions and had access to water and food ad

libitum. Rats were acclimatized for 7 days prior to the

experiments.

The rats were randomly allocated into the control, model,

low-dose ZYP (ZYP_L), and high-dose ZYP (ZYP_H) groups.

Each group consisted of six rats. Except the normal group, all

groups were administered with a single TNBS enema to induce

acute colitis (100 mg/kg) (Ji et al., 2020), 8 cm from the anus,

using a catheter. The normal group was administered the same

amount of vehicle (paroline) enema as the control. After the

injection, the rats’ anuses were clamped, and the rats were

maintained in a head-down position for 15 min. After TNBS

induction, rats were administered ZYP (ZYP_L: 0.6 g/kg,

ZYP_H: 1.2 g/kg) for 10 consecutive days, once a day via oral

gavage. The control and model groups were given an equal

volume of distilled water.

Ethical approval

Ethics approval was granted by the Ethics Committee of

Chengdu University of Traditional Chinese Medicine (Ethics

Approval Number: 2019-15).

Sample collection and intestinal injury
evaluation

After the final ZYP administration, two fresh fecal pellets

were collected from each rat. Fecal samples were stored frozen

at −80°C until analysis.

After 17 days, rats were euthanized 16 h after the final ZYP

administration. The distal 8-cm portion of the colon was excised

immediately afterward. The colon length was measured with a

ruler, and the colon was weighed. The weight-to-length ratio,

representing the colon weight index (g/cm), was used to ascertain

the degree of colon edema or retraction caused by inflammation.

As previously described (Cotter et al., 2018), disease activity

index (DAI) is an effective indicator for evaluating colitis. In this

study, body weight, stool viscosity, and bleeding status were

recorded daily and scored with reference to the scoring standard

(MacPherson and Pfeiffer, 1978) (Table 2). The DAI results were

calculated according to the following equation, as reported in a

previous study (Wang et al., 2021).

TABLE 1 Composition of Zhuyu pill (ZYP).

Chinese name Botanical namea Plant family Weight (g) Part used Herbal-producing
region

Huanglian Coptis chinensis Franch. Ranunculaceae 6 Dried rhizome Sichuan

Wuzhuyu Tetradium ruticarpum (A. Jussieu) T. G. Hartley Rutaceae 6 Dried ripe seed Yunnan

aThe plant name has been checked with http://www.theplantlist.org.

This table was reproduced from (Yu et al., 2021a).

TABLE 2 Scoring of disease activity index.

Weight loss Stool consistency Fecal occult blood Score

Normal Normal Normal 0

1%–5% Soft but still formed Occult bleeding (+) 1

5%–10% Loose stools Occult bleeding (++) 2

10%–15% Diarrhea Occult bleeding (+++) 3

>15% Diarrhea Visible gross bleeding 4
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DAI � Percentage decrease in bodymass + Stool consistency + Fecal bleeding status

3

Histological analysis of colon injury and
inflammatory response

At 4 cm from the anus, one colon segment (0.5 cm) was

collected for histopathological analysis from all rats. All

colonic samples were fixed in 4% paraformaldehyde,

embedded in paraffin, and cut into 4–5 µm sections. After

deparaffinization with xylene, the slides were further used for

histopathologic (H&E) and immunohistochemical (tumor

necrosis factor alpha, TNF-α; interleukin-1 beta, IL-1β;
interleukin-4, IL-4) analyses. Slides were observed under

an Eclipse E100 microscope (Nikon, Tokyo, Japan), and

two images were obtained at ×100 and ×200 magnification

for each field.

Colon damage index was evaluated based on colon

histopathology scoring criteria (Table 3).

Immunohistochemical analysis was performed using ImageJ

(version 1.53a, National Institutes of Health, Bethesda, MD,

United States).

Fecal metabolomics

A detailed protocol for this study has been previously

described (Yu et al., 2021b). The extensive description of the

metabolomics methods can be found in Supplementary Material

S1. Raw sequence data were uploaded into the Metabolights

database (https://www.ebi.ac.uk/metabolights/) and are available

through accession number MTBLS4980.

Fecal microbiota sequencing

The methods of microbiota sequencing were conducted, as

described previously (Yu et al., 2021b). Extensive description of

the metabolomics methods can be found in Supplementary

Material S1. Raw sequence data were uploaded to the

Sequence Read Archive (SRA) database (https://www.ncbi.

nlm.nih.gov/) and are available through accession number

PRJNA839869.

Statistical analysis

Statistical analysis was performed using GraphPad Prism

version 8 (GraphPad Software, Inc., San Diego, CA,

United States). All experiments were replicated six times, and

results are presented as the mean ± standard errors. One-way

analysis of variance tests with post-hoc Tukey’s tests were used for

comparisons among multiple groups. Statistical significance was

set at p < 0.05.

Results

Therapeutic effects of Zhuyu pill on colitis

Figure 1 shows the therapeutic effect of ZYP on colitis rats.

According to Figure 1, TNBS significantly increased DAI score

(Figure 1A) and colonic weight index (Figure 1B), reduced the

body weight and weight change ratio of rats (Figures 1C,D),

damaged colonic tissue structure, and increased the

percentage of inflammatory cells in the colon (Figures

1E–G). Both low dose and high dose ZYP effectively

alleviated these abnormal changes (except body weight and

weight change ratio), and high dose ZYP had clearer

intervention effect than low dose ZYP. In brief, ZYP has an

intervention effect on colitis rats, and this effect has a dose-

effect relationship.

Multivariate statistical analysis of LC-MS

PCA was used to compare the differences among all groups.

As shown in Figure 2, a score plot allowed visualization of the

observational clusters. Metabolic differences were observed

TABLE 3 Colon damage index scoring criteria.

Score Microscopic
pathological change

0 Normal

1 Slight inflammatory cell infiltration

2 Mucosal epithelium was exfoliated with slight inflammatory infiltration

3 Mucosal epithelium was exfoliated and necrotic with severe inflammatory infiltration

4 Severe inflammatory infiltration; inflammatory cell infiltrates in the tunica mucosa and tunica submucosa

5 Extensive ulceration and transmural inflammation invaded the serosal layer
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among the control, model, ZYP_L, ZYP_H, and QC groups

(Figures 2A,C–E). To further identify the metabolic

differences among the groups, OPLS-DA analysis was

performed. The difference between the Model and Control

groups (R2X = 0.82, R2Y = 0.987, Q2Y = 0.917), ZYP_L and

Model groups (R2X = 0.891, R2Y = 0.995, Q2Y = 0.738), and

ZYP_H and Model groups (R2X = 0.877, R2Y = 0.982, Q2Y =

0.781) are shown in Figures 2B,F–H, these results indicate

significant metabolic differences between control, model,

ZYP_L, and ZYP_H groups.

To prevent overfitting, seven-cycle interactive verification

and 200-response ranking test was applied. Based on these

results, the OPLS-DA was not overfit and had a high

separating capacity (Figures 2I–K). Furthermore, the loading

scatter plot for OPLS-DA identified that few points had

significantly drifted away from the measured center, indicating

that these variables are important for clustering (Figures 2L–N).

Metabolite identification and pathway
analysis

VIP > 1 and p < 0.05 were set as criteria for differential

metabolite screening. Consequently, 663 metabolites were

significantly differentially expressed between the model and

control groups (258 upregulated and 405 downregulated),

whereas 408 and 492 metabolites were significantly

differentially expressed between the ZYP_L and Model groups

(281 upregulated and 127 downregulated) and ZYP_H and

Model groups (275 upregulated and 217 downregulated),

respectively (Supplementary Material S2).

Based on the results illustrated in Figure 1, a high dose of ZYP

had a more significant interventional effect compared with a low

dose of ZYP. Additionally, the dose administered to the ZYP_H

group was the standard clinical dose of ZYP. Therefore,

combined with the above reasons, understanding the

FIGURE 1
Evaluation of ZYP intervention effects. (A) DAI score; (B) Colonic weight index; (C) Weight change ratio; (D) Body weight change curves; (E)
Colon phenotypes in the different groups; (F) Representative images of the H&E analysis and the TNF-α, IL-1β, and IL-4 immunohistochemical
analysis; (G) Colon damage score and proportion of the TNF-α, IL-1β, and IL-4 cells in the four groups. Data are means ± SD, n = 6. ***/**/*, p <
0.001/p < 0.01/p < 0.05; ns, not significant.
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FIGURE 2
Multivariate statistical analysis of metabolic profiles derived from the control, model, ZYP_L, and ZYP_H groups. (A) PCA score plot of the
control, model, ZYP_L, ZYP_H, and QC groups; (B) Parameters of PCA and OPLS-DA; (C–E) PCA analysis; (F–H) OPLS-DA analysis; (I–K) 200-
permutation test; (L–N) OPLS-DA score plot.
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metabolic differences between the ZYP_H and Model groups is

scientifically significant. In the comparison between the ZYP_H

and Model groups, 94 different metabolites belonged to the

categories of amino acids, peptides, and analogues, suggesting

that regulation of amino acid metabolism was one of the

important mechanisms of the effect of ZYP on colitis. The

metabolites with significantly differential abundance were

observed through volcano plots (Figures 3A–C), and the

heatmap showed the top 50 differential metabolites among the

Control, Model, ZYP_L, and ZYP_H groups (Figures 3D–F).

To further analyze the mechanism of action of ZYP in colitis,

the differential metabolites of Model vs. Control, ZYP_L vs.

Model, and ZYP_H vs. Model were enriched by Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway

analysis, and the results were mapped unto a bubble graph

(Figures 3G–I). As a result, low and high doses of ZYP

significantly affected amino acid metabolism-related pathways

such as glutathione metabolism and tryptophan metabolism in

colitis.

Based on the “Treating different diseases with the same

treatment” ideology, investigating the common effect of the

TCM decoction on different diseases is an effective method

for uncovering the actual effects of the compounds. Combined

with our previous study on the effect of ZYP on fecal metabolism

in cholestatic rats (accession number: MTBLS2721; https://www.

ebi.ac.uk/metabolights/) (Yu et al., 2021b), four metabolic

pathways were identified in the mechanism of ZYP on both

cholestatic rats and UC rats. They included neuroactive ligand-

FIGURE 3
Volcano plot, heat map, and bubble diagrams of the control, model, and ZYP treatment groups. (A–C) Volcano plot of rat fecal metabolites.
Each point represents a metabolite, and the point size represents the VIP value; (D–F) Heat map of rat fecal metabolites. Red represents a higher
relative abundance, while blue illustrates a lower relative abundance; (G–I) Bubble diagrams of rat fecal metabolites. The color of each circle
indicates the p-value, and the size of each circle reflects the varying metabolite number of each pathway.
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FIGURE 4
Classification of OTUs, alpha-diversity analysis, and beta-diversity analysis. (A) Operational taxonomic units (OTUs)-based petal maps. Each
petal corresponds to a sample group, with the shared overlapping region representing OTUs common to all samples, and the numbers on individual
petals representing the number of OTUs unique to a given sample group; (B) Comment situation of tags; (C) Curve of diversity index dilution; (D)
Curve of SAC; (E) PCA analysis; (F,G) Relative abundance at phylum level.
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receptor interaction, histidine metabolism, phospholipase D

signaling pathway, and tryptophan metabolism. These

metabolic pathways are thought to be key to the effect of ZYP

in different inflammatory diseases and provide a valuable basis

for further studies on the mechanism of ZYP in the future.

Fecal microbiota analysis

To investigate whether the effect of ZYP is related to the

changes in fecal microbiota, we analyzed the composition of fecal

microbiota of rats after TNBS or ZYP treatment.

In the OTUs-Venn diagram, 97% similarity of the OTUs was

calculated using cluster tags (Figure 4A). Consequently,

197 OTUs were found in the Control, Model, ZYP_L, and

ZYP_H groups. Information on species, genus, family, order,

class, phylum, and kingdom for each sample are shown in

Figure 4B.

To evaluate the rationality of sequencing quantity, alpha-

diversity analysis was performed on different groups of samples

in this study. The OTUs/diversity index dilution curve and

Specaccum species accumulation curve showed that all curves

tended to be flat eventually, indicating that the sampling volume

and sequencing volume of this study were reasonable

(Figures 4C,D).

Beta-diversity analysis was used to compare the diversity

differences among different grouped samples. The representative

results are presented in a PCA score plot, as shown in Figure 4E.

PCA coordinates of the Control, Model, ZYP_L, and ZYP_H

groups showed significant separations. Both TNBS and ZYP had

significant effects on fecal microbial homeostasis.

In order to understand the composition of microbial

communities, the relative abundance of all microbial

communities was analyzed. It was observed that Bacteroidota

(51.3%), Firmicutes (35.1%), and Proteobacteria (8.3%) were the

most abundant species in the colitis model (Figure 4F). Similarly,

after high dose ZYP intervention, the most abundant phyla were

Bacteroidota (62.9%), Firmicutes (29.6%), and Proteobacteria

(5%) (Figure 4G). These results indicated that ZYP

significantly reduced Firmicutes abundance, elevated

Bacteroidetes abundance, and lowered the ratio of Firmicutes

to Bacteroidetes.

Multivariate statistical analysis ofmicrobial
data

To further understand the effect of ZYP on the fecal microbes

of colitis rats, a maximum of 50 OTUs with tags were selected for

the phylogenetic analysis (Figure 5A). To further understand

which bacteria were different in the other groups, we conducted

an LEfSe (linear discriminant analysis coupled with effect size

measurements) analysis (Figures 5B–D). From the phylogenetic

analysis in this study and our previous study (Supplementary

Material S3, accession number: PRJNA720504; https://www.

ncbi.nlm.nih.gov/) (Yu et al., 2021b), the relative number of

Firmicutes and Proteobacteria were significantly affected by ZYP

both in cholestasis and colitis. Furthermore, LEfSe results showed

that the relative number of Gammaproteobacteria in both

cholestasis (LDA = 4.2, p < 0.01) and colitis (LDA = 3.02, p <
0.05) rats was significantly affected by ZYP. These results suggest

that these bacterial communities are the potential link of the

common effect of ZYP on these diseases.

The Cluster of Orthologous Groups database (COG, http://

www.ncbi.nlm.nih.gov/COG/) was used to predict the influence

of different biological functions. As shown in Figure 5E, several

biological pathways, including energy production and

conversion, amino acid transport and metabolism, and lipid

transport and metabolism, were predicted, suggesting that

ZYP may have therapeutic effects on UC rats by its effect on

these biological functions.

To comprehensively analyze the relationships between fecal

metabolites and genera of fecal microbiota, Spearman correlation

analysis was performed for the Model vs. Control groups and

ZYP_H vs. Model groups. A correlation matrix network was

constructed. The paired correlations between the Model vs.

Control groups and ZYP_H vs. Model groups indicated that

there was a strong correlation between the fecal microbiota and

fecal metabolites (Figure 6). The dual effect of ZYP on fecal

microbiota and fecal metabolites is the potential mechanism of its

therapeutic effect on colitis.

Discussion

This study confirmed the interventional effect of ZYP on

colitis using TNBS-induced colitis rat models. Using data from

previous studies on the anti-cholestatic effect of ZYP, the study

preliminarily discussed the common effect of ZYP on the two

diseases from the perspective of fecal metabolism and fecal

microbes.

DAI is the mean value of the stool consistency index, fecal

bleeding index, and weight loss index. Colonic weight index is the

colon weight-to-length ratio. According to previous studies, DAI,

colonic weight index, and weight change ratio are well-known

indicators of severity of colitis in rats (Shon et al., 2015; Zhang

et al., 2016; Yu et al., 2017). The combination of these indicators

can effectively evaluate the progression of colitis and degree of

colonic edema from a macro perspective (Sun et al., 2017). The

pathological observation of colonic tissue is an important index

for evaluating the degree of colon injury, and the expression of

inflammatory factors of the colon can effectively reflect the

degree of inflammatory response of enteritis (Liu et al., 2020;

Zhou et al., 2021). In this study, TNBS significantly increased the

DAI index and colonic weight index of model rats, decreased the

weight change ratio, and significantly damaged the colon
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histopathology, with severe inflammatory reactions. Both low

and high doses of ZYP (0.6 and 1.2 g/kg/d) could effectively

alleviate the abnormal expression of these indicators induced by

TNBS. Except weight change ratio, high-dose ZYP (1.2 g/kg/d)

had better interventional effect compared with low-dose ZYP

(0.6 g/kg/d). Briefly, ZYP has a potential interventional effect on

TNBS-induced colitis rats, and this interventional effect has a

certain dose-response relationship.

Metabolomics is an important branch of systems biology.

The comparative research methods of molecular biology,

metabonomics, has the characteristic of integrity, which

matches the whole concept and “multiple components,

FIGURE 5
Multivariate statistical analysis of microbial data. (A) Phylogenetic analysis and histogram of relative abundance of top 50 OTUs. The
phylogenetic tree was reconstructed using the maximum-likelihood method; (B) Evolutionary clade of LEfSe analysis, taxonomic representation of
statistically and biologically consistent differences betweenmodel and ZYP_H groups. Differences are represented in the color of themost abundant
class (red indicatingmodel groups, green indicating ZYP_H groups); (C)Histogramof LDA value distribution (red indicatingmodel groups, green
indicating ZYP_H groups); (D) Relative abundance plots of representative microbiome; (E) Bar plot of COG analysis.
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multiple targets, and multiple pathways” characteristics of TCM.

In recent years, metabolomics has been an important research

method for investigating the underlying mechanisms of

prescription effects. In this study, 492 differential metabolites

were screened in the comparison between the ZYP_H andModel

groups, and the enrichment analysis of the above-mentioned

differential metabolites was performed. According to previous

studies, four metabolic pathways, including neuroactive ligand-

receptor interaction, histidine metabolism, phospholipase D

signaling pathway, and tryptophan metabolism, were affected

by ZYP in both colitis and cholestasis models, suggesting that

these pathways are potential targets of ZYP. According to

previous studies, both colitis (Islam et al., 2017; Lanis et al.,

2017; Yu et al., 2017) and cholestasis are associated with

tryptophan metabolism disorders (Yu et al., 2018; Li et al.,

2019). We found that these metabolic pathways are related to

the tryptophan metabolism. First, the tryptophan metabolic

pathway has been proven to play an important role in the

treatment of diseases of the digestive system diseases.

Tryptophan can reduce inflammation by regulating

phospholipase (Liu et al., 2021). Second, neuroactive ligand

receptor pathway involves several key substances, such as

serotonin and glutamate receptors, that are present in the

tryptophan metabolism pathways (Keever et al., 2020). The

breakdown of tryptophan by kynurenines is accompanied by

the production of several neuroactive intermediates (Ryabova

et al., 2020). Third, serotonin and histamine are common

mediators of inflammation, and tryptophan and histidine are

important precursors for serotonin and histamine (Alfaifi et al.,

2020). Particularly, in the theory of TCM, the abnormal rise and

fall of qi can lead to a series of clinical manifestations, such as

depression (Liao et al., 2017) and insomnia (Ye et al., 2015; Li

et al., 2020), while the traditional use of ZYP on digestive system

diseases is achieved by regulating qi. Coincidentally, the two

main products in the tryptophan metabolic pathway, 5-HT and

melatonin, are representative drugs for depression and insomnia

(Cardinali et al., 2012). To some extent, the results of this study

are consistent with the TCM theory. Based on these reasons, the

regulation of tryptophan metabolism is probably one of the core

mechanisms of ZYP in the treatment of colitis.

In recent years, several clinical (Maldonado-Arriaga et al.,

2021) and experimental (Laubitz et al., 2008; Kiela et al., 2009; Lu

et al., 2020) studies have reported the correlation between fecal

microbes and colitis. Investigation of the number and diversity of

fecal microbes is an effective way to study the pathogenesis of

colitis. In our previous study, we confirmed the effects of high-

dose ZYP (1.2 g/kg/d) on fecal microbial number and diversity in

cholestatic rats, the phylogenetic analysis and histogram of

relative abundance of the top 50 OTUs were shown as

Supplementary Material S3. To find the common bacterial

communities targeted by ZYP in colitis and cholestasis, the

number and diversity of fecal microorganisms were assessed

in this study. Three identical bacterial communities, Firmicutes

(phylum level), Proteobacteria (phylum level), and

Gammaproteobacteria (class level), were obtained by

combining the results of previous studies with those of this

study. From the LEfSe analysis, Roseburia, Tyzzerella,

Eubacterium__coprostanoligenes, and Oscillibacter belonged to

the phylum Firmicutes, and Gammaproteobacteria belonged to

the phylum Proteobacteria.

FIGURE 6
Correlation matrix network between fecal metabolites and genera of fecal microbiota. (A)Model vs. control; (B) ZYP_H vs. model. Correlation
analysis of the results from the Oebiotech cloud platform (https://cloud.oebiotech.cn/task/detail/correlation-multiomics-oehw/), the color from
red to blue represents the Spearman value from positive correlation to negative correlation. Asterisks represents significance of relevance: ***/**/*,
p < 0.001/p < 0.01/p < 0.05.
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Firmicutes are an advantaged group of bacteria in the

gastrointestinal tract and fecal flora of various animals (Ley

et al., 2008). In inflammation, reduction of the ratio of

Firmicutes/Bacteroidetes helps to inhibit the development of

inflammatory reactions (Evans et al., 2014; Campbell et al.,

2016). In addition, Firmicutes produce short-chain fatty acids

that suppress inflammation to maintain intestinal health

(Gophna et al., 2017). 5-HT/melatonin can significantly

increase the levels of Firmicutes or decrease the ratio of

Firmicutes/Bacteroidetes in both Parkinson’s disease and

insomnia. Briefly, Firmicutes interact with tryptophan

metabolism (Sun et al., 2018; Gao et al., 2020).

Gammaproteobacteria have been considered to have

differential effects at different stages of inflammatory response

(Voorhies et al., 2019) and have certain correlations with the

incidence of emotional diseases and intestinal 5-HT content

(Zhuang et al., 2020). Briefly, these effects are essential for

driving early inflammation necessary for protection against

excessive inflammatory and autoimmune gastrointestinal

disorders later in life (Mirpuri et al., 2014). Studies have

found that the increase in the number of

Gammaproteobacteria is related to reduced fatty liver (Michail

et al., 2015; Guo et al., 2018), and the involvement of

Gammaproteobacteria in amino acid transport and

metabolism and lipid metabolism (Gifford et al., 2013; Scully

et al., 2014) has been confirmed. In this study, high-dose ZYP

significantly affected the number of Firmicutes and

Gammaproteobacteria in both colitis and cholestasis,

suggesting that these two bacterial communities are targets of

ZYP in the treatment of inflammatory diseases. The biological

functions of these bacterial communities were consistent with the

functions associated with the findings from metabolomics

enrichment. Additionally, the combined analysis of

microorganisms and metabolites proved the existence of a

relationship between relative number of microorganisms and

relative metabolite level, indicating that changing the number of

Firmicutes and Gammaproteobacteria can regulate amino acid

metabolism and lipid metabolism pathways.

Conclusion

ZYP is an effective drug combination used in TCM for the

clinical treatment of diseases of the digestive system. Using LC-MS

and 16S rRNA gene sequencing, we explored the changes in fecal

metabolism and fecal microorganisms in rats with colitis and the

effect of ZYP. Consequently, ZYP had a significant interventional

effect on colitis and had a dual effect on fecal metabolic homeostasis

and fecal microbial number. Furthermore, based on the “treating

different diseases with the same treatment” ideology of TCM, we

synthesized our results and those of previous studies and found that

ZYP has an effect on tryptophan metabolism and Firmicutes and

Gammaproteobacteria populations in both colitis and cholestasis

models. The changes in biological functions and bacterial

population may be the core mechanism of the interventional

effect of ZYP in different inflammatory diseases. These findings

provide an effective scientific basis for further investigation of the

anti-inflammatory mechanism of ZYP in the future.

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and

accession number(s) can be found below: https://www.ncbi.

nlm.nih.gov/, PRJNA839869; https://www.ebi.ac.uk/

metabolights/, MTBLS4980.

Ethics statement

The animal study was reviewed and approved by the Ethics

Committee of Chengdu University of Traditional Chinese

Medicine.

Author contributions

HY: Writing original draft, formal analysis, software. FZ and

YW: Methodology, resources. ZZ, GC, YP, and PW: Validation,

data curation. QY and JH: Visualization, investigation. XC and

CL: Supervision, conceptualization. TS: Methodology,

conceptualization, writing—review and editing, funding

acquisition.

Funding

This work was supported by the China Postdoctoral Science

Foundation (No. 2020M683641XB), “Xinglin Scholar”Discipline

Talents Research Enhancement Program of Chengdu University

of Traditional Chinese Medicine (No. BSH2019020), and the

Foundation for Inheritance and Development of Basic Medical

College (No. CCCXYB202208).

Acknowledgments

The authors thank the staff of the Experimental Centre of

Integrated Chinese and Western Medicine of Chengdu

University of Traditional Chinese Medicine (Chengdu,

China), Shanghai OE Biotech, Inc. (Shanghai, China) for

their technical support. In addition, HY would like to thank

Xianggen Zhong and Xiulan Deng for their guidance on

scientific thinking, and express special thanks to ZZ for her

continued support and care.

Frontiers in Pharmacology frontiersin.org12

Yu et al. 10.3389/fphar.2022.1038188

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/metabolights/
https://www.ebi.ac.uk/metabolights/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1038188


Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphar.

2022.1038188/full#supplementary-material

References

Alfaifi, M., Alsayari, A., Gurusamy, N., Louis, J., Eldin Elbehairi, S., Venkatesan,
K., et al. (2020). Analgesic, anti-inflammatory, cytotoxic activity screening and
UPLC-PDA-ESI-MS metabolites determination of bioactive fractions of kleinia
pendula. Molecules 25 (2), E418. doi:10.3390/molecules25020418

Campbell, S. C., Wisniewski, P. J., Noji, M., McGuinness, L. R., Haggblom, M. M.,
Lightfoot, S. A., et al. (2016). The effect of diet and exercise on intestinal integrity
and microbial diversity in mice. PLoS One 11 (3), e0150502. doi:10.1371/journal.
pone.0150502

Cardinali, D. P., Srinivasan, V., Brzezinski, A., and Brown, G. M. (2012).
Melatonin and its analogs in insomnia and depression. J. Pineal Res. 52 (4),
365–375. doi:10.1111/j.1600-079X.2011.00962.x

Casellas, F., Lopez-Vivancos, J., Badia, X., Vilaseca, J., and Malagelada, J. R.
(2001). Influence of inflammatory bowel disease on different dimensions of quality
of life. Eur. J. Gastroenterol. Hepatol. 13 (5), 567–572. doi:10.1097/00042737-
200105000-00017

Colombel, J. F., Sands, B. E., Rutgeerts, P., Sandborn, W., Danese, S., D’Haens, G.,
et al. (2017). The safety of vedolizumab for ulcerative colitis and Crohn’s disease.
Gut 66 (5), 839–851. doi:10.1136/gutjnl-2015-311079

Cotter, T. G., Binder, M., Loftus, E. V., Jr., Abboud, R., McNally, M. A.,
Smyrk, T. C., et al. (2018). Development of a microscopic colitis disease activity
index: A prospective cohort study. Gut 67 (3), 441–446. doi:10.1136/gutjnl-
2016-313051

Ding, W., Ding, Z., Wang, Y., Zhu, Y., Gao, Q., Cao, W., et al. (2020). Evodiamine
attenuates experimental colitis injury via activating autophagy and inhibiting
NLRP3 inflammasome assembly. Front. Pharmacol. 11, 573870. doi:10.3389/
fphar.2020.573870

Evans, C. C., LePard, K. J., Kwak, J. W., Stancukas, M. C., Laskowski, S.,
Dougherty, J., et al. (2014). Exercise prevents weight gain and alters the gut
microbiota in a mouse model of high fat diet-induced obesity. PLoS One 9 (3),
e92193. doi:10.1371/journal.pone.0092193

Fang, Z., Tang, Y., Ying, J., Tang, C., and Wang, Q. (2020). Traditional Chinese
medicine for anti-alzheimer’s disease: Berberine and evodiamine from evodia
rutaecarpa. Chin. Med. 15, 82. doi:10.1186/s13020-020-00359-1

Freeman, H. J., James, D., and Mahoney, C. J. (2001). Spontaneous peritonitis
from perforation of the colon in collagenous colitis. Can. J. Gastroenterol. 15 (4),
265–267. doi:10.1155/2001/194837

Gao, T., Wang, Z., Cao, J., Dong, Y., and Chen, Y. (2020). Melatonin attenuates
microbiota dysbiosis of jejunum in short-term sleep deprived mice. J. Microbiol. 58
(7), 588–597. doi:10.1007/s12275-020-0094-4

Gifford, S. M., Sharma, S., Booth, M., and Moran, M. A. (2013). Expression
patterns reveal niche diversification in a marine microbial assemblage. ISME J. 7 (2),
281–298. doi:10.1038/ismej.2012.96

Gophna, U., Konikoff, T., and Nielsen, H. B. (2017). Oscillospira and related
bacteria - from metagenomic species to metabolic features. Environ. Microbiol. 19
(3), 835–841. doi:10.1111/1462-2920.13658

Guo, Y., Huang, Z. P., Liu, C. Q., Qi, L., Sheng, Y., and Zou, D. J. (2018).
Modulation of the gut microbiome: A systematic review of the effect of
bariatric surgery. Eur. J. Endocrinol. 178 (1), 43–56. doi:10.1530/EJE-17-
0403

Hwang, C., Ross, V., and Mahadevan, U. (2012). Micronutrient deficiencies in
inflammatory bowel disease: from A to zinc. Inflamm. Bowel Dis. 18 (10),
1961–1981. doi:10.1002/ibd.22906

Islam, J., Sato, S., Watanabe, K., Watanabe, T., Hirahara, K., Aoyama, Y., et al.
(2017). Dietary tryptophan alleviates dextran sodium sulfate-induced colitis
through aryl hydrocarbon receptor in mice. J. Nutr. Biochem. 42, 43–50. doi:10.
1016/j.jnutbio.2016.12.019

Ji, E., Wang, T., Xu, J., Fan, J., Zhang, Y., Guan, Y., et al. (2020). Systematic
investigation of the efficacy of sinitang decoction against ulcerative colitis. Front.
Pharmacol. 11, 1337. doi:10.3389/fphar.2020.01337

Jiang, Y., Zhao, L., Chen, Q., and Zhou, L. (2021). Exploring the mechanism of
berberine intervention in ulcerative colitis from the perspective of inflammation
and immunity based on systemic pharmacology. Evid. Based. Complement. Altern.
Med. 2021, 9970240. doi:10.1155/2021/9970240

Keever, M. R., Zhang, P., Bolt, C. R., Antonson, A. M., Rymut, H. E., Caputo, M.
P., et al. (2020). Lasting and sex-dependent impact of maternal immune activation
on molecular pathways of the amygdala. Front. Neurosci. 14, 774. doi:10.3389/fnins.
2020.00774

Kiela, P. R., Laubitz, D., Larmonier, C. B., Midura-Kiela, M. T., Lipko, M. A.,
Janikashvili, N., et al. (2009). Changes in mucosal homeostasis predispose
NHE3 knockout mice to increased susceptibility to DSS-induced epithelial
injury. Gastroenterology 137 (3), 965–975. doi:10.1053/j.gastro.2009.05.043

Lanis, J. M., Alexeev, E. E., Curtis, V. F., Kitzenberg, D. A., Kao, D. J., Battista, K.
D., et al. (2017). Tryptophan metabolite activation of the aryl hydrocarbon receptor
regulates IL-10 receptor expression on intestinal epithelia. Mucosal Immunol. 10
(5), 1133–1144. doi:10.1038/mi.2016.133

Laubitz, D., Larmonier, C. B., Bai, A., Midura-Kiela, M. T., Lipko, M. A.,
Thurston, R. D., et al. (2008). Colonic gene expression profile in NHE3-
deficient mice: Evidence for spontaneous distal colitis. Am. J. Physiol.
Gastrointest. Liver Physiol. 295 (1), G63–G77. doi:10.1152/ajpgi.90207.2008

Ley, R. E., Hamady, M., Lozupone, C., Turnbaugh, P. J., Ramey, R. R., Bircher,
J. S., et al. (2008). Evolution of mammals and their gut microbes. Science 320 (5883),
1647–1651. doi:10.1126/science.1155725

Li, X. R., Hou, X., Ye, Y. J., Bu, X. M., An, C. L., and Yan, X. K. (2020).
Comparative observation of acupoint thread-embedding and acupuncture therapy
of Shugan Tiaoshen for insomnia of liver depression and qi stagnation. Zhongguo
Zhen Jiu 40 (12), 1277–1280. doi:10.13703/j.0255-2930.20200614-k0002

Li, Y., Yu, H., Xu, Z., Shi, S., Wang, D., Shi, X., et al. (2019). Melatonin ameliorates
ANITinduced cholestasis by activating Nrf2 through a PI3K/Aktdependent
pathway in rats. Mol. Med. Rep. 19 (2), 1185–1193. doi:10.3892/mmr.2018.9746

Liao, Y. C., Chou, C. Y., Chang, C. T., Li, T. C., Sun, M. F., Chang, H. H., et al.
(2017). Qi deficiency is associated with depression in chronic hemodialysis patients.
Complement. Ther. Med. 30, 102–106. doi:10.1016/j.ctim.2016.12.008

Liu, C. Y., Tam, S. S., Huang, Y., Dube, P. E., Alhosh, R., Girish, N., et al. (2020).
TNF receptor 1 promotes early-life immunity and protects against colitis in mice.
Cell Rep. 33 (3), 108275. doi:10.1016/j.celrep.2020.108275

Liu, G., Gu, K., Wang, F., Jia, G., Zhao, H., Chen, X., et al. (2021). Tryptophan
ameliorates barrier integrity and alleviates the inflammatory response to
enterotoxigenic Escherichia coli K88 through the CaSR/rac1/PLC-γ1 signaling
pathway in porcine intestinal epithelial cells. Front. Immunol. 12, 748497.
doi:10.3389/fimmu.2021.748497

Lu, T. X., Zheng, Z., Zhang, L., Sun, H. L., Bissonnette, M., Huang, H., et al.
(2020). A new model of spontaneous colitis in mice induced by deletion of an RNA
m(6)A methyltransferase component METTL14 in T cells. Cell. Mol. Gastroenterol.
Hepatol. 10 (4), 747–761. doi:10.1016/j.jcmgh.2020.07.001

Frontiers in Pharmacology frontiersin.org13

Yu et al. 10.3389/fphar.2022.1038188

https://www.frontiersin.org/articles/10.3389/fphar.2022.1038188/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.1038188/full#supplementary-material
https://doi.org/10.3390/molecules25020418
https://doi.org/10.1371/journal.pone.0150502
https://doi.org/10.1371/journal.pone.0150502
https://doi.org/10.1111/j.1600-079X.2011.00962.x
https://doi.org/10.1097/00042737-200105000-00017
https://doi.org/10.1097/00042737-200105000-00017
https://doi.org/10.1136/gutjnl-2015-311079
https://doi.org/10.1136/gutjnl-2016-313051
https://doi.org/10.1136/gutjnl-2016-313051
https://doi.org/10.3389/fphar.2020.573870
https://doi.org/10.3389/fphar.2020.573870
https://doi.org/10.1371/journal.pone.0092193
https://doi.org/10.1186/s13020-020-00359-1
https://doi.org/10.1155/2001/194837
https://doi.org/10.1007/s12275-020-0094-4
https://doi.org/10.1038/ismej.2012.96
https://doi.org/10.1111/1462-2920.13658
https://doi.org/10.1530/EJE-17-0403
https://doi.org/10.1530/EJE-17-0403
https://doi.org/10.1002/ibd.22906
https://doi.org/10.1016/j.jnutbio.2016.12.019
https://doi.org/10.1016/j.jnutbio.2016.12.019
https://doi.org/10.3389/fphar.2020.01337
https://doi.org/10.1155/2021/9970240
https://doi.org/10.3389/fnins.2020.00774
https://doi.org/10.3389/fnins.2020.00774
https://doi.org/10.1053/j.gastro.2009.05.043
https://doi.org/10.1038/mi.2016.133
https://doi.org/10.1152/ajpgi.90207.2008
https://doi.org/10.1126/science.1155725
https://doi.org/10.13703/j.0255-2930.20200614-k0002
https://doi.org/10.3892/mmr.2018.9746
https://doi.org/10.1016/j.ctim.2016.12.008
https://doi.org/10.1016/j.celrep.2020.108275
https://doi.org/10.3389/fimmu.2021.748497
https://doi.org/10.1016/j.jcmgh.2020.07.001
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1038188


MacPherson, B. R., and Pfeiffer, C. J. (1978). Experimental production of diffuse
colitis in rats. Digestion 17 (2), 135–150. doi:10.1159/000198104

Maldonado-Arriaga, B., Sandoval-Jimenez, S., Rodriguez-Silverio, J., Lizeth
Alcaraz-Estrada, S., Cortes-Espinosa, T., Perez-Cabeza de Vaca, R., et al. (2021).
Gut dysbiosis and clinical phases of pancolitis in patients with ulcerative colitis.
Microbiologyopen 10 (2), e1181. doi:10.1002/mbo3.1181

Michail, S., Lin, M., Frey, M. R., Fanter, R., Paliy, O., Hilbush, B., et al. (2015).
Altered gut microbial energy and metabolism in children with non-alcoholic fatty
liver disease. FEMS Microbiol. Ecol. 91 (2), 1–9. doi:10.1093/femsec/fiu002

Mirpuri, J., Raetz, M., Sturge, C. R., Wilhelm, C. L., Benson, A., Savani, R. C., et al.
(2014). Proteobacteria-specific IgA regulates maturation of the intestinal
microbiota. Gut Microbes 5 (1), 28–39. doi:10.4161/gmic.26489

Mohammadzadeh, N., Mehri, S., and Hosseinzadeh, H. (2017). Berberis vulgaris
and its constituent berberine as antidotes and protective agents against natural or
chemical toxicities. Iran. J. Basic Med. Sci. 20 (5), 538–551. doi:10.22038/IJBMS.
2017.8678

Okayasu, I. (2012). Development of ulcerative colitis and its associated colorectal
neoplasia as a model of the organ-specific chronic inflammation-carcinoma
sequence. Pathol. Int. 62 (6), 368–380. doi:10.1111/j.1440-1827.2012.02807.x

Onal, I. K., Beyazit, Y., Sener, B., Savuk, B., Ozer Etik, D., Sayilir, A., et al. (2012).
The value of fecal calprotectin as a marker of intestinal inflammation in patients
with ulcerative colitis. Turk. J. Gastroenterol. 23 (5), 509–514. doi:10.4318/tjg.2012.
0421

Peng, H. (1993). Prescription dictionary of Chinese medicine. Beijing. People’s
Medical Publishing House.

Rosenberg, L., Nanda, K. S., Zenlea, T., Gifford, A., Lawlor, G. O., Falchuk, K. R.,
et al. (2013). Histologic markers of inflammation in patients with ulcerative colitis
in clinical remission. Clin. Gastroenterol. Hepatol. 11 (8), 991–996. doi:10.1016/j.
cgh.2013.02.030

Ryabova, A., Cornette, R., Cherkasov, A., Watanabe, M., Okuda, T.,
Shagimardanova, E., et al. (2020). Combined metabolome and transcriptome
analysis reveals key components of complete desiccation tolerance in an
anhydrobiotic insect. Proc. Natl. Acad. Sci. U. S. A. 117 (32), 19209–19220.
doi:10.1073/pnas.2003650117

Saibeni, S., Cortinovis, I., Beretta, L., Tatarella, M., Ferraris, L., Rondonotti, E.,
et al. (2005). Gender and disease activity influence health-related quality of life in
inflammatory bowel diseases. Hepatogastroenterology. 52 (62), 509–515.

Scully, E. D., Geib, S. M., Carlson, J. E., Tien, M., McKenna, D., and Hoover, K.
(2014). Functional genomics and microbiome profiling of the Asian longhorned
beetle (Anoplophora glabripennis) reveal insights into the digestive physiology and
nutritional ecology of wood feeding beetles. BMC Genomics 15, 1096. doi:10.1186/
1471-2164-15-1096

Shon, W. J., Lee, Y. K., Shin, J. H., Choi, E. Y., and Shin, D. M. (2015). Severity
of DSS-induced colitis is reduced in Ido1-deficient mice with down-regulation of
TLR-MyD88-NF-kB transcriptional networks. Sci. Rep. 5, 17305. doi:10.1038/
srep17305

Sun, M. F., Zhu, Y. L., Zhou, Z. L., Jia, X. B., Xu, Y. D., Yang, Q., et al. (2018).
Neuroprotective effects of fecal microbiota transplantation on MPTP-induced
Parkinson’s disease mice: Gut microbiota, glial reaction and TLR4/TNF-alpha
signaling pathway. Brain Behav. Immun. 70, 48–60. doi:10.1016/j.bbi.2018.02.005

Sun, W., Cai, Y., Zhang, X. X., Chen, H., Lin, Y. D., and Li, H. (2017). Osthole
pretreatment alleviates TNBS-induced colitis in mice via both cAMP/PKA-
dependent and independent pathways. Acta Pharmacol. Sin. 38 (8), 1120–1128.
doi:10.1038/aps.2017.71

Van Cutsem, E., Sagaert, X., Topal, B., Haustermans, K., and Prenen, H. (2016).
Gastric cancer. Lancet 388 (10060), 2654–2664. doi:10.1016/S0140-6736(16)
30354-3

Varshosaz, J., Emami, J., Tavakoli, N., Minaiyan, M., Rahmani, N., Ahmadi, F.,
et al. (2011). Development and validation of a rapid HPLCmethod for simultaneous
analysis of budesonide and its novel synthesized hemiesters in colon specific
formulations. Res. Pharm. Sci. 6 (2), 107–116.

Voorhies, A. A., Mark Ott, C., Mehta, S., Pierson, D. L., Crucian, B. E., Feiveson,
A., et al. (2019). Study of the impact of long-duration space missions at the

International Space Station on the astronaut microbiome. Sci. Rep. 9 (1), 9911.
doi:10.1038/s41598-019-46303-8

Wang, H. (2016). Tai ping Sheng Hui Fang. Beijing: People’s Medical Publishing
House.

Wang, W., Xu, C., Li, X., Wang, Z., Yang, J., Shen, Y., et al. (2021). Exploration of
the potential mechanism of Banxia Xiexin Decoction for the effects on TNBS-
induced ulcerative colitis rats with the assistance of network pharmacology analysis.
J. Ethnopharmacol. 277, 114197. doi:10.1016/j.jep.2021.114197

Wei, Y., Ren, S., Wang, R., Jing, M., Liu, H., Wang, M., et al. (2021). Based on
network pharmacology to explore the potential bioactive compounds and
mechanisms of Zuojin pill for the treatment of ulcerative colitis. Evid. Based.
Complement. Altern. Med. 2021, 7567025. doi:10.1155/2021/7567025

Wolf, P. G., Devendran, S., Doden, H. L., Ly, L. K., Moore, T., Takei, H., et al.
(2021). Berberine alters gut microbial function through modulation of bile acids.
BMC Microbiol. 21 (1), 24. doi:10.1186/s12866-020-02020-1

Ye, Q., Zhou, J., Yuan, X., Yuan, C., and Yang, X. (2015). Efficacy of
zhenjingdingzhi decoction in treating insomnia with qi-deficiency of heart and
gallbladder: A randomized, double-blind, controlled trial. J. Tradit. Chin. Med. 35
(4), 381–388. doi:10.1016/s0254-6272(15)30113-8

Yu, H., Li, Y., Xu, Z., Wang, D., Shi, S., Deng, H., et al. (2018). Identification of
potential biomarkers in cholestasis and the therapeutic effect of melatonin by
metabolomics, multivariate data and pathway analyses. Int. J. Mol. Med. 42 (5),
2515–2526. doi:10.3892/ijmm.2018.3859

Yu, H., Liu, C., Wang, J., Han, J., Zhang, F., Zhou, X., et al. (2021a). miRNA and
miRNA target genes in intervention effect of Zhuyu pill on cholestatic rat model.
J. Ethnopharmacol. 283, 114709. doi:10.1016/j.jep.2021.114709

Yu, H., Liu, C., Zhang, F., Wang, J., Han, J., Zhou, X., et al. (2021b). Efficacy of
Zhuyu pill intervention in a cholestasis rat model: Mutual effects on fecal
metabolism and microbial diversity. Front. Pharmacol. 12, 695035. doi:10.3389/
fphar.2021.695035

Yu, X., Yang, G., Jiang, H., Lin, S., Liu, Y., Zhang, X., et al. (2017). Patchouli oil
ameliorates acute colitis: A targeted metabolite analysis of 2, 4, 6-
trinitrobenzenesulfonic acid-induced rats. Exp. Ther. Med. 14 (2), 1184–1192.
doi:10.3892/etm.2017.4577

Zeng, Z., Zhu, Z., Yang, Y., Ruan, W., Peng, X., Su, Y., et al. (2013). Incidence and
clinical characteristics of inflammatory bowel disease in a developed region of
Guangdong Province, China: A prospective population-based study.
J. Gastroenterol. Hepatol. 28 (7), 1148–1153. doi:10.1111/jgh.12164

Zhang, Y., Lu, Y., Ji, H., and Li, Y. (2019). Anti-inflammatory, anti-oxidative
stress and novel therapeutic targets for cholestatic liver injury. Biosci. Trends 13 (1),
23–31. doi:10.5582/bst.2018.01247

Zhang, Z., Liu, J., Shen, P., Cao, Y., Lu, X., Gao, X., et al. (2016). Zanthoxylum
bungeanum pericarp extract prevents dextran sulfate sodium-induced experimental
colitis in mice via the regulation of TLR4 and TLR4-related signaling pathways. Int.
Immunopharmacol. 41, 127–135. doi:10.1016/j.intimp.2016.10.021

Zheng, G. Q., Wang, Y., and Gu, Y. (2015). On the conditionality of "disease" in
treating different diseases with the same method. Zhongguo Zhong Xi Yi Jie He Za
Zhi 35 (5), 517–520.

Zhou, B. G., Liu, F. C., Zhao, H. M., Zhang, X. Y., Wang, H. Y., and Liu, D. Y.
(2020). Regulatory effect of Zuojin Pill on correlation with gut microbiota and Treg
cells in DSS-induced colitis. J. Ethnopharmacol. 262, 113211. doi:10.1016/j.jep.2020.
113211

Zhou, J., Yang, Y., Wang, Y. L., Zhao, Y., Ye, W. J., Deng, S. Y., et al. (2021).
Enhancer of zeste homolog 2 contributes to apoptosis by inactivating janus kinase 2/
signal transducer and activator of transcription signaling in inflammatory bowel
disease. World J. Gastroenterol. 27 (22), 3073–3084. doi:10.3748/wjg.v27.i22.3073

Zhou, X., Ren, F., Wei, H., Liu, L., Shen, T., Xu, S., et al. (2017). Combination of
berberine and evodiamine inhibits intestinal cholesterol absorption in high fat diet
induced hyperlipidemic rats. Lipids Health Dis. 16 (1), 239. doi:10.1186/s12944-
017-0628-x

Zhuang, Z., Yang, R., Wang, W., Qi, L., and Huang, T. (2020). Associations
between gut microbiota and Alzheimer’s disease, major depressive disorder, and
schizophrenia. J. Neuroinflammation 17 (1), 288. doi:10.1186/s12974-020-01961-8

Frontiers in Pharmacology frontiersin.org14

Yu et al. 10.3389/fphar.2022.1038188

https://doi.org/10.1159/000198104
https://doi.org/10.1002/mbo3.1181
https://doi.org/10.1093/femsec/fiu002
https://doi.org/10.4161/gmic.26489
https://doi.org/10.22038/IJBMS.2017.8678
https://doi.org/10.22038/IJBMS.2017.8678
https://doi.org/10.1111/j.1440-1827.2012.02807.x
https://doi.org/10.4318/tjg.2012.0421
https://doi.org/10.4318/tjg.2012.0421
https://doi.org/10.1016/j.cgh.2013.02.030
https://doi.org/10.1016/j.cgh.2013.02.030
https://doi.org/10.1073/pnas.2003650117
https://doi.org/10.1186/1471-2164-15-1096
https://doi.org/10.1186/1471-2164-15-1096
https://doi.org/10.1038/srep17305
https://doi.org/10.1038/srep17305
https://doi.org/10.1016/j.bbi.2018.02.005
https://doi.org/10.1038/aps.2017.71
https://doi.org/10.1016/S0140-6736(16)30354-3
https://doi.org/10.1016/S0140-6736(16)30354-3
https://doi.org/10.1038/s41598-019-46303-8
https://doi.org/10.1016/j.jep.2021.114197
https://doi.org/10.1155/2021/7567025
https://doi.org/10.1186/s12866-020-02020-1
https://doi.org/10.1016/s0254-6272(15)30113-8
https://doi.org/10.3892/ijmm.2018.3859
https://doi.org/10.1016/j.jep.2021.114709
https://doi.org/10.3389/fphar.2021.695035
https://doi.org/10.3389/fphar.2021.695035
https://doi.org/10.3892/etm.2017.4577
https://doi.org/10.1111/jgh.12164
https://doi.org/10.5582/bst.2018.01247
https://doi.org/10.1016/j.intimp.2016.10.021
https://doi.org/10.1016/j.jep.2020.113211
https://doi.org/10.1016/j.jep.2020.113211
https://doi.org/10.3748/wjg.v27.i22.3073
https://doi.org/10.1186/s12944-017-0628-x
https://doi.org/10.1186/s12944-017-0628-x
https://doi.org/10.1186/s12974-020-01961-8
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1038188

	Mechanism of interventional effect and targets of Zhuyu pill in regulating and suppressing colitis and cholestasis
	Introduction
	Materials and methods
	Reagents
	Zhuyu pill preparation and quality control
	Animals and treatments
	Ethical approval
	Sample collection and intestinal injury evaluation
	Histological analysis of colon injury and inflammatory response
	Fecal metabolomics
	Fecal microbiota sequencing
	Statistical analysis

	Results
	Therapeutic effects of Zhuyu pill on colitis
	Multivariate statistical analysis of LC-MS
	Metabolite identification and pathway analysis
	Fecal microbiota analysis
	Multivariate statistical analysis of microbial data

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


