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Background: Inflammatory bowel disease (IBD) is a chronic and recurrent inflammatory disease that lacks effective treatments.
Qingchang Wenzhong Decoction (QCWZD) is a clinically effective herbal prescription that has been proven to attenuate intestinal
inflammation in IBD. However, its molecular mechanism of action has not been clearly elucidated.

Purpose: We aimed to probe the mechanism of QCWZD for the treatment of IBD.

Methods: The dextran sulfate sodium (DSS)-induced mouse model of IBD was used to identify the molecular targets involved in the
mechanism of action of QCWZD. Metagenomics sequencing was utilized to analyze the differences in gut microbiota and the
functional consequences of these changes. Network pharmacology combined with RNA sequencing (RNA-seq) were employed to
predict the molecular targets and mechanism of action of QCWZD, and were validated through in vivo experiments.

Results: Our results demonstrated that QCWZD treatment alleviated intestinal inflammation and accelerated intestinal mucosal
healing that involved restoration of microbial homeostasis. This hypothesis was supported by the results of bacterial metagenomics
sequencing that showed attenuation of gut dysbiosis by QCWZD treatment, especially the depletion of the pathogenic bacterial genus
Bacteroides, while increasing the beneficial microorganism Akkermansia muciniphila that led to altered bacterial gene functions, such
as metabolic regulation. Network pharmacology and RNA-seq analyses showed that Th17 cell differentiation plays an important role
in QCWZD-based treatment of IBD. This was confirmed by in vivo experiments showing a marked decrease in the percentage of
CD3"CD4'IL-17" (Th17) cells. Furthermore, our results also showed that the key factors associated with Th17 cell differentiation (IL-
17, NF-xB, TNF-a and IL-6) in the colon were significantly reduced in QCWZD-treated colitis mice.

Conclusion: QCWZD exerted beneficial effects in the treatment of IBD by modulating microbial homeostasis while inhibiting Th17
cell differentiation and its associated pathways, providing a novel and promising therapeutic strategy for the treatment of IBD.

Keywords: intestinal bowel disease, Qingchang Wenzhong Decoction, microbial homeostasis, Th17 cells, mucosal immunity

Introduction

Inflammatory bowel disease (IBD), comprising Crohn’s disease (CD) and ulcerative colitis (UC), is characterized by
chronic recurrent diffuse inflammatory changes in the colorectal mucosa.'” In recent decades, the incidence and
prevalence of IBD have consistently increased throughout the world, becoming a global public health challenge,
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especially in North America and Western Europe.” The currently approved treatments for IBD do not produce
satisfactory results due to several limitations and related side effects such as low responsiveness, opportunistic infections,
and refractoriness.* Therefore, there is an urgent need to develop novel and safe therapies for IBD.

Traditional Chinese Medicine (TCM), an ancient system of medicine with thousands of years of clinical practice
history in China to prevent and treat diseases, focuses on the integrity of the human body and Nature. TCM has been
able to produce effective and comprehensive therapeutic effects on diseases through medicinal decoctions prepared by
the combination of various natural products taken from Nature.*” Driven by modern technology, TCM has received
extensive attention and shown many advances in treating IBD due to its multi-component, multi-targeted and multi-
pathway therapeutic approach.®'® Qingchang Wenzhong Decoction (QCWZD) is an effective traditional herbal
prescription for the treatment of IBD that is composed of Coptis chinensis Franch, Zingiber officinale Roscoe,
Sophora flavescens Aiton, Strobilanthes cusia (Nees) Kuntze, Sanguisorba officinalis L, Dolomiaea costus (Falc).
Kasana & A. K. Pandey, Panax notoginseng (Burkill) F. H. Chen, and Glycyrrhiza glabra L (All plants names have
been checked with http://mpns.kew.org on August 8, 2024). Our previous study'' found that its main components

include ginsenoside Rb1, gallic acid, berberine hydrochloride, ginsenoside Rgl, and liquiritin, and so on. Research has
found that ginsenoside Rbl exhibits anti-inflammatory, anti-oxidant, anti-apoptotic, and anti-autophagy properties,'?
gallic acid has great potential in maintaining intestinal health through its anti-inflammatory and antibacterial proper-
ties, as well as regulating immune responses,'> berberine hydrochloride has the effect of reducing intestinal inflam-
mation and regulating gut microbiota in mice,'® ginsenoside Rgl protects hippocampal neurons, improves synaptic
plasticity, enhances cognitive function, and boosts immunity,' liquiritin can target Th17 cells differentiation.'® In our

4274 s Drug Design, Development and Therapy 2024:18

Dove!


http://mpns.kew.org
https://www.dovepress.com
https://www.dovepress.com

Dove Yuan et al

previous prospective, randomized, double-blind, and double-dummy clinical study, we showed that QCWZD signifi-
cantly improved the clinical symptoms, promoted intestinal mucosal healing, and improved the quality of life of
patients, suggesting that QCWZD may be a novel therapeutic option for IBD.'” Moreover, in a mouse model of colitis,
we found that QCWZD treatment alleviated intestinal inflammation and accelerated intestinal mucosal healing, whose
mechanism was related to the modulation of intestinal dysbiosis.'' However, due to the nature of bacterial 16S rRNA
amplicon sequencing, the specific types and functions of regulating microbiota were still unclear. Metagenomics
sequencing is a new microbial research method that uses high-throughput sequencing technology to sequence and
analyze the genomes of all microbial genetic materials in environmental samples, including culturable and unculturable
microorganisms. The purpose of this method is to study microbial diversity, population structure, evolutionary
relationships, functional activity, interaction relationships and relationships with the environment.'® Compared to
16S rRNA amplicon sequencing, metagenomics sequencing can isolate entire genes and allows much deeper char-
acterization of the microbiome complexity, as well as the functional status of genes identified from the screening.'®
Therefore, it can better reveal the role of gut microbiota. In this study, metagenomics sequencing was utilized to
further analyze the differences in gut microbiota at different phylogenetic levels, especially the species level, as well as
analyzing the functional consequences of key genes in the altered microbiota of a dextran sulfate sodium (DSS)-
induced mouse model of colitis.

Meanwhile, TCM has the characteristics of multi-component, multi-targeted, and multi-pathway therapy. Network phar-
macology is based on a variety of emerging technologies and concepts, providing a new method to predict the mechanism of
action of drugs and provide data on the occurrence and progression of diseases from multi-component, multi-targeted
pathways. At present, network pharmacology is being extensively used in TCM because of its holistic and systematic
characteristics.'>2° In this study, network pharmacology was combined with an RNA-seq strategy to predict possible targets
of QCWZD. Our data showed that T helper cell 17 (Th17) differentiation played an important role in QCWZD treatment of
IBD. This finding was confirmed by in vivo experiments showing a marked decrease in the percentage of Th17 cells and
associated key factors such as IL-17, TNF-a and IL-6 in the colon. Our results revealed that QCWZD exerts beneficial effects
on intestinal inflammation in mice by modulating microbial homeostasis, regulating metabolic pathways including the
biosynthesis of amino acids, phenylalanine, tyrosine, tryptophan, arginine, pantothenate and coenzyme A, glutathione,
monobactam, and novobiocin, while elevating propanoate metabolism, streptomycin biosynthesis, valine, leucine, and
isoleucine degradation, various types of N-glycan biosynthesis, and the glycosphingolipid biosynthesis-ganglio series pathway,
and inhibiting Th17 cell differentiation and its associated pathway. These findings provided novel insights into the regulatory
role of QCWZD in the treatment of IBD and support the clinical use of herb-based complementary and alternative therapies.

Methods

Experimental Animals

All female C57BL/6 mice involved in this study were purchased from SPF Biotechnology Co., Ltd. (Beijing,
China) and were maintained in a specific pathogen-free facility at Dongfang Hospital, Beijing University of
Chinese Medicine, China. All experimental protocols were approved by the Animal Ethics Committee of
Dongfang Hospital, Beijing University of Chinese Medicine (Ethics Approval Number: DFYY-202104-M) and
all methods were carried out in accordance with relevant guidelines and regulations. This study was conducted in
accordance with the ARRIVE guidelines. All the animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of the National Institutes of Health.

Induction of Experimental Colitis

After one week of adaptive feeding, the model group mice were administered 2.5% (w/v) DSS (molecular weight, 3650
kDa; MP Biomedicals, Santa Ana, CA, United States) in drinking water to induce colitis, while the other mice continued
to freely drink water for a total of one week. Starting from day 8, all mice were switched to normal drinking water and
began to be orally administered with different drugs.
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Preparation of QCWZD

QCWZD formulation includes 1.2 g Coptis chinensis Franch. (NO. 20001081), 2 g Zingiber officinale Roscoe
(NO. 20012041), 1.8 g Sophora flavescens Aiton (NO. 20023621), 0.6 g Strobilanthes cusia (Nees) Kuntze
(NO. 20021141), 3 g Sanguisorba officinalis L (NO. 20020522), 1.2 g Dolomiaea costus (Falc). Kasana &
A. K. Pandey (NO. 20002101), 1.2 g Panax notoginseng (Burkill) F. H. Chen (NO. 20021141), and 1.2 g Glycyrrhiza
glabra L. (NO. 20001281), and were purchased from Dongfang Hospital, Beijing University of Chinese Medicine
(Beijing, China). The processing of the formulation into granule form was carried out by Beijing Tcmages
Pharmaceutical Co., Ltd. (Beijing, China): the formulation was first extracted into a stimulating family decoction form
and then concentrated and dried to form granules. Our previous study'' has quantified the main components of QCWZD
via high-performance liquid chromatography (HPLC), showing it to be comprised of ginsenoside Rbl (6.2884 mg/g),
gallic acid (0.7178 mg/g), berberine hydrochloride (4.6455 mg/g), ginsenoside Rgl (8.3506 mg/g), and liquiritin
(0.9661 mg/g), as shown in Supplementary Table 1.

Animal Groups and QCWZD Administration

Mice in the Control group (n=5) were administered sterile water throughout the experiment. The remaining mice received
DSS in drinking water to induce colitis for 1 week, followed by oral administration of QCWZD at a dose of 0.36 g/kg
(n=4), 1.8 g/kg (n=5), 9 g/kg (n=4) or sterile water (n=5) and mesalazine (n=5) for 7 days.

Disease Activity Index (DAI) Analysis
Body weight, stool consistency, and rectal bleeding were recorded in all mice daily to calculate the DAI according to
a standard scoring system.>!

Histological Analysis

Colonic tissues were collected from all mice, fixed in 10% neutral buffered formalin, embedded in paraffin, and then
sectioned and stained with hematoxylin and eosin (H&E). The histopathological scores were summed, based on our
previous study.!” For inflammatory cell infiltration, 0 points for no infiltration, when inflammatory cells infiltrated into
the lamina propria, submucosa and transmural inflammatory cell infiltration, the scores were assigned as 1, 2, and 3
points, respectively. For epithelial damage, 0 points for no mucosal damage, 1 point for discrete epithelial lesions, 2
points for erosions or focal ulcerations and severe mucosal damage with extensive ulceration extending into the bowel
wall were assigned as 3 points.

Metagenomics Sequencing

Genomic DNA was extracted from fecal samples and detected by 1% agarose gel electrophoresis. The Covaris M220
focused ultrasonicator was used for DNA shearing to produce 450 bp genomic DNA fragments. The fragmented DNA
was purified and amplified through NEXTFLEX ™ Rapid DNA Seq Kit to build a library for paired-end sequencing.
Finally, high-throughput sequencing was performed through NovaSeq Reagent Kits/HiSeq X Reagent Kits. Raw
sequence reads were filtered using Trimmatic (version 0.33) software and then aligned to the host genome sequence
using Bowtie 2 (version 2.4.4) to remove host contamination. MEGAHIT (Version 1.1.2) software was used to assemble
sequences with different sequencing depths, and then gene prediction was conducted by MetaGene software. Clustering
with CD-HIT software was used to remove redundancy, compare the high-quality reads of each sample with the non-
redundant gene set using SOAPaligner (Version 2.21), and count the abundance information of genes in the correspond-
ing samples. The identified genes were annotated in terms of functions and classified using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) annotations at all levels.

Network Pharmacology Analysis and Molecular Docking
The active components and potential targets of QCWZD were retrieved from the Traditional Chinese Medicine Systems
Pharmacology (TCMSP, http://Isp.nwsuaf.edu.cn/tcmsp.php) database.?” Information on IBD-related target genes was
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collected from GeneCards™ (https://www.genecards.or) and the online Mendelian Inheritance of Man database** (https:/

omim.org/) using the keyword “inflammatory bowel disease”. Genes that were common to the set of predicted QCWZD

molecular targets and the IBD-associated set of gene targets were uploaded to the STRING database of known and
predicted protein-protein interactions®> (https:/string-db.org/) for delineating protein-protein interactions (PPI).

Metascape (http://metascape.org/gp/index.html) was utilized for Gene Ontology (GO) while KEGG was employed for

pathway enrichment analysis of the screened core target genes from the QCWZD and IBD gene sets, followed by
visualization on the bioinformatics platform (http://www.bioinformatics.com.cn/). Cytoscape 3.7.2 was used to construct

the Herbs-Compounds-Targets network, PPI network and the targets-pathways network.”® The candidate active com-
pounds and core targets went through pretreatments including water removal, hydrogenation, and atom typesetting via
AutoDockTools. The molecular docking and binding affinity calculation were performed by AutoDock Vina. PyMol
software was used to visualize the docking results.

RNA Sequencing

Total RNA was extracted from colonic tissues of mice in the Control, DSS, and DSS+QCWZD groups using TRIzol®
Reagent according to the instructions of the manufacturer. RNA quality was determined via the 5300 Bioanalyser
(Agilent) and RNA concentration was measured by using the ND-2000 (NanoDrop Technologies). RNA purification,
reverse transcription, library construction and high-throughput RNA-seq was performed at Shanghai Majorbio Bio-pharm
Biotechnology Co., Ltd. (Shanghai, China) according to the instructions of the manufacturer (Illumina, San Diego, CA).
The expression level of each transcript was calculated according to the transcripts per million reads (TPM) method to
identify differentially expressed genes (DEGs). Differential expression analysis was performed using the DESeq2 based
on |log2(FoldChange)| > 1 and padj <0.05. Next, GO functional enrichment and KEGG pathway analyses were carried
out by GOATOOLS and SciPy Python-based libraries, respectively.

Flow Cytometry

Mesenteric lymph nodes (MLNs) were collected and placed in complete Dulbecco’s modified Eagle’s medium
(cDMEM). Subsequently, single lymphocyte suspensions were prepared by grinding and filtration with a 200um cell
strainer. The lymphocytes suspension was stimulated with a cell stimulation cocktail (plus protein transport inhibitors) at
37°C in a humidified atmosphere with 5% CO2 for 8 h. Surface staining was performed using APC/Cyanine7 anti-mouse
CD3 antibody (BioLegend, dilution, 1:200, Cat. No. 100222) and FITC anti-mouse CD4 antibody (BioLegend, dilution,
1:500, Cat. No. 100509). For intracellular staining, cells were marked with Brilliant Violet 421™ anti-mouse 1L-17A
antibody (BioLegend, dilution, 1:200, Cat. No. 506944). The percentages of CD3"CD4" cells and CD3"CD4'IL-17"
(Th17) cells were measured by flow cytometry.

Immunohistochemistry (IHC)

Colonic tissues were collected, frozen in OCT compound (Tissue Tek), stored at —80°C, cut into 5 pm sections, and
stained for immunohistochemistry (IHC). After washing in phosphate-buffered saline (PBS), the sections were placed in
3% H,O, solution to quench endogenous peroxidase activity; non-specific binding sites were blocked by incubation in
3% bovine serum albumin. Primary antibodies against IL-17 (Servicebio, dilution, 1:200, Cat. No. GB11110-1), TNF-a
(Servicebio, dilution, 1:200, Cat. No. GB11188), and IL-6 (Servicebio, dilution, 1:200, Cat. No. GB11117) were applied
overnight at 4°C followed by incubation with a horse radish peroxidase-conjugated goat anti-rabbit IgG (H+L) secondary
antibody (Servicebio, dilution, 1:200, Cat. No. GB23303) for 50 min at room temperature. Finally, the slides were stained
by incubation with 3.3'-Diaminobenzidine, counterstained with hematoxylin, dehydrated with ethanol, and sealed with
neutral glue. The FiJi/ImageJ software was used to analyze chromogenic intensity.”’

Quantitative Reverse Transcriptase-Polymerase Chain Reaction (RT-qPCR)

Trizol reagent was used to extract total RNA from the colon according to the instructions of the manufacturer. The primer
pairs used to amplify GAPDH, IL-6, IL-17, and TNF-a are shown below: 5’-TGGAATCCTGTGGCATCCATGAAAC
-3’, 5-TAAAACGCAGCTCAGTAACAGTCCG-3’ for GAPDH. 5’-TAGTCCTTCCTACCCCAATTTCC-3’, 5’-
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TTGGTCCTTAGCCACTCCTTC-3’ for IL-6. 5’-CCACGTCACCCTGGACTCTC-3’, 5’-CTCCGCATTGACACAGCG
-3’ for IL-17. 5>-CCCTCACACTCAGATCATCTTCT-3’, 5>-GCTACGACGTGGGCTACAG-3’ for TNF-a. The relative
expression of each target mRNA was calculated using the 274" method.

Enzyme-Linked Immunosorbent Assay (ELISA)

100 mg colon fragments from mice were cut up and homogenized with 900 uL PBS, centrifuged at 3000 rpm for 15 min
at 4°C to obtain a homogenate. The BCA Protein Assay Kit (Solarbio, Cat. No. PC0020) was used to determine and
normalize the concentration of total protein. The levels of TNF-a and IL-6 protein expression were detected through
conventional double-antibody sandwich ELISA. The above antibodies were purchased from BD Biosciences. The levels
of colon IL-17 protein expression were detected using ELISA kits (Mlbio, Cat. No. YJ037866) according to the
instructions of the manufacturer.

Statistical Analysis

The statistical analyses were performed using GraphPad Prism 8.0 software, and all data were presented as means =+
standard errors of the means. Data comparison among multiple groups was conducted by one-way Analysis of Variance
(ANOVA). Results were considered to be statistically significant if the P value was less than 0.05.

Results
Protective Effects of QCWZD Against DSS-Induced Colitis in Mice

A mouse model of DSS-induced colitis was used to determine the beneficial effects of QCWZD on intestinal inflamma-
tion (Figure 1A). Similar to our previous study, DSS administration in mice for 7 days induced severe intestinal
inflammation, as demonstrated by body weight loss, diarrhea and hematochezia, colon shortening, and significantly
increased disease activity index (DAI) scores compared to mice in the control group (Figure 1B—F). Colonic inflamma-
tion was gradually alleviated after cessation of DSS treatment in all groups. However, it is worth noting that adminis-
tration of QCWZD led to faster remission of the changes caused by DSS treatment, especially in terms of body weight,
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Figure | Protective Effects of Different Dosages of QCWZD Against DSS-Induced Colitis in Mice. (A) Experimental design. (B) Body weight. (C) Stool consistency. (D)
Rectal bleeding. (E) Disease activity index (DAI) score. (F) Colonic length. The data shown are the mean * the SEM (n=4-5 mice/group) from one of two experiments
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(Tukey’s multiple comparison test).
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colon shortening, and DAI scores. These results indicate that QCWZD significantly improved colitis-related symptoms
and ameliorated DSS-induced intestinal inflammation.

QCWLZD Administration Alleviated DSS-Induced Pathological Damage

To further investigate the influence of QCWZD on DSS-induced colonic pathological changes in colitis mice, H&E
staining was performed for histopathological analysis. As shown in Figure 2A, compared to the control mice, histological
analysis of colon sections of DSS-induced colitis mice revealed distortions of crypts, severe mucosal necrosis, and
inflammatory cell infiltration, whereas drugs treatment alleviated this tissue damage, especially in the DSS+QCWZD(M)
and DSS+QCWZD(H) groups employing medium and high dosage of QCWZD, respectively (Figure 2B). These data
suggest that QCWZD ameliorates pathological damage to the colon of DSS-treated mice, and the efficacy was
comparable to mesalazine. Considering the results shown in Figures 1 and 2, administration of medium-dosage
QCWZD was the most effective treatment for IBD. Therefore, the administration of QCWZD at a dose of 1.8 g/kg
was selected for further mechanistic studies.

QCWLZD Modulated Intestinal Microbial Homeostasis in Colitis Mice

Our previous and present findings showed that QCWZD treatment ameliorated intestinal inflammation and accelerated
intestinal mucosal healing. Bacterial 16S rRNA amplicon sequencing revealed that the QCWZD mechanism of action
was related to the modulation of intestinal dysbiosis.'” In the present study, metagenomics sequencing was used to
analyze the differences in the gut microbiota at different taxonomic levels, especially at the species level. The functional
consequences of the QCWZD-based regulation of key genes in the altered microbiota of the DSS-induced colitis mouse
model animals were also investigated. As shown in Figure 3A, principal component analysis (PCoA) revealed distinct
colonic microbial communities among the three groups of mice, with a small difference in the microbial communities
between the DSS+QCWZD-treated and control groups. Gut microbiota abundance at different taxonomic levels was
quantified to further evaluate the microbiota composition in the different mouse groups. At the phylum level (Figure 3B),
mice in the DSS-treated group showed a lower abundance of Verrucomicrobia and a higher abundance of phylum
Bacteroidetes than mice in the control group. However, QCWZD administration reversed these changes. At the genus
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Figure 2 Administration of QCWZD Alleviated the DSS-Induced Pathological Damage. (A) H&E staining of the colon (200%). (B) Histological score. The data shown are
the mean * the SEM (n=4-5 mice/group) from one of two experiments performed showing similar results. "P < 0.01 versus the Control group; *P < 0.05 versus the DSS
group. Significance was determined by one-way ANOVA test (Tukey’s multiple comparison test).
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Figure 3 QCWZD Modulated Intestinal Microbial Homeostasis in colitis mice. Fresh feces were collected for bacterial metagenomics sequencing analysis (n=3 mice/group).
(A) PCoA analysis based on Bray-Curtis distance among different samples. (B—E) Bacterial taxonomic profiling in the phylum, genus and species level of gut bacteria from
different mouse groups. (F) Histogram of KEGG pathway composition and abundance at level |. (G) Differential composition and abundance at level 2. (H) Heat map of
metabolic pathways associated with metabolic regulation at level 3.

level, compared to the control group, DSS treatment enriched the levels of Bacteroidales and Bacteroides genera and
decreased the levels of Eubacterium and Lachnospiraceae genera whereas QCWZD administration restored the original
levels of the aforementioned species and increased the level of the probiotic genus Akkermansia (Figure 3C and D).
Similar to our previous findings, analysis of the microbiota at the species level revealed a decreased abundance of the
pathogenic species Bacteroides vulgatus. Moreover, our results showed that other species of the genus Bacteroides, such
as Bacteroides intestinalis, Bacteroides acidifaciens, and Bacteroides fragilis were reduced after QCWZD treatment. In
addition, QCWZD administration significantly elevated the abundance of beneficial microorganisms, including
Akkermansia muciniphila, Lachnospiraceae bacterium COEI, Lachnospiraceae bacterium 28—4 and Lachnospiraceae
bacterium 10-1 (Figure 3E).

To probe bacterial gene functions, we annotated the gut microbiota composition via KEGG pathway analysis. The
results of this analysis are displayed in Figure 3F, depicting the level 1 pathway of each group of mice: the level of
expression of Metabolism pathways was reduced and the level of expression of Environmental Information Processing
pathways was increased in the DSS+QCWZD group compared to the DSS group. At level 2 of the KEGG pathway
analysis, QCWZD intervention reduced the expression of the pathways for Carbohydrate metabolism, glycan biosynth-
esis and metabolism, and the metabolism of other amino acids in the DSS group (Figure 3G). We assessed the effect of
QCWZD treatment on metabolic pathways associated with metabolic regulation in DSS-treated mice at level 3 in each
group. Some metabolic processes, including the biosynthesis of amino acids, phenylalanine, tyrosine, tryptophan,
arginine, pantothenate and coenzyme A, glutathione, monobactam, and novobiocin, were reduced. Conversely, other
metabolic processes, including propanoate metabolism, streptomycin biosynthesis, valine, leucine, and isoleucine
degradation, various types of N-glycan biosynthesis, and the glycosphingolipid biosynthesis-ganglio series pathway
were elevated. QCWZD administration reversed these changes in the DSS group (Figure 3H). Therefore, our results
provide strong support for the hypothesis that QCWZD administration influenced the composition and function of the gut
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microbiota, especially the metabolic pathways associated with metabolic regulation in mice with colitis, thus contributing
to the maintenance of intestinal microbial homeostasis.

Th17 Cell Differentiation Plays an Important Role in QCWZD Treatment of IBD

Based on Network Pharmacology Analysis

Network pharmacology analysis was used to explore the possible targets of QCWZD treatment for IBD and we retrieved
146 active compounds and 263 targets of QCWZD from the TCMSP database. The Herbs-Compounds-Targets (H-C-T)
network showed that QCWZD included a variety of active ingredients that may modulate multiple molecular targets to
effectively treat IBD (Figure 4A). A total of 103 overlapping targets were obtained after 263 targets of QCWZD
treatment were combined with 1223 IBD-related targets collected after merging and deleting duplicates (Figure 4B).
These core gene targets of QCWZD treatment for IBD were screened and identified using the CytoHubba plug-in, where
the top 30 genes generated by the Maximal Clique Centrality method were regarded as core genes (Figure 4C), and these
included TNF-q, IL-6, IL-1B, JUN, and CCL2 that may play a crucial role in the anti-IBD effects of QCWZD.

The 30 core genes we identified were uploaded to Metascape for GO and KEGG pathway enrichment analyses.
Finally, 949 GO entries and 127 KEGG signaling pathways were obtained. Based on the expression levels of the enriched
genes and their associated P values, the top 20 significantly enriched pathways are presented in a bubble plot in
Figure 4E. As shown in Figure 4E, Th17 cell differentiation, and the associated TNF-a and IL-17 signaling pathways
were the key pathways involved in the effects of QCWZD against IBD. In addition, by constructing a target pathway
network, we found that several targets were associated with multiple pathways (Figure 4D). Finally, three main active
components (quercetin, kaempferol, beta-sitosterol) of QCWZD were selected to conduct in silico molecular dockings
with four candidate target proteins in the key signaling pathways, including TNF-a, IL-6, and IL-17, respectively. The
results showed strong binding affinity among them (Figure 4F and G; Supplementary Table 2). Collectively, these data

illustrate that QCWZD may exert beneficial effects on intestinal inflammation in mice through a combination of multiple
pathways and targets. Th17 cell differentiation plays an essential role in the QCWZD treatment for IBD.
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RNA-Seq Analysis Showed That QCWZD Regulated the Expression of Genes Related
to IBD

To elucidate the underlying mechanisms of action of QCWZD treatment for IBD and validate our predicted results, colonic tissues
dissected from the Control, DSS, and DSS + QCWZD mouse groups were subjected to RNA-seq analyses. The average number
of raw reads obtained was 5.55x10” and the average number of clean reads obtained after filtering was 5.52x10”. The average Q20
of the clean reads was > 98.41% (Supplementary Table 3). There were 2474 DEGs in the DSS group compared to the control
group (1276 up-regulated and 1198 down-regulated DEGs) and 4006 DEGs expressed in the DSS+QCWZD group compared to
the DSS group (1893 up-regulated and 2113 down-regulated DEGs) (Figure SA—C). GO function enrichment analysis
(Figure 5D) showed that, compared to the DSS group, the DEGs in the DSS+QCWZD group were mainly enriched for metabolic
processes, catabolic processes, cell proliferation, cytokine secretion, T-cell receptor signaling pathway, and inflammatory

responses. Regarding the cellular function composition, the DEGs were enriched for oxidant detoxification, spindle, and spindle
assembly. KEGG analysis showed that the DEGs in a comparison of the DSS and DSS+QCWZD groups were enriched for 328
pathways, and included the TNF-a signaling pathway, chemokine signaling pathway, lipid metabolism, and glutathione
metabolism. The top 20 most enriched pathways are shown in Figure SE. Further enrichment analysis of the signaling pathways
derived from the DEGs suggested that QCWZD treatment affected Th17 cell differentiation and the associated TNF-a and IL-17
signaling pathways (Supplementary Figure 1A and B).

QCWLZD Treatment Inhibited Th17 Cell Differentiation and Modulated IL-17 Signaling
Pathway Activity in Mice

Based on preliminary network pharmacology predictions and RNA-Seq analyses, Th17 cell differentiation and the
associated IL-17 signaling pathway are potential targets in the QCWZD treatment for IBD. To validate the effect of
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Figure 5 QCWZD regulated the expression of genes related to IBD via RNA-Seq analyses. Murine colonic tissues were collected for RNA-Seq analyses (n=5 mice/group).
(A) Volcano plots of upregulated and downregulated differentially expressed genes (DEGs) between DSS-treated and Control groups of mice. (B) Volcano plots of
upregulated and downregulated DEGs between DSS- and DSS+QCWZD-treated groups of mice. (C) Venn diagram illustration of RNA-seq analysis among the various
experimental and control groups of mice. (D) The gene ontology (GO) and (E) Kyoto encyclopedia of genes and genomes (KEGG) analysis of DEGs between DSS- and DSS
+QCWZD-treated groups of mice.
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QCWZD on Thl7 cell differentiation, we performed flow cytometric analyses of mesenteric lymph node contents
obtained from all mice groups used in the in vivo experiments. As shown in Figure 6A, the percentage of CD3+CD4+
cells in the lymphocyte populations of mice with DSS-induced colitis was significantly higher than that in control mice,
whereas this change was reversed by QCWZD treatment. In addition, analysis of IL-17 expression in the CD4+ T-cell
compartment revealed a markedly elevated percentage of Th17 cells in the mesenteric lymph nodes isolated from DSS-
induced mice. However, CD4+IL-17+ (Th17) cells decreased in the DSS+QCWZD group compared to the DSS group
(Figure 6B). This finding validates our hypothesis that QCWZD administration inhibited Th17 cell differentiation in
colitis mice.

The IL-17 signaling pathway, a downstream pathway of Th17 cell differentiation, was closely related to the
underlying mechanism of action of QCWZD treatment for IBD, according to the results of network pharmacology
analysis. Therefore, we quantified the IL-17 protein expression via IHC. Our results indicated that the positive
expression of IL-17 in the colon of DSS-induced IBD mice had a larger range and darker brown staining compared
to that in the control group. In contrast, QCWZD treatment significantly reduced IL-17 protein expression (Figure 6C).
Furthermore, as shown in Figure 6D and E, the mRNA and protein expression levels of IL-17 were significantly
increased in the DSS group compared to those in the Control group. Furthermore, QCWZD intervention markedly
reduced IL-17 mRNA and protein expression levels, indicating that inhibition of IL-17 protein expression by QCWZD
treatment inhibited IL-17 protein expression in the IL-17 signaling pathway and prevented DSS-induced colitis in

mice.

QCWZD Administration Inhibited TNF-a Pathway-Related Protein Expression in

Colitis Mice
KEGG pathway enrichment analysis from network pharmacology and RNA-Seq analysis indicated that the most
important pathway in treating IBD with QCWZD was the TNF-a signaling pathway that was activated by Th17 cell
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Figure 6 QCWZD Treatment Inhibited Th17 Cell Differentiation and Modulated IL-17 Signaling Pathway Activity in Colitis Mice. (A) The percentages of CD3+CD4+
T cells in lymphocytes by flow cytometry. (B) The percentages of CD3+CD4+IL-17+ (Th17) cells in lymphocytes by flow cytometry. (C) Representative immunohisto-
chemistry staining and the quantification of IL-17 of different groups (%x200). (D) RT-qPCR analysis for colonic IL-17 relative mRNA expression. (E) ELISA analysis for IL-17 in
colon. The data shown are the mean # the SEM (n=5 mice/group) from one of two experiments performed showing similar results. *p < 0.01 versus the Control group, **P
< 0.01 versus the DSS group. Significance was determined by one-way ANOVA test (Tukey’s multiple comparison test).

Drug Design, Development and Therapy 2024:18 htps: 4283

Dove:


https://www.dovepress.com
https://www.dovepress.com

Yuan et al Dove

Colon TNF-a
*k

A Control (200X) DSS (200X) DSS+QCWZD (200X)

¥ e 53

404

#t —_—
—i
L)
30
20 H
104 | %1
T T T

Control DSS DSS+QCwWzD

%Area

o

Colon IL-6

**k
40 i

s
-J
30
-

20 A

o
10 m

T T T

Control DSS DSS+QCWzD

%Area

o

Colon TNF-a Colon IL-6
C *k D o E * F *
2.5 # # #o i

< — 20 — =i 20000 — 10000
Z 20 . I -
(4 < L [ ]
£ . Z 15 15000 8000

3 - »
o 1.5 £ Y o n
A 22 ] @ 6000 '

) ] © £
= i ? 1.0 1 < 10000 L] 3
E 10 L] % = =m =4 A a )
e o, A = L o Q 4000
o . ) A 5000
0 0. A 0 0.5 A |_|
S 0.5 A S —ry 90 “A 2000 .,
0 | A I o KN r“t1
0. T T T 0.0 . T 4 |. T T oLt T 1 T T
Control ~ DSS DSS+QCWZD Control  DSS DSS+QCWZD Control ~ DSS DSS+QCWZD Control ~ DSS DSS+QCWZD
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differentiation and the IL-17 signaling pathway. Therefore, we determined the expression levels of related proteins
enriched in the TNF-a signaling pathway. As shown in Figure 7A and B, TNF-a and IL-6 protein expression was
significantly increased in the DSS group, indicating severe colonic inflammation. In contrast, RT-qPCR and ELISA
analysis indicated that the mRNA and protein expression levels of TNF-a and IL-6 in the colon were significantly
reduced in the DSS+QCWZD group compared to the DSS group after QCWZD intervention (Figure 7C-F). These
findings validated our hypothesis that QCWZD treatment modulated the expression of genes related to the TNF-a
signaling pathway in mice with IBD. Taken together, these data demonstrate that QCWZD treatment ameliorated DSS-
induced colonic damage and inflammatory responses in mice by regulating Th17 cell differentiation and the associated
IL-17 and TNF-a pathways.

Discussion

IBD has evolved into a global disease with rising prevalence in every continent.® Current therapeutic approaches for IBD
include corticosteroids, aminosalicylates, and biological therapies aim at controlling mucosal inflammation and inducing
remission. However, these therapies are not curative and have various limitations.*” In recent years, an increasing
number of studies have aroused strong interest in TCM due to its better efficacy, and researchers have focused on its
mechanism of action in treating IBD.***° Our previous study found that QCWZD treatment attenuated intestinal
inflammation and accelerated intestinal mucosal healing both in IBD patients and colitis mice, where the mechanism
of action involved the modulation of gut dysbiosis. However, the specific types of regulating microbiota and their
functions have not been clearly elucidated. Our present findings have revealed a regulatory effect of QCWZD on
microbial composition, especially at the species level. Furthermore, this study has used metagenomics sequencing,
network pharmacology, RNA-seq, and in vivo experiments to confirm that QCWZD regulates the function of key genes
in altered microbiota as well as host Th17 cell differentiation. Our present findings provide novel insights into the
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regulatory role of QCWZD in the treatment of IBD, and support the future use of herb-based complementary and
alternative therapies.

Compelling evidence has shown that intestinal dysbiosis may cause intestinal mucosal inflammation leading to the
onset of IBD.?® Therefore, targeted regulation of gut microbiota plays a pivotal role in modulating intestinal homeostasis
and has been considered an attractive therapeutic approach and a promising candidate in the treatment of IBD.?' In this
study, the results of metagenomics sequencing demonstrated that oral administration of QCWZD had a modulating effect
on gut microbial homeostasis in DSS-induced colitis mice, especially elevating the relative level of the probiotic species
Akkermansia muciniphila. Akkermansia muciniphila is a unique representative strain of the phylum Verrucomicrobia that
plays a crucial role in regulating the host intestinal barrier and immune response. Thus, it is considered to be
a microorganism with probiotic characteristics.*>** Previous research has shown that Akkermansia muciniphila partici-
pates in the immunomodulatory effects in mice by changing the B cell population and reducing the overall T cell and
neutrophil population.®® Our previous report also showed that colonization of Akkermansia muciniphila in mice
promoted the growth of intestinal goblet cells and mucin production, thereby regulating the intestinal mucus barrier
and improving the C. rodentium infection-induced colitis.>> In addition, Akkermansia muciniphila administration
upregulated IL-10 expression that promoted the production of probiotics and reduced the abundance of harmful species
belonging to the bacterial phylum Bacteroidetes.*® Numerous studies have reported the regulatory effect of TCM on the

37:38 and this has been confirmed in the results of

abundance of Akkermansia muciniphila in colitis mice and IBD patients,
our present study. It is worth noting that Bacteroidetes is considered a harmful genus that aggravates IBD.***° Similarly,
our study discovered that QCWZD reduced the abundance of various species belonging to the bacterial phylum
Bacteroidetes, such as Bacteroides intestinalis, B. acidifaciens, B. fragilis, and B. vulgatus. B. intestinalis is a gram-
negative bacterial species that can degrade complex arabinoxylans.*' Existing studies have found that B. intestinalis is
involved in the pathogenesis of some common diseases, including obesity and hyperlipidemia.*? Our present data show
a significant increase in the abundance of B. intestinalis that correlated positively with the occurrence of IBD, suggesting
that B. intestinalis modulates intestinal inflammation. However, few reports have examined the relationship between
B. intestinalis and colitis, and further research is needed on its specific role in colitis. B. acidifaciens, B. fragilis, and
B. vulgatus increased the production of acetic acid and succinic acid, leading to the progression of colitis-related
inflammation.** In addition, it has been shown that the pro-inflammatory toxin secreted by B. fragilis not only
exacerbates the diarrhea symptoms of IBD patients, but also triggers a multi-step inflammatory cascade reaction through
IL-17R, NF-kB, and Stat3 signaling in colonic epithelial cells.** Zamani et al found that it was associated with the
development of ulcerative colitis and induced the development of diarrhea in these patients.*> Pathogenic B. vulgatus was
associated with IBD that activated NF-kB and led to a host inflammatory reaction.*® However, there was an increase in
certain bacterial species of the genus Bacteroides, such as Bacteroides sp. CAG:927 and B. massiliensis that indicated

a protective role of members of the bacterial phylum Bacteroidetes in IBD, as shown by Ryan et al.*’

The complex role
of Bacteroides species in IBD may be related to a variety of factors, and further research is needed. Furthermore, KEGG
pathway analysis also found that QCWZD regulated metabolic pathways associated with metabolic regulation, especially
the biosynthesis of amino acids, such as tryptophan and arginine. Amino acids are vital for maintaining mucosal integrity
and intestinal barrier function by reducing the levels of inflammation, oxidative stress and pro-inflammatory cytokines.**
At present, dietary amino acids are known to have a therapeutic potential with respect to IBD treatment.*® Tryptophan is
an essential amino acid for intestinal mucosal cells, as well as an inflammatory inhibitor and an intestinal commensal
bacteria regulator. It can ameliorate IBD by directly or indirectly acting on intestinal immunity and microbial
homeostasis.’® The lack of several tryptophan metabolism end-products leads to the progression or aggravation of
IBD in patients and mice.”’ In addition, arginine biosynthesis plays an important role in IBD. Arginine metabolic
pathways are differentially involved in IBD pathogenesis, l-arginine metabolism may serve as a target for clinical
intervention in IBD patients.’*>* Therefore, the results from this current study demonstrate that QCWZD protects against
intestinal inflammation in mice by modulating host gut microbiota composition and functionality.

Our results also provide strong evidence to support the hypothesis that QCWZD may ameliorate intestinal inflamma-
tion by reprogramming Th17 cell differentiation in mice. Th17 cells are a subset of T cells that arise by differentiation

from naive T helper cells (ThO) after being stimulated by certain cytokines, including IL-6, IL-23, IL-21, and
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transforming growth factor-.>* Th17 cells are believed to promote intestinal barrier function by stimulating epithelial
cells to produce antimicrobial peptides.” Currently, an increasing number of reports show that Th17 cells are at the core
of IBD-triggered pathogenesis and constitute a target of IBD therapy.’®>° Alrafas et al found that microbial dysbiosis in
colitis mice, especially Akkermansia muciniphilia and Bacteroides acidifaciens, may cause alterations in the production
of short chain fatty acids and promote an inflammatory response via Th17 cells.®® Changes in the colonization of the gut
microbiome are associated with Th17 cell differentiation, leading to the increased expression of IL-17, TNF-a, IL-6, and
other genes associated with the IL-17 and TNF-a signaling pathway involved in the intestinal immune disorder.®'
Regulation of the intestinal commensal bacteria, via oral probiotics, is considered a novel therapeutic approach for IBD
that may also regulate Th17 cell differentiation. Th17 cells secrete factors such as IL-17 that are not strongly pro-
inflammatory themselves but can recruit other immune cells expressing markedly pro-inflammatory factors, such as TNF-
a and IL-6, and synergistically lead to a robust pro-inflammatory effect, participating in the mucosal host defence
mechanism.> Interestingly, Li et al discovered that IL-17A secreted by y5T cells can upregulate the Actl-Occludin
regulatory pathway to enhance the mucosal barrier function of mice with DSS-induced colitis, thereby exerting
a protective effect.**> However, recently emerging evidence has documented a pro-inflammatory effect of IL-17 during
the active phase of intestinal inflammation®® that is consistent with our present findings. It is worth mentioning that the
activation of TNF-a and IL-17 signaling pathways not only damage the intestinal barrier function and play a central role
in the pathogenesis of IBD,®’ but are also associated with Th17 cell differentiation.®® TNF-a is activated by the IL-17
signaling pathway and induces Th17 cell differentiation like the downstream cytokine IL-6, thereby promoting IL-17
expression that further aggravates inflammation.®” At the same time, TNF-o secretion is increased through a positive
feedback loop, sustaining and amplifying the inflammatory process.”® Therefore, we hypothesize that Th17 cell
differentiation mediated by gut microbiota plays a crucial role in the QCWZD treatment of IBD.

In summary, our results revealed that QCWZD exerted beneficial effects on intestinal mucosal inflammation in mice
through modulating microbial homeostasis, and inhibiting Th17 cell differentiation and its associated signaling pathways.
These findings provide novel insights into the regulatory role of QCWZD in treating IBD and hold promise for herb-
based complementary and alternative therapy.
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