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Purpose: Ulcerative colitis (UC) is a chronic inflammatory bowel disease characterized by mucosal inflammation, which may
develop into ulcerative colitis-associated carcinogenesis (UCAC) with disease progression. Qingchang Wenzhong Decoction
(QCWZD) is a classic and effective prescription for the clinical treatment of UC. QCWZD has been shown to alleviate intestinal
mucosal injury in acute and chronic UC models. This study aimed to explore and then verify the pharmacological mechanisms of
QCWZD in UC and UCAC therapy.

Methods: In this study, approaches including microarray analysis, network pharmacology, and biological verification are employed to
clarify the mechanism of QCWZD in the treatment of UC and UCAC. TCMSP, Swiss Target Prediction, and Similarity Ensemble
Approach were used to investigate the active ingredients and targets of QCWZD. UC and UCAC valid targets were identified by the
microarray data in the GEO database (GSE38713 and GSE47908). The core targets were obtained by PPI network and enriched by GO
and KEGG. DSS and AOM/DSS mouse models were adopted to verify the above analysis results.

Results: The enrichment analysis showed that the therapeutic targets of QCWZD enriched in blood circulation, cell adhesion
molecules, and pathways of inflammation and cancer such as IL-17 signaling pathway and toll-like receptor signaling pathway
were involved in the multiple synergies of QCWZD on UC and UCAC treatment. The results of experiments demonstrated that
QCWZD can exert its effects on protecting the intestinal mucosal barrier, regulating inflammation and improving intestinal fibrosis in
UC and UCAC and the main mechanism of QCWZD in treatment of UC and UCAC may be related to the activation of the IL-17, NF-
kB and TLR4 signaling pathways.

Conclusion: Our results indicated that QCWZD treated UC and UCAC via multiple targets and pathways and the IL-17, NF-kB and
TLR4 signaling pathways may be highly involved in this process.
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Plain Language Summary

Colitis-associated cancer (CAC) is a malignant disease of the colon caused by recurrent episodes of chronic intestinal inflammation.
Qingchang wenzhong decoction (QCWZD) is an effective and classical herbal prescription for the treatment of ulcerative colitis (UC)
or ulcerative colitis-associated carcinogenesis (UCAC) in clinics. QCWZD has the preponderant effect of alleviating chronic intestinal
mucosa damage associated with the disease. However, the underlying mechanism is still unknown. A comprehensive strategy of
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genomic data mining, network pharmacology and biological verification on animals was already used to confirm that the role of
QCWZD in the treatment of UC and UCAC. The results demonstrated that QCWZD can exert its effects on protecting the intestinal
mucosal barrier, regulating inflammation and improving intestinal fibrosis in the treatment of UC and UCAC. The most prominent
mechanism may be related to the activation of the IL-17, NF-xB, and TLR4/B-catenin/HIF-1a signaling pathways. QCWZD is
a promising therapeutic strategy for UC and UCAC treatment via regulation of multiple targets and pathways, especially through

alleviating inflammation and intestinal fibrosis.

Introduction
Ulcerative colitis (UC) is a group of chronic inflammatory bowel disease characterized by diarrhea and gastrointestinal
bleeding.' The incidence and prevalence of UC have experienced rapid growth worldwide, especially in developed
countries and urban areas. Numerous population-based studies have demonstrated that compared with patients with
a short duration of UC, patients with a long duration of UC are at higher risk for developing ulcerative colitis-associated
carcinogenesis (UCAC). Cumulative incidence of colorectal cancer (CRC) was 2% at 10 years for patients with UC, by
20 years, the incidence had widened to 8%, and even 18% at 30 years.” There is strong experimental and clinical
evidence suggesting that chronic inflammation appears to be the main factor in promoting carcinogenesis." The
mechanism of CRC caused by chronic intestinal inflammation has yet to be fully unraveled. However, persistent
inflammation and repeated damage and repair promote the occurrence and development of colitis-associated cancer.’
Qingchang Wenzhong Decoction (QCWZD) is a classic and effective prescription for the clinical treatment of UC and
contains the following eight herbs: Coptis deltoidea C.Y.Cheng & P.K.Hsiao (Huanglian, HL), Zingiber officinale Roscoe
(Paojiang, PJ), Sophora flavescens Aiton (Kushen, KS), Indigofera tinctoria L. (Qingdai, QD), Sanguisorba officinalis
L. (Diyu, DY), Dolomiaea costus (Falc.) Kasana & A.K.Pandey (Muxiang, MX), Panax notoginseng (Burkill) F.H.Chen
(Sanqi, SQ), and Glycyrrhiza glabra L. (Gancao, GC). QCWZD has already been shown to alleviate intestinal
inflammation in the models of acute and chronic colitis, which is probably linked to the regulation of the interactive
network of inflammation, oxidative stress, apoptosis, barrier function, and intestinal microbiota.*> Meanwhile, it can
accelerate intestinal mucosal repair by modulating the gut microbiota and metabolism, thereby promoting epithelial
proliferation mediated by intestinal stem cells.* Since the ingredients of QCWZD are complex and the pharmacological
mechanisms might implicate multiple signaling pathways, traditional experimental methods are not sufficient to elucidate
the complex mechanism of QCWZD for preventing and treating UCAC. Given the multi-component, multi-target and
synergistic characteristics of herb medicines, network pharmacology was used as a powerful tool in this study. The
bioactive chemical components of QCWZD and its potential mechanisms against colitis to colitis-associated carcinogen-
esis (CAC) were investigated via network pharmacology analysis. Meanwhile, the mouse models of colitis and CAC
were induced by dextran sulfate sodium salt (DSS) and azoxymethane (AOM) to identify the protective mechanism of
QCWZD on colitis and CAC and verified the result in vivo experiment.

Materials and Methods

Bioactive Compounds Screening and Collection of Compound-Related Targets
The components of QCWZD were collected from the Traditional Chinese Medicine Systems Pharmacology (TCMSP)
database (https://old.tcmsp-e.com/tcmsp.php), and the bioactive compounds were screened by oral bioavailability

(OB)>30% and drug-likeness (DL)>0.18.° In parallel, some compounds with significant pharmacological effects but not
screening criteria were also chosen for further studies. The compound-related targets were identified from TCMSP, Swiss
Target Prediction (http://www.swisstargetprediction.ch/)” and Similarity Ensemble Approach (SEA, http://sea.bkslab.org/).®

Collection of UC-UCAC-Related Targets
The study finally screened out GSE38713° and GSE47908'° datasets from the Gene Expression Omnibus (GEO)

database (http://www.ncbi.nlm.nih.gov/geo), and these contain samples of normal controls, UC and UCAC. Raw
1

microarray data (CEL files) were pre-processed and normalized by the “affy” package, " and then transformed using
the VOOM algorithm from the “limma” package to convert counts into Gaussian distributions.'? We mapped microarray

probes to ENTREZ IDs using the corresponding annotation documents. In the case of multiple probes mapped to the
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same gene symbol, the average value was taken. Next, GSE38713 and GSE47908 were combined into the UC-UCAC
dataset, batch effects were removed by the “sva” package, and log2 data processing and quantile standardization were
used."® The microarrays were divided into normal control, UC, and UCAC group in the UC-UCAC dataset. Differentially
expressed genes (DEGs) were identified as those with [log2 fold change (FC)| > 1 and an adjusted P-value <0.05.

Construction of Network and Enrichment Analyses

Herb-component-target network of QCWZD, UC-UCAC disease target network, and shared target network of QCWZD
and UC-UCAC were constructed with Cytoscape v3.8.0. The network properties of nodes (genes) were evaluated by the
degree centrality (DC), betweenness centrality (BC), and proximity centrality (CC). The construction of protein-protein
interaction (PPI) network with a score of genes >0.4 was conducted in the STRING database.'* The Metascape database
(http://metascape.org) was applied to analyze the functions of the selected targets with P-value cut-off of 0.05."> GO

enrichment analysis contains biological process (BP), cell component (CC), and molecular function (MF) to explain the
main biological functions of targets. The KEGG analysis was applied for pathway enrichment, and significant genes were
selected (P-value <0.05).

Validation of QCWZD Preventing and Treating Colitis and CAC in vivo

To validate the potential mechanisms of QCWZD on UC and UCAC, dextran sodium sulfate (DSS, molecular weight:
36,000-50,000 Da, MP Biomedicals) and carcinogen azoxymethane (AOM, Sigma-Aldrich)-induced C57BL/6 mice
were adopted to validate the protective effect of QCWZD on colitis and CAC.

QCWZD Preparation

QCWZD granules were purchased from the Pharmacy Department of Dongfang Hospital, Beijing University of Chinese
Medicine (Beijing, China), containing Coptis chinensis Franch. (Huanglian, HL) 6g, Zingiber officinale Roscoe
(Ganjiang, GJ) 9g, Dolomiaca costus (Falc.) Kasana & A.K.Pandey (Muxiang, MX) 6g, Indigofera tinctoria
L. (Qingdai, QD) 3g, Sanguisorba officinalis L.(Diyu, DY) 15g, Sophora flavescens Aiton (Kushen, KS) 9g, Panax
notoginseng (Burkill) F.H.Chen (Sanqi, SQ) 6g, Glycyrrhiza glabra L. (Gancao, GC) 6g. In our previous research, the
major compounds of QCWZD have been identified by High Performance Liquid Chromatography (HPLC) analysis.*

Animals

All mice experiments in this study were approved by the Animal Ethics Committee of Beijing University of Chinese
Medicine, in accordance with guidelines issued by Regulations of Beijing Laboratory Animal Management. Male
C57BL/6J mice aged six to eight weeks weighing 20-22g were purchased from Beijing Weitong Lihua Experimental
Animal Technology Co. Ltd. Mice were housed under standard environmental conditions, including an ambient
temperature 20-24°C, 12 h/12 h light-dark cycle, and ad libitum access to food and water.

Induction of Models and Drug Administration

All mice were allowed 1 week of acclimation to the Experimental Animal Laboratory before the experiments
commenced. Fifty-six male C57BL/6 mice were randomly divided into 7 groups with 8 mice per group: the control,
acute colitis (AC), chronic colitis (CC), CAC, and three intervention groups of QCWZD on the above models. AC: On
the 10th weeks, mice in this group were fed with a 2% DSS solution for a week. CC: Two weeks later, mice received 2%
DSS in drinking water for a week, and two weeks of sterile water. This process is repeated three times. CAC: mice were
induced by single intraperitoneal (i.p.) injection of 10mg/kg AOM. After 1 week, mice were provided 2% DSS in
drinking water for a week, sterile water for 2 weeks, and this process repeated three times.'® For CC and CAC models,
intragastric administration of QCWZD (9.25g/kg) or equivalent sterile water was conducted once a day for ten weeks. In
the AC model, QCWZD or equivalent sterile water was conducted once a day for one week starting from the tenth week.
Body weight was monitored weekly, mice were sacrificed at the end of the experiment, and colons were isolated for the
length measurement. The mouse colon was subsequently dissected longitudinally and washed with ice-cold phosphate-
buffered saline (PBS, pH 7.4, 4°C). The number of tumors was recorded through gross histopathologic examination of
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the colon. Then, the colon was cut into small pieces and a portion was fixed with 4% paraformaldehyde. The remainder
of the colon that was snap frozen in liquid nitrogen and stored at —80°C was used for PCR and Elisa analysis.

Disease Activity Index Analysis

All mice were monitored daily for clinical signs of colitis, including weight loss, stool consistency, and rectal bleeding.
The following parameters are the bases of the measurement: 1) weight loss (0, less than 1%; 1, 1-5%; 2, 5-10%; 3, 10—
15%; 4, >15%), 2) stool consistency (0, normal; 2, mushy; 4, diarrhea), and 3) rectal bleeding (0, negative; 2, positive; 4,
visible rectal bleeding). The disease activity index (DAI) was calculated according to a standard scoring system.'’
Histological Analysis

Tissues were fixed in 4% paraformaldehyde at 4°C and embedded in paraffin. Paraffin sections (5 um) were cut and
stained with hematoxylin and eosin (H&E), alcian blue/periodic acid Schiff (AB/PAS), sirius red and masson’s trichrome
using standard protocols. H&E slides were scored blindly by percent of the involved tissue, inflammation and regenera-
tion, crypt damage and layers that were affected.'®

Immunohistochemistry

Paraffin sections were dewaxed in xylene and rehydrated. Antigen retrieval was performed in a microwave by 20 min of
boiling in citrate buffer (10 mmol/L, pH = 6.0). The slides were then transferred to a humid tray and incubated with 5%
normal goat serum in PBS at room temperature for 1 h. The primary antibodies used in the present study included IL-17A
(NBP1-76337, Novus Biologicals), IL-22 (NB100-737, Novus Biologicals), HIF-1a (NB100-479, Novus Biologicals),
VEGF (NB100-664, Novus Biologicals), CD31 (3528S, Cell Signaling), ZO-1 (NBP1-85047, Novus Biologicals),
Claudin-1 (NBP2-38578, Novus Biologicals), MMP9 (NBP2-13173, Novus Biologicals), and a-SMA (19245S, Cell
Signaling). The sections were incubated overnight in the respective primary antibodies and blocking solution at 4°C. The
slides were incubated with secondary goat anti-rabbit IgG-biotin (B8895; Sigma-Aldrich, St. Louis, MO, United States)
for 1 h. The sections were incubated for 30 min using the ABC-peroxidase solution (UltrasensitiveTM S-P kit, kit 9719;
Maixin-Bio, China) and counterstained with hematoxylin. The quantification of IHC was processed using the image-Pro
Plus 6.0 software (Media Cybernetics, USA).

Real-Time PCR

Total RNA was extracted using a reagent kit (Tiangen Biochemical Technology, DP424, Beijing, CHINA) and subjected
to reverse transcription and qPCR quantitation following the instructions. Sequences of primers used in this study are
listed in Table 1. The real-time PCR conditions: 95°C for 30s, followed by 40 cycles at 95°C for 4s, 60°C for 40s and
95°C for 5 min. The threshold cycle (Ct, which is the inflection point on the amplification power curve) values were
calculated using the delta-delta Ct method, and relative expression was normalized to B-actin. Five samples from each
group were randomly selected to perform the RT-PCR analyses. Five samples from each group were randomly selected
for RT-PCR.

Enzyme-Linked Immunosorbent Assay (ELISA)

Frozen fragments of colon tissue were weighed and homogenized with tissue extraction reagent on ice for 3 min. TNF-q,
MPO, and calprotectin (CALP) were measured using mouse ELISA kits (Shanghai Enzyme-linked Biotechnology Co.,
Ltd., China). Five samples from each group were randomly selected to perform the ELISA analyses.

Statistical Analysis

Shapiro—Wilk test was used to assess data distribution. SPSS 20.0 statistical software was chosen to perform statistical
analysis. The data of normal distribution were shown as the mean + standard deviation (SD). The statistical significance
for multiple comparisons was determined by carrying out analysis of variance (ANOVA) and Dunnett’s T3 tests. Under
the assumption of equal variances between groups, the least significant difference (LSD) test was performed. When the
data were abnormally distributed, the median and interquartile range (IQR) were commonly used. Kruskal-Wallis H(K)
test and Nemenyi test (R, PMCMRplus) were chosen to determine statistical significance for multiple comparisons.
Statistical significance differences were established at P < 0.05, P < 0.01 or P < 0.001.
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Table | Primer Sequences of RT-qPCR

Primer Name Primer Sequence (5’to3’)
IL-1B Forward (5’ to 3') AAAAGCCTCGTGCTGTCGGA
Reverse (5’ to 3') TGTCGTTGCTTGGTTCTCCTTGT
IL-17A Forward (5’ to 3') ACCCTGATAGATATCCCTCTGTGA
Reverse (5’ to 3') GCTTTCCCTCCGCATTGA
IL-22 Forward (5’ to 3') GGTGACGACCAGAACATCCA
Reverse (5’ to 3') CAGCAGGTCCAGTTCCCCAAT
IL-10 Forward (5’ to 3') ACTCCTTGGAAAACCTCG
Reverse (5’ to 3) AAGAACCCCTCCCATCAT
HIF-la Forward (5’ to 3') AAGGACAAGTCACCACAGGACA
Reverse (5’ to 3') AGGGAGAAAATCAAGTCGTGCT
TLR4 Forward (5’ to 3') AGAATGAGGACTGGGTGAGAAATGA
Reverse (5’ to 3') CAATGAAGATGATGCCAGAGCG
NF-xB Forward (5' to 3) TGCTGTGCCTACCCGAAACTC
Reverse (5’ to 3') GTTGATGGTGCTGAGGGATGCT
f-catenin Forward (5' to 3) GCTTCTGGGTTCCGATGATA
Reverse (5’ to 3') CACTTGGCACACCATCATCTT
REG-3y Forward (5' to 3) CGACACTGGGCTATGAAC
Reverse (5' to 3) GTGATTGCCTGAGGAAGA
MUC-2 Forward (5' to 3) GCTCCGGCATCATCGTTA
Reverse (5' to 3) GTCTGGGTTGTGGCTTAC
B-Actin Forward (5' to 3) CGTTGACATCCGTAAAGACCTC
Reverse (5' to 3) ACAGAGTACTTGCGCTCAGGAG

Results

Herb-Compound-Target Network of QCWZD
A total of 208 active chemical ingredients in QCWZD after deduplication were identified from the TCMSP database.
Twenty-seven active ingredients emerged from the “monarch herbs” (HL, GJ), 73 active compounds derived from the
“minister herbs” (DY, KS and QD), 42 active components come from the “adjuvant herbs” (SQ, MX) and 92 active
components stem from the “guide herbs” (GC) (Figure 1A). In total, 800 chemical ingredient-related targets in QCWZD
were confirmed. There are 125 “monarch-herb” targets, 76 “minister-herb” targets, 268 “adjuvant-herb” targets and 21
“guide-herb” targets were unique in QCWZD. Apart from that, there were 12 targets that the “monarch-herb” and
“minister-herb” have in common. Three targets were assumed to be shared among the “monarch-herb” and the “adjuvant
and guide-herb”. One hundred and seventeen targets were common to 2 regions of “minister-herb” and “adjuvant and
guide-herb”. In summary, 81 ingredient-related targets were overlapped among all three kinds of herbs (Figure 1B).
To further clarify the link between the herbs, active ingredients and underlying targets, the herb- ingredient-target
network of QCWZD was built, as shown in Figure 1C. The network consisted of 1033 nodes and 3069 edges.
Moupinamide, quercetin, lauric acid, adenosine, kaempferol, saussureamine B, Gallic acid, naringenin, luteolin and
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sanchinan A were predicted as the critical active ingredients of QCWZD in accordance with the degree and betweenness
centrality by topological analysis. In addition, PTGS2, PTGS1, ESR1, CALM1, HSP90AA1, POLB, PRKACA, ADRB2,
PPARG, and RELA were the main targets of QCWZD based on degree and betweenness centrality.

In order to further analyze the signature of QCWZD-related targets, we performed GO and KEGG pathway
enrichment analyses. GO analysis demonstrated that the majority of targets were involved in the regulation of transcrip-
tion, signal transduction, and response to the drug. These observations suggested the multiple synergistic effects of
QCWZD on biological processes (Figure 1D). In addition, KEGG results revealed that QCWZD-related targets were
significantly enriched in 29 pathways. The top 15 enriched pathways involved in Pathways in cancer, PI3K-Akt signaling
pathway, IL-17 signaling pathway, Th17 cell differentiation, HIF-1 signaling pathway, Complement and coagulation
cascades, TNF signaling pathway, Ras signaling pathway, Dopaminergic synapse, Apelin signaling pathway,
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Inflammatory bowel disease (IBD), Calcium signaling pathway, Bile secretion, Gastric acid secretion, and EGFR tyrosine
kinase inhibitor resistance (Figure 1E).

Shared Targets Between QCWZD Targets and UC-UCAC Targets

The workflow of gene extraction and creation pipeline is displayed in Figure 2A. After pre-processing and removing
outliers from the primary UC-datasets, a total number of 284 differential genes (DEGs) were pinpointed as the UC-
UCAC targets (Figure 2B). Subsequent analysis revealed that 32 targets were shared between 800 QCWZD targets and
284 UC-UCAC targets (Figure 2C). Thirty-two overlapping targets were with high confidence scores (confidence score
>0.4) in accordance with PPIs performed from the STRING database, recommending their highly significant associations
(Figure 2D). Then, the herb-compound-overlapping target network of QCWZD was established, as found in Figure 2E.

Overlapping Targets Network

Central network evaluation was performed to acquire key targets. Finally, 29 key targets with 69 interactions were
obtained in the overlapping targets network (Figure 3A). Topology analysis indicated that IL-1B, CXCLS, MMP9,
PTGS2, SELE, MMP1, MMP3, PPARG, CAV1, and CXCLI11were the top 10 targets based on the CytoHubba plug-in
MCC algorithm (Figure 3B).

GO enrichment analysis results after initial screening are revealed in Figure 3C. The BP of 32 genes was primarily
enriched in blood circulation, the response to steroid hormone, cellular response to organic cyclic compound, circulatory
system process, cellular response to nitrogen compound, cellular response to the hormone stimulus, rhythmic process,
cellular response to organonitrogen compound, intracellular receptor signaling pathway, and response to inorganic
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Figure 3 Overlapping targets network. (A) 29 key targets in the overlapping targets network; (B) The top 10 targets based on the CytoHubba plug-in MCC algorithm; (C)
GO enrichment analysis; (D) KEGG pathway analysis; (E) Predicted that transcription factors.

substance. The CC analysis results demonstrated that the genes are mainly involved in ion channel complex, perinuclear
region of cytoplasm, endoplasmic reticulum lumen, extracellular matrix, external encapsulating structure, transmembrane
transporter complex, transporter complex, cation channel complex, collagen-containing extracellular matrix, and Golgi
lumen. The MF analysis suggested that these genes were enriched in nuclear receptor activity, ligand-activated
transcription factor activity, protein domain-specific binding, protein homodimerization activity, serine hydrolase activity,
steroid hormone receptor activity, transcription factor binding, transcription coactivator binding, and serine-type endo-
peptidase activity. KEGG pathway analysis showed the enrichment in steroid hormone biosynthesis, Cytokine—cytokine
receptor interaction, NF-kB signaling pathway, Cell adhesion molecules (CAMs), Toll-like receptor signaling pathway,
IL-17 signaling pathway, TNF signaling pathway, ovarian steroidogenesis, AGE-RAGE signaling pathway in diabetic
complications, malaria, pathways in cancer, transcriptional misregulation in cancer, chemical carcinogenesis, microRNAs
in cancer, and rheumatoid arthritis (Figure 3D). Simultaneously, it predicted that transcription factors (RELA, NFKBI,
NFKBIA, JUN, STAT6, EGR1, STAT1, et al) may regulate the expression of these genes (Figure 3E).

QCWLZD Alleviates Signs and Symptoms of DSS and AOM/DSS Mice

The previous research has confirmed that the major components of QCWZD were stable and repeatable by the high-
performance liquid chromatography (HPLC) analysis.* The network pharmacological results showed that blood circula-
tion, cell adhesion molecules, and pathways of inflammation and cancer such as toll-like receptor signaling pathway and
IL-17 signaling pathway were involved in the multiple synergies of QCWZD on UC and UCAC treatment.

To illustrate the therapeutic effect of QCWZD and its effects on the transition from inflammation to cancer, the models (acute
colitis, chronic colitis and CAC) were established, respectively (Figure 4A). Compared to mice in AC and CAC groups, the mice
that received QCWZD treatment displayed a markedly faster intestinal restoration process that could be observed by the
increased body weight gain and a lower DAI (Figure 4B and C; Supplementary Tables 1 and 2). Furthermore, macroscopic
analysis detected colon length in the mice group of QCWZD treatment was longer than that in the model groups (P < 0.001,
Figure 4D and E). As expected, several colonic tumors were seen in all CAC mice. QCWZD treatment obviously reduced the
incidence and size of tumors (P < 0.05, Figure 4F and G). Consequently, mean tumor load, defined as the sum of diameters of all
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Figure 4 Pharmacodynamic validation of QCWZD in animals: (A) Schematic overview of control, AC, CC and CAC model; (B) different groups of small Changes in body
weight of mice; (C) Changes in disease activity index (DAI) of mice in different groups; (D and E) Colon lengths of mice in each group at | | weeks; (F and G) The number of
tumors in CAC and administration group; (H) The size of tumors in CAC and administration group; (I) H&E staining of sections; (J) Histopathological score. *P < 0.05, **P <
0.01, #+P < 0.001; *P < 0.01, **P < 0.001 vs control.

Abbreviations: AC, acute colitis; CC, chronic colitis; CAC, colitis-associated cancer; QCWZD, Qingchang wenzhong decoction; ns, not significant.

tumors in a certain mouse, was shrunk in the QCWZD group (Figure 4H) (P < 0.01). Histologic evaluation indicated colon crypts
and mucosal damage in the AC model, crypt atrophy and abnormal epithelial in the CC model, and mucosal structure disorder in
the CAC model induced by AOM/DSS. Moreover, QCWZD could decrease inflammatory infiltrate and crypt abscesses, restore
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mucosal structure and inhibit the transition from inflammation to cancer. These issues revealed that QCWZD has a pronounced
inhibitory effect on DSS-induced colitis and AOM/DSS-induced colorectal tumorigenesis (P<0.05, Figure 41 and J).

QCWLZD Improves the Intestinal Epithelial Barrier Structure and Function in DSS and

AOM/DSS Mice

AB/PAS staining pointed out that the DSS and AOM/DSS-induced mice performed awfully decreased colonic goblet
cells, while QCWZD could supplement the goblet cells, which is pivotal for the preservation of gut homeostasis
(Figure 5A). To further investigate the mechanism of the intestinal epithelial barrier repair by QCWZD treatment, we
examined the levels of tight junction-associated proteins Claudin-1 and ZO-1. Immunohistochemistry analysis revealed
dramatically increased expression patterns of Claudin-1 and ZO-1 in colonic epithelial cells purified from QCWZD-
treated AC, CC and CAC mice compared with the levels of DSS and AOM/DSS-induced mice (Figure 5B and C).
Meanwhile, antimicrobial peptides (AMPs) are multifunctional molecules important for host defense and play important
roles in fighting microbe pathogens, and the mRNA expression level of REG-3y and MUC2 from RT-qPCR was
enhanced in QCWZD-treated DSS and AOM/DSS mice (Figure 5D).

QCWLZD Regulates Immune Responses in DSS and AOM/DSS Mice

To study the possibility that QCWZD improves the intestinal injury and malignant transformation of colitis via
modulating enteric mucosal immune responses, we assessed the expression level of colonic inflammation-related
indicators of DSS and AOM/DSS mice treated with QCWZD. The results of immunohistochemistry showed that
the proinflammatory cytokine IL-17A was higher in DSS and AOM/DSS-induced models than those in the control
group, and QCWZD inhibited the expression of IL-17A. Interestingly, QCWZD promoted the expression of IL-22
in the AC and CC model to protect the intestinal mucosa, but QCWZD decreased the level of IL-22 in the CAC
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Figure 5 QCWZD improves intestinal epithelial barrier structure and function in DSS and AOM/DSS mice. (A) AB/PAS staining of goblet cells; (B) Immunohistochemical of
Claudin-1 and ZO-1 in colon tissue; (C) Semi-quantitative immunohistochemical analysis of Claudin-1 and ZO-1; (D) The mRNA expression levels of REG-3y and MUC2 in
each group. *P < 0.05, **P < 0.01, **P < 0.001.

Abbreviations: AC, acute colitis; CC, chronic colitis; CAC, colitis-associated cancer; QCWZD, Qingchang wenzhong decoction; ns, not significant.
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Figure 6 QCWZD regulates IL-17A and IL-22 in DSS and AOM/DSS mice. (A) Immunohistochemical of IL-17A and IL-22 in the colon tissue; (B) Semi-quantitative
immunohistochemical analysis of IL-17A and IL-22; (C) The mRNA expressions of IL-17A and IL-22 in the colon. *P < 0.05, **P < 0.01, **P < 0.001.
Abbreviations: AC, acute colitis; CC, chronic colitis; CAC, colitis-associated cancer; QCWZD, Qingchang wenzhong decoction; ns, not significant.

model and reversed this trend (Figure 6A and B). The mRNA of IL-17A and IL-22 was similar to the trend of
those in immunohistochemistry (Figure 6C). Network pharmacology analysis indicates that the underlying path-
ways of QCWZD in the treatment of UC and UCAC were significantly enriched in the toll-like receptor signaling
pathway and IL-17 signaling pathway. As shown in Figure 7A1-A3, the mRNA expression of TLR4, NF-«B, and
B-catenin in colon were determined by qRT-PCR, and QCWZD supplementation inhibited the expression of these
indicators. The same trend appeared for the mRNA of IL-1B in Figure 7B1. Furthermore, we found that the
expression trend of IL-10 was different from that of IL-22, and IL-10 played a key role in inhibiting colitis
carcinogenesis even in the CAC model (Figure 7B2). Concurrently, ELISA results also demonstrated that QCWZD
intervention significantly curbed the level expressions of TNF-o, MPO and CALP in the colonic mucosal
(Figure 7C1-C3).

QCWLZD Attenuates Inflammation-Induced Intestinal Fibrosis

Inflammation is a known primary process that causes fibrosis in the colon. We analyzed collagen deposition by Masson
trichrome and Sirius red staining to examine whether QCWZD affects fibrosis in the DSS and AOM-DSS model. Both
stains indicated increased areas of fibrosis/collagen deposits in CC and CAC mice colons compared to colons from the
control mice, which decreased after treatment with QCWZD, suggesting that intestinal fibrosis is affected by QCWZD
(Figure 8A). Extracellular matrix (ECM) performs a crucial role in cancer metastasis, linking the transition from
inflammation to cancer. As depicted in Figure 8B and C, a significant up-regulation of a-SMA and MMP9 were observed
in CC and CAC mice in comparison with the control group, indicating the occurrence of epithelial-mesenchymal
transition (EMT) in the DSS and AOM/DSS model group. QCWZD treatment was found to dramatically decrease the
expression levels of the above indicators. Concurrently, the angiogenic switch is a hallmark of tumor progression, and is
an essential means by which tumor growth in the colon is supported. HIF-1a is a central mediator regulating the
expression of genes that promote tissue oxygenation and vascularization, such as VEGF, and CD31. When cellular
oxygen declines, HIF-1a is activated and increases the transcription of its downstream targets.'® Immunohistochemical
results showed that the levels of HIF-1a, VEGF and CD31 were significantly elevated in CC and CAC models, while
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Figure 7 QCWZD modulates immune responses in DSS and AOM/DSS mice. (A) The mRNA expressions of TLR4 (A1), NF-Kb (A2) and B-catenin (A3) in the colon; (B)
The mRNA expressions of IL-1B (B1) and IL-10 (B2) in the colon; (C) ELISA Protein expression of TNF-a (C 1), MPO (C€2) and CALP (C3) by Elisa in colon. *P < 0.05, **P
< 0.01, ¥*P < 0.001.

Abbreviations: AC, acute colitis; CC, chronic colitis; CAC, colitis-associated cancer; QCWZD, Qingchang wenzhong decoction; ns, not significant.

QCWZD suppressed their expression (Figure 9A and B). Meanwhile, the mRNA levels of HIF-1a also confirmed this
trend (Figure 9C).

Discussion

In the present study, 284 UC-UCAC-related targets were identified from datasets GSE38713 and GSE47908. In total, 208
active compounds and 800 compound-related targets of QCWZD were compiled from public databases. Among these
known targets, 32 targets were shared between compound-related and UC-UCAC-related targets, implicating that
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Figure 8 QCWZD attenuates inflammation-induced intestinal fibrosis. (A) Intestinal fibrosis detected by Masson trichrome and Sirius red staining; (B) a-SMA and MMP9
expression in immunohistochemistry; (C) Semi-quantitative immunohistochemical analysis of 0-SMA and MMP9. **P < 0.01, **P < 0.001.
Abbreviations: AC, acute colitis; CC, chronic colitis; CAC, colitis-associated cancer; QCWZD, Qingchang wenzhong decoction.
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Figure 9 QCWZD attenuates angiogenesis in DSS and AOM/DSS mice. (A) HIF-la, VEGF and CD31 expression in immunohistochemistry; (B) Semi-quantitative
immunohistochemical analysis of HIF-1a, VEGF and CD31; (C) The mRNA expression level of HIF-la in colon. *P < 0.05, **P < 0.01, ***P < 0.001.
Abbreviations: AC, acute colitis; CC, chronic colitis; CAC, colitis-associated cancer; QCWZD, Qingchang wenzhong decoction; ns, not significant.
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QCWZD may have a therapeutic effect on UC carcinogenesis. From the key targets and enrichment analysis, it can be
found that QCWZD may play a role in inhibiting the carcinogenesis of colitis through related pathways such as
inflammation and cancer-related pathways and epithelial-mesenchymal transition. Our findings provide comprehensive
insight into the multi-target mechanisms of QCWZD in the treatment of UC-UCAC for the first time, which might
present experimental justification for the therapeutic application of QCWZD in UC-UCAC treatment.

TCM formulae are grounded in the traditional planning principles of “Jun-Chen-Zuo-Shi”, which means monarch,
minister, adjuvant and guide drugs, respectively. In QCWZD, the “monarch herbs” contain HL and PJ. The “minister
herbs” are composed of DY, KS, and QD. SQ and MX play the role of “adjuvant herb”, and GC constitutes the “guide
herb”. In this study, 125, 76, 268 and 21 compounds were identified from the “monarch herbs”, “minister herbs”,
“adjuvant herb”, and “guide herb”, respectively. These detailed pharmacological shreds of evidence might support
QCWZD to be defined as multi-target drugs in treating UC-UCAC. In fact, some components in QCWZD have been
reported to show biological activities in the treatment of UC as well as colorectal cancer. Duan et al summarized related
studies that berberine, quercetin, naringenin, luteolin, and kaempferol can significantly reduce DSS-induced weight loss,
colon shortening, and colon damage.”® The protective effect of Indigo Naturalis in DSS-induced colitis was also
confirmed in our previous study.?' Moreover, Berberine and quercetin treatment suppresses the viability of colorectal
cancer cells by increasing their apoptosis level.”>** Kaempferol suppressed glycolysis and colon cancer growth by
regulating the miR-339-5p-hnRNPA1/PTBP1-PKM2 axis.>* Gallic acid inhibited tumor growth, promoted tumor apop-
tosis and reduced the level of p-SRC, p-EGFR, p-STAT3 and p-AKT.?

CAC is predisposed to long-term exposure to chronic inflammation in IBD patients.>® IL-17A levels are elevated in
serum and colon mucosa of IBD patients.”” AOM/DSS-induced IL-17A knockout mice show decreased tumor growth
and/or development.”® Some studies also show that there is a significantly increased number of Th17 cells in CRC
tissues.”** Xie et al found that the extracellular receptor kinase (ERK)1/2 signaling pathway could be activated by IL-
17, and increase the expression of IL-17 downstream genes such as MMP-9, and MMP-7.>! Furthermore, NF-xB is
involved in tumor promotion, proliferation, angiogenesis and metastasis by transcriptional regulation of a wide spectrum
of genes.*>** Numasaki et al found higher vascular density in models of fibrosarcoma and colon adenocarcinoma
transduced with IL-17.** IL-17 can promote CRC angiogenesis via binding to the IL-17 receptor (IL-17R) and
stimulating endothelial cell expression to produce VEGF.*®> In contrast to IL-17A, IL-22 contributes to mucosal
protection against pathogens and tissue repair in inflammatory settings.>® However, it can directly enhance the prolif-
erative and survival of epithelial cells, IL-22 is highly expressed in colon cancer and promoted cancer progression.’’

In particular, there is a growing body of indirect evidence that has indicated that the TLR4-mediated signaling could
contribute to pathogen-activated tumor signal pathway and play a pivotal role involved in the CAC development.*® TLR4
is a typical inflammatory mediator and has emerged as a bridge between innate and adaptive immunity, as well as
between infection and inflammation.** According to some studies, the TLR4/MD2 expression levels on intestinal
epithelial cells are fairly low or absent in normal conditions, but dramatically upregulated in the course of IBD
development.*® Moreover, disturbance of the TLR4 pathway has been regarded as one of the unique aspects of IBD-
related tumor.*' Importantly, Fukata et al** confirmed that the epithelial TLR4 expression was gradually increased from
the primary lesions of active UC to those of low-grade dysplasia, high-grade dysplasia and CAC in clinical samples.*
This is consistent with our findings and that QCWZD can reduce the mRNA expression level of TLR4. In several
cancers, constitutive nuclear B-catenin expression and overactivated Wnt/B-catenin signaling have been reported,
including CRC, where growth, invasion, and metastasis in cancer were promoted by them.** With colorectal cancer
(CRC), a mutation(s) in the Wnt/B-catenin pathway have (has) been detected in 90% of all tumors. Due to the essential
role NF-kB and Wnt signaling play in CRC, previous studies have reported that elevated NF-kB levels enhance Wnt
signaling, with de-differentiation of intestinal epithelial cells and the promotion of tumor initiation.*’

Continued exposure to chronic inflammation can set the stage for development of fibrosis, even cancer. The
extracellular matrix (ECM) performs an imperative role during the course of disease. The TLR4 is often aberrantly
activated in CAC, which leads to a sustained expansion of the inflammatory response and promotes the progression
of CAC. TLR4 further activates the B-catenin pathway, which is involved in ECM formation and plays a central role
in proliferation and tumor transformation.*®*” Studies have shown that inflammation and ECM remodeling can
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accelerate the progression of colitis to CAC by affecting hypoxia inducible factor —1a (HIF-1a).*® HIF-1o expres-
sion levels were correlated positively with the expression of B-catenin in cell lines and primary tissues.** Some
studies have previously reported high activation of stromal HIF-1a expression in CAC, as its promotion in cancer
cells was demonstrated to stimulate the release of mTOR and increase glutaminolysis, thus activating tumor
metabolism and growth.’® HIF-1la is activated during the early stages of inflammation in the colon and drives the
development of cancer through remodeling of the ECM and fibrosis.”’ Therefore, the TLR4/B-catenin/HIF-1a
signaling pathway in AOM/DSS combined-induced CAC may be the key mechanism to induce intestinal fibrosis
and CAC progression.

Overall, we build on network pharmacology analysis to construct the animal models of AC, CC and CAC that
contribute to preliminarily explore the efficacy and verify the mechanism of QCWZD in the treatment of colitis
carcinogenesis. QCWZD could protect the intestinal mucosal barrier, regulate inflammation and improve the process
of intestinal fibrosis, that is, QCWZD treatment could ameliorate the development of colitis carcinogenesis from the key
pathological mechanism. Results revealed that IL-17A, NF-kB and TLR4/B-catenin/HIF-1a signaling pathways may play
a vital role in the therapeutic effect of QCWZD. In terms of limitation of models selection, we have chosen the CAC
model, which is established by the combination of AOM and DSS. The entire tumor formation process can be built based
on the inflammation. We could consider testing whether QCWZD treatment attenuates inflammation independent
sporadic colon cancer models such as C57BL6/J mice carrying the Apc™™ mutation. This will also provide more
insights into the efficacy of QCWZD on sporadic colon cancer which is the major form of human colorectal cancer. In
addition, synergistic effects of components are still unclear. We could screen the superior monomers that enter the blood
one by one to prove its function and continue to narrow down the precise protective mechanisms driven by QCWZD in
the future studies.

Conclusions

In conclusion, the present study demonstrated that QCWZD can exert its effects on protecting the intestinal mucosal
barrier, regulating inflammation and improving intestinal fibrosis by the approach of network pharmacology as well as
biological experimental verification. The most prominent mechanism may be related to the activation of the IL-17, NF-
«B, and TLR4/B-catenin/HIF-1a signaling pathways.
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