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Mechanisms of indigo naturalis 
on treating ulcerative colitis 
explored by GEO gene chips 
combined with network 
pharmacology and molecular 
docking
Sizhen Gu  1, Yan Xue2, Yang Gao1, Shuyang Shen1, Yuli Zhang1, Kanjun Chen1, Shigui Xue3, 
Ji Pan3, Yini Tang3, Hui Zhu4, Huan Wu1 & Danbo Dou  1*

Oral administration of indigo naturalis (IN) can induce remission in ulcerative colitis (UC); however, 
the underlying mechanism remains unknown. The main active components and targets of IN were 
obtained by searching three traditional Chinese medicine network databases such as TCMSP and five 
Targets fishing databases such as PharmMapper. UC disease targets were obtained from three disease 
databases such as DrugBank,combined with four GEO gene chips. IN-UC targets were identified 
by matching the two. A protein–protein interaction network was constructed, and the core targets 
were screened according to the topological structure. GO and KEGG enrichment analysis and bioGPS 
localization were performed,and an Herbs-Components-Targets network, a Compound Targets-
Organs location network, and a Core Targets-Signal Pathways network were established. Molecular 
docking technology was used to verify the main compounds-targets. Ten core active components 
and 184 compound targets of IN-UC, of which 43 were core targets, were enriched and analyzed 
by bioGPS, GO, and KEGG. The therapeutic effect of IN on UC may involve activation of systemic 
immunity, which is involved in the regulation of nuclear transcription, protein phosphorylation, 
cytokine activity, reactive oxygen metabolism, epithelial cell proliferation, and cell apoptosis through 
Th17 cell differentiation, the Jak-STAT and IL-17 signaling pathways, toll-like and NOD-like receptors, 
and other cellular and innate immune signaling pathways. The molecular mechanism underlying the 
effect of IN on inducing UC remission was predicted using a network pharmacology method, thereby 
providing a theoretical basis for further study of the effective components and mechanism of IN in the 
treatment of UC.

Ulcerative colitis (UC) is a refractory intestinal disease with alternating onset and remission and a long disease 
course, which seriously affects the health and quality of life of patients. The goal of treatment is to control clini-
cal symptoms, induce and maintain remission, promote mucosal healing, and reduce recurrence1. The current 
treatment of UC consists of 5-aminosalicylic acid, steroids, immunosuppressants, and biological agents. However, 
dependence on these drugs, drug resistance, intolerance, loss of response, and opportunistic infection are increas-
ingly becoming clinical problems. Furthermore, clinical trials have shown unsatisfactory clinical response rates 
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and clinical remission rates for these drugs. Therefore, many patients with inflammatory bowel disease (IBD) as 
well as physicians and researchers are increasingly considering complementary and alternative medicine (CAM) 
options2,3. In North American and European studies, the rate of current or past use of CAM for the treatment of 
IBD is 21%–60%4,5, of which herbal medicine, especially CAM intervention, is the first choice6.

In recent years, Japanese scholars have actively explored single herbal treatment of UC and found that oral 
administration of indigo naturalis (IN) can effectively treat intractable cases of mucosal aplastic disorders. UC 
remission was induced using the traditional Chinese medicine compound Xi lei san enema7,8. IN ointment has 
been used externally for the treatment of psoriasis9. A series of single-center, open, prospective, single-arm 
clinical trials and national multicenter, prospective, double-blind, randomized controlled trials were conducted 
successively. Assessment of the clinical outcomes at 8 weeks confirmed the safety and efficacy of IN administered 
orally for the treatment of UC. The clinical remission rate (Mayo score 2, no score > 1) and mucosal healing 
rate (Mayo endoscopy score 1) of the IN group are higher than those of the placebo group. Even in hormone-
dependent or anti-TNF-α refractory patients, the clinical response rate (Mayo score decreased by 3 points, at 
least 30% lower than the baseline, rectal bleeding score or absolute rectal bleeding score decreased by at least 1 
point) is very high, and such results are very encouraging.

As a supplementary alternative medicine, traditional Chinese medicine has a rich history and has shown good 
results in the treatment of UC. Previous studies from our group showed that oral Chinese medicine compounds 
were effective for the treatment of UC, inducing and maintaining remission, although the time until the effect 
was evident was relatively slow10–12.

Compared with western medicine, traditional Chinese medicine decoction may not quickly induce UC 
remission and control clinical symptoms. In addition, because of the quality of herbal medicine and other fac-
tors, the curative effect of traditional Chinese medicine is not stable enough. The patients reported a poor taste 
of traditional Chinese medicine decoction and had poor follow-up compliance.

Based on a series of studies in Japan, our team analyzed traditional Chinese medicine compound prescrip-
tions containing IN in the domestic periodical databases (CNKI, VIP, Wanfang), and identified 43 prescribed 
traditional Chinese medicine compound prescriptions, including 37 enema prescriptions, four oral prescriptions, 
one rectal drip prescription, and two endoscopic spray prescriptions. These results indicate that IN is mainly used 
externally for the treatment of UC, whereas there are few oral prescriptions. At present, the only oral proprietary 
Chinese medicine developed for the treatment of UC containing IN is Five Sophora flavescens enteric-coated 
capsule (FSEC) (containing Qingdai, Sophora flavescens, Bletilla striata, Ulmus pumila and licorice). Phase II 
and III clinical trials show that the efficacy of FSEC in the treatment of UC is not inferior to that of mesalazine 
granules and enteric-coated tablets13,14. Oral administration of compound and single IN in capsule form not 
only has a good curative effect, but also prevents problems such as poor taste and poor compliance associated 
with traditional Chinese medicine decoctions.

Under the premise of clinical effectiveness, we need to deeply investigate the mechanism of IN. The mecha-
nism underlying the effect of IN on inducing UC mucosal healing is not clear1,15. In this study, we used the 
emerging traditional Chinese medicine network pharmacology method to predict the targets of IN, and sys-
tematically predict the mechanism of action of IN in UC. The method used in the study is as follows: a search 
of multiple traditional Chinese medicine network databases was performed to identify the main and essential 
active components and targets of IN at the same time, we searched multiple disease databases in combination 
with the results of multiple GEO gene chips to obtain UC disease targets, and matched them to obtain IN-UC 
compound targets. A protein–protein interaction network was constructed, and core targets were screened 
according to topological structure. GO and KEGG enrichment analyses were performed to construct Herbs-
Components-Targets networks, Compound Targets-Organs location networks, and Core Targets-Signal Pathways 
networks. Finally, molecular docking technology was used to verify the main compounds-targets. An outline 
of the method is shown in Fig. 1.

Materials and methods
Construction of a database of IN main active ingredients.  The traditional Chinese medicine sys-
tem pharmacology database and analysis platform (TCMSP, https​://tcmsp​w.com/tcmsp​.php)16, the bioinformat-
ics analysis tool for the molecular mechanism of traditional Chinese medicine (BATMAN-TCM, https​://bione​
t.ncpsb​.org/batma​n-tcm/index​.php/Home/Index​/index​)17, and the comprehensive database of traditional Chi-
nese Medicine (TCMID, https​://119.3.41.228:8000/tcmid​/)18 were used to identify the active ingredients of IN. 
The main active ingredients were then selected according to the optimal toxicokinetic ADME rules reported in 
the literature (OB ≥ 30% dl ≥ 0.18)19. If the compounds did not meet the screening criteria, they were included 
if they were reported as effective against UC in the relevant literature20–22. The related compounds were input 
into PubChem (https​://pubch​em.ncbi.nlm.nih.gov/) and Pharmgkb (https​://www.pharm​gkb.org/) to obtain the 
molecular structure of the related compounds.

Potential targets of IN.  The active components of a drug perform related biological functions through 
the relevant targets. In addition to obtaining the targets of the core active ingredients of indigo directly from the 
TCMSP database, information on the small molecule structure of the core active ingredient (Canonical SMILES) 
was used for target identification. Similarity ensemble approach (https​://sea.bksla​b.org/)23, STITCH (https​://stitc​
h.embl.de/)24 and Swiss Target Prediction (https​://new.swiss​targe​tpred​ictio​n.ch/)25, and PharmMapper (https​://
lilab​ecust​.cn/pharm​mappe​r/)26 identified a large number of possible targets for IN.

Construction of a UC‑related targets database.  First, microarray data of differentially expressed 
mRNAs in the intestinal mucosa between the normal group and the UC group were obtained from the GEO 

https://tcmspw.com/tcmsp.php
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https://www.pharmgkb.org/
https://sea.bkslab.org/
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Figure 1.   Framework based on an integration strategy of network pharmacology.
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database (https​://www.ncbi.nlm.nih.gov/geo/), Series: GSE87466, GSE65114, GSE9686, GSE10616. Sva and 
Limma of Rmur3.6.1 were used to carry out joint analysis of multiple chips and correct data batches. The two 
software packages can be obtained from (https​://www.bioco​nduct​or.org/). Genes with an adjusted P < 0.05 and 
log2(fold change) > 1 or log2(fold change) <  − 1 were considered significantly differentially expressed and UC-
related targets. In addition, UC-related disease targets were integrated in the database, including the: DrugBank 
database (https​://www.drugb​ank.ca/)27, TTD database (https​://db.idrbl​ab.org/ttd/)28, and DisGeNET database 
(https​://www.disge​net.org/web/DisGe​NET/menu/home)29, using “Ulcerative Colitis” as the keyword, combined 
with the Uniprot database (https​://www.unipr​ot.org/)30, and GEO analysis results to eliminate repeated disease 
targets and establish the disease target database of UC.

Construction of the PPI interaction network.  Based the above analyses, the core active ingredient 
target of indigo was matched with the disease target of UC to obtain the compound target of IN-UC. The VENN 
map was drawn by Bioinformatics (https​://bioin​forma​tics.psb.ugent​.be/webto​ols/Venn/) and the PPI network of 
the target was obtained by using the String online tool (https​://strin​g-db.org/)31.

Construction of an “Herbs‑Components‑Targets” network of IN.  Based on the PPI network 
obtained above, the “Herbs-Components-Targets” network (H-C-T network) of IN was constructed using 
Cytoscape3.6.1(https​://www.cytos​cape.org/)32. According to the topological characteristics of the network, the 
three most important parameters were selected to screen the core composite targets of Indigo: degree of Degree 
Centrality (DC)33, Closeness Centrality (CC)34, and Betweenness Centrality (BC)35. Degree centrality refers to 
the number of other nodes associated with a node in the network. The greater the degree centrality, the greater 
the importance of the node. Betweenness centrality calculates the number of shortest paths through a node. The 
more the number of shortest paths through a node, the higher its intermediary centrality. Closeness centrality 
calculates the sum of the distances from one point to all other points. The smaller the sum, the shorter the path 
from this point to all other points, which means that the point is closer to all other points. The levels of these 
three parameters represented the topological importance of the nodes in the network, they can reflect the role 
and influence of the corresponding nodes in the whole network and importance of the nodes was positively 
correlated with the output value in the network. According to relevant literature reports, the target showing two-
fold the median value was selected for DC36, and the target with median value for BC and CC was selected37 to 
obtain a more accurate core targets.

Construction of a compoud targets‑organs location network.  The metabolism of IN in  vivo is 
not clear, and multiple tissues and organs may be involved in the intestinal mucosal repair of UC induced by 
IN. Therefore, the BioGPS database (https​://biogp​s.org) was used to examine the mRNA expression profile of 
each IN-UC compound target at the organ tissue level38. The database provides gene expression data obtained 
by direct measurement of gene expression by microarray analysis39. The specific steps are as follows: first, the 
distribution data of mRNA expression of each compound target in 84 organs and tissues are obtained, and then 
the average value of each mRNA in each tissue and the overall average value in all tissues are calculated. Finally, 
the related organs and tissues whose mRNA expression is higher than the overall average are extracted40, and the 
Compoud Targets-Organs location network is established by Cytoscape 3.6.1.

GO and KEGG enrichment analysis.  After obtaining the core target, we used ClusterProfiler41 GO and 
clusterProfiler KEGG of R 3.6.1 to analyze the GO and KEGG enrichment of the core target. The two software 
packages can be obtained from (https​://www.bioco​nduct​or.org/) acquisition. GO enrichment mainly analyzes 
the biological process, cellular composition, and molecular function of the target, whereas KEEG (www.kegg.
jp/kegg/kegg1​.html) enrichment analyzes the potential biological pathways and functions associated with the 
target.

Active components‑targets docking.  Three components were selected among the core components of 
IN and docked with three proteins selected from the core targets to verify the accuracy of the main components 
and prediction targets. The candidate composition and the target crystal structure were downloaded from the 
TCMSP database and RCSB protein data (https​://www.pdb.org/), respectively. The latter preferably selects a 
model with ligand binding smaller than 3 Å, and then imports the crystal into the Pymol 1.7.2.1 Software (https​
://pymol​.org/2/) for dehydration, hydrogenation, and separation of ligands; it then imports AutoDockTools 1.5.6 
to construct the docking grid box42,43 for each target. Docking was completed by Autodock Vina 1.1.2 software44, 
and the molecules with the lowest binding energy in the docking conformation were selected to observe the 
binding effect by matching with the original ligands and intermolecular interactions (such as hydrophobicity, 
cation-π, anion-π, π-π stacking, hydrogen bonding, etc.).

Results
Targets prediction and analysis of IN.  A total of 29 active ingredients were obtained from TSMSP, 
BATMAN-TCM, and TCMID, and nine core active components were selected according to the screening 
criteria of ADME OB ≥ 30% and DL ≥ 0.18. However, tryptanthrin was the third most effective component of 
indigo, and the related literature confirmed that it showed protective effects in an experimental UC animal 
model21,22. Therefore, it was included although it did not meet the OB and DL criteria. Finally, ten core active 
components (Table 1) were included. According to the Canonical SMILES number of core active ingredients 
of IN, 933 indigo targets were identified by target fishing and by integrating the data obtained from TCMSP, 

https://www.ncbi.nlm.nih.gov/geo/
https://www.bioconductor.org/
https://www.drugbank.ca/
https://db.idrblab.org/ttd/
https://www.disgenet.org/web/DisGeNET/menu/home
https://www.uniprot.org/
https://bioinformatics.psb.ugent.be/webtools/Venn/
https://string-db.org/
https://www.cytoscape.org/
https://biogps.org
https://www.bioconductor.org/
http://www.kegg.jp/kegg/kegg1.html
http://www.kegg.jp/kegg/kegg1.html
https://www.pdb.org/
https://pymol.org/2/
https://pymol.org/2/
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SEA, STITCH, STP, and PM databases (Supplementary Table S1). Joint analysis of four gene chips in the GEO 
database (GSE87466,GSE65114, GSE10616, GSE9686) identified 165 differentially expressed genes related to 
UC (Supplementary Table  S2), which were used to build a volcano map (Fig.  2). In addition, we integrated 

Table 1.   Core components of IN.

PubChem CID NAME OB DL Structure 

3035728 Qingdainone 45.28 0.89

162350 Isovitexin 31.29 0.72

 

5318575 Isoindigo 94.30 0.26

 

73549 tryptanthrin 19.28 0.29

 

5359405 Indirubin 48.59 0.26

 

5318432 indigo 38.20 0.26

 

441564 Indican 34.90 0.23

 

N/A 
10h-indolo[3,2-

b]quinoline 
54.57 0.22

 

136861641 Bisindigotin 41.66 0.39

 

222284 beta-Sitosterol 36.91 0.75
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DrugBank, DisGeNET, and TTD database disease targets and combined them with the GEO results to elimi-
nate duplicates, resulting in the identification of 913 disease targets (Supplementary Table S3). The core active 
component targets of indigo chinensis were matched with the disease targets of UC, resulting in the selection of 
184 composite targets of indigo and UC (Fig. 3) (Supplementary Table S4).  

“Herbs‑Components‑Targets” network of IN analysis.  The IN-UC composite targets identified were 
input into STRING to remove the unconnected target, and the PPI network was obtained. Cytoscape 3.6.1, 
showed that the network contained 182 nodes and 2054 edges. The “Herbs-Components-Targets” network of IN 
was constructed (Fig. 4), including 192 nodes and 748 edges. Then, according to the characteristics of the net-
work topology, DC selects the target showing twofold the median value36, and BC and CC select the target with 
the median value37. The median DC of the network was 15 DC BC and the median value of CC was 0.0017 and 
0.4641, respectively. After network analysis with NetworkAnalyzer, 43 core targets were selected (see Fig. 5 for 

Figure 2.   Differential genes volcano map jointly analyzed by four GEO chips. mRNA of intestinal mucosal 
biopsies from normal group and UC group.

Figure 3.   Venn diagram of the targets in UC and IN.
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the process of screening core target network in Table 2 and the PPI network, including 43 nodes and 645 edges). 
At the same time, we constructed the network diagram of core targets and non-core targets (Fig. 6).

Compoud targets‑organs location network analysis.  Two of the target proteins, GPR84 and TLR9, 
did not have mRNA expression profiles in BioGPS. We analyzed the mRNA expression profiles of 180 com-
pound targets, of which 170 genes showed higher-than-average mRNA expression in 17 UC-related immune 
organs, including colon (45 targets), small intestine (39 targets), liver (88 targets), colorectal adenocarcinoma 
(36 targets), smooth muscle (83 targets), bone marrow (35 targets), thymus (18 targets), lymph node (27 tar-
gets), CD33 + myeloid (110 targets), CD34 + (90 targets), 721-B-lymphoblasts (87 targets), CD56 + NK (85 tar-
gets), CD14 + monocytes (77 targets), CD4 + T (52 targets), CD8 + T (32 targets), BDCA4 + DC (69 targets), and 
CD19 + BC (52 targets) (Supplementary Table S5, S6). Then, the Targets-Organs Location Network (Fig. 7) was 
constructed, which contained 186 nodes and 997 edges. Most of the targets were highly expressed in several 
organs and tissues simultaneously, indicating that these organs are closely related to the targets of indigo. In 

Figure 4.   Herb-ingredients-targets (H-I-T) network. Red node represents IN, green nodes represent core active 
compounds of IN, purple nodes represent targets of IN.

Figure 5.   The process of topological screening for the PPI network. The PPI network diagram of 43 core targets 
was obtained by screening 182 IN-UC composite targets through DC,BC,CC.
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addition, the 17 organs are highly related to immunity, suggesting that the therapeutic effect of IN on UC may 
involve activation of systemic immunity.

GO and KEGG enrichment analysis.  GO enrichment analysis identified 43 core targets involved in cel-
lular composition, molecular function, and biological process. In terms of molecular function, IN treatment of 
UC mainly involves the regulation of nuclear transcription, protein phosphorylation, cytokine activity and so 
on, such as cytokine activity (GO:0005125), nuclear receptor activity (GO:0004879), RNA polymerase II basal 
transcription factor binding (GO:0001091), protein tyrosine kinase activity (GO:0004713). In the biological 
process mainly involves the modification and metabolic regulation of reactive oxygen species, the positive regu-
lation of epithelial cell proliferation and the participation of apoptosis, such as cell proliferation (GO:0008283), 
immune system process (GO:0002376), antioxidant activity (GO:0016209), transcription regulator activity 
(GO:0140110), and translation regulator activity (GO:0045182). At present, IN has been proved to promote the 

Table 2.   Information on 43 core targets.

Uniprot ID Gene symbol Protein name Degree

P05231 IL6 Interleukin-6 106

P01375 TNF Tumor necrosis factor 95

P04637 TP53 Cellular tumor antigen p53 92

P15692 VEGFA Vascular endothelial growth factor A 91

P00533 EGFR Epidermal growth factor receptor 79

P35354 PTGS2 Prostaglandin G/H synthase 2 74

P28482 MAPK1 Mitogen-activated protein kinase 1 74

P42574 CASP3 Caspase-3 73

P14780 MMP9 Matrix metalloproteinase-9 68

P24385 CCND1 G1/S-specific cyclin-D1 65

P01112 HRAS GTPase HRas 62

P07900 HSP90AA1 Heat shock protein HSP 90-alpha 60

P60568 IL2 Interleukin-2 60

P03372 ESR1 Estrogen receptor 58

P05362 ICAM1 Intercellular adhesion molecule 1 56

Q16539 MAPK14 Mitogen-activated protein kinase 14 55

P08575 PTPRC Receptor-type tyrosine-protein phosphatase C 53

P08253 MMP2 72 kDa type IV collagenase 52

P42224 STAT1 Signal transducer and activator of transcription 1-alpha/beta 50

P37231 PPARG​ Peroxisome proliferator-activated receptor gamma 50

P09038 FGF2 Fibroblast growth factor 2 50

P35968 KDR Vascular endothelial growth factor receptor 2 49

P13501 CCL5 C–C motif chemokine 5 49

Q04206 RELA Transcription factor p65 49

P42345 MTOR Serine/threonine-protein kinase mTOR 49

Q59H59 HGF Hepatocyte growth factor isoform 1 preproprotein variant 48

P01579 IFNG Interferon gamma 47

P05164 MPO Myeloperoxidase 46

P29474 NOS3 Nitric oxide synthase 44

O60674 JAK2 Tyrosine-protein kinase JAK2 41

P01137 TGFB1 Transforming growth factor beta-1 proprotein 41

P04150 NR3C1 Glucocorticoid receptor 40

P09601 HMOX1 Heme oxygenase 1 40

P35869 AHR Aryl hydrocarbon receptor 37

Q9BYF1 ACE Angiotensin-converting enzyme 2 37

P09619 PDGFRB Platelet-derived growth factor receptor beta 34

P18146 EGR1 Early growth response protein 1 33

Q9NYK1 TLR7 Toll-like receptor 7 33

P04179 SOD2 Superoxide dismutase [Mn] 32

Q86WA1 F2 coagulation factor II 32

P08581 MET Hepatocyte growth factor receptor 31

P51681 CCR5 C–C chemokine receptor type 5 30

P08183 ABCB1 ATP-dependent translocase ABCB1 30
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proliferation of intestinal epithelial cells of UC45, also promote the secretion of anti-inflammatory factors IL-22 
and IL-10, and then repair mucous membrane. At the same time, Indigo and Indirubin have also been proved 
to have antioxidant activity46,47, which is consistent with the conclusions related to MF and BP of GO. (Sup-
plementary Table S7, S8, S9)We selected the first 20 functional enrichment processes to draw a bubble diagram 
and a secondary classification chart, as shown in Fig. 8. In addition, we identified the main signaling pathways 
involved in the treatment of UC by KEGG enrichment analysis, and screened the first 20 pathways related to UC 

Figure 6.   The PPI network of 182 nodes. The node size is proportional to the target degree in the network. The 
Blue nodes are the core targets of IN-UC.

Figure 7.   Gene expression data were based on gene expression microarray analysis results in BioGPS. Targets-
organs location network (H–O): Nodes represent targets and organ locations. Node size is relative to degree.
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and significantly enriched (FDR < 0.05), including PI3K-Akt signaling pathway (hsa04151), MAPK signaling 
pathway (hsa04010), Th17 cell differentiation (hsa04659), IL-17 signaling pathway (hsa04657), TNF signaling 
pathway (hsa04668), toll-like receptor signaling pathway (hsa04620), and IBD (hsa05321) among others. The 
network diagram of “Core targets-Signal pathways” (Fig. 9) was constructed (Supplementary Table S10).

Components‑targets docking analysis.  Analysis of the literature and the current research hotspots was 
performed, and the three components with the highest content of indigo were selected for molecular dock-
ing verification, namely indigo, indirubin, and tryptanthrin. AHR, MAPK1, and EGFR were selected from the 
core targets to download the crystal structures of 5NJ8 (AHR), 5K4I (MAPK1, containing ligands), and 3W2S 
(EGFR, containing ligands) from RCSB protein data. Since RCSB did not find the effective crystal structure of 
the AHR binding ligand, and all three are recognized AHR ligands, direct docking was performed with grid 
center 6.359 30.434 216.222 and NPTS 40 40 40 0.375.

The affinity energy of best mode Indigo-AHR, Indirubin-AHR and Tryptamethrin-AHR are − 6.2 kcal/
mol, − 6.7 kcal/mol and − 6.7 kcal/mol. (Supplementary Table S11, S12, S13) The results of indigo-AHR molecu-
lar docking showed that both sides of the indole ring have cation-π and anion-π interactions formed by lysine 
residues (LYS-63) and aspartic acid residues (ASP-65), respectively, and the right indole rings are located in the 
hydrophobic cavity formed by two valine residues (VAL60). Indirubin-AHR and tryptanthrin-AHR showed the 
same results. In the process of docking with EGFR, the affinity energy of best mode Indigo-EGFR, Indirubin-
EGFR and Tryptamethrin-EGFR are − 8.1 kcal/mol, − 8.5 kcal/mol and − 7.9 kcal/mol.(Supplementary Table S14, 
S15, S16)The center of the grid is 3.88 1.496 10.744 and the left indole ring of indigo is located in the hydro-
phobic cavity formed by two leucine residues (LEU-788 and LEU-777). The left indole ring of indigo forms a 
hydrogen bond with an aspartic acid residue (ASP-855) with an anion-π interaction and a cation-π interaction 
with a lysine residue (LYS-745). The right indole ring is located in the hydrophobic cavity formed by an alanine 
residue (ALA-743), a valine residue (VAL-726), and a leucine residue (LEU-718, 844). The left indole ring of 
indirubin-EGFR and tryptanthrin-EGFR is surrounded by a hydrophobic cavity formed by a hydrophobic ala-
nine (ALA-743), a valine residue (VAL-726), a leucine residue (LEU792, LEU-1001), and a methionine residue 
(MET-793). The right indole ring forms a cation-π interaction with a lysine residue (LYS-745) and an anion π 
interaction with an aspartic acid residue (ASP-855). Indirubin also forms a 2.7 Å hydrogen bond with LYS-745. 

Figure 8.   The GO enrichment analysis of core nodes. Including cellular components, molecular functions, 
biological processes and GO secondary classification.
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In the process of docking with MAPK1, the affinity energy of best mode Indigo-MAPK1, Indirubin-MAPK1 and 
Tryptamethrin-MAPK1 are − 8.4 kcal/mol, − 8.8 kcal/mol and − 8.8 kcal/mol. (Supplementary Table S13) The grid 
center is 14.696 − 4.135 15.275 and the NPTs is 404040 0.375. The left indole ring of indigo and tryptanthrin has 
2.5 Å hydrogen bond and a cation-π interaction with a lysine residue (LYS-54), as well as an anion-π interaction 
with an aspartic acid residue (ASP-167). The right indole ring is surrounded by a hydrophobic lumen formed 
by an alanine residue (ALA52), a valine residue (VAL-39), a leucine residue (LEU-107, LEU-156), an isoleucine 
residue (ILE-156), and a methionine residue (MET-108), and it interacts with the anion-π of an aspartic acid 
residue (ASP-106). The left and right indoles of indirubin-MAPK1 form hydrogen bonds with a lysine residue 
(LYS-54) at 2.1 Å and 2.3 Å, and the left indole ring also forms a 3.4 Å hydrogen bond with the aspartic acid 
residue (ASP-167) (Fig. 10).

Discussion
IN, also known as Qingdai, is a plant derived product commonly used as a dye and pigment. The history of indigo 
use in China begins with the Theory of Medicinal Materia Medica in the Tang Dynasty. It is used as for heat-
clearing and detoxification, cooling blood, and eliminating spots. Clinical formulations contain 1.5–3 g in pills 
or for external use. In ancient times, it was often used for the treatment of febrile diseases, such as febrile fever, 
macula, hemoptysis, infantile seizures, sores, erysipelas, and eczema. It has a good curative effect. According 
to the 2015 edition of Chinese Pharmacopoeia, the authentic source plants of indigo are Malan, Polygonaceae, 
or Isatis indigotica48. It is currently widely used for the treatment of infectious diseases, skin diseases, digestive 
tract diseases, tumors, and other diseases. IN preparations with evidence-based clinical efficacy are mostly used 
for psoriasis49, leukemia50, and UC51–53.

Because traditional Chinese medicine is based on a complex system of multiple components, multiple targets 
and multi-action pathways, the material basis and mechanism of action of its components remain unclear. There-
fore, it brings difficulties to the modern research of traditional Chinese medicine. In 2007, Professor Hopkins and 
Professor Shao Li proposed the concept of network pharmacology and the framework of network pharmacology 
of traditional Chinese medicine54. Network pharmacology of traditional Chinese medicine is a bioinformation 
network construction and network topology analysis strategy based on high-throughput data analysis, virtual 
computing, and network database retrieval. The integrity and systematic characteristics of the research strategy 
of network pharmacology of traditional Chinese medicine are consistent with the principles of diagnosis and 
treatment of diseases, as well as the synergistic effects of multiple components, multiple pathways, and multiple 
targets of traditional Chinese medicine and its prescriptions. With the rise of the network pharmacology of 
traditional Chinese medicine, in the past 10 years, many Chinese medicine scholars have gradually adopted 
this method to analyze and explore the classical traditional Chinese medicine prescription, single herb and the 
compounds of traditional Chinese medicine55,56. At the same time, the introduction of the concept of network 
biology revealed that a healthy human body is a dynamically balanced biological network formed by genes, 
proteins, and other components. If the balance of this network is destroyed, the body presents a state of disease. 
The objective of the treatment of diseases using drugs is to reconstruct the equilibrium of the biological network 

Figure 9.   Targets-pathways network (T-P network). The green Rhombus nodes represent the targets of IN-UC. 
The red triangles represent the related pathways. Node size is relative to degree.
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or to reduce the degree to which the balance is destroyed based on the ideas described above. Understanding the 
interactions between drugs and the body and guiding the discovery of new drugs facilitates the treatment of many 
multi-factor and multi-gene chronic diseases including UC. Many clinical studies have confirmed that prescrip-
tions containing IN are effective for the treatment of UC; therefore, it is important to investigate the mechanism 
of action of IN and to use the pharmacology of traditional Chinese medicine network for predictive analysis.

In this study, we identified the active components of IN using three databases: TCMSP, TCMID, and BAT-
MAN-TCM. Screening of ADME and related literature led to the identification of ten core active components. 
Among these ten components, four components (indigo, indirubin, tryptanthrin, and β-sitosterol) were tested 
in experimental studies using the UC model in vivo and in vitro, and these studies showed different degrees of 
anti-inflammatory effects. For example, in a UC model using dextran sodium sulfate (DSS) and 6-trinitroben-
zenesulfonic acid (TNBS) mice, indigo significantly decreased the severity of colitis. Treatment with indigo 
significantly increased the levels of CYP1A1, IL-10, and IL-22mRNA in lymphocytes in the lamina propria of 
the colon. In spleen cells treated with indigo, the number of IL-10 producing CD4 + T cells and IL-22 producing 
CD3-RoRγ + T cells increased45. Indirubin and tryptanthrin are the other two main components of IN. Animal 
experiments show that indirubin can significantly inhibit DSS-induced weight loss in male and female UC 
BALB/c mice, reduce the disease activity index), improve colon length and pathological changes, downregulate 
the expression of the pro-inflammatory factors TNF-α, IL-6, IFN-γ, COX-2, iNOS, PGE2, and NO, and decrease 
myeloperoxidase (MPO) activity. In addition, it increases the level of IL-10, inhibits the activation of MAPK and 
NF-κB pathways induced by DSS, upregulates Foxp3, and inhibits the infiltration of CD4 + T cells. Tryptanthrin 
also improves the body weight and pathology of DSS mice and increases the survival rate. Indirubin regulates the 

Figure 10.   The protein–ligand of the docking simulation. The three core compounds (indigo, indirubin, 
tryptamethrin) of IN are docked with three targets.
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TNF-α/NF-κB p65 and IL-6/STAT3 signaling pathways by inhibiting the degradation of IαBκ and the phospho-
rylation of STAT357,58. Tryptanthrin also improves the body weight and pathology of DSS mice and increases the 
survival rate. It regulates the TNF-α/NF-κB p65 and IL-6/STAT3 signaling pathways by inhibiting the degrada-
tion of IαBκ and the phosphorylation of STAT322. Spleen cells from mice with colitis treated with tryptanthrin 
produce less IL-2 and IFN-γ after mitogen stimulation than those from untreated mice. An inflammatory model 
of RAW264.7 cell UC induced by LPS confirmed that indirubin and tryptanthrin have anti-inflammatory effects 
in vitro; the anti-inflammatory mechanism may involve the downregulation of IL-6/TNF-α, which can be used 
for the prevention and treatment of UC59.

A common sterol in Chinese herbal medicine, β sitosterol, prevents the shortening of the colon in C57BL/6 
mice with colitis induced by TNBS, decreases the general score and myeloperoxidase activity, downregulates the 
proinflammatory cytokines TNF-α, IL-1β, and IL-6, and the inflammatory enzyme cyclooxygenase (COX)-2, 
and inhibits the activation of NF-κB60. It also significantly increases the expression of antimicrobial peptides in 
intestinal epithelial cells61. Therefore, β-sitosterol may alleviate colitis by inhibiting the NF-κB pathway. Simi-
lar results were obtained in C57BL/6 J mice with colitis induced by a high-fat western diet + DSS treated with 
β-sitosterol62. Several active components of IN are effective against UC.

According to the above active components, we performed target fishing using the SEA, STITCH, STP, and 
PM databases, eliminated repeat compounds, and obtained a total of 933 indigo targets to construct a “drug-
component-target” network. Then, we integrated four gene chips of GEO and UC disease targets from DrugBank, 
DisGeNET, and TTD databases, eliminated duplicates, and finally obtained 913 disease targets. These were 
matched and mapped to obtain 184 composite IN-UC targets. Then, we constructed a PPI network of compos-
ite targets, screened nodes according to the three parameters of DC, BC, and CC, and obtained 43 core target 
networks to verify the reliability of IN component targets. Three main components of IN were selected to dock 
with three of the targets, and the docking results were successful according to intermolecular interactions (see 
the results for specific evaluation criteria). Although the metabolism and effects of oral administration of IN in 
patients with UC n vivo are not clear, we know that IN activates the AHR receptor on type 3 lymphocytes (ILC3) 
in the lamina propria of the colon, promotes the secretion of the anti-inflammatory factor IL-22, and upregulates 
regenerated islet-derived REG-1 and REG-3 g to promote the healthy intestinal mucosal barrier45. However, the 
mRNA expression levels of IL-10, IL-22, and Cyp1a1 do not differ between the mesenteric lymphoid node and 
spleen of DSS C57BL/6 mice and the blank control group. One possible explanation is that IN functions through 
the local binding of immune cells directly covered by absorbed or unabsorbed IN in the intestinal mucosal sur-
face and intestinal mucosal lamina propria, whereas it does not affect distant immune-related organs. Indirect 
experiments show that in a 3.5% DSS SD rat model, IN decreases the activity of MPO in the colon, decreases IL1β, 
IL-18, EGF, and VEGF in serum and colon tissue, and increases the content of the tight junction protein occludin 
in the colonic mucosal63. In a 3% DSS Kunming mouse model, IN significantly downregulated the expression of 
the pro-inflammatory cytokines IL-6, IL-8, and TNF-α, and upregulated the expression of the anti-inflammatory 
factor IL10. Combination 16 s rDNA sequence analysis showed that IN decreases the relative number of Turici-
bacter bacilli and increases the relative number of Peptococcus64. In RAW264.7 cells induced by LPS, IN inhibits 
the degradation of IκB-α, the production of TNF-α and IL-6, and the expression of COX-2 and iNOS65.

To explore the underlying mechanism of IN, we performed GO and KEGG enrichment analyses of the core 
target and retrieved BioGPS to observe the distribution of all compound targets in organs and tissues. GO and 
KEGG enrichment analyses showed that the core target was enriched in biological process, cellular composition, 
and molecular function, with a total of 28 items in cellular composition. The targets involved plasma membrane 
components, cytoplasmic components, and cell junctions, and were enriched to 100 items in molecular functions, 
which were mainly related to the regulation of nuclear transcription, protein phosphorylation, and cytokine 
activity among others. In the biological process, it mainly involved the modification and metabolic regulation 
of reactive oxygen species, the positive regulation of epithelial cell proliferation, and involvement in apoptosis. 
In addition, we observed 20 pathways related to UC and constructed a “Targets-Pathways” network, which 
involved innate immunity, cellular immunity, classical inflammation, cell proliferation, and apoptosis. Intestinal 
innate immunity has recently received increasing attention. UC intestinal immune inflammatory damage is 
closely related to the abnormal activation of innate immunity, and pattern recognition receptor (PRRs) play an 
important role in innate immunity. Several types of PRRs (including Toll-like receptors and NOD-like receptors) 
maintain the mucosal interactive immunity of the intestinal flora by recognizing pathogen-related molecular 
patterns. Overactivation of TLRs (such as TLR2 and TLR4) and NLRs (such as NLRP3) leads to the activation 
of NF-κ B, which promotes the production and release of pro-inflammatory factors such as IL-1β, IL-18, and 
IL-33, and induces the occurrence of cell pyrogenesis66,67. The inflammatory necrosis of intestinal epithelial 
cells and the increase of intestinal mucosal permeability eventually lead to the occurrence and development of 
UC. For example, Th17 cell differentiation and Jak-STAT, T cell receptor, and IL-17 signaling pathways play an 
important role in maintaining the balance between Th17 and Treg cells. The immunomodulatory mechanism 
of Th17 and Tregs has become a hot topic in immunology. Studies show that the pathogenesis of UC is closely 
related to the imbalance of Th17/Treg68. Zhang et al.69 showed that the differentiation of Th17 and the expression 
levels of RORγt, IL-17A, and IL-6 were increased in UC model mice, whereas the differentiation of Tregs and 
the expression levels of Foxp3 and IL-10 decreased. IL-6 is considered a key factor leading to the imbalance of 
Th17/Treg differentiation,Kimura et al.70 found that AHR ligands (TCDD or FICZ) alone cannot induce the dif-
ferentiation of Th17 and Tregs. The cytokines IL-6 and TGF-β promote the effect of AHR ligands on increasing 
the differentiation of Th17 and secretion of IL-17, whereas only TGF-β can increase the expression of Foxp3. 
Studies also show that different AHR ligands have different effects on inducing Th17/Treg differentiation. The 
“mirror cells” of CD4 + Th cells-intrinsic lymphocytes (ILCs) were identified as a new target for UC therapy, and 
were divided into different groups according to the expression of transcription factors, namely, receiving and 
secreting cytokines including ILC1, ILC2, ILC3, and ILCreg. These localize to barrier tissues and participate in 
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the maintenance of mucosal dynamic balance and host defenses against infection. Japanese scholars showed that 
indigo, the main ingredient, activates AHR, which upregulates ILC3/IL22 to achieve anti-inflammatory effects. 
In addition, studies show that ILC2 levels are high in AHR receptors, although AHR inhibits ILC2 function71. 
Among different ILC subsets of the intestine, only ILC2 can be induced to produce IL-1072. An ILC regulatory 
subgroup (also known as ILCreg) secreting IL-10 has not been identified73; therefore, how indigo and its main 
components regulate Th17/Treg and ILCs needs to be further investigated. We found that IN targets were dis-
tributed in 84 tissues and organs in the BioGPS database (including colon and small intestine). We selected 17 
tissues and organs highly related to immunity (bone marrow, lymph nodes, lymphocytes) to construct an IN 
targets-organs location network, and most of the targets were highly expressed in several organs. This suggests 
that IN not only plays a role in the local intestinal mucosa, but it can also stimulate anti-inflammatory processes 
in distant immune tissues and organs. Thus, IN may also lead to the activation of these targets, inducing right 
coloitis, pulmonary hypertension, and liver damage. Liver damage associated with IN and the side effects of 
inducing right colitis and pulmonary hypertension also have this biological basis.

It is known that the network pharmacology of traditional Chinese medicine is a research method aimed at 
elucidating the effective components and action targets of traditional Chinese medicine, but there is still a lot of 
room for improvement in the discipline itself. for example, we need to establish more high-quality comprehensive 
network pharmacology platform. we should fully integrate the existing traditional Chinese medicine, ingredients, 
syndromes, diseases, targets and other contents, and constantly improve and supplement. At the same time, as 
traditional Chinese medicine may play a role in the treatment of diseases through the coordination of multiple 
components, how to predict and evaluate the synergistic effect of multiple compounds is also a challenge we are 
facing at present. in addition, there is also a lack of information about active components activating or inhibit-
ing targets and signal pathways in the platform. If we can constantly improve the above shortcomings, we will 
certainly be able to provide a more reliable theoretical basis for the research of traditional Chinese medicine. 
With regard to the limitations of this manuscript and the aspects that need to be further studied, I think first of 
all, we can use LC/MS technology to verify and supplement the effective compounds of IN, and carry out cor-
responding pharmacokinetic and metabonomic studies. In terms of data collection, we can further search other 
disease databases to supplement disease targets, and verify differential genes combined with patients’ colonic 
mucosa samples. In addition, we also need to use recognized animal and cell models to verify the relevant signal 
pathways and targets.

Conclusions
Although IN is an effective mucosal repair agent, the optimal dose for inducing remision with low toxicity needs 
to be determined. IN is a herb which can eliminate pathogenic factors of body in traditional Chinese medicine; 
however, whether it is suitable for long-term maintenance treatment of UC remains to be determined in future 
clinical trials. In addition, basic experiments are necessary to clarify the mechanism of action of this drug.

Data availability
All the data can be obtained from the open source website we provide, and the conclusion can be drawn through 
the analysis of the relevant software.

Received: 13 March 2020; Accepted: 3 August 2020

References
	 1.	 Naganuma, M. Treatment with indigo naturalis for inflammatory bowel disease and other immune diseases. Immunol. Med. 42, 

16–21. https​://doi.org/10.1080/25785​826.2019.15991​58 (2019).
	 2.	 Koning, M., Ailabouni, R., Gearry, R. B., Frampton, C. M. & Barclay, M. L. Use and predictors of oral complementary and alternative 

medicine by patients with inflammatory bowel disease: a population-based, case-control study. Inflamm. Bowel Dis. 19, 767–778. 
https​://doi.org/10.1097/MIB.0b013​e3182​7f27c​8 (2013).

	 3.	 Weizman, W. et al. Characterisation of complementary and alternative medicine use and its impact on medication adherence in 
inflammatory bowel disease. Aliment. Pharmacol. Therap. 35, 342–349. https​://doi.org/10.1111/j.1365-2036.2011.04956​.x (2012).

	 4.	 Kim, S. et al. Adjunctive herbal medicine therapy for inflammatory bowel disease: a systematic review and meta-analysis. Eur. J. 
Integ. Med. 12, 12–22. https​://doi.org/10.1016/j.eujim​.2017.03.009 (2017).

	 5.	 Opheim, R., Hoivik, M. L., Solberg, I. C. & Moum, B. Complementary and alternative medicine in patients with inflammatory bowel 
disease: the results of a population-based inception cohort study (IBSEN). J. Crohn’s Colitis 6, 345–353. https​://doi.org/10.1016/j.
crohn​s.2011.09.007 (2012).

	 6.	 Dossett, M. L., Davis, R. B., Lembo, A. J. & Yeh, G. Y. Complementary and alternative medicine use by US adults with gastroin-
testinal conditions: results from the 2012 National Health Interview Survey. Am. J. Gastroenterol. 109, 1705–1711. https​://doi.
org/10.1038/ajg.2014.108 (2014).

	 7.	 Fukunaga, K. et al. Placebo controlled evaluation of Xilei San, a herbal preparation in patients with intractable ulcerative proctitis. 
J. Gastroenterol Hepatol 27, 1808–1815. https​://doi.org/10.1111/j.1440-1746.2012.07215​.x (2012).

	 8.	 Zhang, F., Li, Y., Xu, F., Chu, Y. & Zhao, W. Comparison of Xilei-san, a Chinese herbal medicine, and dexamethasone in mild/
moderate ulcerative proctitis: a double-blind randomized clinical trial. J Altern Complemet Med New York (N.Y.) 19, 838–842. 
https​://doi.org/10.1089/acm.2012.0296 (2013).

	 9.	 Lin, L. et al. Efficacy and safety of Indigo naturalis extract in oil (Lindioil) in treating nail psoriasis: a randomized, observer-blind, 
vehicle-controlled trial. Phytomed. Int. J. Phytother. Phytopharmacol. 21, 1015–1020. https​://doi.org/10.1016/j.phyme​d.2014.02.013 
(2014).

	10.	 Gang, L. Analysis of therapeutic effect of Kuijietong series prescription on 30 cases of chronic non-specific ulcerative colitis. 
Liaoning J. Tradit. Chin. Med. 33, 823–824 (2006).

	11.	 Sizhen, G. et al. Effect of Kuijietong on phosphorylation of I κ B α/NF-κ B p65 signal pathway in rats with ulcerative colitis induced 
by sodium dextran sulfate. J. Guangzhou Univ. Tradit. Chin. Med. 35, 297–301 (2018).

https://doi.org/10.1080/25785826.2019.1599158
https://doi.org/10.1097/MIB.0b013e31827f27c8
https://doi.org/10.1111/j.1365-2036.2011.04956.x
https://doi.org/10.1016/j.eujim.2017.03.009
https://doi.org/10.1016/j.crohns.2011.09.007
https://doi.org/10.1016/j.crohns.2011.09.007
https://doi.org/10.1038/ajg.2014.108
https://doi.org/10.1038/ajg.2014.108
https://doi.org/10.1111/j.1440-1746.2012.07215.x
https://doi.org/10.1089/acm.2012.0296
https://doi.org/10.1016/j.phymed.2014.02.013


15

Vol.:(0123456789)

Scientific Reports |        (2020) 10:15204  | https://doi.org/10.1038/s41598-020-71030-w

www.nature.com/scientificreports/

	12.	 Sizhen, G. et al. Intervention effect of Kuijietong on ulcerative colitis induced by sodium dextran sulfate. Chin. J. Integ. Tradit. 
Chin. West. Med. Dig. 25, 742–746 (2017).

	13.	 Zhanqi, T. et al. A multicenter, randomized, double-blind, controlled study of compound Sophora flavescens colonic capsule in 
the treatment of ulcerative colitis of damp-heat type. Chin. J. Integ. Tradit. Chin. West. Med. 31, 172–176 (2011).

	14.	 Gong, Y. et al. Efficacy and safety of Fufangkushen colon-coated capsule in the treatment of ulcerative colitis compared with 
mesalazine: a double-blinded and randomized study. J. Ethnopharmacol. 141, 592–598. https​://doi.org/10.1016/j.jep.2011.08.057 
(2012).

	15.	 Sugimoto, S., Naganuma, M. & Kanai, T. Indole compounds may be promising medicines for ulcerative colitis. J. Gastroenterol. 
51, 853–861. https​://doi.org/10.1007/s0053​5-016-1220-2 (2016).

	16.	 Ru, J. et al. TCMSP: a database of systems pharmacology for drug discovery from herbal medicines. J. Cheminform. 6, 13. https​://
doi.org/10.1186/1758-2946-6-13 (2014).

	17.	 Liu, Z. et al. BATMAN-TCM: a bioinformatics analysis tool for molecular mechANism of traditional Chinese medicine. Sci. Rep. 
6, 21146. https​://doi.org/10.1038/srep2​1146 (2016).

	18.	 Huang, L. et al. TCMID 2.0: a comprehensive resource for TCM. Nucleic Acids Res. 46, D1117–D1120. https​://doi.org/10.1093/
nar/gkx10​28 (2018).

	19.	 Xu, X. et al. A novel chemometric method for the prediction of human oral bioavailability. Int. J. Mol. Sci. 13, 6964–6982. https​://
doi.org/10.3390/ijms1​30669​64 (2012).

	20.	 Mexia, N. et al. A biomimetic, one-step transformation of simple indolic compounds to malassezia-related alkaloids with high 
AhR potency and efficacy. Chem. Res. Toxicol. 32, 2238–2249. https​://doi.org/10.1021/acs.chemr​estox​.9b002​70 (2019).

	21.	 Micallef, M. J. et al. The natural plant product tryptanthrin ameliorates dextran sodium sulfate-induced colitis in mice. Int. Immu-
nopharmacol. 2, 565–578. https​://doi.org/10.1016/s1567​-5769(01)00206​-5 (2002).

	22.	 Wang, Z. et al. Tryptanthrin protects mice against dextran sulfate sodium-induced colitis through inhibition of TNF-alpha/NF-
kappaB and IL-6/STAT3 pathways. Molecules https​://doi.org/10.3390/molec​ules2​30510​62 (2018).

	23.	 Keiser, M. J. et al. Relating protein pharmacology by ligand chemistry. Nat. Biotechnol. 25, 197–206. https​://doi.org/10.1038/nbt12​
84 (2007).

	24.	 Szklarczyk, D. et al. STITCH 5: augmenting protein-chemical interaction networks with tissue and affinity data. Nucleic Acids Res 
44, D380-384. https​://doi.org/10.1093/nar/gkv12​77 (2016).

	25.	 Gfeller, D., Michielin, O. & Zoete, V. Shaping the interaction landscape of bioactive molecules. Bioinform. (Oxf. Engl.) 29, 3073–
3079. https​://doi.org/10.1093/bioin​forma​tics/btt54​0 (2013).

	26.	 Wang, X. et al. PharmMapper 2017 update: a web server for potential drug target identification with a comprehensive target 
pharmacophore database. Nucleic Acids Res. 45, W356–W360. https​://doi.org/10.1093/nar/gkx37​4 (2017).

	27.	 Wishart, D. S. et al. DrugBank 5.0: a major update to the DrugBank database for 2018. Nucleic Acids Res. 46, D1074–D1082. https​
://doi.org/10.1093/nar/gkx10​37 (2018).

	28.	 Li, Y. H. et al. Therapeutic target database update 2018: enriched resource for facilitating bench-to-clinic research of targeted 
therapeutics. Nucleic Acids Res. 46, D1121–D1127. https​://doi.org/10.1093/nar/gkx10​76 (2018).

	29.	 Piñero, J. et al. DisGeNET: a comprehensive platform integrating information on human disease-associated genes and variants. 
Nucleic Acids Res. 45, D833–D839. https​://doi.org/10.1093/nar/gkw94​3 (2017).

	30.	 UniProt: the universal protein knowledgebase. Nucleic Acids Res. 45, D158–D169. https​://doi.org/10.1093/nar/gkw10​99 (2017).
	31.	 Szklarczyk, D. et al. The STRING database in 2017: quality-controlled protein-protein association networks, made broadly acces-

sible. Nucleic Acids Res. 45, D362–D368. https​://doi.org/10.1093/nar/gkw93​7 (2017).
	32.	 Shannon, P. et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. 

13, 2498–2504. https​://doi.org/10.1101/gr.12393​03 (2003).
	33.	 Missiuro, P. V. et al. Information flow analysis of interactome networks. PLoS Comput. Biol. 5, e1000350. https​://doi.org/10.1371/

journ​al.pcbi.10003​50 (2009).
	34.	 Raman, K., Damaraju, N. & Joshi, G. K. The organisational structure of protein networks: revisiting the centrality-lethality hypoth-

esis. Syst Synth. Biol. 8, 73–81. https​://doi.org/10.1007/s1169​3-013-9123-5 (2014).
	35.	 Tang, Y., Li, M., Wang, J., Pan, Y. & Wu, F. X. CytoNCA: a cytoscape plugin for centrality analysis and evaluation of protein interac-

tion networks. Bio Syst. 127, 67–72. https​://doi.org/10.1016/j.biosy​stems​.2014.11.005 (2015).
	36.	 Song, W., Ni, S., Fu, Y. & Wang, Y. Uncovering the mechanism of Maxing Ganshi Decoction on asthma from a systematic perspec-

tive: a network pharmacology study. Sci. Rep. 8, 17362. https​://doi.org/10.1038/s4159​8-018-35791​-9 (2018).
	37.	 Wan, Y. et al. Utilising network pharmacology to explore the underlying mechanism of Wumei Pill in treating pancreatic neoplasms. 

BMC Complement. Altern. Med. 19, 158. https​://doi.org/10.1186/s1290​6-019-2580-y (2019).
	38.	 Zhang, W. et al. Systems pharmacology dissection of the integrated treatment for cardiovascular and gastrointestinal disorders by 

traditional chinese medicine. Sci. Rep. 6, 32400. https​://doi.org/10.1038/srep3​2400 (2016).
	39.	 Prevoršek, Z., Gorjanc, G., Paigen, B. & Horvat, S. Congenic and bioinformatics analyses resolved a major-effect Fob3b QTL on 

mouse Chr 15 into two closely linked loci. Mamm. Genome Off. J. Int. Mamm. Genome Soc. 21, 172–185. https​://doi.org/10.1007/
s0033​5-010-9252-z (2010).

	40.	 Suh, S. Y. & An, W. G. Pulsatillae radixsystems pharmacological approach of on treating Crohn’s Disease. Evid. Based Complement. 
Altern. Med.: eCAM 2017, 4198035. https​://doi.org/10.1155/2017/41980​35 (2017).

	41.	 Yu, G., Wang, L. G., Han, Y. & He, Q. Y. clusterProfiler: an R package for comparing biological themes among gene clusters. Omics: 
J. Integ. Biol. 16, 284–287. https​://doi.org/10.1089/omi.2011.0118 (2012).

	42.	 Xiong, Y. et al. Network pharmacology-based research on the active component and mechanism of the antihepatoma effect of 
Rubia cordifolia L.. J. Cell. Biochem. 120, 12461–12472. https​://doi.org/10.1002/jcb.28513​ (2019).

	43.	 Li, J. et al. Exploring the mechanism of Danshen against myelofibrosis by network pharmacology and molecular docking. Evid. 
Based Complement. Altern. Med. eCAM 2018, 8363295. https​://doi.org/10.1155/2018/83632​95 (2018).

	44.	 Trott, O. & Olson, A. J. AutoDock Vina: improving the speed and accuracy of docking with a new scoring function, efficient 
optimization, and multithreading. J. Comput. Chem.  31, 455–461. https​://doi.org/10.1002/jcc.21334​ (2010).

	45.	 Kawai, S. et al. Indigo Naturalis ameliorates murine dextran sodium sulfate-induced colitis via aryl hydrocarbon receptor activa-
tion. J. Gastroenterol. 52, 904–919. https​://doi.org/10.1007/s0053​5-016-1292-z (2017).

	46.	 Lin, Y. K. et al. Protective effect of indigo naturalis extract against oxidative stress in cultured human keratinocytes. J. Ethnophar-
macol. 139, 893–896. https​://doi.org/10.1016/j.jep.2011.12.037 (2012).

	47.	 Lihua, C. et al. Extraction and antioxidant activity of indirubin from indigo indigo. J. Jishou Univ. (Nat. Sci. Ed.) 25, 72–76 (2013).
	48.	 Peiying, W. et al. Textual Research on Materia Medica of Folium Isatidis, Radix Isatidis and Qingdai. J. Shanghai Acad. Tradit. 

Chin. Med. Shanghai Univ. Tradit. Chin. Med. 25, 50–52 (1996).
	49.	 Zhou, D. et al. Evidence-based practice guideline of Chinese herbal medicine for psoriasis vulgaris (Bai Bi). Eur. J. Integ. Med. 6, 

135–146. https​://doi.org/10.1016/j.eujim​.2014.01.010 (2014).
	50.	 Han, R. Highlight on the studies of anticancer drugs derived from plants in China. Stem Cells (Dayton, OH) 12, 53–63. https​://

doi.org/10.1002/stem.55301​20110​ (1994).
	51.	 Suzuki, H. et al. Therapeutic efficacy of the Qing Dai in patients with intractable ulcerative colitis. World J. Gastroenterol. 19, 

2718–2722. https​://doi.org/10.3748/wjg.v19.i17.2718 (2013).

https://doi.org/10.1016/j.jep.2011.08.057
https://doi.org/10.1007/s00535-016-1220-2
https://doi.org/10.1186/1758-2946-6-13
https://doi.org/10.1186/1758-2946-6-13
https://doi.org/10.1038/srep21146
https://doi.org/10.1093/nar/gkx1028
https://doi.org/10.1093/nar/gkx1028
https://doi.org/10.3390/ijms13066964
https://doi.org/10.3390/ijms13066964
https://doi.org/10.1021/acs.chemrestox.9b00270
https://doi.org/10.1016/s1567-5769(01)00206-5
https://doi.org/10.3390/molecules23051062
https://doi.org/10.1038/nbt1284
https://doi.org/10.1038/nbt1284
https://doi.org/10.1093/nar/gkv1277
https://doi.org/10.1093/bioinformatics/btt540
https://doi.org/10.1093/nar/gkx374
https://doi.org/10.1093/nar/gkx1037
https://doi.org/10.1093/nar/gkx1037
https://doi.org/10.1093/nar/gkx1076
https://doi.org/10.1093/nar/gkw943
https://doi.org/10.1093/nar/gkw1099
https://doi.org/10.1093/nar/gkw937
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1371/journal.pcbi.1000350
https://doi.org/10.1371/journal.pcbi.1000350
https://doi.org/10.1007/s11693-013-9123-5
https://doi.org/10.1016/j.biosystems.2014.11.005
https://doi.org/10.1038/s41598-018-35791-9
https://doi.org/10.1186/s12906-019-2580-y
https://doi.org/10.1038/srep32400
https://doi.org/10.1007/s00335-010-9252-z
https://doi.org/10.1007/s00335-010-9252-z
https://doi.org/10.1155/2017/4198035
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1002/jcb.28513
https://doi.org/10.1155/2018/8363295
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1007/s00535-016-1292-z
https://doi.org/10.1016/j.jep.2011.12.037
https://doi.org/10.1016/j.eujim.2014.01.010
https://doi.org/10.1002/stem.5530120110
https://doi.org/10.1002/stem.5530120110
https://doi.org/10.3748/wjg.v19.i17.2718


16

Vol:.(1234567890)

Scientific Reports |        (2020) 10:15204  | https://doi.org/10.1038/s41598-020-71030-w

www.nature.com/scientificreports/

	52.	 Sugimoto, S. et al. Clinical efficacy and safety of oral Qing-Dai in patients with ulcerative colitis: a single-center open-label pro-
spective study. Digestion 93, 193–201. https​://doi.org/10.1159/00044​4217 (2016).

	53.	 Naganuma, M. et al. Efficacy of indigo naturalis in a multicenter randomized controlled trial of patients with ulcerative colitis. 
Gastroenterology 154, 935–947. https​://doi.org/10.1053/j.gastr​o.2017.11.024 (2018).

	54.	 Li, S. & Zhang, B. Traditional Chinese medicine network pharmacology: theory, methodology and application. Chin. J. Nat. Med. 
11, 110–120. https​://doi.org/10.3724/sp.j.1009.2013.00110​ (2014).

	55.	 Li, H. et al. A network pharmacology approach to determine active compounds and action mechanisms of ge-gen-qin-lian decoc-
tion for treatment of type 2 diabetes. Evid. Based Complement. Altern. Med. 2014, 495840. https​://doi.org/10.1155/2014/49584​0 
(2014).

	56.	 Zhang, B., Wang, X. & Li, S. An integrative platform of TCM network pharmacology and its application on a herbal formula Qing-
Luo-Yin. Evid. Based Complement. Altern. Med. 2013, 456747. https​://doi.org/10.1155/2013/45674​7 (2013).

	57.	 Gao, W. et al. Indirubin, a constituent of the Chinese herbal medicine Qing-Dai, attenuates dextran sulfate sodium-induced murine 
colitis. Yonago Acta Med. 96, 636–645. https​://doi.org/10.1139/bcb-2018-0041 (2018).

	58.	 Gaot, W. et al. The combination of indirubin and isatin attenuates dextran sodium sulfate induced ulcerative colitis in mice. Bio-
chem. Cell Biol. 96, 636–645. https​://doi.org/10.1139/bcb-2018-0041 (2018).

	59.	 Study on the anti-inflammatory effects of indirubin and tryptamine on RAW264.7 inflammatory cell model induced by LPS. World 
J. Integ. Tradit. Chin. West. Med. 10,1069–1072(1996).

	60.	 Lee, I. A., Kim, E. J. & Kim, D. H. Inhibitory effect of β-sitosterol on TNBS-induced colitis in mice. Planta Med. 78, 896–898. https​
://doi.org/10.1055/s-0031-12984​86 (2012).

	61.	 Ding, K. et al. β-Sitosterol improves experimental colitis in mice with a target against pathogenic bacteria. J. Cell. Biochem. 120, 
5687–5694. https​://doi.org/10.1002/jcb.27853​ (2019).

	62.	 Kim, K. A., Lee, I. A., Gu, W., Hyam, S. R. & Kim, D. H. β-Sitosterol attenuates high-fat diet-induced intestinal inflammation in 
mice by inhibiting the binding of lipopolysaccharide to toll-like receptor 4 in the NF-κB pathway. Mol. Nutr. Food Res. 58, 963–972. 
https​://doi.org/10.1002/mnfr.20130​0433 (2014).

	63.	 Wang, Y. et al. Effects of indigo naturalis on colonic mucosal injuries and inflammation in rats with dextran sodium sulphate-
induced ulcerative colitis. Exp. Ther. Med. 14, 1327–1336. https​://doi.org/10.3892/etm.2017.4701 (2017).

	64.	 Liang, Y. N. et al. Indigo naturalis ameliorates dextran sulfate sodium-induced colitis in mice by modulating the intestinal micro-
biota community. Molecules (Basel, Switz.) https​://doi.org/10.3390/molec​ules2​42240​86 (2019).

	65.	 Xiao, H. T. et al. Qing-dai powder promotes recovery of colitis by inhibiting inflammatory responses of colonic macrophages in 
dextran sulfate sodium-treated mice. Chin. Med.  10, 29. https​://doi.org/10.1186/s1302​0-015-0061-x (2015).

	66.	 Shi, J. et al. Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature 526, 660–665. https​://doi.
org/10.1038/natur​e1551​4 (2015).

	67.	 Jiang, H. et al. Identification of a selective and direct NLRP3 inhibitor to treat inflammatory disorders. J. Exp. Med. 214, 3219–3238. 
https​://doi.org/10.1084/jem.20171​419 (2017).

	68.	 Zou, Y. et al. Baicalin attenuates TNBS-induced colitis in rats by modulating the Th17/Treg paradigm. Arch. Pharmacal Res. 38, 
1873–1887. https​://doi.org/10.1007/s1227​2-014-0486-2 (2015).

	69.	 Zhang, L. et al. Heme oxygenase-1 ameliorates dextran sulfate sodium-induced acute murine colitis by regulating Th17/Treg cell 
balance. J. Biol. Chem. 289, 26847–26858. https​://doi.org/10.1074/jbc.M114.59055​4 (2014).

	70.	 Kimura, A., Naka, T., Nohara, K., Fujii-Kuriyama, Y. & Kishimoto, T. Aryl hydrocarbon receptor regulates Stat1 activation and 
participates in the development of Th17 cells. Proc. Natl. Acad. Sci. U.S.A. 105, 9721–9726. https​://doi.org/10.1073/pnas.08042​
31105​ (2008).

	71.	 Li, S. et al. Aryl hydrocarbon receptor signaling cell intrinsically inhibits intestinal group 2 innate lymphoid cell function. Immunity 
49, 915-928.e915. https​://doi.org/10.1016/j.immun​i.2018.09.015 (2018).

	72.	 Bano, J. K. et al. ILC2s are the predominant source of intestinal ILC-derived IL-10. J. Exp. Med. https​://doi.org/10.1084/jem.20191​
520 (2020).

	73.	 Wang, S. et al. Regulatory innate lymphoid cells control innate intestinal inflammation. Cell 171, 201-216.e218. https​://doi.
org/10.1016/j.cell.2017.07.027 (2017).

Acknowledgements
Thanks to International Science Editing (https​://www.inter​natio​nalsc​ience​editi​ng.com) for editing this 
manuscript.

Author contributions
G.S.Z. wrote the manuscript; X.Y. and Z.H. edited and improved the manuscript; G.Y. and S.S.Y. compiled the 
T.C.M. database and target capture; X.S.G., P.J., and T.Y.N. collated the disease target database; C.K.J., W.H., 
and Z.Y.L. performed G.O., K.E.G.G., and BioGPS analysis. D.D.B. directed the research and proposed changes 
to the manuscript, and all authors reviewed the manuscript and approved the final version of the manuscript.

Funding
This study was supported by the National Natural Science Foundation of China (No. 81804037); Shanghai 
Municipal Health and Family Planning Commission Clinical Special Project (No. 20184Y0047); and Shanghai 
“Rising Stars of Medical Talent”. Youth Development Program No. HWJRS (2019)72.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-71030​-w.

Correspondence and requests for materials should be addressed to D.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1159/000444217
https://doi.org/10.1053/j.gastro.2017.11.024
https://doi.org/10.3724/sp.j.1009.2013.00110
https://doi.org/10.1155/2014/495840
https://doi.org/10.1155/2013/456747
https://doi.org/10.1139/bcb-2018-0041
https://doi.org/10.1139/bcb-2018-0041
https://doi.org/10.1055/s-0031-1298486
https://doi.org/10.1055/s-0031-1298486
https://doi.org/10.1002/jcb.27853
https://doi.org/10.1002/mnfr.201300433
https://doi.org/10.3892/etm.2017.4701
https://doi.org/10.3390/molecules24224086
https://doi.org/10.1186/s13020-015-0061-x
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/nature15514
https://doi.org/10.1084/jem.20171419
https://doi.org/10.1007/s12272-014-0486-2
https://doi.org/10.1074/jbc.M114.590554
https://doi.org/10.1073/pnas.0804231105
https://doi.org/10.1073/pnas.0804231105
https://doi.org/10.1016/j.immuni.2018.09.015
https://doi.org/10.1084/jem.20191520
https://doi.org/10.1084/jem.20191520
https://doi.org/10.1016/j.cell.2017.07.027
https://doi.org/10.1016/j.cell.2017.07.027
https://www.internationalscienceediting.com
https://doi.org/10.1038/s41598-020-71030-w
www.nature.com/reprints


17

Vol.:(0123456789)

Scientific Reports |        (2020) 10:15204  | https://doi.org/10.1038/s41598-020-71030-w

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Mechanisms of indigo naturalis on treating ulcerative colitis explored by GEO gene chips combined with network pharmacology and molecular docking
	Anchor 2
	Anchor 3
	Materials and methods
	Construction of a database of IN main active ingredients. 
	Potential targets of IN. 
	Construction of a UC-related targets database. 
	Construction of the PPI interaction network. 
	Construction of an “Herbs-Components-Targets” network of IN. 
	Construction of a compoud targets-organs location network. 
	GO and KEGG enrichment analysis. 
	Active components-targets docking. 

	Results
	Targets prediction and analysis of IN. 
	“Herbs-Components-Targets” network of IN analysis. 
	Compoud targets-organs location network analysis. 
	GO and KEGG enrichment analysis. 
	Components-targets docking analysis. 

	Discussion
	Conclusions
	References
	Acknowledgements


