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1. Introduction

Potential therapeutic targets and molecular details
of anthocyan-treated inflammatory bowel disease:
a systematic bioinformatics analysis of network
pharmacologyf

Yugi Lin,}? Lianxiang Luo, ¢ Haowen Lin, @2 Xiaoling Li® and Riming Huang {2 *2

Anthocyans, containing anthocyanins and anthocyanidins, play a crucial role in preventing and treating
inflammatory bowel disease (IBD). Most anthocyanins and their basic elements, namely anthocyanidins
have been recognized for the effective treatment of IBD, but the key biomarkers of anthocyan-treated
IBD remain unclear. In this study, a bioinformatics analysis based on network pharmacology was
performed to demonstrate the core-targets, biological functions, and signaling pathways of most
common anthocyanidins that existed in anthocyans to reveal their potential or major mechanisms. The
network pharmacology of the multi-target drug molecular design with specific signal nodes was
selected, which was used to analyse core targets and complete the bioinformatics analysis of core
targets. The network assays indicated 44 common targeted genes, 5 of which were core targets of both
six most common anthocyanidins and IBD. These 44 common targets related to major signaling
mechanisms of the six most common anthocyanidins in IBD may involve following processes: promotion
of intracellular metabolism and proliferation, inhibition of cell necrosis, anti-inflammation and regulation
of intestinal epithelial survival mainly via pathways such as, the EGFR tyrosine kinase inhibitor resistance
pathway, platelet activation, microRNAs in cancer, arachidonic acid metabolism and the cGMP-PKG
signaling pathway. Thus, our findings may provide other molecular details about anthocyans in the
treatment of IBD and contribute towards the use of anthocyanidins, which will be meaningful shedding
light on the action mechanisms of anthocyanidins in treating IBD.

affected by the change of environmental factors and gut
microbiota, CD often causes disorders of innate and adaptive

Inflammatory bowel disease (IBD) is chronic and intestinal
inflammation with unknown etiology and pathogenesis, which
is mainly defined as Crohn's disease (CD) or ulcerative colitis
(UC).* UC is an idiopathic and chronic inflammatory disorder of
the colonic mucosa, which starts in the rectum and extends to
the proximity in an uninterrupted pattern through the entire
colon or part of it, and bloody diarrhea, abdominal pain, and
urgency are the typical presenting symptoms of UC.> Mainly
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immune responses, ranging from mildly active diseases such as
occasional diarrhea and rectal bleeding to severely active
diseases that may cause 10-20 translation of bloody bowel per
day. Besides, people with CD have an increased risk of cancer,
osteoporosis, anemia, nutritional deficiency, depression,
infection, and thrombosis.®* However, the location of inflam-
mation is different between CD and UC. In CD, inflammation is
usually transmural, and CD can be associated with intestinal
granuloma, strictures, and fistulas, while in UC, inflammation
is usually limited to the mucosa, and the symptoms in CD are
not typical in UC.* In addition, IBD, including two idiopathic
types of CD and UC, and atypical types of collagen colitis and
refractory colitis, is characterized as chronic gastrointestinal
inflammation, alternating clinical remission recurrence, and
patients with severe IBD need to be treated by the colorectal
resection.” IBD has affected over 1 million individuals in the
United States, while more than 2.5 million in Europe. The
prevalence of IBD is highest in the Western world, affecting up
to 0.5% of the total population, with a treatment cost of over 6
billion in 2004.° There are mainly 5-aminosalicylic acid, 6-
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mercaptopurine, sulfasalazine, glucocorticoids, azathioprine,
cyclosporine, thioguanine, methotrexate, and tacrolimus.
However, long-term usage is limited due to different side effects
and other adverse effects of these drugs, including, diarrhea,
abdominal pain, nausea, and vomiting.” Consequently, it is
essential to highlight the exploit of new treatment and drugs for
IBD to relieve the current risk and reduce costs.

It is noteworthy that many patients with IBD begin to turn to
alternative medicine and turn to traditional plant-based drugs;
consequently, anthocyan-rich foods are highly emphasized.
Anthocyans, including anthocyanins and anthocyanidins, are
a group of water-soluble plant pigments found in different parts
of higher plants, mainly flowers and fruits, including leaves,
stems, and roots. Depending on the pH value and the presence
of chelating metal ions, they are intensely coloured in purple,
red, blue, or violet.® Notably, anthocyanins and anthocyanidins
have antioxidative, antimicrobial, anti-inflammatory, and anti-
mutagenic properties, which have been recognized as bioac-
tive substances with health benefits. Anthocyanins and antho-
cyanidins play a crucial role in preventing and treating many
chronic diseases such as metabolic disorders, cancer, eye
diseases, and cardiovascular diseases, particularly IBD.**
Anthocyans play an anti-inflammatory role by protecting intes-
tinal mucosal integrity, epithelial barrier function, and recovery
of immune regulation, and by regulating gut microbiota, which
is beneficial to IBD treatment.'”'> Moreover, anthocyanin
degradation products and colonic metabolites, such as antho-
cyanidins, can suppress pro-inflammatory cytokine produc-
tion.” As the bioavailability of consumed anthocyanins and
anthocyanidins to the plasma seems to be less than 2%, it is
recognized that the anthocyans are either absorbed through the
gastrointestinal tract or metabolized in the intestines or liver.?
Numerous studies have demonstrated the anti-inflammatory
effects of anthocyan-rich fruits and plants (ESI Table 17).
Increasing evidence suggests anthocyans as dietary supple-
ments, whose role in managing IBD and its associated onco-
genesis is deemed to be crucial.’* Due to the existence of
flavonoid ions in the anthocyanin structure and its unique
electronic distribution, multiple anthocyanins are derived from
natural anthocyanidins and will be hydrolyzed into anthocya-
nidins. There are only six anthocyanidins that have been
commonly found in fruits and vegetables, namely, cyanidin,
peonidin, delphinidin, pelargonidin, malvidin, and petuni-
din.***® The six most common anthocyanidins are highlighted
as the basic elements of anthocyanins, and they are produced
upon anthocyanin hydrolysis. Otherwise, early research has
pointed out that the anthocyanidins could very well be the
immediate metabolites after ingestion of anthocyanins because
the h-glucosidase enzyme found in intestinal bacteria can easily
hydrolyze respective anthocyanins to anthocyanidins.'”*® In
addition, another research found that the anthocyanins assayed
did not inhibit cell proliferation of cell lines tested at a specific
concentration (200 ug ml™'), but anthocyanidins showed cell
proliferation inhibitory activity." Therefore, herein, we
summarize the anti-inflammatory activity or potential of the six
most common anthocyanidins (ESI Table 2t), and their actions
by inhibiting the downstream genes are shown in Fig. 1,
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Fig. 1 Anti-inflammatory activity of the six most common anthocya-
nidins. | represents inhibition. Red circles represent the most
common anthocyanidins and yellow circles the downstream genes.

highlighting that the downstream genes are closely connected
with the anti-inflammation of the mentioned six anthocyani-
dins, as described in the following research.

Cyanidin and delphinidin acted by mitigating TNFo-trig-
gered activation of transcription factor nuclear factor kappa B
(NF-«B), and downstream phosphorylation of myosin light
chain (MLC), which support a particular capacity in the
protection of the intestinal barrier against inflammation-
induced permeabilization, in part through the inhibition of
the NF-kB pathway.”® Another research pointed out that cyani-
din and delphinidin supplementary in mice fed with a high-fat
diet can reduce lipid deposition and inflammation in the liver,
potentially related to the activation of the redox-sensitive
signals IKK/NF-kB and JNK1/2, and increased expression of
the PTP1B phosphatase regulated by NF-kB.>** In the research
of anti-inflammatory activities of peonidin, treatment of JB6
P(+) cells with peonidin inhibited 12-O-tetradecanoylphorbol-
13-acetate (TPA)-induced cytochrome c oxidase assembly
protein-2 (COX-2) expression, and also decreased TPA-induced
neoplastic transformation and blocked TPA-induced phos-
phorylation of extracellular signal-regulated kinases (ERKs) in
the cells to meet the anti-inflammatory effect.” However, mal-
vidin, peonidin, and petunidin exhibited an inhibitory effect of
secretory phospholipase A (2) (sPLA2).>* It is known that SPLA2
contributes to the mediation of the inflammation, which is the
main factor leading to the excessive production of arachidonic
acid under inflammatory conditions.?*® Thus, these anthocya-
nidins play a modulatory role, realizing their anti-inflammatory
activities. Otherwise, pelargonidin accomplishes its anti-
inflammatory effects by inhibiting the inducible nitric oxide
synthase (iNOS) protein and mRNA expression and nitric oxide
(NO) production.”” Studies have shown that compounds that
inhibit the expression or activity of iNOS have potential anti-
inflammatory effects.”®?

After collecting and analysing the effects of anthocyan-rich
foods on IBD, the relevant anti-inflammatory activities of the
six most common anthocyanidins were studied. However, the
mentioned mechanism about the anthocyanidins is still

© 2021 The Author(s). Published by the Royal Society of Chemistry
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unclear, and the treatment of IBD still urgently needs to be
studied as the early research has pointed out the anti-
inflammatory effects of anthocyanidins**?® and also other
effects on various types of cancers,"”" making it essential to
completely explore the usefulness of this natural ingredient.
Thus, we aimed to find out the potential mechanisms of IBD
treatment by analysing the most existing anthocyanidins. We
consider that the common targets and potential signaling
mechanisms of these 6 anthocyanidins for treating IBD will
contribute to relevant information to IBD treatment. To explore
the common targets and major signaling mechanisms of the
anthocyanidins in IBD treatment, we tried to integrate bio-
informatics and network pharmacology tools to predict the
target genes and analyse the significant interactions between
the six most common anthocyanidins and IBD. The investiga-
tive flowchart is shown in Fig. 2.

2. Materials and methods

2.1 Screening potential targets of the six most common
anthocyanidins and IBD

The potential targets of the most common anthocyanidins
(cyanidin, delphinidin, malvidin, petunidin, pelargonidin, and
peonidin) were acquired through analysis of the Traditional
Chinese Medical Systems Pharmacology (TCMSP), SuperPred,
and Swiss Target Prediction. TCMSP, a unique system phar-
macology platform and a form of Chinese herbal medicines is
used to capture the relationships between drugs, targets, and
diseases. TCMSP selects the connected targets of

© 2021 The Author(s). Published by the Royal Society of Chemistry

Investigate flowcharts for prioritizing biotargets and signaling pathways of anthocyans in treatment of IBD.

anthocyanidins by using the SysDT formulas of Herbal Ingre-
dients' Targets Database (HIT), and the information of TCMSP
mainly comes from the Therapeutic Target Database (TTD) and
PharmGKB databases.*® SuperPred is a prediction webserver for
anatomical therapeutic chemical code and target prediction of
compounds, which allows prognoses about the medical indi-
cation area of novel compounds and finds new leads for known
targets.** Swiss Target Prediction is an online tool since 2014. It
aims to predict the most probable small molecular protein
targets according to the principle of similarity, and possible
targets can also be found through material structures’ input on
it.*> SuperPred and Swiss Target Prediction accomplish the work
based on the methods, namely, 2D fragment and 3D similarity
searching. Otherwise, there are authoritative and comprehen-
sive disease analysis databases. GeneCards has been regarded
as a searchable and integrative database, considered the most
comprehensive genetic data database because of the compre-
hensive, easy-to-use information about all annotated and pre-
dicted human genes.** The other one, Online Mendelian
Inheritance in Man (OMIM), is a major repository of compre-
hensive and selected information on genes and genetic
phenotypes and their relationships. Through this database,
diseases are linked to genes related to the human genome and
provide the relevant references for further research and genome
tool analysis of cataloged genes.**** Moreover, DisGeNET, one
of the largest available collections of genes and variants
involved in human diseases, is homogeneously annotated with
controlled vocabularies and community-driven ontologies.*® As
a general platform for different research purposes, including

RSC Adv, 2021, 11, 8239-8249 | 8241
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investigating the molecular underpinnings of specific human
diseases and their comorbidities, analyzing the characteristics
of disease genes, generating a hypothesis on the therapeutic
action and adverse effects of drugs, predicting disease genes
through careful calculation, and evaluating the performance of
text mining methods.** GeneCards, OMIM, and DisGeNET
could quickly find out the connected genes based on their
database and special formulas, such as integrating data from
expert-curated databases with information gathered through
text-mining the scientific literature. GeneCards, OMIM and
DisGeNET were combined to choose the gene symbol by using
the keyword “Inflammatory bowel disease”. UniProt database is
the most informative and widely available protein database,
which can be used to obtain the targets' official genetic
symbols.?” Based on the different computational formulas of all
the databases, we can receive the connected targets as much as
possible for a comprehensive analysis. Then, we deleted the
duplicate targets of all the obtained targets. The Draw Venn
diagram  (http://bioinformatics.psb.ugent.be/webtools/Venn/)
was applied to show common targets of the six most common
anthocyanidins. Then, using FunRich_v3.1.3, we showed the
common targets of the involved anthocyanidins against IBD.

2.2 Protein-protein interaction data and screening for core
targets

Based on the STRING database online platform (https://string-
db.org/) (Version 11.0),*®* which covers the most known
human PPI information, protein—protein interaction (PPI) data
of the received common targets of the involved anthocyanidins
against IBD were obtained. Then, a PPI network model with
species set to “Homo sapiens” was constructed by STRING, based
on the different analyses of multi databases in STRING, such as,
the cooccurence across genomes, co-expression, experimental/
biochemical data, association in curated databases, and co-
mentioned in Pubmed Abstracts, finally to receive the PPI
network with selected score. The minimum required interaction
score was set to “high confidence” (high confidence 0.700) and
the disconnected nodes in the network were hidden. Other
parameters were the default settings. After establishing the PPI
network, Cytoscape (Version 3.8.1) was used to filter out the core
targets by analyzing the PPI information of common targets
from STRING. By calculating and analyzing the network struc-
ture and weighted reconnection between nodes, the core targets
can be selected. In this work, selecting filters are based on
degree values (DC) and betweenness-centrality (BC), DC repre-
sents the connection scope, the target in higher DC with the
more comprehensive effect, and BC represents the number of
connected targets, the targets in higher BC with more con-
nected targets, the core targets will be selected through these
filters, thus, we selected the core targets based on DC and BC
through CentiScaPe 2.2 in Cytoscape_v3.8.1.

2.3 Functional processes and molecular pathway
enrichment analysis of common targets

Metascape is a convenient and powerful annotation analysis
tool of gene function, which can help users apply the popular
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bioinformatics analysis methods to batch gene and protein
analysis to realize gene or protein function cognition.* It
combines functional enrichment, interactive group analysis,
gene annotation, and membership search to utilize more than
40 independent knowledge bases in an integrated portal.*® In
the study, the enrichment analysis of Gene Ontology in bio-
logical function (GO-BP) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway were completed by Metascape using
the previously identified common targets of the involved
anthocyanidins and IBD. Using multiple authoritative, func-
tional databases, we inputted the selected common targets into
the website and ran the Enrichment Analysis program.

2.4 Key KEGG pathway analysis and core target position

KEGG is a database resource for understanding advanced
genomic, chemical and system functions and biological systems
(such as cells, organisms, and ecosystems), used to systemati-
cally analyze the function of genes to reveal the genetic and
chemical blueprint of life phenomena. It is a knowledge base
created manually, based on the knowledge obtained by
capturing and organizing experiments in a computable form.
Besides, the powerful graphic function of KEGG helps to express
multiple metabolic pathways and their relationships vividly.****
The KEGG database (http://www.genome.ad.jp/kegg/) was used
to analyze the key KEGG pathway with the lowest p-value. The
core targets in the key pathway were highlighted and their anti-
inflammatory effects were analyzed to accomplish a compre-
hensive understanding of the potential mechanisms of the
anthocyanidins in treating IBD.

2.5 Assay and visualization of network relationships

Cytoscape_v3.8.1 was used to visualize the relationship between
common targets of the anthocyanidins against IBD and the
selected GO-BP enrichments and KEGG pathways. Moreover,
the targets of the six most common anthocyanidins against IBD
were studied. Enrichment of other targets of KEGG visualization
is beneficial for further correlation analysis.

3. Result

3.1 Detailed data of common targets and the PPI network

TCMSP, Swiss Target Prediction and SuperPred were used to
identify the potential targets of the six most common antho-
cyanidins. The identified targets of cyanidin, delphinidin,
malvidin, pelargonidin, peonidin, and petunidin were 104, 108,
104, 114, 104, and 104, respectively. Through the Draw Venn
diagram, 93 common targets of these anthocyanidins were
revealed, which are shown in Fig. 3.

Following the bioinformatics analysis, 1385 known thera-
peutic targets for IBD were selected with a GeneCards relevance
score over 12.82, a median value. Besides, 1578 and 528 known
targets for IBD treatment were acquired from DisGeNET and
OMIM databases, respectively. In total, 2761 therapeutic targets
of IBD were collected after the duplicates were removed. The
2761 therapeutic targets of IBD were mapped onto the 93
common targets of the anthocyanidins using FunRich_v3.1.3 to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Venn diagram of the common targets of the six most common
anthocyanidins.

construct a Venn diagram. Eventually, 44 targets were identified
as the commonly targeted genes with IBD and the six most
common anthocyanidins. Meanwhile, with the species set to
“Homo sapiens”, the minimum required interaction score was
set to “High confidence” (high confidence 0.700) and the
disconnected nodes in the network were hidden. The STRING
database was used to analyse 44 common targets with func-
tionally related PPI data, as shown in Fig. 4.
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3.2 Screening for core targets

The received PPI data was imported into Cytoscape_v3.8.1 to
calculate the interaction network's topological parameters of
anthocyanidin's targets for treatment of IBD and functionally
related targets. By analyzing the network, the maximum
freedom degree of the targets is 13, and the medium freedom
degree of the targets is 3.314. Furthermore, the maximum
betweenness-centrality value of the targets is 283, and the
medium betweenness-centrality value of the targets is 48.114.
The topological attributes of DC and BC were respectively pre-
sented as the node size and node color depth. The network is
shown in Fig. 5. Consequently, 5 core targets with the topo-
logical attributes of BC > 149 and DC > 7 were selected, and their
detailed information is listed in Table 1. These core targets were
phosphatidylinositol ~ 3-kinase regulatory subunit alpha
(PIK3R1), proto-oncogene tyrosine-protein kinase Src (SRC),
RAC-alpha serine/threonine-protein kinase (AKT1), epidermal
growth factor receptor (EGFR), and matrix metalloproteinase-9
(MMP9).

3.3 Common targets in GO biological functions and KEGG
pathway enrichments

GO and KEGG analyses of the 44 common targets were
accomplished through Metascape database to obtain rich
ontology clusters. GO biological functions (Table 2), and KEGG
pathways (Table 3) are expressed in different forms: a bar graph,

FLT3 ALK

IBD

T Anthocaqidin

Fig. 4 PPl network of the 44 common targets. Colored nodes represent query proteins and first shell of interactors. Edges represent protein—
protein associations. ABCB1: ATP-dependent translocase ABCB1; AVPR2: vasopressin V2 receptor; MMP3: stromelysin-1; MMP13: collagenase 3;
ALOX15: arachidonate 15-lipoxygenase; ALOX5: arachidonate 5-lipoxygenase; PTGS1: prostaglandin G/H synthase 1; MPD: PLA2GB1: phos-
pholipase A2; MMP9: matrix metalloproteinase-9; MMP12: matrix metalloproteinase-12; MMP2: matrix metalloproteinase-2; MMP3: matrix
metalloproteinase-3; EGFR: epidermal growth factor receptor; F2: prothrombin; MET: hepatocyte growth factor receptor; SRC: proto-onco-
gene tyrosine—protein kinase Src; KDR: vascular endothelial growth factor receptor 2; CXCR1: C-X-C chemokine receptor type 1; DRD4:
dopamine receptor D4; ADORA3: transmembrane domain-containing protein TMIGD3; PIM1: serine/threonine—protein kinase pim-1; FLT3:
receptor-type tyrosine—protein kinase FLT3; PIK3R1: phosphatidylinositol 3-kinase regulatory subunit alpha; IGF1R: insulin-like growth factor 1
receptor; SYK: tyrosine—protein kinase SYK; AKT1: RAC-alpha serine/threonine—protein kinase; PIK3CG: phosphatidylinositol 4,5-bisphosphate
3-kinase catalytic subunit gamma isoform; INSR: insulin receptor; CYP1B1: cytochrome P450 1B1; AHR: aryl hydrocarbon receptor; CDK6:
cyclin-dependent kinase 6; GSK3B: glycogen synthase kinase-3 beta; MAPT: microtubule-associated protein tau; ABCG2: ATP-binding cassette
sub-family G member 2; ABCC1: multidrug resistance-associated protein 1.
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Fig. 5 Core targets of anthocyanidin in treatment of IBD.
Table 1 Information of the core targets
Gene symbol Gene name Degree Betweenness Closeness centrality
PIK3R1 Phosphatidylinositol 3-kinase regulatory subunit alpha 13 283.00 0.49
SRC Proto-oncogene tyrosine-protein kinase Src 10 149.17 0.50
AKT1 RAC-alpha serine/threonine-protein kinase 9 247.83 0.49
EGFR Epidermal growth factor receptor 7 153.00 0.45
MMP9 Matrix metalloproteinase-9 7 279.83 0.48

circro circles, and a bubble diagram. According to findings, GO
biological functions associated with these targets mainly
included the following pathways, as shown in Fig. 6: positive
regulation of kinase activity, cellular response to nitrogen
compounds, cellular response to reactive oxygen species,
response to amyloid-beta, regulation of reactive oxygen species
metabolic process, regulation of transmembrane transport,

mediated signaling pathway and regulation of bone resorp-
tion. KEGG pathway enrichment analysis was further imple-
mented to identify and analyze the mechanism of complex
regulation genes in the network, as the results indicated that
the related KEGG pathways (P < 0.05) with high confidence are
EGFR tyrosine kinase inhibitor resistance, platelet activation,
ovarian steroidogenesis, MicroRNAs in cancer, adheren junc-

icosanoid metabolic process, cell chemotaxis, cytokine- tion, transcriptional misregulation in cancer, arachidonic acid
Table 2 Top 10 GO biological processes of the targets
GO-BP Category Description Count % log 10(P)
GO0:0033674 GO biological processes Positive regulation of kinase activity 15 34.09 —12.995
GO0:1901699 GO biological processes Cellular response to nitrogen compound 15 34.09 —12.531
GO0:0034614 GO biological processes Cellular response to reactive oxygen 10 22.73 —12.374
species
GO0:1904645 GO biological processes Response to amyloid-beta 7 15.91 —10.918
GO0:2000377 GO biological processes Regulation of reactive oxygen species 9 20.45 —10.166
metabolic process
GO0:0034762 GO biological processes Regulation of transmembrane transport 12 27.27 —9.576
GO0:0006690 GO biological processes Icosanoid metabolic process 7 15.91 —8.738
GO0:0060326 GO biological processes Cell chemotaxis 9 20.45 —8.502
G0:0019221 GO biological processes Cytokine-mediated signaling pathway 12 27.27 —7.960
GO0:0045124 GO biological processes Regulation of bone resorption 5 11.36 —7.911

8244 | RSC Adv, 2021, 11, 8239-8249

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09117k

Open Access Article. Published on 22 February 2021. Downloaded on 4/11/2026 11:57:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 3 Top 10 KEGG pathways of the targets

View Article Online

RSC Advances

KEGG Category Description Count % log 10(P)
hsa01521 KEGG pathway EGFR tyrosine kinase inhibitor resistance 8 18.18 —11.86
hsa04611 KEGG pathway Platelet activation 7 15.91 —8.64
hsa04913 KEGG pathway Ovarian steroidogenesis 5 11.36 —7.52
hsa05206 KEGG pathway MicroRNAs in cancer 8 18.18 —7.25
hsa04520 KEGG pathway Adherens junction 5 11.36 —6.71
hsa05202 KEGG pathway Transcriptional misregulation in cancer 6 13.64 —6.08
hsa00590 KEGG pathway Arachidonic acid metabolism 4 9.09 —5.32
hsa04921 KEGG pathway Oxytocin signaling pathway 5 11.36 —5.1
hsa04022 KEGG pathway c¢GMP-PKG signaling pathway 5 11.36 —4.96
hsa02010 KEGG pathway ABC transporters 3 6.82 —4.16
A B C
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metabolism, oxytocin signaling pathway, cGMP-PKG signaling
pathway, and ABC transporters, as shown in Fig. 7. In addition,
all the other related GO-BP enrichments and KEGG pathways
are also listed (ESI Table 37).

3.4 Core targets in key KEGG pathway enrichment

Top 10 KEGG pathways were selected from the Metascape
database, and these pathways are essential in cytokine storms
caused by IBD. Based on the Reactome knowledge base, we
analysed the most potential pathway for anthocyanidins in
treatment of IBD, the EGFR tyrosine kinase inhibitor resistance

pathway as shown in Fig. 8, which showed the potential targets
for anthocyanidins and IBD with hit genes and p-value, simul-
taneously highlighting the effects of core targets based on their
anti-inflammatory activities. This pathway vividly illustrates the
most potential signaling mechanism of anthocyanidin-rich
foods and anthocyanidins in IBD treatment.

3.5 Network of anthocyanidins in treatment of IBD

Based on the data of the top 10 enriched GO terms and KEGG
pathways, we created a network visualization of anthocyani-
dins-targets-GO-KEGG-IBD using Cytoscape_v3.8.1, as shown
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Fig. 7 Top 10 signaling pathways of treatment of IBD with anthocyanidins were identified. (A) Bar diagrams. (B) Circro circles. (C) Bubble

diagrams.
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in Fig. 9. The network shows that anthocyanidins shared 10
biological processes and 10 KEGG pathways, highlighting their
combined activity against IBD targets.

4. Discussion

IBD includes two main forms, namely, CD and UC, which are
characterized by chronic relapsing intestinal inflammation. The
incidence of IBD shows a rising trend, which has been regarded
as a global medical problem.** IBD has emerged in the USA and
Europe and in newly industrialized countries in Asia and South

3
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America, and thus, has evolved into a global disease with rising
prevalence.* IBD refers to a death-causing infection and
patients have a high burden of parenteral diseases. Patients
with IBD have a higher risk of cancer and other organ and
system complications such as osteoporosis, venous thrombo-
embolism, and cardiovascular disease.** Although the patho-
genesis of CD and UC has been reported, the etiology of IBD is
mostly unknown or no in-depth study is available, and the
current treatment is not satisfactory.*>*” Therefore, there is an
urgent need for effective management and treatment strategies
for IBD. Based on the mentioned factors for treating IBD, people
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begin to shift from drug therapy to dietary regulation or tar-
geted dietary intake to recover from IBD.* There is a new
frontier in IBD treatment that's beginning to focus, that is,
anthocyans, due to the multiple functions, particularly anti-
inflammatory.” Anthocyans, including anthocyanins and
anthocyanidins, are commonly present in fruits and other plant
parts, and the evident pharmacological efficacy on IBD has been
verified,*** including the connection between gut microbiota
and the brain barrier. In the research talking about the influ-
ence of dietary blueberry and broccoli on cecal microbiota
activity and colon morphology in a model of IBD, it was found
that the number of IBD-related gut microbiota such as Entero-
coccus, Lactobacillus and Escherichia coli in the intestinal tract
decreased significantly, and the number of organic acids such
as butyric acid and propionic acid increased in the intestinal
tract.”® On the one hand, the effect of anthocyan-rich food on
IBD has been widely reported, and, on the other hand, the
relationship between gut microbiota and neuroinflammation is
also being studied. Intake of anthocyan-rich foods can slow
down the activation of downstream NF-kB transcription factors
induced by lipopolysaccharide in microglia during intestinal
dystrophy, thereby inhibiting the various pathways associated
with Alzheimer's disease.** Similarly, anthocyanins can signifi-
cantly improve the expression of pro-inflammatory cytokines
(TNF-a, IL-1B and COX2) and ROS/JNK to prevent neuro-
inflammation and Alzheimer's pathology.”® Obviously, there is
a certain relationship between anthocyan intake and gut
microbiota, and changes in gut microbiota will lead to changes
in anti-inflammatory factors that affect the brain barrier, such
as Alzheimer's disease. Thus, the comprehensive discussion of
the major potential mechanisms of anthocyans against IBD is
essential for a deeper understanding of IBD treatment. In this
study, we found the common pharmacological efficacy of the six
most common anthocyanidins on IBD, focused on pointing out
the major pharmacological mechanism and supporting other
ideas for IBD treatment. Here, we used a new research route to
uncover the integrative pharmacological mechanism of the six
most common anthocyanidins used for treating IBD by network
pharmacology and other data mining approaches. Systematic
network pharmacology to identify and optimize all the core
targets, functional processes, and molecular pathway enrich-
ment analysis of the anthocyanidins used for treating IBD was
employed. In our finding, 44 common targets were identified,
and 5 core targets were recognized as PIK3R1, SRC, AKT1,
EGFR, and MMP?9.

In network pharmacology analysis, notable enriched GO
biological processes included positive regulation of kinase
activity, cellular response to nitrogen compound and cellular
response to reactive oxygen species. According to the KEGG
pathway analysis, the most potential pharmacological mecha-
nisms of anthocyanidins in treatment of IBD includes the EGFR
tyrosine kinase inhibitor resistance pathway involving 4 core
targets, namely, EGFR, PIK3R1, AKT1, and SRC. EGFR is
a tyrosine kinase that participates in intracellular homeostasis
regulation, which is also a stimulating factor for cancerous
growth. Both EGFR gene mutations and protein overexpression
activate downstream pathways that are associated with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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cancers.”® We analyzed that the anthocyanidins may regulate
the EGFR activation to induce the proliferation of epithelial
cells by regulating the FOXO signaling pathway in the EGFR
tyrosine kinase inhibitor resistance pathway.”” There is
evidence that inhibiting the EGFR pathway by reducing the
phosphorylation of eIF2o phosphorylation increases the
cellular oxidative stress sensitivity.”® The other involved core
targets, AKT1 and PIK3R1, AKT1, a serine/threonine kinase, are
multifunctional proteins implicated in regulating cell growth,
survival ratio and proliferation.> It is noteworthy that inhibiting
the PI3K/AKT/NF-«B pathway mediated by PIK3R1 to exert an
anti-inflammatory effect was also be regarded as the potential
mechanism of anthocyanidins to realize their effect.®® And the
NF-kB pathway has been reported to be connected with the gut
microbiota and brain barrier.”® Moreover, many studies have
shown that SRC plays multiple roles in macrophage-mediated
innate immunity, such as phagocytosis, the production of
inflammatory cytokines/mediators, and the induction of
cellular migration.®* Studies have suggested roles for SRC in
macrophage-mediated inflammatory responses.®*** Notably,
various inflammatory diseases are closely related to macro-
phage activation.** We combined and investigated the effects of
anthocyanidins through the EGFR tyrosine kinase inhibitor
resistance by analyzing the anti-inflammatory effects of the core
pathway, and concluded that anthocyan-rich foods might treat
IBD by regulating the expression of EGFR, inhibiting the PI3K-
AKT signal pathway, inhibiting the abnormal dimerization of
STAT3 by inactivating SRC, and pharmacologically regulating
the resistance pathway of EGFR tyrosine kinase inhibitors.
Furthermore, we found the other potential pharmacological
mechanisms of anthocyans in treatment of IBD involved
specific modulations of anti-inflammatory responses, for
example, platelet activation,®® MicroRNAs in cancer,* arach-
idonic acid metabolism,*” and cGMP-PKG signaling pathway.®®
Based on all the results, we concluded that the anthocyans used
for treating IBD may promote intracellular metabolism and
proliferation, inhibition of cell necrosis, anti-inflammation,
and moderate intestinal epithelial survival via the mentioned
pathways, and all the results will be verified with experiments in
the further research.

5. Conclusion

In summary, the bioinformatics findings we have harvested
hint that the modulation of EGFR, SRC, PIK3R1, and AKT1 in
the EGFR tyrosine kinase inhibitor resistance pathway may be
the major pathway of the anthocyans in treatment of IBD.
Otherwise, the activation of molecular pathways of platelet
activation, microRNAs in cancer, arachidonic acid metabolism,
and the cGMP-PKG signaling pathway should also be regarded
as the potential pathways. In brief, all common targets, func-
tional processes and molecular pathways of the six most
common anthocyanidins in treatment of IBD were identified
using bioinformatics and network pharmacology tools.

This study provides a systematic view of the major signaling
mechanisms of anthocyans in treatment of IBD based on the
analysis of the most common anthocyanidins, which may offer
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a new IBD treatment idea. However, these potential targets and
signaling mechanisms that are predicted by bioinformatic and
network pharmacology tools still need to be confirmed by
further investigation. Consequently, experimental verification
will be emphasized in the following research.
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