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Abstract
Atherosclerosis is a chronic vascular disease characterized by failure to resolve inflammation and
forming plaque within the arterial wall. Atherosclerosis and its related cardiovascular diseases are the
major causes of death worldwide. Our previous preliminary study showed that anthocyanin-rich extract
(ACNE) from Xinjiang wild cherry plum (Prunus divaricata Ledeb) fruit peels exhibited anti-
atherosclerotic effect. However, the potential mechanism of this health-beneficial effect remains unclear.
Here, network pharmacology combined with molecular docking was used to tentatively address this
issue. The ACNE mainly contains cyanidin, cyanidin 3-glucoside (Cy3Glu), Cyanidin 3-(6''-acetylglucoside)
(Cy3AcGlu), cyanidin 3-galactoside (Cy3Gal), cyanidin 3-xyloside (Cy3Xyl), and cyanidin 3-rutinoside
(Cy3Rut). Seven key targets, EGFR, VEGFA, HSP90AA1, SRC, HIF1A, CXCR4 and IGF1R were identified
from core protein-protein interaction (PPI) network. Anthocyanins interacting on key targets were initially
demonstrated by molecular docking, particularly Cy3Rut and Cy3Xyl having highest affinity with most key
targets. Biological function analysis suggested that key targets were involved in several biological
processes, including positive regulation of cell migration, positive regulation of phosphorylation,
inflammatory response, response to hypoxia, etc. The significantly enriched pathways, such as HIF-1
signaling pathway, calcium signaling pathway, macrophage stimulating protein MSP signaling network
map, were closely related to atherosclerosis. Altogether, based on the comprehensive analysis and
discussion, we reveal that TLR4/EGFR and IGF1R-CXCL12/CXCR4 pathways are at least partially
implicated in the anti-atherosclerotic effects of anthocyanins through affecting inflammation, endothelial
homeostasis, and foam cell formation. This study serves as a theoretical basis for further validating the
underlying mechanism of anthocyanins anti-atherosclerosis via in vitro and in vivo experiments.

Introduction
Atherosclerosis is a progressive disorder affecting the arterial wall of medium-to-large arteries. It is the
underlying cause of cardiovascular diseases such as heart attack and stroke that are associated with
high mortality and morbidity worldwide. It is reported that atherosclerotic cardiovascular disease
(ASCVD) affects more than 500 million individuals globally and accounts for 19 million deaths
annually(Li et al. 2023). Atherosclerosis is characterized by chronic unresolved inflammation and gradual
arterial plaque deposition, with endothelial dysfunction as an initiating factor(Björkegren et al. 2022).
Endothelial cells activated by oxidized lipids and proinflammatory stimuli express chemotactic factors
and adhesion molecules, which attract monocytes to migrate into the subendothelial space, following
differentiating into macrophages. In the arterial intima, monocyte-derived macrophages engulf oxidized
low-density lipoprotein (oxLDL), resulting in lipid-laden foam cells formation and the development of
fatty streaks, eventually becoming atherosclerotic plaques(Björkegren et al. 2022). These plaques make
arterial lumen narrow and are prone to rupture or erosion, which readily causes catastrophic thrombosis
in heart, brain or extremities, as a result of tissue infarction(Wolf et al. 2019). Besides endothelial cells
and macrophages, vascular smooth muscle cells, neutrophils and T cells have also been implicated in
the pathogenesis and progression of atherosclerosis(Stroope et al. 2024).
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Traditionally, hypertension, smoking, diabetes mellitus, obesity and so on have been recognized as risk
factors of atheroma. Now, non-traditional drivers of atherosclerosis including disturbed sleep, physical
inactivity, the microbiome, air pollution and environmental stress have gained attention(Libby 2021). The
traditional and emerging risk factors are bridged by inflammatory pathways and leukocytes, collectively
altering behavior of arterial wall cells. Over the past three decades, prevention and treatment of ASCVD
were mainly concentrated on regimes regulating LDL-cholesterol via statins and PCSK9 (proprotein
convertase subtilisin/kexin type 9)-blocking antibodies, and therapies targeting other traditional risk
factors(Bergheanu et al. 2017, Li et al. 2022). The cardiovascular mortality has decreased substantially,
yet the global burden of cardiovascular disease remains huge. There is evidence that residual
inflammatory risk remains significant even when LDL cholesterol regulated to target level, as well as
being a stronger predictor of fata and non-fatal events compared to residual cholesterol risk(Ridker et al.
2023, Verma et al. 2023). Given the primordial, persistent and indispensable role of inflammatory
components in the pathogenesis of atherosclerosis, inflammatory pathways have been suggested as
promising clinical targets for treating ASCVD(Engelen et al. 2022, Kong et al. 2022).

In China, there are a group of indigenous wide cherry plums (Prunus divaricata Ledeb) naturally growing
in the Ili River Valley of the Western Tianshan Mountains, located at Huocheng County, Ili Kazakh
Autonomous Prefecture of Xinjiang Uygur Autonomous Region(Wang et al. 2006). They produce wild
fruits which can serve as food source for human being and other wild animals. These wild fruits possess
high nutritional value and potential health benefits because of containing many nutraceutical and
bioactive components such as polyphenols, flavonoids, polysaccharides, alimentary fiber, ascorbic acid,
and minerals(Smanalieva et al. 2019, Shen et al. 2021). Among them, a subgroup of flavonoids, well
known as anthocyanins, are present in the peels with high abundance. Anthocyanins are naturally
occurring water-soluble vacuolar pigments, which give most higher plants (especially fruits, vegetables,
flowers, and grains) brilliant colors with range from red-orange to blue-violet(Chen et al. 2023). Besides
as natural pigments, anthocyanins are secondary metabolites protecting plants from biotic and abiotic
stresses(Zhang et al. 2023). In structural sense, they contain anthocyanidin skeletons (C6-C3-C6) and
sugar moieties, occasionally with acyl modification(Yang et al. 2023). There are more than 700 different
anthocyanins, which predominantly assemble with six anthocyanidins including pelargonidin, cyanidin,
delphinidin, peonidin, petunidin, malvidin and several common sugar residues such as glucose, ribose,
xylose, galactose, rutinose(Yang et al. 2023). Diversity in their structure derives from the number and the
position of the sugar moieties attached to aglycones (anthocyanidins) and the hydroxylation of
aglycones and the acylation of sugar residues. Our previous study showed that the total anthocyanin
content indicated as cyanidin 3-glucoside was 48% in the anthocyanins extract (ACNE) from Xinjiang
wild cherry plum fruit peels(Shen et al. 2021), which was evaluated by a pH-differential method. The
composition of ACNE analyzed by LC-MS/MS, mainly consist of cyanidin, cyanidin 3-glucoside, Cyanidin
3-(6''-acetylglucoside), cyanidin 3-galactoside, cyanidin 3-xyloside, and cyanidin 3-rutinoside(Shen et al.
2021).

Chemical structure determines bioactivity. The promoting health effects of anthocyanins have gained
extensively attention. Growing evidence demonstrate anthocyanins derived from different plant source
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have preventive and therapeutic effects against various chronic diseases, such as obesity, diabetes,
nonalcoholic fatty liver disease, cardiovascular diseases, neurodegenerative diseases(Li et al. 2020,
Franco-San Sebastián et al. 2023, Zaa et al. 2023, Mohammadi et al. 2024). It has been reported that
anthocyanins exert protective effects on atherosclerosis. On one side, anthocyanins can reduce risk
factors of atheroma, such as diabetes(Kozłowska et al. 2024), hypertension(Xin et al. 2024). On the
other side, anthocyanins can exhibit anti-atherosclerotic action through their abilities of anti-
inflammation, anti-oxidative stress, lipid regulation, endothelial protection(Danielewski et al. 2023,
Szekeres et al. 2023). A study conducted by our group has shown that ACNE can significantly enhance
anti-oxidant, anti-inflammatory capacity, and lower plasma lipids compared to atherosclerotic mice
model(Shen et al. 2022). Additionally, a series of potential targets regarding lipid metabolism for ACNE’s
anti-atherosclerotic action have also been identified by LC-MS/MS based-metabolomics analysis(Shen et
al. 2022). Yet, the underlying anti-atherosclerotic mechanism of ACNE remains unclear. Here, we employ
network pharmacology and molecular docking technologies to explore the molecular details on anti-
atherosclerosis of anthocyanins derived from Xinjiang wild cherry plum fruit peels.

Materials and Methods

Collection of anthocyanins and related targets
According to our analysis of anthocyanins-rich extract from Xinjiang wild cherry plum fruit peels, the
anthocyanins composition included cyanidin, cyanidin 3-glucoside, cyanidin 3-(6''-acetylglucoside),
cyanidin 3-galactoside, cyanidin 3-xyloside, and cyanidin 3-rutinoside. The chemical SMILES of
anthocyanins were obtained from PubChem database. The SMILES was used to retrieve target gene
from Similarity ensemble approach (SEA), SuperPred and SwissTragetPrediction databases. The target
genes were limited to Homo sapiens and unified by mapping to the HUGO Gene Nomenclature
Committee (HGNC) gene symbol. Then, they were merged and removed duplicate genes.

Collection of atherosclerosis related targets
Atherosclerosis related targets were collected from three databases, including DisGeNET
(http://www.disgenet.org), GeneCards (https://www.genecards.org), Online Mendelian Inheritance in
Man (OMIM, https://omim/org). “Atherosclerosis” was used as searching keywords, and the species
parameter was set as “Homo sapiens”. Moreover, targets from GeneCards and DisGeNET were further
filtered out by relevance score > 1.0, score_gda ≥ 0.01, respectively. To avoid naming format bias, the
obtained target genes were converted into standardized protein gene names via mapping to HGNC gene
symbol. Subsequently, all targets were merged, and the duplicated targets were removed.

Construction and analysis of the PPIs network
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For constructing the protein-protein interactions (PPIs) network, firstly, the common targets between
anthocyanins and atherosclerosis were obtained by intersecting two sets via the online tool
InteractiVenn (http://www.interactivenn.net/), which can also use to perform the overlapping targets
visualization through Venn plot. Subsequently, the PPIs network data was retrieved from STRING
database (https://stringdb.org/) (accessed on 3 May 2023) with active interaction sources of textmining,
experiments and databases, minimum required interaction score of 0.70 (high confidence), and
organism specified as “Homo sapiens”. Finally, the PPIs network was constructed and visualized by
Cytoscape V3.8.2 software. Network topological analysis was conducted by the Cytoscape plugin
Centiscape2.2. To identify the key hub targets, another plugin cytoHubba0.1 was applied to
comprehensively evaluate node centrality, with selection of MCC method.

Gene ontology and pathway enrichment analysis
The gene ontology (GO) and pathway enrichment analysis was performed by online tools Metascape
(http://metascape.org/gp/index.html), with defined organism “Homo sapiens”. The GO analysis covered
three modules, biological processes (BP), cellular components (CC), molecular functions (MF). The
pathway analysis included enrichment in KEGG, Reactome and WikiPathway databases. The most
significant top10 enriched GO terms and pathways were displayed by bar plot, which were conducted
with package ggplot2 (V3.4.3) under R environment (V4.2.0).

Molecular docking
To investigate the interaction between anthocyanins and hub targets, molecular docking was performed
by using AutoDock Vina V1.2.3. In brief, the 3D structures of anthocyanins were downloaded from
PubChem in sdf format, which then were converted into pdb format by PyMOL V 2.5.5 software and
processed by AutoDock Tools (ADT) V4.2 software, following outputting as pdbqt format. The crystal
structures of hub targets were acquired from RCSB Protein Data Bank (PDB) in pdb format, with
concentration on high resolution, completeness and human origin. Then, PyMOL and ADT were used to
process the protein structure, including removing water, metal ions and original ligand, calculating
charge, adding hydrogen, measuring grid box parameters, following the generation of pdbqt file.
Subsequently, the interaction between the prepared ligands and proteins was evaluated by AutoDock
Vina under CMD environment in Microsoft OS. The ligand with best docking conformation and the
prepared protein structure were converted into one pdbqt file with PyMOL, and then used to predict
possible interactions through online tool Protein-Ligand Interaction Profiler (PLIP, https://plip-
tool.biotec.tu-dresden.de/plip-web/plip/index). Finally, the docking results were displayed by PyMOL and
Adobe Illustrator CS6 V16.0.0.

Results

Screening of potential targets
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A total of 236 dereplicated potential targets of six anthocyanins (Fig. 1) were retrieved from Similarity
ensemble approach (SEA), SuperPred and SwissTragetPrediction databases. For disease targets,
“atherosclerosis” was used to search against DisGeNET, GeneCards, OMIM, resulting in a total of 3943
pooled targets, and 3089 deduplicated targets. 96 common targets were obtained by intersecting two
sets of targets related to anthocyanins and atherosclerosis, as illustrated in Fig. 2.

Identification of hub targets
The PPIs data of 96 common targets were extracted from STRING and used to reconstructed the PPIs
network by Cytoscape software. For identifying hub targets on the basis of betweenness and degree
centrality, the network topological parameters were analyzed by the plugin Centiscape. Fourteen hub
targets were screened by dgree ≥ 10 and betweenness ≥ 200 (Fig. 3A). The core PPIs network of 14 hub
targets (Fig. 3B) were rebuilt and further analyzed by the plugin cytoHubba, with selection of MCC
algorithm. The top 7 key hub targets with highest score including EGFR, VEGFA, IGF1R, HIF1A,
HSP90AA1, CXCR4 and SRC were identified (Table S1).

GO and pathway analysis
For understanding the molecular function of 96 common targets, GO enrichment analysis was
conducted to identify the most enriched biological processes (BP), cellular components (CC) and
molecular functions (MF). The top 10 GO terms were showed in Fig. 4. GO analysis showed that
common targets mainly enriched in several biological processes, including positive regulation of cell
migration (GO:0030335), cellular response to organonitrogen compound (GO:0071417), positive
regulation of phosphorylation (GO:0042327), inflammatory response (GO:0006954), blood circulation
(GO:0008015), positive regulation of protein transport (GO:0051222), response to hypoxia (GO:0001666).
These biological processes might predominantly occur at the location of membrane raft (GO:0045121),
vesicle lumen (GO:0031983), perinuclear region of cytoplasm (GO:0048471), neuronal cell body
(GO:0043025), external side of plasma membrane (GO:0009897), nuclear envelope (GO:0005635),
recycling endosome (GO:0055037). For MF enrichment, the 96 common targets mainly function in virus
receptor activity (GO:0001618), ubiquitin protein ligase binding (GO:0031625), protein tyrosine kinase
activity (GO:0004713), signaling receptor activator activity (GO:0030546), protein domain specific
binding (GO:0019904).

To explore the underlying molecular details on anti-atherosclerosis of anthocyanins, pathway enrichment
analysis was performed by Metascape with covering of KEGG, Reactome and WikiPathway databases.
As shown in Fig. 5, the common targets have implicated in atherosclerosis possibly through related
pathways including HIF-1 signaling pathway (hsa04066), regulation of actin cytoskeleton (hsa04810),
calcium signaling pathway (hsa04020), macrophage stimulating protein MSP signaling network map
(WP5353), AGE/RAGE pathway (WP2324), interleukin-4 and interleukin-13 signaling (rhsa6785807),
signaling by receptor tyrosine kinases (rhsa9006934), adaptive immune system (rhsa1280218),
hemostasis (rhsa109582).
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Molecular docking analysis
In order to investigate the binding possibility between anthocyanins and key targets related to
atherosclerosis, molecular docking was performed by using Autodock Vina tool. Considering docking
scores varying with different docking parameters, three sets of grid box parameters covering active sites
and multiple (2–5) crystal structures were employed to molecular docking. All docking cores were listed
in Table S2. The key targets identified by network pharmacology combined with pivotal targets
determined by our previous metabolomics analysis were used to dock with anthocyanins. On one hand,
from the view of ligands, the optimal target of each anthocyanin was identified, as shown in Table 1.
ENPP2 (PDB code: 5mhp, 8c3p) was the optimal docking protein of Cy3AcGlu and Cy3Xyl. EGFR (PDB
code: 5gty) docked well with Cy3Rut and Cy3Gal, showing the highest affinity. HSP90AA1 (PDB code:
4bqg) and SRC (PDB code: 6ate) were the optimal targets of Cy3Glu and cyanidin, respectively, with the
lowest docking score − 10.56, -9.70 kcal/mol. On the other hand, in the sight of targets, which
anthocyanin docked best with each core target could be found out. The optimal docking results of 13
core target proteins (EGFR, VEGFA, HSP90AA1, SRC, HIF1A, CXCR4, IGF1R, AGPAT1, ENPP2, GPCPD1,
LCAT and PPARG) and six anthocyanins were listed in Table 2. Cy3Rut and Cy3Xyl were the optimal
docking ligands of most pivotal targets. Among them, Cy3Glu and HSP90AA1(PDB code: 4bqg), Cy3Rut
and EGFR (PDB code: 5gty) docked well with each other, showing the optimal affinity (-10.56, -11.33
kcal/mol).

Table 1
The docking parameters and scores of anthocyanins with their optimal targets.

Ligand Target PDB code Affinity

(kcal/mol)

Grid_center

(x, y, z)

Grid_size

(x, y, z)

Cy3AcGlu ENPP2 5mhp -9.40 100.26, 1.49, 25.98 78, 88, 94

Cy3Glu HSP90AA1 4bqg -10.56 0.33, 14.86, 20.57 58, 60, 50

Cy3Xyl ENPP2 8c3p -9.56 29.38, 22.75, 100.87 94, 56,54

Cy3Rut EGFR 5gty -11.33 -27.44, 7.10, -71.52 78, 98, 88

Cy3Gal EGFR 5gty -10.03 -27.44, 7.10, -71.52 78, 98, 88

Cyanidin SRC 6ate -9.70 7.14, -35.77, 9.75 56, 40, 46
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Table 2
The docking parameters and scores of hub targets with their optimal ligands.

Target PDB code Ligand Affinity

(kcal/mol)

Grid_center

(x, y, z)

Grid_size

(x, y, z)

EGFR 5gty Cy3Rut -11.33 -27.44, 7.10, -71.52 78, 98, 88

ENPP2 5mhp Cy3Rut -10.40 72.50, -3.70, 10.60 78, 88, 94

SRC 1byg Cy3Rut -10.30 28.92, 45.60, 15.16 102, 76, 108

PPARG 4ema Cy3Rut -10.00 12.81, -10.15, 32.41 78, 94, 96

CXCR4 3odu Cy3Rut -9.81 13.52, -12.06, 61.70 76, 92, 106

GPCPD1 2z0b Cy3Rut -9.34 42.34, 64.20, -12.11 68, 84, 94

AGPAT1 8erc Cy3Rut -9.20 101.57, 96.91, 99.27 98, 86, 110

LCAT 5txf Cy3Rut -9.08 83.71, 4.83, -0.94 96, 108, 88

PLA2G1B 6q42 Cy3Xyl -9.41 7.60, 48.80, 131.70 86, 78, 96

IGF1R 1m7n Cy3Xyl -8.39 13.08, 17.52, 50.41 110, 126, 126

HIF1A 4h6j Cy3Xyl -6.65 14.10, -13.03, -34.94 56, 60, 40

HSP90AA1 4bqg Cy3Glu -10.56 0.33, 14.86, 20.57 58, 60, 50

VEGFA 1mkg Cy3Gal -7.90 -23.44, 43.65, -0.34 92, 112, 106

For the purpose of further clarifying interacting details, the interacting type and sites of the complex
comprising target and ligand with best docking conformation were predicted by online tool PLIP. The
three-dimensional (3D) view of anthocyanin-target interaction was visualized and displayed in whole and
local magnifying modes by PyMOL. The interactions between each anthocyanin and its optimal target
were showed in Fig. 6. Likewise, the binding configuration of each key target and its optimal ligand was
illustrated in Fig. 7 and Fig. S1. The predicted interactions primarily consisted of hydrophobic and
hydrogen bonds interactions (see Fig. 6, 7, S1, Table S3, S4). The formation of above two main
interactions was crucial for determining the specificity of candidates (ligands) combining with target
proteins. Hydrogen bonds formed between the ligand and the amino acid residues within the active site
facilitated the binding affinity and stability of the ligand-protein complex. Additionally, the binding
specificity was further enhanced by the hydrophobic interactions between nonpolar regions of the ligand
and the protein. Besides the above two main interactions, other critical interactions including salt
bridges, π-stacking, π-cation were also observed in several anthocyanin-target complexes (Fig. 6, 7, S1,
Table S5, S6, S7). The salt bridges mainly occurred in side chain containing basic amino residues, such
as LYS, ARG and HIS (Table S5).

Discussions
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Atherosclerosis is a lipid-driven chronic inflammatory vascular disease due to loss of vascular
homeostasis, macrophage foam cell formation, and smooth muscle cell proliferation, resulting in
progressive thickening of the blood vessel wall. It has been reported to be one of the main causes of
death from cardiovascular disease. Its pathogenesis has implicated in multiple possible mechanisms,
including lipid infiltrations, injury responses, inflammatory responses, immunological responses, and
hemodynamic effects. Our previous study has demonstrated the anti-atherosclerosis activity of
anthocyanins-rich extract from Xinjiang wild cherry plum fruit peels. Yet, the underlying mechanism is
still elusive. In present study, we employ network pharmacology and molecular docking to clarify the
relationship of anthocyanin-target-atherosclerosis.

The anthocyanins presented in Xinjiang wild cherry plum fruit peel mainly include cyanidin, cyanidin 3-
glucoside (Cy3Glu), cyanidin 3-(6''-acetylglucoside) (Cy3AcGlu), cyanidin 3-galactoside (Cy3Gal), cyanidin
3-xyloside (Cy3Xyl), and cyanidin 3-rutinoside (Cy3Rut). Among them, Cy3Glu and Cy3Rut derived from
other plant sources have been suggested to exert antioxidant and anti-inflammatory effects on
RAW264.7 cells in response to hydrogen peroxide and lipopolysaccharide(Jung et al. 2014). In addition,
Cy3Glu can promote the efflux of cholesterol from the human aortic ECs(Wang et al. 2012), regulate
glucose metabolism and reduce hepatic and plasma triglyceride levels, adiposity(Jia et al. 2020). More
recently, a study has shown that Cy3Glu can significantly alleviate the atherosclerotic lesion and
inhibited platelet aggregation and activation in the setting of atherosclerotic inflammation(Yao et al.
2022). Cy3Glu activating liver X receptor α (LXRα)(Wang et al. 2012) and PPARs (with highest affinity for
PPARα)(Jia et al. 2020) are responsible for regulation of cholesterol efflux and glucose metabolism,
respectively.

In this study, EGFR, VEGFA, HSP90AA1, SRC, HIF1A, CXCR4 and IGF1R were identified as key hub targets,
which linked anthocyanins with atherosclerosis. In line with other studies’ results(Li et al. 2022, Sun et al.
2022, Liang et al. 2023), EGFR, HSP90AA1 and SRC were also recognized as key targets for treating
atherosclerosis or acute myocardial infarction through network pharmacology and molecular docking. In
these studies, in spite of HIF1A being not a key target, it was displayed in the core PPI network, which
highlighted its important role in treatment of atherosclerosis or acute myocardial infarction. In our core
PPI network (Fig. 3B), EGFR, epidermal growth factor receptor, has the greatest node degree and MCC
score. Previous study was shown that Cy3Glu decreased EGFR phosphorylation(He et al. 2017). It also
has been reported that disruption of toll-like receptor 4 (TLR4)/EGFR signaling pathway reduced
inflammatory activity and foam cell formation, result in alleviating atherosclerosis(Wang et al. 2017).
Coincidence with our results, TLR4 is also an important target exhibiting in the core PPI network
(Fig. 3B). And there was experimental evidence supporting cyanidin decreasing the protein expression of
TLR4(Thummayot et al. 2018). Thus, based on the above analyses, it prompts that anthocyanins might
exert anti-atherosclerotic effect via targeting on TLR4/EGFR pathway, at least partially. There is evidence
that selective deleting or inhibiting EGFR in myeloid cells or CD4+ T cells limits atherosclerosis via
reducing inflammatory factors production, such as TNF-α, IL-6, IL-4, IL-2, along with suppressing
cytoskeletal rearrangements and also lipid uptake by macrophages and inducing anergy(Zeboudj et al.
2018, Zeboudj et al. 2018). The relationship of EGFR and inflammation is also evidenced by another
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study(Dubourg et al. 2023). The vascular endothelial growth factor (VEGF) family, as the crucial regulator
of angiogenesis, lymphangiogenesis, lipid metabolism and inflammation, is involved in the development
of atherosclerosis and further cardiovascular diseases(Dabravolski et al. 2022). It has been proved that
macrophages with specifically expressed Vegfa accumulated in atherosclerotic lesions(Song et al.
2024). In vitro experimental results indicated that glycoside combinations of Buyang Huanwu decoction
ameliorated atherosclerosis by inhibiting STAT3, HIF-1, and VEGF(Yan et al. 2023).

Heat shock protein 90 (HSP90) is a molecular chaperone, which is extensively involved in the regulation
of protein folding and intracellular protein stability(Qi et al. 2022). It has been observed over-expression
of HSP 90 family protein in atherosclerotic plaque, implying its close association with atherosclerosis.
HSP90 participates in vascular inflammation and is related to diabetes-associated atherosclerosis(Ding
et al. 2022). HSP90 inhibitors treatment can downregulate HSP90AA1 expression and ameliorate
diabetes-driven atherosclerosis. It was evidenced by delaying plaque formation via inhibiting the
migration and proliferation of vascular smooth muscle cells(Lazaro et al. 2017). This process is involved
in activation of Nrf2 and suppression of NF-κB expression in plaques. Recently, a study reported that
Hsp90 Cys521 mutation promoted nitric oxide bioavailability and alleviated endothelial adhesion,
inflammation and oxidative stress in oxLDL-treated ECs through enhancing endothelial nitric oxide
synthase activity and inhibiting NF-κB signaling(Zhao et al. 2022). Proto-oncogene tyrosine-protein
kinase Src is a member of Src-family protein tyrosine kinases, which are promising targets for treating
cardiovascular diseases(Zhai et al. 2021). Src has implicated in HDL acting as inducer of eNOS in
endothelial cells(Abe et al. 2022). Src is recruited by SR-B1, and triggers autophosphorylation, leading to
the phosphorylation and activation of AMPK(Abe et al. 2022). In addition, c-SRC facilitates the
conversion of acetate to acetyl-CoA in cytosol via phosphorylating acetyl-CoA synthetase ACSS2 at
Tyr530 and Tyr562(Zhao et al. 2024). Hypoxia-inducible factor (HIF)-1α is expressed in various cell types
of atherosclerotic lesions and is associated with lesional inflammation. Endothelial HIF-1α promotes
atherosclerosis by triggering miR-19a mediated CXCL1 expression and monocyte adhesion(Akhtar et al.
2015). Inhibiting HIF-1α in adipocyte improves atherosclerosis through impairing ceramide
generation(Wang et al. 2022). It is well known that the chemokine receptor CXCR4 (C-X-C chemokine
receptor type 4) and its cognate ligand CXCL12 control cell homeostasis and trafficking. Previous study
clearly established that vascular CXCR4 limited atherosclerosis by maintaining arterial integrity,
preserving endothelial barrier function, and a normal contractile SMC phenotype(Döring et al. 2017).
Similarly, another study demonstrated the protective effect of B-cell-specific CXCR4 on
atherosclerosis(Döring et al. 2020). Moreover, it has been proved that Cy3Glu significantly
downregulated CXCR4 CXCR7, and CCR5 in platelets and peripheral blood mononuclear cells and
reduced plasma inflammatory chemokines CXCL4, CXCL5, CXCL7, CXCL12, CCL5 in atherosclerotic
inflammation of ApoE–/– mice(Yao et al. 2022).

Insulin-like growth factor-1 (IGF-1), a growth factor produced by a variety of cells and tissues throughout
the body, is involved in tissue growth and differentiation, cell proliferation, survival, and anabolism via
local (autocrine/paracrine) or systemic (endocrine) effects. It has been reported that macrophage
specific IGF-1 overexpression reduced plaque macrophages, foam cells, and atherosclerotic burden. In
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macrophage-specific IGF-1 overexpressed mice, reduction in monocyte infiltration into plaque,
decreased expression of CXCL12 (CXC chemokine ligand 12), and upregulation of ABCA1 (ATP-binding
cassette transporter 1) were also observed. Furthermore, endothelial deficiency of IGF-1 receptor
(IGF1R) caused endothelial barrier dysfunction and promoted atherosclerosis in ApoE-deficient mice.
These results suggest that anthocyanins might exert protective effects on atherosclerosis through
regulating IGF1R-CXCL12/CXCR4 pathway. Additionally, the six key targets, such as ENPP2, PPARG,
GPCPD1, AGPAT1, LCAT, PLA2G1B, identified by metabolomics analysis of plasma samples from ApoE
deficient mice treating with ACNE or corresponding control, are mainly linked to lipid metabolism(Shen
et al. 2022).

Biological function analysis of common targets between anthocyanins and atherosclerosis revealed the
significant enriched GO terms and pathways (Fig. 4 and Fig. 5). The biological processes and molecular
functions, including positive regulation of cell migration (BP, GO:0030335), positive regulation of
phosphorylation (BP, GO:0042327), inflammatory response (BP, GO:0006954), blood circulation (BP,
GO:0008015), positive regulation of protein transport (BP, GO:0051222), response to hypoxia (BP,
GO:0001666), protein tyrosine kinase activity (MF, GO:0004713), signaling receptor activator activity (MF,
GO:0030546), protein domain specific binding (MF, GO:0019904), were closely related to key hub targets.
For instance, autophosphorylation of SRC brings about the phosphorylation and activation of AMPK,
which reflects positive regulation of phosphorylation (BP, GO:0042327). As described before, obviously,
HIF1A, a key regulator in HIF-1 signaling pathway (KEGG, has04066), drives the progression of
atherosclerosis. Besides HIF1A, EGFR, IGF1R, TLR4, VEGFA and HSP90AA1 are also enriched in HIF-1
signaling pathway. The pathway, regulation of actin cytoskeleton (KEGG, hsa04810), enriches three key
hub targets, including EGFR, SRC and CXCR4. A study on flow-induced atherosclerotic mice model
demonstrated that disturbed-flow induced a dramatic transition of ECs from atheroprotective
phenotypes to pro-inflammatory cells, mesenchymal cells, hematopoietic stem cells
phenotypes(Andueza et al. 2020). While Src family kinases play critical role in epithelial homeostasis
(morphology and epithelial integrity) through regulation of actin cytoskeletal dynamics and cellular
adhesions, which involves EMT(Ortiz et al. 2021). Recently, another study established that disturbed
flow-induced atherosclerosis was dependent on integrin-actin cytoskeleton-NF-κB pathway(Fang et al.
2023). Thereby, regulation of actin cytoskeleton is closely related to atherosclerosis. The calcium
signaling pathway (hsa04020) also involves three key hub targets EGFR, VEGFA, CXCR4. Calcium
signaling plays pivotal function in atherosclerosis. This signaling can be triggered in endothelial cells
exposed to external stimuli, such as fluid shear stress and ligand binding(Plank et al. 2006). Moreover,
calcium deposition in the atherosclerotic artery lumen accelerates and solidifies plaque formation
making the vessel narrow(Kalampogias et al. 2016). It has been suggested that VEGFA releases Ca2+

from IP3-sensitive stores and induces store-operated calcium influx via increasing the level of
intracellular inositol 1,4,5-trisphosphate (IP3)(Faehling et al. 2002). VEGFA induced proliferation can be
inhibited by decreasing extracellular or intracellular free Ca2+. CXCR4 can induce Ca2+ release through
activating Gαq subunit, and further regulating protein kinase C (PKC) signaling(Beletkaia et al. 2016).
EGFR is a receptor tyrosine kinase which can hydrolyze phosphatidylinositol 4,5-bisphosphate
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(PI(4,5)P2) within the nucleus, causing Ca2+ release from the nucleoplasmic reticulum by IP3
receptors(de Miranda et al. 2019). Other significantly enriched pathways are not further discussed
because of limited paper length.

Molecular docking results uncover the possible binding pattern of anthocyanins and targets, each
target’s best ligand (anthocyanin, shown in Table 2). Most targets dock optimally with Cy3Rut, next with
Cy3Xyl, as expressed by docking score (affinity, kcal/mol). The results suggest that binding occurs in one
anthocyanin mapping to multiple targets, or multiple anthocyanins mapping to one target via common
hydrophobic and hydrogen bonds interactions, occasionally salt bridges, π-stacking, π-cation.

Limitations
Although the strategy of combining network pharmacology with molecular docking is highly of potential
in prediction of bioactive components and elucidating action of mode, there are still some limitations.
The accuracy of prediction and analyzing results is profoundly influenced by quality of biological data
(including time validity, accuracy, completeness, availability of database, etc.), computational
complexities (including algorithms and precision of scoring function, etc.) and biological system
redundancy. In addition, the conduction of docking usually requires targets with known crystal structure
and rigid model. The strategy also faces challenges from guidelines, regulatory associated with clinical
trials and drug approval. Here, in spite of the strategy reveals the anti-atherosclerotic mechanism of
anthocyanins from Xinjiang wild cherry plum fruit peels, there is still lack of validatory experimental
evidence. This is also a main defect in this study. Next, we will consider establishment of their
interactions via experiments or assays.

Conclusion
In this study, network pharmacology and molecular docking technologies are used to unravel the
mechanism underlying anti-atherosclerotic effect of anthocyanins from Xinjiang wild cherry plum fruit
peels. Our results have suggested that Cy3Rut, Cy3Xyl, Cy3Glu, Cy3Gal might interact on EGFR, VEGFA,
HSP90AA1, SRC, HIF1A, CXCR4, IGF1R and lipid metabolism related targets for exerting anti-
atherosclerotic effect. The interactions between anthocyanins and key hub targets are initially
demonstrated by molecular docking analysis. The functions of these key hub targets can be preliminary
interpreted by significantly enriched GO and pathway annotations. In sum, based on the comprehensive
discussion, we propose that anthocyanins, particularly Cy3Rut and Cy3Xyl, play anti-atherosclerotic
function by affecting inflammation, endothelial homeostasis, and foam cell formation via regulating
TLR4/EGFR pathway, IGF1R-CXCL12/CXCR4 pathway, at least partially. This study deepens our
understanding in anti-atherosclerotic effect of anthocyanins and offers scientific basis for developing
effective therapeutic strategies of atherosclerosis. Also, this will facilitate the exploitation and utilization
of wild bioresource—Xinjiang wild cherry plum. Owing to the limitations of network pharmacology and
molecular docking, next in vitro and in vivo experiments will be conducted to investigate the effects of
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Cy3Rut and Cy3Xyl on TLR4/EGFR, IGF1R-CXCL12/CXCR4 pathways in atherosclerotic cell and animal
models.
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Figures

Figure 1

The chemical structure of anthocyanins presented in Xinjiang wild cherry plum peels. Cy3Rut: cyanidin 3-
rutinoside, Cy3Glu: cyanidin 3-glucoside, Cy3Gal: cyanidin 3-galactoside, Cy3Xyl: cyanidin 3-xyloside,
Cy3AcGlu: cyanidin 3-(6''-acetylglucoside).
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Figure 2

The Venn diagram of two target sets represented by anthocyanins and atherosclerosis, respectively. The
two sets shared 96 targets. This Venn plot was performed by an online tool InteractiVenn.
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Figure 3

The PPI network and identification of hub targets. (A) Centrality of network nodes displayed by scatter
plot. (B) Core PPI network screened from (A). The node size and color were represented with degree
values. The edge size and color indicated combined score.

Figure 4

The GO enrichment analysis of 96 common targets by Metascape tool. The GO annotation included
biological processes (BP), cellular components (CC), molecular functions (MF).
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Figure 5

The pathway enrichment analysis of 96 common targets by Metascape tool. The pathway analysis
covered three databases, including KEGG, Reactome, WikiPathways.
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Figure 6

Molecular interaction and docking poses of anthocyanins with their optimal targets. (A) Cy3AcGlu-
ENPP2(5mhp), (B) Cy3Glu-HSP90AA1(4bqg), (C) Cy3Xyl-ENPP2(8c3p), (D) Cy3Rut-EGFR(5gty), (E)
Cy3Gal-EGFR(5gty) and (F) Cyanidin-SRC(6ate). Dotted lines with yellow, purplish red and green colors
represented hydrophobic, hydrogen bond and π-stacking (π-cation) interactions, respectively.
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Figure 7

Molecular interaction and docking poses of key targets with their optimal ligands, Cy3Rut.(A)
ENPP2(5mhp), (B) SRC(1byg), (C) PPARG(4ema), (D) CXCR4(3odu), (E) GPCPD1(2z0b) and (F)
AGPAT1(8erc). Dotted lines with yellow, purplish red and green colors represented hydrophobic,
hydrogen bond and π-stacking (π-cation) interactions, respectively.
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