
Page 1/35

Tittle Exploring the Mechanism of Resveratrol on
Traumatic Brain Injury by Network Pharmacology
and Molecular Docking
Feifei Liu 

Hangzhou Hospital of Traditional Chinese Medicine
Lijun Han 

Hangzhou Hospital of Traditional Chinese Medicine
Yujian Li 

Hangzhou Hospital of Traditional Chinese Medicine
Guangming Bao  (  yimeng-yimeng@hotmail.com )

Hangzhou Hospital of Traditional Chinese Medicine https://orcid.org/0000-0003-4887-6696

Research

Keywords: Resveratrol, Traumatic brain injury, Network pharmacology, Molecular docking, Bioinformatics

Posted Date: December 1st, 2020

DOI: https://doi.org/10.21203/rs.3.rs-113815/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-113815/v1
mailto:yimeng-yimeng@hotmail.com
https://orcid.org/0000-0003-4887-6696
https://doi.org/10.21203/rs.3.rs-113815/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/35

Abstract
[Background] Resveratrol is a polyphenol present abundantly in lots of traditional Chinese medicines,
which has been shown to have bene�cial effects on neurological diseases. However, the molecular
mechanisms of resveratrol on traumatic brain injury have not been systematically studied yet. In this
study, we elucidated the pharmacological mechanisms of resveratrol in treating traumatic brain injury by
using a network pharmacology method.

[Methods] The pharmacokinetics properties of resveratrol were obtained from the traditional Chinese
medicine systems pharmacology database and analysis platform (TCMSP). The putative targets of
resveratrol were obtained from TCMSP, BATMAN-TCM, SuperPred, PharmMapper, SwissTargetPrediction,
DrugBank, and a literature search. The targets related to traumatic brain injury were obtained from TTD,
DrugBank, CTD, GeneCards, OMIM, MalaCards, and a literature search. The STRING database and the
Cytoscape 3.8.0 software were used to build the protein-protein interaction (PPI) network. The Metascape
database was used to obtain the gene ontology (GO) function and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment information. Finally, The AutoDockTools 1.5.6 and PyMOL 2.4.0
software were employed for molecular docking analyses, and Discovery Studio 2020 was used for
interaction analyses.

[Results] A total of 165 overlapping targets involved in resveratrol intervention in traumatic brain injury
were determined. The GO function analysis indicated that the targets are including the positive regulation
of transferase activity, the positive regulation of cell migration, reactive oxygen species metabolism, the
wound response, and so on. The KEGG pathway analysis identi�ed the following enriched pathways: the
AGE-RAGE signalling pathway, the FoxO signalling pathway, insulin resistance, complement and
coagulation cascades, the HIF-1 signalling pathway, and so on. According to the PPI network analysis,
INS, IGF1, TNF, TP53, ALB, IL6, SRC, STAT3, VEGFA, and MMP9 were identi�ed as hub target genes, in
which IL6, MMP9, INS, and SRC showed a good binding a�nity with resveratrol in molecular docking.

[Conclusions] Resveratrol may target multiple genes and multiple pathways to reduce brain damage after
traumatic brain injury.

1. Background
Traumatic brain injury (TBI) refers to damage to the brain caused by a violent force applied directly or
indirectly to the head [1]. Because TBI often leads to complications such as infection, limb motor
dysfunction, brain nerve dysfunction, and systemic organ dysfunction, the mortality rate of TBI in China
is as high as 7% [2]. The pathological mechanism of TBI is complicated, and there is no effective
treatment for TBI in the clinic. Therefore, the development of high-potency therapeutic drugs is a new
focus of TBI research. Resveratrol is a non�avonoid polyphenol compound with multiple
pharmacological activities, such as antitumour, antioxidant, anti-in�ammatory, antiaging, immune
regulatory, and neuroprotective activities. In the nervous system, resveratrol inhibits the NF-κB pathway,
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activates the mammalian sir2-related protein 1 (Sirt1) pathway, regulates autophagy signalling, inhibits
the release of in�ammatory factors, and has a neuroprotective effect [3]. The concept of network
pharmacology was �rst proposed by Hopkins in 2007. Network pharmacology integrates systems
biology, pharmacology, and information science to construct a "drug-target-disease" interaction network
that can then be used to systematically and integratively study the links among drugs, targets, and
disease phenotypes. Network pharmacology provides a new method for the research and development of
new drugs. Therefore, this study uses network pharmacology methods to screen the possible target genes
of resveratrol in the treatment of TBI and uses molecular docking technology to verify the targets, thereby
providing a reference basis for the treatment of TBI and the clinical application of resveratrol.

2. Methods
2.1 The prediction of putative targets of resveratrol

In this research, pharmacokinetics parameters of resveratrol were retrieved through the traditional
Chinese medicine systems pharmacology database and analysis platform (TCMSP,
https://tcmspw.com/tcmsp.php) [4]. The TCMSP, BATMAN-TCM (http://bionet.ncpsb.org/batman-tcm/)
[5], DrugBank (https://go.drugbank.com/) [6], SuperPred (http://prediction.charite.de/) [7], PharmMapper
(http://www.lilab-ecust.cn/pharmmapper/) [8], and SwissTargetPrediction
(http://www.swisstargetprediction.ch/) [9] databases were searched to obtain the resveratrol targets, and
the CNKI (https://www.cnki.net/), WAN FANG (http://www.wanfangdata.com.cn/index.html), CQVIP
(http://www.cqvip.com/), and PubMed (https://www.ncbi.nlm.nih.gov/) databases were manually
searched to identify additional resveratrol targets.

2.2 Collection of TBI-related targets

The TTD (http://db.idrblab.net/ttd/) [10], DrugBank, CTD (http://ctdbase.org/) [11], GeneCards
(https://www.genecards.org/) [12], OMIM (https://omim.org/) [13] and MalaCards
(https://www.malacards.org/) [14] databases were searched using the following keywords: "Traumatic
Brain Injury", "Brain Injury, Traumatic", "Trauma, Brain", "Intracranial Trauma", "Craniocerebral Trauma",
"Brain Trauma" or "Encephalopathy, Traumatic" to collect targets related to TBI. The literature related to
the targets in�uenced by TBI is reviewed in the supplement.

2.3 Construction of the drug-target-disease network

The TBI-related and resveratrol targets were uploaded to the UniProt database (https://www.UniProt.org/)
[15] to convert them into SYMBOL gene names, and just “Homo sapiens” genes were selected. The
Bioinformatics website (http://www.bioinformatics.com.cn/) was used to construct a Venn diagram, and
the overlapping genes were the target genes of resveratrol in the treatment of TBI. The overlapping genes
were imported into the Cytoscape 3.8.0 software (https://www.cytoscape.org/) to construct a drug-target-
disease network map.
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2.4 Construction of the Protein-Protein-Interaction (PPI) network

All the targets of resveratrol in the treatment of TBI were imported into the STRING (https://string-db.org/)
[16] database to construct a PPI network. The protein type was set to "Homo sapiens", the lowest
interaction threshold was set to "medium con�dence (0.40)", the unlined targets were hidden, and the
other parameters were kept at their default values. The PPI network was imported into the Cytoscape
3.8.0 software, and the "Network Analysis" function was employed to calculate important network
topology parameters such as the degree, combined score, and betweenness of the protein nodes. The
CytoHubba plug-in, which is based on the maximum clique centrality (MCC) calculation method, was
used to screen the top 10 nodes in the PPI network, which were de�ned as the hub genes. The MCODE
plug-in was used to perform cluster analysis of the PPI network and to select the functional modules
based on the number of nodes and the k-core value.

2.5 GO function and KEGG pathway enrichment analyses

GO function enrichment and KEGG pathway analysis were used to understand the biological functions of
the gene products. The overlapping targets and functional modules were imported into the Metascape
database (https://metascape.org/gp/index.html) [17], the species was set to “Homo sapiens”, and the
following aspects were selected for the custom analysis: GO Biological Processes (BP), Molecular
Functions (MF), Cellular Components (CC), and KEGG Pathway. The threshold was set to P<0.05, and the
GO items and KEGG pathways were screened according to the P-values. Cytoscape 3.8.0 was used to
construct a drug-target-KEGG pathway network diagram, and the Bioinformatics and ImageGP websites
(http://www.ehbio.com/ImageGP/index.php/Home/Index/index.html) were used to visualize the GO
function enrichment and KEGG pathway analysis results.

2.6 Molecular docking of the hub targets and resveratrol

The hub targets and resveratrol were selected for the molecular docking analysis. The 3D structure of
resveratrol was downloaded from the ZINC database (http://zinc.docking.org/) [18] and saved in the Mol2
format as an active small molecule in molecular docking. The protein structures of the hub targets were
downloaded from the RCSB PDB database (http://www.rcsb.org/) [19]. The PyMOL 2.4.0 software was
used to perform operations such as dewatering, removing the original ligand, and hydrogenating the
protein, and the �le was then saved in the PDB format. The AutoDockTools 1.5.6 software was used for
semi-�exible docking; the docking results for the highest-scoring conformation were visualized with
PyMOL 2.4.0, and the interaction analysis was performed with Discovery Studio 2020.

3. Results
3.1. Pharmacokinetics parameters of resveratrol

Detailed information on the oral bioavailability (OB), drug-likeness (DL) properties, blood-brain barrier
(BBB) permeability, and other attributes of resveratrol was obtained by querying the TCMSP database.
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The results are shown in Table 1. Although resveratrol has low OB and DL values, it has been reported in
the literature that resveratrol may have therapeutic effects in neurodegenerative diseases [20]; additionally,
the US FDA has approved resveratrol as an anticancer and antioxidant agent for use in clinical treatment,
showing that resveratrol has medicinal properties.

Table 1 Pharmacological and molecular properties of resveratrol

Molecule ID MW OB (%) Caco-2 BBB DL

MOL012744 228.26 19.07 0.80 -0.01 0.11

3.2. Screening of resveratrol- and TBI-related targets

A total of 577 resveratrol targets were obtained by searching the TCMSP, BATMAN-TCM, DrugBank,
SuperPred, PharmMapper, and SwissTargetPrediction databases and conducting a literature search. A
total of 9231 TBI-related targets were retrieved from the GeneCards database, and a total of 845 targets
with a relevance score greater than 20 were selected. The targets were supplemented with 255 additional
targets by searching the TTD, DrugBank, CTD, OMIM, and MalaCards databases. After the targets were
reviewed, 1100 TBI-related targets were ultimately selected. The resveratrol and TBI-related targets were
intersected, and a total of 165 targets of resveratrol in the treatment of TBI were obtained (Figure 1).

Fig 1 The overlapping targets of resveratrol and TBI

3.3. Drug-target-disease network construction

The resveratrol targets, the TBI-related targets, and the 165 resveratrol targets in TBI were introduced into
Cytoscape 3.8.0, and a drug-target-disease network diagram was constructed (Figure 2) that involved
1,514 nodes and 1,677 edges. Among the nodes, the orange node represents the resveratrol target
category, the yellow node represents the TBI-related target category, the green nodes represents the
individual resveratrol targets, the blue nodes represent the individual TBI-related targets, the brown nodes
represents the targets of resveratrol in the treatment of TBI, and the edges represent the interrelationships
among the drug, targets, and disease. The �gure shows that resveratrol may affect TBI by acting on
multiple targets.

Fig 2 Drug-target-disease network of resveratrol in TBI treatment

3.4. PPI network construction and module analysis of resveratrol targets in TBI.

The STRING database and Cytoscape 3.8.0 software were used to construct the PPI network for the 165
overlapping targets, and a network with 165 nodes and 3672 edges was obtained (Figure 3). The
"Network Analyzer" function was used to analyse the network and evaluate the importance of nodes with
their degrees and combined scores. The nodes in the �gure represent the targets, and the edges represent
the associations between targets. The size of each node is proportional to its degree value. The larger the
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degree value, the larger the node, and the darker the colour. The thickness of the edge is directly
proportional to the combined score. The larger the combined score, which indicates a closer connection
between related targets, the thicker the edge and the darker the colour. It can be seen that there are
interactions among these 165 targets, which indicates that these targets are related to each other and
affect TBI through mutual coordination.

Fig 3 The PPI network of overlapping targets of resveratrol and TBI

The MCODE plug-in was used to analyse the functional modules of the PPI network, and 5 functional
modules with nodes ≥4 and k-core ≥3 (MCODE 1–5) were identi�ed (Figure 4). The MCODE 1 module
contains 54 nodes and 1265 edges. MCODE 2 contains 26 nodes and 82 edges. MCODE 3 contains 8
nodes and 20 edges. MCODE 4 contains 6 nodes and 9 edges. MCODE 5 contains 5 nodes and 6 edges.

Fig 4 Module analysis of overlapping targets

To further analyse the functions of the above �ve modules, the targets of the modules were imported into
the Metascape database for GO enrichment and KEGG pathway analysis and sorted according to -
log10(p), and the �rst 20 entries were selected for inclusion in the diagram (Figure 5).

Fig 5 GO functional and KEGG pathway enrichment analysis of MCODE 1-5

The results of the functional module enrichment analysis show that the biological processes associated
with MCODE 1 are mainly related to the positive regulation of cell migration, epithelial cell proliferation,
response to oxidative stress, cytokine-mediated signalling, blood vessel development, and so on. The
molecular functions associated with MCODE 1 are mainly involved in kinase, cytokine receptor,
transcription factor, and phosphatase binding; protein kinase activity; and so on. The main cell
components associated with MCODE 1 include membrane rafts, vesicle lumens, focal adhesions, RNA
polymerase II transcription factor complexes, the basal part of the cell, and so on. The signalling
pathways associated with MCODE 1 include pathways in cancer, the AGE-RAGE signalling pathway in
diabetic complications, hepatitis B, endocrine resistance, EGFR tyrosine kinase inhibitor resistance, �uid
shear stress and atherosclerosis, the FoxO signalling pathway, the HIF-1 signalling pathway, the JAK-
STAT signalling pathway, insulin resistance, and so on. The biological processes associated with MCODE
2 are mainly related to the cellular response to hormone stimuli, phosphatidylinositol 3-kinase signalling,
reactive oxygen species metabolism, the regulation of hormone secretion, the positive regulation of
kinase activity, and so on. The molecular functions associated with MCODE 2 are mainly involved in
insulin receptor substrate binding, glycosaminoglycan binding, SH2 domain binding, protein domain-
speci�c binding, antioxidant activity, and so on. The main cell components associated with MCODE 2
include cell-cell junctions, transferase complexes, transferrin phosphorus-containing groups, membrane
rafts, lytic vacuoles, receptor complexes, and so on. The signalling pathways associated with MCODE 2
include pathways in cancer, insulin resistance, adipocytokine signalling, peroxisomes, and neuroactive
ligand-receptor interactions. The biological processes associated with MCODE 3 involve dopamine
metabolism, organic hydroxy compound metabolism, monoamine transport, drug catabolism, and
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cofactor biosynthesis; the molecular functions associated with MCODE 3 include G protein-coupled
amine receptor activity and oxidoreductase activity; the MCODE 3-associated cell components include
glutamatergic synapses and dendrites; and the signalling pathways associated with MCODE 3 include
serotonergic and dopaminergic synapses and neuroactive ligand-receptor interactions. The biological
processes associated with MCODE 4 are related to behaviour, second-messenger-mediated signalling, the
alcohol response, and the activation of protein kinase activity; the molecular functions associated with
MCODE 4 are related to peptide binding; the MCODE-4-associated cell components include axons,
membrane rafts, neuron cell bodies, and presynapses; and the signalling pathways associated with
MCODE 4 are related to neuroactive ligand-receptor interaction. The biological processes associated with
MCODE 5 are related to cell-matrix adhesion, axon guidance, the positive regulation of protein kinase
activity, cell division, lymphocyte activation, and so on; the molecular functions associated with MCODE 5
are related to protein kinase activity and kinase binding; the MCODE 5-associated cell components
include serine/threonine protein kinase complexes, the leading edge of the cell, and dendrites; and the
signalling pathways associated with MCODE 5 are involved in viral carcinogenesis and cancer.

3.5. GO function and KEGG pathway enrichment analyses of targets for resveratrol against TBI

The 165 overlapping targets were imported into the Metascape database for GO functional and KEGG
pathway enrichment analysis and sorted according to -log10(p), and the top 20 hits for each item were
kept; the Bioinformatics platform was used to draw the GO bar graphs (Figure 6) and KEGG pathway
bubble graphs (Figure 7). The results show that the targets are enriched in 303 biological processes,
including the positive regulation of transferase activity, responses to toxic and inorganic substances, the
positive regulation of cell migration, reactive oxygen species metabolism, the wound response, epithelial
cell proliferation and so on. The targets are enriched in 117 molecular functions, including kinase binding,
protein kinase activity, protein phosphatase binding, cytokine receptor binding, protein homodimerization,
protease binding, transcription factor binding, and so on. The targets are enriched in 97 cell components,
including membrane rafts, vesicle lumens, postsynapses, dendrites, receptor complexes, focal adhesions,
endoplasmic reticulum lumens, cell-cell junctions, and so on. The targets are enriched in 148 signalling
pathways, including pathways in cancer; the AGE-RAGE signalling pathway in diabetic complications;
microRNAs in cancer, the FoxO signalling pathway, transcriptional misregulation in cancer, measles, and
so on. The results show that resveratrol can play a role in the treatment of TBI by participating in the
regulation of a variety of biological processes and multiple pathways.

Fig 6 GO functional enrichment analysis of overlapping targets

Fig 7 KEGG pathway enrichment analysis of overlapping targets

3.6. Construction of the drug-target-KEGG pathway network

The drug-target-KEGG pathway network was constructed using the Cytoscape 3.8.0 software, and the
network contained 186 nodes and 734 edges. In Figure 8, the orange node represents the drug, the yellow
nodes represent the targets, the green nodes represent the pathway, and the lines represent the
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relationships between the nodes. The results show that the targets of resveratrol are distributed among
different pathways and participate in the pathological process of TBI through multiple targets acting on
multiple pathways.

 Fig 8 Drug-target-KEGG pathway network

3.7. Screening of the hub genes involved in the effect of resveratrol on TBI

The hub genes, as important nodes, play an important role in the PPI network. The "CytoHubba" plug-in
was used to analyse the topology of the nodes in the PPI network, and the top 10 nodes in the network
were selected based on the MCC calculation method. The results showed that insulin (INS), human
insulin-like growth factor 1 (IGF1), tumor necrosis factor (TNF), tumor suppressor P53 (TP53), plasma
albumin (ALB), interleukin 6 (IL6), SRC, signal transducer and activator of transcription 3 (STAT3),
vascular endothelial growth factor A (VEGFA) and matrix metalloproteinase 9 (MMP9) may be the hub
genes of resveratrol in TBI (Figure 9).

Fig 9 PPI network of the top 10 hub genes

3.8. Molecular docking between resveratrol and the hub genes

The AutoDockTools 1.5.6 software was used to verify the molecular docking between resveratrol and the
10 selected hub target proteins. If the binding free energy required for the interaction between the ligand
and the receptor is less than 0 kcal•mol-1, it indicates that the two can bind spontaneously. If the binding
free energy is less than -5 kcal•mol-1, it indicates that the two have good binding a�nity. The smaller the
binding free energy, the more stable the conformation formed by the ligand and the receptor. The results
of the molecular docking analysis showed that resveratrol and the 10 hub target proteins can all be
successfully docked (Table 2). Among them, the binding free energy of resveratrol with the IL6, MMP9,
INS, and SRC proteins is less than -5 kcal•mol-1, showing a good binding a�nity between them. The
optimal binding con�gurations of resveratrol with the IL6, MMP9, INS, and SRC proteins were selected for
further interaction analysis. The results showed that resveratrol can form hydrogen bonds with the amino
acid residues LEU65 and GLU173 and form hydrophobic interactions with the residues PRO66, LEU166,
and MET68 in IL6 (Figure 10 a-b); resveratrol can form hydrogen bonds with the key residue LEU418 and
hydrophobic interactions with ARG424 and GLU416 in MMP9 (Figure 10 c-d); resveratrol forms 4
hydrogen bonds with INS, including CYS7, CYS6, CYS11 and SER9, and hydrophobic interactions with the
LEU11, ALA14, LEU16, and LEU13 residues (Figure 10 e-f); resveratrol and SRC form hydrogen bonds
between the GLU342 and MET344 residues and hydrophobic interactions between LEU396, VAL284,
ALA296 and LEU276 (Figure 10 g-h).

Table 2 Information on molecular docking of resveratrol and 10 hub target proteins
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Ligand Receptor A�nity (kcal•mol-1)

Resveratrol IL6 -5.43

INS -5.28

MMP9 -5.08

SRC -5.01

TNF -4.63

ALB -4.25

IGF1 -3.94

STAT3 -3.76

TP53 -3.55

VEGFA -3.42

 Fig 10 The 2D and 3D molecular docking patterns of resveratrol with IL6 (a, b), MMP9 (c, d), INS (e, f),
and SRC (g, h)

4. Discussion
Currently, TBI is the leading cause of death and disability in developing countries. With the in-depth
research being conducted on the pathophysiological mechanism of TBI, erythropoietin, prostacyclin,
progesterone, and the ketogenic diet have been investigated in clinical research as treatments for TBI, but
few drugs have passed phase III clinical trials. Resveratrol has strong antioxidant and anti-in�ammatory
effects and can improve cerebral blood �ow and cognitive function. Experimental studies of the TBI
model have shown that resveratrol can reduce the expression of TNF-α and IL-1β in the brain of TBI
model rats, inhibit neuronal autophagy, reduce neuronal apoptosis, reduce brain oedema, and promote
VEGF expression, which supports cell repair and the recovery of nerve function [21]. Therefore, it is of great
importance to use the methods of network pharmacology to deeply explore the target genes of resveratrol
and their mechanisms of action in the treatment of TBI.

This study found through database searches that there are 165 targets of resveratrol in the treatment of
TBI, and there is an interactive relationship between the targets, indicating that resveratrol has the
characteristics of multitarget synergy in the treatment of TBI. The functional module and overlapping
targets analyses yielded basically the same results. These targets are mainly involved in kinase binding,
protein kinase activity, protein phosphatase binding, cytokine receptor binding, transcription factor
binding, G protein-coupled receptor binding, and other molecular reactions in the membrane raft, vesicle
lumen, postsynapse, dendrite, focal adhesion, or cell-cell junction; these targets are involved in the
positive regulation of transferase activity and cell migration, reactive oxygen species metabolism, the
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wound response, the oxidative stress response, cytokine-mediated signalling and other biological
processes. Resveratrol may act on various cellular components in the body and participate in various
biological processes in different reaction modes. The pathways closely related to the treatment of TBI
with resveratrol mainly include the AGE-RAGE signalling pathway in diabetic complications, the FoxO
signalling pathway, insulin resistance, the HIF-1 signalling pathway, complement and coagulation
cascades, the calcium ion signalling pathway, and the JAK-STAT signalling pathway. In addition, the
targets of resveratrol may also be involved in cancer-related pathways, Alzheimer’s disease, serotonergic
synapses, dopaminergic synapses, neuroactive ligand-receptor interactions, �uid shear stress and
atherosclerosis, the prolactin signalling pathway, the cell cycle, ovarian steroidogenesis, and other
pathways. By constructing a drug-target-KEGG pathway network, it was further con�rmed that resveratrol
affects multiple targets and multiple pathways in the treatment of TBI.

The AGE-RAGE signalling pathway is closely related to in�ammation, oxidative stress, and cell apoptosis.
RAGE is present in neuronal, endothelial, glial, and immune cells, among others. After speci�cally binding
to AGE, RAGE mediates intracellular oxidative stress, the activation of the NF-κB pathway, and the
increased expression of cytokines such as TNF-α and IL1. This leads to neurovascular damage and nerve
cell apoptosis [22]. The FoxO protein is a transcription factor that regulates cellular protein expression.
FoxO plays a role in cell proliferation, autophagy, and oxidative stress by regulating the expression of
downstream genes. After TBI, the expression of FoxO in brain tissue increases, and the FoxO signalling
pathway regulates nerve cell autophagy to reduce nerve damage [23]. Studies have found that the FoxO
signalling pathway regulated by resveratrol can reduce the release of TNF-α and IL-1β and promote the
release of the anti-apoptotic factor Bcl-2, thereby reducing cerebral ischaemia-reperfusion injury [24].
Insulin resistance refers to the decrease in the body's sensitivity and responsiveness to insulin. The
mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3 kinase (PI3K) pathways, which are
mediated by the binding of insulin to the receptors, are involved in the post-TBI stress response. Insulin
resistance can aggravate lactic acidosis and calcium ion overload after TBI and then aggravate brain
oedema and nerve damage [25]. The complement system is an important part of the body's immune
response that has immune surveillance and immune defence effects in the brain. The destruction of the
blood-brain barrier, the formation of antigen-antibody complexes, and the damage of vascular endothelial
cells after TBI lead to the activation of the complement system in the brain. The activated complement
system aggravates brain oedema and neuronal cell death in a variety of ways [26]. The coagulation
cascade involves processes such as coagulation, anticoagulation, and �brinolysis. After TBI, the blood-
brain barrier is broken, and the coagulation factors in the brain tissue enter the blood circulation system
and activate the coagulation cascade system. Thrombin is a key component of the coagulation cascade.
In addition to participating in the coagulation process after TBI, thrombin also interacts with thrombin
receptors to activate a series of intracellular signal transduction pathways to induce nerve regeneration,
promote angiogenesis, and mediate neurotoxicity and in�ammatory reactions [27]. Blood coagulation and
�brinolytic dysfunction are closely related to progressive cerebral haemorrhage and poor prognosis after
TBI [28]. In the brain, the complement system interacts with the coagulation cascade; the complement
system can activate the coagulation cascade to produce thrombin, and thrombin and serotonin in the
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coagulation cascade can also activate the complement cascade. Therefore, the complement and
coagulation cascade pathways interact to co-ordinately regulate the coagulation-�brinolysis balance and
immune response after TBI [29]. HIF-1 is a transcription factor that regulates the cellular response to
hypoxia. HIF-1 plays important biological roles in angiogenesis, cell metabolism, in�ammation, and
autophagy by regulating the transcription of its corresponding hypoxia susceptibility genes. HIF-1 is
widely involved in many signalling pathways, including the PI3K, MAPK, and NF-κB pathways, among
others. After TBI, HIF-1 has a two-way regulatory effect. HIF-1 can not only promote red blood cell
proliferation and angiogenesis by inducing VEGF expression and increase nerve cell tolerance [30] but also
mediate cell apoptosis and in�ammation, leading to nerve cell death [31]. Studies have found that
resveratrol can affect the permeability of the blood-brain barrier by regulating the expression of HIF-1,
further verifying the reliability of the predictions made in this study [32]. The calcium ion is an important
messenger in nerve cells, and it participates in activities such as maintaining nerve excitability,
synthesizing neurotransmitters, and signal transduction. During TBI, the intracellular calcium ion
concentration increases sharply, causing calcium ion overload, which in turn leads to nerve cell oedema
and death. Calcium ion overload also exists in microvascular endothelial cells, destroys the integrity of
the blood-brain barrier, and exacerbates the occurrence of vasogenic cerebral oedema after TBI. It is
currently believed that calcium ion overload plays an important role in the occurrence of secondary brain
injury after TBI [33]. The JAK-STAT signalling pathway is a signal transduction pathway shared by
multiple cytokines that exist in almost all cytokine signal transduction processes. The JAK-STAT
signalling pathway has the dual functions of signal transduction and transcriptional regulation and plays
an important role in regulating cell proliferation, immune regulation, in�ammation, tumours, and other
pathophysiological processes. The JAK-STAT signalling pathway is activated in brain tissue after TBI and
aggravates the destruction of the blood-brain barrier and nerve damage [34].

The hub genes may be the key targets of resveratrol in the treatment of TBI. In this study, a total of 10
hub genes were identi�ed, namely, INS, IGF1, TNF, TP53, ALB, IL6, SRC, STAT3, VEGFA, and MMP9. There
is a clear interaction between the key targets, most of which are enriched in the important signalling
pathways of resveratrol in the treatment of TBI. The key target protein products are involved in various
physiological and biochemical processes, such as the in�ammatory response, immune regulation,
apoptosis, signal transduction, nerve regeneration, and wound repair. The molecular docking results
showed that resveratrol can successfully bind to the 10 key target proteins. Among them, resveratrol has
good binding a�nity with the IL6, MMP9, INS, and SRC proteins, suggesting that resveratrol may exert a
pharmacological effect through the above targets.

Hyperglycaemia is associated with poor prognosis in TBI patients. In addition to lowering the blood sugar,
INS can also reduce the production of nitric oxide, reactive oxygen species, and TNFα, thereby reducing
the infection rate of patients with TBI and improving the prognosis for the recovery of neurological
functions [35-36]. IGF1 can promote the growth and differentiation of neurons and plays an important role
in repair and nerve regeneration after central nervous system injury [37]. TNF is an important
immunomodulatory and in�ammatory factor involved in the in�ammatory process that occurs after TBI
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[38]. TP53 plays a regulatory role in controlling the cell cycle and initiating cell apoptosis and is also
involved in DNA damage repair. ALB has the functions of protein transport and free radical scavenging
and is an important extracellular antioxidant. IL6 plays an important role in in�ammation, the immune
response, and nerve trauma repair after TBI. After TBI, microglia promote nerve repair in an IL6-dependent
manner [39]. SRC participates in cell development, proliferation, and apoptosis through multiple signalling
pathways in the body. SRC activation aggravates the destruction of the blood-brain barrier and cerebral
oedema after TBI [40]. STAT3 participates in the JAK-STAT signalling pathway after TBI and promotes the
expression of IL6, TNF, and other in�ammatory cytokines. VEGFA is a vascular endothelial cell growth-
stimulating factor that can promote the division of vascular endothelial cells, induce vascular
remodelling, and participate in pathophysiological processes such as trauma and repair. VEGFA is an
important cause of the destruction of the blood-brain barrier in TBI [41]. MMP9 is a zinc-dependent
extracellular matrix-degrading enzyme involved in angiogenesis, in�ammation, and other processes. After
TBI, MMP9 can aggravate brain damage by destroying the blood-brain barrier and inducing neuronal
apoptosis and the in�ammatory response [42].

Although the above approaches illuminate the “multitargets and multipathways” therapeutic actions of
resveratrol in the treatment of TBI, we need to be careful in using them to draw conclusions. Our
approaches might not produce optimal results since the data of the study came from existing databases.
The authenticity of databases may have a negatively in�uence on our results. Additionally, this study was
performed in silico rather than under the actual condition, the results may not re�ect all the real cell
network characteristics in vivo. Therefore, further experiments studies are needed to con�rm this
hypothesis.

5. Conclusions
In summary, based on network pharmacology and molecular docking technology, we speculate that IL6,
MMP9, INS, and SRC may be the key targets of resveratrol in the treatment of TBI. Resveratrol, through
the regulation of signalling pathways such as AGE-RAGE, FoxO, insulin resistance, complement and
coagulation cascades, HIF-1, calcium ion, and JAK-STAT, regulates oxidative stress, endocrine
metabolism, in�ammation, apoptosis, and the immune response to reduce brain damage. In addition,
resveratrol can induce vascular remodelling, nerve regeneration, or wound repair to promote the recovery
of nerve function after TBI. This study provides a theoretical basis for understanding the mechanism of
resveratrol in the treatment of TBI and provides a valuable reference for further exploration.
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Figure 1

The overlapping targets of resveratrol and TBI
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Figure 1

The overlapping targets of resveratrol and TBI
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Figure 2

Drug-target-disease network of resveratrol in TBI treatment
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Figure 2

Drug-target-disease network of resveratrol in TBI treatment
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Figure 3

The PPI network of overlapping targets of resveratrol and TBI
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Figure 3

The PPI network of overlapping targets of resveratrol and TBI
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Figure 4

Module analysis of overlapping targets
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Figure 4

Module analysis of overlapping targets

Figure 5

GO functional and KEGG pathway enrichment analysis of MCODE 1-5
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Figure 5

GO functional and KEGG pathway enrichment analysis of MCODE 1-5
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Figure 6

GO functional enrichment analysis of overlapping targets
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Figure 6

GO functional enrichment analysis of overlapping targets
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Figure 7

KEGG pathway enrichment analysis of overlapping targets
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Figure 7

KEGG pathway enrichment analysis of overlapping targets
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Figure 8

Drug-target-KEGG pathway network
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Figure 8

Drug-target-KEGG pathway network
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Figure 9

PPI network of the top 10 hub genes
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Figure 9

PPI network of the top 10 hub genes
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Figure 10

The 2D and 3D molecular docking patterns of resveratrol with IL6 (a, b), MMP9 (c, d), INS (e, f), and SRC
(g, h)

Figure 10
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The 2D and 3D molecular docking patterns of resveratrol with IL6 (a, b), MMP9 (c, d), INS (e, f), and SRC
(g, h)


