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Traumatic brain injury (TBI) has become a leading cause of mortality, morbidity and disability worldwide.
Hydroxysafflor yellow A (HSYA) is effective in treating TBI, but the potential mechanisms require further
exploration. We aimed to reveal the mechanisms of HSYA against acute TBI by an integrated strategy
combining metabolomics with network pharmacology. A controlled cortical impact (CCI) rat model
was established, and neurological functions were evaluated. Metabolomics of brain tissues was used to
identify differential metabolites, and the metabolic pathways were enriched by MetaboAnalyst. Then,
network pharmacology was applied to dig out the potential targets against TBI induced by HSYA. The
integrated network of metabolomics and network pharmacology was constructed based on Cytoscape.
Finally, the obtained key targets were verified by molecular docking. HSYA alleviated the neurological
deficits of TBI. Fifteen potentially significant metabolites were found to be involved in the therapeutic
effects of HSYA against acute TBI. Most of these metabolites were regulated to recover after HSYA treat-
ment. We found 10 hub genes according to network pharmacology, which was partly consistent with the
metabolomics findings. Further integrated analysis focused on 4 key targets, including NOS1, ACHE,
PTGS2 and XDH, as well as their related core metabolites and pathways. Molecular docking showed high
affinities between key targets and HSYA. Region-specific metabolic alterations in the cortex and hip-
pocampus were illuminated. This study reveals the complicated mechanisms of HSYA against acute
TBI. Our work provides a novel paradigm to identify the potential mechanisms of pharmacological effects
derived from a natural compound.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Traumatic brain injury (TBI) is a leading cause of mortality,
morbidity and disability worldwide [1]. The disease triggers a cas-
cade of pathophysiological events, such as disrupting biochemical,
metabolic, and molecular functions, disturbing brain cell home-
ostasis and impairing cognitive, motor, or neuropsychological
health [2]. Despite large efforts to develop neuroprotective thera-
pies for TBI, no drugs have been approved by the Food and Drug
Administration (FDA).
Natural bioactive compounds tend to be promising agents
against brain injury [3,4]. Safflower (Carthamus tinctorius L.), a
well-known traditional Chinese medicine, is widely used to treat
cerebrovascular diseases. Hydroxysafflor yellow A (HSYA,
C27H32O16, 612.500 g/mol, Fig. S1) is the main active ingredient
of safflower and exerts antiinflammatory, antiapoptotic, antioxida-
tive and neuroprotective effects [5,6]. Our previous research
demonstrated that HSYA could across the injured blood–brain bar-
rier of TBI patients to exert a neuroprotective effect [7]. Further
investigation suggested that HSYA prevents oxidative stress post
TBI by increasing the activity of antioxidant enzymes [8]. However,
the mechanisms and targets of HSYA in treating TBI have not been
fully elucidated.
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Given that TBI reflects perturbations in complex metabolic
physiologies, metabolomics is powerful for monitoring the
dynamic changes in pathological metabolites [9]. However, tradi-
tional metabolomics could only reflect the terminal variation of
disease and treatment [10–12]. It is unclear about the endogenous
mechanisms of metabolites’ changes, including how these metabo-
lites are produced, what their upstream pathways and proteins are,
and which proteins HSYA exerts effects through. Thus, metabolo-
mics alone may limit the application of HSYA.

Currently, the paradigm of developing single target-based drugs
as therapeutics has been challenged mainly due to lack of efficacy
and emerging resistance [13]. Thus, natural compounds that selec-
tively act on two or more targets of interest in theory should be
more efficacious than single-target agents [14]. Network pharma-
cology appears in this setting to construct an alternative
systems-level approach to find new drug candidates. Instead of
looking for a single disease-causing gene and drugs which act
solely on an individual target, the whole drug-disease network is
considered with the aim to find multi-targets drugs to reduce side
effects [15]. Nonetheless, network pharmacology is limited by the
single computational methods that rely on public databases. Net-
work pharmacology alone could only predict the possibility of
compound-target combination and pathway analysis [16]. It is
uncertain whether HSYA binds to targets in vivo and which effect
HSYA exerts on targets: inhibition, activation or ineffective
combination.

Therefore, we integrated metabolomics with network pharma-
cology. Untargeted metabolomics was applied to determine the
Fig. 1. The schematic flowchart of the integrated strategy. The mechanisms of HSYA ag
extracted by network pharmacology (Part 2). Key metabolites and targets were identi
molecular docking (Part 3).
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influences of HSYA on TBI and to identify the essential metabolites.
Subsequently, network pharmacology was performed to analyze
the proteins and reactions that modulated the metabolites, as well
as the targets that HSYA acted on. Collectively, this strategy com-
pensates network pharmacology for lacking experimental valida-
tion and metabolomics for lacking upstream molecular
mechanisms and drug-binding targets. This strategy will hopefully
contribute to a better understanding of the therapeutic principle of
natural compounds for TBI treatment.

In the present study, we first developed a novel integrated strat-
egy to explore the key targets and mechanisms of HSYA in treating
acute TBI based on metabolomics and network pharmacology. Fur-
thermore, we identified region-specific metabolic responses (cor-
tex and hippocampus) in the HSYA treated rat model of TBI. This
study provides new insight into the neuroprotective effects of
HSYA in treating TBI. The research flowchart is shown in Fig. 1.
2. Material and methods

2.1. Reagents and materials

Hydroxysafflor yellow A (HSYA) was purchased from Shanghai
Yuanye Bio-Technology Co., Ltd (Shanghai, China; purity: 90%, lot
number: S26799). Ammonium acetate, ammonium hydroxide
and methanol (grade: for HPLC) were provided by Sigma-Aldrich
(St. Louis, MO, USA), and acetonitrile and H2O (grade: for HPLC)
were obtained from J.T.Baker (PA, USA). All of the remaining
reagents were of analytical grade.
ainst TBI were analyzed by metabolomics of brain tissues (Part 1). Hub genes were
fied and linked based on Part 1 and 2. These key targets were further verified by
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2.2. Animals and the controlled cortical impact (CCI) model

7-week-old male specific-pathogen-free Sprague Dawley rats
were obtained from the Laboratory Animal Centre of Central South
University (Changsha, China). All rats were housed in a well-
ventilated room at 25�C, with a 12 h dark-light cycle and free
access to food and water. Animal care was performed under the
guidelines of Central South University for the care and use of ani-
mals and the protocol was approved by the Medical Ethics Com-
mittee of Central South University. Rats were randomly assigned
to 3 groups (n = 10 per day per group): sham group, CCI group
and HSYA group. Rats in the HSYA group were orally administrated
HSYA (0.87 mg/ml, dissolved in 0.9% saline) once a day at a dose of
13.88 mg/kg. Rats in the sham and CCI groups were treated with an
equal volume of saline solution.

Replication of the CCI rat model was performed according to a
previous study [17]. The parameters were set as follows: impact
depth, 5.0 mm; striking speed, 6.0 m/s; dwell time, 50 ms. Rats
in the sham group were operated identically to those in the CCI
and HSYA groups, except for cortical impact. Rats were anaes-
thetized by intraperitoneal injection of sodium pentobarbital
(60 mg/kg) and sacrificed at day 1 (n = 10 per group) and day 3
(n = 10 per group) after CCI. The ipsilateral cortex and hippocam-
pus were collected from all of the rats after perfusion with ice-
cold saline and stored at �80 �C for further use.

2.3. Neurological function testing

All animals were assessed by the modified neurologic severity
score (mNSS) test and weight change. The 18-point mNSS com-
prises motor, sensory, reflex abilities and balance tests [18]. Higher
scores indicate more serious damage. Rats were evaluated before
and after injury to verify the neuroprotective effect of HSYA in
the CCI model. The body weight of rats was recorded before and
after injury, and the percentage of weight change was calculated.

2.4. Sample preparation

50 mg of tissue was homogenized with 400 mL of H2O. A BCA
protein assay was performed to measure the total protein concen-
tration on each of the individual homogenates. 100 mL aliquots of
homogenates were precipitated by adding methanol and acetoni-
trile as a ratio of 1:1 (v/v). After vortexing for 30 s and sonicating
for 10 min, the samples were incubated for 1 h at 20 �C and cen-
trifuged at 20,000 g at 4 �C. Then, the supernatants were collected
and dried in a vacuum concentrator. Finally, the dry extracts were
reconstituted with 40 mL/mg acetonitrile and H2O (1:1, v/v) for
HPLC/MS analysis. The pooled quality control (QC) samples were
made by mixing 10 mL aliquots from each sample (one per six
samples).

2.5. HPLC-MS/MS analysis

Metabolomics was applied using 1260 infinity high-
performance liquid chromatography (Agilent, CA, USA) coupled
with Q-Exactive MS/MS (Thermo, MA, USA). Chromatographic sep-
arations were performed on an amide column at 25 �C. The mobile
phase consisted of water mixing with 25 mM ammonium acetate,
25 mM ammonium hydroxide (solvent A) and acetonitrile (solvent
B). The gradient program was as follows: 90% B (0–1.0 min), 90 to
87% B (1.0–11.0 min), 87–80% B (11.0–14.0 min), 80–70% B (14.0–
16.5 min), 70–50% B (16.5–18.5 min), 50–20% B (18.5–20.5 min),
20% B (20.5–25.0 min), 20–90% (25.0–25.1 min) and maintained
at 90% B until 34 min. The injection volume was 4 mL and the flow
rate was 0.4 mL/min. MS analysis was carried out on the Q-
Exactive MS/MS in both positive and negative ion modes. Setting
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the relevant tuning parameters for the probe: aux gas heater tem-
perature, 400 �C; spray voltage, 3.5 kV; sheath gas, 40 psi; auxiliary
gas, 13 psi; capillary temperature, 350 �C. Building a DDA method
as follows: full scan range was 60–900 m/z; maximum injection
time for MS1 and ddMS2: 100 ms and 45 ms; resolution for MS1
and ddMS2: 70,000 and 17,500 respectively; automatic gain con-
trol for MS1 and ddMS2: 3e6 and 2e5; isolation window: 1.6 m/z;
normalized collision energies: 10, 17, 25 or 30, 40, 50. Building a
full scan method as follows: full scan range: 60 to 900 m/z; resolu-
tion: 140,000; maximum injection time: 100 ms; automatic gain
control: 3e6 ions.

2.6. Data processing and analysis

The acquired raw files were preprocessed using Thermo Com-
pound Discover 2.1 (Thermo, MA, USA) software. Intensities were
corrected for signal drift and batch effect by fitting a locally quad-
ratic (loess) regression model to the median intensity of pooled QC
samples. The alpha parameter controlling the smoothing was set to
2 to avoid overfitting. After correction, the median area of all
pooled QC samples was the same. The data were pretreated using
the ‘‘80% rule” [19] to reduce the missing value input. HPLC-MS/MS
analysis and data processing were conducted by KangChen Bio-
tech (China). The features with relative standard deviations (RSDs)
> 30% were removed from all the QC samples. The pretreated data
were calibrated with median, transformed with log, and scaled
with Pareto, then analyzed using principal component analysis
(PCA), supervised partial least squares discrimination analysis
(PLS-DA), and orthogonal partial least squared discriminant analy-
sis (OPLS-DA) in R software (version 3.6.0) by the ropls R package.
7-round cross-validation and 200 permutation test were per-
formed to evaluate the accuracy of the models. Features were fur-
ther subjected to one-way analysis of variance (ANOVA) with a
false discovery rate (FDR) at the univariate level to measure the
significance of each metabolite (q-value). The features with vari-
able importance in the projection (VIP) > 1 and q-value < 0.05 were
considered to be differential compounds. These features were iden-
tified by performing retention time alignment, unknown com-
pound detection, and compound grouping across all samples. For
retention time alignment, the max time shift was 2 mins, and a tol-
erance of 0.5 min was used for grouping unknown compounds.
Mass tolerance for feature detection and compound annotation
was set as 10 ppm and 5 ppm respectively. The formula and accu-
rate mass of each feature were submitted to ChemSpider (http://
www.chemspider.com/) with 4 databases selected (BioCyc;
Human Metabolome Database; Kyoto Encyclopedia of Genes and
Genomes [KEGG]; LipidMAPS). The metabolite with the most refer-
ences was considered as the terminal matching result. MS1 and
ddMS2 were compared to the standard spectrum of the mzCloud
database (https://www.mzcloud.org/), and the substance with
the highest comparison rate was selected as the final identification
result. Heat maps were displayed using the pheatmap package in R.
Metabolic pathway analysis was performed by MetaboAnalyst 4.0
(https://www.metaboanalyst.ca/).

2.7. Network pharmacology construction

To visualize the metabolite-protein-pathway network and to
reveal the key metabolites and related proteins, network construc-
tion was applied via Cytoscape 3.7.2 (Cytoscape Consortium, CA,
USA). The procedure was as follows (Fig. 1): (1) The candidate tar-
gets of TBI were screened by searching the keywords of ‘‘traumatic
brain injury” in the gene map of the Online Mendelian Inheritance
in Man (OMIM, https://omim.org/), therapeutic target database
(TTD, http://db.idrblab.net/ttd/), Traditional Chinese Medicine Sys-
tems Pharmacology Database and Analysis Platform (TCMSP,

http://www.chemspider.com/
http://www.chemspider.com/
https://www.mzcloud.org/
https://www.metaboanalyst.ca/
https://omim.org/
http://db.idrblab.net/ttd/
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http://tcmspw.com/tcmsp.php) and genecards (https://www.gene-
cards.org/). (2) The molecular targets of HSYA were filtered by
searching the keywords ‘‘hydroxysafflor yellow A” from STITCH
5.0 (http://stitch.embl.de/), SwissTargetPrediction (http://www.
swisstargetprediction.ch/), ChEMBL (https://www.ebi.ac.uk/
chembl/) and A Bioinformatics Analysis Tool for Molecular Mecha-
nism of Traditional Chinese Medicine (BATMAN-TCM, http://
bionet.ncpsb.org/batman-tcm/). The PubChem CID (6443665) of
HSYA was imported into BATMAN-TCM to obtain the compound-
target-pathway network. SMILES or the name of HSYA was
imported into SwissTargetPrediction or STITCH to acquire the
related targets in Rattus norvegicus, respectively. (3) The intersec-
tion of (1) and (2) was considered the predicted target of HSYA
against TBI. These targets were imported into UniProtKB (http://
www.uniprot.org/) to standardize the gene and protein names.
(4) A protein–protein interaction (PPI) network was established
by STRING 11.0 (https://string-db.org/) and Cytoscape 3.7.2. Hub
genes were obtained using CytoHubba in Cytoscape. (5) The path-
way and Gene Ontology (GO) enrichments of potential targets
were analyzed by ClueGO in Cytoscape. The KEGG pathway analy-
sis was set as p-value < 0.05. (6) The identified differential metabo-
lites in metabolomics were imported into Cytoscape equipped with
MetScape to obtain the compound-reaction-enzyme-gene net-
work. This construction was performed to visualize the interac-
tions among the metabolites, pathways, enzymes and genes. (7)
The key metabolites and proteins were recognized by combining
the compound-reaction-enzyme-gene network with hub genes
and metabolic pathways.
2.8. Molecular docking

The 3D structure of HSYA was obtained from PubChem Com-
pound (https://www.ncbi.nlm.nih.gov/pccompound, PubChem
Fig. 2. Neurobehavioral scores (A) and body weight changes (B) on day 0, 1 a

Fig. 3. PLS-DA score plots of HSYA on CCI rats in the cortex
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CID: 6443665). The crystal structures of targets were acquired
from the RCSB Protein Data Bank (https://www.rcsb.org/). Three
protein targets were studied: acetylcholinesterase (ACHE, PDB ID:
1E66), neuronal nitric oxide synthase (NOS1, PDB ID: 4IMS), and
prostaglandin-endoperoxide synthase 2 (PTGS2, PDB ID: 4RS0).
HSYA and targets were converted from their native formats into
pdbqt formats with AutoDockTools 1.5.6 [20]. The structures were
optimized by deleting water molecules and adding hydrogen
atoms. Then, the molecular docking study was performed using
Autodock Vina. The coordinates of the target active pocket are
listed in Table S1. Size_x = 60, size_y = 60, size_z = 60 in each tar-
get. The docking process was calculated by the Genetic Algorithm.
All docking run options were default values. Finally, the docking
results with the highest scores were visualized by PyMoL.

2.9. Statistical analysis

The data were expressed as the mean ± SD. Statistical analysis
was performed by two-way ANOVA followed by Dunnett’s multi-
ple comparisons using GraphPad Prism 7 (GraphPad Software,
Inc., La Jolla, CA, USA). A p-value of < 0.05 was considered to be sta-
tistically significant.
3. Results

3.1. HSYA treatment ameliorates neurological deficits in CCI rats

Day 0 means the day having the CCI operation. As shown in
Fig. 2A, compared with the sham group, the mNSS scores in the
CCI group were increased significantly on day 0, indicating the suc-
cessful model we induced. On day 3, compared with the CCI group,
HSYA treatment markedly decreased the mNSS scores of CCI rats.
The initial weights were not significantly different among the three
nd 3 after injury. All data are expressed as mean ± SD, n = 10, **p < 0.01.

(A) and hippocampus (B) on day 1 and 3 after injury.

http://tcmspw.com/tcmsp.php
https://www.genecards.org/
https://www.genecards.org/
http://stitch.embl.de/
http://www.swisstargetprediction.ch/
http://www.swisstargetprediction.ch/
https://www.ebi.ac.uk/chembl/
https://www.ebi.ac.uk/chembl/
http://bionet.ncpsb.org/batman-tcm/
http://bionet.ncpsb.org/batman-tcm/
http://www.uniprot.org/
http://www.uniprot.org/
https://string-db.org/
https://www.ncbi.nlm.nih.gov/pccompound
https://www.rcsb.org/
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groups (Fig. S2). The change in weight did not differ significantly
too.

3.2. Metabolomics profiling

A total of 1599 features in the cortex and 1687 in the hippocam-
pus were determined after the data preprocessing. 87 metabolites
in the cortex and 74 in the hippocampus were identified respec-
tively. The stability and repeatability of metabolomics were evalu-
ated by QC samples. As shown in Fig. S3A, 96.5% and 96.4% of
metabolites had an RSD% < 30% in the cortex and hippocampus,
respectively. Furthermore, unsupervised PCA and the representa-
Fig. 4. The differential metabolites in CCI rats treated by HSYA. (A and B) Venn diagrams
(C and D) The heat maps and fold change dumbbell charts of potential metabolites. Data
variance scaling.
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tive total ion chromatograms (TICs) showed that QC samples
behaved stably during the process (Fig. S3B–E). These data sug-
gested the high stability of the instrument and the repeatability
of the method.

Fig. S4 shows the TICs of cortex samples on days 1 and 3. To
investigate the separation among the sham, CCI and HSYA groups,
we performed PCA and PLS-DA analysis. As shown in Fig. 3, PLS-DA
displayed that the samples from the same group clustered together
and samples from different groups distinguished well. The param-
eters of R2X, R2Y and Q2 in PLS-DA of cortex samples were 0.8,
0.712 and 0.528; The parameters of R2X, R2Y and Q2 in PLS-DA
of hippocampus samples were 0.789, 0.736 and 0.62, respectively.
of the potential metabolites associated with CCI and HSYA treatment on day 1 and 3.
were calculated by the Pearson correlation method after mean centering and unit
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These results indicated that the CCI operation and HSYA treatment
caused obvious metabolic variations.

3.3. Differential metabolite identification and pathway analysis

To identify the potential metabolites that contributed to the
metabolic distinction, we performed OPLS-DA and ANOVA fol-
lowed by FDR. Each OPLS-DA model showed good separation with
high R2Y and Q2, indicating good explanative ability of sample
classification information and cross-validated predictive capability
(Table S2). Moreover, the permutation test showed the models
were non-overfitting and reliable. Besides, new successful OPLS-
DA models were built using random 80% of raw data as the training
set and the rest 20% as the independent test set for validation.
Fig. S5 showed good separation within the new models, R2Y and
Q2 were all higher than 0.91 and 0.78, respectively (Table S2).
The validation results with a good predictive accuracy further
proved the reliability of models.

Based on VIP > 1 and q < 0.05, in the cortex, 26 and 33 metabo-
lites were differentially expressed between the sham and CCI
group on day 1 and 3, respectively; 18 and 25metabolites were dif-
ferentially expressed between the HSYA and CCI group on day 1
and 3, respectively. In the hippocampus, 18 and 15 metabolites
were differentially expressed between the sham and CCI group
on day 1 and 3, respectively; 22 and 25 metabolites were differen-
tially expressed between the HSYA and CCI group on day 1 and 3,
respectively. The information of these metabolites was shown in
Supplementary File S1. Twelve and four metabolites were identi-
fied as differential metabolites that HSYA affected CCI rats in the
cortex and hippocampus, respectively (Fig. 4, Table 1). The MS/
MS spectra of differential metabolites are presented in Fig. S6.
We calculated the accuracy of the metabolites by multivariate
receiver operating characteristic (ROC) curves (Fig. S7). The ROC
curves and predictive accuracy plots showed high diagnostic accu-
racies among the three groups.

To visualize the variation in metabolites among the three
groups, we plotted heat maps and dumbbell charts. Fig. 4C and D
show that all of the candidate metabolites were changed in the
CCI group, andmost of themwere reversed in the HSYA group, indi-
cating that HSYA treatment could reduce metabolic perturbation.

To explore the metabolic pathways of HSYA in CCI rats, we
imported these differential metabolites to MetaboAnalyst 4.0. As
shown in Fig. 5, based on pathway impact > 0.1, 4 pathways were
affected significantly in the cortex, including arginine and proline
metabolism, phenylalanine, tyrosine and tryptophan biosynthesis,
phenylalanine metabolism and arachidonic acid metabolism. The
metabolites related to these pathways were L-arginine, L-proline,
c-aminobutyric acid, L-phenylalanine and arachidonic acid. Trypto-
phan metabolism was notably affected in the hippocampus with L-
tryptophan as the related metabolite.

3.4. Network pharmacology

To further explore the mechanisms of HSYA against TBI, we con-
ducted network pharmacology. First, BATMAN-TCM was used for
preliminary analysis. As shown in Fig. S8, brain injury was pre-
dicted as one of the related diseases of HSYA therapy. Furthermore,
11 pathways in the metabolomic analysis were also enriched in the
BATMAN-TCM prediction, and 5 of themwere significantly affected
with adjusted p-values < 0.05 (Fig. 5). Such a high consistency val-
idated the accuracy of pathway analysis in the metabolomics.

Subsequently, we collected the targets of TBI from the OMIM,
TCMSP, TTD and Genecards databases and gathered the targets of
HSYA from the BATMAN-TCM, ChEMBL, STITCH and SwissTar-
getPrediction databases. After matching the 86 HSYA-related tar-
gets with the TBI-related targets, 41 targets were identified as
1007



Fig. 5. The metabolic pathways of significant metabolites in the cortex and hippocampus. Node size is based on impact values, node color is based on -log10(p) values. The
pathways enriched in BATMAN-TCM are colored by names. The pathways marked in red are statistically different with a p-value < 0.05 in the BATMAN-TCM analysis. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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potential targets for HSYA to treat TBI (Table S3). All the inter-
sected targets were normalized to their official symbols by the Uni-
Prot database.

To identify the hub genes of HSYA against TBI, we constructed
PPI network by Cytoscape. Fig. 6A gives a whole view of the rela-
tionships within 39 targets (the other two genes were discon-
nected). The hub genes were calculated by CytoHubba.
Combining the scores of 10 computational methods, the top 10
genes were considered hub genes (ache, app, ptgs2, gria1, htr3a,
nos1, mtor, gsr, maob, htr1b). The details are presented in Fig. 6A
and Table S4.

To decipher the neuroprotective function of the potential tar-
gets, we performed GO and KEGG pathway enrichment analyses
by ClueGO (Fig. 6B and C). The top terms in GO analysis were vas-
cular process in circulatory system (GO: 0003018), presynaptic
membrane (GO: 0042734), intrinsic component of presynaptic
membrane (GO: 0098889), negative regulation of blood vessel
diameter (GO: 0097756), and regulation of neurotransmitter trans-
port (GO: 0051588). According to the KEGG enrichment analysis,
the pathways affected significantly were serotonergic synapse,
dopaminergic synapse, cholinergic synapse and amino acid
metabolism.
3.5. Integrated analysis of metabolomics and network pharmacology

To obtain a comprehensive view of the mechanisms of HSYA
against TBI, we constructed an interaction network based on meta-
1008
bolomics and network pharmacology (Fig. 7). Differential metabo-
lites were imported into the MetScape plugin in Cytoscape to
collect the compound-reaction-enzyme-gene networks. By match-
ing the potential targets identified in network pharmacology with
the genes in MetScape analysis, we found 4 key targets, including
NOS1, ACHE, PTGS2 and xanthine oxidase (XDH) (Table 2). The
related key metabolites were L-arginine, c-aminobutyric acid, cho-
line, arachidonic acid, xanthine and hypoxanthine. The affected
pathways were arginine and proline metabolism, glycerophospho-
lipid metabolism, arachidonic acid metabolism, and purine meta-
bolism. They may play essential roles in the therapeutic effect of
HSYA on TBI. Among these genes, NOS1, ACHE and PTGS2 are
hub genes.
3.6. Molecular docking

To further investigate the possibility of interaction between
HSYA and the key targets, we applied molecular docking studies
(Fig. 8). Three key targets could be analyzed by molecular docking
after searching the RCSB Protein Data Bank database. The docking
analysis of ACHE showed that HSYA made hydrogen-bonding
interactions with PRO-232, SER-235, ASN-230, and TRP-524 at
the active site. In the interaction with NOS1, HSYA made
hydrogen-bonding interaction with TRP-306, GLN-478, and ASN-
569. In addition, HSYA formed a pi-anion with GLU-592, a pi-
alkyl with HEM-801, VAL-567, and a carbon-hydrogen bond with
CL-806. In the interaction with PTGS2, HSYA formed hydrogen



Fig. 6. Network pharmacology analysis of HSYA treating TBI. (A) The PPI network of HSYA treatment on TBI. Node color reflects its degree. The nodes with red borders
represent the hub genes. (B) The KEGG pathways enrichment analysis by ClueGO. All pathways have a p-value of < 0.05. (C) The GO enrichment analysis of potential targets by
ClueGO. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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bonds with TYR-355, GLN-350, ASN-581, HIS-351, and PRO-514.
HSYA also formed a carbon-hydrogen bond with ASP-584, ASP-
347, and Pi-sigma with GLN-192. The binding energies of HSYA
towards ACHE, NOS1 and PTGS2 were �7.9, �8.9 and �9.0 kcal/-
mol, respectively. These docking results indicated the high affini-
ties between HSYA and the key targets, especially NOS1 and PTGS2.
4. Discussion

Researchers are increasingly relying on metabolomics to study
disease mechanisms and intervention strategies. We identified 12
significant metabolites of HSYA against TBI in the cortex and 4 in
the hippocampus, as well as their related pathways. However,
given the complexity and heterogeneity of metabolomics, data
analysis and interpretation are collaborative efforts [21]. Network
pharmacology greatly improves the screening of metabolites of
HSYA against TBI and explicates the action mechanisms. By com-
bining metabolomics with network pharmacology, we found 4
key targets (NOS1, ACHE, PTGS2, XDH), 7 key metabolites (L-
arginine, c-aminobutyric acid, L-proline, arachidonic acid, choline,
xanthine, hypoxanthine) and 4 related pathways (arginine and
1009
proline metabolism, arachidonic acid metabolism, glycerophos-
pholipid metabolism, purine metabolism). This strategy provides
a suitable method to verify the results of the two approaches. It
is also practicable to screen metabolites and targets in other natu-
ral compounds.

Previous studies have demonstrated the possible mechanisms
of HSYA in treating TBI. We found that HSYA could effectively pen-
etrate the injured blood–brain barrier of TBI patients [7]. HSYA
exerts antioxidant effects by increasing superoxide dismutase
(SOD), catalase (CAT) and glutathione (GSH), as well as decreasing
malondialdehyde (MDA) and glutathione disulfide (GSSG) [8]. Sun
et al. revealed that HSYA protects neurons from nitrosative stress
by keeping PPARc as a functional receptor [22]. Tian et al. reported
that HSYA improves mitochondrial energy metabolism and inhibits
the opening of mitochondrial permeability transition pores
(mtPTPs) by scavenging free radicals in the brain [23]. Xu et al.
proved that XDH may be a potential target of HSYA [24]. The direct
binding of HSYA-XDH suppresses lipopolysaccharides (LPS) -
induced reactive oxygen species (ROS), inhibits NLR family pyrin
domain containing 3 (NLRP3) inflammasome and prevents the
secretion of IL-1b in macrophages. Lv et al. suggested that HSYA
exerts neurotrophic and anti-inflammatory functions by inhibiting



Fig. 7. The compound-reaction-enzyme-gene networks of the key metabolites and targets. The red hexagons, grey diamonds, green round rectangle and purple circles
represent the active compounds, reactions, proteins and genes, respectively. The key metabolites, proteins and genes were magnified. The pathways with a blue background
are significantly regulated in the cortex. The pathways with a red background are significantly regulated in both the cortex and hippocampus. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
The information of key targets, metabolites and pathways.

Related pathway Key target Key metabolite

Arginine and proline metabolisma NOS1 L-Arginine, c-aminobutyric acid, L-proline
Arachidonic acid metabolisma PTGS2 Arachidonic acid
Glycerophospholipid metabolisma,b ACHE Choline
Purine metabolisma,b XDH Xanthine, hypoxanthine

a Pathways affected significantly in the cortex.
b Pathways affected significantly in the hippocampus.
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toll-like receptor 4 (TLR4) pathway mediated signalling [25]. In our
present study, we investigated the metabolic variations of the cor-
tex and hippocampus, which are the most vulnerable regions post-
TBI [26]. The cortex affected more metabolites and pathways with
more complicated interaction networks than the hippocampus,
which proved that metabolic disturbance is worse in the cortex
than in the hippocampus at the acute stage [27]. Pathways affected
significantly in the cortex are arginine and proline metabolism,
arachidonic acid metabolism, glycerophospholipid metabolism
and purine metabolism. Pathways affected markedly in the hip-
1010
pocampus are glycerophospholipid metabolism and purine meta-
bolism. Fig. 9 shows the complex mechanisms of the interaction
network, which contains the previous results and the new findings.

Metabolomics studies are limited to a listing of potential
metabolites and related pathways without further exploration of
their direct relationships. Network pharmacology is a system
biology-based methodology [16]. It evaluates drug polypharmaco-
logical effects at a molecular level to predict the interaction of nat-
ural products and proteins as well as to determine the major
mechanisms [28]. Network pharmacology can further validate



Fig. 8. The 3D interaction diagrams of HSYA and the key targets.
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the therapeutic regulation of metabolic networks and facilitate the
identification of key targets and biomarkers [29]. By combining
metabolomics with network pharmacology, this integrated strat-
egy finds the core targets and mechanisms and provides a more
precise network of HSYA against TBI.

Arginine and proline metabolism represents a potential thera-
peutic pathway in acute brain injury [30]. L-arginine serves as a
precursor to synthesize L-proline, nitric oxide (NO) and glutamate
[31]. As the last step in the urea cycle, arginase cleaves L-arginine
to form urea and L-ornithine. Then, L-ornithine synthesizes L-
proline through the activity of ornithine aminotransferase [32]. L-
proline is a promising biomarker of TBI that correlates positively
with neurological deficits [33]. The increased level of L-proline in
the CCI group implicates neurological impairment post-trauma. L-
proline is required for extracellular matrix remodeling, especially
for collagen synthesis. After treatment with HSYA, both L-
arginine and L-proline were down-regulated, indicating a high
demand for L-proline for tissue repair. Apart from the role in gen-
erating L-proline, arginine is also the substrate for NO synthase
(NOS) to produce NO [30]. NO generated from endothelial NOS
(NOS3) improves cerebral blood flow after brain injury [34]. How-
ever, the overproduction of NO from NOS1 may result in excitotox-
icity and energy depletion of neurons [35,36]. Molecular docking
shows that HSYA binds tightly with NOS1, indicating that HSYA
may reduce neurological impairment by inhibiting NOS1 and
decreasing NO production. Glutamate is a primary excitatory neu-
rotransmitter in the brain, while c-aminobutyric acid is a major
1011
inhibitory neurotransmitter. Glutamate can be converted into c-
aminobutyric acid, which regulates homeostasis [37]. In the CCI
group, the level of c-aminobutyric acid was disturbed, which is
consistent with a previous document [38]. After HSYA treatment,
it was restored to normality.

Neuroinflammation is a key pathological response to brain
injury. Proinflammatory molecules disperse throughout the brain
and cause neuronal damage [39]. PTGS2, also known as
cyclooxygenase-2, plays a central role in the acute inflammatory
cascade by converting arachidonic acid into bioactive prostanoids.
PTGS2 is the best target for anti-inflammatory drugs [40]. We
observed an elevated level of arachidonic acid in the CCI group,
which is consistent with the previous study [41]. HSYA downregu-
lates arachidonic acid, which exerts an anti-inflammatory effect on
TBI. Further molecular docking analysis indicated that the mecha-
nism may be involved in inhibiting PTGS2 by HSYA.

In glycerophospholipid metabolism, choline is a major precur-
sor of membrane phospholipids and acetylcholine, which plays
an essential role in cognitive function [42]. ACHE hydrolyses
acetylcholine to choline and thereby terminates synaptic transmis-
sion. TBI causes neuronal depolarizations that deplete acetyl-
choline. When there is no available choline to generate
acetylcholine, additional choline is utilized from membrane phos-
pholipids, which results in neuronal damage [43]. In the hippocam-
pus, the activity of ACHE is decreased post-trauma [44] with a low
level of choline. HSYA upregulates choline to protect the cell mem-
brane from disruption. In the cortex, low activity of acetylcholine
triggers the excessive release of choline postinjury and HSYA
reverses it to normal conditions.

Oxidative stress occurs shortly after TBI by releasing ROS [45].
At the end of purine metabolism, hypoxanthine catabolizes to xan-
thine by XDH, which is one of the major sources of ROS [46]. The
balance of hypoxanthine and xanthine is disrupted post-TBI and
restored after HSYA treatment, suggesting that HSYA protects
organisms from oxidative stress. This is consistent with our previ-
ous work [8]. The mechanism may involve suppressing XDH
according to the network pharmacology analysis, which is consis-
tent with the results of Xu et al. [24].

Tryptophan metabolism is also implicated in the hippocampus.

L-tryptophan, an essential amino acid required for protein synthe-
sis, is the obligatory substrate of serotonin and kynurenine [47].
The hippocampus is a notable region with a general change in L-
tryptophan and its metabolites [48]. Consistent with the previous
study, we observed a decreased level of L-tryptophan in the CCI
group on day 1, which may negatively impact cognitive function,
brain structure and mood [49], HSYA reversed this alteration. On
day 3, the increased L-tryptophan in the CCI group demonstrates
that the organism tries to repair homeostasis. Moreover, HSYA
accelerates this recovery process.
5. Conclusion

In this study, we first developed a novel integrated strategy to
explore the key targets and mechanisms of HSYA in treating acute
TBI based on metabolomics and network pharmacology. We iden-
tified the region-specific metabolic responses towards HSYA ther-
apy in the cortex and hippocampus. The integrated analysis
revealed 4 key targets as well as related metabolites and pathways.
These targets were further validated by molecular docking. This
research offers data and theoretical support for an in-depth study
of mechanisms and lays a foundation for clinical application. Fur-
ther systematic molecular biology experiments are needed to ver-
ify the accurate mechanisms. It also provides a novel paradigm to
identify the potential mechanisms of pharmacological effects
derived from a natural compound.



Fig. 9. The interaction network based on metabolomics and network pharmacology. The first and the second arrow near metabolites from left to right denote changes in CCI
vs. sham and HSYA vs. CCI groups, respectively.
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