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ABSTRACT
Background. Xingnaojing injections (XNJI) are widely used in Chinese medicine to
mitigate brain injuries. An increasing number of studies have shown that XNJI may
improve neurological function. However, XNJI’s active ingredients and molecular
mechanisms when treating traumatic brain injury (TBI) are unknown.
Methods. XNJI’s chemical composition was acquisited from literature and the Tra-
ditional Chinese Medicine Systems Pharmacology (TCMSP) database. We used the
‘‘absorption, distribution, metabolism, and excretion’’ (ADME) parameter-based
virtual algorithm to further identify the bioactive components. We then screened data
and obtained target information regarding TBI and treatment compounds from public
databases. Using a Venn diagram, we intersected the information to determine the
hub targets. Cytoscape was used to construct and visualize the network. In accordance
with the hub proteins, we then created a protein–protein interaction (PPI) network
using STRING 11.0. Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways were analyzed according to the DAVID bioinformatics
resource database (ver. 6.8). We validated the predicted compound’s efficacy using the
experimental rat chronic constriction injury (CCI) model. The neuronal apoptosis was
located using the TUNEL assay and the related pathways’ hub proteins were determined
by PCR, Western blot, and immunohistochemical staining.
Results. We identified 173 targets and 35 potential compounds belonging to XNJI.
STRING analysis was used to illustrate the protein–protein interactions and show that
muscone played a fundamental role in XNJI’s efficacy. Enrichment analysis revealed
critical signaling pathways in these components’ potential protein targets, including
PI3K/AKT1, NF-kB, and p53.Moreover, the hub proteins CASP3, BCL2L1, and CASP8
were also involved in apoptosis and were associated with PI3K/AKT, NF-kB, and p53
signaling pathways. We showed that muscone and XNJI were similarly effective 168 h
after CCI, demonstrating that the muscone in XNJI significantly attenuated neuronal
apoptosis through the PI3K/Akt1/NF-kB/P53 pathway.
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Conclusion. We verified the neuroprotective mechanism in muscone for the first time
in TBI. Network pharmacology offers a new approach for identifying the potential
active ingredients in XNJI.

Subjects Bioinformatics, Neuroscience, Neurology, Pathology, Pharmacology
Keywords XNJI, Muscone, Protein targets, Network analysis, Traumatic brain injury

INTRODUCTION
Traumatic brain injury (TBI) is caused by external mechanical forces including rapid
acceleration, explosive waves, squeezing, and impact (Xiong, Mahmood & Chopp, 2013).
Patients with severe TBI show cognitive impairment and physical deficits and may develop
a long-term disability (Slavoaca et al., 2020). The Centers for Disease Control (CDC)
estimated that at least 56,800 people die from TBI or its subsequent effects; 56-221 billion
US dollars were spent annually on treating TBI (Oberholzer & Müri, 2019). The cost of
treatment for TBI and its poor prognosis creates an urgent need for new and effective
treatments.

A growing number of traditional Chinese medicines (TCM) are being applied to
eliminate diseases and the clinical treatment of TBI should be explored in light of the
philosophy of TCM (Xu et al., 2014). Studies have shown that Xingnaojing injection
(XNJI) played a significant role in scavenging free radicals, reducing endogenous pyrogens
in cerebrospinal fluid, inhibiting ischemia-reperfusion-induced apoptosis of neural cells,
reducing brain edema, and improving circulation (Ma et al., 2020;Qu et al., 2019; Zhang et
al., 2020; Zhang et al., 2018). Compounds in XNJI including geniposide and borneol have
anti-inflammatory and neuroprotective properties in rats and septic mice with TBI (Wang
et al., 2019; Yuan et al., 2020). Previous network pharmacology research has reported that
XNJI can also protect against brain injury in AD (alzheimer disease) and stroke (Chen et
al., 2018; Wang et al., 2020). Furthermore, some Chinese studies on XNJI demonstrated
a favorable effect in TBI (Yan, 2011; Song et al., 2018). Systemic pharmacology has been
widely used to explore its multi-component, multi-target, and multi-pathway mechanisms
of action (Hopkins, 2007). The underlying molecular mechanism and potential active
compounds of XNJI in treating TBI, however, remain unknown.

In this study, the network was constructed according to screening hub target proteins
of TBI and active chemical compounds in XNJI.By combining functional enrichment and
PPI analysis, we obtained a presumed bioactive compound (muscone). Finally, muscone,
a predicted compound, was identified and first validated through in a TBI-induced animal
model in this study. This study investigates molecules’ mechanisms by constructing a
‘‘drug-component- target-disease’’ network (Zhou et al., 2020) and presented a more
comprehensive treatment concept through the integration of bioinformatics tools (Li &
Zhang, 2013; Li et al., 2007).
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METHODS & MATERIALS
Reagents
XNJI was obtained from Jiminkexin Pharmaceutical Company (Wuxi, China). The number
of China Food and Drug Administration was Z32020562. Muscone and LY294002 (PI3K
inhibitor) were obtained from Sigma (St. Louis, MO, USA).We obtained antibodies against
p-65, p65, p-PI3K, PI3K, p-Akt1 (Thr308), Akt1, Bax, Bcl-2, cleaved caspase-3, p53, and
β-actin from Abcam Biotechnology (Abcam, Cambridge, MA, USA).

Acquisition of chemical ingredients and evaluation of
pharmacokinetics
The XNJI ingredients are collected based on previous studies and the Traditional Chinese
Medicine System Pharmacology Database (TCMSP) (https://tcmspw.com/tcmsp.php) (Ru
et al., 2014), the Bioinformatics Analysis Tool for Molecular mechanism of Traditional
Chinese Medicine (BATMAN-TCM) (Liu et al., 2016b), the Encyclopedia of Traditional
Chinese Medicine (ETCM) (Xu et al., 2019), PubChem (https://pubchem.ncbi.nlm.nih.
gov/), and SwissADME (http://www.swissadme.ch/) to determine the components of
XNJI. These resources provided the names or structure of specific compounds. We used
the ADME parameter-based virtual algorithm to identify bioactive components with a
drug-likeness threshold ≥ 0.18 (Liu et al., 2016a) and barrier permeability of ≥0.30 (Li et
al., 2015). Besides, some molecules in the previous studies that have been proven to pass
through the blood–brain barrier will be included.

Screening bioactive component protein targets
The active ingredient targets in XNJI were obtained from the TCMSP target section.
We used Swisstarget Prediction for target prediction if our search did not return results
(http://www.swisstargetprediction.ch/). TBI-related target genes were obtained from
DisGeNET (http://www.disgenet.org/), Online Mendelian Inheritance in Man (OMIM,
https://omim.org/), and the GeneCards database (https://www.genecards.org/). We
removed any duplicates from the previous search results. The genes overlapping the
compounds and target genes of TBI were included in a Venn diagramusing a bioinformatics
tool (http://www.bioinformatics.com.cn/).

Constructing the compound-target network
We used Cytoscape ver. 3.7.2 (https://cytoscape.org/) to construct and visualize the
network. Nodes were used to show target proteins or molecules, and edges indicated the
correlations between targets and compounds. Larger nodes indicated more links.

Construction of the protein interaction network
We used STRING 11.0 (http://string-db.org/cgi/input.pl) to establish the network of
TBI-related PPI (Szklarczyk et al., 2017). The top 30 hub proteins were screened for
analysis.

Gene ontology and pathway enrichment analysis
GO and KEGG functions were analyzed using the DAVID Bioinformatics Resources
database (ver. 6.8) to illustrate the overlap (https://david.ncifcrf.gov/) (Huang da, Sherman
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& Lempicki, 2009). We created bar and bubble charts of GO and KEGG using R (version
4.0.2).

TBI model
Sprague-Dawley (SD) rats, 250–300 g, were provided by the Cancer Institute of the Chinese
Academy of Medical Science (Beijing, China). All animals were handled following the
ethical guidelines for animal-related experiments (ethical approval number: 2013022177).
The experimental procedures were approved by the Animal Ethics Committee of the
Chinese PLA General Hospital. Rats fasted 6–8 h before the operation. Our model was
constructed following the controlled cortical impact (CCI) method (Romine, Gao & Chen,
2014; Schwulst & Islam, 2019) and SD rats were anesthetized by aspiration using isoflurane
(velocity of flow 7-8L/min, concentration 3%). The craniotomy was performed midway
between Bregma (x = 0 mm, y = 0 mm, z = 0 mm, after calibration) and lambda (−0.3
mm<z <0.3 mm) on the left side; the location of the craniotomy (x = 3mm, y=−3.5mm)
was lateral to the midline. Skull slices were then removed with the dura undisturbed. The
CCI was applied perpendicular to the surface of the brain via PinPointTM Precision Cortical
Impactor (RWD, Shenzhen, China) with an impact tip measuring five mm in diameter,
4 m/s impact velocity, 500 ms impact duration time, and six mm depth. The craniotomy
was sealed using bone wax and then the scalp incision was disinfected and sutured.

Part 1:36 SD rats were categorized into six arbitrary groups, which were as follows: TBI
at 24, 72, and 168 h after injury, sham, TBI + XNJI, and TBI + muscone for RT-PCR. Part
2:48 SD rats were categorized into four groups randomly (sham, TBI + muscone, TBI, and
TBI + muscone + LY294002 (PI3K inhibitor)) at 168 h for Western blot and apoptosis
detection (Fig. S1).

Drug administration
XNJI was injected intravenously 10 ml/kg daily (Yang et al., 2015), and muscone was
administered at 0.54 mg/kg/d equivalently according to the manufacturer’s instructions.
The muscone injection was administrated with LY294002 (10 uL, 100 nmol in 25% DMSO
of PBS) in the TBI + muscone + LY294002 group (Ge et al., 2017). The other groups
received the same volume (Fig. S1).

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labelling (TUNEL) assay
Cellular apoptosis was identified based on a TUNEL assay according to the manufacturer’s
protocol (Meilunbio, Dalian, China). Slides were prepared by dewaxing, hydration,
washing, and penetration. A 50 ul Tunel detection solution was added and the slides were
washed with PBS and incubated for 60 mins. Finally, glass substrates were sealed with an
anti-fluorescence attenuation solution. Fluorescence quantitative analysis was completed
using Image J (National Institutes of Health, Bethesda, MD, USA).

Immunohistochemical (IHC) staining
IHC analysis was performed as described in a previous study (Zhang et al., 2018).
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Western blot
Ten-thousand gram The TBI rat Cerebral cortex was lysed in RIPA buffer for 30 min and
subsequently centrifuged for 5 min at 4 ◦C 10,000 g, to get proteins. The generated
protein was separated using 10% SDS gel. The resulting proteins were transferred
electrophoretically from SDS–PAGE to PVDF membranes with a wet-blot transfer
apparatus (Bio-Rad, California, USA). The membranes were incubated overnight at
4 ◦C with p53, cleaved caspase3, p-p65, p65, PI3K, Akt1, and p-Akt1 (Thr308), and p-PI3K
antibodies, followed by a second antibody marked with horseradish-peroxidase for 90 min
at room temperature. Bands were visualized with an improved chemiluminescence kit
following the manufacturer’s protocol and were detected with a Bio-Rad-based imaging
system (Bio-Rad, Hercules, CA, USA). We analyzed densitometry quantitation using
Image J.

RT-PCR
RNA was extracted from the affected brain cortex using TRIzol R© reagent (Invitrogen
Life Technologies, Paisley, Scotland). All RNA (4 ul) was changed into complementary
DNA (cDNA) in a reverse manner using M-MLV Reverse Transcriptase (Invitrogen,
Paisley, Scotland). The cDNA was incubated using the Fast SYBR R©Green Master Mix Bulk
Pack (Invitrogen, Paisley, Scotland) for quantitative fluorescence analysis. The primer
sequence was as follows: BCL-2, forward primer, 5′ -CCGGGAGAT CGATGAAGTA-
3′, reverse primer, 5′-CATATTTGTTTGGGGCA TGTCT-3′; Bax, forward primer,
GTGAGCGGCTGCTTGTCT, reverse primer, GTGGGGGT CCCGAAGTAG; Caspase 3,
forward primer, AATTCAAGGGACGG GTCATG, reverse primer, GCTTGTGCGCG-
TACAGTTTC; GAPDH, forward primer, ACAGCAACAGGGTGGTGGAC, reverse
primer, TTTGAGGGTGCAGCGAACTT.

Forty amplification cycles (pre-denaturation at 94 ◦C for 2 min, denaturation for 30 s at
94 ◦C, and annealing for 30 s at 62 ◦C) were applied in the amplification reaction analysis
using Rotor-Gene Q PCR’s detection system (Qiagen Biosystems, CA, USA).

Statistical analysis
All data are shown as mean ± standard deviation (SD). The statistical significance was
analyzed using one- or two-way ANOVA in Graphpad Prism 8; statistical significance was
P < 0.05.

RESULTS
Screening active molecules in XNJI
XNJI compounds were obtained from earlier studies and public databases. The BBB
permeability and drug likeness’s threshold values were set greater than 30% and 0.18,
respectively, to screen for active ingredients in the databases. In Moschus, cholesterol,
n-nornuciferine, 17-beta-estradiol, cholesteryl ferulate, and muscone supported the
established pharmacokinetic standard. For Radix-Curcumae β-sitosterol, sitosterol,
Oxy-curcumenol, 1,7-Diphenyl-3-acetoxy-6(E)-hepten, 4,5-Epoxy-12-acetoxy-7a,11a-
dihydrogermacradien-8-one, difurocumenone, caryophyllene, Germacron, curcumin,

Liu et al. (2021), PeerJ, DOI 10.7717/peerj.11696 5/18

https://peerj.com
http://dx.doi.org/10.7717/peerj.11696


curdione, and curzerenone were active compounds. Caryophyllene was shared with
Curcumae-Radix and Borneolum-Syntheticum. There were seven active ingredients in
Borneolum-Syntheticum with the exception of caryopyllene. Radix Curcumae and Fructus
Gardeniae both have beta-sitosterol. Fructus Gardeniae possesses 13 active compounds
including beta-sitosterol. We were able to obtain 35 active molecules based on the ADME
parameters in the TCMSP database and previous studies. We then used PubChem to
produce 2D structures for the next analysis.

Active ingredients and TBI target predictions
The targets of the active ingredients in XNJI were acquired using TCMSP. Swisstarget
Prediction identified other potential targets using 2D structures. The GeneCards, Disgenet,
and Omit databases were used to retrieve disease-related targets. Duplicate targets were
removed from our results. The gene name was transferred from the protein name using
the UniProt database (http://www.UniProt.org/). Data in these databases are taken from
the literature and are constantly updated to provide relatively comprehensive references.

Constructing compound-target networks
We retrieved 173 genes linked to TBI from the intersection of active ingredients and
disease targets and used these to construct a Venn diagram (Fig. 1A). The network of
compound-targets indicated that there were 173 target nodes, 35 compound nodes, and
404 edges (Fig. 1B). Larger nodes were used to indicate a greater degree of intersection
to improve visualization. A larger degree in the network indicated the importance of the
target or compound. The node with the largest degree value was muscone (degree= 42). It
was much larger than the average value (3.81), indicating that it has potential therapeutic
use in the treatment of TBI. Both AR (degree= 22) and ESR1 (degree= 20) played crucial
roles in the network. Our analysis revealed that CASP3 (degree= 6), RELA (p65, a subunit
of the NF-kB family, degree = 6), and BCL-2 (degree = 6) were larger than the average.

We performed GO and KEGG pathways enrichment analyses to verify the association
between the predicted target and TBI. As shown in Figs. 2A and 2B, the GO terms
(which include NAD-dependent histone deacetylase activity, steroid binding, membrane
raft, membrane microdomain, response to molecule of bacterial origin, and response to
antibiotics) were enriched in bar and bubble plots. We used an identical method to analyze
potential targets in the critical pathway. The top 20 pathways were filtered and probably
implicated in the signaling pathways of apoptosis, PI3K-Akt, p53 and the cell cycles, among
others (Figs. 2C and 2D).

PPI network and top 30 targets from the PPI network
We explored the hub proteins that were potential therapeutic targets in the PPI network
to determine the actions of the molecular mechanisms in TBI. We removed the unrelated
targets which left a total of 169 targets and 1,279 interactions in the PPI network (Fig. 3A).
The linked targets were given a different color and size to represent the meaning of their
interaction.

Our results showed that the five hub proteins AKT1, CASP3, RELA, BCL2L1, CASP8
(Degree: AKT1 = 88, CASP3 = 60, RELA = 37, BCL2L1 = 35, and CASP8 = 21;
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Figure 1 Compound-target identification. (A) The Venn diagram of 173 potential common targets (B)
This network represents a global view of the potential compounds (diamonds) and targets (hexagons)
in XNJI, and it comprised 228 nodes (35 potential compounds and 173 potential targets) and 367 edges
(compound-target interactions).

Full-size DOI: 10.7717/peerj.11696/fig-1

Figure 2 TBI-related Gene Ontology(GO), KEGG pathway of compound- target and diagram of pos-
sible treatment pathways. (A) The bar to describe P-adjust value range of top 10 GO enriched terms for
each GO category(MF,CC,BP, P-adjust value< 0.01). (B, C) The dot plot of top20 enriched GO items
and KEGG pathways (P-adjust value< 0.05). (D) The different biological processes are regulated by the
XNJI’targets of PI3K/Akt(core pathway), NF-kB and p53 signaling pathways.

Full-size DOI: 10.7717/peerj.11696/fig-2
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Figure 3 TBI-related PPI network and bar chart of top 30 targets. (A) Degree sorted circle layout of the
PPI network visualized using STRING and Cytoscape software. (B) The length of the histogram represents
the degree value of the genes.

Full-size DOI: 10.7717/peerj.11696/fig-3

Betweenness: AKT1 = 6272.24553, CASP3 = 1679.86775, RELA = 486.18204, BCL2L1 =
537.55344, and CASP8= 75.49232) were located at the core position. These were included
in the top 30 key proteins that were visualized in a bar plot according to their degree in
the PPI network (Fig. 3B). The nodes gradually become redder, bigger, and more centered
according to their importance. We retrieved an interactive pathway from the KEGG
Pathway database to determine the molecular mechanisms of the five proteins in TBI
(Kanehisa et al., 2017). We found that these hub proteins may correlate with PI3K/Akt, p53
apoptosis, cell cycle, NF-kB, and glycolysis/gluconeogenesis (Fig. 2D). AKT1 is a critical
regulator of apoptosis and cell survival in the central nervous system (Chen et al., 2018;
Mehrafza et al., 2019); CASP3, BCL2L1 and CASP8 participate in the cell anti-apoptosis
and apoptosis process (Ali et al., 2020; Loo et al., 2020; Sun & Pei, 2016); RELA is a crucial
mediator in the NF-kB pathway and activates the survival and progression of cell (Cahill,
Morshed & Yamini, 2016; Du et al., 2019; Gugliandolo et al., 2018). Muscone plays a critical
role in the component-target network and animal experiments have shown that it can
attenuate neuronal apoptosis (Wei et al., 2012). We found that AKT1 was targeted by
muscone in PPI network. Meanwhile, muscone exhibited a high degree of matching
with Akt1 (Fig. S4). Therefore, muscone may modulate neuronal apoptosis through the
PI3K/Akt, NF-kB signaling pathway and p53 inhibition.
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Figure 4 The time course of mRNA and the effect of XNJI andmuscone on the expression of mRNA
of the ipsilateral cerebral cortex 168 h after TBI. (A–D). The mRNA expression of bax, p53 and caspase-
3 was significantly up-regulated 168 h after TBI while BCL-2 were down-regulated remarkably. The XNJI
and muscone treatment down-regulated mRNA levels of bax, p53 and caspase 3 compared with the sham
group, but BCL-2 had a reverse effect. N = 6, each group, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P <
0.0001.

Full-size DOI: 10.7717/peerj.11696/fig-4

Experimental verification
Temporal profiles of TBI-induced and XNJI-treated or muscone-treated
changes in bax, BCL-2 and caspase 3, and p53 mRNA levels
The expression levels of BCL-2, bax, p53 and caspase 3 mRNA in the damaged cortex
were investigated at a various range of times in TBI. As shown in Fig. 4, mRNA gradually
increased 24 h after TBI up until 168 h after the damage occurred (Fig. 4) (P < 0.05). We
detected mRNA expression levels at the 168 h mark in the TBI + XNJI, TBI + muscone,
and sham groups. The results showed that these mRNA were remarkably down-regulated
168 h after treatment with XNJI and muscone, respectively (Fig. S3).

Muscone affects neuronal apoptosis in the injured cerebral cortex
168 h after TBI
We used the TUNEL assay, IHC, and Western blot to explore the function of muscone in
neuronal apoptosis. According to representative TUNEL staining, the red fluorescent spots
indicated cellular apoptosis (Fig. 5A). The TUNEL-positive cells in the TBI group (11.4%–
15.3%) exceeded those in the sham group (1.3%−2.5%) according to our quantitative
results (Fig. 5B) (P < 0.05). Muscone treatment attenuated neuronal apoptosis 168 h
post-TBI (4.3%−5.9%), and an injection of LY294002 (a specific inhibitor of PI3K)
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Figure 5 Cortical cellular apoptosis. (A) Representative TUNEL/DAPI photo- micrographs of the ip-
silateral cortex in different groups (scale bar= 50 um). Colors of fluorescence: DAPI: blue; TUNEL: red.
(B) Quantitative comparison of tunel -positive cells in the Sham, TBI, TBI+Muscone and TBI+Muscone+
LY294002 groups. N = 3, each group, ∗P < 0.05, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 vs sham group; ##p< 0.01,
###p< 0.001 vs TBI group; p< 0.05 vs TBI+muscone group.

Full-size DOI: 10.7717/peerj.11696/fig-5

reversed the effect (7.9%−9.2%). This trend was observed in immunohistochemistry as
well (Fig. S2).

Muscone decreased Akt1 and PI3K phosphorylation in TBI
It has been shown that PI3K may activate and phosphorylate Akt1 (Yang et al., 2015). We
used the Western blot to explore protein levels and determine how muscone affected the
changes of Akt1/PI3K pathway.

The P-Akt1 level increased in the TBI group compared with the sham group; however,
adding LY294002 counteracted the muscone’s protective effect. The phosphorylated
PI3K(p-PI3K), Akt1, and phosphorylated Akt1 (p-Akt1, at the Thr308 site) protein
expression were similar (Fig. 6).

Muscone inhibited the activation of the NF-kB pathway
LY294002 was used to block the Akt1 activity involved in regulating NF-kb in order to
investigate the underlying molecular mechanism. According to quantitative results, both
the phosphorylated NF-kB/p65 (p-p65) and NF-kB/p65 were significantly inhibited in the
muscone-treated groups compared to those in the TBI group. We observed lower p-65
and p65 protein levels in the TBI + muscone + LY294002 group. The results indicated that
LY294002 probably increased phosphorylated NF-kB/p65 and NF-kB/p65 when compared
with the muscone + TBI groups through the PI3K/Akt1 pathway (Figs. 7A, 7E and 7F)
(P < 0.05).

Muscone reduced p53 expression 168 h after TBI
P53 affects the NF-kB pathway and acts as a key node to down-regulate neuroapoptosis
(Li et al., 2018). Our results showed that the apoptosis-related levels (BCL-2, bax and
cleaved caspase 3) were significantly altered 168 h after TBI compared to the sham group.
Moreover, expression of these proteins were improved by muscone and offset by LY294002
(Figs. 7A–7D).
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Figure 6 Muscone negatively regulates PI3K, phosphorylated PI3K, Akt1, phosphorylated Akt at
Thr308 [p-Akt1 (Thr308)] of injured traumatic brain tissues in TBI rats. The expression levels were
detected using the Western blotting analysis. Results are presented as mean± SD. N = 3, each group,
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 vs sham group; #p< 0.05, ##p< 0.01, ###p< 0.001 vs
TBI group; p< 0.05vs <TBI+muscone group.

Full-size DOI: 10.7717/peerj.11696/fig-6

Figure 7 Effects of muscone on the bax, p53, BCL-2 and cleaved-caspase 3 expression and the NF-kB
pathway. (A) Immunoblot bands in involved groups were represented. (B–G) The bands’ intensity was
shown as optical density analysis. Results were presented as mean± SD. N = 3, each group, ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 vs sham group; #p< 0.05, ##p lt0.01, ###p< 0.001 vs TBI group;
p< 0.05 vs TBI+muscone group.

Full-size DOI: 10.7717/peerj.11696/fig-7

To further examine the effects of muscone on apoptosis, we conducted a Western blot
analysis of the p53 expression. Quantitative analysis determined that there was a significant
change between the TBI and sham groups. The p53 levels were significantly inhibited upon
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the injection of muscone compared to the TBI group. After TBI, higher levels of p53 were
found in rats that were injected with LY294002 + muscone,compared to those in the TBI +
muscone group (Fig. 7A and 7G) (P < 0.05). This suggests that muscone may ameliorate
p53-mediated apoptosis through the PI3K/Akt pathway.

DISCUSSION
Natural medicine is now receiving greater attention for its multiple active ingredients and
potential targets. Numerous medicinal plants containing XNJI have been used clinically to
treat TBI in China. However, the bioactive components of XNJI and its mechanisms for
treating TBI are unknown. It is imperative to investigate the active components in XNJI
for clinical use.

Previous research has illustrated XNJI’s neuroprotective properties (Qu et al., 2019;Wei
et al., 2015; Zhang et al., 2018), but there has been no network pharmacology analysis to
investigate the combination of TBI and XNJI. We constructed a systems pharmacological
model for XNJI by screening active ingredients, identifying targets, analyzing PPI,
conducting enrichment analysis of KEGGandGO, and verifying experiments.We identified
35 bioactive ingredients in XNJI and 173 potential targets using network pharmacology.
The active ingredients work with different target proteins andmay outperform single-target
ingredients. PPI, GO, and KEGG analysis were typically involved in apoptosis, PI3K-Akt,
p53, and the cell cycle signaling pathway. XNJI and muscone had a positive effect on
apoptosis-related mRNA 168 h after TBI. Through network analysis, muscone was found
to have close relationships with many targets. Muscone may reduce brain damage by
preventing the pro-apoptotic proteins bax and caspase 3 (Wei et al., 2012), which was
consistent with the XNJI results (Zhang et al., 2018). Muscone was further studied and
found to perform a similar function in inhibiting apoptosis in TBI. This effect may be
partially offset by LY294002.

Akt1, RELA, CASP3 were each enriched in the PI3K/Akt, NF-kB, and apoptosis signaling
pathways. The p53 pathway played a greater role in the hub genes-related pathways. The
p53 tumor suppressor gene regulated DNA-damage-induced apoptosis (Crighton et al.,
2006; Sánchez et al., 2014) and the p53 expression level was down-regulated by XNJI and
muscone. Previous evidence suggested that XNJI could protect brain cells against damage by
inhibiting the expression of p53 (Wei et al., 2015). Our results demonstrated that muscone
decreased apoptosis by inhibiting the NF-kB and signaling pathways of PI3K/Akt1. When
PI3K/Akt1 was reduced by LY294002, NF-kB also had the same effect. Interestingly, the
caspase-dependent pathways were often inhibited by up-regulating NF-kB and Akt in some
diseases (Gutjahr et al., 2020; Shamekhi et al., 2020). This may result from inflammation in
the PI3K/Akt and NF-kB pathways. Multiple studies have shown that inflammation factors
are elevated in neuroinflammation through the PI3K/Akt and NF-kB pathways during
brain injury (Amin, Shah & Kim, 2016; Zhu et al., 2018). NF-kB is the direct target of AKT
and is vital for TNF-a expression (Amin, Shah & Kim, 2016; Fu et al., 2018). Research
has indicated that the extrinsic apoptotic pathway can be triggered by inflammatory
factors such as TNF and Fas (Akamatsu & Hanafy, 2020). Also,one study showed that
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inhibition of microglia may decrease neuroinflammation and neuronal apoptosis by
altering their polarization status to reduce the M1 phenotype marker TNF-α after TBI
(Takada et al., 2020). XNJI may also improve cerebral I/R injury and decreased the
expression levels of inflammatory mediators involving TNF-a, IL-1,β and IL-6 (Zhang
et al., 2020). Muscone has been shown to be neuroprotective in stroke by reducing the Fas
level (Wei et al., 2012). Therefore, it is possible that muscone primarily acts on extrinsic
apoptotic activation, relying on the inhibition of inflammatory pathways. However, Li
et al. (2018) found that repressing p53 activation attenuated neuroinflammation and
neuroapoptosis via the downregulation of caspase 3 and the NF-kB cytokine pathway.
There was dual crosstalk between p53 and NF-kB (p65, RELA) which leads them to
antagonize or activate each other (Schneider & Krämer, 2011). Intriguingly, muscone
was used in conjunction with LY294002(PI3K inhibitor), while PI3K/Akt1 pathway
was increased compared to muscone alone. Possibly, this is because LY294002 caused a
decrease for muscone in blood–brain barrier permeability or the combination of muscone
and LY294002 abolished muscone’s effect on TBI.

These effects should be included in future research on these underlying mechanisms.
Our results demonstrated that muscone may relieve apoptosis by inhibiting the NF-kB
pathway, PI3K-Akt1, and p53 signaling pathways through their interactions.

CONCLUSION
In a nutshell, muscone is an effective ingredient in XNJI, which can prevent TBI and was
revealed through network analysis. Moreover,muscone can ameliorate apoptosis–related
proteins which is parallel to XNJI. It may function via NF-kB, p53 and PI3K/Akt1 signaling
pathways. Future studies should focus on identifying lead compounds in the natural
products of pharmacological systems. There are many active chemical components in XNJI
but their molecular mechanisms are still unclear and the technology for analyzing XNJI is
flawed. Additional research is still needed.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This research received support from the Research Fund of Chinese PLA General Hospital-
Sixth Medical Center (CXPY201816), the Beijing Nova Program (Z171100001117092), the
National Nature Science Foundation of China (81500669) and the National Nature Science
Foundation of Beijing (7154241). The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Research Fund of Chinese PLA General Hospital-Sixth Medical Center: CXPY201816.
Beijing Nova Program: Z171100001117092.
National Nature Science Foundation of China: 81500669.
National Nature Science Foundation of Beijing: 7154241.

Liu et al. (2021), PeerJ, DOI 10.7717/peerj.11696 13/18

https://peerj.com
http://dx.doi.org/10.7717/peerj.11696


Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Zhuohang Liu conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, collection and assembly of data, and approved the final draft.
• Hang Li conceived and designed the experiments, prepared figures and/or tables,
authored or reviewed drafts of the paper, administrative support, and approved the final
draft.
• Wenchao Ma analyzed the data, prepared figures and/or tables, collection and assembly
of data, and approved the final draft.
• Shuyi Pan conceived and designed the experiments, prepared figures and/or tables,
administrative support, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

All the procedures in the experiments had received the approval from the Animal Ethics
Committee of the Chinese PLA General Hospital (ethical approval number: 2013022177).

Data Availability
The following information was supplied regarding data availability:

The raw measurements are available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.11696#supplemental-information.

REFERENCES
Akamatsu Y, Hanafy KA. 2020. Cell death and recovery in traumatic brain injury.

Neurotherapeutics 17:446–456 DOI 10.1007/s13311-020-00840-7.
Ali FEM, Hassanein EHM, Bakr AG, El-Shoura EAM, El-Gamal DA, Mahmoud AR,

Abd-Elhamid TH. 2020. Ursodeoxycholic acid abrogates gentamicin-induced
hepatotoxicity in rats: role of NF-κB-p65/TNF-α, Bax/Bcl-xl/Caspase-3, and
eNOS/iNOS pathways. Life Sciences 254:117760 DOI 10.1016/j.lfs.2020.117760.

Amin FU, Shah SA, KimMO. 2016. Glycine inhibits ethanol-induced oxidative stress,
neuroinflammation and apoptotic neurodegeneration in postnatal rat brain.
Neurochemistry International 96:1–12 DOI 10.1016/j.neuint.2016.04.001.

Cahill KE, Morshed RA, Yamini B. 2016. Nuclear factor-κB in glioblastoma: insights
into regulators and targeted therapy. Neuro-Oncology 18:329–339
DOI 10.1093/neuonc/nov265.

Liu et al. (2021), PeerJ, DOI 10.7717/peerj.11696 14/18

https://peerj.com
http://dx.doi.org/10.7717/peerj.11696#supplemental-information
http://dx.doi.org/10.7717/peerj.11696#supplemental-information
http://dx.doi.org/10.7717/peerj.11696#supplemental-information
http://dx.doi.org/10.1007/s13311-020-00840-7
http://dx.doi.org/10.1016/j.lfs.2020.117760
http://dx.doi.org/10.1016/j.neuint.2016.04.001
http://dx.doi.org/10.1093/neuonc/nov265
http://dx.doi.org/10.7717/peerj.11696


Chen Y, Sun Y, LiW,Wei H, Long T, Li H, Xu Q, LiuW. 2018. Systems pharmacology
dissection of the anti-stroke mechanism for the Chinese traditional medicine Xing-
Nao-Jing. Journal of Pharmacological 136:16–25 DOI 10.1016/j.jphs.2017.11.005.

Crighton D,Wilkinson S, O’Prey J, Syed N, Smith P, Harrison PR, GascoM, Garrone
O, Crook T, Ryan KM. 2006. DRAM, a p53-induced modulator of autophagy, is
critical for apoptosis. Cell 126:121–134 DOI 10.1016/j.cell.2006.05.034.

Huang daW, Sherman BT, Lempicki RA. 2009. Systematic and integrative analysis of
large gene lists using DAVID bioinformatics resources. Nature Protocols 4:44–57
DOI 10.1038/nprot.2008.211.

Du S, Deng Y, Yuan H, Sun Y. 2019. Safflower yellow B protects brain against cerebral
ischemia reperfusion injury through AMPK/NF-kB pathway. Evidence-Based
Complementary and Alternative Medicine 2019:7219740 DOI 10.1155/2019/7219740.

Fu S, Ni S, Wang D, Hong T. 2018. Coptisine suppresses mast cell degranulation and
ovalbumin-induced allergic rhinitis.Molecules 23:3039
DOI 10.3390/molecules23113039.

Ge XH, Zhu GJ, Geng DQ, Zhang HZ, He JM, Guo AZ, Ma LL, Yu DH. 2017.
Metformin protects the brain against ischemia/reperfusion injury through
PI3K/Akt1/JNK3 signaling pathways in rats. Physiology and Behavior 250:115–123
DOI 10.1016/j.physbeh.2016.12.021.

Gugliandolo E, D’Amico R, CordaroM, Fusco R, Siracusa R, Crupi R, Impel-
lizzeri D, Cuzzocrea S, Di Paola R. 2018. Neuroprotective effect of artesunate
in experimental model of traumatic brain injury. Frontiers in Neurology 9:590
DOI 10.3389/fneur.2018.00590.

Gutjahr JC, Bayer E, Yu X, Laufer JM, Höpner JP, Tesanovic S, Härzschel A, Auer
G, Rieß T, Salmhofer A, Szenes E, Haslauer T, Durand-Onayli V, Ramspacher
A, Pennisi SP, Artinger M, Zaborsky N, Chigaev A, Aberger F, Neureiter D,
Pleyer L, Legler DF, Orian-Rousseau V, Greil R, Hartmann TN. 2020. CD44
engagement enhances acute myeloid leukemia cell adhesion to the bone marrow
microenvironment by increasing VLA-4 avidity. Haematologica 105:231944
DOI 10.3324/haematol.2019.231944.

Hopkins AL. 2007. Network pharmacology. Nature Biotechnology 25:1110–1111
DOI 10.1038/nbt1007-1110.

Kanehisa M, Furumichi M, TanabeM, Sato Y, Morishima K. 2017. KEGG: new
perspectives on genomes, pathways, diseases and drugs. Nucleic Acids Research
45:D353–D361 DOI 10.1093/nar/gkw1092.

Li S, Zhang B. 2013. Traditional Chinese medicine network pharmacology: theory,
methodology and application. Chinese Journal of Natural Medicines 11:110–120
DOI 10.1016/s1875-5364(13)60037-0.

Li S, Zhang ZQ,Wu LJ, Zhang XG, Li YD,Wang YY. 2007. Understanding ZHENG in
traditional Chinese medicine in the context of neuro-endocrine-immune network.
IET Systematic Biology 1:51–60 DOI 10.1049/iet-syb:20060032.

Li XQ, Yu Q, Chen FS, TanWF, Zhang ZL, Ma H. 2018. Inhibiting aberrant p53-PUMA
feedback loop activation attenuates ischaemia reperfusion-induced neuroapoptosis

Liu et al. (2021), PeerJ, DOI 10.7717/peerj.11696 15/18

https://peerj.com
http://dx.doi.org/10.1016/j.jphs.2017.11.005
http://dx.doi.org/10.1016/j.cell.2006.05.034
http://dx.doi.org/10.1038/nprot.2008.211
http://dx.doi.org/10.1155/2019/7219740
http://dx.doi.org/10.3390/molecules23113039
http://dx.doi.org/10.1016/j.physbeh.2016.12.021
http://dx.doi.org/10.3389/fneur.2018.00590
http://dx.doi.org/10.3324/haematol.2019.231944
http://dx.doi.org/10.1038/nbt1007-1110
http://dx.doi.org/10.1093/nar/gkw1092
http://dx.doi.org/10.1016/s1875-5364(13)60037-0
http://dx.doi.org/10.1049/iet-syb:20060032
http://dx.doi.org/10.7717/peerj.11696


and neuroinflammation in rats by downregulating caspase 3 and the NF-κB cytokine
pathway. Journal of Neuroinflammation 15:250 DOI 10.1186/s12974-018-1271-9.

Li Y, Zhang J, Zhang L, Chen X, Pan Y, Chen SS, Zhang S, Wang Z, XiaoW, Yang
L,Wang Y. 2015. Systems pharmacology to decipher the combinational anti-
migraine effects of Tianshu formula. Journal of Ethnopharmacology 174:45–56
DOI 10.1016/j.jep.2015.07.043.

Liu J, Mu J, Zheng C, Chen X, Guo Z, Huang C, Fu Y, Tian G, Shang H,Wang Y. 2016a.
Systems-pharmacology dissection of traditional Chinese medicine compound saffron
formula reveals multi-scale treatment strategy for cardiovascular diseases. Scientific
Reports 6:19809 DOI 10.1038/srep19809.

Liu Z, Guo F,Wang Y, Li C, Zhang X, Li H, Diao L, Gu J, WangW, Li D, He F. 2016b.
BATMAN-TCM: a bioinformatics analysis tool for molecular mechanism of
traditional chinese medicine. Scientific Reports 6:21146 DOI 10.1038/srep21146.

Loo LSW, Soetedjo AAP, Lau HH, Ng NHJ, Ghosh S, Nguyen L, Krishnan VG, Choi H,
Roca X, Hoon S, Teo AKK. 2020. BCL-xL/BCL2L1 is a critical anti-apoptotic protein
that promotes the survival of differentiating pancreatic cells from human pluripotent
stem cells. Cell Death & Disease 11:378 DOI 10.1038/s41419-020-2589-7.

MaX,Wang T,Wen J, Wang J, Zeng N, ZouW, Yang Y. 2020. Role of Xingnaojing
Injection in treating acute cerebral hemorrhage: a systematic review and meta-
analysis.Medicine (Baltimore) 99:e19648 DOI 10.1097/md.0000000000019648.

Mehrafza S, Kermanshahi S, Mostafidi S, MotaghinejadM,MotevalianM, Fatima
S. 2019. Pharmacological evidence for lithium-induced neuroprotection against
methamphetamine-induced neurodegeneration via Akt-1/GSK3 and CREB-BDNF
signaling pathways. Iranian Journal of Basic Medical Sciences 22:856–865
DOI 10.22038/ijbms.2019.30855.7442.

Oberholzer M, Müri RM. 2019. Neurorehabilitation of traumatic brain injury (TBI): a
clinical review.Medical Science 7:47 DOI 10.3390/medsci7030047.

Qu XY, Zhang YM, Tao LN, Gao H, Zhai JH, Sun JM, Song YQ, Zhang SX. 2019.
XingNaoJing injections protect against cerebral ischemia/reperfusion injury and
alleviate blood–brain barrier disruption in rats, through an underlying mechanism
of NLRP3 inflammasomes suppression. Chinese Journal of Natural Medicines
17:498–505.

Romine J, Gao X, Chen J. 2014. Controlled cortical impact model for traumatic brain
injury. Journal of Visualized Experiments 90:e51781 DOI 10.3791/51781.

Ru J, Li P, Wang J, ZhouW, Li B, Huang C, Li P, Guo Z, TaoW, Yang Y, Xu X,
Li Y,Wang Y, Yang L. 2014. TCMSP: a database of systems pharmacology
for drug discovery from herbal medicines. Journal of Cheminformatics 6:13
DOI 10.1186/1758-2946-6-13.

Sánchez Y, Segura V, Marín-Béjar O, Athie A, Marchese FP, González J, Bujanda
L, Guo S, Matheu A, Huarte M. 2014. Genome-wide analysis of the human p53
transcriptional network unveils a lncRNA tumour suppressor signature. Nature
Communications 5:5812 DOI 10.1038/ncomms6812.

Liu et al. (2021), PeerJ, DOI 10.7717/peerj.11696 16/18

https://peerj.com
http://dx.doi.org/10.1186/s12974-018-1271-9
http://dx.doi.org/10.1016/j.jep.2015.07.043
http://dx.doi.org/10.1038/srep19809
http://dx.doi.org/10.1038/srep21146
http://dx.doi.org/10.1038/s41419-020-2589-7
http://dx.doi.org/10.1097/md.0000000000019648
http://dx.doi.org/10.22038/ijbms.2019.30855.7442
http://dx.doi.org/10.3390/medsci7030047
http://dx.doi.org/10.3791/51781
http://dx.doi.org/10.1186/1758-2946-6-13
http://dx.doi.org/10.1038/ncomms6812
http://dx.doi.org/10.7717/peerj.11696


Schneider G, Krämer OH. 2011. NFκB/p53 crosstalk-a promising new thera-
peutic target. Biochimica Et Biophysica Acta/General Subjects 1815:90–103
DOI 10.1016/j.bbcan.2010.10.003.

Schwulst SJ, IslamM. 2019.Murine model of controlled cortical impact for the induc-
tion of traumatic brain injury. Journal of Visualized Experiments DOI 10.3791/60027.

Shamekhi S, Abdolalizadeh J, Ostadrahimi A, Mohammadi SA, Barzegari A, Lotfi
H, Bonabi E, Zarghami N. 2020. Apoptotic effect of saccharomyces cerevisiae on
human colon cancer SW480 cells by regulation of Akt/NF-κB signaling pathway.
Probiotics and Antimicrobial Proteins 12:311–319.

Slavoaca D, Muresanu D, Birle C, Rosu OV, Chirila I, Dobra I, Jemna N, Strilciuc
S, Vos P. 2020. Biomarkers in traumatic brain injury: new concepts. Neurological
Sciences 41:2033–2044 DOI 10.1007/s10072-019-04238-y.

Song H, Chen X, Yu Y, Zhang L. 2018. Xingnao Kaiqiao acupuncture combined with
Angong Niuhuang Wan for a patient under persistent vegetative state: a case report.
Frontiers in Medicine 12:334–339 DOI 10.1007/s11684-017-0539-2.

SunWC, Pei L. 2016. rno-miR-665 targets BCL2L1 (Bcl-xl) and increases vulnerability
to propofol in developing astrocytes. Journal of Neurochemistry 138:233–242
DOI 10.1111/jnc.13647.

Szklarczyk D, Morris JH, Cook H, KuhnM,Wyder S, Simonovic M, Santos A,
Doncheva NT, Roth A, Bork P, Jensen LJ, VonMering C. 2017. The STRING
database in 2017: quality-controlled protein–protein association networks, made
broadly accessible. Nucleic Acids Research 45:D362–d368 DOI 10.1093/nar/gkw937.

Takada S, Sakakima H, Matsuyama T, Otsuka S, Nakanishi K, Norimatsu K, Itashiki Y,
Tani A, Kikuchi K. 2020. Disruption of Midkine gene reduces traumatic brain injury
through the modulation of neuroinflammation. Journal of Neuroinflammation 17:40
DOI 10.1186/s12974-020-1709-8.

Wang L, Liang Q, Lin A,Wu Y, Min H, Song S, Wang Y,Wang H, Yi L, Gao Q. 2019.
Borneol alleviates brain injury in sepsis mice by blocking neuronal effect of endo-
toxin. Life Science 232:116647 DOI 10.1016/j.lfs.2019.116647.

WangM,Wang S, Li Y, Cai G, CaoM, Li L. 2020. Integrated analysis and network
pharmacology approaches to explore key genes of Xingnaojing for treatment of
Alzheimer’s disease. Brain and Behavior 10:e01610 DOI 10.1002/brb3.1610.

Wei G, Chen DF, Lai XP, Liu DH, Deng RD, Zhou JH, Zhang SX, Li YW, Li H, Zhang
QD. 2012.Muscone exerts neuroprotection in an experimental model of stroke via
inhibition of the fas pathway. Natural Product Communications 7:1069–1074.

Wei G, Huang Y, Li F, Zeng F, Li Y, Deng R, Lai Y, Zhou J, Huang G, Chen D. 2015.
XingNaoJing, prescription of traditional Chinese medicine, prevents autophagy in
experimental stroke by repressing p53-DRAM pathway. BMC Complementary and
Alternative Medicine 15:377 DOI 10.1186/s12906-015-0882-2.

Xiong Y, Mahmood A, ChoppM. 2013. Animal models of traumatic brain injury. Nature
Reviews Neuroscience 14:128–142 DOI 10.1038/nrn3407.

Liu et al. (2021), PeerJ, DOI 10.7717/peerj.11696 17/18

https://peerj.com
http://dx.doi.org/10.1016/j.bbcan.2010.10.003
http://dx.doi.org/10.3791/60027
http://dx.doi.org/10.1007/s10072-019-04238-y
http://dx.doi.org/10.1007/s11684-017-0539-2
http://dx.doi.org/10.1111/jnc.13647
http://dx.doi.org/10.1093/nar/gkw937
http://dx.doi.org/10.1186/s12974-020-1709-8
http://dx.doi.org/10.1016/j.lfs.2019.116647
http://dx.doi.org/10.1002/brb3.1610
http://dx.doi.org/10.1186/s12906-015-0882-2
http://dx.doi.org/10.1038/nrn3407
http://dx.doi.org/10.7717/peerj.11696


XuHY, Zhang YQ, Liu ZM, Chen T, Lv CY, Tang SH, Zhang XB, ZhangW, Li ZY, Zhou
RR, Yang HJ, Wang XJ, Huang LQ. 2019. ETCM: an encyclopaedia of traditional
Chinese medicine. Nucleic Acids Research 47:D976–D982 DOI 10.1093/nar/gky987.

Xu P, Du SY, Lu Y, Bai J, Guo YW, DuQ, Cao YF. 2014. The effect of stroke and other
components in Xing-Nao-Jing on the pharmacokinetics of geniposide. Journal of
Ethnopharmacology 152:302–307 DOI 10.1016/j.jep.2013.12.046.

Yan Z. 2011. Evaluation of therapeutic effect of Xingnaojing injection on severe
craniocerebral injury. Chinese Journal of Practical Nervous Diseases 14:75–76
DOI 10.3969/j.issn.1673-5110.2011.21.042.

Yang Z-J, Wang Y-W, Li C-L, Ma L-Q, Zhao X. 2015. Pre-treatment with a Xingnaojing
preparation ameliorates sevoflurane-induced neuroapoptosis in the infant rat
striatum.Molecular Medicine Reports 11:1615–1622 DOI 10.3892/mmr.2014.2934.

Yuan J, Zhang J, Cao J, Wang G, Bai H. 2020. Geniposide alleviates traumatic brain
injury in rats via anti-inflammatory effect and MAPK/NF-kB inhibition. Cellular and
Molecular Neurobiology 40:511–520 DOI 10.1007/s10571-019-00749-6.

Zhang YM, Qu XY, Zhai JH, Tao LN, Gao H, Song YQ, Zhang SX. 2018. Xingnaojing
injection protects against cerebral ischemia reperfusion injury via PI3K/Akt-
mediated eNOS phosphorylation. Evidence-Based Complementary and Alternative
Medicine 2018:2361046 DOI 10.1155/2018/2361046.

Zhang Y-M, Qu X-Y, Tao L-N, Zhai J-H, Gao H, Song Y-Q, Zhang S-X. 2020. Xing-
NaoJing injection ameliorates cerebral ischaemia/reperfusion injury via SIRT1-
mediated inflammatory response inhibition. Pharmaceutical Biology 58:16–24
DOI 10.1080/13880209.2019.1698619.

Zhou F, He K, Guan Y, Yang X, Chen Y, SunM, Qiu X, Yan F, Huang H, Yao L, Liu B,
Huang L. 2020. Network pharmacology-based strategy to investigate pharmacologi-
cal mechanisms of Tinospora sinensis for treatment of Alzheimer’s disease. Journal of
Ethnopharmacology 259:112940 DOI 10.1016/j.jep.2020.112940.

Zhu Q, Enkhjargal B, Huang L, Zhang T, Sun C, Xie Z,Wu P, Mo J, Tang J, Xie Z,
Zhang JH. 2018. Aggf1 attenuates neuroinflammation and BBB disruption via
PI3K/Akt/NF- kappaB pathway after subarachnoid hemorrhage in rats. Journal of
Neuroinflammation 15:178 DOI 10.1186/s12974-018-1211-8.

Liu et al. (2021), PeerJ, DOI 10.7717/peerj.11696 18/18

https://peerj.com
http://dx.doi.org/10.1093/nar/gky987
http://dx.doi.org/10.1016/j.jep.2013.12.046
http://dx.doi.org/10.3969/j.issn.1673-5110.2011.21.042
http://dx.doi.org/10.3892/mmr.2014.2934
http://dx.doi.org/10.1007/s10571-019-00749-6
http://dx.doi.org/10.1155/2018/2361046
http://dx.doi.org/10.1080/13880209.2019.1698619
http://dx.doi.org/10.1016/j.jep.2020.112940
http://dx.doi.org/10.1186/s12974-018-1211-8
http://dx.doi.org/10.7717/peerj.11696

