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Anxiety disorder is one of the most common mental diseases. It is mainly

characterized by a sudden, recurring but indescribable panic, fear, tension and/

or anxiety. Yangshendingzhi granules (YSDZ) are widely used in the treatment of

anxiety disorders, but its active ingredients and underlying mechanisms are not

yet clear. This study integrates network pharmacology and metabolomics to

investigate the potential mechanism of action of YSDZ in a rat model of anxiety.

First, potential active ingredients and targets were screened by network

pharmacology. Then, predictions were verified by molecular docking,

molecular dynamics and western blotting. Metabolomics was used to

identify differential metabolites and metabolic pathways. All results were

integrated for a comprehensive analysis. Network pharmacology analysis

found that Carotene, β-sitosterol, quercetin, Stigmasterol, and kaempferol in

YSDZ exert anxiolytic effects mainly by acting on IL1β, GABRA1, PTGS1, ESR1,

and TNF targets. Molecular docking results showed that all the affinities were

lower than −5 kcal/mol, and the average affinities were −7.7764 kcal/mol.

Molecular dynamics simulation results showed that RMSD was lower than

2.5 A, and the overall conformational changes of proteins were small,

indicating that the small molecules formed stable complexes with proteins.

The results of animal experiments showed that YSDZ exerts anxiolytic effects by

regulating GABRA1 and TNF-α, ameliorating pathological damage in

hippocampal CA1, and regulating metabolic pathways such as thiamine,

cysteine and methionine metabolism, lysine biosynthesis and degradation.

Altogether, we reveal multiple mechanisms through which YSDZ exerts its
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anti-anxiety effects, which may provide a reference for its clinical application

and drug development.
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network pharmacology, metabolomics, anxiolytics, YangshenDingzhi granules,
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Introduction

Anxiety disorder is a mental health issue characterized by the

sudden and recurring but indescribable panic, fear, tension, and/

or anxiety, accompanied by palpitations, sweating, and other

autonomic nervous system disorders. Its worldwide prevalence is

estimated to be 3.8%–25%, while the prevalence of chronic

diseases is estimated to be as high as 70% (Remes et al.,

2016). Anxiety disorder is one of the most common mental

health problems and impacts the quality of life and social stability

(Kandola et al., 2018). The main treatments for anxiety in

western medicines include selective serotonin reuptake

inhibitors (SSRIs), benzodiazepines (diazepam), and so on

(Stonerock et al., 2105; Amorim et al., 2018). Benzodiazepines

act on γ-aminobutyric acid (GABA) receptors, enhance GABA

activity, further open chloride ion channels, and make chloride

ions enter cells in large quantities, causing hyperpolarization of

nerve cells, thereby playing a central inhibitory effect and treating

anxiety (Cornett et al., 2018). The mechanism of action of SSRIs

is to inhibit the reuptake of 5-HT by the presynaptic membrane,

increase the concentration of 5-HT in the synaptic cleft, improve

the conduction of 5-HT neurons, and exert anxiolytic effects

(Bandelow et al., 2017) (Figure 1). However, the long-term use of

these medications can result in drug dependence, memory and

cognitive impairment, and increase the risk of motor impairment

(Geng et al., 2021). Moreover, patients often experience delayed

effects, high rates of non-response, nausea and headache in the

adminstration of the above-mentioned drugs (Qu et al., 2021;

Wei et al., 2022; Wang et al., 2019). Therefore, there has been a

necessity to develop anti-anxiety drugs with fewer side effects

currently.

Traditional Chinese medicine (TCM) has been

characterized by compounds of multiple complexes that

target multiple pathways (Zhang et al., 2019). Previous

evidence has shown that TCM has reduced side effects, can

be individualized, and exhibits a considerable clinical research

value (Li et al., 2021). Indeed, some TCMs were suggested as the

treatment for anxiety (Liu et al., 2015). Therefore, in order to

reduce the side effects and adverse reactions caused by the

treatment of western medicine, researchers have been

investigating the use of TCM to treat anxiety.

YangshenDingzhi Granules (YSDZ) have been recognized as

a TCM compound, which is composed of Rehmanniae Radix

Praeparata, Polygala tenuifolia Willd, Poria cocos (Schw.) Wolf,

Saposhnikovia divaricata (Trucz.) Schischk, Cyrtomium fortunei

J. Sm.,Talinum paniculatum (Jacq.) Gaertn.,Chrysanthemum

indicum L., Aurantii Fructus. It has been reported that the

extract of Chrysanthemum indicum L. has neuroprotective

effect, which can inhibit the apoptosis of neurons and the

excessive response of neuroinflammation (Yan et al., 2021).

Aurantii Fructus. has a rapid antidepressant effect that is

dependent on the PKA/CREB/BDNF pathway and

subsequently modulates downstream synaptic transmission

(Wu et al., 2021). And there is ingredient evidence that

Chinese herbal compounds or extracts of Rehmanniae Radix

Praeparata, Polygala tenuifolia Willd, and Poria cocos (Schw.)

Wolf have anxiolytic effects (Li et al., 2021; Ning et al., 2021; Wu

et al., 2018). YSDZ has been proven to improve anxiety in

patients; however, the active components of YSDZ and their

potential anti-anxiety mechanisms have been not clear yet.

Network pharmacology integrates and organizes complex

networks between drugs, targets and diseases (Wang et al., 2021;

Wu et al., 2022; Jia et al., 2021). It focuses on high-throughput

screening, network visualization, and analysis, which are

beneficial features to the development of TCM. Besides,

molecular docking is a method widely used in drug research

(Pinzi et al., 2019), which can study the function and mechanism

of drugs by predicting their binding mode and binding free

energy with proteins of interest. It can study the action and

mechanism of drugs by predicting the binding mode of drugs and

the free energy of binding to target proteins, and is widely used in

central nervous system diseases such as Alzheimer’s disease,

anxiety, and depression (Jabir et al., 2021; Wu et al., 2022; Shi

et al., 2021). Virtual screening based on molecular docking

methods has become a necessary process for drug

development (Dong et al., 2018). In parallel, molecular

dynamics (MD) is a molecular simulation method that

integrates physical, mathematical and chemical techniques

(Hollingsworth et al., 2018), and helps to study the motion

process of proteins by tracking changes in protein

conformation over time (Collier et al., 2020). Metabolomics

consists of the analysis of metabolites in biological cells or

tissues aims to identify abnormal metabolic networks relavant

to diseases. The identified metabolites are used to delineate the

changes within metabolic pathways, and then elucidate the

response mechanism to different stimuli (Johnson et al.,

2016). Previous studies have proved that the combination of

network pharmacology and metabolomics is an effective way to

elucidate the treatment of affective disorders (such as anxiety and

depression) by TCM (Qu et al., 2021; Liu et al., 2021). Meanwhile,

this approach compensates the lack of experimental validation in

network pharmacology and the lack of upstream molecular
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mechanisms and drug binding targets in metabolomics

approaches (Li et al., 2021).

Chronic stress is a key factor in the pathogenesis of

psychiatric diseases such as anxiety disorder. Therefore,

animal models of chronic restraint stress (CRS) are often used

to simulate anxiety-like behaviors (Liu et al., 2020). In this study,

the main compounds of YSDZ and their potential targets relevant

for anxiety intervention were predicted with a network

pharmacology method for the first time. Molecular docking

and molecular dynamics verified ligand-protein interactions.

Then, the anti-anxiety effect of YSDZ was verified in CRS-

induced anxiety rats, while predicted targets were assessed by

Western blot (WB) and Immunofluorescence double labeling.

Finally, we performed the non-targeted metabolomics of the

hippocampus of these rats to further clarify the underlying

mechanisms of the anxiolytic actions of YSDZ. This report

may provide a scientific basis to guide the development of

novel drugs.

Experimental materials and methods

Animal experiments

Twenty-four male Wistar rats (weight 200–220 g, 6–8 weeks

old) were selected from China Jinan Pengyue Laboratory Animal

Breeding Co., Ltd. Animals were adaptively fed with circadian

inversion for 1 week under 21°C ± 1°C, 55% relative humidity, 12/

12 h light/dark cycles and food and water ad libitum. Next,

animals were divided into 6 groups: Control, model (CRS),

Yangshen Dingzhi (CRS + YSDZ, 2, 4, 8 g/kg), and Diazepam

(CRS + Diazepam, 1.38 mg/kg) groups. YSDZ (batch number:

210,912, Affiliated Hospital of Shandong University of

Traditional Chinese Medicine, Jinan, Shandong) and diazepam

(batch number: 210,401, Shandong Xinyi Pharmaceutical

Company, Dezhou, Shandong) were dissolved in distilled

water. Control and CRS groups received the same volume of

the distilled water without drugs. The experimental procedures in

this study were in compliance with the United States Public

Health Administration’s Humane Management and Use of

Laboratory Animals Policy, revised by the National Institutes

of Health (NIH) in 2015. Experimental animal production

license numbers: SCXK (Lu) 20190003 and SYXK (Lu) 2017-

0022. All the experiments were approved by the ethics review

committee of Shandong University of Traditional Chinese

Medicine (No. DWSY201707025) and carried out in

accordance with “the Guidelines for the Care and Use of

Experimental Animals of the National Institutes of Health”.

Chronic restraint stress

As a non-invasive stimulus, CRS is widely used to study

anxiety-related behaviors (Liu et al., 2020; Moreno-Martínez

FIGURE 1
Mechanism of antianxiety action. CNS, Central Nervous System; SSRIs, selective serotonin reuptake inhibitors.
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et al., 2022; Vorvul et al., 2022). CRS group, YSDZ group (2, 4,

8 g/kg) and diazepam group were subjected to CRS for 21 days. A

transparent plastic tube (5 cm height; 5.5 cm inner diameter;

22 cm length; proper space: 522.4 cm3) was used to cause

restraint stress, and the tube length was adjusted according to

body weight. In the restrained state, rats were allowed to breathe

freely but were not allowed to move through the evenly

distributed vents on the plastic tube. Rats were confined to

the tubes in their usual home cages and kept in a supine

position for 6 h a day (from 9:00 to 15:00, after drug

intervention). Rats in the control group were transferred to

the same room for the same time duration every day, but

were not subjected to CRS (Geng et al., 2021).

Open field test

Open field experiments were carried out at night on the second

day after drug treatment (experimental day 29) and CRS. A dim

red light (<12lux) was turned on in a quiet environment and the

skin on the back neck of the rat was pinched. The rat was then

placed in the center of a black open field box (100 cm × 100 cm)

with its back to the researcher and was allowed tomove freely. The

area of the open field box was divided into nine grids, in which the

central area accounted for 1/9 of the entire open field and the rest

was the outer peripheral area. The SuperMaze + high-throughput

animal behavioral analysis software was used to record and track

the total distance, the central area distance, average speed

wandered by rats within 6 min (Chopade et al., 2020).

Light-dark box test

The LDB test was carried out 1 day after OFT (experimental

day 30) in a box consisting of a dark and a bright room (25 cm ×

25 cm × 30 cm; the box was separated by a door of 6.5 cm ×

6.5 cm). The experiment was also carried out at night. Rats were

placed in the center of the illuminated chamber and allowed to

wonder for 5 min. The SuperMaze + high-throughput tracking

system was used to record the behavior of rats, and analyze their

total distance, light area distance, time in the light area and light

area entrance (Chopade et al., 2021; Chopade et al., 2020).

Elevated plus maze test

EPM was performed on experimental day 31 using a black

box consisting of 2 open arms (10 cm × 50 cm) and 2 closed arms

(10 cm × 50 cm), which are perpendicular to each other and cross

to form a central area. The instrument was raised to 76 cm above

the ground, and the rats were placed on the central platform with

their heads facing the outstretched arms. The SuperMaze + high-

throughput tracking system was used to record the behavior of

rats for 5 min. The open arm entry time (OE), closed arm entry

time (CE), time in the open arm (OT), time in the closed arm

(CT) were analyzed. Based on these results, OT% and OE% were

calculated according to the formulas: OT% = OT/(OT +

CT)×100%; OE% = OE/(OE + CE)×100% (Chopade et al., 2020).

Sample collection

After the behavioral experiment, rats were anesthetized with

isoflurane, and the hippocampal tissues of some rats in each

group were isolated by blunt dissection in a low temperature

environment. After weighing, the hippocampus was dispensed

into cryopreservation tubes, sealed with parafilm, and stored

at −80°C until processing. The whole brains of the remaining rats

in each group were fixed in 4% paraformaldehyde (PFA) solution

and prepared for tissue slicing.

Western blot

The rat hippocampus was homogenized and washed for 2-

3 times with cold phosphate buffered saline (PBS) to remove

blood stains. It was then cut into small pieces and placed in a

homogenization tube with 1-2 small magnetic beads of 2 mm. A

10x buffer reagent (G2007; Servicebio;Wuhan, China) was added

and the tissue was homogenized. The tube with the homogenized

sample was then placed on ice for 30 min, shaken every 5 min to

ensure the complete lysis of the tissue, and then centrifuged at

12,000 rpm for 10 min to collect the supernatant. Total protein

concentration was determined using a BCA kit (G2026;

Servicebio; Wuhan, China) following the manufacturer’s

instructions. Proteins were subjected to sodium dodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

(G2003; Servicebio; Wuhan, China), transferred to a

polyvinylidene fluoride (PVDF) membrane, blocked with 5%

bovine serum albumin (BSA) for 1 h, and incubated with primary

antibody overnight at 4°C. The primary antibodies were as

follows: ACTIN (GB12001; Mouse; 1:2,000; Servicebio;

Wuhan, China); TNF-α (GB113968; Rabbit; 1:1,000;

Servicebio; Wuhan, China); GABAα1 (GB11402; Rabbit; 1:500;

Servicebio); Wuhan, China). The secondary antibodies used were

HRP-goat anti-mouse (GB25301; 1:5,000; Servicebio; Wuhan,

China) and HRP-goat anti-rabbit (GB23303; 1:5,000; Servicebio;

Wuhan, China). Finally, the bands were revealed through

chemiluminescence, and the optical density values of target

bands were analyzed with the Alpha software processing system.

Hematoxylin-eosin stainings

First, The brain samples fixed in 4% PFA solution were taken,

dewaxed and hydrated, washed with 0.1 M PBS three times, then
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immersed in hematoxylin dye for 5 min, washed with tap water

after removal, differentiated with 1% hydrochloric acid alcohol

for several seconds, returned to blue with 0.6% ammonia, and

rinsed with running water for 5 s. They were dyed in eosin

solution for 2 min and rinsed with running water. Finally, the

slices were successively placed in gradient alcohol and xylene,

dehydrated, transparent, and sealed with neutral gum.

Immunofluorescence double labeling

Paraffin sections were obtained from the brain tissue of each

rat. Each section was double-stained with anti-TNF-α (GB11188;
1:1000; Servicebio; Wuhan, China) and anti-GABAα1 (GB11402;
1:100; Servicebio; Wuhan, China). The staining steps of

immunofluorescence double staining are briefly described as

follows: First deparaffinize and rehydrate the paraffin sections,

then antigen retrieval, circle and block endogenous peroxidase,

block with serum. And then throw away the blocking solution

slightly. Incubate slides with the first primary antibody (diluted

with PBS appropriately) overnight at 4°C, placed in a wet box

containing a little water. Then, samples were washed with PBS for

3 min × 5 min and incubated with the corresponding secondary

antibody. The autofluorescence quenching agent was added, and

the nucleus was restained with DAPI (G1012; Servicebio;

Wuhan, China) and covered with antifadefluorescent

mounting medium (G1401; Servicebio; Wuhan, China).

Finally, the sections were observed with fluorescence

microscope (Nikon Eclipse C1, NIKON, Japan).

Statistical analysis

The above experimental data were analyzed and plotted by

GraphPad Prism 8 software. Comparisons among multiple

groups were tested by one-way analysis of variance

(ANOVA). Results are expressed as mean ± standard error of

the (Mean ± SEM), and p < 0.05 indicated that the groups were

statistically different.

Network pharmacology experiment

The Traditional Chinese Medicine Systems Pharmacology

(TCMSP) database and analysis platform (http://tcmspw.com/

tcmsp.php) was used for data collection. An oral bioavailability

(OB) ≥ 30% and drug-likeness (DL) ≥ 0.18 were set as screening

criteria to obtain active compounds in Saposhnikovia divaricata

(Trucz.) Schischk, Cyrtomium fortunei J. Sm., Talinum

paniculatum (Jacq.) Gaertn., Rehmanniae Radix Praeparata,

Chrysanthemum indicum L and Aurantii Fructus as well as

their predicted targets. Using the BATMAN-TCM database

(http://bionet.ncpsp.org/batman-tcm/; screening critera score ≥

20, p-value ≤ 0.05) (Qu et al., 2021) we obtained data on the

active compounds of Polygala tenuifolia Willd and Poria cocos

(Schw.) Wolf and their predicted targets. Through the Genecard

[(www.genecards.org), Relevance Score > 20], OMIM (http://

omim.org), and Drugbank (http://go.drugbank.com) databases,

we entered “Anxiety Disorders” as the keyword to obtain targets

related to anxiety disorders (Liu et al., 2021).

After intersecting the predicted targets of YSDZ and those of

anxiety disorder, potential therapeutic targets were obtained and

imported into the STRING database (http://www.string-db.org).

We downloaded data on the interaction between potential

human target proteins. At the same time, herbs, compounds

and potential targets were imported into the Cytoscape software

to construct a network diagram. The NetworkAnalyzer module

function was used to calculate the topological parameters of each

node within the network to find potential core compounds and

potential core targets. The potential targets were uploaded to the

CluoGO plug-in of Cytoscape to conduct gene ontology (GO)

enrichment analysis, which includes biological process (BP),

molecular function (MF), and cellular component (CC)

analysis (Show pathways with pV ≤ 0.00001). Afterwards,

KEGG enrichment analysis using Metascape (http://metascape.

org) database."Homo sapiens” was selected as the species and

personalized analysis was selected, with a p-value set to <0.01, a
minimum count of 3, and an enrichment factor >1.5.

Molecular dockings and molecular
dynamics simulations

The potential core compounds and targets were screened in

the above steps for molecular docking verification. First, small

molecule structures were retrieved from PubChem (https://

pubchem.ncbi.nlm.nih.gov/), optimized, and saved using

Chem3D. Next, the crystal structures of target proteins were

downloaded from the Protein Data Bank (PDB) database

(https://www.rcsb.org/structure/). The Glide module

(Maestro11.9) in the Schrödinger Maestro software was used

to complete the virtual screening processing and optimization,

while the Protein Preparation Wizard module was used for

protein preparation. Preprocessing, optimization, and

minimization of receptors were performed using the OPLS3e

force field for constraint minimization (Mali et al., 2022).

The ligand with the best affinity for each target in molecular

docking was further analyzed by MD simulations using the

software Desmond version 2020. The molecular force field

was selected as OPLS3e, and the 3-point interaction potential

model (TIP3) water model was used. The charge of the system

was neutralized by ion addition. Energy minimization of the

entire system was achieved using the OPLS3e force field (all-

atomic force field). The geometric structure of water molecules,

bond lengths, and bond angles of heavy atoms were constrained

by the SHAKE algorithm. The continuous system was simulated
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by applying periodic boundary conditions, and long-range static

electricity was maintained by the particle grid Ewald method.

The NPT ensemble was used with a temperature of 300 K and

pressure of 1.0 bar to balance the system. The temperature-

pressure parameter coupling adopted the Berendsen coupling

algorithm. A 100-ns operation was performed with a time step of

1.2 fs and data were recorded every 100 ps and a total of

1,000 frames were recorded. Finally, the root mean square

deviation (RMSD) of the main chain atoms were calculated

and graphics were constructed to understand the nature of

protein-ligand interactions (Friesner et al., 2004; Halgren

et al., 2004; Friesner et al., 2006).

Metabolomics analysis

Metabolite extraction

A total of 25 mg of rat hippocampus was mixed into 500 μl of

extraction solution (methanol: acetonitrile: water = 2: 2: 1 (V/V),

containing isotope-labeled internal standard mixture), grinded at

35 Hz for 4 min and subjected to ultrasonic sonication for 5 min

(in an ice water bath). These steps were repeated 2 or 3 times and

the samples were left at −40°C for 1 h. Samples were centrifuged

at 12,000 rpm (centrifugal force 13,800 (×g), radius 8.6 cm), 4°C,

for 15 min and the supernatant was collected. An equal amount

of supernatant was collected from all samples and mixed into a

quality control (QC) sample.

Detection conditions

In this study, the target compoundswere chromatographedona

WatersACQUITYUPLCBEHAmide (2.1 mm×100 mm, 1.7 μm)

LC column using a Vanquish (Thermo Fisher Scientific) ultra-high

performance liquid chromatography (LC). phase A of LC was an

aqueous phase containing 25 mmol/L ammonium acetate and

25 mmol/L ammonia water, while phase B was acetonitrile. The

sample pan temperaturewas set at 4°C and the injectionvolumewas

setat2 μl.TheThermoQExactiveHFXmassspectrometeriscapable

of data acquisitionof theprimary and secondarymass spectrometry

(MS) under the control software (Xcalibur, Thermo). Detailed

parameters were as follows: sheath gas flow rate of 30 Arb, aux

gas flow rate of 25 Arb, capillary temperature of 350°C, full ms

resolution of 60,000,MS/MS resolution of 7,500, collision energy of

10/30/60 inNCEmode, sprayvoltageof3.6 kV(positive)or−3.2 kV

(negative).

Data processing

The raw data was converted into mzXML format by the

ProteoWizard software, and the self-written R package (the

kernel was XCMS) was used for peak identification, peak

extraction, peak alignment and integration. These peaks were

matched with the BiotreeDB (V2.1) self-built secondary mass

spectrometry database for substance annotation. The cutoff value

of the algorithm scoring was set to 0.3. After normalizing, the

data was imported into SIMCA 14.1 (V16.0.2, Sartorius Stedim

Data Analytics AB, Umea, Sweden). Principal component

analysis (PCA) and orthogonal partial least squares-

discriminant analysis (OPLS-DA) were performed after data

standardization. Differential metabolites with a variable

importance in the projection (VIP) greater than 1 and

Student’s t-test (p-value) lower than 0.05 were used for

metabolic pathway analysis (the research framework is shown

in Figure 2).

Result

Yangshendingzhi granules improved
anxiety-like behavior in rats

Details about the protocol framework for the CRS

intervention and behavioral analyses are shown in Figure 3.

Rats under CRS stress showed a significant decrease in body

weight on the 28th day when compared to the blank control

group (p < 0.001). Meanwhile, YSDZ (4 g/kg) intervention could

alleviate CRS-induced weight loss (p < 0.01) (Figure 4A). OFT

results showed that CRS group induced a significant decrease in

the centre area distance (p < 0.01) compared to that in the control

group. This was prevented by the diazepam (p < 0.01) and YSDZ

(4.8 g/kg, p < 0.05). Compared with the Control group, CRS

significantly reduced the total distance (p < 0.001), and the

intervention of diazepam (p < 0.001) and YSDZ (2.4 g/kg, p <
0.01, p < 0.001) could alleviate the above phenomenon. At the

same time, diazepam (p < 0.05) and YSDZ (4 g/kg, p < 0.05) also

reversed the CRS-induced decrease in average speed (p < 0.01)

(Figures 4B–D).

Results of LDB showed that compared to the control group,

CRS group showed significantly decreased in total distance (p <
0.01) and light area distance (p < 0.01), light area entries (p <
0.05) and time in the light area (p < 0.05). Following treatment

with YSDZ and diazepam, these alterations were reverted to

control levels (Figures 4E–H). In addition, results of EPM

showed that OE% (p < 0.01) and OT% (p < 0.05) of the

CRS group were lower than those of the control

group. Interestingly, YSDZ (4 g/kg) and diazepam improved

both OE% (p < 0.05, p < 0.01) and OT% (p < 0.05, p < 0.05).

(Figures 4I,J). Behavioral results indicated that a successful and

reliable model of anxiety was established using CRS, and that

YSDZ induced anxiolytic effects similar to those of diazepam.

At the same time, based on the above behavioral test results, we

choose the optimal dose of YSDZ (4 g/kg) to enter the next

experiment.
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Yangshendingzhi granules alleviates
neuropathic injury in hippocampus

HE staining results showed that regular morphology neurons

in control group hippocampal with large and round nuclei,

uniform light blue or blue, obvious nucleoli, and abundant

cytoplasm. However, after performing CRS, the number of

neurons in the hippocampal CA1 were slightly reduced, and

the neurons were shriveled and stained, cell body was shrunk and

deformed, the boundary between the nucleus and the cytoplasm

were unclear, and the arrangement was irregular. YSDZ and

diazepam could alleviate the above pathological morphology

(Figure 5).

Network pharmacology analysis

We identified a total of 515 non-repetitive targets and

41 active compounds pertaining to YSDZ based on the

TCMSP and BATMAN-TCM databases. A total of 714 non-

repetitive targets for anxiety disorders were obtained from

Genecard, OMIM and Drugbank. After the intersection of

YSDZ and anxiety disorder targets, we identified 46 potential

therapeutic targets. Potential targets were imported into the

STRING database and Cytoscape software, and the results

were visualized (Figure 6A). The Latin names of active

compounds and potential targets were imported into the

Cytoscape software to visualize the anti-anxiety mechanism of

FIGURE 2
Framework of the study.
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YSDZ through the NetworkAnalyzer function (Figure 6B). The

top 5 active compounds in degree value were Carotene, β-
sitosterol, quercetin, Stigmasterol and kaempferol

(Supplementary Table S1). The top 5 targets were

Prostaglandin G/H synthase 1 (PTGS1), Gamma-aminobutyric

acid receptor subunit alpha-1 (GABRA1), Tumor necrosis factor

(TNF), Estrogen receptor (ESR1) and Interleukin-1 beta (IL1β)
(Supplementary Table S2).

After importing the 46 potential therapeutic targets into the

Metascape database, results of BP, MF, CC and KEGG

enrichment analysis were generated. BP of targets mainly

involved trans-synaptic signaling, modulation of chemical

synaptic transmission, regulation of neurotransmitter levels,

and regulation of synaptic transmission. MF mainly involved

the neurotransmitter receptor activity, monoamine

transmembrane transporter activity, and signaling receptor

activator activity. CC mainly involved the synaptic membrane,

presynaptic membrane, and axons. The results of KEGG

enrichment analysis mainly involved the dopaminergic

synapse, serotonergic synapse, and neuroactive ligand-receptor

interaction (Figures 6C,D).

Molecular docking and molecular
dynamics simulation

The top 5 active compounds were simulated with the top

5 potential targets IL1B (PDB ID: 5R86; Resolution:1.5 Å),

GABRA1 (PDB ID: 6 × 3T; Resolution:2.55 Å), PTGS1 (PDB

ID: 3LN0; Resolution:2.2 Å), ESR1 (PDB ID: 7KCD; Resolution:

1.80 Å), TNF (PDB ID: 7KPA; Resolution:2.30 Å). Ligand

pertains the compound, while the receptor was the target

protein and the affinity results are visualized. Lower affinity

indicate more stable interactions, whereas we considered that

a affinity lower than −4.25 kcal/mol was a cutoff indicative of a

possible interaction (Dan et al., 2020). Results showed

(Supplementary Table S3) that all binding energies were less

than −5 kcal/mol, and the average binding energy

was −7.7764 kcal/mol, indicating that the five active

compounds were possilby binded to the five potential core

targets. The compound-protein interaction was visualized

using Pymol 2.1 software (the compound with the lowest

binding energy was selected for each target), and the binding

mode of the compound and the protein was obtained (Figure 7).

Taking into account the results of network pharmacology

and molecular docking, TNF and GABRA1 were selected for

molecular dynamics simulation to further study the interaction

between the active compounds of YSDZ and the target proteins.

Monitoring the RMSD of a protein can provide insight into its

structural conformation and indicate whether the simulation is in

equilibrium. Results showed that the RMSDs of the two groups of

complexes were less than 2.5 Å, while the complexes reached

dynamic equilibrium in a relatively short period, indicating that

small molecules formed stable complexes with proteins

(Figure 8A). In parallel, RMSF reflects the conformational

changes of each amino acid within the protein. In the TNF-

Quercetin (Binding free energy: −85.42 ± 4.035 kJ/mol) model it

was found that some amino acids in TNF changed greatly, which

was mainly due to the breaking of the amino acid chain in this

part of the protein. Other parts of the proteins suffered small

conformational changes, reflecting the stability of this complex.

With regards to the GABRA1-β-Sitosterol (Binding free energy:
−66.716 ± 3.762 kJ/mol) combination, a small portion of amino

acids (i.e., 330–345 and 1620−1635) suffered large

conformational changes. These amino acids are mainly located

in the loop region, which has little influence on the stability of the

complex. Indeed, the binding site of β-Sitosterol was distant to
the loop region of GABRA1 (Figure 8B).

For the TNF-Quercetin complex, it was found that Quercetin

had strong hydrogen bond interactions with LEU-157, TYR-119,

LEU-120, and TYR-151 that occurred early in the simulation

process, suggesting that these hydrogen bonds are critical to

FIGURE 3
Experimental procedure.
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stabilize Quercetin in the protein pocket. Additionally, the

Quercetin showed strong hydrophobic interactions with LEU-

57, TYR-59, and LEU-157 that may also stabilize the complex. In

the GABRA1-β-Sitosterol complex, β-Sitosterol was found to be

associated with hydrophobic amino acids ALA-248, ALA-252,

ILE-255, LEU-259, VAL-257, PRO-253, LEU-264, PRO-263, and

LEU- 274. In addition, the compound could also form hydrogen

bonds with THR-263, which contributes to the stability of the

complex. Therefore, the binding of β-Sitosterol to GABRA1 is

primarily driven by hydrophobic interactions (Figures 8C–F).

In order to describe the hydrogen bonds between small

molecules and proteins in more detail during the entire

simulation process, we counted the hydrogen bonds between

small molecules and protein pockets within 100 ns. The results

show that β-Sitosterol and Quercetin have hydrogen bond

interactions with proteins during the entire simulation

process, and the number of hydrogen bonds is greater than or

equal to 1, which plays an important role in stabilizing small

molecules. It also shows that small molecules can form stable

complexes with proteins (Figures 8G,H). In addition, according

to the Solvent-accessible surface area (SASA), the SASA

fluctuation range of the protein in the whole simulation

process is small, which also indicates that the complex

between the protein and the small molecule is relatively stable.

FIGURE 4
Body weight and behavior test. (A) Body weight. (B) Total distance (mm); (C) Center area distance (mm); (D) Average speed (mm/s); (E) Total
distance (mm); (F) Light area distance (mm); (G) Light area entries; (H) Time in light area (s); (I) OE%; (J) OT%.*p < 0.05, **p < 0.01, ***p < 0.001,
compared with Control; #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001, compared with CRS via one-way ANOVA.
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FIGURE 5
Histological changes in hippocampus.

FIGURE 6
Comprehensive analysis of potential targets; (A) Potential target screening; (B) Compounds-Targets-Latin name of herbs network. (C) GO
enrichment analysis; (D) KEGG enrichment analysis.
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Moreover, we found that SASA has a slight downward trend after

20 ns, which indicates that during the movement of the aqueous

solution, the small molecule also improves the protein stability

after the protein pocket is continuously adjusted to the optimal

binding state (Figure 8I). In summary, it shows that small

molecules bind well to proteins, and the complexes have high

stability.

Yangshendingzhi granules regulates
expression of tumor necrosis factor-α and
gamma-aminobutyric acid receptor
subunit alpha-1

Based on network pharmacology, molecular docking and

MD results, the two targets with the best average affinity

(GABRA1, TNF-α) were further analyzed. Combining the

immunofluorescence and WB results, it was clear that when

compared with control rats, CRS animals showed a decreased

expression of GABRA1, which was reversed in YSDZ and

diazepam rats. At the same time, compared with the control

group, CRS caused the overexpression of TNF-α—an effect

downregulated by YSDZ and diazepam (Figure 9).

Yangshendingzhi granules improves
hippocampal metabolic disorders

As an unsupervised model, PCA is useful to analyze the

internal structure of the data, providing a relatively low-

dimensional matrix (two- or three-dimensional). The effective

use of a small number of principal components reduces the

dimension of the dataset, thereby effectively highlighting the

trend for the overall distribution of the metabolomics data and

the differences between groups. It is evident from the PCA

subplot that the sample was within the 95% confidence

interval (Hotelling’s T-squared ellipse) (Figures 10A,B). The

OPLS-DA method was used to identify metabolites

FIGURE 7
The binding mode of compounds with target proteins. (A) Quercetin-TNF; (B) β-Sitosterol-GABRA1.
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differentially expressed between control and model groups, and

between model and YSDZ groups. Metabolites were strikingly

different within the abovementioned comparisons. The

permutation test (number of times n = 200) was used to

establish the corresponding OPLS-DA model to obtain the

values of R2 and Q2 values from the random model. Results

showed that the two groups of models were robust and that there

was no over fitting (Figures 10C–F). Based on the results of these

tests, that measurements and findings were proved to be reliable.

The identified metabolites were classified and counted

according to the chemical classification information. The

results showed that the most abundant metabolites identified

were organic acids and derivatives, followed by organic 1,3-

dipolar compounds, organoheterocyclic compounds, etc

(Figure 11A). All identified metabolites were subjected to

cluster heatmap analysis, and cluster heatmaps were drawn to

visualize the distribution of metabolites among groups and their

relationships (Figure 11B). After initial checks regarding the

validity of measurements, differential metabolites with a

VIP > 1 and p < 0.05 were identified. We found

49 metabolites differentially expressed in CRS rats when

compared to controls. A total of 42 metabolites were

downregulated in CRS rats, including 5-Hydroxyindoleacetic

acid, Aminoparathion and Diplodiatoxin. Parallelly, the levels

of 7 metabolites, including 3-beta, 7-alpha-Dihydroxy-5-

cholestenoate and Sphinganine were increased in CRS rats

when compared to those of control ones. Compared with the

CRS group, the intervention of YSDZ changed the levels of

27 metabolites. Metabolites such as Hydroxyprolyl-

Hydroxyproline, Smilagenone, and Trimethylamine N-oxide

increased after intervention of YSDZ, while alpha-Terpinyl

anthranilate and Curcumin III were down-regulated (Figures

FIGURE 8
Molecular dynamics simulation of active compounds of YSDZ and key target proteins. (A) RMSD values during molecular dynamics simulations.
(B) RMSF values during molecular dynamics simulations. (C–F) Compound-target interaction residues. (C,E) is TNF-Quercetin. (D,F) is GABRA1-β-
Sitosterol. (G,H) Hydrogen Bond Analysis. (I) SASA area analysis.
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11C–F). In addition, metabolites such as Pyrimidine, Thiamine,

5-(2-Hydroxyethyl)-4-methylthiazole, 3-Formyl-6-

hydroxyindole, Acetone cyanohydrin, 1-Methyladenine,

Benzaldehyde, 5-Aminopentanal,Dimethylglycine, 2-

(Methylamino) benzoic acid, Aminoadipic acid and Toluene

were down-regulated in CRS rats and upregulated in YSDZ

rats (Supplementary Table S4).

A metabolic pathway analysis of differential metabolites was

performed using the KEGG (http://www.kegg.com) (Kanehisa

et al., 2000)and the MetaboAnalyst databases (Xia et al., 2015).

Results indicated that the anti-anxiety effect of YSDZ was related

to thiamine metabolism, cystine and methionine metabolism,

Lysine biosynthesis, Lysine degradation and other pathways

(Figures 12A–C). At the same time, the differential

metabolites and potential therapeutic targets identified

through network pharmacology were imported into the

MetScape of Cytoscape, and the network diagram of

differential metabolites-potential therapeutic. Differentially

expressed metabolites were visualized with regards to their

potential therapeutic targets, and regulatory relationships.

Altogether, these data reflect multiple mechanisms through

which several components of YSDZ exert their anxiolytic

effect (Figure 12D).

Discussion

TCMs are often composed of several components with

different mechanisms of action. In this regard, network

pharmacology is a promising method to explore and elucidate

the complex mechanism of TCMs (Pan et al., 2020). Therefore,

we used network pharmacology to predict that the active

FIGURE 9
Verify protein expression. (A) Representative images of immunofluorescence staining of hippocampal slices for TNF-α (red) and GABRA1
(green); (B) Representative blots; (C) The protein expression levels of TNF-α and GABRA1 in WB. *p < 0.05, **p < 0.01 compared with Control; #p <
0.05, ##p < 0.01, ###p < 0.001 compared with CRS via one-way ANOVA.
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ingredients of YSDZ, such as carotene, beta-sitosterol, quercetin,

stigmasterol, and kaempferol act on potential targets such as

GABRA1, TNF, IL1β, ESR1, and PTGS1. GABA is widely

distributed in the mammalian central nervous system and the

main inhibitory neurotransmitter in the mammalian brain

(Miller et al., 2019), which is closely related to the

FIGURE 10
Multivariate statistical analysis of metabolites. (A) Score scatter plot of the PCA model; (B) 3D Score scatter plot of the PCA model. QC (quality
control), n = 6 per group. (C,D) are score scatter plot of the OPLS-DA model.(C) is CRS vs. Control. (D) is CRS + YSDZ vs. CRS. (E,F) are permutation
plot test of the OPLS-DA model. (E) is CRS vs. Control. (F) is CRS + YSDZ vs. CRS.
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FIGURE 11
Metabolite comprehensive analysis.(A) Pie plot of metabolite classification and proportion. (B)Heatmap of hierarchical clustering analysis for all
groups. The abscissa in the figure represents different sample groups, the ordinate represents all metabolites, the color blocks at different positions
represent the relative expression levels of the metabolites at the corresponding positions, red indicates high expression of the substance, and blue
indicates low expression of the substance. (C,D) are Volcano plot. The X-axis represents multiple changes of all substances compared in this
group (logarithmic base 2), the Y-axis represents the p-value of student’ t test, and the size of the scatter point represents VIP values of the OPLS-DA
model. Significantly upregulated metabolites are represented in red, while those significantly downregulated are represented in blue, unchanged
metabolites are shown in gray. (C) is CRS vs. Control. (D) is CRS + YSDZ vs. CRS. (E,F) are Matchstick analysis. The first 15 metabolites most up or
downregulated are displayed. The X-axis shows change after logarithmic transformation, the color depth of the point represents the VIP value, and
the Y-axis represents differential metabolites. (E) is CRS vs. Control. (F) is CRS + YSDZ vs. CRS.
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FIGURE 12
Comprehensive analysis of metabolic pathways. (A,B) are Pathway analysis. Each bubble in the bubble map represents a metabolic pathway,
where the Y-axis and bubble size represent the impact factor of this pathway in the topology analysis, and the X-axis and bubble color represent the
p-value of enrichment analysis. (A) is CRS vs. Control. (B) is CRS + YSDZ vs. CRS. (C) Representative metabolic pathways found in metabolomics
analysis. (D) Key metabolite-Target-Enzyme-Reaction-Compound-Gene networks.
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pathogenesis of anxiety (Kalueff et al., 2017). GABA receptors,

also known as γ-aminobutyric acid type A receptors (such as

GABRA1), are a class of ligand-gated ion channels (Kanaumi

et al., 2006). It is a class of ligand-gated ion channel proteins with

a 5-transmembrane structure and belongs to the cysteine ring

family (Zhu et al., 2018). Drugs regulate GABA-mediated

postsynaptic membrane hyperpolarization by acting on

GABAAR, which is of great significance in regulating brain

memory, consciousness and sleep. There is evidence showing

that GABRA1 can improve anxiety behavior in rats (Gupta et al.,

2019). In parallel, the inflammation is also closely related to the

pathophysiology of depression and anxiety (Kiecolt-Glaser et al.,

2011). TNF-α and IL-1β are pro-inflammatory cytokines that

affect neuronal function by regulating oxidative stress, apoptosis,

and metabolism, and impairing neuronal branching processes

(Wang et al., 2019) There is evidence demonstrating that TNF-α
plays a critical role in the cognitive decline and the progression of

depression and anxiety, while both IL-1β and TNF-α are elevated
in patients with depression. Interestingly, blocking TNF-α
signaling improves anxiety and depressive-like behaviors

(Alshammari et al., 2020). Another target that has been

identified was the estrogen receptor ESR1. The cellular effects

of estrogen are mediated by two estrogen receptors (ERα, ERβ),
which regulate the physiological processes such as cell growth

and development, and closely related to the pathological

processes such as inflammation, osteoporosis, cancer, and

neurodegeneration (Jia et al., 2015). ERα has significant effects

on mood and cognition, and variants in estrogen receptors may

alter estrogen signaling and increase susceptibility to depression,

anxiety in women (Gutiérrez-Muñoz et al., 2018). Previous

evidences showed that specific ESR1 polymorphisms might

contribute to the increased susceptibility to the development

of anxiety disorders (Borrow et al., 2017). Through network

pharmacology analysis, it was predicted that YSDZ could act on

the above-mentioned targets to play a role in intervening anxiety.

Quercetin is a flavonoid that was widely present in vegetables

and fruits with the anti-inflammatory, antioxidant, antiviral, and

anticancer effects (Li et al., 2016). Previous evidences have

proved that quercetin could improve the neuroinflammation

caused by the lipopolysaccharide by inhibiting the production

of pro-inflammatory factors such as TNF-α and IL-1β, thereby
exerting anxiolytic effects (Lee et al., 2020). Our results of

molecular docking showed that the binding energy of

quercetin to TNF-α was −9.84 kcal/mol and quercetin formed

hydrogen bonds with the residues of TYR-151, TYR-59, LYS-11,

LEU-57, TYR-119, and LEU-157. Quercetin was able to bind to

the active pocket of TNF-α, and the stability of the TNF-α-
quercetin complex was further verified by MD. Meanwhile, the

flavonoid kaempferol, which is the main component of various

fruits and vegetables, was shown to alleviate the oxidative stress,

inflammatory responses (Gao et al., 2019) and anxiety (Silva

et al., 2021). In molecular docking, the binding modes of

kaempferol and quercetin were very similar since they were

shown to form the stable hydrogen bonds and hydrophobic

interactions with the active site of the target protein.

The phytosterols belong to a class of steroidal compounds

with natural biological activities that are relevant to the

metabolism of plant cells. These compounds are abundant in

the roots, stems, leaves, seeds, and fruits of various oil plants and

TCMs. Interestingly, β-sitosterol is the most representative

phytosterol found in TCMs (Huang et al., 2019). As

previously reported,β-sitosterol had a anxiolytic effect

(Panayotis et al., 2021). Meanwhile, stigmasterol is a natural

product that is present in various medicinal plants (Morgan et al.,

2021). Previous studies have found that stigmasterol exerts

anxiolytic effects by positively regulating GABA receptors.

Thus, stigmasterol has been used as a candidate steroid drug

for the treatment of neurological diseases (Karim et al., 2021).

The final compound identified was carotene, which is the main

source of vitamin A, presenting in three forms: α, ß or γ carotene,

among which β-carotene has been widely studied. In fact, β-
carotene intake has been reported to be inversely associated with

the anxiety in early perimenopausal United States women (Li

et al., 2021).

To further verify the anxiolytic effect of YSDZ, anxiety was

induced in rats through CRS. Results showed that CRS rats had

reduced open-field, light-dark box movement distance, OT% and

OE% and other anxiety-like behaviors. CRS Rats after YSDZ

intervention show improved anxiety-like behaviors. Moreover,

YSDZ also reversed TNF-αoverexpression and improved the

downregulation of GABRA1 expression caused by CRS. Based

on these results, the anxiolytic effects of YSDZ and part of the

predicted results from initial network pharmacology predictions

were comfirmed. The hippocampus is one of the areas where the

neural stem cells of the brain are located, which can maintain the

generation of new neurons. The neurogenesis of the

hippocampus is related to learning, memory and emotion

regulation, and its damage is closely related to the occurrence

of psychological disorders such as anxiety and depression (Jung

et al., 2020). The results of this study showed that after CRS, the

number of hippocampal CA1 neurons was slightly reduced, the

neurons were atrophic and stained, the cell body was atrophic

and deformed, the boundary between nucleus and cytoplasm was

unclear, and the arrangement was irregular. But YSDZ could

alleviate neuropathic injury in hippocampus, which was similar

to previous reports (Yan et al., 2021).

In hippocampal metabolomics experiments, it was found that

the anti-anxiety mechanism of YSDZ was closely related to

thiamine metabolism, lysine biosynthesis, lysine degradation

and cysteine and methionine metabolism. YSDZ reversed the

downregulation of thiamine induced by CRS. Of note, thiamine is

a water-soluble vitamin that plays an important role in the

biological processes such as glucose metabolism (Polegato

et al., 2019). There is evidence showing that the deficiency of

the thiamine led to long-term neurobehavioral deficits, such as

anxiety disorders (Li et al., 2020). In fact, thiamine
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supplementation can prevent the occurrence of anxietious

behaviors (Markova et al., 2017). At the same time, there is

evidence showing that thiamine deficiency induced the activation

of microglia in the thalamus (Bowyer et al., 2018), thus

contributing to neuroinflammation (Su et al., 2020).

Therefore, there might be a potential activation of pro-

inflammatory cytokines such as TNF-α and IL-1βupon
excessive thiamine deficiency. Finally, previous studies have

demonstrated that excessive deficiency of thiamine could

impair GABAergic neurons (de et al., 2020), and indirectly

induce the onset of anxiety.

Lysine plays an important role in promoting the growth and

development of human beings and enhancing their immunity. It

also plays an important role in the treatment of anxiety. It has

been reported in randomized clinical trials that the combination

of L-lysine and L-arginine can effectively reduce the patients’

score of anxiety with no obvious side effects (Lakhan et al., 2010).

There are also evidences showing that the increases in L-lysine

nutrient load could reduce the stress-induced anxiety (Smriga

et al., 2003). At the same time, we found that YSDZ up-regulated

the metabolism of cysteine and methionine, which is in

consistence with the result of a previous report showing that

TCM could alleviate depression- and anxiety-like behaviors in

rats, through the upregulation of cysteine and methionine

metabolism (Qu et al., 2019).

Conclusion

We found that the anxiolytic effect of YSDZ are associated

with the regulation of GABRA1 and TNF-α, the amelioration of

pathological damage in hippocampal CA1 region, and the

upregulation of thiamine, cysteine, and methionine

metabolites as well as lysine biosynthesis and degradation. It

is preliminarily revealed that YSDZ exerts anxiolytic effects

through the characteristics of multi-component, multi-target,

and multi-pathway. However, there are several limitations in

this study. The results of this study are limited to hippocampal

metabolomics, therefore the metabolites in other regions of the

brain and/or the serum remains unclear and need to be assessed

in future. Finally, the active compounds and pathways

predicted in network pharmacology are necessary to be

further verified. Therefore, future research should focus on

the monomeric compounds of YSDZ to clarify the

abovementioned limitations.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by Ethics

Review Committee of Experimental Animal Welfare of

Shandong University of Traditional Chinese Medicine.

Author contributions

PS, YM, TZ, and FZ contributed to the study design.WD, YZ,

FH, JW, SL and PS contributed to drafting and writing the article;

PD, DB, YZ, SS, CL, and YY contributed to the discussion of the

review. All authors revised the manuscript critically for

important intellectual content and approved the final version

to be published; PS is responsible for the integrity of the content.

All authors have read and agreed to the published version of the

manuscript.

Funding

This study was supported by the National Natural

ScienceFoundation of China (NSFC, Nos. 81874419,

81673719, and 81303074), National Health Commission of the

people’s Republic of China (No.2017ZX09301064002), Natural

Science Foundation of Shandong Province (Nos. ZR2020MB108,

ZR2019MH063) and Youth Innovation Team of Shandong

University of Traditional Chinese Medicine (No. 2202112).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphar.

2022.966218/full#supplementary-material

Frontiers in Pharmacology frontiersin.org18

Lv et al. 10.3389/fphar.2022.966218

https://www.frontiersin.org/articles/10.3389/fphar.2022.966218/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.966218/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.966218


References

Alshammari, M. A., Khan, M. R., Majid Mahmood, H., Alshehri, A. O., Alasmari,
F. F., Alqahtani, F. M., et al. (2020). Systemic TNF-α blockade attenuates anxiety
and depressive-like behaviors in db/db mice through downregulation of
inflammatory signaling in peripheral immune cells. Saudi Pharm. J. 28 (5),
621–629. doi:10.1016/j.jsps.2020.04.001

Amorim, D., Amado, J., Brito, I., Fiuza, S. M., Amorim, N., Costeira, C., et al.
(2018). Acupuncture and electroacupuncture for anxiety disorders: A systematic
review of the clinical research. Complement. Ther. Clin. Pract. 31, 31–37. doi:10.
1016/j.ctcp.2018.01.008

AtulChopade, R., Rahul., P., Pramod, A. P., Dharanguttikar., V. R., Nilofar, S. N.,
Dias., R. J., et al. (2020b). An insight into the anxiolytic effects of lignans
(phyllanthin and hypophyllanthin) and tannin (corilagin) rich extracts of
Phyllanthus amarus : An in-silico and in-vivo approaches. Comb. Chem. High.
Throughput Screen. 24, 415–422. doi:10.2174/1386207323666200605150915

AtulChopade, R., Rahul., P., Pramod, A. P., Dharanguttikar., V. R., Nilofar, S. N.,
Dias., R. J., et al. (2020a). Pharmacological and in-silico investigations of anxiolytic-
like effects of Phyllanthus fraternus: A probable involvement of GABA-A receptor.
Curr. Enzym. Inhib. 17, 42–48. doi:10.2174/1573408016999201026200650

Bandelow, B., Michaelis, S., and Wedekind, D. (2017). Treatment of anxiety
disorders. Dialogues Clin. Neurosci. 19 (2), 93–107. doi:10.31887/DCNS.2017.19.2/
bbandelow

Borrow, A. P., and Handa, R. J. (2017). Estrogen receptors modulation of anxiety-
like behavior. Vitam. Horm. 103, 27–52. doi:10.1016/bs.vh.2016.08.004

Bowyer, J. F., Tranter, K. M., Sarkar, S., and Hanig, J. P. (2018). Microglial
activation and vascular responses that are associated with early thalamic
neurodegeneration resulting from thiamine deficiency. Neurotoxicology 65,
98–110. doi:10.1016/j.neuro.2018.02.005

Chopade, A. R., Somade, P. M., Somade, P. P., and Mali, S. N. (2021).
Identification of anxiolytic potential of niranthin: In-vivo and computational
investigations. Nat. Prod. Bioprospect. 11 (2), 223–233. doi:10.1007/s13659-020-
00284-8

Chopade1., A. R., Patil1., P. A., and Mali2, S. N. (2020). Pharmacological aspects
of Phyllanthus fraternus standardized extract (rich in lignans and tannins) as a pain
modulator. Open Pain J. 13, 22–34. doi:10.2174/1876386302013010022

Collier, T. A., Piggot, T. J., and Allison, J. R. (2020). Molecular dynamics
simulation of proteins. Methods Mol. Biol. 2073, 311–327. doi:10.1007/978-1-
4939-9869-2_17

Cornett, E. M., Novitch, M. B., Brunk, A. J., Davidson, K. S., Menard, B. L.,
Urman, R. D., et al. (2018). New benzodiazepines for sedation. Best. Pract. Res. Clin.
Anaesthesiol. 32 (2), 149–164. doi:10.1016/j.bpa.2018.06.007

Dan, W., Liu, J., Guo, X., Zhang, B., Qu, Y., and He, Q. (2020). Study on
medication rules of traditional Chinese medicine against antineoplastic drug-
induced cardiotoxicity based on network pharmacology and data mining.
Evidence-Based complementary and alternative medicine. eCAM 2020, 7498525.
doi:10.1155/2020/7498525

de Freitas-Silva, D.M., Resende, L., Pereira, S. R., Franco, G. C., and Ribeiro, A. M.
(2010). Maternal thiamine restriction during lactation induces cognitive
impairments and changes in glutamate and GABA concentrations in brain of
rat offspring. Behav. Brain Res. 211 (1), 33–40. doi:10.1016/j.bbr.2010.03.002

Dong, D., Xu, Z., Zhong, W., and Peng, S. (2018). Parallelization of molecular
docking: A review. Curr. Top. Med. Chem. 18 (12), 1015–1028. doi:10.2174/
1568026618666180821145215

Friesner, R. A., Banks, J. L., Murphy, R. B., Halgren, T. A., Klicic, J. J., Mainz, D. T.,
et al. (2004). Glide: A new approach for rapid, accurate docking and scoring. 1.
Method and assessment of docking accuracy. J. Med. Chem. 47 (7), 1739–1749.
doi:10.1021/jm0306430

Friesner, R. A., Murphy, R. B., Repasky, M. P., Frye, L. L., Greenwood, J. R.,
Halgren, T. A., et al. (2006). Extra precision glide: Docking and scoring
incorporating a model of hydrophobic enclosure for protein-ligand complexes.
J. Med. Chem. 49 (21), 6177–6196. doi:10.1021/jm051256o

Gao, W., Wang, W., Peng, Y., and Deng, Z. (2019). Antidepressive effects of
kaempferol mediated by reduction of oxidative stress, proinflammatory cytokines
and up-regulation of AKT/β-catenin cascade. Metab. Brain Dis. 34 (2), 485–494.
doi:10.1007/s11011-019-0389-5

Geng, X., Wu, H., Li, Z., Li, C., Chen, D., Zong, J., et al. (2021). Jie-Yu-He-Huan
capsule ameliorates anxiety-like behaviours in rats exposed to chronic restraint
stress via the cAMP/PKA/CREB/BDNF signalling pathway. Oxid. Med. Cell.
Longev. 2021, 1703981. doi:10.1155/2021/1703981

Gupta, G. L., and Sharma, L. (2019). Bacopa monnieri abrogates alcohol
abstinence-induced anxiety-like behavior by regulating biochemical and Gabra1,

Gabra4, Gabra5 gene expression of GABAA receptor signaling pathway in rats.
Biomed. Pharmacother. = Biomedecine Pharmacother. 111, 1417–1428. doi:10.1016/
j.biopha.2019.01.048

Gutiérrez-Muñoz, M., Fajardo-Araujo, M. E., González-Pérez, E. G., Aguirre-
Arzola, V. E., and Solís-Ortiz, S. (2018). Facial sadness recognition is modulated by
estrogen receptor gene polymorphisms in healthy females. Brain Sci. 8 (12), 219.
doi:10.3390/brainsci8120219

Halgren, T. A., Murphy, R. B., Friesner, R. A., Beard, H. S., Frye, L. L., Pollard, W.
T., et al. (2004). Glide: A new approach for rapid, accurate docking and scoring. 2.
Enrichment factors in database screening. J. Med. Chem. 47 (7), 1750–1759. doi:10.
1021/jm030644s

Hollingsworth, S. A., and Dror, R. O. (2018). Molecular dynamics simulation for
all. Neuron 99 (6), 1129–1143. doi:10.1016/j.neuron.2018.08.011

Huang, C. Y., Chu, Y. L., Sridhar, K., and Tsai, P. J. (2019). Analysis and
determination of phytosterols and triterpenes in different inbred lines of djulis
(Chenopodium formosanum koidz.) hull: A potential source of novel bioactive
ingredients. Food Chem. 297, 124948. doi:10.1016/j.foodchem.2019.06.015

Jabir, N. R., Rehman, M. T., Alsolami, K., Shakil, S., Zughaibi, T. A., Alserihi, R. F.,
et al. (2021). Concatenation of molecular docking and molecular simulation of
BACE-1, γ-secretase targeted ligands: In pursuit of Alzheimer’s treatment. Ann.
Med. 53 (1), 2332–2344. doi:10.1080/07853890.2021.2009124

Jia, M., Dahlman-Wright, K., and Gustafsson, J. Å. (2015). Estrogen receptor
alpha and beta in health and disease. Best practice & research. Clin. Endocrinol.
metabolism 29 (4), 557–568. doi:10.1016/j.beem.2015.04.008

Jia, Y., Zou, J., Wang, Y., Zhang, X., Shi, Y., Liang, Y., et al. (2021). Action
mechanism of Roman chamomile in the treatment of anxiety disorder based on
network pharmacology. J. Food Biochem. 45 (1), e13547. doi:10.1111/jfbc.
13547

Jiang, N., Wei, S., Zhang, Y., He, W., Pei, H., Huang, H., et al. (2021).
Protective Effects and Mechanism of Radix Polygalae Against Neurological
Diseases as Well as Effective Substance. Front. Psychiatry 12, 688703. doi:10.
3389/fpsyt.2021.688703

Johnson, C. H., Ivanisevic, J., and Siuzdak, G. (2016). Metabolomics: Beyond
biomarkers and towards mechanisms. Nat. Rev. Mol. Cell Biol. 17 (7), 451–459.
doi:10.1038/nrm.2016.25

Jung, S., Choe, S., Woo, H., Jeong, H., An, H. K., Moon, H., et al. (2020).
Autophagic death of neural stem cells mediates chronic stress-induced decline of
adult hippocampal neurogenesis and cognitive deficits. Autophagy 16 (3), 512–530.
doi:10.1080/15548627.2019.1630222

Kalueff, A. V., and Nutt, D. J. (2007). Role of GABA in anxiety and depression.
Depress. Anxiety 24 (7), 495–517. doi:10.1002/da.20262

Kanaumi, T., Takashima, S., Iwasaki, H., Mitsudome, A., and Hirose, S. (2006).
Developmental changes in the expression of GABAA receptor alpha 1 and gamma
2 subunits in human temporal lobe, hippocampus and basal ganglia: An implication
for consideration on age-related epilepsy. Epilepsy Res. 71 (1), 47–53. doi:10.1016/j.
eplepsyres.2006.05.019

Kandola, A., Vancampfort, D., Herring, M., Rebar, A., Hallgren, M., Firth, J., et al.
(2018). Moving to beat anxiety: Epidemiology and therapeutic issues with physical
activity for anxiety. Curr. psychiatry Rep. 20 (8), 63. doi:10.1007/s11920-018-0923-x

Kanehisa, M., and Goto, S. (2000). Kegg: Kyoto encyclopedia of genes and
genomes. Nucleic Acids Res. 28 (1), 27–30. doi:10.1093/nar/28.1.27

Karim, N., Khan, I., Abdelhalim, A., Halim, S. A., Khan, A., and Al-Harrasi, A.
(2021). Stigmasterol can be new steroidal drug for neurological disorders: Evidence
of the GABAergic mechanism via receptor modulation. Phytomedicine. 90, 153646.
doi:10.1016/j.phymed.2021.153646

Kiecolt-Glaser, J. K., Belury, M. A., Andridge, R., Malarkey, W. B., and Glaser, R.
(2011). Omega-3 supplementation lowers inflammation and anxiety in medical
students: A randomized controlled trial. Brain Behav. Immun. 25 (8), 1725–1734.
doi:10.1016/j.bbi.2011.07.229

Lakhan, S. E., and Vieira, K. F. (2010). Nutritional and herbal supplements for
anxiety and anxiety-related disorders: Systematic review. Nutr. J. 9, 42. doi:10.1186/
1475-2891-9-42

Lee, B., Yeom, M., Shim, I., Lee, H., and Hahm, D. H. (2020). Protective effects of
quercetin on anxiety-like symptoms and neuroinflammation induced by
lipopolysaccharide in rats. Evidence-Based complementary and alternative
medicine. eCAM 2020, 4892415. doi:10.1155/2020/4892415

Li, D., Wu, Q., Tong, Y., Zheng, H., and Li, Y. (2021b). Dietary beta-carotene
intake is inversely associated with anxiety in US midlife women. J. Affect. Disord.
287, 96–100. doi:10.1016/j.jad.2021.03.021

Frontiers in Pharmacology frontiersin.org19

Lv et al. 10.3389/fphar.2022.966218

https://doi.org/10.1016/j.jsps.2020.04.001
https://doi.org/10.1016/j.ctcp.2018.01.008
https://doi.org/10.1016/j.ctcp.2018.01.008
https://doi.org/10.2174/1386207323666200605150915
https://doi.org/10.2174/1573408016999201026200650
https://doi.org/10.31887/DCNS.2017.19.2/bbandelow
https://doi.org/10.31887/DCNS.2017.19.2/bbandelow
https://doi.org/10.1016/bs.vh.2016.08.004
https://doi.org/10.1016/j.neuro.2018.02.005
https://doi.org/10.1007/s13659-020-00284-8
https://doi.org/10.1007/s13659-020-00284-8
https://doi.org/10.2174/1876386302013010022
https://doi.org/10.1007/978-1-4939-9869-2_17
https://doi.org/10.1007/978-1-4939-9869-2_17
https://doi.org/10.1016/j.bpa.2018.06.007
https://doi.org/10.1155/2020/7498525
https://doi.org/10.1016/j.bbr.2010.03.002
https://doi.org/10.2174/1568026618666180821145215
https://doi.org/10.2174/1568026618666180821145215
https://doi.org/10.1021/jm0306430
https://doi.org/10.1021/jm051256o
https://doi.org/10.1007/s11011-019-0389-5
https://doi.org/10.1155/2021/1703981
https://doi.org/10.1016/j.biopha.2019.01.048
https://doi.org/10.1016/j.biopha.2019.01.048
https://doi.org/10.3390/brainsci8120219
https://doi.org/10.1021/jm030644s
https://doi.org/10.1021/jm030644s
https://doi.org/10.1016/j.neuron.2018.08.011
https://doi.org/10.1016/j.foodchem.2019.06.015
https://doi.org/10.1080/07853890.2021.2009124
https://doi.org/10.1016/j.beem.2015.04.008
https://doi.org/10.1111/jfbc.13547
https://doi.org/10.1111/jfbc.13547
https://doi.org/10.3389/fpsyt.2021.688703
https://doi.org/10.3389/fpsyt.2021.688703
https://doi.org/10.1038/nrm.2016.25
https://doi.org/10.1080/15548627.2019.1630222
https://doi.org/10.1002/da.20262
https://doi.org/10.1016/j.eplepsyres.2006.05.019
https://doi.org/10.1016/j.eplepsyres.2006.05.019
https://doi.org/10.1007/s11920-018-0923-x
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1016/j.phymed.2021.153646
https://doi.org/10.1016/j.bbi.2011.07.229
https://doi.org/10.1186/1475-2891-9-42
https://doi.org/10.1186/1475-2891-9-42
https://doi.org/10.1155/2020/4892415
https://doi.org/10.1016/j.jad.2021.03.021
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.966218


Li, H., Xu, H., Wen, W., Wu, L., Xu, M., and Luo, J. (2020). Thiamine deficiency
causes long-lasting neurobehavioral deficits in mice. Brain Sci. 10 (8), 565. doi:10.
3390/brainsci10080565

Li, M., Jiang, H., Hao, Y., Du, K., Du, H., Ma, C., et al. (2022). A systematic review
on botany, processing, application, phytochemistry and pharmacological action of
Radix Rehmnniae. J. Ethnopharmacol. 285, 114820. doi:10.1016/j.jep.2021.114820

Li, T., Zhang, W., Hu, E., Sun, Z., Li, P., Yu, Z., et al. (2021a). Integrated
metabolomics and network pharmacology to reveal the mechanisms of
hydroxysafflor yellow A against acute traumatic brain injury. Comput. Struct.
Biotechnol. J. 19, 1002–1013. doi:10.1016/j.csbj.2021.01.033

Li, Y., Yao, J., Han, C., Yang, J., Chaudhry, M. T., Wang, S., et al. (2016).
Quercetin, inflammation and immunity. Nutrients 8 (3), 167. doi:10.3390/
nu8030167

Li, Z., Qi, Y., Liu, K., Cao, Y., Zhang, H., Song, C., et al. (2021c). Effect of Chaihu-
jia-Longgu-Muli decoction on withdrawal symptoms in rats with
methamphetamine-induced conditioned place preference. Biosci. Rep. 41 (8),
BSR20211376. doi:10.1042/BSR20211376

Liu, L., Liu, C., Wang, Y., Wang, P., Li, Y., and Li, B. (2015). Herbal medicine for
anxiety, depression and insomnia. Curr. Neuropharmacol. 13 (4), 481–493. doi:10.
2174/1570159x1304150831122734

Liu, P. L., Song, A. R., Dong, C. D., Chu, Q., Xu, B. L., Liu, J. M., et al. (2021b).
Network pharmacology study on the mechanism of the herb pair of prepared
Rehmannia root-Chinese arborvitae kernel for anxiety disorders. Ann. Palliat. Med.
10 (3), 3313–3327. doi:10.21037/apm-21-531

Liu, W. Z., Zhang, W. H., Zheng, Z. H., Zou, J. X., Liu, X. X., Huang, S. H., et al.
(2020). Identification of a prefrontal cortex-to-amygdala pathway for chronic stress-
induced anxiety. Nat. Commun. 11 (1), 2221. doi:10.1038/s41467-020-15920-7

Liu, X., Wei, F., Liu, H., Zhao, S., Du, G., and Qin, X. (2021). Integrating
hippocampal metabolomics and network pharmacology deciphers the
antidepressant mechanisms of Xiaoyaosan. J. Ethnopharmacol. 268, 113549.
doi:10.1016/j.jep.2020.113549

Mali., S. N., and Pandey., A. (2022). Synthesis of new hydrazones using a
biodegradable catalyst, their biological evaluations and molecular modeling studies
(Part-II). J. Comput. Biophys. Chem. 10, 857–882. doi:10.1142/s2737416522500387

Markova, N., Bazhenova, N., Anthony, D. C., Vignisse, J., Svistunov, A., Lesch, K.
P., et al. (2017). Thiamine and benfotiamine improve cognition and ameliorate
GSK-3β-associated stress-induced behaviours in mice. Prog.
Neuropsychopharmacol. Biol. Psychiatry 75, 148–156. doi:10.1016/j.pnpbp.2016.
11.001

Miller, M. W. (2019). GABA as a neurotransmitter in gastropod molluscs. Biol.
Bull. 236 (2), 144–156. doi:10.1086/701377

Moreno-Martínez, S., Tendilla-Beltrán, H., Sandoval, V., Flores, G., and Terrón,
J. A. (2022). Chronic restraint stress induces anxiety-like behavior and remodeling
of dendritic spines in the central nucleus of the amygdala. Behav. Brain Res. 416,
113523. doi:10.1016/j.bbr.2021.113523

Morgan, L. V., Petry, F., Scatolin, M., de Oliveira, P. V., Alves, B. O., Zilli, G., et al.
(2021). Investigation of the anti-inflammatory effects of stigmasterol in mice:
Insight into its mechanism of action. Behav. Pharmacol. 32 (8), 640–651. doi:10.
1097/FBP.0000000000000658

Pan, L., Li, Z., Wang, Y., Zhang, B., Liu, G., and Liu, J. (2020). Network
pharmacology and metabolomics study on the intervention of traditional
Chinese medicine Huanglian Decoction in rats with type 2 diabetes mellitus.
J. Ethnopharmacol. 258, 112842. doi:10.1016/j.jep.2020.112842

Panayotis, N., Freund, P. A., Marvaldi, L., Shalit, T., Brandis, A., Mehlman, T.,
et al. (2021). β-sitosterol reduces anxiety and synergizes with established anxiolytic
drugs in mice. Cell Rep. Med. 2 (5), 100281. doi:10.1016/j.xcrm.2021.100281

Pinzi, L., and Rastelli, G. (2019). Molecular docking: Shifting paradigms in drug
discovery. Int. J. Mol. Sci. 20 (18), 4331. doi:10.3390/ijms20184331

Polegato, B. F., Pereira, A. G., Azevedo, P. S., Costa, N. A., Zornoff, L., Paiva, S.,
et al. (2019). Role of thiamin in health and disease. Nutr. Clin. Pract. 34 (4),
558–564. doi:10.1002/ncp.10234

Qu, S. Y., Li, X. Y., Heng, X., Qi, Y. Y., Ge, P. Y., Ni, S. J., et al. (2021). Analysis of
antidepressant activity of huang-lian jie-du decoction through network
pharmacology and metabolomics. Front. Pharmacol. 12, 619288. doi:10.3389/
fphar.2021.619288

Qu, W., Liu, S., Zhang, W., Zhu, H., Tao, Q., Wang, H., et al. (2019). Impact of
traditional Chinese medicine treatment on chronic unpredictable mild stress-

induced depression-like behaviors: Intestinal microbiota and gut microbiome
function. Food Funct. 10 (9), 5886–5897. doi:10.1039/c9fo00399a

Remes, O., Brayne, C., van der Linde, R., and Lafortune, L. (2016). A systematic
review of reviews on the prevalence of anxiety disorders in adult populations. Brain
Behav. 6 (7), e00497. doi:10.1002/brb3.497

Shao, Y., Sun, Y., Li, D., and Chen, Y. (2020). Chrysanthemum indicum L.: A
comprehensive review of its botany, phytochemistry and pharmacology. Am.
J. Chin. Med. 48 (4), 871–897. doi:10.1142/S0192415X20500421

Shi, Y., Chen, M., Zhao, Z., Pan, J., and Huang, S. (2021). Network pharmacology
and molecular docking analyses of mechanisms underlying effects of the cyperi
rhizoma-chuanxiong rhizoma herb pair on depression. Evid. Based. Complement.
Altern. Med. 2021, 5704578. doi:10.1155/2021/5704578

Silva Dos Santos, J., Gonçalves Cirino, J. P., de Oliveira Carvalho, P., and Ortega,
M. M. (2021). The pharmacological action of kaempferol in central nervous system
diseases: A review. Front. Pharmacol. 11, 565700. doi:10.3389/fphar.2020.565700

Smriga, M., and Torii, K. (2003). L-Lysine acts like a partial serotonin receptor
4 antagonist and inhibits serotonin-mediated intestinal pathologies and anxiety in
rats. Proc. Natl. Acad. Sci. U. S. A. 100 (26), 15370–15375. doi:10.1073/pnas.
2436556100

Stonerock, G. L., Hoffman, B. M., Smith, P. J., and Blumenthal, J. A. (2015).
Exercise as treatment for anxiety: Systematic review and analysis. Ann. Behav. Med.
a Publ. Soc. Behav. Med. 49 (4), 542–556. doi:10.1007/s12160-014-9685-9

Su, J., Pan, Y. W., Wang, S. Q., Li, X. Z., Huang, F., and Ma, S. P. (2020).
Saikosaponin-d attenuated lipopolysaccharide-induced depressive-like behaviors
via inhibiting microglia activation and neuroinflammation. Int. Immunopharmacol.
80, 106181. doi:10.1016/j.intimp.2019.106181

Vorvul, A. O., Bobyntsev, I. I., Medvedeva, O. A., Mukhina, A. Y., Svishcheva, M.
V., Azarova, I. E., et al. (2022). ACTH(6-9)-Pro-Gly-Pro ameliorates anxiety-like
and depressive-like behaviour and gut mucosal microbiota composition in rats
under conditions of chronic restraint stress. Neuropeptides 93, 102247. doi:10.1016/
j.npep.2022.102247

Wang, H. Q., Liu, H. T., Wang, L., Min, L., Chen, B., and Li, H. (2021).
Uncovering the active components, prospective targets, and molecular
mechanism of Baihe Zhimu decoction for treating depression using network
pharmacology-based analysis. J. Ethnopharmacol. 281, 114586. doi:10.1016/j.jep.
2021.114586

Wang, Y. S., Shen, C. Y., and Jiang, J. G. (2019). Antidepressant active ingredients
from herbs and nutraceuticals used in TCM: Pharmacological mechanisms and
prospects for drug discovery. Pharmacol. Res. 150, 104520. doi:10.1016/j.phrs.2019.
104520

Wei, Y., Chang, L., and Hashimoto, K. (2022). Molecular mechanisms underlying
the antidepressant actions of arketamine: Beyond the NMDA receptor. Mol.
Psychiatry 27 (1), 559–573. doi:10.1038/s41380-021-01121-1

Wu, H. B., Xiao, Y. G., Chen, J. S., and Qiu, Z. K. (2022). The potential mechanism
of Bupleurum against anxiety was predicted by network pharmacology study and
molecular docking. Metab. Brain Dis. 37 (5), 1609–1639. doi:10.1007/s11011-022-
00970-1

Wu, L., Zhang, T., Chen, K., Lu, C., Liu, X. F., Zhou, J. L., et al. (2021). Rapid
antidepressant-like effect of Fructus Aurantii depends on cAMP-response element
binding protein/Brain-derived neurotrophic facto by mediating synaptic
transmission. Phytother. Res. 35 (1), 404–414. doi:10.1002/ptr.6812

Xia, J., Sinelnikov, I. V., Han, B., and Wishart, D. S. (2015). MetaboAnalyst 3.0--
making metabolomics more meaningful. Nucleic Acids Res. 43 (W1), W251–W257.
doi:10.1093/nar/gkv380

Yan, Z. Y., Jiao, H. Y., Chen, J. B., Zhang, K. W., Wang, X. H., Jiang, Y. M., et al.
(2021). Antidepressant mechanism of traditional Chinese medicine formula
xiaoyaosan in CUMS-induced depressed mouse model via RIPK1-RIPK3-MLKL
mediated necroptosis based on network pharmacology analysis. Front. Pharmacol.
12, 773562. doi:10.3389/fphar.2021.773562

Zhang, W., Chen, L., Li, P., Zhao, J., and Duan, J. (2018). Antidepressant and
immunosuppressive activities of two polysaccharides from Poria cocos (Schw.)
Wolf. Int. J. Biol. Macromol. 120, 1696–1704. doi:10.1016/j.ijbiomac.2018.09.171

Zhang, Y., Li, X., Xu, X., and Yang, N. (2019). Mechanisms of paeonia lactiflora in
treatment of ulcerative colitis: A network pharmacological study. Med. Sci. Monit.
25, 7574–7580. doi:10.12659/MSM.917695

Zhu, S., Noviello, C. M., Teng, J., Walsh, R. M., Jr, Kim, J. J., and Hibbs, R. E.
(2018). Structure of a human synaptic GABAA receptor. Nature 559 (7712), 67–72.
doi:10.1038/s41586-018-0255-3

Frontiers in Pharmacology frontiersin.org20

Lv et al. 10.3389/fphar.2022.966218

https://doi.org/10.3390/brainsci10080565
https://doi.org/10.3390/brainsci10080565
https://doi.org/10.1016/j.jep.2021.114820
https://doi.org/10.1016/j.csbj.2021.01.033
https://doi.org/10.3390/nu8030167
https://doi.org/10.3390/nu8030167
https://doi.org/10.1042/BSR20211376
https://doi.org/10.2174/1570159x1304150831122734
https://doi.org/10.2174/1570159x1304150831122734
https://doi.org/10.21037/apm-21-531
https://doi.org/10.1038/s41467-020-15920-7
https://doi.org/10.1016/j.jep.2020.113549
https://doi.org/10.1142/s2737416522500387
https://doi.org/10.1016/j.pnpbp.2016.11.001
https://doi.org/10.1016/j.pnpbp.2016.11.001
https://doi.org/10.1086/701377
https://doi.org/10.1016/j.bbr.2021.113523
https://doi.org/10.1097/FBP.0000000000000658
https://doi.org/10.1097/FBP.0000000000000658
https://doi.org/10.1016/j.jep.2020.112842
https://doi.org/10.1016/j.xcrm.2021.100281
https://doi.org/10.3390/ijms20184331
https://doi.org/10.1002/ncp.10234
https://doi.org/10.3389/fphar.2021.619288
https://doi.org/10.3389/fphar.2021.619288
https://doi.org/10.1039/c9fo00399a
https://doi.org/10.1002/brb3.497
https://doi.org/10.1142/S0192415X20500421
https://doi.org/10.1155/2021/5704578
https://doi.org/10.3389/fphar.2020.565700
https://doi.org/10.1073/pnas.2436556100
https://doi.org/10.1073/pnas.2436556100
https://doi.org/10.1007/s12160-014-9685-9
https://doi.org/10.1016/j.intimp.2019.106181
https://doi.org/10.1016/j.npep.2022.102247
https://doi.org/10.1016/j.npep.2022.102247
https://doi.org/10.1016/j.jep.2021.114586
https://doi.org/10.1016/j.jep.2021.114586
https://doi.org/10.1016/j.phrs.2019.104520
https://doi.org/10.1016/j.phrs.2019.104520
https://doi.org/10.1038/s41380-021-01121-1
https://doi.org/10.1007/s11011-022-00970-1
https://doi.org/10.1007/s11011-022-00970-1
https://doi.org/10.1002/ptr.6812
https://doi.org/10.1093/nar/gkv380
https://doi.org/10.3389/fphar.2021.773562
https://doi.org/10.1016/j.ijbiomac.2018.09.171
https://doi.org/10.12659/MSM.917695
https://doi.org/10.1038/s41586-018-0255-3
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.966218

	Anxiolytic effect of YangshenDingzhi granules: Integrated network pharmacology and hippocampal metabolomics
	Introduction
	Experimental materials and methods
	Animal experiments
	Chronic restraint stress
	Open field test
	Light-dark box test
	Elevated plus maze test
	Sample collection
	Western blot
	Hematoxylin-eosin stainings
	Immunofluorescence double labeling
	Statistical analysis
	Network pharmacology experiment
	Molecular dockings and molecular dynamics simulations

	Metabolomics analysis
	Metabolite extraction
	Detection conditions
	Data processing

	Result
	Yangshendingzhi granules improved anxiety-like behavior in rats
	Yangshendingzhi granules alleviates neuropathic injury in hippocampus
	Network pharmacology analysis
	Molecular docking and molecular dynamics simulation
	Yangshendingzhi granules regulates expression of tumor necrosis factor-α and gamma-aminobutyric acid receptor subunit alpha-1
	Yangshendingzhi granules improves hippocampal metabolic disorders

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


