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Objective: Chaihu Shugan San (CSS) is a common antidepressant prescription in traditional 
Chinese medicines. However, its active ingredients and mechanisms are unknown. The aim 
of this study was to explore the potential active ingredients and pharmacological mechanisms 
of CSS for the treatment of major depressive disorder (MDD).
Methods: Active compounds in CSS were screened using the Traditional Chinese Medicine 
Systems Pharmacology database. Compound-related targets were retrieved using the 
SwissTargetPrediction database. MDD-related targets were determined using DisGeNET, 
Therapeutic Target Database and DrugBank databases. The common targets of active 
compounds in CSS and MDD were retained to construct a compound-MDD target network. 
Then, functional enrichment analysis and protein–protein interaction analysis were per-
formed to identify hub targets and explore the underlying molecular mechanisms. Finally, 
hub-targeted genes and pathways were validated by Western blotting and immunofluores-
cence using chronic unpredictable mild stress (CUMS) mice with or without CSS treatment. 
The affinities between the active compounds in CSS and hub-targeted genes were evaluated 
by molecular docking.
Results: Network pharmacology analysis revealed 24 potential targets for treatment of MDD 
by CSS. Functional enrichment analysis showed that PI3K/AKT signaling pathway was 
likely to be evidently affected by CSS in the treatment of MDD. In vivo experiments showed 
that CSS could improve depressive-like behaviors and promote neurogenesis in CUMS mice. 
Furthermore, CSS could increase phosphorylated (p) PI3K/PI3K and pAKT/AKT levels and 
decrease the pGSK3β/GSK3β level in the hippocampus of CUMS mice. The active com-
pounds mainly included quercetin and luteolin, which showed good docking scores targeting 
the PI3K protein.
Conclusion: This network pharmacological and experimental study highlights that the 
PI3K/AKT pathway is the potential mechanism by which CSS is involved in MDD treat-
ment. Quercetin, luteolin, and kaempferol are probable active compounds in CSS, and these 
results might provide valuable guidance for further studies of MDD treatment.
Keywords: Chaihu Shugan San, major depressive disorder, network pharmacology, PI3K/ 
AKT signaling pathway

Introduction
Major depressive disorder (MDD) is a prevalent mental disease characterized by 
altered emotional, cognitive, and behavioral functions. Increasing attention has 
been focused on MDD because of its high incidence, low recovery rate, and long 
duration.1,2 Huang et al reported that the prevalence of MDD in China was 3.6% 
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during a 12-month period and 6.8% during the partici-
pants’ entire lifetime.3 Selective serotonin reuptake inhi-
bitors are the most commonly prescribed drugs for MDD 
treatment but have side effects and high failure rates.4–7 

Therefore, additional efforts should be made to identify 
alternative therapeutic options for depression with 
increased effectiveness and safety. In recent years, the 
development of new antidepressants from natural herbs 
has become an important area of research.

In Chinese medicine theory, MDD patients show long- 
term depressive symptoms because of the stagnation of 
“Qi”. Chaihu Shugan San (CSS) is a representative type of 
the “Li qi” prescription, which is used to smooth the 
“liver” and promote “Qi” flow. It consists of Bupleurum 
falcatum L. (Chai hu), Cyperus rotundus L. (Xiang fu), 
Ligusticum chuanxiong Hort. (Chuan xiong), Citrus reti-
culata Blanco (Chen pi), Citrus × aurantium L. (Zhi 
Qiao), Paeonia lactiflora Pall. (Bai shao), and 
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Glycyrrhiza uralensis Fisch. (Gan cao). CSS has been used 
to clinically and pre-clinically treat depression and has 
shown good safety and effectiveness.8,9 Previous pharma-
cological studies have shown that CSS can alleviate 
depressive symptoms in the chronic unpredictable mild 
stress (CUMS) mouse model, to some extent, by regulat-
ing neurotrophic signaling10 and reducing neuron 
apoptosis.11,12 However, because the ingredients of tradi-
tional Chinese medicine (TCM) are diverse and the inter-
actions of TCM with the human body are complex, the 
specific molecular mechanisms involved in MDD treat-
ment with CSS remain unclear, which greatly impedes 
the clinical application of CSS.

The network pharmacology approach proposed is novel 
and integrates information from bioinformatics, systems 
biology, and polypharmacology.13 Using a “disease-target- 
herb” network model, it explores the molecular mechan-
ism of TCM from a multidimensional perspective.14–16 

A recent network pharmacology study found that the anti-
depressant mechanism of CSS was closely related to the 
neural plasticity, growth, transfer conditions, and gene 
expression of neuronal cells.17 However, the candidate 
CSS targets in this study were limited to published papers, 
and therefore novel targets could not be identified; addi-
tionally, the active compounds of CSS were not 
mentioned.

Our current study aims to screen hub targets from 
a protein interaction map, which may have a greater poten-
tial to identify novel biomarkers.18 The compound-MDD 
target network was used to predict the active ingredients of 
CSS involved in MDD treatment. Based on the network 
pharmacology analysis results, molecular docking and 
in vivo experiments were performed to further verify the 
findings.

Materials and Methods
Screening of Compounds in CSS
The Traditional Chinese Medicine System Pharmacology 
Database and Analysis Platform (TCMSP,http://tcmspnw. 
com/, updated on May 31, 2014) is a unique pharmacology 
database of Chinese herbal medicines, cataloging a variety 
of herbs, components, targets, and relationships with var-
ious diseases.19,20 We searched this online database to 
identify potential compounds in CSS. The pharmacoki-
netic properties of compounds, including absorption, dis-
tribution, metabolism, and excretion (ADME), are 
important contributors that affect bioactivity. As suggested 

by the TCMSP, the two ADME-related parameters of oral 
bioavailability (OB)≥30% and drug-likeness (DL)≥0.18 
were used as the inclusion criteria for bioactive chemical 
compounds in CSS.21

Prediction of CSS-Related and 
MDD-Related Targets
The SwissTargetPrediction database (http://www.swisstar 
getprediction.ch/, updated in 2019) provides a probability 
value derived from cross-validation analyses that can be 
used to rank targets and estimate the accuracy of 
predictions.22,23 In this study, we limited target selection 
to the species “Homo sapiens” and used a probability 
value≥0.4 to obtain predicted targets of CSS. The official 
gene symbol and UniProt ID were acquired from the 
UniProtKB database (https://www.uniprot.org/, updated 
on October 15, 2019). The Therapeutic Target Database 
(TTD) (https://db.idrblab.org/ttd/, updated on June 1, 
2020),24 DisGeNET database (http://www.disgenet.org/ 
web/DisGeNET/, updated in May, 2020),25 and 
DrugBank database (http://www.drugbank.ca/, released 
on April 22, 2020)26 were used to search MDD-related 
gene targets, using the keywords “major depressive dis-
order”, “depression”, or “unipolar depression”. The over-
lapping genes were retained for further analyses.

Screening for Hub Targets and Potential 
Active Compounds
Overlapping gene targets between CSS and MDD were 
identified using the Venny web tool 2.1 (https://bioinfogp. 
cnb.csic.es/tools/venny/). Interactive relationships among 
the overlapping targets were retrieved from the Search 
Tool for the Retrieval of Interacting Genes/Proteins 
(STRING) database (https://string-db.org/, updated on 
January 19, 2019),27 with the species limited to “Homo 
sapiens” and a confidence score≥0.4 (medium confidence). 
The potential interactions were identified based on known 
interactions from curated databases and experiments. 
A protein-protein interaction (PPI) network of overlapping 
targets was visualized using Cytoscape3.7.1 software 
(https://cytoscape.org/). The NetworkAnalyzer tool in 
Cytoscape was applied to mine the hub targets by calculat-
ing the node degree (number of adjacent neighbors). 
Nodes with greater degrees were generally regarded as 
hub targets. Then, a compound-MDD target network was 
constructed in the same manner, and nodes with greater 
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degrees were identified as the potential active compounds 
in CSS that might alleviate MDD.

Functional Enrichment Analysis
Gene Ontology (GO) terms and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways of the overlapping 
genes were analyzed using the Database for Annotation, 
Visualization, and Integrated Discovery (DAVID) (http:// 
david.abcc.ncifcrf.gov/, updated in May 2016), which is an 
online tool that can be used to identify major biological 
functions and pathways.28 A value of p<0.05 was consid-
ered significant.

Molecular Docking Analysis
SYBYL x-2.1 software (https://sybyl-x.software.informer. 
com/2.1/) was used to validate the network pharmacology 
screening results by docking the active compounds with 
hub proteins. The procedures were based on those in the 
relevant literature.29,30 The crystal structures of protein 
kinase B (AKT) (4gv1.pdb), phosphoinositide 3-kinase 
(PI3K) (1e8w.pdb), glycogen synthase kinase 3 beta 
(GSK3β) (1j1b.pdb), quercetin (1h1i.pdb), kaempferol 
(4rel.pdb), and luteolin (4qxv.pdb) were downloaded 
from the Protein Data Bank (http://www.rcsb.org, updated 
in 2020).31,32 The protein structure was prepared by 
removing water molecules and adding hydrogen atoms 
and charges. The structure of the compounds was con-
structed using Sybyl sketch and energy was minimized 
using MMFF94 force field and MMFF94 charges (conju-
gate gradient, termination: gradient 0.005 kcal/mol 
Angstrom°, and maximum iterations: 1000). After the 
compounds were prepared, the surflex-Dock docking 
mode was used. The default parameters were as follows: 
maximum conformations per fragment: 20, maximum 
number of rotatable bonds per molecule: 100, number of 
spins per alignment: 12, minimum root-mean-square 
deviation between final poses: 0.5. The top docked poses 
were selected based on the orientation of the test ligand 
with respect to the reference ligand and its score. 
Molecular docking simulations with high scores were 
regarded as having a high target affinity for each tested 
compound.

Drugs, Reagents, and Instruments
CSS granules were purchased from Xuanwu Traditional 
Chinese Medicine Hospital (Beijing, China). Buspirone 
hydrochloride (No. 6-EOD-111-1) was purchased from 
Toronto Research Chemicals (Toronto, ON, Canada). 

Phenytoin sodium (No. BNV229) was purchased from 
Bidepharm (Shanghai, China). Bromodeoxyuridine 
(BrdU, No. B5002-250MG) was purchased from Sigma 
(St. Louis, MO, USA). The chemiluminescence ECL assay 
kit (P90719) was purchased from Millipore (Burlington, 
MA, USA)

Phosphorylated (p) PI3K (#4228S), pAKT (#4060S), 
pGSK3β (#9323S), PI3K (#4257), and AKT (#4691) were 
purchased from Cell Signaling Technologies (Danvers, 
MA, USA). GSK3β (ab93926), brain-derived neurotrophic 
factor (BDNF, ab108319), neuronal nuclei (NeuN) 
(ab209898), BrdU (ab6326), Alexa Fluor 488 anti-rabbit 
antibody (ab150077), Cy3-anti-rat antibody (ab97035), 
4′,6-diamidino-2-phenylindole (DAPI, ab104039), and β- 
actin (ab8226) were purchased from Abcam (Cambridge, 
MA, USA).

Liquid chromatography-tandem mass spectrometry 
(LC-MS/MS) analysis was performed on a Shimadzu 
20A series LC system (Shimadzu, Kyoto, Japan) coupled 
with an Applied Biosystems Qtrap 4000 triple-quadrupole 
/linear ion trap mass spectrometer (Applied Biosystems, 
Foster City, CA, USA). A Zorbax XDB C18 phase column 
(50 mm×2.1 mm, 3.5 μm) was purchased from Agilent 
(Santa Clara, CA, USA). A ChemiDoc MP Imaging sys-
tem (BIO-RAD, Hercules, CA, USA) was used to image 
Western blots. An Olympus DP70 fluorescence micro-
scope (Olympus, Tokyo, Japan) was used for 
Immunofluorescence imaging.

Animals
C57BL/6 mice (male, 7–8 weeks old) were purchased 
from Beijing Vital River Laboratory Animal Technology 
Company (Beijing, China). The animals were housed 
under standard light (12h light/dark cycle), temperature 
(25±1°C), and relative humidity (55±5%) conditions. 
Animals had free access to food and drinking water. All 
experiments were carried out in accordance with the 
National Institutes of Health Guide for the Care and Use 
of Laboratory Animals and were approved by the 
Experimental Animal Ethics Committee of Beijing 
Friendship Hospital (Approval No. 19–1006).

Quality Control of CSS
The plant names, parts used, and clinical dosages are 
presented in Table 1. Quality control of CSS was per-
formed by LC-MS/MS as previously described.33 The 
criteria for the quality of herbs in CSS were in accordance 
with the 2020 Chinese Pharmacopeia (the purity [%] and 
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information regarding reference standards are provided in 
Supplementary Table S1). Stock solutions (1mg/mL) of 12 
reference standards were separately prepared in methanol. 
Mixed stock solutions with different concentrations were 
then diluted with methanol into a series of mixed standard 
solutions for quantitation. Stock solutions of buspirone 
hydrochloride (1mg/mL) and phenytoin sodium (1mg/ 
mL) were also prepared in dimethyl sulfoxide. CSS 
(0.1g/mL) was immersed in water and ultrasonically 
extracted for 0.5h. Then, 0.2mL aliquots of the extracted 
solutions were diluted to 1mL and prepared for quantita-
tion. The samples were analyzed in positive or negative 
electrospray ionization mode, and monitored in the multi-
ple reactions monitoring mode. High purity nitrogen was 
used as the curtain gas, ion source gas 1, and ion source 
gas 2, with pressures of 10psi, 55psi, and 55psi, respec-
tively. The spray voltage was ±4.5kV, and the capillary 
temperature was 500°C. Other parameters are presented in 
Supplementary Table S2. The samples were separated on 
an Agilent Zorbax XDB C18 phase column. Mobile phase 
A and mobile phase B consisted of 0.1% formic acid in 
water and acetonitrile, respectively. The gradient elution 
program was as follows: 0–0.5 min 20% B; 0.5–4 min 20– 
80% B; 4-5 min 80% B; 5–5.01 min 80–20% B; 5.01–6 
min 20% B. The flow rate was 0.5mL/min. The column 
temperature was 30°C, and a 1μL aliquot of the solution 
was injected. The quantitative method was used for simul-
taneous quantitation of 12 compounds. The chromatogram 
of these 12 compounds in CSS is shown in Supplementary 
Figure S1, and the quantitation of these compounds is 
presented in Supplementary Table S3.

CUMS Procedure and Drug 
Administration
Mice were randomly divided into three groups: the CUMS 
group (subjected to CUMS), the CSS group (subjected to 
CUMS and CSS), and the control (CON) group (not sub-
jected to CUMS and CSS). The CUMS procedure was per-
formed as in previous studies with slight modification.34,35 

The CUMS and CSS groups were housed in a single cage and 
subjected to CUMS stimulation (overnight exposure to damp 
sawdust; lights on overnight; 24h of food deprivation; 24h of 
water deprivation; 24h during which the cages were tilted at 
45°; 10min of tail clamping; 10min of exposure to mice 
scream; and 2h of being confined in a tube) over a 6-week 
period. Each animal received a long-lasting stimulus and 
a short-lasting stimulus at arbitrary times of the day. The 
same stimulation was not performed for two consecutive 
days. During this period, CSS (dose: 2.7g/kg body weight) 
dissolved in water was administered intragastrically to the 
CSS group once a day according to previous studies.36,37 The 
CON and CUMS groups received the same volume of dis-
tilled water. BrdU (dose: 50mg/kg body weight) dissolved in 
0.9% NaCl was injected intraperitoneally once per day for 7 
days prior to the end of the experiment.38

Behavioral Testing
The sucrose preference test (SPT) reflects anhedonia, 
which is a core symptom of depression.39,40 Three days 
before the test, the mice were adapted to the presence of 
two water bottles placed in each cage. After adaptation, 
the mice were deprived of water and food for 12h. During 
the SPT, which lasted for 24h, mice housed in individual 

Table 1 The Basic Information of Components in CSS

Chinese Name Botanical Name English Name Part Used Dose (g)

Chai hu Bupleurum falcatum L. Radix Bupleuri Root 18

Chen pi Citrus reticulata Blanco Pericarpium Citri Reticulatae Pericarp 18

Xiang fu Cyperus rotundus L. Rhizoma cyperi Rhizome 18

Zhi Qiao Citrus × aurantium L. Fructus Aurantii Fruit 18

Chuan xiong Ligusticum chuanxiong Hort. Rhizoma Chuanxiong Rhizome 18

Bai Shao Paeonia lactiflora Pall. Radix Paeoniae Alba Root 30

Gan Cao Glycyrrhiza uralensis Fisch. Radix Glycyrrhizae Root and rhizome 10
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cages had free access to a 2% sucrose solution or plain 
water. The sucrose preference was calculated using the 
following equation: sucrose preference (%)=sucrose 
intake/total liquid intake.

During the tail suspension test (TST), each mouse was 
suspended 30cm above the floor by the tail via tape placed 
approximately 1cm from the tip of the tail. The test was 
conducted for 10min. The cumulative time during which 
the mouse was completely immobile was calculated.41,42

The forced swim test (FST) was performed by placing 
the mice in an open glass beaker (18.5cm in height and 
14.5cm in diameter) containing 25°C water 10cm deep to 
prevent the mice from supporting themselves by touching 
the bottom of the beaker with their tails.43 Floating pas-
sively without struggling in the water was defined as 
immobility.44 The total immobility time during the 10min 
test was recorded.

Immunofluorescence Staining
Mice were anesthetized with 1% pentobarbital and sacri-
ficed. Mouse brains were cut into 10-µm-thick sections 
using a cryostat. The slices were fixed with 10% parafor-
maldehyde (10min) and subjected to acid hydrolysis using 
2N HCl for 30min to denature DNA. Slices were 
immersed in 0.2%Triton X-100 in phosphate-buffered sal-
ine (PBS) for 0.5h and blocked with 5% normal donkey 
serum at room temperature for 1h. The sections were then 
incubated overnight at 4°C with antibodies against NeuN 
(1:200) and BrdU (1:200), followed by incubation with 
Alexa Fluor 488 anti-rabbit (1:400, 488nm emission, 
green) and Cy3-anti-rat (1:400, 555nm emission, red) sec-
ondary antibodies. After washing with PBS, the slices 
were counterstained with DAPI. The slides were viewed 
at 10× and 60× magnification using a fluorescence micro-
scope. The number of NeuN+/BrdU+ co-labeled cells in 
the dentate gyrus was determined by calculating the aver-
age number of cells in three biological replicates; six brain 
slices were used for each replicate.45,46

Western Blot Analysis
The mouse hippocampus was homogenized and lysed in 
radio immunoprecipitation assay buffer supplemented 
with protease and phosphatase inhibitor. The total protein 
concentration was determined by a bicinchoninic acid 
assay. A total of 30µg of protein from each sample was 
separated by 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred to a nitrocellulose filter 
membrane. The membranes were blocked with 5% skim 

milk for 2h, followed by incubation with pPI3K (1:1000), 
pAKT (1:1000), pGSK3β (1:1000), PI3K (1:1000), AKT 
(1:1000), GSK3β (1:1000), or BDNF (1:1000) overnight 
at 4°C. Immunoblots were washed with Tris-buffered 
saline with Tween and incubated with secondary antibo-
dies for 1h at room temperature. Protein signals were 
detected using a Bio-Rad imaging system, and protein 
band quantification was performed using ImageJ software. 
All protein expression levels were normalized to the β- 
actin level.

Statistical Analysis
Normal distribution was tested using SPSS 22.0 software. 
Data are presented as the mean±standard error of the mean 
and were analyzed by one-way analysis of variance, fol-
lowed by the least significant difference test. P-values less 
than 0.05 were considered significant.

Results
Prediction of Hub Targets and Potential 
Active Compounds of CSS Involved in 
MDD Treatment
The network pharmacological flowchart in this study is 
summarized in Figure 1. In total, 38 active compounds in 
CSS were identified from the TCMSP database after elim-
inating duplicates. Detailed information regarding the 
active compounds is provided in Supplementary Table 
S4. According to the target prediction system using the 
SwissTargetPrediction database, 130 CSS targets (confi-
dence score ≥0.4) were identified (Supplementary Table 
S5). Moreover, 571 MDD-related targets were retrieved 
from the TTD, DrugBank, and DisGeNET databases after 
eliminating redundant targets. All identified targets are 
displayed in Supplementary Table S6. As shown in 
Figure 2A, a network containing CSS targets and MDD 
targets was constructed, and 24 potential CSS targets 
associated with MDD were obtained. Thus, the 24 proteins 
were considered to be potential effective targets of CSS 
during MDD treatment.

A compound-MDD target network was constructed to 
identify potential active ingredients that interact with over-
lapping targets of MDD and CSS. There were 17 CSS 
compounds included in this network. (Figure 2B). The 
nodes with higher degrees included quercetin 
(MOL000098), kaempferol (MOL000422), and luteolin 
(MOL000006), which indicated that these components 
were associated with a greater number of targets and 
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might play important roles in mediating the antidepressant 
activity of CSS. The pharmacokinetic properties of the top 
three potential compounds are exhibited in Table 2. These 
candidate compounds exhibited relatively high OB 
(≥30%)47 and good pharmaceutical properties (≥0.18).48 

For example, the OB of quercetin was 46.43%, and the DL 
was 0.28; the OB of kaempferol was 41.88%, and the DL 
was 0.24. The analysis also showed that most of the active 
compounds were derived from the “monarch herb”-Chai 
hu and the “minister herb”-Xiang fu. As shown in 
Figure 2C, quercetin was considered to have the highest 
degree of interaction among the active compounds.

A PPI network of the shared targets was constructed 
based on the STRING database (Figure 2D). The resultant 
interactive PPI network comprised 22 nodes and 34 edges. 
A hub node in a network is regarded as a crucial target and 
can be used to measure the importance of the entire net-
work. Among these targets, AKT1, amyloid precursor 
protein, endothelial growth factor receptor, PI3K regula-
tory subunit 1, Cbl proto-oncogene, estrogen receptor 1, 
GSK3β, AKT3, PI3K catalytic subunit gamma, and inter-
leukin-2 were core targets (Top 10), with a higher 
“degree” (Figure 2E). It is worth noting that, these core 
genes were predicted mainly from potential components of 
CSS including quercetin, kaempferol and luteolin 

(Figure 2B). These bioactive compounds were postulated 
to exert positive antidepressant effects.

Functional Enrichment Analysis of the 
Common Targets of CSS and MDD
GO and KEGG enrichment analyses were performed to 
explore the potential functions and mechanisms of the 
common targets of CSS and MDD. A total of 29 terms 
in biological processes (BP), five terms in cell components 
(CC), and 12 terms in molecular functions (MF) were 
significantly enriched (p<0.05) (Supplementary Table 
S7). With respect to GO BP terms, most of the targets 
were significantly enriched in negative regulation of apop-
totic processes, protein phosphorylation, cell proliferation, 
synaptic transmission, and axonogenesis (Figure 3A). The 
CC category involved the plasma membrane, growth cone, 
and membrane rafts (Figure 3B). The significantly 
enriched MFs were ATP binding, protein kinase activity, 
and protein serine/threonine kinase activity (Figure 3C). 
Furthermore, CSS could affect 52 pathways including the 
PI3K/AKT signaling pathway, dopaminergic synapses, the 
Rap1 signaling pathway, pluripotency of stem cells, and 
the neurotrophic signaling pathway, that are strongly asso-
ciated with the occurrence and development of MDD 

Figure 1 The workflow for the network pharmacology analysis.
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(Figure 3D). It is noteworthy that most of the targeted 
genes were involved in the PI3K/AKT signaling pathway; 
additionally, these genes were hub genes in the PPI net-
work. Therefore, we selected the PI3K/AKT pathway for 
further exploration to identify the underlying mechanisms 
through which CSS affects depression.

CSS Attenuated Depressive Behaviors in 
a CUMS-Induced Mouse Model
Behavioral experiments were performed to examine the anti-
depressant activity of CSS (Figure 4A). CSS administration 
increased the body weight of CUMS mice (F (2,15) =48.077, 
p=0.001, Figure 4B). Compared with the CON mice, the 

Figure 2 Network construction and targets or active compounds prediction. (A) CSS-targets-MDD network. Blue nodes stand for targets of CSS, green nodes stand for 
targets of MDD, and orange nodes represent the overlapped targets between CSS and MDD. Lines represent interactions between two nodes. (B) Compound-MDD target 
network. Orange circles stand for the overlapped targets, and blue rectangles stand for potential active compounds. (C) Degree of potential compounds. (D) PPI network of 
the shared targets. Orange nodes represent the overlapped targets. Pink lines represent the connections based on experimental evidence; blue lines represent the 
relationships which are predicted from curated databases. (E) Degree of hub targets (Top 10) in the PPI network.
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consumption of sucrose was significantly reduced in CUMS 
mice (F (2,17) =4.163, p=0.032, Figure 4C). However, CSS 
treatment restored the sucrose preference (F (2,17) =4.163, 
p=0.018), indicating decreased anhedonic behavior. The 
depressive behaviors of mice were measured by recording 

the immobility time in the TST (Figure 4D) and FST 
(Figure 4E). The duration of immobility in the TST (F (2,16) 

=21.194, p=0.001) and FST (F (2,16) =7.946, p=0.001) was 
clearly prolonged in the CUMS mice compared with CON 
mice. Conversely, treatment with CSS reversed the effects on 

Table 2 The Detailed Information of Potential Active Ingredients in CSS Against MDD

Mol ID Compounds Degree MW OB 
(%)

Caco- 
2

BBB DL Herbs

MOL000098 Quercetin 18 302.25 46.43 0.05 −0.77 0.28 Bupleurum falcatum L.; Cyperus rotundus L.; Glycyrrhiza 
uralensis Fisch.;

MOL000422 Kaempferol 9 286.25 41.88 0.26 −0.55 0.24 Bupleurum falcatum L.; Cyperus rotundus L.; Paeonia 
lactiflora Pall.; Glycyrrhiza uralensis Fisch.;

MOL000006 Luteolin 8 286.25 36.16 0.19 −0.84 0.25 Cyperus rotundus L.;

Abbreviations: MW, molecular weight; OB, oral bioavailability; Caco-2, Caco-2 permeability; BBB, blood-brain barrier; DL, drug-likeness.

Figure 3 Functional enrichment analysis of the targets shared by CSS and MDD. Functional enrichment analysis (Top 10) of GO (A) BP, (B) CC, and (C) MF. (D) KEGG 
pathway analysis. Size and color of the bubble represent the number of genes enriched in the pathway and statistical significance, respectively. The Y axis represents the 
pathway term, the X axis represents the rich factor (rich factor= amount of differentially expressed genes enriched in the pathway/amount of all genes in background).
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immobility time in the TST (F (2,16) =21.194, p=0.004) and 
FST (F (2,16) =7.946, p=0.010) in CUMS mice. These results 
indicated that CSS has a potential antidepressant effect, which 
is consistent with a previous report.49

CSS Promoted Neurogenesis in 
CUMS-Induced Mice
Double immunofluorescence staining for BrdU (newborn 
cell marker) and NeuN (neuronal marker) was used to 
assess neurogenesis (Figure 5A). As shown in Figure 5B, 

stress reduced the number of NeuN+BrdU+ cells in the 
CUMS group compared with the CON group (F (2,6) 

=26.027, p=0.001). However, administration of CSS to 
CUMS mice significantly increased the number of 
NeuN+BrdU+ cells (F (2,6) =26.027, p=0.001). Increased 
BrdU+ cell numbers were also observed in the CSS- 
treatment group, although this difference did not reach 
significance when compared with the CUMS mice (F (2,6) 

=1.324, p=0.325, Figure 5C). Thus, these results suggested 
that CSS ameliorated CUMS-induced impairment of hip-
pocampal neurogenesis.

Figure 4 CSS attenuated the depressive-like behaviors in CUMS model. (A) Experimental timeline of CSS for antidepressant treatment. The behavioral tests were started 
after the last exposure of CUMS procedure. Mice were sequentially subjected to (B) body weight, (C) SPT, (D) TST, and (E) FST. Data are expressed by mean ± SEM. *p < 
0.05 means a significant difference.
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CSS Regulated the PI3K/AKT Signaling 
Pathway in CUMS-Induced Mice
Next, we detected the expression of PI3K/AKT signaling 
pathway-related proteins by Western blotting analysis 

(Figure 6A). The pPI3K (F (2,6) =10.926, p=0.003, 
Figure 6C) and pAKT (F (2,6) =8.277, p=0.030, Figure 6F) 
protein expression in the hippocampus of CUMS mice was 
significantly decreased compared with unstressed CON 

Figure 5 CSS enhanced neurogenesis in hippocampus. (A) Confocal image of dentate gyrus neurogenesis. The merged areas are shown in yellow and pointed by arrow. (B) 
Comparison of the number of NeuN+/BrdU+ cells between groups. (C) Comparison of the number of BrdU+ cells between groups. *p < 0.05 means a significant difference.
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Figure 6 Effects of CSS on PI3K/AKT pathway related proteins in CUMS mice. (A) Western blot analysis of BDNF, phosphorylated and total PI3K, AKT, GSK3β in three 
groups. (B) BDNF, (C) pPI3K, (D) PI3K, (E) pPI3K/PI3K ratio, (F) pAKT, (G) AKT, (H) pAKT/AKT ratio, (I) pGSK3β, (J) GSK3β, and (K) pGSK3β/GSK3β ratio were 
quantified. β-actin is used as internal reference. Data are expressed as mean ± SEM. *p < 0.05 means a significant difference.
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mice. CSS treatment significantly reversed the CUMS- 
induced alterations in pPI3K (F (2,6) =10.926, p=0.003) 
and pAKT expression (F (2,6) =8.277, p=0.048). In addition, 
we calculated the pPI3K/PI3K and pAKT/AKT ratios in the 
three groups. The pPI3K/PI3K ratio (F (2,6) =5.552, 
p=0.017, Figure 6E) and pAKT/AKT ratio (F (2,6) =8.329, 
p=0.027, Figure 6H) were significantly reduced in CUMS 
mice, whereas CSS reversed their downregulated expres-
sion (F (2,6) =5.552, p=0.043; F (2,6) =8.329, p=0.008). 
However, the total PI3K (F (2,6) =4.281, p=0.070, 
Figure 6D) and total AKT levels (F (2,6) =0.279, p=0.766, 
Figure 6G) were not significantly altered in either the 
CUMS-induced depressive mice (compared with CON 
mice) or CSS-treated mice (compared with CUMS- 
induced depressive mice). Phosphorylation at Ser9 can inhi-
bit GSK3β activity.50 Compared with the CON group, 
CUMS markedly increased GSK3β expression (F (2,6) 

=51.947, p=0.001, Figure 6J) and decreased the pGSK3β- 
Ser9 level (F (2,6) =8.750, p=0.007, Figure 6I); however, 
CSS supplementation reversed these expression trends (F 

(2,6) =51.947, p=0.001, Figure 6J; F (2,6) =8.750, p=0.024, 
Figure 6I). The pGSK3β/GSK3β ratio (F (2,6) =41.909, 
p=0.001, Figure 6K) was significantly reduced in CUMS 
mice, while the ratio was increased by CSS treatment (F (2,6) 

=41.909, p=0.001). BDNF expression was also inhibited 
compared with that in CUMS mice (F (2,6) =8.834, 
p=0.049, Figure 6B), and this effect was ameliorated by 
CSS (F (2,6) =8.834, p=0.006). These findings indicated that 
the PI3K/AKT/GSK3β pathway is involved in the antide-
pressant effects of CSS.

The Active Compounds in CSS Showed 
Good Docking Scores When Targeting 
PI3K/AKT Pathway- Related Proteins
The affinities between PI3K/AKT pathway-related hub 
targets and active compounds were evaluated by molecular 
docking. A docking score greater than 5.0 indicates that 
the active ingredient has good binding activity with the 
target protein.51 The docking scores of potential com-
pounds with their putative targets are shown in Table 3. 
The results revealed that the potential active compounds of 
CSS docked well with the PI3K/AKT signaling pathway 
target proteins. Interestingly, these compounds exhibited 
strong affinities for the PI3K protein. Figure 7 presents the 

docking complex of the PI3K protein targets with their 
strong binding components. The reference ligand, querce-
tin, interacted with the PI3K ligand-binding pocket via 
seven hydrogen bond interactions with the amino acid 
residues Asp964, Lys833, Tyr867, Ala885, Glu880, and 
Val882 (Figure 7A and B). Apart from hydrogen-bond 
interactions, quercetin also exhibited several hydrophobic 
interactions with Trp812, Met953, Ile963, le881, Val882, 
Ile879, and Ala885 (Figure 7B). Figure 7C and D show 
that luteolin, similar to quercetin, bound to the Asp964, 
Lys833, Val882, Glu880, and Asp950 residues, but luteo-
lin had an obviously different docking orientation.

Discussion
CSS has been reported to be an important antidepressant 
prescription. Its active compounds and antidepressant 
mechanisms have been extensively discussed. The net-
work pharmacology approach is an effective method to 
explore the relationships of drugs, targets, and diseases, 
and is particularly suitable for TCM because of its multi-
ple and complex ingredients. A previous study used this 
method to predict the targets for the antidepressant effects 
of CSS.17 However, these key targets were obtained from 
reported studies, which might partly limit the predicted 
key targets. The key genes in our study were screened 
from the protein interaction map and showed high topolo-
gical importance, resulting in a higher potential for identi-
fication of novel biomarkers.18 Furthermore, our study 
provided evidence that CSS ameliorated depressive-like 
behaviors in CUMS-induced mice, which could be 
mediated by activation of the PI3K/AKT pathway. Our 
study also identified potential active compounds with anti-
depressive effects of CSS, which is worth further explora-
tion for drug discovery and development.

Reduction of neurogenesis in the hippocampus may be 
a significant factor in precipitating episodes of depression 
and is sufficient to induce anxiety and depression-related 
behaviors in mice.52 Clinical study also reported that both 
NeuN+ granule neurons and Nestin+ cells in the dentate 
gyrus of MDD patients were decreased, indicating 

Table 3 The Scores of the Molecular Docking with Potential 
Compounds and Key Targets Proteins in PI3K/AKT Pathway

Compounds GSK3β AKT1 PI3K

Quercetin 5.64 5.03 7.04

Kaempferol 4.61 5.13 5.19

Luteolin 6.00 5.15 7.13
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a reduction in neural stem cells.53 Consistent with the 
previous viewpoint, our study showed that neurogenesis 
was significantly reduced in the hippocampus of CUMS 
mice, and CSS could reverse this change and alleviate the 
depressive-like behaviors.

An increasing number of studies have reported that the 
PI3K/AKT signaling pathway is involved in the pathogen-
esis of depression. Enzymatic activity of PI3K and AKT 
was decreased in depressed patients,54 and decreased 
pPI3K/PI3K and pAKT/AKT ratios in the hippocampus 
were found in CUMS mice.55 Evidence has also shown 
that activation of AKT signaling can alleviate stress- 
induced depressive-like behaviors in mice.55,56 Moreover, 
this pathway plays an important role in hippocampal neu-
rogenesis. AKT signaling is an important upstream regu-
lator of GSK3β. Activated AKT can inhibit GSK3β 
activity by phosphorylating Ser9 of GSK3β. Studies have 

shown that increased GSK3β activity could directly impair 
hippocampal neural stem cell proliferation,57 whereas this 
alteration could be reversed by activating the PI3K/AKT 
pathway.58 Our network pharmacology analysis showed 
that the PI3K/AKT pathway might be the major pathway 
involved in the effects of CSS in MDD treatment, as it 
included the most predicted hub targets. However, the 
effects of CSS on PI3K/AKT/GSK3β signaling have 
been rarely reported. In this study, we found that CSS 
treatment could augment pPI3K/PI3K, pAKT/AKT, and 
pGSK3β/GSK3β ratios in the hippocampus of CUMS 
mice. These results indicated that the antidepressant-like 
action of CSS is mediated, at least in part, via modulating 
the PI3K/AKT pathway, thereby improving hippocampal 
neurogenesis.

Moreover, three active ingredients of CSS were predicted 
in the network pharmacology analysis. Quercetin was found to 

Figure 7 Compound structure-based virtual screening against 3D models of hub proteins. (A and C) are the chemical structures of quercetin and luteolin. (B) The 
structural view of the interaction of quercetin with PI3K. Details on the binding site interactions are shown in the down panel. Quercetin is shown as a purple stick 
representation. Potential intermolecular hydrogen bonds are shown as red dashed lines. Residues in the protein binding site are shown as yellow sticks. (D) The structural 
view of the interaction of luteolin with PI3K protein.
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have the most functional targets. Several studies have revealed 
that the antidepressant effects of quercetin are associated with 
improvement of neurotrophic function59 and anti- 
inflammation effects.60 Kaempferol could ameliorate depres-
sive symptoms and upregulate the activity of the AKT/β- 
catenin cascade in the prefrontal cortex of chronic social defeat 
stress model mice.61 Luteolin was reported to exert 
a significant antidepressant effect and inhibit neuronal 
apoptosis.62 These findings indicated that the candidate com-
pounds are a promising source of antidepressant agents. 
Furthermore, the roles of the active compounds may be asso-
ciated with the PI3K/AKT signaling pathway. In our study, 
molecular docking analysis suggested that the active com-
pounds exhibited strong interactions with PI3K/AKT signaling 
proteins. This study is a preliminary attempt to explore the 
effects of active compounds on the PI3K/AKT pathway. It may 
provide novel directions for further research on the molecular 
mechanisms underlying active compounds that amelio-
rate MDD.

The main limitation of our study is that we only 
focused on the PI3K/AKT signaling pathway in our 
experimental validations. Although the PI3K/AKT signal-
ing pathway was revealed to be important in the pharma-
cology network analysis, most of the other predicted 
pathways still need to be verified. The Rap1 and Ras 
signaling pathway, although not enriched in most hub 
targets, may also provide new insights for further research. 
Moreover, the effect of active compounds that act on the 
PI3K/AKT pathway in CUMS-induced mice should be 
further explored.

Conclusions
In summary, our present study identified three active ingre-
dients of CSS, determined multiple potential therapeutic 
targets, and found that the PI3K/AKT signaling pathway 
was the most promising candidate pathway for mediating 
the antidepressant effects of CSS. The present study provides 
novel insights into the effective compounds and pharmaco-
logical mechanisms of CSS with regard to MDD, which will 
be beneficial for the formulation development, in-depth 
research, and application of the traditional medicines.
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