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Abstract: Background: The development and prognosis of breast cancer are intricately linked to psychological stress.

In addition, depression is the most common psychological comorbidity among breast cancer survivors, and reportedly,

Fang-Xia-Dihuang decoction (FXDH) can effectively manage depression in such patients. However, its

pharmacological and molecular mechanisms remain obscure. Methods: Public databases were used for obtaining

active components and related targets. Main active components were further verified by ultra-high-performance

liquid chromatography-high-resolution mass spectrometry (UPLC-HRMS). Protein–protein interaction and

enrichment analyses were taken to predict potential hub targets and related pathways. Molecule docking was used

to understand the interactions between main compounds and hub targets. In addition, an animal model of breast

cancer combined with depression was established to evaluate the intervention effect of FXDH and verify the

pathways screened by network pharmacology. Results: 174 active components of FXDH and 163 intersection

targets of FXDH, breast cancer, and depression were identified. Quercetin, methyl ferulate, luteolin, ferulaldehyde,

wogonin, and diincarvilone were identified as the principal active components of FXDH. Protein–protein

interaction and KEGG enrichment analyses revealed that the phosphoinositide-3-kinase–protein kinase B (PI3K/

AKT) and Janus kinase/signal transducer and activator of transcription (JAK2/STAT3) signaling pathways played a

crucial role in mediating the efficacy of FXDH for inhibiting breast cancer progression induced by depression. In

addition, in vivo experiments revealed that FXDH ameliorated depression-like behavior in mice and inhibited

excessive tumor growth in mice with breast cancer and depression. FXDH treatment downregulated the expression

of epinephrine, PI3K, AKT, STAT3, and JAK2 compared with the control treatment (p < 0.05). Molecular docking

verified the relationship between the six primary components of FXDH and the three most important targets,

including phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA), AKT, and STAT3.

Conclusion: This study provides a scientific basis to support the clinical application of FXDH for improving

depression-like behavior and inhibiting breast cancer progression promoted by chronic stress. The therapeutic

effects FXDH may be closely related to the PI3K/AKT and JAK2/STAT3 pathways. This finding helps better

understand the regulatory mechanisms underlying the efficacy of FXDH.

Introduction

Breast cancer has surpassed lung cancer as the most prevalent
malignant tumor worldwide and has become the leading cause
of cancer death in women (Siegel et al., 2023). Reportedly, up
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to 32% of breast cancer survivors experience depression
(Pilevarzadeh et al., 2019), and numerous studies have
found that psychological stress can notably affect the
development and progression of tumors (Cormanique et al.,
2015; Kruk et al., 2019). For example, a meta-analysis of
163,363 individuals found that patients’ self-reported
psychological pain scores were associated with cancer-
related mortality (Batty et al., 2017). Moreover, another
large meta-analysis of 282,203 patients with breast cancer
has demonstrated that depression and anxiety are
independent predictors of breast cancer recurrence and
survival (Wang et al., 2020). The mechanism by which
psychological stress promotes cancer progression is believed
to be a complex process involving multiple pathways and
targets, such as disorder of the neuroendocrine system,
excessive secretion of stress hormones and receptor
activation, disturbance of the immune system, alteration of
the tumor microenvironment, and induction of tumor
angiogenesis. All these processes promote the proliferation,
invasion, and colonization of cancer cells (Thaker et al.,
2006; Yang et al., 2019; Liu et al., 2022; Silva et al., 2022).

In China and a few other Asian countries, traditional
Chinese medicine (TCM) has been widely used in the
adjuvant breast cancer treatment (Jaradat et al., 2016; Hung
et al., 2023). Specifically, TCM has been used to reduce
inflammatory exudates after breast cancer surgery, prevent
the cardiotoxicity of anthracycline drugs, and improve
endocrine therapy-related hot flashes and sleep disorders
(Xue et al., 2011; Zhu et al., 2018; Cao et al., 2022).
According to our previous research, the decoction of the
TCM compound Fangji Huangqi may inhibit the
proliferation and metastasis of triple-negative breast cancer
(Guo et al., 2022). Other TCM compounds have also been
demonstrated to alleviate mental and neurological
symptoms, such as depression. Xiaoyaosan, for example,
may ameliorate depression-like behavior in animals by
regulating factors such as the intestinal flora, inflammatory
pathway, and hypothalamic Apelin-APJ system (Yan et al.,
2018; Zhu et al., 2019; Jiao et al., 2021a; Yang et al., 2022).
A study has found that Sinisan inhibits lung metastasis
induced by chronic psychological stress by interfering with
the GRP78/LRP5 stem cell signaling (Zheng et al., 2021).

The composition of FXDH is an improvement on the
Fangji-Dihuang decoction recorded in the Golden Chamber,
a classic TCM text. However, in clinical practice, the
original formula has been used to primarily treat emotional
disorders, particularly mental disorders caused by liver and
kidney Yin deficiency, phlegm, and blood stagnation (Wang
et al., 2018b; Li et al., 2022a). Accordingly, we augmented
the potency of the original formula by adding herbs such as
Prunella vulgaris, Gardenia jasminoides, and Pinellia ternata
to alleviate depression and dispersing stagnation. In our
clinical practice, this formula was found to have a
therapeutic effect in patients with breast cancer with
comorbid depression (BCCD). The composition of FXDH is
presented in Table 1.

According to TCM, psychological emotion and the
physical body are one unit and influence one another.
FXDH primarily regulates abnormal mental emotions and
improves the “soil environment” disorder caused by
negative psychological stress. This way, FXDH inhibits the
growth and spread of the “bad seeds,” named cancer.
However, the potential pharmacological and molecular
mechanisms underlying the activity of FXDH remain
unknown.

Network pharmacology offers the advantage of
integrating multi-level and multi-disciplinary biological
information to reveal the correlation among complex
diseases, syndromes, and drugs (e.g., TCM molecules)(Li
and Zhang, 2013). This is consistent with the “holistic”
nature of TCM. Molecular docking is a computer-based
technology that allows the study of structural design.
Docking of small-molecule drugs or compounds on the
three-dimensional structures of related biological
macromolecular targets allows the screening and
identification of potential drug targets. This additionally
helps elucidate the mechanisms underlying actions of the
drug, according to the degree of binding tightness (Huang
et al., 2018). The comprehensive application of these two
virtual screening methods can improve the efficiency, cost-
effectiveness, and pertinence of the TCM screening process
(Jiao et al., 2021b). Currently, many studies have assessed
the anti-breast cancer effects of TCM molecules using
network pharmacology and molecular docking. TCM

TABLE 1

Contents of Fang-Xia-Dihuang (FXDH) decoction

Chinese name Botanical name Abbreviation Genus Weight (g) Part used

Shengdihuang Rehmannia glutinosa Libosch. SDH Rehmannia 30 Root

Fangji Stephania tetrandra S. Moore FJ Stephania 10 Root

Xiakucao Prunella vulgaris L. XKC Prunella L. 15 Cluster

Banxia Pinellia ternata (Thunb.) Breit. BX Pinellia ten. 9 Tuber

Ganjiang Zingiber officinale Rosc. GJ Zingiber 9 Root

Guizhi Cinnamomum cassia Presl. GZ Cinnamomum 6 Twig

Fangfeng Saposhnikovia divaricata (Trucz.) Schischk. FF Saposhnikovia 10 Root

Zhizi Gardenia jasminoides Ellis. ZZ Gardenia 10 Fruit

Gancao Glycyrrhiza uralensis Fisch. GC Glycyrrhiza L. 6 Root
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compounds or extracts may exert anti-tumor effects in
patients with breast cancer via different mechanisms,
including induction of apoptosis, anti-tumor angiogenesis,
and improvement of drug resistance. These effects were
primarily demonstrated for the active ingredients such as
quercetin, luteolin, and tangerine (Pandi et al., 2022).
However, existing virtual screening studies mainly focused
on breast cancer, and few studies have assessed the effect of
TCM compounds on breast cancer and comorbid
depression. Accordingly, in the present study, network
pharmacology and reverse molecular docking were
employed to predict the bioactive compounds, target
proteins, and signaling pathways of FXDH in the treatment
of BCCD. The compounds screened using network
pharmacology were quantitatively verified by UPLC-HRMS.
In addition, a mice model of BCCD was established to
observe the efficacy of FXDH and the mechanism
underlying its effect. The study workflow is depicted in Fig. 1.

Materials and Methods

Potential active constituents and targets of Fang-Xia-Dihuang
Using the online databases Traditional Chinese Medicine
Systems Pharmacology Database and Analysis Platform
(TCMSP, https://tcmspw.com/tcmsp.php) (Ru et al., 2014),
HERB (http://herb.ac.cn/) (Fang et al., 2021), and
Encyclopedia of Traditional Chinese Medicine (ETCM,
http://www.tcmip.cn/ETCM/) (Xu et al., 2019) via a
literature search, the active constituents of each herb in

FXDH were evaluated. The molecular structures of the
active constituents were obtained from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/) (Dashti et al.,
2019); these were then saved in 3Dsdf format and then
imported into the SwissADME platform (http://www.
swissadme.ch/) (Daina et al., 2017) for screening. The
screening criteria for potential active compounds were as
follows: gastrointestinal absorption was “high” and drug-
likeness (Lipinski, Ghose, Veber, Egan, and Muegge) had at
least two “Yes” values. The compounds that did not meet
these criteria were reviewed in the scientific literature and
those with noticeable pharmacological effects in BCCD were
retained. Using the Swiss Target Prediction database (http://
www.swisstargetprediction.ch/) (Daina et al., 2019), target
proteins for the included compounds were identified. A
probability of >0 was set as the condition for screening.

Screening candidate targets of breast cancer and depression
Possible targets for breast cancer and depression were
obtained from GeneCards (https://www.genecards.org/)
(Safran et al., 2010), DisGeNet (https://www.disgenet.org/
home/) (Pinero et al., 2017), OMIM (https://www.omim.
org/) (Amberger and Hamosh, 2017), and DrugBank
(https://www.drugbank.ca/) (Wishart et al., 2018). The
DrugBank database is based on evidence from clinical trials,
whereas the other databases are based on literature. The
four databases complement each other to allow for increased
precision and search. For example, the terms “breast
cancer,” “breast carcinoma,” and “mammary cancer” were

FIGURE 1. The workflow of the study.
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used to search breast cancer-related genes, whereas
“depression” and “depressive disorder” were used to identify
depression-related genes. After combining the genes from
the four databases and eliminating duplicates, breast cancer-
and depression-related target datasets were generated. Genes
were uniformly named using gene symbols from the
UniProt protein database (https://www.uniprot.org/) (Soudy
et al., 2020).

Construction of protein–protein interaction (PPI) network and
screening of hub targets
Overlapping genes (OGEs) among FXDH, breast cancer, and
depression targets were visualized using the E Venn tool
(https://www.ehbio.com/test/venn/#/). The obtained OGEs
were then inputted into the STRING database (https://
string-db.org/) (Szklarczyk et al., 2019) with a threshold of
confidence scores ≥0.9 and species restricted to Homo
sapiens to generate the PPI network. Topological network
analysis was conducted using Cytoscape 3.9.1 (Otasek et al.,
2019) to visualize the PPI network. Hub targets were
identified using a minimum criterion of having a node
degree value of at least twice the median value.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses
The ClusterProfiler package (Yu et al., 2012) from the
Bioconductor R3.6.2 project was used for GO and KEGG
analyses. The genes identified using GO analysis were
classified according to their role in either biological process
(BP), molecular function (MF), or cellular component (CC).
The results of GO and KEGG analyses were screened based
on p-value, with a screening threshold of p < 0.05. The top
thirty genes were then selected for visualization using
bubble diagrams. Using the Cytoscape software, the
mechanism and targets of FXDH in BCCD were clarified,
along with the component–target–pathway network.

Molecular docking
The 3D conformations of the hub target proteins were
acquired from the RCSB PDB database (https://www.rcsb.
org/) (Goodsell et al., 2020), whereas structures of the active
compounds were obtained from PubChem. The Surflex-
dock module of SYBYL-X 2.1.1 (Jain, 2007) was used for
molecular docking with an FXDH core compound ligand
and a hub target protein receptor. This matching method is
based on the similarity of structure and shape and is highly
accurate, has a high positive rate, and has a rapid matching
speed. In general, the higher the Totalscore value, the lower
the free binding energy between the receptor and ligand,
indicating greater stability. A Total score of ≥5.0 indicates
good binding ability between the ligand and the target
protein, whereas a Totalscore of ≥7.0 indicates robust
docking activity.

Ultra-high-performance liquid chromatography–high-
resolution mass spectrometry analysis of Fang-Xia-Dihuang
FXDH decoction was provided by the Pharmacy Department
of the Xiamen Hospital of Traditional Chinese Medicine
(Xiamen, China). Briefly, 420 g of decoction was weighed
according to the ratio mentioned in Table 1. This was then

mixed with distilled water at a ratio of 1:12 and then
extracted at 90°C for 1.5 h. The filtrate obtained after three
extractions was mixed and concentrated at 60°C in an oven,
followed by vacuum drying. One gram of the dry powder
was obtained from approximately 2.44 g of decoction.

The main chemical constituents of FXDH extract were
assessed using a Vanquish UHPLC system (Thermo
Scientific, Waltham, MA) equipped with an Accuity UPLC
HSS-T3 column (100 × 2.1 mm; particle size: 1.8 μm size;
Waters, Shanghai, China) at a temperature of 35°C. Mobile
phase A was water + 0.1% formic acid, and mobile phase B
was acetonitrile + 0.1% formic acid (LC-MS grade solvents,
Fisher chemical). The samples were separated at a flow rate
of 0.3 mL/min using the following gradient: 5% B for 1 min,
98% B for 16 min, 5% B for 0.2 min, and 5% B for 2.8 min.
The UHPLC system was coupled with the Q-Exactive HFX
mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany). Mass spectra were obtained using data-
dependent acquisition mode under both positive and
negative electrospray ionization settings, with a mass range
of 90–1,300 m/z. The capillary and probe heater were set at
320°C and 370°C, respectively. This procedure was
conducted for quality assurance, at the Shanghai Applied
Protein Technology Co., Ltd. (Shanghai, China).

Experimental animals and treatment
Female Balb/c mice (6–8 weeks old) were purchased from
Beijing HFK Bioscience Co., Ltd. (Beijing, China; license:
SCXK (Beijing) 2020-0004) and raised under specific
pathogen-free conditions at the Animal Laboratory Center
of Xiamen University (license: SYXK (MIN) 2018-0010). All
experimental procedures were conducted in strict adherence
to the guidelines provided by the Welfare and Ethics
Committee of Laboratory Animals of Xiamen University
(XMULAC20200055).

After 1 week of adaptive feeding, Balb/c mice were
randomly divided into six groups: the blank group (BG,
0.9% saline), the 4T1 breast cancer transplantation group
(4T1, 0.9% saline), the corticosterone group (CORT, 0.9%
saline), the 4T1 tumor transplantation + corticosterone
group (4T1+CORT, 0.9% saline), the FXDH group (FXDH,
13.65 g/(kg · d), the dosage of crude drug is same as the
clinical equivalent dosages), and the capecitabine
chemotherapy group (CAP, 390 mg/(kg · d), same as the
clinical equivalent dosages). As depicted in Fig. 2, mice were
injected subcutaneously with 4T1 cells on day 0 and
received daily corticosterone injections for 28 days (Zhao
et al., 2008). Then, on day 7, FXDH or CAP was

FIGURE 2. Establishment of a mouse model of breast cancer with
comorbid depression and timepoints indicating drug intervention
and behavior test.
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administered intragastrically until 21 days. Every week, the
body weight of mice was recorded. Every 3 days, tumor size
was measured using a vernier caliper, and tumor volume
was calculated using the following equation:

Volume (mm3) = 0.5 × [length (mm)] × [width (mm)]2

After 21 days of drug treatment, animals were sacrificed.
Subsequently, the tumor tissues were resected, weighed, and
photographed; in addition, spleen tissues were collected to
detect epinephrine levels.

Sucrose preference test and open field test
Depression-like behavior in mice was assessed using the
sucrose preference test (SPT) and the open field test (OFT).
For SPT, the animals were housed in solitary confinement
and were provided free access to water and food. During the
48 h of drinking training, two bottles each of 2% sucrose
water and pure water were provided. The amount of water
consumed from the two bottles over 8 h was measured (the
bottles’ positions were switched after 24 h). Sucrose
preference was determined using the following equation:

Sucrose preference %ð Þ ¼ Sucrose intake gð Þ=
sucrose intake gð Þ þ water intake gð Þ½ � � 100%

For OFT, mice were individually placed in a 40 × 40 × 40 cm
box without a ceiling for 5 min. During this time, the mice
were monitored to record the total moving distance,
displacement speed, central area moving distance, and the
number of central area entries using the TopScanLite 2.00
software (Clever Sys, USA).

Histomorphology
Fresh tumor and hippocampal samples were fixed for 24 h
using 4% paraformaldehyde. After dehydration with gradient
concentration of alcohol, the tissues were fixed in paraffin
wax and then sliced into 4-mm thick sections. The sections
were then dewaxed with xylene and ethanol and were
subsequently stained with hematoxylin and eosin (H&E),
according to the instructions for H&E staining kit (Biyuntian,
China). Finally, the sections were sealed with neutral resin.
Light microscopy was used to visualize tissue histology.

RNA extraction and quantitative reverse transcription
polymerase chain reaction (RT-qPCR)
Total RNA was extracted from tumor tissues using TRIzol
reagent (Invitrogen, USA) and reverse transcribed to cDNA
using the PrimeScript™ RT reagent Kit with gDNA Eraser

(TaKaRa, Japan), per the manufacturer’s instructions.
Subsequently, RT-qPCR was performed using TB Green™

Premix Ex Taq™ (TaKaRa, Japan) and the Real-time PCR
Detection System (Roche-LightCycler 480, USA). The
relative abundance of mRNA was determined utilizing
GAPDH as the internal control, and the expression was
determined using the 2−ΔΔCt method. The specific primers
used (Sangon Biotech, Shanghai, China) are listed in Table 2.

Enzyme-linked immunosorbent assay (ELISA)
The expression of epinephrine in the spleen was determined
using an ELISA kit (Senbeijia Biotechnology, Nanjing,
China), as per the instructions provided by the
manufacturer. Then, using a tissuelyser (MB-48L-1,
Zhejiang, China), 50 mg of spleen tissue was accurately
weighed and homogenized with 450 μL phosphate buffer
(0.01 mol/L). The homogenized mixture was then
centrifuged at 3,500 rpm for 15 min at 4°C to obtain
supernatant. The supernatant was removed and stored in
2 mL centrifuge tubes at −80°C until further analysis.

Western blot analysis
Using the bicinchoninic acid method, 100 mg tumor tissues
were lysed with a potent RIPA buffer containing a complete
protease inhibitor cocktail (Siding Biotechnology, Shanghai,
China). 100 mg of lysed tissues were electrophoresed on
sodium dodecyl sulfate-polyacrylamide gel to separate
proteins. Equal amounts of proteins (approximately 30 µg)
from each sample were separated on sodium dodecyl
sulfate-polyacrylamide gel and transferred to the PVDF
membrane (Merk Millipore, United States). The PVDF
membranes were incubated overnight at 4°C with primary
antibodies including anti-JAK2 (1:1000, ab108596, Abcam,
USA), anti-PIK3 (1:1000, 20584-1-AP, Proteintech, USA),
and anti-AKT (1:10000, ab179463, Abcam, USA).
Subsequently, they were incubated with the secondary
antibody against horseradish peroxidase-conjugated rabbit
IgG (1:20000, FDR007, Fude Biological Technology,
Hangzhou, China) at room temperature for 1 h. Using
enhanced chemiluminescence reagents (Siding Biotechnology,
Shanghai, China), immunoreactive proteins were detected
and analyzed with Image J.

Statistical analysis
All statistical analyses were conducted using SPSS 26.0, and
GraphPad Prism 8.0 was utilized to generate the graphs.
Two-way or one-way analysis of variance was used to

TABLE 2

Primers used in reverse transcription polymerase chain reaction

Genes Forward primer (5') Reverse primer (3')

GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

PIK3CA CTATGGCAGACAACCTTGACAT CTTCCCGAGGTACTTCCAACT

AKT ATGAACGACGTAGCCATTGTG TTGTAGCCAATAAAGGTGCCAT

STAT3 AGGACATCAGTGGCAAGACC CACTACCTGGGTCGGCTTC

JAK2 TTGTGGTATTACGCCTGTGTATC ATGCCTGGTTGACTCGTCTAT
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determine p-values, followed by a post hoc analysis with the
least significant difference in multiple comparison tests. The
statistical significance threshold was set at p < 0.05.

Results

Construction of the herb-compound-common target network
The TCMSP and ETCM databases and related literature
searches yielded 174 potential active components of FXDH
after eliminating redundancy. Details of these compounds
are provided in Suppl. Table S1. Then, the Canonical
SMILES format was imported into Swiss Target Prediction,
and after removing duplicate genes, 676 prediction targets
were obtained (Suppl. Table S2). Using the UniProt
database for deduplication and correction, 4299 BC targets
and 1649 depression targets were identified from the
DisGeNET, GeneCards, OMIM, and DrugBank databases.

Next, FXDH-related pharmacological targets, BC-related
disease targets, and depression-related disease targets were
mapped and intersected to yield 163 common targets
(Suppl. Fig. S1 and Suppl. Table S2). The herb–compound-
common target network was constructed using 362 nodes
and 1,707 edges (Fig. 3). In descending order of “degrees,”
the top six active compounds were identified as quercetin,
methyl ferulate, luteolin, ferulaldehyde, wogonin, and
diincarvilone A. The degrees represent the number of
connected edges of nodes, and the greater the degree, the
greater the regulatory function of nodes within the network.

Protein-protein interaction network construction and hub
targets acquisition
The 163 common targets were uploaded to the String11.5
database, and a PPI network comprising 156 nodes and
1269 edges was generated (Fig. 4A). The median node

FIGURE 3. The herb–compound-common target network. Circular nodes represent the common targets, square nodes represent the potential
active compounds, and triangles represent the herbs from Fang-Xia-Dihuang decoction (FXDH). The gray lines denote the interaction between
the nodes.

FIGURE 4. Construction of protein-protein interaction (PPI) network and acquisition of hub targets. (A) PPI network of the potential, Fang-
Xia-Dihuang decoction (FXDH) targets for breast cancer with comorbid depression. Each node represents a target protein; the redder the
color, the more significant. (B) PPI network of the interactions between the hub targets.
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degree was 16. In total, 19 hub targets were screened out
according to the rule in method (Suppl. Fig. S2): AKT1,
STAT3, EGFR, TNF, IL-6, TP53, VEGFR, IL-1B, ALB,
MAPK1, EGF, HRAS, EP300, GAPDH, FN1, PIK3R1, ESR1,
PIK3CA, and STAT1. A PPI network of these 19 hub
targets was additionally constructed (Fig. 4B).

Gene ontology analysis and kyoto encyclopedia of genes and
genomes pathway enrichment analysis
GO and KEGG pathway enrichment analyses were performed
to classify the potential functions of 163 initial common
targets of disease–compounds. In total, 2651 GO bio-function
entries are associated with the interaction between FXDH
anti-BC and depression. Among them, 2391 BPs are
primarily associated with protein kinase activity, metabolic
process, and signal response. In addition, 77 CCs are
primarily associated with lumen, membrane, cytoplasm,
caveola, alpha granules, and neuronal cell body; 183 MFs are
associated with signaling receptor activator activity, receptor–
ligand activity, binding functions, cytokine activity, and
oxidoreductase activity (Suppl. Table S3). Fig. 5A depicts the
top 10 terms enriched in each category. The top 10 BPs were:
regulation of protein serine/threonine kinase activity, response
to extracellular stimulus, response to nutrient levels, reactive
oxygen species metabolism, response to the drug, response to
lipopolysaccharide, activation of protein kinase activity,

response to molecules of bacterial origin, regulation of
reactive oxygen species metabolism, and positive regulation of
reactive oxygen species metabolism. The top 10 CCs were:
membrane raft, membrane microdomain, neuronal cell body,
external side of the plasma membrane, vesicle lumen,
endoplasmic reticulum lumen, plasma membrane raft,
caveola, platelet alpha granule, and dendrite cytoplasm. The
top 10 MFs identified were: signaling receptor activator
activity, receptor–ligand activity, receptor binding, cytokine
activity, oxidoreductase activity acting on paired donors with
incorporation or reduction of molecular oxygen, heme
binding, tetrapyrrole binding, protease binding, growth factor
receptor binding, and insulin receptor substrate binding.

A total of 171 signaling pathways were identified via
KEGG pathway enrichment analysis, and the top 30
pathways are shown according to their p-values in Fig. 5B
and Suppl. Table S2. A literature search revealed that
phosphoinositide-3-kinase–protein kinase B (PI3K/AKT),
HIF-1, FoxO, JAK/STAT, chemical carcinogenesis receptor
activation, endocrine resistance, and PD1/PDL1-related
pathways may play an important role in BCCD. In
addition, the target gene–signaling pathway network
(Fig. 6) validated that the intervention effect of FXDH on
BCCD might be mediated by the correlation between
multiple targets and pathways. In particular, the PI3K-
AKT signaling pathway had 36 intersection targets and

FIGURE 5. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional analyses. (A) The top ten entries of
biological processes (BP), cellular components (CC), and molecular functions (MF) in GO analysis. (B) The top 30 significantly enriched
pathways in KEGG enrichment analysis. The bubble size indicates the extent of gene enrichment in the pathway; the more genes, the
larger the bubble. The bubble color denotes the p-value; the higher the p-value, the redder the color.
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may play a major role in depression-related breast cancer
progression.

Major components of Fang-Xia-Dihuang decoction as assessed
by ultra-high-performance liquid chromatography–high-
resolution mass spectrometry analysis
The compounds selected by network pharmacology were
validated using qualitative UPLC-HRMS of the FXDH
extract. Figs. 7A and 7B illustrate the positive- and negative-
ion base peak chromatograms of FXDH. The abundant
peaks observed in the base peak chromatograms were
analyzed based on their peak shape and were confirmed by
secondary spectra. As a result, 32 active components of
FXDH were identified, the majority of which included
aporphines, benzopyran, morphinans, proberberine
alkaloids, flavonoids, phenols, cinnamic acids,

glycerophospholipids, saccharolipids, carboxylic acids, and
fatty acyls (Suppl. Table S4). Based on the network
pharmacology results, quercetin, methyl ferulate, luteolin,
ferulaldehyde, wogonin, and diincarvilone A were
considered for molecular docking. The chemical structures
of these six core components are depicted in Fig. 7C.

Molecular docking results
To understand the interactions between compounds and
target genes, the six major components of FXDH identified
by UPLC-HRMS were used as ligands for molecular
docking. According to the literature and degree value, six
core target proteins (IL-6, AKT1, EGFR, ESR1, PIK3, and
STAT3) were identified from the PPI network as receptors
for molecular docking. Fig. 8A displays the total score for
every docking activity. In total, 22 of the 36 results exhibited

FIGURE 6. Target gene–signaling pathway network of Fang-Xia-Dihuang decoction (FXDH) for breast cancer with comorbid depression.
Inverted triangular nodes represent the pathways; the circles represent the genes. The larger size of a node, the greater the number of genes
enriched in the pathway or the more pathways the gene is involved in.
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FIGURE 7. The major components of Fang-Xia-Dihuang decoction (FXDH) were identified by ultra-high-performance liquid chromatography–
high-resolution mass spectrometry analysis. (A) Base peak chromatograms in positive-ion mode. (B) Base peak chromatograms in negative-ion
mode. Overall, 32 compounds were identified, which have been detailed in Suppl. Table S4. (C) The chemical structures of the top six active
components in FXDH.
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exceptional docking activity (Totalscore ≥ 5.0), with 5
exhibiting strong matching activity (Totalscore ≥ 7.0). As
shown in Fig. 8A, luteolin had the strongest binding affinity
for the core targets, whereas AKT and STAT3 had the
highest average binding levels with the six components.
Fig. 8B depicts the 3D structures of the seven receptor–
ligand interactions with the highest scores.

Fang-Xia-Dihuang decoction ameliorated depression‑like
behavior in mice with breast cancer with comorbid depression
The plasma levels of corticosterone, a typical glucocorticoid in
rodents, are significantly elevated following exposure to stress
(Wu et al., 2022). In addition, multiple corticosterone
injections have been shown to induce depression-like
behaviors in mice (Ding et al., 2018). Accordingly, we
exposed treated orthotopic 4T1 tumor-bearing mice to
corticosterone for 28 consecutive days to establish a mice
model of breast cancer complicated with comorbid
depression. Compared with the blank group, 4T1, CORT,
and 4T1+CORT groups had lower weight, total and central
area distance, and sugar preference. As depicted in Fig. 9,
the 4T1+CORT group had lower weight, movement ability,
exploration behavior, and surface water preference,
indicating a higher level of depression, which was mitigated
by FXDH intervention. It is well-known that sympathetic
nerve fibers innervate various peripheral tissues, particularly
the spleen. Therefore, several studies have assessed the levels
of catecholamine to evaluate the sympatho-adrenal-
medullary activity in stressed mice (Cao et al., 2002; Thaker
et al., 2006). Accordingly, the present study found that the
CORT group had a higher splenic EPI level than the other
groups. Moreover, FXDH could effectively alleviate this effect.

Fang-Xia-Dihuang decoction was inhibited BC progression and
accelerated by corticosterone through the downregulation of the
hub target expression
Sustained corticosterone stress may rapidly promote tumor
progression, as evidenced by a significant increase in tumor
volume and weight. This effect was mitigated by both
FXDH and CAP (Figs. 10A–10C). H&E staining
demonstrated that treatment with FXDH or CAP inhibited

the proliferative effects of corticosterone, including tight
arrangements of tumor cells, a high nuclear/cytoplasmic
ratio, and increased karyokinesis as well as the development
of large patchy necrosis in tumor tissue (Fig. 10D). Based on
the KEGG pathway enrichment analysis and published
literature, the regulatory effect of FXDH on BCCD in mice
might be related to the PIK3CA-AKT and STAT-JAK
signaling pathways. RT-qPCR revealed that in tumor tissues,
the expression of PIK3, AKT, STAT3, and JAK2 mRNAs
was upregulated after chronic stress. Moreover, FXDH
treatment could downregulate the expression of these genes
(Fig. 10E). In addition, the protein-level expression of PIK3,
AKT, and JAK2 exhibited the same pattern, confirming the
crucial role of hub targets in treating BCCD by FXDH
(Fig. 10F).

Discussion

Recently, disease models have transformed from the
traditional biomedical models to the biopsychosocial model;
as a result, the role of psychological factors in the etiology
and prognosis of tumors has received increasing attention.
Depression affects the quality of life of breast cancer
survivors (Avis et al., 2020) as well as affects their treatment
adherence, adverse reactions, drug resistance, and survival
rate (Mausbach et al., 2015; Antoni et al., 2017; Tian et al.,
2021; Lv et al., 2022). Consequently, treating the
psychological symptoms of patients with breast cancer along
with administering conventional anti-tumor therapy is a
crucial component of providing more effective,
comprehensive anti-tumor treatment (Greenlee et al., 2017).
Acupuncture, Tai Chi, and decoctions of natural
compounds have been used to effectively and extensively
alleviate chronic psychological stress in patients with cancer
(Irwin et al., 2017; Li et al., 2019; Gosain et al., 2020).
Specifically, clinical studies have found that FXDH is
effective in patients with BCCD. In line with this, the
present study observed the beneficial effect of FXDH in a
mouse model of BCCD and revealed its constituents and the
potential mechanism underlying FXDH activity.

FIGURE 8.Molecular docking results. (A) Heat map for the total scores of the docked key components within the hub targets. A redder color
indicates a stronger combination between the receptor and the ligand. (B) The 3D structure of the top seven ligand–protein complexes. A rod-
like structure represents a ligand, whereas a floating band refers to a protein skeleton, with different peptide chains indicating different colors.
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According to network pharmacology and UPLC-HRMS
results, quercetin, methyl ferulate, luteolin, ferulaldehyde,
wogonin, and diincarvilone A, may be the primary active
ingredients of FXDH that significantly contribute to the
treatment of BCCD. Quercetin is a flavonoid found in
numerous plants, such as P. vulgaris, G. jasminoides, and
licorice, as the ingredients for FXDH. Moreover, quercetin
can cross the blood–brain barrier and thus demonstrate a
good neuroprotective effect via anti-inflammatory and anti-
oxidative mechanisms. In addition, it can inhibit pyroptosis,
stimulate the immune system, and alleviate depression
caused by breast cancer (Luo et al., 2021; Zhu et al., 2022c).
Furthermore, as direct anti-tumor effects, quercetin can
induce apoptosis in breast cancer cells as well as reverse
chemotherapy resistance (Prieto-Vila et al., 2020;
Mohammed et al., 2021; Zhu et al., 2022c). Luteolin, present
in P. vulgaris of FXDH, is a flavonoid with various
biological properties, including anti-oxidative, anti-cancer,
anti-inflammatory, and neuroprotective effects. It may
additionally protect against BCCD by regulating the miR-
124-3p/TNF-α/TRAF6 pathway (Dirscherl et al., 2010; Wu
et al., 2021; Zhu et al., 2022b). Wogonin, a flavonoid, is
present in Saposhnikovia divaricata component of FXDH.
Studies demonstrated that wogonin has a practical anti-
breast cancer effect and may inhibit monoamine oxidase A,
a potential active compound for the treatment of depression
(Lee et al., 2017; Yang et al., 2020). In FXDH, Rehmannia
radix is the source of methyl ferulate, ferulaldehyde, and

diincarvilone A. These compounds are non-toxic and non-
irritating; may additionally regulate the crucial PI3K/AKT
signaling pathway; have anti-inflammatory and anti-
oxidative effects (Phuong et al., 2014; Lee et al., 2017; Cheng
et al., 2022; Zhang et al., 2022b). Currently, available
literature primarily focuses on the antidepressant and anti-
tumor effects of a single compound, and the combined
effects of the aforementioned compounds have not been
reported. Therefore, our future research will focus on
combining two or more of the six aforementioned active
compounds to complement each other’s benefits and
contribute to treating BCCD.

In the present study network pharmacology was used
and identified IL-6, AKT1, EGFR, ESR1, PIK3, and STAT3
as the core targets of FXDH for treating BCCD. The results
of GO analysis suggested that these targets were mainly
involved in biological processes such as metabolism with
protein kinase activity, metabolic process, and signal
response, and their molecular functions may be mainly
related to signaling receptor activator activity, cytokine
activity, and oxidoreductase activity. EGFR, a
transmembrane tyrosine kinase receptor, is an upstream
target of the PI3K/Akt/mTOR pathway and is involved in
regulating cell proliferation and survival (Wee and Wang,
2017; He et al., 2018). Notably, KEGG pathway analysis and
molecular docking identified the PI3K/AKT signaling
pathway as one of the two primary signaling pathways
underlying the effect of FXDH. Reportedly, the PI3K-AKT

FIGURE 9. Fang-Xia-Dihuang decoction (FXDH) ameliorated depression-like behavior in mice with breast cancer and depression. (A) The
curve of weight change in mice. (B) The percentage of sucrose water preference on days 0 and 28. (C) The splenic epinephrine (EPI) level in
mice was detected by ELISA. (D–G) Results of the open field test: (D) total moving distance; V frequency of central area entry; (F) central area
movement distance; and (G) representative movement trajectory of the mice. The data are presented as means ± standard deviation (SD) (n =
5), *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant.
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signaling pathway is widely upregulated in breast cancer
(Gray, 2016; Pascual and Turner, 2019). Furthermore,
mutations in genes from this pathway, including PIK3CA,
PIK3R1, PTEN, and AKT, were prevalent in breast cancer
patients. Specifically, PIK3CA was mutated in approximately
36% of breast cancer and up to 44% of Chinese individuals
(Liu et al., 2011; Gray, 2016; Chen et al., 2018). Our
network pharmacological results also demonstrate the
importance of PIK3CA in BCCD. Moreover, studies have
confirmed that the PI3K-AKT signaling pathway regulates
the development of breast cancer (Miricescu et al., 2020). As
a result, its abnormal overexpression often promotes

excessive cell proliferation and anti-apoptosis and is related
to chemotherapy, targeted therapy, and endocrine drug
resistance (Zhu et al., 2022a). Chronic stress regulates the
neuroendocrine system to activate the PI3K/AKT pathway,
promote β-catenin expression and nuclear localization, and
increase the activity of the SLUG promoter. This
subsequently promotes epithelial–mesenchymal
transformation and the invasion of cancer cells (Bu et al.,
2020). Thus, PI3K inhibitors such as alpelisib, taselisib, and
inavolisib, as well as AKT inhibitors such as capivasertib
and ipatasertib are increasingly being utilized in clinical
settings for breast cancer treatment. Quercetin, one of the

FIGURE 10. Fang-Xia-Dihuang decoction (FXDH) inhibited breast cancer progression accelerated by corticosterone and regulated the hub
target expressions. (A) The tumor growth curve was monitored every 3 days from day 7 to day 28. (B) Tumor weight and (C) photographs of
excised 4T1 solid tumor recorded after the mice were sacrificed on day 29. (D) HE staining of tumor tissue sections. (E) mRNA expressions of
PIK3, AKT, STAT3, and JAK2, as detected by RT-qPCR and using GAPDH as the internal control gene. (F) Western blotting of the protein
levels of PIK3, AKT, and JAK2, with β-actin as the internal control. The data are presented as means ± standard deviation (SD) (A–E, n = 5; F, n
= 3), *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant.
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active components of FXDH, inhibits the EGFR/PI3K/Akt
pathway to induce apoptosis in breast cancer cell lines
(MCF-7 and MDA-MB-231) (Balakrishnan et al., 2017).
The JAK/STAT3 signaling pathway is another core pathway
predicted by network pharmacology. The present study
identified IL-6 as a core target and is additionally a primary
upstream regulator of the JAK/STAT3 pathway. IL-6 is
positively associated with depressive symptoms and tumor
progression in patients with metastatic breast cancer (Jehn
et al., 2012; Chen et al., 2023). Moreover, IL-6 binds to IL-6
receptors and glycoprotein 130 (gp130) receptors to form
signal transduction hexamer receptor complexes that recruit
and activate JAKs (Manore et al., 2022). Non-receptor
tyrosine kinase JAK2 is a signaling hub that receives
extracellular signals related to processes such as cytokines
and growth factors and activation of STAT3 (Harrison
et al., 1995; Loh et al., 2019). This activation of the
oncogenic transcription factor STAT3 is responsible for
multiple biological processes, such as tumor proliferation,
growth, anti-apoptosis, and angiogenesis, which affect breast
cancer recurrence and metastasis (Lo et al., 2007; Wang
et al., 2017; Jiang et al., 2021). Moreover, STAT3 has been
identified as a potential target for triple-negative breast
cancer due to its overexpression in this cancer type (Balko
et al., 2016; Qin et al., 2019). Reportedly, the activation of
the JAK2/STAT3 pathway drives cancer cell proliferation
and aggressiveness while inhibiting apoptosis. STAT3, in
turn, further enhances IL-6 signaling, promotes a malignant
inflammatory cycle, activates surrounding
microenvironmental cells (e.g., myeloid suppressor cells),
and induces immunosuppression. All these changes
contribute to increased growth and metastasis of breast
cancer (Wang et al., 2018a; An et al., 2021; Manore et al.,
2022). ESR1, located on chromosome 6q25, is an important
mediator of hormone response in estrogen-sensitive tissues
(Carausu et al., 2019; Dustin et al., 2019). The somatic base
missense mutations of ESR1 have been identified in
approximately 1/3 of endocrine-resistant metastatic breast
cancer tissues (Li et al., 2022b). It is worth noting that ESR1
is also a key factor in depression, especially in women
(Zhang et al., 2022a). Genetic variations in the estrogen
receptor may alter estrogen signals, thus affecting women’s
susceptibility to depression (Ryan and Ancelin, 2012).
However, at present, research on the role of ESR1 in
depression and breast cancer progression is insufficient to
conduct a correlation analysis. Moreover, several studies are
required to better explain the crosstalk between depression
and breast cancer progression.

In the present study, molecular docking helped identify
ligand–protein complexes with good docking activity, and
most of these complexes (73.3%) comprised PIK3CA, AKT,
and STAT3 as receptors. To further verify network
pharmacology results, in vivo experiments were conducted.
We observed that corticosterone-induced stress could
increase tumor growth rate and volume, in line with
previous findings (Wu et al., 2022). In addition, these
rapidly growing tumors had high PI3K, AKT, JAK2, and
STAT3 expression. However, FXDH inhibited the

overactivation of the PI3K/AKT and JAK2/STAT3
pathways. This finding supports the growing evidence
indicating that TCM molecules can inhibit tumor growth by
downregulating the PI3K/AKT and JAK2/STAT pathways
(Zhang et al., 2019; Xu et al., 2020; Qiu et al., 2022).
Remarkably, FXDH had a regulatory effect on depression-
like behavior in mice. It could enhance the sucrose
preference and motor ability of depressed mice in an open
field and improve their central exploration behavior. To
understand the antidepressant properties of FXDH, we must
first consider catecholamine hormones. Reportedly, the
stress hormone adrenaline is associated with mental illness
(Peacock et al., 2017) and with tumor development after
being delivered to the tumor microenvironment via
circulating blood (Qin et al., 2015). When chronic stress
induces negative emotions, the sympathetic nervous system
continuously activates and releases catecholamines such as
epinephrine and norepinephrine. These hormones bind to
adrenergic receptors (ARs), especially β2-Ars, on the surface
of tumor cells through circulating blood (Krizanova et al.,
2016). The activation of β2-ARs may induce lactate
dehydrogenase A to produce lactic acid, alter the pH level in
the body, and stabilize MYC protein and ubiquitin. In
addition, β2-ARs may activate the PI3K/AKT signal
pathway, increase the activity of the SLUG promoter,
promote the activity of breast cancer stem cells, and increase
the probability of tumor progression (Cui et al., 2019; Yan
et al., 2023). In addition, epinephrine is considered an anti-
apoptotic stimulant of human breast cancer cells in vitro,
which inactivates the pro-apoptotic protein BAD in a PKA-
dependent manner by phosphorylation (Conceicao et al.,
2021). In the present study, we observed an increase in
epinephrine levels and a counteracting effect of FXDH in
tumor-bearing depressed mice. Thus, FXDH may play a role
in attenuating breast cancer progression by down-regulating
abnormally elevated epinephrine levels in depressed states.
However, the precise mechanism by which FXDH regulates
the epinephrine level in mice remains unknown, as does its
relationship to the PI3K/AKT or JAK2/STAT signaling
pathways. Thus, to determine the molecular mechanism
underlying FXDH in BCCD, we intend to analyze the
expression of related proteins in both tumor and
hippocampal tissues from mice in further studies.

A few limitations of the study need to be acknowledged.
An in vitro experiment could not be performed to further
verify the network pharmacology results, owing to the
limitations of our laboratory condition. This can be an aim
of future study. In addition, molecular docking experiments
revealed four core targets; however, we could only validate
the three targets, AKT, STAT3, and PIK3CA, but not ESR1.
Reportedly, ESR1 may be closely involved in drug resistance
to endocrine therapy for breast cancer. However, we used
the 4T1 breast cancer cells, a type of hormone receptor-
negative breast cancer cells. Thus, it is best to use MCF-7
and T47D cell lines with positive expression of hormone
receptors in the future to observe the changes of the ESR1
target in BCCD and evaluate the efficacy of FXDH on the
ESR1.
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Conclusion

In summary, network pharmacology, molecular docking, and
in vivo experiments revealed that FXDH might inhibit tumor
growth caused by corticosterone-induced stress by regulating
the PI3K/AKT and JAK2/STAT signaling pathways.
Moreover, FXDH may reduce the level of adrenergic
hormone secretion in response to stress to improve
depression-like behavior in mice. Despite some limitations,
these findings may contribute to the treatment of patients
with BCCD. However, future clinical and experimental
research is required to determine the precise therapeutic
effect and mechanism of FXDH in breast cancer.
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