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Abstract

Depression and breast cancer (BC) have been found to have a shared genetic basis, multiple loci of effect, and a presumed oa@
relationship. The treatment of BC combined with depression poses significant challenges. This study aims to use bioinformatics
and network pharmacology to explore the molecular basis of BC combined with depression and to elucidate the potential
mechanisms of Xiaoyaosan (XYS) in treating this disease. The molecular background of BC complicated with depression was
discovered via data mining and bioinformatics. The molecular mechanism of XYS in the treatment of BC with depression was
investigated by network pharmacology. The binding affinity between targets and active compounds was evaluated by molecular
docking. The impact of XYS on the gene and protein expression of matrix metallopeptidase 9 (MMP9) in microglial cells was
assessed using RT-quantitative PCR and western blot analysis, respectively. Differential expression analysis was conducted to
identify genes associated with BC, revealing that 2958 genes were involved, with 277 of these genes also being related to
depression. XYS was found to contain 173 active compounds and 342 targets, with 44 of these targets being involved in
regulating the progression of BC and depression. Enrichment analysis was performed to identify pathways associated with these
targets, revealing that they were related to cell proliferation, catalytic activity, cell communication, and interleukin-18 signaling
and LXR/RXR activation. Network analysis was conducted to identify key targets of Xiaoyaosan in treating BC combined with
depression, with EGF, interleukin 6, epidermal growth factor receptor, and peroxisome proliferator activated receptor gamma
being identified as important targets. Molecular docking was also performed to assess the binding affinity between key targets
and active compounds, with puerarin showing the strongest affinity for MMP9. In microglial cells, XYS significantly enhances the
gene and protein expression of MMP9. This study elucidated the pharmacological mechanism of co-treatment for BC patients
complicated with depression and the pharmacological mechanism of XYS against BC plus depression.

Abbreviations: BC = breast cancer, BDNF = brain derived neurotrophic factor, DEGs = differentially expressed genes, DMEM
= Dulbecco’s Modified Eagle Medium, FXR = farnesoid X receptor, GR = glucocorticoid receptor, HPA = hypothalamic-pituitary-
adrenal, IL = interleukin, MMP9 = matrix metallopeptidase 9, PPARG = peroxisome proliferator activated receptor gamma, PPI =
protein—protein interaction, RXR = retinoid x receptor, TCGA = The Cancer Genome Atlas, TCMSP = Traditional Chinese Medicine
Systems Pharmacology, XYS = Xiaoyaosan.
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complicating their course and outcomes.*! It has been con-
sidered as an independent factor in predicting BC recurrence
and survival.’l Depression could result in decreased immune
function and prolonged recovery time in patients with BC,
seriously affecting the quality of life of patients.[®! In addition,
the depressive behavior has also significant impacts on individ-
ual and social performance.”’ Depression in women with BC
has long been underreported and undertreated in oncological

1. Introduction

Breast cancer (BC) is the most frequent malignant disease
among women!'! and is the second cause of cancer death after
lung cancer.?! Cytotoxic therapy is connected to significant
psychiatric adverse effects, roughly half of cancer patients
have different psychiatric/psychological disorders which need
optimal diagnostics and therapy.’! Depression is one of the
most common psychiatric disorders among women with BC,
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and palliative settings.!®! Although part of patients takes anti-
depressants after the diagnosis of depression,®!% a systematic
meta-analysis showed low evidence for the effects of these
drugs compared to a placebo.!'!!

Accumulating evidence indicated the favorable therapeutic
efficacy of traditional Chinese medicine in treating disease-in-
duced depression, such as post-stroke depression,!'?! chronic
unpredictable mild stress-induced depression-like behaviors,!!
and COVID-19-induced depression."¥ Traditional Chinese
medicine prescription is an effective, low-toxicity, multi-target
prescription not only in the treatment of depression but also
cancers. For example, a Chinese herbal formulation called
Xiaoyao Kangai Jieyu Fang could ameliorate cancer-related
depression concurrent with BC by promoting hippocampal syn-
aptic plasticity.") Quercetin, a key component of the Xiaoyao
Kang’ai Jieyu formula, has been demonstrated to effectively
alleviate the progression of depression associated with BC.!!¢!
This beneficial effect is attributed to its multifaceted mecha-
nisms, including the inhibition of apoptosis, enhancement of
immune response, and amelioration of serum metabolism.!!
In addition, pooled meta-analytic results demonstrated that
Traditional Chinese Medicine Five-Element Music Therapy
was beneficial in lowing depression levels for cancer patients.!'”!
Xiaoyaosan (XYS), a classic Chinese medicine compound, was
able to ameliorate depression symptoms via multiple pathways
including AdipoR1/AMPK/ACC pathway!'®! and TLR4/NF-xB
pathway!"™ or via regulating gut microbiota.?”’ Meanwhile,
XYS can be used as an adjuvant treatment for BC?!! as well as
in the management of long-term survivors of BC to improve the
quality of life,1?”! including ameliorating depression.”?’l However,
the underlying molecular mechanisms of XYS in treating BC
patients with depression have not been fully elucidated.

Given the increasing attention to cancer survivorship, it is
becoming increasingly important for the diagnosis and treat-
ment of cancer patients complicated with depression. Herein,
we used the transcriptome data of the TCGA-breast invasive
carcinoma (BRCA) cohort and data mining to uncover the com-
mon genes that contribute to both BC and depression, and elu-
cidate the potential involved biological processes and pathways
via bioinformatic analysis. Subsequently, the pharmacological
molecular mechanism of XYS in treating BC along with depres-
sion was elucidated using network pharmacology, molecular
docking and experimental validation. The workflow of this
study is shown in Figure 1.
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2. Materials and methods

2.1. Data preparation

The transcriptome data and clinicopathological information of
the TCGA-BRCA cohort were downloaded from The Cancer
Genome Atlas (TCGA, https://portal.gdc.cancer.gov/) database.
The depression-related genes were retrieved from the GeneCards
(https://www.genecards.org/) and DisGeNET (https://www.dis-
genet.org/) databases, and shared genes by these 2 databases
were considered as depression-related genes. The chemical com-
ponents of XYS were obtained from the Traditional Chinese
Medicine Systems Pharmacology (TCMSP) database and anal-
ysis platform (https://old.tcmsp-e.com/tcmsp.php), and those
with oral bioavailability > 20% and drug-likeness > 0.1 were
regarded as active compounds. The targets of active compounds
were further obtained from the TCMSP database, with the
removal of non-human proteins. The gene symbol was unified
using the UniProt (https://www.uniprot.org/) database.

2.2. Differential expression analysis

The differentially expressed genes (DEGs) between BC and adja-
cent normal tissue were identified using the TCGAbiolinks pack-
age.l**! Briefly, transcriptomic data of the TCGA-BRCA cohort
was downloaded, and the data with the highest value for multi-
ple same genes were retained. The count matrix was normalized
using “genelength” method, and TCGAanalyze_Filtering func-
tion was used to filter data using a qut.cut = 0.25. Finally, the
DEGs were identified by TCGAanalyze_DEA function with fdr.
cut = 0.01, logFC.cut = 1, and a “glmLRT” method. The volcano
plot of the DEGs was generated using the TCGAVisualize_vol-
cano function.

2.3. Survival analysis

The survival analysis was performed using the TCGAbiolinks
package. The clinical data of the TCGA-BRCA cohort were
downloaded using the GDCquery_clinic function. The data
matrix of DEGs was extracted and normalized. Kaplan-Meier
survival analysis with log-rank test was performed using the
TCGAanalyze_SurvivalKM function with a ThreshTop = 0.67
and a ThreshDown = 0.33. DEGs with a P value < .01 were
considered as prognosis-related DEGs.
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Figure 1. Flow diagram of the present study to investigate the potential mechanism of the XYS in treating breast cancer comorbid with depression. XYS =

Xiaoyaosan.
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2.4. Enrichment analysis

Enrichment analysis was conducted using the TCGAbiolinks
package and Metascape platform (https://metascape.org/). The
TCGAanalyze_EAcomplete function was adopted for enrich-
ment analysis and the TCGAvisualize_EAbarplot function was
used for the visualization of results. Metascape provides richer
functional annotation, enrichment analysis and protein network
interpretation of target genes, and relevant genes were submit-
ted into the metascape platform for enrichment analysis using
default parameters.

2.5. Protein-protein interaction

The protein—protein interaction (PPI) information of the disease
targets and candidate targets were retrieved and downloaded
from the STRING (https://cn.string-db.org/) database. The
species was set to “Homo sapiens” and the minimum required
interaction score was set to high confidence (0.7). The short tab-
ular text file containing the PPI data was downloaded and input
into Cytoscape 3.9.1 for visualization.

2.6. Network construction and analysis

The Cytoscape 3.9.1 software was used for network construc-
tion and topological analysis. Four networks, including the PPI
network of disease targets and candidate targets, the herb-com-
pound network, and the compound-target network. The topo-
logical parameters were analyzed using the Analyze Network
function, and the hub targets were identified using the cyto-
Hubba plugin.! Clusters analysis of the PPI network was con-
ducted using an MCODE plugin.

2.7. Molecular docking

The structural files of hub targets, namely IL6 (1alu), ESR1
(Terr), FOS (1fos), MMP9 (1gkc), PPARG (1i7i), EGF (1j19),
EGFR (1m14), STAT1 (1yvl), CCND1 (2w96), and ADIPOQ
(4dou), were obtained from the RCSB Protein Data Bank (RCSB
PDB, https://www.rcsb.org/) database. The PyMOL 2.5.2 soft-
ware was utilized to eliminate water molecules, ligands, and
other peptide chains from the downloaded structures. The mol2
files of the active compounds were sourced from the TCMSP
database. The process of molecular docking, involving the
interaction between active compounds and hub targets, was
executed via the CB-DOCK2 web server (https://cadd.labshare.
cn/cb-dock2/php/index.php) by employing the Auto BlindDock
method. This particular method leverages the principles of
AutoDock Vina for docking purposes. The ranking of potential
binding sites for the query ligands was conducted based on Vina
scores expressed in kcal/mol units. Subsequently, the conforma-
tion with the lowest score was identified as the optimal con-
formation for subsequent evaluation and comparative analysis.

2.8. Preparation of XYS extract

The herbal materials, namely Chaihu (Bupleurum chinense),
Danggui (Angelica sinensis), Baishao (Cynanchum otophyllum),
Baizhu (Atractylodes macrocephala), Fuling (Wolfiporia cocos),
Gancao (Glycyrrhiza uralensis Fisch), and Bohe (Mentha hap-
localyx Briq.), were meticulously procured and processed in
accordance with the guidelines outlined in the Prescriptions of
the Pharmacy Bureau. These materials were specifically utilized
to prepare the XYS decoction. Subsequently, the prepared decoc-
tion was subjected to a purification process using an AB-8 mac-
roporous resin column. The resulting elution fraction, obtained
using 80% ethanol as solvent, was carefully collected and subse-
quently subjected to freeze-drying techniques, ultimately yield-
ing a powdered form. To obtain the XYS extract solution, the
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freeze-dried powder was accurately weighed and dissolved in
Dulbecco’s Modified Eagle Medium (DMEM) complete culture
medium at a concentration of 0.5g/L. This solution was then
subjected to filtration through a 0.22 pm membrane filter to
ensure removal of any particulate matter or impurities.

2.9. Cell culture and treatment

The murine microglial cell line SIM-A9 was cultured at 37 °C with
a 6% CO, atmosphere in DMEM high glucose supplemented with
GlutaMAX (Thermo Fisher, Wilmington, Massachusetts, United
States, 10566016). The culture medium was supplemented with
10% fetal bovine serum, 5% horse serum, and 1% antibiotic-an-
timycotic solution (Thermo Fisher, 15240062).

During the logarithmic growth phase, SIM-A9 cells were
seeded into 6-well plates. After a 24-hour incubation period, the
cells were allocated into § groups: a control group, a low con-
centration XYS group (LXYS, 0.25¢/L), and a high concentra-
tion XYS group (HXYS, 0.5g/L). The control group received an
equal volume of DMEM complete culture medium.

2.10. Real-time quantitative polymerase chain reaction

Total RNA isolation from SIMA-A9 cells was carried out utiliz-
ing the RNeasy Mini Kit (Qiagen, Heidelberg, Germany, 74104).
The concentration and purity of the extracted RNA were eval-
uated via NanoDrop 2000C spectrophotometer. Subsequently,
5 pg of total RNA was subjected to reverse transcription using
the high-capacity ¢cDNA reverse transcription kit (Thermo
Fisher, 4368814). The primer sequences designed for matrix
metallopeptidase 9 (MMP9) amplification were as follows: for-
ward primer 5-TACTCTGCCTGCACCACCGA-3’ and reverse
primer 5’-TCTCTCATCATTTCTCAGAT-3". Quantitative PCR
analysis was performed on a Bio-Rad CFX96 system (Bio-Rad
Laboratories, Hercules, California, United States) employ-
ing the SYBR Green I UltraSYBR Mixture. To determine the
expression levels of the target gene, normalization to GAPDH
reference genes was conducted using the 2-*“ method. Each
experimental procedure was replicated in triplicate for statis-
tical significance.

2.11. Western blot

Protein extracts were obtained through cellular lysis using a lysis
buffer comprising 62.5 mM Tris, 2% SDS, and 10% sucrose. The
lysis buffer was supplemented with cocktails of protease inhibi-
tors (Sigma, St. Louis, Missouri, USA, P2714) and phosphatase
inhibitors (Roche, Basel, Switzerland, 04906837001). Following
protein extraction, samples (30 pg) were subjected to separation
via 10% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis, subsequently transferring the separated proteins onto a
polyvinylidene fluoride membrane. To prevent nonspecific bind-
ing, the polyvinylidene fluoride membrane was blocked using a
solution containing 5% bovine serum albumin. Subsequently,
the membrane was incubated overnight at a temperature of 4°C
with primary antibodies targeting MMP9 (Abcam, Cambridge,
United Kingdom, ab58803) or GAPDH at a dilution ratio
of 1:2000. Following thorough washing, the membrane was
exposed to secondary antibodies at room temperature for 1 hour.
Immunoreactive bands were visualized utilizing an enhanced
chemiluminescence detection reagent (Millipore, Darmstadt,
Germany, WBKL0500). Grayscale intensity values were quanti-
fied using Image] software and normalized against the grayscale
intensity value of GAPDH as an internal reference control.

2.12. Statistical analysis

The data were reported as the mean = standard deviation and
subjected to statistical analysis using the SPSS 21.0 software
package (IBM, Armonk, NY). Group differences were evaluated
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through # tests, with a predetermined significance level of P <
.05 denoting statistical significance.

3. Results

3.1. The molecular background of BC and depression

In order to find out the molecular background of co-treat-
ment of BC and depression, we used the transcriptome data
of the TCGA-BRCA cohort to conduct differential analysis
and identify DEGs. As a result, 113 normal tissue and 1106
tumor tissue were included, and 2958 DEGs between tumor
tissue and normal tissue (Fig. 2A). Meanwhile, 1210 depres-
sion-related genes were obtained by intersecting the results
from the GeneCards (7774) and DisGeNET (1719) databases
(Fig. 2B). Consequently, the common region with 277 targets
between DEGs and depression-related genes was regarded
as the molecular basis of co-treatment of BC and depression
(Fig. 2B). Figure 2C illustrated the PPI network of the common
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genes, and the top 3 targets with a higher degree value were
interleukin (IL)-6, peroxisome proliferator activated receptor
gamma (PPARG), and epidermal growth factor receptor, indi-
cating the important role of these targets in preventing BC plus
depression. Metascape enrichment analysis revealed that these
common targets were significantly associated with behavior,
positive regulation of protein phosphorylation, response to
hormone, etc. (Fig. 2D) In addition, these common targets
were significantly enriched in multiple types of nerve cells
(Fig. 2E), such as HNBGABA, HRGL2B, HOPC. As shown in
Figure 2F, it was revealed that the common targets were signifi-
cantly associated with neurological diseases, such as unipolar
depression, mental disorders, and presenile dementia, etc.

3.2. Molecular signature of prognosis-related DEGs

It was believed that DEGs related to cancer prognosis provide
favorable therapeutic targets for cancer treatment. Therefore,
we further evaluate the prognostic value of DEGs identified
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Figure 2. The molecular basis of co-treatment for BC patients complicated with depression. (A) The volcano plot of DEGs between tumor samples and normal
samples in the TCGA-BRCA cohort. (B) The Venn diagram of BC-related genes and depression-related genes. (C) The PPI network of the common targets
between BC and depression. (D) The enrichment analysis of the common targets in terms of biological processes and pathways. (E and F) The top 20 terms
that were significantly associated with common targets in terms of cell types and diseases, respectively. BC = breast cancer, BRCA = breast invasive carcinoma,
DEGs = differentially expressed genes, PPl = protein—protein interaction, TCGA = the Cancer Genome Atlas.
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before. As a result, 165 DEGs were significantly associated with
the prognosis of BC patients, and 18 of them overlapped with
common disease targets (Fig. 3A), indicating the potential value

www.md-journal.com

as therapeutic targets against BC complicated with depression.
Among the 18 targets, overexpression of 12 genes was benefi-
cial for BC prognosis, whereas the overexpression of the rest
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6 targets was unfavorable to the prognosis (Fig. 3B). To reveal
the biological processes and pathways in that these targets were
involved, we conducted an enrichment analysis. The results
showed that the therapeutic targets were significantly associated
with biological processes involved in the immune system and
protein processing. In addition, these therapeutic targets were
mainly involved in VDR/RXR activation, guanosine nucleotide
degradation, and urate biosynthesis/inosine 5’-phosphate degra-
dation, as shown in Figure 3C.

3.3. Identification of candidate targets of XYS against BC
plus depression

A comprehensive analysis was conducted to identify active com-
pounds within the 7 herbs of XYS, based on established crite-
ria of oral bioavailability > 20% and drug-likeness > 0.1. As a
result, a total of 252 active compounds were successfully iden-
tified (Fig. 4A). Furthermore, these compounds were mapped to
342 human targets, thereby establishing them as potential can-
didates for therapeutic drug targeting. A Venn diagram of the
disease targets and candidate drug targets found an intersected
region with 44 targets, which were regarded as candidate targets
of XYS against BC plus depression (Fig. 4B). Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis demonstrated that the candidate targets were
mainly involved in the regulation of cell proliferation, catalytic
activity, and cell communication, and located in extracellular
regions or membranes. In addition to cancer-related pathways,
these targets are also associated with IL-18 signaling, LXR/RXR
activation, aryl hydrocarbon receptor signaling, etc., as shown in
Figure 5A-D. These data provide novel clues of molecular basis
and pathways for the co-treatment of BC and depression.

3.4. Metascape enrichment analysis of candidate targets

To further explore the molecular signature of the candidate
targets, we performed additional enrichment analysis based
on the Metascape platform. It was observed that the candi-
date targets were significantly enriched in 587 GO terms, 91
KEGG pathways, 112 WikiPathways, 34 Canonical Pathways,
and 74 Reactome Gene Sets. The top terms with lower
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P value included the response to hormone, nuclear receptors
meta-pathway, pathway in cancer, PID AP1 pathway, etc., as
shown in Figure 6A. Cell type enrichment analysis revealed
that the candidate targets were enriched in various brain neu-
rotypes (HRGL2B and HRGL2A), megakaryocyte erythroid
progenitor, megakaryocyte progenitor, and so on (Fig. 6B).
Clustering analysis of the candidate targets revealed 3 sta-
ble clusters, which contain 8, 3, and 3 proteins, respectively
(Fig. 6C), respectively. The top 3 terms related to the clusters
were illustrated in Table 1. It showed that cluster1l partici-
pated in the PID AP1 pathway, pathways in cancer, and reac-
tive oxygen sepsis, whereas cluster2 and cluster3 were related
to cell cycle control and metabolism of tyrosine and drugs,
respectively.

3.5. Identification and validation of Hub targets

The PPI network of the candidate targets was visualization in
Figure 7A, which contains 37 target nodes and 94 edges. Some
target nodes have more connections in the network than others,
indicating that they play a more important role in the network.
Therefore, a central network containing 10 hub targets was
identified using cytoHubba and was extracted (Fig. 7B). The
binding affinity between the hub targets and active compounds
was assessed and compared, as shown in Figure 7C. MMP9
had the lowest average binding energy with active compounds.
Figure 7D illustrated the best binding conformation of MMP9
and puerarin, which had the lowest binding energy. Moreover,
we conducted additional experiments to confirm the impact of
XYS on the genetic and protein expression of MMP9 in microg-
lial cells. Our findings revealed a substantial elevation in both
the gene and protein expression levels of MMP9 within microg-
lial cells upon XYS treatment (Fig. 7E and F). Consequently,
this upregulation facilitated the conversion of proBDNF into
its mature form, mBDNFE.*®l Such molecular transformation is
known to induce neuroplastic changes and ameliorate symp-
toms associated with depression.

4. Discussion

Depression is a serious complication in women with BC, which
exerts a significant influence on cancer outcomes. Research on
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Figure 4. The identification of candidate targets of XYS in the treatment of BC plus depression. (A) The network of herbs and active compounds of XYS. (B)
Venn diagram of XYS's targets and BC-related genes to identify candidate targets. BC = breast cancer, XYS = Xiaoyaosan.
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the diagnosis and treatment of BC patients complicated with
depression is still limited, and there is insufficient evidence to
support the efficacy of antidepressants in treating the comorbid-
ity of BC patients. Herein, we thought to discover the identical
molecular basis that is involved in the pathogenesis of BC and
depression, not only to lay the foundation for subsequent drug
development but also to reveal the pharmacological mechanism
of XYS against BC-related depression.

In this study, BC-related genes were identified by analyzing
the transcriptome data of the TCGA-BRCA cohort. By integrat-
ing with depression-related genes obtained from data mining of
public databases, we eventually included 277 candidate over-
lapped genes that might contribute both to the occurrence and/
or progression of BC and depression. The PPI network of these
candidate targets highlighted the crucial role of several targets,
such as IL6 and PPARG. Increased peripheral or central cyto-
kine IL6 levels were observed in depressive disorders, and have
impacts on the prognosis and therapeutic response.?” IL6-like
cytokines are involved in the regulation of immunity and homeo-
stasis in various diseases, including cancer and depression.??®!
Hence, developing drugs targeting IL6 activity may hold great
promise for BC comorbid with depression. Sufficient evidence
supported that PPARG augmentation has a positive impact on
multiple significant pathological processes in depression.l*’! It
was demonstrated that PPARG was a potential biomarker of
BC and its gene expression was associated with BC prognosis,”!
although our prognosis analysis did not reach consistent results
due to the stricter screening thresholds. Blocking PPARG inter-
action facilitates nuclear receptor subfamily 4 group A member
1 interdiction of fatty acid uptake and suppresses BC progres-
sion.B! Taken together, PPARG agonists could potentially exert
anticancer and antidepressant activity simultaneously. Besides,
other candidate targets also provided novel clues for the drug
development of depression in BC patients.

It is difficult to control and improve complex diseases with
a single therapeutic target. However, the synergistic regulation
of intracellular multiple pathways based on specific cell types
may have unexpected effects. Therefore, we enriched the candi-
date targets to explore relevant biological processes and path-
ways that might serve as therapeutic targets against BC plus

depression. Our data pointed out the potential involvement of
multiple identical pathways including VDR/RXR or LXR/RXR
or FXR/RXR activation, glutamate receptor signaling, NF-xB
signaling etc., in the pathogenesis of BC and depression. Vitamin
D receptor and retinoid x receptor (RXR) were suggested to
potentially evolve as interesting markers or even targets in
hereditary BC.3 LXR/RXR pathway signaling associated with
triple-negative BC in African American women.33 The farnesoid
X receptor (FXR) is expressed in BC and regulates apoptosis and
aromatase expression.**! Activation of the FXR in BC cell lines
results in cytotoxicity but not increased migration potential.l3!
Activation of FXR impairs the tumor-promoting function of
BC-associated fibroblasts.**! These data support the continued
examination of FXR agonists as a novel class of therapeutics
for the treatment of BC. The RXR agonist MSU42011 is effec-
tive for the treatment of preclinical HER2+BC.3! Accumulating
evidence has associated RXR-mediated signaling with depres-
sion.B3%3° These findings provide support for drug development
based on RXR-mediated signal pathway for BC comorbid with
depression. In terms of glutamate receptors, a meta-analytic
study suggested that glutamate receptor modulators including
ketamine and esketamine were efficacious on unipolar depres-
sion.*"l Metabotropic glutamate receptor 1 was suggested to be
associated with poor outcomes in ER-negative and triple-nega-
tive BC.!l NF-kB signaling is involved in various crucial cellular
processes and is associated with the neurobiology of depression.
Ariel Caviedes et al*?! proposed a potential beneficial effect of
a positive feedback loop between brain derived neurotrophic
factor (BDNF) and NF-kB-activated pathways in antidepres-
sant action. Meanwhile, it has been well-known that the NF-xB
signaling was associated with the proliferation, metastasis and
drug resistance of BC. Therefore, these findings in pathways
might be potential as therapeutic targets against BC comorbid
with depression.

As an effective prescription in treating BC and depression,
it is necessary to elucidate the underlying mechanism of XYS.
Network pharmacology discovered a bunch of potential tar-
gets, which were significantly correlated with multiple path-
ways including glucocorticoid receptor (GR) signaling, IL-8
signaling, LXR/RXR activation, aryl hydrocarbon receptor
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The top 3 terms that were enriched by the drug candidate targets against BC+depression.

Cluster Category Description LogP Hits

cluster1 Canonical pathways PID AP1 PATHWAY -1 ESR1IFOSINR3C1IIL6IMMP9
clusterd KEGG pathway Pathways in cancer -1 EGFRIESR1IFOSIIL6IMMP9IPPARGISTAT1
cluster1 GO biological processes Response to reactive oxygen species -95 EGFRIFOSIIL6IMMP9ISTAT1
cluster2 Reactome gene sets G1 phase -8.5 CCND1ICDKN1CICDKN2A
cluster2 Reactome gene sets Cyclin D associated events in G1 -85 CCND1ICDKN1CICDKN2A
cluster2 WikiPathways G1 to S cell cycle control -8 CCND1ICDKN1CICDKN2A
cluster3 KEGG pathway Tyrosine metabolism -8.8 ADH1BIADH1CIMAOA

cluster3 KEGG pathway Drug metabolism — cytochrome P450 -7.9 ADH1BIADH1CIMAOA

cluster3 Reactome gene sets Phase | — functionalization of compounds -7.4 ADH1BIADH1CIMAOA

GO = Gene Ontology, KEGG = Kyoto Encyclopedia of Genes and Genomes.
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Figure 7. Evaluation of the binding affinities between hub candidate targets and active compounds. (A) The PPI network of the candidate targets using the
data obtained from the STING database. (B) The central network contains top 10 hub targets. (C) The binding energy between 10 hub targets and 10 active
ingredients. (D) The 3D diagram of the best conformation of MMP9 and puerarin. (E) Relative expression levels of MMP9 mRNA in microglial cells after treatment
with XYS compared to the control group. (F) Protein expression levels of MMP9 in microglial cells after treatment with XYS detected by Western blot. **P < .01,

P < .001. PPI = protein—protein interaction, XYS = Xiaoyaosan.

signaling, etc. In addition to some pathways overlapping with
disease targets, other pathways have sufficient evidence as tar-
gets of combined therapy. For example, repeated findings in
biological psychiatry has confirmed the pathogenetic role of
the hypothalamic-pituitary-adrenal (HPA) axis in depression,
and restrained GR feedback lead to increased levels of glu-
cocorticoid hormones and the dysregulation of HPA axis.!*’!
Sufficient data showed that antidepressants inhibited the
hyperactive HPA axis and alleviate depressive symptoms by
modulating GR activity.**! Meanwhile, GR is an important
marker in BC and was associated with the prognosis of BC
patients,** and the activation of GR increased BC hetero-
geneity and metastasis.*”! BC cells are known to secrete high
levels of IL-8, which promote angiogenesis and contribute to
poor prognosis.*8! Drugs targeting IL-8 have been shown to
be effective against BC.**% Emerging evidence suggested that
aryl hydrocarbon receptor suppressed mammary tumor devel-
opment and could be of great value as therapeutic targets for
BC.BU Aryl hydrocarbon receptor has been implicated in major

depressive disorder and is also considered as a therapeutic tar-
get for depression.ls2!

The binding potential between key targets and active
compounds was assessed through molecular docking, with
particular emphasis on MMP9 as the most promising tar-
get. Microglial cells play a vital role in maintaining neural
tissue homeostasis, providing structural support, and par-
ticipating in immune responses. Prior investigations have
demonstrated that upregulated expression and secretion of
MMP9 in microglial cells facilitate the maturation of extra-
cellular BDNE.??I The signaling cascade involving BDNF and
its receptor tropomyosin receptor kinase B holds significant
importance in both the pathophysiology of depression and
the therapeutic mechanisms of antidepressant medications.!*3!
Our findings indicate that XYS exerts a substantial influ-
ence on the gene and protein expression levels of MMP9 in
microglial cells, thereby suggesting its potential as an antide-
pressant agent by modulating the BDNF-tropomyosin recep-
tor kinase B signaling pathway.



Chen e Medicine (2023) 102:38

On the basis of network analysis, we could infer that some of the
active ingredients in XYS are pivotal in the concurrent treatment of
BC and depression, based on existing evidence. Quercetin is a poly-
phenol with multiple biological activities, including anti-cancer,**!
anti-inflammation,*’! and anti-oxidation.’® In addition, it was
observed to alleviate lipopolysaccharide-induced depression-like
behavior in rats or reverse chronic unpredictable mild stress-in-
duced depression-like behavior.’”81 Wang et all**"! reported that
apigenin could reverse chronic corticosterone-induced depres-
sion-live behavior in mice, which might be attributed to its anti-in-
flammation activity via Nlrp3, and TIr4. Besides, apigenin also
exerts cytotoxic activity in BC cells!®!l and the chemotherapeutic
effects of apigenin in BC have been demonstrated.'®! Luteolin is a
representative of a natural flavonoid that has been proven to mod-
ulate various signaling pathways involved in cancer and depression
development. It was revealed to be beneficial for BC and depres-
sion.[%3¢4 Several other active compounds including kaempferol,®!
puerarin,'®*7l etc., had also been proposed as candidate drugs for
BC and depression, indicating their potential in the treatment of BC
patients complicated with depression.

There are several limitations in this study. Further experi-
mental validation of the target genes and pathways identified
through bioinformatics analysis is required, as we have only
validated a single target in this study; although a preliminary
understanding of molecular background for BC comorbid with
depression, it’s remains unclear whether these molecules are
responsible for suppressuing depression or promoting it, which
should be taken into account in future studies; and this study
only conducted enrichment analysis in GO, KEGG, cell types
and diseases, and the current methodology cannot incorporate
tissue and organ-specific enrichment analysis, which is very use-
ful for understanding and exploring the principles of traditional
Chinese medicine formulation.

5. Conclusion

In conclusion, this article provides a comprehensive analysis of
the potential therapeutic targets and pathways for managing
depression in BC patients. Notably, it establishes MMP9 as a
pivotal target for XYS treatment. Nevertheless, additional rig-
orous in vitro and in vivo investigations are imperative to cor-
roborate alternative targets and pathways. This study engenders
novel perspectives on the rational research approach to investi-
gating complications and unraveling the pharmacological mech-
anisms underlying traditional Chinese medicine interventions
for cancer-related complications.
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