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Breast cancer (BC) has become the most prevalent cancer worldwide, and BC patients have
the highest rate of depression of all cancer patients. However, previous studies, especially
studies based on clinical sample data, have failed to reveal exactly how depression affects BC.
Two-sample Mendelian randomization (TSMR) was used to determine the causal relationship
between depression and BC. Transcriptomics and metabolomics were used to analyze BC
samples from nondepressed and depressed patients and to validate differentially expressed
genes and key metabolites in vitro. Molecular docking techniques were used to identify com-
pounds that regulate key targets and validate the functions of the compounds in in vitro and in
vivo animal models. Depression was identified as a risk factor for BC by the TSMR analysis. On
the basis of clinical samples, for the first time, we identified PPARy and norepinephrine (NE)
as key genes and metabolites that mediate the pro-BC effects of depression. In addition, we
demonstrated that quercetin can target PPARy and reverse the procancer effects of PPARy in-
hibition mediated by chronic stress in BC cells. Moreover, we found that PPARy may be asso-
ciated with the inhibition of CD8" T cells in the tumor immune microenvironment. In conclu-
sion, depression can increase the infiltration level of NE in tumors and inhibit the expression
of PPARy in tumor cells, thus promoting the proliferation of BC cells and inhibiting the infilt-
ration of CD8" T cells in the immune microenvironment, ultimately leading to accelerated tu-

mor growth. Quercetin can target PPARy and reverse this cancer-promoting process.

1. Introduction

The latest data show that breast cancer (BC) has become the
most common malignant tumor in women and poses a serious
threat to women’s health . Previous reports have divided the
causes of BC into genetic factors, marital and reproductive his-
tory, and environmental factors “*. Among all types of cancer pa-
tients, the proportion and number of BC patients with depres-
sion are significantly greater than those with other types of can-
cer “°. Researchers further confirmed that depression in patients
was associated with a higher incidence of cancer, a poorer cancer
prognosis, and greater cancer mortality ’. Recent research also
supports this theory, as most patients have a long history of neg-
ative emotions or exposure to stressful events before the onset of
cancer *’. Our center previously conducted a meta-analysis of de-
pression and survival prognosis in 282 203 patients with BC, and
the results of multifactor analysis also revealed that depressive
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negative emotion was an independent risk factor for BC prognos-
is '. Despite the strong correlation between depression and BC,
the molecular mechanism of the interaction between the two is
still poorly understood, and basic research data based on clinical
samples are currently not available in public databases. In previ-
ous studies on the relationship between depression and peri-
pheral solid tumors, hyperactivation of the hypothalamic-pituit-
ary—-adrenal axis was shown to mediate the “neuroendocrine-im-
mune” network to regulate tumor growth, which is a classic
“central-peripheral tumor” mechanism ''. Recent studies have
also shown that continuous psychological stress can directly
stimulate the sympathetic nervous system to continuously activ-
ate it, promote the release of stress hormones [including those in
the noradrenal gland such as norepinephrine (NE)], and restrict
the migration of CD8" T cells and their infiltration into tumors "
This process results in the desertification of CD8" T cells in the tu-
mor immune microenvironment. However, these studies were all
conducted in animal models, and there is no direct evidence from
clinical samples.

The peroxisome proliferator-activated receptor (PPAR) su-
perfamily is a member of a ligand-activated nuclear transcription
factor superfamily divided into three subtypes: a, /6, and vy.

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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PPARSs play roles within the nucleus, regulate gene expression by
binding to specific ligands, and are involved in a variety of biolo-
gical processes. Studies have shown that the expression of PPARs
is closely related to positive emotions, and a state of low mood
results in significant inhibition of the expression of PPARy '
however, whether this effect is related to the progression of can-
cer has not been reported. Interestingly, we reported that quer-
cetin inhibits the progression of depressive BC but has no signi-
ficant effect on nondepressive BC '* ",

Quercetin is a natural flavonol compound with high bioactiv-
ity from a wide range of sources, such as onion, black tea, guava
and other plant-derived foods '*". In addition, many traditional
Chinese medicines, such as Sophora japonica L. (Flos Sophorae)
and Bupleurum chinense DC (Bupleuri Radix), also have a high
content of quercetin. The United States FDA approved the extrac-
tion of quercetin from natural products on November 22, 2010.
Japan and South Korea have also listed quercetin as a food addit-
ive. These data indicate that quercetin is highly safe and has the
potential to become a drug '°

In this study, we revealed differences in gene expression and
metabolites in BC tissues from nondepressed and depressed pa-
tients on the basis of clinical samples and validated them in vitro
and in vivo models. Furthermore, the above model was used to
verify the effect of quercetin on depressive BC and its mechanism.
Through this study, we propose a new mechanism by which de-
pression promotes BC progression and provide a safe and effect-
ive intervention method.

2. Materials and methods

2.1. Clinical samples and animal ethics statement

Permission for the experimental scheme was obtained from
the Ethics Committee of Guangdong Provincial Hospital of
Chinese Medicine (Approval No. BF2019-120-04) and the Labor-
atory Animal Ethics Committee of Guangdong Province Hospital
of Chinese Medicine (Approval No. 2022079, dates: September
22, 2022; and No. 2022008, dates: January 22, 2022). All pa-
tients provided written informed consent to participate in the
study (Registration No. ChiCTR2200059811). This study utilized
female C57BL/6] (n = 110) and BALB/c-nu (n = 40) mice (8
weeks old; body mass 17-19 g) obtained from a specific pathogen-
free (SPF) certified provider (Beijing HFK Bioscience Co., Ltd.,
Beijing, China). All murine subjects were maintained in IVC sys-
tems under controlled environmental conditions: 24-26 °C ambi-
ent temperature, 50% * 5% relative humidity, and 12/12-hour
photoperiod regulation, with ad libitum access to autoclaved
feed and water. Experimental protocols complied with national
animal welfare regulations international guidelines. During the
experiment, all the mice were randomly divided into 10
mice/groups.

2.2. Mendelian randomization (MR) study design

Our experimental design follows a general two-sample MR
design '*. We utilized depression as an exposure factor. A dia-
gnosis of BC was considered the outcome of MR analysis. We ob-
tained depression data (ukb-a-373) and BC data (ieu-b-4810)
from the Integrative Epidemiology Unit GWAS database
(https://gwas.mrcieu.ac.uk/). All analyses were conducted using
the “TwoSampleMR” and “MR-PRESSO” packages in R version
4.2.2. The key parameters of this study are set as follows: (1) gen-
ome-wide significance level at P < 5 x 107 (2) linkage disequilib-
rium clustering (r* < 0.001, region size = 10 000 kb; and (3) F
statistic > 10. Among these methods, the IVW method played a
predominant role. The statistical significance threshold for evid-
ence was setat P < 0.05.
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2.3. Patient grouping and clinical tumor sample collection

BC patients were grouped before the operation according to
the Hamilton Depression Scale (HAMD-17) and the Hamilton
Anxiety Scale (HAMA). Patients with HAMD-17 scores greater
than or equal to 7 points and HAMA scores greater than or equal
to 7 points were considered to have depression. After the tumor
tissue was removed during the operation, the tissue was rinsed
with normal saline within 10 min in vitro to remove the blood
stains and dirt on the surface of the tissue, and the tissue from
nonstudy sites, such as adipose tissue, was removed. After the tis-
sue was dried with sterile gauze, it was placed in a precooled
cryogenic storage tube, frozen in liquid nitrogen, and stored in an
ultralow-temperature refrigerator at -80 °C.

2.4. RNA sequencing

Total RNA was isolated from the samples using TRIzol re-
agent (Invitrogen). Subsequently, cDNA libraries were prepared
from each RNA sample with the VAHTS Universal V6 RNA-seq
Library Prep Kit for [llumina (Vazyme, Inc.), following the manu-
facturer’s recommended protocols. The libraries were subjected
to quality control with an Agilent 2200 instrument and se-
quenced by DNBSEQ-T7 on a 150 bp paired-end run. Before read
mapping, clean reads were obtained from the raw reads by re-
moving the adaptor sequences and low-quality reads. The clean
reads were then aligned to the human genome (Ensemble 109)
using the Star. HTseq was used to obtain gene counts, and the RP-
KM method was used to determine gene expression. Difference
analysis and enrichment analysis were performed via OmicShare
Tools ", and survival curve and immune infiltration analyses
were performed via the Xiantao Academic bioinformatics tool
(www.xiantao.love).

2.5. Immunofluorescence (IF)

The frozen tissue was embedded in optimal cutting temper-
ature (OCT) compound and cut into 10 pm slices, and the cells
were scraped after NE (Cat. #HY-13715, MedChemExpress,
Shanghai, China) or quercetin (Cat. #HY-18085, MedChemEx-
press) intervention for subsequent experiments. The slices were
immunostained with anti-PPARy (1 : 100, Cat. #2435, Cell Signal-
ing Technology, Boston, USA) primary antibodies, followed by in-
cubation with secondary antibodies (1 : 500, Cat. #4413, Cell Sig-
naling Technology). All the slices were stained with DAPI to visu-
alize the nuclei of the tissues. The slices were subsequently
washed three times with Tris-buffered saline plus Tween-20
(TBST) solution, after which the red or green fluorescence intens-
ity was measured using a fluorescence microscope to determine
the protein content of each sample.

2.6. Western blotting (WB)

Briefly, fresh tumor tissues or cultured cells were homogen-
ized in RIPA buffer. Following lysis, samples were centrifuged at
12 000 x g for 15 min (4 °C), and protein concentration in the res-
ultant supernatant was quantified with an enhanced bicinchonin-
ic acid assay kit (Cat. #P0010S, Beyotime Biotechnology, China).
Equivalent protein amounts were resolved by SDS-PAGE and
electrophoretically transferred onto PVDF membranes (Cat.
#GVHP04700; Merck KGaA, Germany). Next, the PVDF mem-
branes were blocked with TBST containing 5% skim milk for 1 h
and incubated with the indicated primary antibodies, including
anti-PPARy (1 : 1000, Cat. #2435, Cell Signaling Technology),
anti-N-cadherin (1 : 1000, Cat. #13116, Cell Signaling Techno-
logy), anti-E-cadherin (1 : 1000, Cat. #3195, Cell Signaling Tech-
nology), anti-Bax (1 : 1000, Cat. #2772, Cell Signaling Techno-
logy), anti-Bcl-2 (1 : 1000, Cat. #15071, Cell Signaling Techno-
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logy), anti-cleaved Caspase-3 (1 : 1000, Cat. #9661, Cell Signal-
ing Technology), and anti-GAPDH (1 : 1000, Cat. #2118, Cell Sig-
naling Technology), after which the membranes were incubated
with the corresponding secondary antibodies (1 : 8000) for 60
min at room temperature. The PVDF membranes were washed
three times with TBST solution and visualized with a Beyotime
hypersensitive ECL kit (Cat. #P0018S; Beyotime Biotechnology).
Finally, the density values of the protein bands were captured
and documented through a gel image analysis system (Chemi-
DoxTM, Bio-Rad, USA). GAPDH was used as the loading control.

2.7. Metabolomics

Metabolic profiling was executed using UHPLC-HRMS/MS in-
strumentation with dual-polarity electrospray ionization to en-
sure comprehensive coverage of diverse metabolite classes. Com-
pound annotation integrated exact mass measurements, chroma-
tographic alignment, and MS/MS spectral matching against valid-
ated HMDB and KEGG metabolite databases. Relative quantifica-
tion employed batch-corrected peak intensity normalization with
internal standard calibration.

2.8. Tissue NE concentration detection

A human NE enzyme-linked immunosorbent assay (ELISA)
kit (Cat. #CSB-E07021h) and a mouse NE ELISA kit (Cat. #CSB-
E07870m) were purchased from CUSABIO (Wuhan, China). NE
levels in tumor tissues were determined by ELISAs according to
the manufacturer’s instructions.

2.9. Cell viability assessment

The cells were exposed to NE or quercetin at the indicated
concentrations for 24, 48, or 72 h. Cell viability was evaluated via
an MTT assay (Cat. #V13154; Gibco, NY, USA). An automated mi-
croplate spectrophotometer (BioTek Instruments, Winooski, VT,
USA) was used to determine the absorbance of each well at
490 nm.

2.10. Colony formation assay

The cells were seeded in 6-well plates (200 cells/well in
2000 pL) and cultured for approximately 14 days. Colonies with
more than 50 cells per colony were treated with vehicle or NE
and quercetin-containing medium for 48 h. Subsequently, the me-
dium was removed, and the cells were washed twice with PBS.
After the cells were fixed with 4% paraformaldehyde, the colon-
ies were stained with Giemsa for 5 min, and images were taken to
record the results.

2.11. Wound healing

Cells were seeded in 6-well plates at 1 x 10° cells/well. Fol-
lowing 16-hour incubation, the complete medium was switched
to fresh low-serum (2%) medium. Upon reaching 90% conflu-
ency, uniform linear wounds were generated in each well using a
sterile 10-uL pipette tip. After rinsing twice with PBS to remove
dislodged cells, cultures were maintained in serum-free medium.
Reference markers were inscribed along the wound edges to
standardize imaging regions. Wound closure dynamics were doc-
umented by inverted microscopy at baseline (0 h) and post-mi-
gration (48 h) time points.

2.12. Flow cytometric analysis
Apoptotic cell analysis was conducted via an Apoptosis and

Necrosis Assay Kit (Cat. #C1056; Beyotime Biotechnology) and
analyzed by a BD FACSCelesta flow cytometer (BD Biosciences,
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San Diego, CA). Cell survival after NE and/or quercetin interven-
tion was measured by flow cytometry according to the manufac-
turer’s instructions. In addition, flow cytometry was used to ana-
lyze the proportion of CD8" T cells in the tumor immune microen-
vironment and the proportion of interferon gamma (IFN-y)-posit-
ive CD8" T cells.

2.13. EdU labeling assay

A total of 5 x 10* human BC SUM159PT, human BC MCF7,
and mouse BC Py230 cells were treated with various concentra-
tions of NE or/and quercetin. Following a 48-h incubation period,
the BeyoClick™ EdU Cell Proliferation Kit (Cat. #C0071S,
Beyotime Biotechnology) was used to quantify proliferating cells
in in vitro cultures and tissue sections. Photomicrographs were
captured immediately via an inverted microscope at 100 x magni-
fication (Nikon, Japan).

2.14. Animal experiment and sample collection

In the Fig. 4, we present a schematic diagram of each part of
the animal experiment. The mice in the chronic unpredictable
mild stress (CUMS) group were subjected to CUMS, which in-
cluded fasting, water fasting, tail clamping, restraint, diurnal re-
versal, tilting, wet bedding, and strobing, without the same stim-
uli on two consecutive days. After 4 weeks of CUMS, the mice
were subcutaneously inoculated with Py230 BC cells (1 x 10°
cells in 100 L), and all the depression-modeling groups contin-
ued to receive CUMS. Quercetin (2.5 or 5 mg-kg™", intraperitoneal
injection once a day for 28 days) was administered to the mice in
the quercetin-related group, and the same volume of saline was
administered to the mice in the control group. The tumor volume
was measured every 7 days, and the tumor size was calculated
using the following equation: tumor volume = % (length x
width?). Twenty-eight days after treatment, the mice were anes-
thetized with pentobarbital (intraperitoneal injection, 100
mg-kg™") and sacrificed by cervical dislocation. The tumor tissue
was retained for subsequent experiments.

2.15. Behavioral assays

2.15.1. Open field test (OFT)

All experimental mice were individually housed in sanitized
observation chambers (40 cm x 40 cm x 30 cm dimensions),
where their spontaneous motor activity was continuously mon-
itored using an infrared camera system. Each 5-minute trial was
conducted under dim lighting conditions (50 lux) to minimize en-
vironmental stress. The EthoVision XT 3.0 behavioral analysis
platform (Noldus Information Technology, Netherlands) was em-
ployed for video processing and statistical computation of loco-
motor metrics.

2.15.2. Forced swimming test (FST)

The behavioral assessment was performed in a standardized
plexiglass cylinder (internal diameter 22 cm, height 25 cm) con-
taining dechlorinated water maintained at 22-24 °C (depth 15
cm). A lateral-view digital tracking system (60 Hz sampling rate)
continuously recorded whole-body displacement dynamics
throughout the 300-second trial period. Quantitative analysis in-
cluded two distinct behavioral states: passive floating (immobil-
ity threshold < 1.25 cm/s), and active escape behaviors (struggle
threshold > 6.25 cm/s), automatically quantified using threshold-
based algorithms.

2.15.3. Sucrose preference test (SPT)

In this experiment, the animals were first accustomed to a
2% sucrose solution. After acclimatization, the mice were de-
prived of drinking water for 24 h. Two preweighed bottles (one
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with 2% sucrose solution and one with tap water) were then
provided for the mice to choose from over an 8-h period. The pos-
itions of the two bottles were swapped after 4 h of the experi-
ment to avoid position preference. The weights of the bottles be-
fore and after the exchange were recorded, and the sucrose pref-
erence rate (%) was calculated using the following formula:
sucrose preference rate (%) = [sucrose consumption/(sucrose
consumption + tap water consumption)] x 100%.

2.16. Establishment and transfection of adenovirus

The adenoviral gene delivery system was implemented using
Ad5 vectors to mediate PPARy overexpression in murine Py230
mammary carcinoma cells. The adenoviral particles were gener-
ated through lipofectamine-mediated transfection in HEK-293A
adenoviral packaging cells. Py230 cells were transfected at multi-
plicity of infection 50 for 48 h incubation periods prior to harvest
for downstream functional assays.

2.17. Molecular docking

The binding affinity between quercetin and PPARy was valid-
ated by molecular docking. The 3D structure of quercetin was ob-
tained from the PubChem database. The PPARYy protein struc-
tures acquired from the RCSB PDB database (https://www.
rcsb.org) served as receptors, and these structures were visual-
ized separately using PyMOL and subjected to dehydration, hy-
drogenation, and charge calculations through Mgtools (version
1.5.6). Ligand and receptor structures were saved as pdbqt files.
Subsequent molecular docking was performed utilizing Auto-
Dock Vina (version 1.5.6), and the resulting higher-scoring con-
formations were visualized with PyMOL. The PLIP web tool (ht-
tps://plip-tool.biotec.tu-dresden.de/plip-web/plip/index) facilit-
ated the visualization of docking points.

2.18. Cellular thermal shift assay (CETSA)

The SUM159PT cells were lysed by being repeatedly frozen
and thawed with liquid nitrogen 3 times. The cell lysates were di-
vided into two aliquots, one as the control and the other treated
with quercetin (100 pmol-L™") for 30 min at room temperature.
Then, the lysates were heated at the desired temperatures
(57-73 °C) and cooled on ice. The protein bands were detected
with WB.

2.19. Terminal-deoxynucleotidyl transferase mediated nick end la-
beling (TUNEL) staining

Tumor specimens preserved in formalin fixation underwent
paraffin embedding followed by sectioning into sequential 4-um
slices using microtomy. Post-embedding processing included xy-
lene-mediated dewaxing prior to experimental staining. Apoptot-
ic cells were visualized through standardized TUNEL assay imple-
mentation (Cat. #ATK00001, AtaGenix, Wuhan) with strict adher-
ence to provider protocols. Subsequent nuclear counterstaining
employed DAPI solution (0.05 pg-mL™, Cat. #G1012, Servicebio,
Wuhan) with 10 min incubation, preceded by triple PBS washing
cycles to remove residual reagents. Mounted sections were sub-
jected to fluorescence microscopy analysis (NIKON Eclipse ci, Ja-
pan) at 400 x optical magnification for cellular-level observation.

2.20. Statistical analysis

Quantitative results are expressed as mean * SD throughout
this study. Statistical analyses were performed using SPSS 13.0
(IBM, USA) with complementary data visualization accomplished
through GraphPad Prism 9 (GraphPad Software, USA). Inter-
group comparisons employed one-way ANOVA while longitudin-
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al measurements utilized repeated-measures ANOVA methodo-
logy. The statistical significance threshold was established at a =
0.05 for all experimental outcomes.

3. Results

3.1. MR shows that depression is a risk factor for BC

The results of the MR analysis are presented in Fig. 1, includ-
ing a schematic diagram of the research design (Fig. 1A), a forest
plot (Fig. 1B), a scatter plot (Fig. 1C), a funnel plot (Fig. 1D), and a
leave-one-out analysis plot (Fig. 1E). In this study, the correla-
tion between depression as an exposure and BC as an outcome
was analyzed by using MR analysis. The results between depres-
sion and BC were statistically significant: P = 0.006 and 95% CI =
1.011-1.067. The leave-one-out analysis also did not reveal any
abnormal single nucleotide polymorphisms (SNPs). The results of
reverse MR analysis are presented in Fig. 1F. Considering cross-
validation, we did not find any reverse causal relationships
between BC and depression (P = 0.066, 95% CI = 0.831-1.006).

3.2. PPARy expression was inhibited in the tumor tissues of de-
pressed BC patients

Next, we divided the BC patients into nondepressed and de-
pressed groups on the basis of the HAMD-17 scale and HAMA
scale (Figs. 2A, 2B). Transcriptomic analysis of tumor tissues re-
vealed significant differences in the expression profiles betw-
een the nondepression and depression groups (Figs. 2C, 2D, and
2E). Compared with the nondepression group, the depression
group had 556 genes with increased expression and 1100 genes
with decreased expression. KEGG pathway enrichment analysis of
the DEGs revealed that the PPAR signaling pathway was signific-
antly enriched (Fig. 2F). Gene set enrichment analysis (GSEA) of
the PPAR signaling pathway revealed that PPARG expression was
inhibited in the depression group (Fig. 2G).

Given that the PPAR gene family consists of PPARa, PPARS,
and PPARy, we analyzed the relationship between the expres-
sion of these three genes in tumors and patient prognosis (Figs.
2H, 21, and 2]). We found that low PPARG expression is a risk
factor for prognosis in patients with BC. Using IF and WB to valid-
ate the tumor tissues of patients in the nondepression and de-
pression groups, we determined that PPARy protein expression
in the BC tissues of patients in the depressed group was signific-
antly reduced (Figs. 2K, 2L).

3.3. NE inhibited PPARYy expression and promoted the proliferation
of BC cells

Furthermore, we performed metabolomic analysis of BC tis-
sues collected from patients. The results revealed significant dif-
ferences in tumor tissue metabolites between the nondepression
and depression groups, with 62 metabolites increasing and 10
metabolites decreasing (Figs. 3A, 3B, 3C and 3D). The level of NE
in the tumor tissue of the depression group was significantly
greater than that in the nondepression group (Figs. 3D and 3E).

Therefore, we used NE to treat human BC cells and found
that 10 umol-L™" NE significantly promoted the viability of BC
cells (Figs. 3). The results of the colony formation and wound
healing assays revealed that NE promoted the clonal prolifera-
tion and migration of BC cells (Figs. 3). Flow cytometry revealed
that NE inhibited the apoptosis of BC cells and promoted their
survival (Fig. 3]). EdU cell proliferation experiments revealed that
NE promoted the proliferation of BC cells (Fig. 3K). This evidence
suggests that abnormally elevated NE levels in BC tissues may
promote tumor cell growth in depressed states and have a con-
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centration effect.

3.4. Chronic stress promoted tumor growth in mice, which was ac-
companied by the inhibition of PPARy expression and increased NE
infiltration

The experimental process for generating chronic stress-in-
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duced BC model mice in vivo is shown in Fig. 4A. After 28 days of
CUMS, the mice presented obvious depression, indicating that we
successfully established a depression mouse model (Figs. 4B, 4C,
and 4D). Compared with that in the NC group, tumor growth was
significantly accelerated in the CUMS group (Figs. 4E, 4F, and 4G).
The level of NE in the tumor tissue of the CUMS group was signi-
ficantly greater than that in the NC group (Fig. 4H). The tumor tis-
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sues of these two groups were verified by IF and WB, and we de-
termined that the protein expression of PPARy in the BC tissues
of the CUMS group mice was significantly decreased (Figs. 41, 4]).

3.5. PPARy regulated tumor growth and was targeted by quercetin

We constructed a Py230 cell line overexpressing PPARy (Fig.
5A). The results of the MTT experiment revealed that overexpres-
sion of PPARy reversed the inhibitory effect of NE on the viability
of BC cells (Fig. 5B). The results of the colony formation and EdU
cell proliferation experiments revealed that the overexpression of
PPARYy inhibited the NE-mediated colony formation and prolifer-
ation of BC cells (Fig. 5C, 5D). In vivo experiments also revealed
that overexpression of PPARy in BC cells significantly inhibited
the tumor-promoting effect of CUMS (Figs. 5E, 5F, 5G, and 5H).
The results of molecular docking indicate that quercetin has good
binding potential with the active pocket of the PPARy protein
(Fig. 51). To validate the interactions between quercetin and
PPARYy in cells, we performed a CETSA. The results revealed that

quercetin treatment effectively protected PPARy protein from
temperature-dependent degeneration, suggesting that quercetin
can directly target PPARy (Fig. 5]). Next, through IF and WB, we
confirmed that NE can inhibit PPARy expression in BC cells and
that this inhibitory effect can be reversed by quercetin (Figs. 5K,
5L).

3.6. Quercetin regulated the PPARYy signaling pathway to interfere
with the BC-promoting effect of NE and chronic stress

The results of the MTT assay revealed that 100 pmol-L™
quercetin reversed the increased activity of the BC cells induced
by NE (Figs. 6A, 6B, and 6C). Clonal formation and EdU cell prolif-
eration experiments revealed that quercetin inhibited the accel-
eration of Py230 cell proliferation mediated by NE (Figs. 6D, 6G).
Wound healing and WB results revealed that quercetin inhibited
the Py230 cell migration enhancement and epithelial-mesen-
chymal transition (EMT) changes mediated by NE (Figs. 6E, 6H).
Flow cytometry and WB results revealed that quercetin reversed
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the NE-mediated spontaneous inhibition of Py230 cell apoptosis
(Figs. 6F, 6H).

The in vivo results revealed that quercetin can inhibit the pro-
gression of BC in a CUMS mouse model in a dose-dependent man-
ner. However, there was no significant effect on tumor progres-
sion in mouse BC models with normal mood (Figs. 61, 6], 6K, and
6L). Further verification revealed that quercetin could reverse
CUMS-mediated antiapoptotic effects and EMT changes in BC
(Figs. 6M, 6N).

3.7. Quercetin reshaped the tumor immune microenvironment in
chronically stressed mice

With the BC data in the TCGA database, we used the ESTIM-
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ATE algorithm to analyze the significance of PPARy expression in
BC. We found that the expression level of PPARy was positively
correlated with the tumor immune score (Fig. 7A). Therefore, we
used this algorithm to analyze transcriptomic data from the BC
tissues of our clinical patients. The results revealed that even
when one sample from the nondepression group had an abnor-
mal score, the immune score of the depression group still de-
creased by 14.03% (Fig. 7B). We further used the single sample
GSEA (ssGSEA) algorithm to analyze the relationship between the
expression of PPARyY and the type of cells that are immunologic-
ally infiltrated into the BC microenvironment. We found that
among the major antitumor immune cell subtypes, CD8" T cells
were the immune cells with the strongest correlation with PPARy
expression (Fig. 7C). To verify these results, we used flow cyto-
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metry to analyze CD8" T-cell infiltration in BC tissues from differ-
ent groups of immunologically normal mice. The results revealed
that the proportion of CD8" T cells in the BC tissues of the CUMS
group was significantly decreased, and the proportion of cytotox-
ic CD8" T cells (IFN-y positive) was also significantly decreased.
After quercetin treatment, these antitumor immunosuppressive
effects were partially reversed (Fig. 7D).

We used T-cell-deficient nude mice to verify whether CD8" T
cells participate in the tumor-promoting effects of depression and
the anticancer effects of quercetin in depressed states (Fig. 7E).
Compared with that in the normal immune model mice, the tu-
mor-promoting effect of depression was significantly reduced in
the T-cell-deficient nude mice (97.1% vs 25.0%). Quercetin also
inhibited depression-mediated tumor-promoting effects in the
nude mice, but the effect was significantly weaker than that in the
normal immune model mice (43.6% vs 15.7%) (Figs. 7F and 71).

4. Discussion

The unclear mechanism by which depression promotes the
progression of BC has led to the insufficiency of current BC treat-
ments, thus strengthening the global scientific pursuit of the key
molecular mechanisms by which depression promotes cancer. As
an effective technology for discovering key molecular targets,
high-throughput sequencing has been widely used in bioscience
research. However, owing to the inconvenience of collecting clin-
ical samples, no transcriptomic or metabolomic data on cancer
tissues from depressed BC patients have been published.

In this study, on the basis of transcriptomic data from clinic-
al samples of BC patients, we demonstrate for the first time that
PPARY expression is suppressed in the BC tissues of depressed
patients. Previous studies reported that low expression of PPARy
is associated with poor prognosis in patients with tumors *. In
addition, low expression of PPARy may promote tumor prolifera-
tion and migration *". During the malignant progression of a tu-
mor, tumor cells secrete cytokines, exosomes and other signaling
molecules * that interfere with the migration of immune cells in-
to the tumor or inhibit the ability of immune cells to kill the tu-
mor ****, forming an inhibitory tumor immune microenviron-
ment and ultimately promoting the process of cancer. Previous
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studies have confirmed that PPARy can degrade PD-L1 by activat-
ing autophagy, thereby inhibiting the expression of PD-L1 on tu-
mor cells *°, and that PD-L1 can bind to PD-1 on CD8" T cells, in-
hibit the activation of CD8" T cells ***, and even lead to pro-
grammed death of CD8" T cells , resulting in tumor immune eva-
sion, which is also a key target of tumor immunotherapy. Our res-
ults show that PPARy promotes the spontaneous apoptosis of tu-
mor cells and inhibits their proliferation and migration. In addi-
tion, our results revealed that the tumor-promoting effect of
chronic stress was more significant in immunonormal mice than
in T-cell-deficient mice, which may be related to the reduction in
infiltration and inactivation of CD8" T cells, suggesting that de-
pression promotes immune desertification in the tumor microen-
vironment. However, whether this finding is related to the effect
mediated by the inhibition of PPARy expression in tumor cells
needs to be further verified.

Similarly, through the use of metabolomics based on clinical
BC samples, we identified significantly elevated concentrations of
NE in tumor tissues from depressed patients. NE is a stress hor-
mone released by the body in response to external stimuli and
chronic stress *’. Pharmacological studies have shown that du-
loxetine, an NE reuptake inhibitor, can increase the protein ex-
pression of PPARYy in the prefrontal cortex and hippocampus of
depressed animal models and reverse the depression-induced
transcriptional inhibition of PPARy *. Other studies have con-
firmed that NE can also inhibit the expression of PPARy, promote
cell proliferation and inhibit cell differentiation ***'. Unfortu-
nately, the effect of this NE mediated by PPARy on tumor cells
has not been reported. Therefore, we further verified this result
(Figs. S1A, S1B). However, in vitro results revealed that NE had
no significant effect on the viability or migration of CD8" T cells *’.
In ovarian cancer, the NE receptor antagonist propranolol was
shown to increase the activity of CD8" T cells in a coculture sys-
tem by inhibiting the release of extracellular vesicles by tumor
cells. Animal experiments have shown that reducing chronic be-
havioral stress increases tumor metastasis *. These findings fur-
ther suggest that NE does not directly act on CD8" T cells but may
indirectly affect CD8" T cells through the intermediary effect of
tumor cells, ultimately leading to changes in the immune mi-
croenvironment (Fig. S1C).
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Natural products, which are esteemed for their rich legacy in
offering essential molecular frameworks for drug discovery, have
attracted increased interest for their potential in cancer treat-
ment **, To date, several widely applied anticancer drugs in the
clinic are derived from natural products, including irinotecan,
vincristine, etoposide, and paclitaxel. Quercetin is derived from a
variety of common plant foods and Chinese herbs, of which black
tea has been shown to treat depression-related dementia * and
onion has been shown to treat depression-related hypomnesia **
and irritable bowel syndrome *, and traditional Chinese medi-
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cine formulas rich in quercetin can help alleviate depression-re-
lated muscle damage “**. Although there has been no in-depth
analysis of the active ingredients involved in these studies, we
can infer from the common characteristics of these food or natur-
al products that quercetin may play an important role. Given the
vast range of pharmacological activities of quercetin, our re-
search is valuable for elucidating the anticancer potential of quer-
cetin, promoting the development of quercetin-based therapeut-
ic strategies. We demonstrated for the first time that quercetin
can target PPARy and regulate the abnormal proliferation of can-
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cer cells with low PPARy expression and demonstrated that quer-
cetin has no significant effect on cancer cells with normal PPARy
expression. In addition, we found that quercetin had no signific-
ant effect on CD8" T infiltration in the tumor microenvironment
in nondepressed states, suggesting that the regulation of quercet-
in is highly targeted, which may be an important factor in the low
toxicity of quercetin.

Importantly, in this study, we identified the key metabolite
NE and the key gene PPARYy for the cancer-promoting effect of de-
pression, which has never been reported in previous studies, and
our work can provide a reference for further research on depres-
sion-related tumors. In addition, we found that quercetin from a
variety of food and herbal sources can target PPARy, which
provides a very good example for treating depression-related ma-
lignancies and other diseases in daily life, and we can attempt
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C group; **P < 0.001 vs the 100 pmol-L™" NE/CUMS group; n =10 or n = 6.

more lifestyle changes, such as diet modifications, to alleviate the
disease rather than choosing more drugs with side effects. Fi-
nally, maintaining positive emotions is the simplest and most
practical way to curb BC progression in daily life.

5. Conclusions

In summary, on the basis of clinical patient-sourced data, we
identify for the first time that PPARY is a key factor in the promo-
tion of BC progression by depression, and in addition, we provide
evidence that depression may inhibit PPARy expression through
NE. Moreover, PPARy may participate in the tumor-promoting ef-
fect of depression by influencing the infiltration of CD8" T cells in
the tumor immune microenvironment. Finally, we confirmed that
quercetin can target PPARy and interfere with the tumor-promot-
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Fig. 7 Effect of quercetin on the immune microenvironment of BC tumors. (A) Effect of the PPARy expression level on the immune infiltration score. (B) Effect of depres-
sion on the immune infiltration score. (C) Relationships between the expression level of PPARy and the infiltration subtypes of immune cells in the tumor microenviron-
ment. (D) Immunoinfiltration of tumor tissue was analyzed by flow cytometry. (E), (F), (G), and (H) Antitumor effects of quercetin on nude mice with T-cell deficiency.
(1) Comparison of the effects of depression on tumor promotion and quercetin intervention in mice with different immune states. The data are presented as the means + SDs;
“P <0.001 vs the NC group; nondepression group, n = 7; depression group, n = 6.
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