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Abstract

Postoperative depression significantly affects the quality of life of breast cancer patients. This study explores

the potential therapeutic effects of esketamine on postoperative depression through modulation of the TREK-1 two-
pore domain potassium channel. We analyzed data from 54 female breast cancer patients who underwent surgery
at our hospital between 2019 and 2023, dividing them into experimental and control groups based on esketamine
treatment. Transcriptomic sequencing of hippocampal neurons from rats identified potassium ion-related pathways
and key regulatory genes, including TREK-1, influenced by esketamine. In vitro studies showed that esketamine
primarily alleviates depressive symptoms by inhibiting TREK-1 protein expression, enhancing GABA neurotransmitter
release, and improving neuronal activity, while overexpression of TREK-1 reversed these effects. Esketamine’s inhibi-
tion of TREK-1 channels and promotion of hippocampal neuron activity effectively alleviate postoperative depression
in breast cancer patients, suggesting a novel therapeutic strategy.
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Introduction

Breast cancer, as one of the most common types of can-
cer in women globally, has led to significant post-treat-
ment consequences, particularly depression, becoming
a crucial factor affecting patients’ quality of life [1, 2].
Studies have shown that female breast cancer patients
often experience varying degrees of mental health issues
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post-surgery, with depression symptoms being particu-
larly prevalent [3-5]. This emotional disturbance not
only impacts the patients’ psychological well-being but
also affects their biological recovery and quality of life
[6-8]. Currently, the treatment of postoperative depres-
sion in breast cancer presents numerous challenges, as
traditional antidepressant medications often require a
lengthy period to take effect and come with various side
effects [9-11]. Therefore, developing more effective treat-
ment strategies is an urgent clinical need. In this context,
this study aims to explore new pharmacological treat-
ment approaches to enhance treatment efficiency and
alleviate patient suffering.

Depression is a complex mood disorder involv-
ing multiple biological pathways and neurochemical
changes [12—14]. The hippocampus, a region in the brain
closely associated with emotion regulation and memory
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formation, plays a central role in the development of
depression [15, 16]. Studies indicate that depressed
patients often exhibit reduced hippocampal volume and
weakened neuroplasticity, which is related to neuronal
dysfunction caused by chronic stress [17]. Furthermore,
the imbalance of neurotransmitters such as serotonin,
norepinephrine, and dopamine is considered a key factor
in the onset of depression [18, 19]. However, the effec-
tiveness of traditional antidepressant therapy is often
limited due to the unique physiological and psychological
conditions following breast cancer surgery [20, 21].

In recent years, esketamine, as an NMDA receptor
antagonist, has demonstrated significant potential in
rapid antidepressant therapy [22]. Unlike traditional anti-
depressant medications, esketamine can swiftly enhance
patients’ mood states. Its unique mechanism of action
includes rapidly enhancing neuroplasticity, improving
interneuronal signaling, and directly influencing the neu-
rotransmitter system [23-25]. This rapid antidepressant
effect provides a new treatment option for clinical sce-
narios requiring immediate intervention, such as postop-
erative depression in breast cancer [26, 27]. Although the
specific antidepressant mechanisms of esketamine are
not fully understood, its demonstrated efficacy and good
tolerability in clinical trials have made it a hot research
topic [28, 29].

TREK-1 is a background potassium ion channel widely
distributed in the human brain, particularly in regions
involved in regulating emotion and pain perception [30,
31]. By modulating potassium ion flow, TREK-1 influ-
ences the excitability of nerve cells, thereby impacting
neural transmission. Changes in TREK-1 expression
are closely associated with emotional regulation imbal-
ance in depressive states [32, 33]. Studies have demon-
strated that the inhibition of TREK-1 significantly affects
depressive symptoms, suggesting its potential as a target
for antidepressant therapy [34, 35]. In light of this, our
research delves into the regulatory effects of esketamine
on the TREK-1 channel and how this modulation affects
the amelioration of symptoms related to postoperative
depression in breast cancer.

This study aims to explore the molecular mechanisms
by which esketamine regulates TREK-1 two-pore domain
potassium channels in postoperative depression in breast
cancer. Through clinical and biological experiments on
patients with postoperative depression in breast can-
cer and animal models, we seek to validate the effects of
esketamine on TREK-1 and its antidepressant proper-
ties. We hypothesize that esketamine, by inhibiting the
TREK-1 channel, can enhance neuronal activity, thus
effectively improving depressive symptoms. This finding
not only offers new strategies for the treatment of post-
operative depression in breast cancer but also potentially
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sheds light on broader treatments for depression. Fur-
thermore, this study aims to deepen our understand-
ing of the complex pathophysiological mechanisms of
depression, thereby fostering innovation and develop-
ment in relevant therapeutic approaches.

Materials and methods

Patient data collection

This randomized, double-blind, controlled trial enrolled
a total of 54 breast cancer patients who underwent modi-
fied radical mastectomy between March 2019 and March
2023. Patient demographics, including age, weight,
height, and pathological type, were collected (Table S1).
The pathological types of all patients were uniformly con-
firmed by the hospital’s pathology department to ensure
data accuracy. Detailed treatment histories for each
patient, such as the type of surgery, chemotherapy, and
radiation therapy, were meticulously recorded to ensure
data integrity. The treatment histories of all patients were
provided by the attending physicians and cross-checked
by members of the research team. Patients were consec-
utively recruited during the study period and randomly
assigned to different groups based on whether they
received esketamine treatment. Esketamine injections
(purchased from Jiangsu Hengrui Pharmaceutical Co.,
Ltd., Product Code: KH080601) were subcutaneously
administered twice a week at 0.5 mg/kg to the abdomi-
nal wall for four weeks with a minimum interval of 3 days
between treatments, while the control group consisted
of patients not receiving drug therapy [36]. Additionally,
these patients were diagnosed using imaging and his-
tological methods. Prior to surgery, all patients under-
went evaluation using the Hamilton Depression Scale
(HAMD-17), with scores categorized as 0-7 indicating
no depression, 8—16 mild depression, 17-23 moder-
ate depression, and >24 severe depression. Only those
patients with HAMD-17 scores between 8 and 23, indica-
tive of mild to moderate depression, were included in the
study [37]. The age range of all patients was between 18
and 65 years, with an American Society of Anesthesiolo-
gists (ASA) physical status classification of I-II. Patients
with a preoperative HAMD-17 score of 24 or 7, those
with other psychiatric illnesses (such as schizophrenia
and bipolar disorder), a history of psychiatric disorders
before the study, prior use of psychiatric medication, or
other severe systemic conditions (including severe car-
diac, renal, or hepatic diseases) were excluded from the
study.

Due to studies suggesting that immediate breast recon-
struction may increase surgical complications and fail-
ure rates, it was not recommended for these patients
to undergo immediate breast reconstruction [38]. All
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patients provided informed consent. This study was
approved by the hospital’s ethics committee.

Construction of animal models

Forty female Wistar rats (strain 619, Charles River, Ger-
many) were selected for the study. The animals were indi-
vidually housed, with ad libitum access to food and water,
and maintained under constant temperature (22+2 °C)
and humidity (50+5%) with a 12-h light/dark cycle. All
procedures followed the rules and principles of Direc-
tive 86/609/EEC and were approved by the local bioeth-
ics committee. Every effort was made to minimize animal
suffering and reduce the number of animals used.

The control group of rats remained undisturbed in
their cages and housed separately throughout the entire
process. The experimental group of rats, however, were
individually housed and subjected to the following stress-
ors: (a) 12 h of water deprivation; (b) 12 h of food depri-
vation; (c) 12 h of constant illumination; (d) 3 h of cage
switching; (e) 12 h of soiled bedding (200 ml water with
100 g sawdust bedding); (f) 30 min of predator sounds
(cat); (g) 24 h of reversed light—dark cycle; (h) 15 h of
paired housing; (i) swimming in cold water (4 °C, 5 min);
(j) swimming in hot water (40 °C, 5 min); (k) tail pinch-
ing for 2 min (2 cm from the base of the tail); (1) 2 h of
restraint stress; (m) electrical stimulation (3 min). Three
different stressors were applied to the rats each day for
4 weeks in a chronic and unpredictable manner [39].

Using the known TREK-1 sequence in NCBI, Shang-
hai Hanheng Biotechnology Co., Ltd. (Shanghai, China)
was commissioned to construct oe-NC and oe-TREK-1
lentiviral vectors in the lentiviral vector pHBLV-CMV-
MCS-EF1-Puromycin. After one week of acclimation to
the housing environment, each rat received a tail vein
injection of lentivirus at a dose of 5x 10° TU (Transduc-
tion Units), and subsequent procedures were conducted
48 h later [40].

The esketamine injection was purchased from Jiangsu
Hengrui Pharmaceutical Co., Ltd., China (Product Code:
KH080601). After 4 weeks of Chronic Unpredictable
Mild Stress (CUMS) stimulation, rats were intraperito-
neally injected daily with either the vehicle (saline solu-
tion) or esketamine (10 mg/kg). The drug treatment
lasted for a total of 3 weeks, followed by an additional
week of CUMS during the drug withdrawal period [41].

Based on the above protocol, the rats were divided into
the following groups: (1) sham group (normal rats with-
out undergoing CUMS procedure) (n=38); (2) CUMS
group (depressive rat model subjected to CUMS pro-
cedure) (n=8); (3) CUMS +esketamine group (depres-
sive rat model subjected to CUMS procedure receiving
esketamine treatment) (z=8). The (4) CUMS + esketa-
mine+oe NC and (5) CUMS + esketamine+oe TREK-1
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groups underwent the CUMS + esketamine treatment
after the construction of the rat models by injecting oe
NC and oe TREK-1 lentivirus, respectively.

High throughput sequencing and analysis of cellular
response to esketamine treatment

Three hippocampal neuron samples from a control group
(CUMS) of rats and three hippocampal neuron samples
from a group treated with esketamine (CUMS + esketa-
mine) were randomly selected. Total RNA was extracted
from the six cell samples using an RNA isolation reagent
(12183555, Invitrogen, USA) and quantified by meas-
uring the OD values of total RNA with a UV-Visible
spectrophotometer (BioSpectrometer Basic, Eppendorf,
USA). The integrity of the total RNA was assessed using
agarose gel electrophoresis. High-quality total RNA was
reverse transcribed into cDNA, and RNA libraries were
constructed. Sequencing was performed using [llumina’s
NextSeq 500 platform, with raw image data converted
to raw reads through base calling. To ensure the qual-
ity of the raw reads, cutadapt was utilized to remove
sequencing adapter sequences and filter out low-quality
sequences, leaving behind the "clean reads." These clean
reads were then aligned to the rat reference genome
using Hisat2 software, and gene expression was quanti-
fied using the R software package, resulting in a gene
expression matrix [42].

Screening of differentially expressed genes

The "limma" package in R language was utilized to fil-
ter DEGs from high throughput sequencing data, where
genes with |log2FC|>1 & p-value<0.05 were considered
as the screening criteria. A volcano plot was generated
using the ggplot2 R package, and a heat map was con-
structed using the pheatmap R package. The DEGs in
the samples were subjected to Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis through the Xiantao Aca-
demic database (https://www.xiantaozi.com/) [43-45].

Machine learning for identifying key gene sets

Three machine learning methods—Least Absolute
Shrinkage and Selection Operator (LASSO), Support
Vector Machine (SVM), and Random Forest (RF)—were
utilized to identify essential gene sets associated with the
treatment of depression using esketamine. The LASSO
regression analysis was conducted using the glmnet
package (version 4.0-2) in R language. SVM analysis was
performed with the e1071 package (version 1.7-3), while
RF analysis utilized the randomForest package (version
4.6-14). The dataset was divided into training and testing
sets in a 70:30 ratio [46, 47].
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Extraction and cultivation of hippocampal neurons

Brain membranes were extracted from Wistar rats (619,
Charles River, Germany), and the hippocampi were
treated with trypsin (0.027%, T2600000, Sigma) in a
culture chamber at 35 °C, under 95% O, and 5% CO,,
for 40 min. The trypsin solution was then removed,
and the hippocampi were washed multiple times with
N2-hydroxyethylpiperazine-N’-2-ethanesulfonic  acid
(HEPES) buffer solution (60117ES60, Yisheng Biotech
(Shanghai) Co., Ltd.), devoid of Ca®>* and Mg>*. Subse-
quently, the hippocampi were placed in a warm growth
medium (DMEM) supplemented with 25 mM HEPES,
10% fetal bovine serum (12483020, Gibco), 10% Hams
F-12 (11765047, Gibco), and 50 pl/ml penicillin—strep-
tomycin (15140148, Gibco). The culture medium was
changed thrice weekly. After 7-10 days in vitro cultiva-
tion, non-neuronal cell growth was inhibited for 48 h
using cytosine arabinoside (5 pM, C1768, MCE). The
neurons were utilized for subsequent experiments after
3—4 weeks of in vitro culture, and their purity was con-
firmed by immunofluorescence staining for the neuronal
cell marker MAP2 and the glial cell marker GFAP [48].

To simulate depression in vitro, hippocampal neuron
cells were pre-treated with 300 uM NMDA (N-methyl-
D-aspartic acid, HY-17551, MCE) for 24 h, followed by
the introduction of 100 pg/ml esketamine [49] to the
treated cells. Based on the known TREK-1 sequence
in NCBI, Shanghai Hanheng Biotechnology Co., Ltd.
(Shanghai, China) was commissioned to construct oe-NC
and oe-TREK-1 into the lentivirus vector pHBLV-CMV-
MCS-EF1-Puromycin. After 24 h of incubation in a cul-
ture chamber, these treated hippocampal neuron cells
were infected with the lentivirus. Following viral infec-
tion for 72 h, the culture medium was replaced with
a medium containing 4 pg/mL puromycin (Invitro-
gen, A1113803), and the cells were cultured for at least
14 days. Puromycin-resistant cells were expanded for
9 days in a medium containing 2 pg/mL puromycin (Inv-
itrogen, A1113803), then transferred to a puromycin-free
medium to establish stable overexpression of TREK-1
in hippocampal neuron cells. The efficiency of TREK-1
overexpression was verified through Western blot analy-
sis [50].

Esketamine, purchased from Jiangsu Hengrui Pharma-
ceutical Co., Ltd., China (catalog number KHO080601),
was dissolved in DMSO. The cells were treated with
100 pg/ml esketamine for 24 h [51].

Based on the aforementioned treatment, the cells
were categorized into the following groups: (1) con-
trol group (hippocampal neuron cells isolated from
rats); (2) CUMS group (neuronal cells treated with
NMDA); (3) CUMS+esketamine group (neuronal
cells in the CUMS group treated with esketamine); (4)
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CUMS + esketamine + oe-TREK-1 group (neuronal cells
in the CUMS group infected with oe-TREK-1 lentivi-
rus then treated with esketamine); (5) CUMS + esketa-
mine+o0e-NC group (neuronal cells in the CUMS
group infected with oe-NC lentivirus then treated with
esketamine).

Whole-cell patch-clamp techniques

Whole-cell patch-clamp techniques were performed
using borosilicate glass capillary electrodes (BS4 30-0054,
Harvard Apparatus, Holliston, MA, USA) with an outer
diameter of 1.5 mm and an inner diameter of 0.80 mm.
The resistance of the pipette when filled with an inter-
nal solution was maintained between 8 and 12 MQ.
The pipette holder was mounted on a CV203BU head
stage (Molecular Devices, Sunnyvale, CA, USA), which
was connected to a three-axis coarse manipulator and
a micromanipulator (Narishige, Tokyo, Japan). Signal
amplification and recording were conducted using an
Axopatch 200B amplifier and pClamp 10.7 software
(Molecular Devices, Sunnyvale, CA, USA). Data were fil-
tered at 5 kHz and digitized at 10 kHz using a Digidata
1440A analog-to-digital converter (Molecular Devices,
Sunnyvale, CA, USA). Voltage ramp protocol ranged from
a holding potential of +10 to —90 mV, then ramped for
0.1 s to +110 mV before returning to +10 mV (repeated
every 10 s). Liquid junction potential (+10 mV) between
the pipette and bath solution was corrected during data
analysis. The pipette was filled with an internal solution
containing 30 mM CsCl (289329, Sigma-Aldrich), 2 mM
MgCl, (M1028, Sigma-Aldrich), 110 mM L-aspartic acid
(1.00129, Sigma-Aldrich), 1 mM EGTA (E0396, Sigma-
Aldrich), 10 mM HEPES (60117ES60, Yisheng Biotech
(Shanghai) Co., Ltd.), 4 mM ATP (11140965001, Sigma-
Aldrich), 0.1 mM GTP (10106399001, Sigma-Aldrich).
The use of L-aspartic acid in the internal pipette solution
precluded chloride ion currents from contributing to the
evaluation of TRPM3. Cells displaying unstable currents
were excluded from the analysis [52].

Detection of protein expression by western blot

Cells and tissues from different groups were collected
and lysed on ice for 30 min in RIPA lysis buffer (P0013B,
Biyuntian, Shanghai, China) containing 1% PMSE, fol-
lowed by centrifugation at 14,000xg and 4 °C for 20 min
to collect the supernatant. Protein concentrations in
the extracts were determined using the BCA method
(PO012S, Biyuntian, Shanghai, China). Samples were
denatured by adding an appropriate amount of 5x load-
ing buffer and boiling at 100 °C for 10 min, with a protein
loading amount of 50 pg. Electrophoresis was performed
using prepared separating and concentrating gels,
and after electrophoresis, bands containing the target



Xu et al. Cancer Cell International (2025) 25:51

proteins were transferred onto a PVDF membrane. The
PVDF membrane was then blocked in 5% non-fat milk
powder at room temperature for 1 h, followed by over-
night incubation at 4 °C with the primary antibodies rab-
bit anti-TREK-1 (GTX16653, GeneTex, USA) and rabbit
anti-GAPDH (ab8245, Abcam), with GAPDH serving as
an internal control. After washing with phosphate-buff-
ered saline with Tween (PBST) at room temperature, an
HRP-conjugated goat anti-rabbit IgG secondary anti-
body (ab205718, Abcam, UK) was used. Signal detection
was performed using the ECL detection system (32209,
Thermo Fisher Scientific, USA), followed by exposure
in an imaging system (Amersham Imager 600, USA) for
visualization [53, 54]. Finally, grayscale analysis was con-
ducted using Image J. The experiment was conducted in
triplicate.

Cell proliferation experiment using CCK-8 assay

Cell proliferation was assessed using the Cell Counting
Kit-8 (CCK-8) (Beyotime, C0037, Shanghai, China). Cells
were seeded in a 96-well plate. At 0, 12, 24, 36, 48, 60, and
72 h, 10 pL of CCK-8 solution was added to each well.
Subsequently, the cells were incubated for an additional
1-2 h. The absorbance of cells at 450 nm wavelength was
measured [55]. Each group had 6 replicate wells, and the
experiment was repeated 3 times.

Immunofluorescent staining

Isolated hippocampal neurons were fixed on glass slides
using 4% formaldehyde (F1635, Sigma-Aldrich). Immu-
nofluorescent staining was performed for the neuronal
cell marker MAP2 and the glial cell marker GFAP. Spe-
cific antibodies targeting MAP2 (neuronal cell marker)
(ab183830, Abcam, UK) and GFAP (glial cell marker)
(ab7260, Abcam, UK) were utilized. Cells incubated with
the MAP2 antibody were stained using secondary anti-
bodies labeled with Alexa Fluor® 647 (ab314474, Abcam,
UK), while those incubated with the GFAP antibody were
stained using secondary antibodies labeled with Alexa
Fluor® 488 (ab222914, Abcam, UK). Nuclear staining was
achieved with DAPI (C1005, Beyotime). The specimens
were imaged at 400 times magnification using an inverted
Olympus FV1000 laser scanning confocal microscope
(Olympus). Fluorescence intensity measurements were
conducted using Image]J software to analyze the percent-
age of positively stained cells in randomly selected areas
[56].

Flow cytometry analysis of cell apoptosis

Apoptosis analysis of hippocampal neurons was per-
formed using the Annexin V-FITC/PI apoptosis detec-
tion kit (CA1020, Cell Signaling Technology) following
the manufacturer’s instructions. The treated cells were
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collected and resuspended in a binding buffer, then incu-
bated with Annexin V-FITC and PI dyes for 15 min in
the dark at room temperature. Flow cytometry analysis
was carried out using a flow cytometer (BD Biosciences,
USA), and the apoptosis percentage was calculated using
analysis software [57].

ELISA detection of neurotransmitter levels

An appropriate amount of cell culture supernatant was
used to determine the neurotransmitter levels in cells
following the manufacturer’s instructions using the rat
ELISA kit for GABA provided by Abcam (ab287793,
Abcam). The ELISA assay was performed according to
the kit instructions, and the OD values were read using a
microplate reader (BioTek, USA) to calculate the concen-
tration of GABA protein in the samples [58, 59].

Behavioral testing

Sucrose Preference Test (SPT): The SPT was conducted
before and after CUMS induction. All rats were individu-
ally housed and deprived of water and food for 8 h prior
to the test. During the experiment, rats were given free
access to two bottles containing either a 1% sucrose solu-
tion or tap water for 15 h. To avoid potential side pref-
erence effects, the positions of the bottles were switched
midway through the test.

Open Field Test (OFT): On day 56, an OFT was con-
ducted using a computer-assisted control system devel-
oped by Wang et al. (2010) to measure the animals’
locomotor activity. The apparatus consisted of four metal
boxes (30 cm in diameter, 40 cm in height, accommo-
dating four rats simultaneously), each equipped with a
camera fixed on top to allow observation. The rats were
placed in the center of each metal box for 3 min of free
exploration, followed by a 10-min test of locomotor
activity.

Forced Swim Test (FST): The FST was conducted on
the day following the OFT. Rats were individually placed
in a plastic cylinder filled with water (25 °C) to a depth of
15 c¢cm and forced to swim for 6 min. The software (force-
swim video analysis system 2.0) was used to record and
calculate the immobility during the final 4 min of the test
[39].

Nissl staining

Brain cortical tissues surrounding the injury were fixed
in formaldehyde, dehydrated, embedded in paraffin, and
sectioned into 4 pm slices in groups of five. Following
rehydration in gradient concentrations of alcohol, Nissl
staining was performed using a commercial kit (GS0275,
Beijing Baiolibo Technology Co., Ltd., Beijing, China).
Images were captured using a Nikon microscope Ts2R
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(Tokyo, Japan), and structural abnormalities of neurons
were quantified using Image J software [51].

TUNEL staining

TUNEL staining for apoptotic cells was conducted using
a one-step TUNEL assay kit (C1086, Beyotime, Shanghai,
China). Initially, the sections were treated with 0.1% Tri-
ton X-100 (ST795, Beyotime, Shanghai, China) at 4 °C for
3 min, incubated with proteinase K for 15 min, and then
incubated with 50 puL of TUNEL reaction mixture. After
1 h of incubation at 37 °C in the dark, the plates were
sealed with an anti-fade mounting solution, and fluores-
cence intensity was observed under a fluorescence micro-
scope (DMI4000 B, Leica Microsystems, Germany). Five
high-power fields were randomly selected to determine
the number of TUNEL-positive cells [60].

Statistical analysis

The data were derived from at least three independ-
ent experiments, and the results are presented as
mean * standard deviation (Mean + SD); for comparisons
between two groups, two independent sample t-tests
were employed; for comparisons involving three or
more groups, a one-way analysis of variance (ANOVA)
was conducted. If ANOVA indicated significant differ-
ences, Tukey’s honestly significant difference (HSD) post
hoc test was performed to compare differences between
groups. In cases of non-normal distribution or unequal
variances, the Mann—Whitney U test or Kruskal-Wal-
lis H test was utilized. All statistical analyses were con-
ducted using GraphPad Prism 9 (GraphPad Software,
Inc.) and the R language. The significance level for all
tests was set at 0.05, with a two-tailed p-value less than
0.05 considered statistically significant.

Results

Esketamine effectively alleviates depression symptoms

in breast cancer patients

This study included a total of 54 female patients who
underwent breast cancer surgery at our institution
between 2019 and 2023. The patients’ ages ranged
from 30 to 70 years, with a mean age of 48.5 years. The
pathology department of our institution confirmed the
pathological types of all patients, with invasive ductal
carcinoma being the most prevalent at 70% (Fig. 1A).

The Hamilton Depression Scale (HAMD-17) scores at
6 months post-surgery show that patients treated with
esketamine had significantly lower scores across all lev-
els of depression severity compared to the control group,
indicating a marked improvement in depressive symp-
toms (Fig. 1B). At six months post-surgery, approximately
30% of patients exhibited mild to moderate depressive
symptoms based on the Hamilton Depression Scale,
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with 5% of patients showing severe depressive symptoms
(Fig. 1C). Patients were divided into an experimental
group receiving esketamine (N=27) and a control group
(N=27). The results of the Hamilton Depression Scale
scores indicated that compared to the control group,
patients in the esketamine group demonstrated signifi-
cant symptom improvement, with a notable increase in
the proportion of in the normal group and a significant
decrease in the proportions of patients with mild to mod-
erate and severe depression symptoms (Fig. 1D).

Esketamine improves depressive symptoms in a rat model
To further investigate the molecular mechanisms
through which esketamine exerts its function, we con-
structed a rat model of depression using a 28-day CUMS
protocol and assessed the success of the model through
behavioral observations [39]. Results from the SPT
indicated that compared to the Sham group, rats in the
CUMS group showed a significant reduction in sucrose
intake. Following treatment with esketamine (10 mg/
kg), the CUMS rats in the CUMS +esketamine group
exhibited a significant increase in sucrose consumption
compared to the CUMS group (Fig. 2A). The FST results
revealed that in comparison to the Sham group, rats in
the CUMS group displayed a notable increase in immo-
bility time. However, after treatment with esketamine
(10 mg/kg), the CUMS rats in the CUMS + esketamine
group showed a significant decrease in immobility time
compared to the CUMS group (Fig. 2B). Additionally,
results from the OFT demonstrated that compared to
the Sham group, rats in the CUMS group exhibited a sig-
nificant decrease in the number of crossings in the open
field. Treatment with esketamine (10 mg/kg) resulted in
a significant increase in the number of crossings in the
CUMS + esketamine group compared to the CUMS
group (Fig. 2C). Esketamine treatment in the CUMS rat
model significantly alleviated depressive symptoms, with
values in behavioral tests (SPT, FST, OFT) comparable to
the normal control group, demonstrating the potential of
esketamine to restore normal behavioral levels.

These findings suggest that the CUMS protocol suc-
cessfully established a rat model of depression, and esket-
amine effectively alleviated depressive symptoms in the
rat model.

Transcriptome sequencing reveals key gene TREK-1
impacted by esketamine in improving postoperative
depression

Esketamine, after administration, undergoes rapid
metabolism in the body, converting into active metabo-
lites such as norketamine. These metabolites, particularly
norketamine, are known to continue modulating neural
pathways linked to depression. The transformation of



Xu et al. Cancer Cell International (2025) 25:51

A

12.96% Others

Total=54

= 61.11% Normal

Total=54

70.37% Invasive ductal carcinoma
5.56% Medullary carcinoma
7.41% Tubular carcinoma

3.70% Mucinos carcinona
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B +  Comparison

= esketamine

Score

+ Comparison

= esketamine

Bl 25.93% Mild to moderate depression *x
Bl 12.96% Severe depression

Percentage (%)

Fig. 1 Analysis of pathological types distribution, postoperative depression symptoms, and brain MRI Results in breast cancer patients. A
Proportion of different pathological types of breast cancer in the study population (n=>54); B The postoperative 6-month Hamilton Depression
Rating Scale scores of patients treated with escitalopram (n=54) or in the control group (n=>54); C Statistical analysis of Hamilton Depression
Scale scores in patients at 6 months postoperatively (n=54); D Statistical analysis of Hamilton Depression Scale scores at 6 months postoperatively
in patients treated with esketamine (n=54) or control (n=54). *p<0.05, *p < 0.01

esketamine into these active compounds is crucial, as
they further inhibit the TREK-1 channel and enhance the
antidepressant effects.

Subsequently, we collected hippocampal neuron sam-
ples from three control group (CUMS) rats and three
esketamine treatment group (CUMS + esketamine) rats
for high throughput sequencing. Differential expression
analysis revealed significant gene differences between the
esketamine treatment group and the control group, iden-
tifying a total of approximately 9 DEGs, all of which were
downregulated genes (Fig. 3A). The expression patterns

of these 9 differential genes in the high throughput
sequencing results are shown in Fig. 3B.

Following this, the identified DEGs underwent GO and
KEGG functional enrichment analyses. The GO enrich-
ment analysis results demonstrated that the differential
genes were mainly enriched in biological processes such
as fear response, behavioral defense response, and behav-
ioral fear response; cellular components including neu-
ron projection terminus, axon terminus, and ion channel
complex; and molecular functions such as neurotrans-
mitter receptor activity, acetylcholine receptor binding,
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Fig. 2 Construction of depressive rat models and phenotypic evaluation after esketamine treatment. A CUMS depressive rat model, evaluation
of sucrose intake in CUMS depressive rat model after esketamine treatment (n =8); B CUMS depressive rat model, statistical analysis of immobility
time in CUMS depressive rat model after esketamine treatment (n=8); C CUMS depressive rat model, behavioral performance in OFT

after esketamine treatment (n=8). *p < 0.05; **p < 0.01

and gated channel activity (Figure S1A). KEGG enrich-
ment analysis results indicated that the differential genes
were predominantly enriched in pathways like Neuroac-
tive ligand-receptor interaction, Gap junction, and Gas-
tric acid secretion (Figure S1B). This finding suggests that
esketamine metabolites, particularly hydroxynorketa-
mine (HNK) types such as (2R,6R)-HNK, may improve
postoperative depression in breast cancer by modulating
ion channels, including TREK-1, and altering neuronal
system functionality.

In the end, we conducted a multivariate Cox analysis
using the LASSO regression on these 9 differential genes
(Fig. 3C, D), evaluated the gene importance using the
random forest algorithm (Fig. 3E, F), and extracted rel-
evant genes for improving postoperative depression by
esketamine metabolites through the SVM-RFE analysis
method (Fig. 3G). Ultimately, we successfully identified
a key gene, KCNK2 (Fig. 3H). KCNK2, also known as
TREK-1, has been reported in several studies to improve
depressive disorders by blocking the TREK-1 tandem-
pore potassium ion channel [34, 61, 62].

These results collectively demonstrate that through
high throughput sequencing analysis and machine learn-
ing algorithms, we have identified TREK-1 as a key gene
impacted by esketamine metabolites in improving post-
operative depression.

Esketamine promotes the viability of hippocampal

neurons by inhibiting TREK-1 two-pore domain potassium
channels

To explore the effect of esketamine on the viability of
rat hippocampal neurons under conditions of in vitro

depression (CUMS), rat hippocampal neuron cell lines
were initially isolated. Immunofluorescence was used to
detect the proportions of neurons positive for the spe-
cific marker MAP2 and glial cells positive for the spe-
cific marker GFAP, showing a purity of neuronal cells
exceeding 95%. The cells displayed good growth status,
well-formed cell morphology, and clearly visible synaptic
structures (Fig. 4A), indicating that the obtained neurons
were suitable for subsequent experiments.

In order to simulate a depressive state in vitro, hip-
pocampal neurons were pretreated with 300 uM NMDA
for 24 h, followed by the introduction of 100 pg/ml esket-
amine to the treated cells. Consequently, the cells were
divided into the control group, CUMS model group,
CUMS + esketamine group, CUMS + esketamine +oe
NC group, and CUMS + esketamine + oe TREK-1 group.
Western blot experiments detected the expression of
TREK-1 in the cell models. Compared to the control
group, the expression of TREK-1 in the CUMS group
significantly increased. In contrast, the TREK-1 expres-
sion in the CUMS + esketamine group was significantly
decreased compared to the CUMS group, while in the
CUMS + esketamine+o0e TREK-1 group, the TREK-1
expression was significantly elevated compared to the
CUMS + esketamine + oe NC group (Fig. 4B). These find-
ings suggest that esketamine can influence the expression
of TREK-1 in the rat hippocampal neuron model, with
successful overexpression of TREK-1 achieved in the
CUMS + esketamine + oe TREK-1 group.

Subsequently, the cell viability of primary hip-
pocampal neurons in each group was assessed using
the CCK-8 assay. The results indicated a significant
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Fig. 3 Transcriptome sequencing analysis reveals the key role of TREK-1 in improving postoperative depression with esketamine metabolites. A

Volcano plot of DEGs between 3 control (CUMS) and 3 esketamine treatmen

t (CUMS +esketamine) groups of hippocampal neuron samples in high

throughput sequencing data; B Heatmap revealing differential expression of 9 genes in the sequencing data; C, D LASSO coefficient selection

plot; E, F Results plot of random forest algorithm; G SVM-RFE analysis results

plot; H Venn diagram showing the intersection of genes related

to the improvement of postoperative depression by esketamine metabolites selected by three machine learning algorithms: LASSO regression,

random forest, and SVM-RFE

decrease in the viability of hippocampal neurons in the
CUMS group compared to the control group. However,
the CUMS+esketamine group exhibited a significant
increase in cell viability compared to the CUMS group.
Conversely, the CUMS + esketamine + oe TREK-1 group
showed a significant decrease in hippocampal neuron cell
viability compared to the CUMS + esketamine+oe NC
group (Fig. 4C). Flow cytometry analysis revealed that
the level of apoptosis in hippocampal neurons was signif-
icantly elevated in the CUMS group relative to the con-
trol group. In contrast, the CUMS + esketamine group

demonstrated a significant reduction in apoptosis levels
compared to the CUMS group. Furthermore, the level of
apoptosis in hippocampal neurons was notably increased
in the CUMS + esketamine + oe TREK-1 group compared
to the CUMS + esketamine 4+ oe NC group (Fig. 4D).
Using patch-clamp techniques, whole-cell potas-
sium current changes in hippocampal neurons were
examined. The results indicated a significant increase in
potassium current levels in the CUMS group compared
to the control group. In contrast, the CUMS + esketa-
mine group displayed a significant decrease in potassium
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current levels compared to the CUMS group. Similarly,
the CUMS+esketamine+oe TREK-1 group exhib-
ited a significant increase in potassium current levels
compared to the CUMS+ esketamine+oe NC group
(Fig. 4E). Subsequent ELISA analysis of neurotransmit-
ter levels in primary hippocampal neurons revealed
that GABA protein levels were significantly reduced in
the CUMS group compared to the control group. Con-
versely, the CUMS + esketamine group displayed a sig-
nificant increase in GABA protein levels compared to
the CUMS group. In contrast, the GABA protein levels
in hippocampal neurons were notably decreased in the
CUMS + esketamine + oe TREK-1 group compared to the
CUMS + esketamine 4+ oe NC group (Fig. 4F).

These outcomes suggest that esketamine may promote
neuronal survival and functional improvement by inhib-
iting TREK-1 two-pore domain potassium channels,
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exerting a positive impact on the symptoms of postop-
erative depression in breast cancer.

Esketamine improves depressive symptoms in CUMS rats
by inhibiting TREK-1 to enhance neuronal function

To corroborate the findings of in vitro experiments, we
treated CUMS rats with esketamine, oe-TREK-1, and oe-
NClentivirus, followed by a comprehensive evaluation
of the animals. Results of the SPT indicated that com-
pared to the Sham group, CUMS rats showed a signifi-
cant decrease in sucrose intake. However, treatment with
esketamine (10 mg/kg) led to a marked increase in sucrose
consumption in CUMS rats compared to the CUMS
group, while sucrose intake was significantly reduced in
the CUMS + esketamine+oe TREK-1 group compared
to the CUMS+esketamine+oe NC group (Fig. 5A).
The FST results revealed that CUMS rats exhibited a

o

Relative protein expression of TREK-1
%, % ‘ |
Y
0, o
, *
*
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B

TUNNEL positive cells (fold)
@

Fig. 5 Esketamine improves neuronal function and alleviates depressive symptoms in CUMS rats by inhibiting TREK-1. A Sucrose intake evaluation
in CUMS depressive rat models after esketamine treatment combined with oe-NC and oe-TREK-1 (n=8); B Statistical analysis of immobility time

in CUMS depressive rat models after esketamine treatment combined with oe-NC and oe-TREK-1 (n=8); C Statistical analysis of performance in OFT
in CUMS depressive rat models after esketamine treatment combined with oe-NC and oe-TREK-1 (n=8); D Western blot analysis of CUMS depressive
rat models after esketamine treatment combined with oe-NC and oe-TREK-1 (n=8); E Niss| staining to examine neuronal morphology, quantity,

and distribution in the hippocampal region of CUMS depressive rat models after esketamine treatment combined with oe-NC and oe-TREK-1

(n=8), with scale bars of 200 um (left) and 50 um (right); F TUNEL staining showing cell apoptosis in the hippocampal region of CUMS depressive rat
models after esketamine treatment combined with oe-NC and oe-TREK-1 (n=8), with a scale bar of 50 um. *p <0.05, **p < 0.01
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significant increase in immobility time compared to the
Sham group. Treatment with esketamine (10 mg/kg) sig-
nificantly decreased immobility time in CUMS rats com-
pared to the CUMS group. Notably, immobility time was
significantly increased in the CUMS+ esketamine+oe
TREK-1 group compared to the CUMS + esketamine +oe
NC group (Fig. 5B). Additionally, the OFT showed a
significant decrease in the number of crossings by the
CUMS group rats compared to the Sham group. Follow-
ing treatment with esketamine (10 mg/kg), the number of
crossings in the CUMS + esketamine group significantly
increased compared to the CUMS group. Conversely, the
CUMS + esketamine 4 oe TREK-1 group exhibited a sig-
nificant decrease in the number of crossings compared to
the CUMS + esketamine + oe NC group (Fig. 5C).

Subsequently, Western blot analysis was conducted
to assess the expression levels of TREK-1 protein in the
hippocampal region of rats under different treatment
conditions. The results revealed a significant increase in
TREK-1 protein expression in the hippocampal region
of CUMS rats compared to the Sham group. However,
in the CUMS + esketamine group, there was a significant
decrease in TREK-1 protein expression compared to the
CUMS group. Moreover, the CUMS + esketamine +oe
TREK-1 group exhibited a significant increase in TREK-1
protein expression in the hippocampal region compared
to the CUMS + esketamine + oe NC group (Fig. 5D).

Observations from Nissl staining demonstrated a sig-
nificant decrease in the number of Nissl bodies in the
hippocampal region of CUMS rats compared to the
Sham group. Conversely, in the CUMS + esketamine
group, there was a notable increase in the number of
Nissl bodies in the CA1 pyramidal neurons of hippocam-
pal region compared to the CUMS group. Furthermore,
the CUMS + esketamine + oe TREK-1 group displayed a
significant decrease in the number of Nissl bodies in the
hippocampal region compared to the CUMS + esketa-
mine + oe NC group (Fig. 5E).

Further investigation through TUNEL assay was car-
ried out to examine cell apoptosis in the hippocampal
region of rats. The results indicated a significant increase
in cell apoptosis in the hippocampal region of CUMS
rats compared to the Sham group. However, in the
CUMS + esketamine group, there was a notable decrease
in cell apoptosis in the hippocampal region compared
to the CUMS group. Conversely, the CUMS + esketa-
mine +oe TREK-1 group exhibited a significant increase
in cell apoptosis in the hippocampal region compared to
the CUMS + esketamine + oe NC group (Fig. 5F).

These findings suggest that esketamine can improve
neuronal cell function and ultimately alleviate depressive
symptoms in CUMS rats by inhibiting the activity of the
TREK-1 protein.
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Discussion

In this study, esketamine demonstrated significant anti-
depressant effects, consistent with its therapeutic effects
on non-postoperative depression patients from other
studies [63]. Unlike traditional selective serotonin reup-
take inhibitors (SSRIs), esketamine acts rapidly, which
is especially crucial for postoperative patients need-
ing prompt symptom relief [64, 65]. While Esketamine’s
application in treating depression has been widely
reported in the current literature, research on its specific
use in post-breast cancer surgery patients remains lim-
ited [66]. This study addresses this gap by providing clini-
cal evidence of esketamine’s application in this patient
population. In comparison to existing research, we delve
more deeply into the drug’s efficacy and its biological
mechanisms [67, 68].

In studies on the neurobiological mechanisms of
depression, TREK-1, a critical two-pore domain potas-
sium channel, has been increasingly revealed to play a
role in emotion regulation [61]. Previous research has
predominantly focused on the basic biological charac-
teristics of the TREK-1 channel. However, this study
uniquely elucidates how esketamine improves symptoms
of postoperative depression in breast cancer by regulat-
ing TREK-1. Through high throughput sequencing and
machine learning techniques, this research not only con-
firms TREK-1’s regulatory role in postoperative depres-
sion in breast cancer but also provides further insight
into how esketamine executes its antidepressant effects
by influencing this channel, a novel finding not previ-
ously reported in the literature.

Bioinformatics tools, particularly high throughput
sequencing and machine learning algorithms played a
crucial role in this study. These advanced techniques
allowed for a comprehensive molecular-level under-
standing of esketamine’s mechanism of action, a rarity
in traditional antidepressant drug research. Compared
to conventional biochemical analysis methods, the tech-
nical approach in this study enabled more precise gene
and pathway identification, thereby enhancing the scien-
tific rigor and reliability of the results. The application of
this method not only optimized the screening process for
candidate genes but also deepened our comprehension of
the drug’s mechanism of action.

The results of both in vitro cell experiments and in vivo
animal model experiments in this study exhibited good
consistency, reinforcing the hypothesis that esketamine
improves depressive symptoms by modulating TREK-1.
In the CUPS + esketamine + oe TREK-1 group, significant
reductions in cell viability, crossings, and GABA levels,
coupled with increased apoptosis, suggest that TREK-1
overexpression antagonizes the beneficial effects of
esketamine. These results underscore the importance of
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TREK-1 inhibition in the antidepressant mechanism of
esketamine. TREK-1 overexpression may exacerbate neu-
ronal dysfunction and disrupt neurotransmitter balance,
emphasizing the necessity of targeted modulation rather
than broad alteration of TREK-1 expression. These find-
ings highlight the delicate balance in ion channel regula-
tion required for therapeutic efficacy and the potential
risks of unregulated TREK-1 activity.

The impact of esketamine on neurotransmitter release
and cellular activity was significantly demonstrated in
this study. In contrast to conventional antidepressants
that primarily affect neurotransmitters such as serotonin
or norepinephrine, esketamine improves neural function
by directly targeting ion channels in nerve cells, shedding
new light on the development of antidepressant medi-
cations [23, 69, 70]. Furthermore, this mechanism may
explain why esketamine can rapidly alleviate depressive

@
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symptoms, providing a novel perspective for future anti-
depressant treatment strategies.

Considering the potential value of esketamine in the
treatment of postoperative depression in breast cancer,
its clinical application prospects are promising. The find-
ings of this study support the possibility that esketamine
can safely and effectively alleviate depressive symptoms
in the short term, which is of significant importance for
improving patients’ immediate quality of life. However,
further research is needed on the long-term safety and
dosage adjustment of the drug to ensure its effectiveness
and safety in broader clinical applications.

The present study systematically investigates the thera-
peutic potential of esketamine in alleviating symptoms
of postoperative depression in breast cancer patients
by modulating TREK-1 two-pore domain potassium
channels, along with its underlying molecular genetic
regulatory mechanisms. The results demonstrate that
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esketamine significantly inhibits the function of TREK-1
channels, thereby improving the functionality of hip-
pocampal neuronal cells. Further experiments conducted
in a rat model corroborate the potential efficacy of esket-
amine in alleviating depressive symptoms and its positive
impact on neuronal survival and health (Fig. 6).

This research reveals the potential therapeutic role of
esketamine in modulating TREK-1 two-pore domain
potassium channels for postoperative depression in
breast cancer patients, underscoring its significant
scientific and clinical implications. Scientifically, this
study not only advances our understanding of the bio-
logical mechanisms underlying depressive symptoms,
particularly in the context of postoperative depression
in breast cancer but also encourages further explora-
tion of the role of TREK-1 channels in emotional reg-
ulation. Clinically, esketamine’s rapid antidepressant
effects offer a new treatment option for postoperative
breast cancer patients who have not responded to tra-
ditional antidepressant therapies, promising to enhance
their quality of life and overall well-being. Addition-
ally, the discovery of this rapidly-acting antidepressant
may steer future research and clinical practice toward
more personalized and immediate strategies for treat-
ing depression.

Despite providing valuable insights into the treatment
of postoperative depression in breast cancer, this study
has several limitations. Firstly, the relatively small sample
size may limit the generalizability and statistical power
of the results. Secondly, the study primarily focuses on
short-term observations of drug effects without assess-
ing long-term therapeutic outcomes and safety. There
were notable discrepancies between in vivo and in vitro
results, such as more pronounced effects observed in
animal models compared to in vitro experiments, likely
due to the complex physiological environment in liv-
ing organisms. Additionally, the effects of esketamine on
key brain regions, such as the medial prefrontal cortex
(mPFC), were not evaluated in in vitro assays, hinder-
ing a direct comparison of in vitro and in vivo findings.
These limitations underscore the need for future stud-
ies to explore the drug’s effects across different biologi-
cal systems, conduct long-term evaluations, and validate
findings through more extensive clinical trials involving a
broader population to better understand the underlying
biological mechanisms.

Based on the study results and identified limitations,
future research should focus on several key areas. First,
large-scale, multicenter clinical trials are necessary to
validate the efficacy and safety of esketamine for treating
postoperative depression in breast cancer patients, ensur-
ing broader applicability of the findings. Additionally, it is
crucial to explore the effects of esketamine across various
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depressive symptoms, particularly regarding long-term
use, potential drug dependency, and side effects. In vitro
studies should include detailed evaluations of esketa-
mine’s impact on specific brain regions, such as the
medial prefrontal cortex and other hippocampal areas,
to understand its precise neural mechanisms. While our
findings suggest that TREK-1 modulation affects viability,
apoptosis, and neurotransmitter levels, further research
should investigate the specific biological pathways involv-
ing TREK-1 and its broader roles in the nervous system.
These comprehensive studies aim to develop safer and
more effective treatment strategies, ultimately providing
substantial benefits to breast cancer patients suffering
from postoperative depression.
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