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Repurposing propofol for breast cancer therapy through
promoting apoptosis and arresting cell cycle
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Abstract. Breast cancer is the most prevalent cancer among
women worldwide, characterized by a high mortality rate and
propensity for metastasis. Although surgery is the standard
treatment for breast cancer, there is still no effective method to
inhibit tumor metastasis and improve the prognosis of patients
with breast cancer after surgery. Propofol, one of the most
widely used intravenous anesthetics in surgery, has exhib-
ited a positive association with improved survival outcomes
in patients with breast cancer post-surgery. However, the
underlying molecular mechanism remains to be elucidated.
The present study revealed that triple negative breast cancer
cells, MDA-MB-231 and 4T1, exposed to propofol exhibited a
significant decrease in cell viability. Notably, propofol exhib-
ited minimal cytotoxic effects on HUVECSs under the same
conditions. Furthermore, propofol significantly inhibited the
migration and invasion ability of MDA-MB-231 and 4T1 cells.
Propofol promoted apoptosis in 4T1 cells through upregulation
of Bax and cleaved caspase 3, while downregulating B-cell
lymphoma-extra large. Concomitantly, propofol induced cell
cycle arrest of 4T1 cells by downregulating cyclin E2 and
phosphorylated cell division cycle 6. Furthermore, propofol
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exhibited excellent anticancer efficacy in a 4T1 breast cancer
allograft mouse model. The present study sheds light on the
potential of propofol as an old medicine with a novel use for
breast cancer treatment.

Introduction

Breast cancer remains a formidable global health challenge,
with its prevalence and impact on life expectancy underscoring
the pressing demand for innovative therapeutic strategies (1).
In 2019 alone, breast cancer accounted for 30% of newly diag-
nosed malignancies and 15% of fatalities among women (2).
As one of the most prevalent malignancies affecting women,
breast cancer imposes a significant burden on both healthcare
systems and societal well-being (3). The complexities of breast
cancer encompass not only its diverse molecular subtypes,
including the notoriously aggressive triple-negative breast
cancer, but also its propensity for tumor growth, metastasis
and the emergence of therapeutic resistance (4-6).
Contemporary breast cancer treatments primarily include
surgical resection, chemotherapy, radiotherapy, endocrine
therapy, immunotherapy and targeted therapy. The strategies
for breast cancer management vary across stages (7,8). While
surgical removal combined with preoperative endocrine
therapy or chemotherapy offers a potential cure for early-stage
and non-metastatic locally advanced-stage cases, palliative
care becomes the primary recourse for metastatic patients,
aiming to extend and enhance the quality of life (4,9,10).
Surgical resection is a favored option, especially for patients
with early-stage disease. However, the perioperative period,
characterized by the activation of neural and inflammatory
signaling pathways, which can disrupt immune function and
affect cancer progression, has been associated with increased
metastatic potential (11,12). The choice of anesthetics during
breastcancer surgery has been demonstrated to influence patient
outcomes and the risk of postoperative recurrence (13,14).
The exploration of repurposed drugs as potential
candidates for cancer treatment has gained considerable
momentum (15,16). This paradigm shift capitalizes on the
existing pharmacopeia to identify novel applications for estab-
lished drugs, thereby expediting the development of effective
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therapies (17,18). Among these repurposed agents, propofol, a
longstanding intravenous anesthetic renowned for its sedative
properties, has emerged as an intriguing candidate in the field
of oncology (19). While traditionally valued for its anesthetic
attributes, propofol has begun to unveil an unexpected facet
of its pharmacological profile-a capacity to modulate tumor
biology (20-22).

Preclinical investigations have revealed its potential to
exert antitumor effects across diverse cancer types (23-25).
Clinical observations have indicated that the use of
propofol as an anesthetic is associated with reduced breast
cancer metastasis compared with alternative agents (14,26).
Retrospective clinical analyses comparing propofol with
sevoflurane, an alternative anesthetic, have demonstrated
that the former is associated with improved survival, with
the latter associated with heightened endoplasmic reticulum
stress in tumor and immune cells, thereby impacting
prognosis (26-28). Preliminary research underscores the
inhibitory effect of propofol on tumor cell proliferation,
apoptosis induction and metastasis; however, the intricate
mechanisms remain elusive (29,30). Despite these advance-
ments, controversies persist regarding its antitumor effects
on breast cancer, with a number of studies suggesting its
potential to promote the migration of breast cancer cells
and divergent findings on its impact on apoptosis mecha-
nisms (31,32). Therefore, unraveling its function in breast
cancer cells and elucidating its inhibitory mechanisms
holds profound clinical significance.

The present study aimed to elucidate the antitumor effects
of propofol, specifically on triple-negative breast cancer, both
in vitro and in vivo. Triple-negative breast cancer currently
lacks effective clinical treatments compared with the estrogen
receptor (ER)-, progesterone receptor- and/or HER-2-positive
subtypes. The investigations of the present study encompassed
a comprehensive assessment, ranging from inhibiting tumor
growth to inducing apoptosis and modulating cell cycle
progression. Through this multifaceted exploration, the present
study aimed to reveal the potential of repurposing propofol
as an innovative therapeutic avenue in triple-negative breast
cancer treatment. Delving into the intricate interplay between
propofol and tumor biology, the present findings hold the
promise of steering the course towards novel and impactful
therapeutic strategies.

Materials and methods

Materials. Propofol was supplied by Shanghai Macklin
Biochemical Co., Ltd., while the propofol injectable emulsion
(10 mg/ml, Diprivan) was purchased from Aspen Pharma
Trading Ltd. TRIzol (cat. no. 9109) and the PrimeScript RT
reagent kit (cat. no. RR047A) were provided by Takara Bio,
Inc. The Whole Cell Lysis Assay (cat. no. KGP250) and
BCA Protein quantification assay kit (cat. no. KGP902) were
purchased from Nanjing KeyGen Biotech Co., Ltd. SYBR
qPCR Master Mix (cat. no. Q341-02) was purchased from
Vazyme Biotech Co., Ltd. DMSO (D4540) was obtained from
Sigma-Aldrich; Merck KGaA. Methanol, ethanol, xylene,
glycerol and Tween-20 were of analytical grade, obtained from
Sinopharm Chemical Reagent Co., Ltd., and used without
further purification.

Cell culture. Mouse triple-negative breast cancer cells (4T1,
cat. no. CRL-2539), human triple-negative breast cancer cells
(MDA-MB-231, cat. no. CRM-HTB-26), human umbilical
vein endothelial cell line (HUVECsSs, cat. no. CRL-4053),
human chorionic tumor cell line (BeWo, cat. no. CCL-98),
human liver cancer cell line (Hep-G2, cat. no. HB-8065) and
human cervical cancer cell line (HeLa, cat. no. CCL-13) were
procured from the American Type Culture Collection. Human
gastric cancer cell line (MKN-45, cat. no. CL-0292),and human
endometrial cancer cell line (Ishikawa, cat. no. CL-0283) were
procured from Procell Life Science & Technology Co., Ltd.
These cells were maintained in growth medium comprising
DMEM (Gibco; Thermo Fisher Scientific, Inc.) supplemented
with 10% FBS (164210; Procell Life Science & Technology
Co., Ltd.) and 1% penicillin/streptomycin (Gibco; Thermo
Fisher Scientific, Inc.). Cell cultures were incubated in a
humidified atmosphere with 5% CO, at 37°C.

Cell viability assay. Cell viability was determined using a
Cell Counting Kit-8 (CCK-8) assay (cat. no. CK04; Dojindo
Laboratories, Inc.) according to the manufacturer's protocol.
4T1 cells, MDA-MB-231 cells and HUVECs were seeded
in a 96-well cell culture plate at a density of 4x10° cells per
well and incubated for 24 h. Subsequently, cells were exposed
to varying concentrations (0, 25, 50, 75, 100 and 150 pg/ml;
containing 0.1% DMSO) of propofol. After 3, 5 and 7 days
of incubation, respectively, fresh medium containing 10 ul
CCK-8 reagent was added to each well. Following a 1-h
incubation in the dark at 37°C, the absorbance at 450 nm was
measured using a microplate reader (SynergyHTX; Agilent
Technologies, Inc.). The normalized relative cell viability was
calculated as follows: Relative cell viability=(A-A,)/(A.-Ay)
x100%, where A,, A, and A, are the absorbance intensities of
the blank, the positive control and the sample, respectively.

Wound healing assay. For the wound healing assay, 4T1 cells,
MDA-MB-231 cells and HUVECs were cultured in 24-well
plates and allowed to adhere overnight to form a monolayer,
respectively. Subsequently, a uniform scratch was created in
the cell monolayer, and a sterile PBS solution was used to
remove any cellular debris. The cells were then exposed to
culture medium (DMEM without FBS or PS) supplemented
with varying concentrations (0, 50 and 100 pg/ml; containing
0.1% DMSO) of propofol for 24 h. Images of the scratched
areas were captured at both the initial time point (0 h) and after
24 h of treatment using a Nikon Eclipse TE2000-U micro-
scope (Nikon Corporation). This approach allowed for the
observation and quantification of cell migration and closure of
the scratch over the designated time period. The average width
of the scratched gap was measured in triplicate wells using the
Imagel] software (v.1.6.0; National Institutes of Health).

Transwell assay. The Transwell migration assay was employed
to meticulously evaluate the effect of propofol on cell migra-
tion. 4T1 cells, MDA-MB-231 cells and HUVECs were seeded
in the Falco™ chamber with 8-ym pores (Corning, Inc.) at a
density of 5x10* cells per well. Ensuring precision, the outer
chamber membrane was scrupulously cleaned post-cell adhe-
sion to eliminate non-specific attached cells. Subsequently,
media containing varying concentrations (0, 50 and 100 pg/ml;
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containing 0.1% DMSO) of propofol were introduced into the
respective chambers. The wells of the corresponding 24-well
plates were simultaneously loaded with basal growth medium
(DMEM with 10% FBS and 1% PS). Following an incuba-
tion period of 24 h at 37°C, the chambers underwent a gentle
wash with PBS before fixation with 4% paraformaldehyde
for 30 min at room temperature. The migration assessment
ensured through the application of 0.1% crystal violet staining
(cat. no. G1064; Beijing Solarbio Science & Technology Co.,
Ltd.) to the cells that had successfully traversed the membrane
for 20 min at room temperature, while non-migratory cells
remaining atop the membranes were removed. Images of
migratory cells were captured using an inverted microscope
(Eclipse TE2000-U; Nikon Corporation). ImageJ software
(v.1.6.0; National Institutes of Health) was used to analyze the
data.

RNA sequencing (RNA-seq) of the 4T1 cell transcriptome.
4T1 cells were exposed to growth media containing varying
concentrations (0 and 100 ug/ml; containing 0.1% DMSO)
of propofol. Following a 12-h incubation period at 37°C, cell
lysis was performed using TRIzol reagent to extract total
RNA according to the manufacturer's instructions. Then
RNA quality was determined by 5300 Bioanalyser (Agilent
Technologies, Inc.) and quantified using the ND-2000
(NanoDrop Technologies; Thermo Fisher Scientific, Inc.).
Only high-quality RNA samples (OD 260/280=1.8~2.2, OD
260/230 =2.0, RIN =6.5, 28S:18S =1.0, >1 ug) was used to
construct sequencing library. The RNA-seq transcriptome
library was prepared following Illumina® Stranded mRNA
Prep, Ligation (Illumina, Inc.) using 1 ug of total RNA.
Messenger RNA was isolated according to polyA selection
method by oligo(dT) beads and then fragmented by frag-
mentation buffer firstly. Secondly double-stranded cDNA
was synthesized using a SuperScript double-stranded cDNA
synthesis kit (Invitrogen; Thermo Fisher Scientific, Inc.) with
random hexamer primers (Illumina, Inc.). Then, the synthe-
sized cDNA was subjected to end-repair, phosphorylation and
‘A’ base addition according to Illumina's library construction
protocol. Libraries were size selected for cDNA target frag-
ments of 300 bp on 2% Low Range Ultra Agarose followed
by PCR amplified using Phusion DNA polymerase (NEB) for
15 PCR cycles. After quantification by Qubit 4.0, paired-end
RNA-seq sequencing library was sequenced with the NovaSeq
6000 sequencer (2x150 bp read length). Significance analysis
was performed using both P-value and false discovery rate
(FDR) analysis. Genes exhibiting differential expression were
identified based on fold change criteria, where fold changes >2
or <0.5 and an FDR <0.05 were considered indicative of differ-
ential expression. Pathway analysis, referencing the Kyoto
Encyclopedia of Genes and Genomes (KEGG; https://www.
genome.jp/kegg/pathway.html) database, was employed to
discern significantly influenced pathways associated with the
identified differentially expressed genes.

Apoptosis induction assay. 4T1 cells were seeded in a 12-well
plate at a density of 8x10* cells per well. After 24 h of incuba-
tion at 37°C, the cells were subjected to distinct concentrations
(0 and 100 pg/ml; containing 0.1% DMSO) of propofol, incor-
porated within basal growth media. After incubation for 12 h
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at 37°C, cells were systematically stained using an annexin
V-FITC apoptosis analysis kit (cat. no. AO2001-02P-H;
Tianjin Sungene Biotech Co., Ltd.) in accordance with the
manufacturer's protocol. The cells were subsequently digested
using 0.25% trypsin and the resulting cell suspension was
centrifuged for 4 min at 180 x g at 4°C, yielding a cell precipi-
tate. After resuspension in PBS, the annexin V-positive cell
population was separated using a flow cytometer (CytoFLEX;
Beckman Coulter, Inc.), and the resulting data were analyzed
using CytExpert (V2.0; Beckman Coulter, Inc.).

Cell cycle analysis. 4T1 cells were seeded in a 12-well plate
at a density of 8x10* cells per well. After 24 h of incubation
at 37°C, the cells were subjected to distinct concentrations
(0 and 100 ug/ml; containing 0.1% DMSO) of propofol,
incorporated within basal growth media. After incubation
for 24 h at 37°C, the cells were digested using 0.25% trypsin,
and the resulting cell suspension was centrifuged for 4 min
at 180 x g at 4°C, facilitating the acquisition of a cell precipi-
tate. This cell precipitate was subsequently immersed in 70%
pre-cooled ethanol at 4°C, ensuring a comprehensive fixation
overnight. Subsequently, the cells were stained with 0.5 ml of
propidium iodide (PI)/RNase Staining Buffer (cat. no. 550825;
BD Biosciences) for 15 min at room temperature. The DNA
content was assessed utilizing a flow cytometer (CytoFLEX;
Beckman Coulter, Inc.), with the excitation wavelength set at
488 nm and emission wavelengths at 585+21 nm. The resultant
data were analyzed using CytExpert (V2.0; Beckman Coulter,
Inc.).

Western blotting. 4T1 cells were seeded in a 12-well plate at
a density of 8x10* cells per well. After incubation for 24 h,
the cells were treated with basal media containing distinct
concentrations (0 and 100 pyg/ml; containing 0.1% DMSO)
of propofol. After incubation for 12 h, cellular lysis was
performed using the Whole Cell Lysis Assay Kit according
to the manufacturer's protocol. Quantification of the protein
concentration was performed using the BCA Protein Assay
Kit. Equally concentrated samples (10 ug protein loaded per
lane) were subjected to electrophoresis in 10% polyacrylamide
gels, with subsequent transfer onto nitrocellulose membranes.
Membranes were blocked by 5% skim milk in Tris-buffered
saline with 0.1% tween 20 (TBST) at room temperature for
1 h. Subsequently, the membranes were cropped, followed
by primary antibodies, f-actin (1:10,000; cat. no. RM2001;
Beijing Ray Antibody Biotech), B-cell lymphoma-extra large
(Bcl-xL; 1:1,000; cat. no. 2764T; Cell Signaling Technology,
Inc.), Bax (1:1,000; cat. no. A19684; Abcam), p-CDC6
(1:1,000; cat. no. AP1153; ABclonal Biotech Co., Ltd.), CDC6
(1:1,000; cat. no. 11640-1-AP; Proteintech Group, Inc.),
Cyclin E2 (CCNEZ2; 1:1,000; cat. no. 11935-1-AP; Proteintech
Group, Inc.), pro-caspase 3 (1:1,000; cat. no. 14220; Cell
Signaling Technology, Inc.) and cleaved caspase 3 (1:1,000;
cat. no. A19664; ABclonal Biotech Co., Ltd.) overnight at 4°C.
Afterwards, the membranes underwent triple wash with TBS
with Tween-20, followed by incubation with the corresponding
secondary antibody (1:3,000; cat. no. RM3002; Beijing Ray
Antibody Biotech) at room temperature for 1 h. For signal
detection, a chemiluminescent horseradish peroxidase (HRP)
substrate kit (cat. no. SQ202; Epizyme, Inc.) was used. The
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images were captured using a chemiluminescence system
(GeneGnome XRQ; Syngene Europe). The resulting blots
were subjected to semi-quantification using ImageJ (v.1.6.0;
National Institutes of Health), with normalization against the
control group.

Immunofluorescence staining. Cells from distinct treatment
groups were fixed with 4% paraformaldehyde for 30 min at
room temperature, followed by permeabilization using 0.2%
Triton for 15 min. Blocking was performed using goat serum
(cat. no. C0265; Beyotime Institute of Biotechnology) for 1 h
at 37°C. After rinsing with PBS, primary antibodies, p-CDC6
(1:200; cat. no. AP1153; ABclonal Biotech Co.,Ltd.), Cyclin E2
(CCNE2; 1:200; cat. no. 11935-1-AP; Proteintech Group, Inc.),
were applied for incubation overnight at 4°C. Subsequently,
HRP-conjugated secondary antibodies, (1:200), were applied
for incubation for 1 h at room temperature. Nuclei were coun-
terstained using 1 yg/ml DAPI (cat. no. D9542; Sigma-Aldrich;
Merck KGaA). The cells were then observed under a confocal
laser scanning microscope (FV3000; Olympus Corporation).
Images were subjected to semi-quantification using ImageJ
(v.1.6.0; National Institutes of Health), with normalization
against the control group.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA of cells was extracted using TRIzol reagent. The RNA
was subjected to cDNA synthesis using the PrimeScript RT
Master Mix (Takara Bio, Inc.) following the manufacturer's
protocol. The synthesized cDNA was diluted and subsequently
used for RT-qPCR using the SYBR Green Master Mix. The
amplification and quantification of target RNA molecules
were performed using the CFX96 PCR equipment (Bio-Rad
Laboratories, Inc.). The thermocycling protocol consisted of
two stages: First stage included 95°C for 30 sec, with 1 repeti-
tion; the second stage involves 95°C for 10 sec and 60°C for
30 sec, repeated for 40 cycles. The levels of RNA expression
were analyzed using the 2444 method (33), an established
approach for relative quantification in qPCR analyses. [3-actin
was used as a reference control for mRNA. The specific primer
sequences used are listed in Table SI.

Xenograft breast tumor model. Female BALB/c mice, aged
8 weeks, weighing ~18-20 g, were utilized in the present
study. Ethical clearance for all animal-related procedures
was obtained from the Institutional Animal Care and Use
Committee of Southern Medical University (Guangzhou,
China). The animals were housed under pathogen-free
conditions with a 12:12-h light/dark cycle and at a constant
temperature (22+2°C). Furthermore, the mice were given
unrestricted access to standard chow and water. The 4T1 tumor
xenotransplantation model was selected as the animal model.
Cell suspension (100 ul) containing 1x10° 4T1 cells was care-
fully injected into the second right mammary gland fat pad
of female BALB/c mice (n=24). Throughout the experimental
period, close monitoring was conducted to assess changes
in both body weight and tumor size among the female mice.
Tumor volume was calculated using the following equation: V
(mm?)=length x width?/2.

Upon attaining a tumor size of 50 mm?, the mice were
randomly allocated to distinct treatment regimens. Each

treatment was administered via intratumoral injection on a
daily basis over a span of 14 days. The control group, serving
as a comparative benchmark, received injections of 100 ul
PBS. Meanwhile, the experimental groups were stratified
into concentrations of 10, 40 and 100 mg/ml, each receiving
100 pl of the respective propofol concentration. The largest
tumor volume in mice did not exceed 2,000 mm?. Once tumor
volume exceeded 2,000 mm?, the mice would be euthanized.
Tumor volumes of mice were measured once a day. On day
15, mice were euthanized by decapitation under anesthesia. A
commercial mouse guillotine (Henan Zhike, Inc.) was used
for decapitation of the mice. Prior to this, a 0.3% (60 mg/kg)
intraperitoneal injection of pentobarbital sodium was admin-
istered. Once the mice were under deep anesthesia, they were
humanely sacrificed by decapitation. Tumors as well as major
organs were harvested for subsequent experiments.

Histological evaluation. Tumor samples from mice were fixed
in 4% paraformaldehyde for 24 h at room temperature. The
samples were embedded in paraffin and cut at a thickness
of 5 ym. Paraffin sections from tumors and major organs
underwent a hematoxylin-eosin staining procedure to eluci-
date morphological characteristics and molecular markers.
Immunohistochemical analysis was performed on tumor tissue
sections. Following antigen retrieval using 10 mM citrate
buffer (pH 6.0), endogenous peroxidase activity was quenched
with 3% hydrogen peroxide solution. To prevent non-specific
binding, goat serum (cat. no. C0265; Beyotime Institute of
Biotechnology) for 1 h at 37°C was applied. Primary antibodies,
including Bax rabbit monoclonal antibody (mAb) (1:100;
5023T; Cell Signaling Technology, Inc.), Bcl-xL rabbit mAb
(1:100; 2764T; Cell Signaling Technology, Inc.) and cleaved
caspase 3 rabbit mAb (1:100), were employed for specific
target detection by incubation overnight at 4°C. Subsequent to
primary antibody binding, peroxidase-conjugated secondary
antibody (1:200) and a DAB kit (cat. no. ZL1-9018; OriGene
Technologies, Inc.) were applied to facilitate visualization.
Sections were counterstained with hematoxylin. Images were
obtained using an upright microscope (Axio Scope Al; Carl
Zeiss AG). Images were subjected to semi-quantification using
ImagelJ (v.1.6.0; National Institutes of Health), with normaliza-
tion against the control group.

Bioinformatics analysis. Gene Expression Profiling Interactive
Analysis 2 (http:/gepia2.cancer-pku.cn/#index) was used to
assess CCNE2 and cell division cycle 6 (CDC6) expression
in different tumors. The Kaplan-Meier plotter (http:/www.
kmplot.com/), followed by the log-rank test, was utilized to
predict the overall survival (OS) and recurrence-free survival
(RFS) of patients with breast cancer based on CCNE2 and
CDC6 expression from The Cancer Genome Atlas database.

Statistical analysis. Data are presented as the mean + SD,
and were analyzed by the unpaired Student's t-test, one-way
ANOVA with Tukey's post hoc test, and two-way ANOVA
with Tukey's post hoc test for multiple comparisons using
Prism 8 software (GraphPad; Dotmatics). The cell culture
experiments were repeated independently at least three times.
P<0.05 was considered to indicate a statistically significant
difference.
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by a CCK-8 assay, revealing dose-dependent and time-depen- 2 3001 " 75 pg/ml
dent inhibition of cell viability in both 4T1 and MDA-MB-231 ) i 100 pg/ml
cells upon exposure to propofol (Fig. 1A and B). On day 3, > 2001
4T1 cells exhibited a significant decrease in cell viability when g 100-
exposed to 75 ug/ml propofol, while as low as 25 pg/ml effec-
tively suppressed their metabolism on days 5 and 7. Similar o- A
results were observed for MDA-MB-231 cells. Notably, even
at a higher concentration (100 ug/ml) on day 7, propofol exhib- B
ited no detectable cytotoxic effect against HUVECs (Fig. 1C). 1501 [0 pg/ml
These findings indicated the higher sensitivity of 4T1 and g MDA-MB-231 [ 50 pg/ml
MDA-MB-231 cells to propofol treatment compared with that > L175 pg/ml
of HUVECs. Moreover, propofol effectively suppressed cell 3 1001 sk i 100 pg/mi
viability of breast cancer cells, while sparing normal human 5 T 5150 pg/m
cells, even at higher concentrations and extended durations. 3 50l ek
The antitumor effects of propofol were assessed on various ©
cancer cell lines. The findings suggested that the antitumor i
effects of propofol are not exclusive to breast cancer, instead, it 0- é é**** Rt
exhibits yarying levels of efficacy against different cancer cell Time (5d ays)
types (Fig. S1). c

- o o . S HUVECs (10 pg/ml
Propofol inhibits cell migration and invasion. The survival < 500 50 pg/mi
of patients with breast cancer is hindered by metastasis. Cell = B [1 75 pg/ml
migration is the initial step for cancer metastasis (34,35). To | 400 & 100 pg/ml
evaluate the effects of propofol on cell migration and invasion, Z 300 § 150 pg/ml
the wound healing assay and Transwell assay were conducted 3 2001
on 4T1 cells, MDA-MB-231 cells and HUVECs. Wound
healing progression was recorded at 0 and 24 h, respec- 100'%%"5
tively. In all of three cell types, wound healing was notably oA - % e

delayed by propofol, at both 50 and 100 ug/ml, compared
with the non-treated control group (Fig. 2). For 4T1 cells, the
migration ratio was reduced to ~50% by 50 pug/ml propofol,
with no significant difference observed between 50 and
100 pg/ml group (Fig. 2A). Conversely, in MDA-MB-231 cells
and HUVEC:s, propofol had a concentration-dependent effect
on migration, with the migration ratio decreasing to <50% in
the 100 pug/ml group (Fig. 2B and C).

Cell invasion is a crucial factor contributing to the meta-
static dissemination of breast cancer, presenting a formidable
obstacle to patient survival. The Transwell assay revealed a
dose-dependent effect of propofol, effectively inhibiting cell
invasion to varying extents at 24 h (Fig. 3). Notably, 100 xg/ml
propofol substantially reduced the invasion ratio of both breast
cancer cell lines to <50%. These findings highlight the
potential of propofol as a promising therapeutic candidate for
mitigating the metastatic behavior of breast cancer cells, and
warrant further investigation of its translational implications
in enhancing patient outcomes.

Propofol induces cell apoptosis and arrests cell cycle
progression. To determine the potential signaling pathways,
a comprehensive investigation of global gene expression was
conducted using RNA-seq analysis of 4T1 cells, derived from
a mouse mammary tumor, which are renowned for their
aggressive and metastatic traits. The results exhibited remark-
able alterations in gene expression, with 1,354 upregulated
genes and 1,186 downregulated genes following propofol

5
Time (days)

Figure 1. Effects of propofol on cell viability. (A-C) Cell viability of (A) 4T1
cells, (B) MDA-MB-231 cells and (C) HUVECs with varying concentra-
tions of propofol at different time points (n=4). ““P<0.001 and “""P<0.0001.
HUVECS, human umbilical vein endothelial cells; ns, no significance.

treatment (Figs. S2, 4A and B). These findings served as a
catalyst for directing the focus towards exploring the impact
on apoptosis and cell cycle progression, as revealed through
additional KEGG pathway analysis (Fig. 4C). Understanding
the regulatory mechanisms governing apoptosis and cell
cycle control helps reveal the complexities of tumor develop-
ment, progression and the formulation of potential treatment
strategies.

Flow cytometry was initially employed to investigate the
effects of propofol on apoptosis and cell cycle progression in
4T1 cells. The apoptotic rate was increased by a remarkable
25% following treatment with 100 zxg/ml propofol (Fig. SA).
Concurrently, propofol treatment led to a significant increase
in the proportion of cells in the G, phase, accompanied by
a reduction in the number of cells in the S phase (Fig. 5B).
These findings indicated that propofol effectively induced
cell apoptosis and arrested cell proliferation at the G, phase,
shedding light on its potential as a promising therapeutic agent
to regulate both cell apoptosis and cell cycle progression in
breast cancer.
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Figure 2. Propofol inhibits cell migration. (A-C) Images and analysis of the migration ratio of the wound-healing assays of (A) 4T1 cells, (B) MDA-MB-231
cells and (C) HUVECs at 0 and 24 h, respectively. Scale bar, 100 zm. Statistical analysis was performed using one-way ANOVA with Tukey's post hoc analysis.
Data are presented as the mean + SD (n=6). "P<0.05, “P<0.01 and “"“P<0.0001. HUVECSs, human umbilical vein endothelial cells; ns, no significance.

At the molecular level, propofol treatment elicited signifi- increase in the protein expression levels of Bax, an apoptosis
cantchanges in the protein expression of key regulatorsinvolved ~ agonist marker, and cleaved caspase 3, a crucial indicator
in cell apoptosis and cell cycle progression. Specifically, an  of apoptosis activation, was observed following propofol
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Figure 3. Effects of propofol on cell invasion. (A) Images of the Transwell assays of 4T1 cells, MDA-MB-231 cells and HUVECs at 24 h. Scale bar, 100 ym.

(B-D) Analysis of the invasion area ratio for (B) 4T1 cells, (C) MDA-MB-

ANOVA with Tukey's post hoc analysis. Data are presented as the mean +
endothelial cells.

treatment (Fig. 6A). Conversely, the expression of Bcl-xL,
an apoptosis antagonist marker within the Bcl-2 family, was
decreased following propofol treatment, further supporting
its pro-apoptotic effects. Regarding cell cycle regulation, the
present investigation focused on two pivotal markers, CCNE2
and CDC6, as indicated by the RNA-seq analysis. CCNE2
plays a crucial role in orchestrating the G,/S transition.

231 cells and (D) HUVECs. Statistical analysis was performed using one-way
SD (n=6). "‘P<0.05, “P<0.01 and "*"P<0.0001. HUVECs, human umbilical vein

Intriguingly, propofol treatment led to a significant decrease
in both CCNE2 and phosphorylated CDC6 (p-CDC6) levels,
as indicated by western blot analyses and immunofluorescence
staining (Fig. 6B and C). This consistent reduction in CCNE2
and CDC6 was further validated at the mRNA level (Fig. 6D),
wherein the mRNA expression levels of CCNE2 and CDC6
were significantly downregulated. Specifically, the CCNE2
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mRNA expression was reduced to 43% and the CDC6 mRNA
expression was down to 71% compared with the control group,
respectively, upon propofol treatment. These findings shed
light on the multifaceted impact of propofol treatment on the
cell apoptosis and cell cycle progression. The upregulation

of pro-apoptotic markers, coupled with the downregulation
of antiapoptotic and cell cycle-related factors, further under-
scores its potential as a promising therapeutic agent in the
context of cancer treatment, warranting further exploration in
preclinical and clinical settings.
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Figure 5. Effects of propofol on cell apoptosis and cell cycle progression. (A) Flow cytometric plots were generated to assess the expression of Annexin
V-FITC and PI on 4T1 cell following 24 h treatment with propofol. Quadrants were set based on controls to distinguish positive and negative populations. The
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Propofol suppresses tumor growth in vivo. To evaluate the
therapeutic potential of propofol in vivo, 4T1 tumor-bearing
mice were employed and randomly divided into four groups:
PBS (control) and propofol at various concentrations (10, 40
and 100 mg/ml). After 14 days of treatment, the mice were
euthanized on day 15 and tumor specimens were collected
(Fig. 7A). Remarkably, throughout the experimental
period, no abnormal changes in the body weight of mice
were observed (Fig. S3). These findings further confirmed
the excellent biocompatibility of propofol in vivo at high
concentrations, highlighting its potential for safe clinical
application.

The efficacy of each treatment was assessed by monitoring
tumor volume evolution and the dissected tumor volume
(Fig. 7B and C). For the in vivo animal experiments, a total
of 24 mice were euthanized after anesthesia on the designated
endpoint day 14, with no tumor volume exceeding 2,000 mm®.
Groups treated with PBS and 10 mg/ml propofol exhibited
minimal tumor inhibition. The largest tumor volume observed
in the present study was 1045.3 mm? in the PBS control group.
The largest tumor length was 15.59 mm and the width was
11.58 mm. However, marked tumor shrinkage was observed

in the groups receiving 40 and 100 mg/ml propofol treatment,
indicating a potent antitumor effect.

To gain insights into the underlying mechanisms of
propofol-induced tumor suppression, immunohistochemical
staining was conducted (Fig. 7D and E). The expression levels
of the proapoptotic protein Bax and the apoptosis activator
cleaved caspase 3 were significantly upregulated, while the
expression levels of the antagonist Bcl-xL. were significantly
downregulated in the 40 and 100 mg/ml propofol treatment
groups. Furthermore, the downregulation of the cell cycle
marker CCNE?2 indicated propofol-induced cell cycle arrest,
further contributing to the anti-proliferative effects.

Considering the promising effects observed on 4T1 cell
migration and invasion in vitro, as well as the absence of meta-
static nodules in major organs following propofol treatment,
contrasted with the other groups in which metastatic nodules
were detected in the lungs (Fig. S4). The present results indi-
cated that propofol at high concentrations may exert substantial
inhibitory effects on tumor metastasis in vivo.

Collectively, the present in vivo investigations demon-
strated that propofol effectively suppressed tumor growth
and progression through multiple mechanisms, including
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Figure 8. Prognostic implications of CCNE2 and CDC6 expression in breast cancer. (A and B) Expression levels and prognostic value of CCNE2 in various
types of human cancers, assessed using the TCGA database. (C and D) Expression levels and prognostic value of CDC6 in various types of human cancers,
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promoting tumor cell apoptosis, inducing cell cycle arrest
and inhibiting tumor metastasis. These findings strengthen
the rationale for its potential as an innovative and promising
therapeutic agent for breast cancer treatment, warranting
further exploration and consideration for clinical translation.

CCNE2 and CDC6 predict poor outcome and survival in
breast cancer. Specifically, increased expression of CCNE2
has been associated with uncontrolled cell proliferation and
poor prognosis in cancer patients. Conversely, reduced CCNE2
expression has been linked to cell cycle arrest and apoptosis,
underscoring its potential as a promising therapeutic target
for cancer treatment (36). On the other hand, CDC6 serves a
crucial role in the assembly of the pre-replication complex,
essential for licensing DNA for replication. During the G,
phase, CDC6 facilitates the recruitment of other replication
factors to the origin of replication on DNA, ensuring accu-
rate and timely DNA replication during the S phase (37).
Dysregulation of CDC6 can lead to aberrant DNA replication
and genome instability, contributing to the development of
cancer (38).

The upregulation of CCNE2 and CDC6 has been reported
in various cancer types, highlighting their critical roles in
tumorigenesis and cancer progression (Fig. 8A and C). The
present study further investigated the clinical relevance of
CCNE2 and CDC6 expression in breast cancer progression.
Through analysis of clinical breast cancer samples from The
Cancer Genome Atlas database, markedly higher CCNE2
and CDC6 expression was observed in breast cancer tissues
compared with normal tissues (Fig. 8B and D). A comprehen-
sive analysis of OS and RFS of patients with breast cancer with
varying levels of CCNE2 and CDC6 expression was conducted
(Fig. 8E-H). Patients with low CCNE2 and CDC6 expression
exhibited significantly improved OS and RFS compared with
those with high CCNE2 and CDC6 expression, emphasizing
CCNE2 and CDC6 as potential prognostic markers for breast
cancer outcomes. The discovery of propofol-mediated down-
regulation of CCNE2 and CDC6 suggests its potential role
in suppressing tumor growth. However, the precise signaling
pathway cascade underlying this effect requires further
investigation in future studies. Understanding the molecular
mechanisms through which propofol modulates CCNE2 and
CDC6 expression may unlock novel therapeutic opportunities
and facilitate the development of targeted approaches in breast
cancer treatment.

Discussion

Breast cancer remains a significant global health concern,
necessitating the exploration of novel and effective therapeutic
strategies, particularly for triple-negative breast cancer (5,6).
Propofol, a well-known intravenous anesthetic in surgical
settings, has recently emerged as a promising candidate for
breast cancer therapy due to its remarkable antitumor effects,
which have been demonstrated both in vitro and in vivo (26).
The multifaceted anticancer properties of propofol, including
inhibition of tumor growth, induction of tumor cell apop-
tosis, cell cycle arrest and suppression of tumor metastasis,
have garnered attention from the scientific community (39).
Furthermore, its excellent biocompatibility in vivo further
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bolsters its appeal as a safe and well-tolerated treatment option,
paving the way for its potential integration into existing breast
cancer treatment protocols (40.41).

The investigation into the inhibitory effects of propofol
on breast cancer commenced with in vitro cell experiments,
which unequivocally demonstrated significant suppression
of breast cancer cell proliferation, migration and invasion,
without impacts on the activity of HUVECs. HUVECs possess
well-characterized properties and established culturing proto-
cols. Choosing HUVEC: as a control line ensure consistency
with existing literature and facilitate comparisons with
different studies (42-44). Furthermore, in vivo animal models
validated these findings, showcasing the impressive ability of
propofol to markedly inhibit tumor growth in mice bearing
4T1 tumors. The observed tumor shrinkage was accompanied
by visible apoptotic phenotypes in pathological tissue sections,
signifying enhanced cell contraction and altered nuclear
morphology. Transcriptome sequencing revealed intriguing
insights into the molecular mechanisms underlying its anti-
tumor effects. Specifically, propofol treatment upregulated
the expression levels of apoptosis-related genes, including the
pro-apoptotic protein Bax and the apoptosis activator cleaved
caspase 3, while downregulating the expression levels of the
antagonist Bcl-xL. These findings indicated that propofol
exerted its tumor-suppressive role through the activation of
endogenous apoptosis pathways.

Of particular interest were the findings related to the cell
cycle regulators, CCNE2 and p-CDC6. Dysregulation of these
proteins has been implicated in cancer progression, making
them attractive targets for potential cancer therapies (45-47).
The downregulation of CCNE2 by propofol led to the arrest of
the G,/S phase transition in breast cancer cells, further corrob-
orating its ability to halt tumor cell proliferation. Similarly,
inhibition of p-CDC6 expression by propofol interfered with
proper DNA replication during the G, phase, contributing to
the suppression of cancer cell proliferation. These discoveries
shed light on the intricate molecular mechanisms underlying
its inhibitory effects on breast cancer cells.

Propofol exerts sedative-hypnotic effects through chlo-
ride transport and y-aminobutyric acid (GABA) receptors,
commonly used for induction and maintenance of general
anesthesia due to its rapid onset recovery, and minimal
adverse effects (48). Propofol may play a role in the tumor
microenvironment in patients undergoing surgery. Previous
evidence revealed that patients treated with propofol during
radical resection of non-small cell lung cancer exhibited
lower serum concentrations of tumor angiogenesis-related
factors, such as vascular endothelial growth factor compared
with those receiving sevoflurane (49). In patients with
breast cancer, serum from propofol-treated individuals
prompted more apoptosis in ER-negative breast cancer
cells compared with serum from sevoflurane-treated
patients (50). Perioperative administration of anesthetic
agents stimulated the hypothalamic-pituitary-adrenal axis
and sympathetic nervous system (51), leading to systemic
elevation of immunosuppressive factors such as catechol-
amines, prostaglandins and glucocorticoids, resulting in NK
cell and cytotoxic T lymphocyte (CTL) suppression (52). In
contrast to other intravenous anesthetics, propofol increased
CTL activity, decreased pro-inflammatory cytokines, and
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inhibited PGE2 functions (53). Furthermore, propofol did not
alter Th1/Th2, IL-2/IL-4, or CD4*/CD8* T cell ratios, thus
mitigating surgery-induced immunosuppression (54). These
potential effects of propofol on the cardiovascular system
and central nervous system may influence tumor regulation
outcomes, necessitating further investigation into the specific
mechanisms involved.

Remarkably, propofol holds considerable promise as a
transformative approach in breast cancer treatment. Notably,
it is an existing medication with a long history of clinical use
that may be repurposed for cancer therapy, expediting the
development of readily available and effective treatments (41).
However, it is essential to elucidate the detailed signaling
pathway cascade mediating its effects, which warrants further
exploration in future studies. Additionally, its impact on other
breast cancer subtypes and its potential combination with
existing treatments warrant investigation in translational
studies and clinical trials.

The significance of these findings extends beyond breast
cancer, as the antitumor and immunomodulatory effects of
anesthetics in surgery are increasingly recognized (55,56).
Given the urgent need for effective and durable breast cancer
treatments, the implications of its inhibitory effects on breast
cancer cells hold immense clinical relevance. The integration of
propofol into breast cancer treatment protocols holds promise
for improving patient outcomes, addressing the challenges
of high recurrence rates and postoperative complications.
However, further research is necessary to optimize the dosage,
duration, administration schedules and routes of administra-
tion for maximum efficacy and minimal side effects (57). This
endeavor becomes particularly pertinent in light of advancing
targeted delivery systems, which hold the potential to offer
robust support for the efficacious application of propofol.

In conclusion, propofol exhibited robust antitumor effects
in breast cancer, offering promising therapeutic opportunities
for improving patient outcomes. The unraveling of its molec-
ular mechanisms provides valuable insights for its integration
into breast cancer treatment strategies. As research in this area
advances, the potential for propofol to revolutionize breast
cancer therapy becomes increasingly evident, driving the field
of oncology towards more effective and targeted approaches to
combat this formidable disease.
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