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Abstract

Background: Breast cancer is currently the most prevalent malignancy among females, representing a substantial threat to both physical
and psychological health. Moreover, its incidence rate continues to rise annually. Therefore, screening potential therapeutic targets and
developing candidate drugs for breast cancer treatment holds significant clinical implications. Methods: In this study, in silico methods
were used to identify potential therapeutic targets of fatty acid metabolism-related genes in breast cancer and to screen potential drugs
usingmolecular docking. In addition, Cell CountingKit-8 (CCK-8) and Transwell assays were utilized to analyze the effect of atorvastatin
calcium (AC) on the malignant phenotype of breast cancer cells. Furthermore, the effects of AC-induced ferroptosis in tumor cells were
evaluated using transmission electron microscopy, ROS, Fe2+, and Liperfluo probes, and the potential molecular mechanisms were
explored through real-time qPCRand western blotting. Results: 2,4-Dienoyl-CoA Reductase 1 (DECR1) overexpression was related
to a dismal prognostic outcome in breast cancer patients. AC interfered with breast cancer cell proliferation and invasion, potentially
through its effects in DECR1 expression, while suppressing tumor growth in vivo. In addition, AC demonstrated antitumor effects,
possibly through the downregulation of DECR1 and the upregulation of Acyl-CoA Synthetase Long-Chain Family Member 4 (ACSL4),
which may contribute to the induction of ferroptosis in tumor cells. Conclusions: DECR1 is associated with breast cancer progression
and may serve as a potential therapeutic indicator, and AC plays an antitumor role by modulating DECR1 expression and promoting
ACSL4-mediated ferroptosis. Therefore, AC may be considered a potential candidate drug for treating breast cancer.
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1. Introduction

Breast cancer (BC), a female cancer with a high preva-
lence, greatly threatens female health. Ferroptosis is pro-
grammed cell death characterized by iron-dependent lipid
peroxide accumulation. The accumulation of lipid ROS
and reduced antioxidant ability of cells ultimately cause fer-
roptosis. In BC, ferroptosis disrupts various cell metabolic
pathways, including lipid and amino acid metabolism, and
also the redox homeostasis [1]. Ferroptosis affects multiple
aspects of BC, such as tumor invasion and metastasis [2],
stemness [3], and drug resistance [4] indicating its potential
for use in a viable intervention strategy.

Statins can inhibit 3-Hydroxy-3-Methylglutaryl-
Coenzyme A (HMG-CoA) reductase in the mevalonate
pathway to decrease blood cholesterol. Clinically, statins
have been used mainly to treat hyperlipidemia, atheroscle-
rosis, and other diseases related to lipid metabolism.
Rapidly proliferating cells require cholesterol in huge
amounts for cell membrane synthesis, which suggests that
statins could reduce the level of low-density lipoprotein

and the secretion of proinflammatory factors. The role of
statins in tumors has been widely studied. Statins report-
edly reduce BC recurrence and mortality. The currently
known statins may suppress solid cancers such as prostate,
liver, and gastric cancers [5,6].

A previous study reported that simvastatin inducedBC
cell ferroptosis by downregulating Glutathione Peroxidase
4 (GPX4) and inactivating themevalonate pathway [7]. An-
other study reported that statins exhibit antitumor activity
by degrading the mutated P53 protein and promoting cell
cycle arrest to induce cell apoptosis [8]. The therapeutic
potential of statins in tumors has been confirmed; however,
the role of atorvastatin calcium in inhibiting tumor growth
in BC through the induction of ferroptosis and the related
mechanisms have not yet been elucidated.

Acyl-coenzyme A synthase long-chain family mem-
ber 4 (ACSL4) has been proven to be one of the key driv-
ing factors of ferroptosis. ACSL4 is a key isoenzyme
that is related to the biological metabolism of polyunsat-
urated fatty acids (PUFAs), determining the sensitivity of
the latter to ferroptosis. ACSL4 connects coenzyme A with
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long-chain PUFAs and then exchanges them with phos-
pholipids through lysophosphatidylcholine acyltransferase,
thereby promoting the integration of long-chain polyunsat-
urated fatty acids with lipids and membranes. ACSL4 up-
regulation enhances ferroptosis sensitivity in cells through
the optimization of PUFA catalysis. Therefore, activating
ACSL4-dependent pathway is considered a key strategy to
increase the sensitivity of cancer cells to ferroptosis [9].

The results of the present study suggested that 2,4-
Dienoyl-CoA Reductase 1 (DECR1) has an important ef-
fect on BC development and that atorvastatin calcium (AC)
induces ferroptosis by targeting the DECR1-ACSL4 axis.
These findings highlighted the potential of AC as a candi-
date drug for treating BC, providing a strategy to combat
this prevalent cancer.

2. Materials and Methods
2.1 Bioinformatics Analysis

The Cancer Genome Atlas (TCGA-BRCA) contains
the data of 1109 BC and 113 non-carcinoma breast sam-
ples. The Molecular Taxonomy of Breast Cancer Interna-
tional Consortium (METABRIC) has the data of 1904 BC
samples, whereas the Gene Expression Omnibus (GEO)
database, specifically the GSE96058 dataset, includes the
data of 3409 BC samples. The Molecular Signatures
Database (MSigDB) v7.4 was adopted in this study to iden-
tify the fatty acid metabolism genes, including those re-
lated to the KEGG fatty acid metabolism pathway, Reac-
tome fatty acid metabolism, and hallmarks of fatty acid
metabolism [10,11]. The overlapping genes were removed
from these identified genes, and 309 fatty acid metabolism-
related genes (FMGs) remained. Subsequently, these 309
FMGs were intersected with the total genes from the
TCGA-BRCA, METABRIC, and GSE96058 datasets, and
269 reliable FMGswere identified and used for further anal-
ysis.

Weighted gene coexpression network analysis
(WGCNA) is a systems biology method used to describe
the patterns of gene associations across different samples
[12]. Using the imageGP website (https://www.bic.ac.cn),
a WGCNA was conducted in this study for the expression
data of the above-identified 269 FMG genes in cancer and
tumor tissues from the TCGA-BRCA dataset, and the gene
adjacency heatmaps were obtained. Next, univariate Cox
analysis was conducted to identify the correlations of the
genes in the module most associated with tumors to the
overall survival rate in the TCGA-BRCA cohort, with an
objective of identifying the hub genes related to fatty acid
metabolism (p < 0.05 indicated statistical significance).

Thereafter, the DECR1 protein levels in tumor and
matched non-carcinoma tissues were determined from the
Human Protein Atlas (HPA) database (https://www.prot
einatlas.org/). Immunohistochemical (IHC) staining was
semi-quantitatively scored bymultiplying staining intensity
(0–3) with the percentage of positive cells (1–4), yielding a

total score ranging from 0 to 12. Intensity was graded as:
0 = negative, 1 = weak, 2 = moderate, 3 = strong. Propor-
tion scores were: 1 = ≤25%, 2 = 26–50%, 3 = 51–75%,
4 = >75%. The percentage of positively stained cells was
also scored on a 4-point scale: 1 = ≤25%, 2 = 26–50%, 3
= 51–75%, 4 = >75%. The final IHC score was calculated
by multiplying the intensity score by the proportion score,
yielding a composite score ranging from 0 to 12. Further-
more, the relationship between DECR1 and overall survival
in patients with breast cancer was investigated using the
Kaplan-Meier Plotter database (https://kmplot.com/analysi
s/). The Tumor and Immune System Interaction Database
(TISIDB) database [13] was used to analyze the relation-
ships of DECR1 with breast cancer immune subtypes and
breast cancer subtypes. The immune subtypes were identi-
fied as C1–C6 according to the criteria reported by Thors-
son et al. [14].

2.2 Drug Screening
The natural product library of TargetMol (Target-

Mol, Boston, MA, USA), which contains the data of about
19,000 natural small-molecule compounds, was used for
drug screening. All compounds were docked to the bind-
ing port defined by the DECR1 protein (ID: 1W6U) using
a three-step method. High-throughput screening was com-
pleted in step 1, retaining 50% of the compounds; standard
precision was performed in step 2, and 50% of the com-
pounds from the previous step were retained; extra preci-
sion was conducted in step 3, in which, 50% of the com-
pounds from step 2 were retained. By setting the com-
pound properties to 0 < H bond donor < 6 and 150 <Mol
weight < 725, the compounds were further screened, re-
vealing 1258 compounds after screening.

2.3 Molecular Docking
These 1258 compounds were zipped and input into

Canvas to calculate the binary fingerprints of all small
molecules. Then, hierarchical clustering was performed on
the Tanimoto similarity matrix. From each class, the dock-
ing score (in kcal/mol, where a smaller value represents
the highest affinity between the receptor and ligand) was
selected, and the highest number of small-molecule com-
pounds was retained. Finally, 100 small molecule com-
pounds belonging to different chemical structures were ob-
tained. An intersection analysis between these 100 obtained
small molecule compounds and the drugs already listed in
the Food and Drug Administration (FDA) database was
performed, revealing two drugs: atorvastatin calcium and
pravastatin sodium. The ligands pravastatin and atorvas-
tatin, along with the DECR1 protein (1W6U), were sub-
sequently submitted to SwissDock (http://www.swissdoc
k.ch) for molecular docking using AutoDock Vina (The
Scripps Research Institute, La Jolla, CA, USA) [15,16]. Fi-
nally, Proteins Plus (https://proteins.plus/) was used for vi-
sualization and processing, and images were obtained.
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2.4 Surface Plasmon Resonance (SPR)

This experiment was conducted in accordance with
the standard Surface Plasmon Resonance (SPR)-related
procedures. The experimental design and parameters are
shown in the table below. In brief, the carboxyl (COOH)
chip was installed on the OpenSPRTM instrument (Nicoya
Lifesciences, Kitchener, ON, Canada), the sample ring
was cleaned with PBS buffer, and the chip was activated
with 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-
Hydroxysuccinimide (EDC/NHS, 1:1) solution when the
signal reached the baseline. The DECR1 ligand (200 µL)
was loaded followed by incubation for 4 min. The analyte
was diluted with buffer (PBS + 1% DMSO) and loaded
at a rate of 20 µL/min. The protein and ligand binding
time were 240 s, and natural dissociation was allowed for
300 s. Data analysis was performed using the one-to-one
analysis model in TraceDrawer (Ridgeview Instruments
AB, Uppsala, Sweden) software.

2.5 Cell Culture

The BC cell lines BT474, MDA-MB-231, and 4T1
were purchased from ATCC (American Type Culture Col-
lection, Manassas, VA, USA). BT474 and MDA-MB-231
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (SH30022.01B, HyClone, Logan, UT, USA) sup-
plemented with 10% fetal bovine serum (SH30088.03,
HyClone, Logan, UT, USA), 100 U/mL penicillin, and
100 µg/mL streptomycin (C0222, Beyotime, Suzhou,
Jiangsu, China), and 4T1 cells were cultured in RPMI-
1640 (SH30809.01B, HyClone, Logan, UT, USA) com-
plete medium. All cells were incubated at 37 °C in 5%
CO2 for culture, and the medium was changed every 2–3
days. All cell lines used in this study were validated by
Short Tandem Repeat (STR) profiling and tested negative
for mycoplasma contamination.

2.6 Cell Proliferation Assay

The logarithmic BC cells were seeded and cultured in
the wells of 96-well plates overnight, followed by further
seeding and culture in the medium containing atorvastatin
calcium (T3116, TargetMol, Boston, MA, USA) or pravas-
tatin sodium (T0672, TargetMol, Boston, MA, USA) for 48
h at 37 °C with 5% CO2. The cell seeding concentrations
usedwere 0, 3.125, 6.25, 12.5, 25, 50, 100, and 200 µM.Af-
ter 48 h of cell culture, the breast cancer cells were treated
with the CCK-8 solution (BS350B, Biosharp, Hefei, Anhui,
China), and absorbance values were read at 450 nm.

2.7 Cell Migration

DMEM (with 10% FBS) and breast cancer cells were
added to the top Transwell chamber (3464, Corning, Corn-
ing, NY, USA), and only DMEM (with 20% FBS) was
added to the bottom chamber. At 48 h of incubation at 37
°C, 0.1% crystal violet was added for cell staining, followed
by microscopic observation and cell counting.

2.8 Transmission Electron Microscopy
The cells from the different treatment groups (1500

rpm, 5 min) were centrifuged, and the cells were col-
lected in centrifuge tubes. The samples were fixed with
3% pentanediol and then with 1% osmium tetroxide, fol-
lowed by dehydration with gradient acetone and embed-
ding in the Epon-812 embedding agent. An ultrathin slic-
ing mechanism (Leica Microsystems, Wetzlar, Hesse, Ger-
many) was used to prepare ultrathin slices of about 60–90
nm, and a JEM-1400FLASH transmission electron micro-
scope (JEOL Ltd., Tokyo, Japan) was used to acquire im-
ages of these slices when observed.

2.9 ROS, Fe2+, and Lipid Peroxide Levels
A DCFH-DA probe (Beyotime, China, S0033M) was

used to evaluate the intracellular ROS levels. A Fer-
roOrange probe (F374, Dojindo Laboratories, Kumamoto,
Japan) was used to detect the intracellular Fe2+ content.
A Liperfluo assay kit (DOJINDO, Japan, L248) was used
to measure the levels of lipid peroxides. Each experiment
was performed following specific protocols, and a fluo-
rescence microscope (Leica Microsystems, Wetzlar, Hesse,
Germany) was used for observation.

2.10 Real-time qPCR
The total RNA in the samples was extracted with TRI-

zol Reagent (15596026, Invitrogen, Carlsbad, CA, USA)
and then reverse transcribed into cDNA using the HiS-
cript II Q RT SuperMix for qPCR Reagent Kit (R223-01,
Vazyme, Nanjing, Jiangsu, China). The RT-PCR system
was configured using ChamQUniversal SYBR qPCRMas-
ter Mix (Q711-02, Vazyme, Nanjing, Jiangsu, China), and
the primer sequences used for qPCR are listed in Table 1.
The amplification reactions were performed using a real-
time qPCR instrument (Archimed-X6, ROCGENE,Wuhan,
Hubei, China). Gene expression was calculated using the
2−∆∆ct approach, with GAPDH used as an endogenous ref-
erence. The primers used were as in Table 1.

2.11 Western Blotting
Radioimmunoprecipitation assay (RIPA) lysis buffer

supplemented with a protease inhibitor cocktail was used
for cell lysis. A BCA kit (P0012, Beyotime, Suzhou,
Jiangsu, China) was used to determine the protein content.
Protein aliquots were then subjected to western blotting.
The following primary antibodies were used: anti-β-actin
(ab6276, Abcam, Cambridge, Cambridgeshire, UK), anti-
DECR1 (ab198848, Abcam, Cambridge, Cambridgeshire,
UK), and anti-ACSL4 (sc-365230, Santa Cruz Biotechnol-
ogy, Dallas, TX, USA). HRP-conjugated secondary anti-
bodies (SA00001-1 and SA00001-2, Proteintech, Chicago,
IL, USA) were utilized to detect the bound antibodies using
an enhanced chemiluminescence (ECL) kit (P0018S, Bey-
otime, Suzhou, Jiangsu, China).
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Table 1. Primer sequences used for real-time qPCR.
Gene Symbol Sequence (5′–3′)

NCOA4 F: GAGGTGTAGTGATGCACGGAG
R: GACGGCTTATGCAACTGTGAA

NRF2 F: TCAGCGACGGAAAGAGTATGA
R: CCACTGGTTTCTGACTGGATGT

GPX4 F: GAGGCAAGACCGAAGTAAACTAC
R: CCGAACTGGTTACACGGGAA

DECR1 F: TCTTCAAAAAGCGATGCTACCA
R: CTATCACGCACTGAGCACCT

FTH1 F: TCCTACGTTTACCTGTCCATGT
R: GTTTGTGCAGTTCCAGTAGTGA

SLC7A11 F: TCTCCAAAGGAGGTTACCTGC
R: AGACTCCCCTCAGTAAAGTGAC

KEAP1 F: CTGGAGGATCATACCAAGCAGG
R: GGATACCCTCAATGGACACCAC

P53 F: CAGCACATGACGGAGGTTGT
R: TCATCCAAATACTCCACACGC

ACSL4 F: AACCCAGAAAACTTGGGCATT
R: GTCGGCCAGTAGAACCACT

GAPDH F: GGAGCGAGATCCCTCCAAAAT
R: GGCTGTTGTCATACTTCTCATGG

2.12 Animal Experiments

Female BALB/c mice (about 6 weeks old) were
procured from Hunan SJA Laboratory Animal Co., Ltd.
(Changsha, Hunan, China). The experimental animals were
raised at the experimental animal center of Southwest Uni-
versity under specific pathogen-free conditions. The pur-
chase, shipping, housing, care, and euthanization of all mice
were in accordance with the guidelines of the Institutional
Animal Care and Use Committee of Southwest University.

The 100 µL of a 4T1 breast cancer cell suspensionwith
1× 106 cells were injected subcutaneously into the axillary
region of BALB/cmice to construct the subcutaneous breast
cancer xenograft model. At a volume of about 50 mm3,
atorvastatin calcium (20 mg/kg and 40 mg/kg) were admin-
istered intraperitoneally, once every 2 days, for 6 times.
The tumor volume was then calculated as follows: volume
= (length×width2)/2 at 2-day intervals where length refers
to the longest dimension and width refers to the perpen-
dicular shorter axis. To ensure accuracy, all measurements
were performed using digital calipers by trained personnel
in a blinded manner, and tumors with irregular morphology
or poorly defined boundaries were excluded from volumet-
ric analysis. After receiving six doses of the treatment, the
mice were euthanized for further analysis and the required
tissue samples were retrieved. All animals were euthanized
humanely using carbon dioxide (CO2) inhalation, with a fill
rate of 20% chamber volume perminute, in accordancewith
the AVMA Guidelines (2020) and approved by the Institu-
tional Animal Care and Use Committee (IACUC).

2.13 HE and Immunohistochemical Staining Analyses
Mouse tumor, liver, kidney, and spleen samples were

collected and immersed in 4% paraformaldehyde at am-
bient temperature. The paraffin-embedded samples were
later sliced into 5 µm sections for hematoxylin-eosin (H&E)
staining.

After 24 h of immersion in 10% neutral formalin,
the tumor tissues were subjected to paraffin embedding
and then sliced into 5 µm sections. Afterward, the sec-
tions were deparaffinized and rehydrated, followed by anti-
gen retrieval by boiling in citrate buffer (pH 6.0) for 15
min. Thereafter, 3% hydrogen peroxide was added to block
the endogenous peroxide for 10 min. The sections were
blocked with 5% goat serum for 1 h and then incubated
overnight at 4 °C with DECR1 antibody (Abcam, England,
ab198848) and Ki67 antibody (Abcam, England, ab15580).
The sections were then washed followed by 1 h of incu-
bation with an HRP-labeled secondary antibody and then
3,3′-Diaminobenzidine (DAB) staining for 5 min. Hema-
toxylin was used for counterstaining, and the slides were
dehydrated, cleared, and mounted. Images of the sections
were captured using a microscope (Leica Microsystems,
Wetzlar, Hesse, Germany).

2.14 Statistical Analysis
The results were presented as means± standard devi-

ations (SDs). Intra-group differences were compared using
the Student’s t-test, whereas inter-group differences were
analyzed using one-way ANOVA. Every assay was con-
ducted at least three times. p< 0.05 indicated statistical sig-
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nificance. GraphPad Prism 9.0 software (GraphPad Soft-
ware, San Diego, CA, USA) was used for statistical analy-
sis.

3. Results
3.1 DECR1 Could Be a Candidate Anti-BC Therapeutic
Target

The effects of the reprogramming of fatty acid
metabolism on BC occurrence and development are un-
deniable. Therefore, the genes associated with fatty acid
metabolism were screened to identify tumor therapeutic
targets. The fatty acid metabolism-related genes associ-
ated with BC were identified from the TCGA-BRCA (n
= 1109), METABRIC (n = 1904), and GSE96058 (n =
3409) datasets, and the intersection revealed 269 potential
genes (Supplementary Table 1, Fig. 1A). Subsequently,
WGCNAwas performed for these 269 genes to identify the
module most strongly associated with tumors. WGCNA re-
vealed a positive correlation between the brownmodule and
the tumor phenotype (R = 0.334, p < 0.0001) (Fig. 1B,C),
and 50 genes from this module were selected for subse-
quent analysis (Supplementary Table 2) using a univari-
ate Cox analysis. DECR1 was consequently identified as a
risk factor for breast cancer, whereas PTGS2, ALDH3A1,
PLA2G4A, ALDH2, ACSL5, and CYP1B1 were identified
as protective factors (Fig. 1D). Subsequent analysis focused
on determining the role of DECR1 in breast cancer.

3.2 DECR1 Expression Can Predict Poor Prognosis in
Breast Cancer Patients

Compared to its levels in the adjacent tissues, DECR1
was significantly overexpressed in breast cancer tissues
(Fig. 1E). Next, based on the average expression of DECR1
in TCGA-derived breast cancer tissues, the patients were
classified into DECR1 low-expression or DECR1 high-
expression groups using a cutoff of 50%. DECR1 exhib-
ited significant differential expression in BRCA (Kruskal-
Wallis test, p = 9.46 × 10−7), potentially associated with
cluster groups (C1–C6) or distinct molecular subtypes (e.g.,
Basal-like, HER2, Luminal) (Fig. 1G,H). According to
the survival analysis, high DECR1 expression was nega-
tively correlated to patient prognosis (Fig. 1F), indicating
that high DECR1 expression was associated with poor out-
comes. These results suggested that DECR1 is closely as-
sociated with BC prognosis, although the underlying mech-
anisms remain unclear.

3.3 Atorvastatin Calcium Exerts Antitumor Effects
Associated With DECR1 in Breast Cancer

The preliminary research showed that DECR1 could
serve as a prognostic indicator with a negative correla-
tion to patient prognosis. Therefore, searching for poten-
tial candidate drugs targeting DECR1 has clinical signifi-
cance and prospects. Accordingly, computer-aided screen-
ing was conducted in this, for which the ligand NADP in

the DECR1 complex structure (Fig. 2A) was defined as the
binding pocket and the top 100 compounds screened were
intersected with the FDA-marketed drug database. As a
result, atorvastatin calcium (AC) and pravastatin sodium
(Fig. 2B,C), which could bind to the DECR1 protein, were
identified. AC formed hydrogen bonds with the DECR1
protein at Thr69, Gly72, Ala146, Phe249, and Asn144. Ad-
ditionally, the Phe249 and Leu71 residues were involved
in hydrophobic interactions (Fig. 2D). Pravastatin sodium
formed hydrogen bonds at Tyr199, Ile243, Thr245, Gly147,
and Ser210, while hydrophobic interactions were noted
with Thr197 and Leu71 (Fig. 2E). To investigate the di-
rect interaction between DECR1 and atorvastatin calcium
(AC), surface plasmon resonance (SPR) analysis was per-
formed (Fig. 2F). A concentration-dependent binding curve
demonstrated that AC binds to DECR1 with high affinity
and specificity in vitro.

Furthermore, the effects of AC and PS on BC cell
proliferation were evaluated, and it was confirmed that
AC could suppress MDA-MB-231 and BT474 cell growth,
with IC50 values of 39.70 µM and 7.74 µM, respectively
(Fig. 3A,B). However, BC cells are insensitive to differ-
ent concentrations of pravastatin sodium; therefore, it was
speculated that AC has greater potential than pravastatin
sodium to efficiently treat BC. Therefore, further research
was conducted using AC. BC cell migration ability was
markedly inhibited following AC treatment (Fig. 3C,D).
The in vivo research revealed that AC administration signif-
icantly inhibited tumor development (Fig. 4A,B), and a pre-
liminary in vivo safety assessment revealed that AC caused
little harm to key organs in the tumor burden model, as evi-
denced by HE staining showing no significant morphologi-
cal changes in the liver, kidney, or spleen. Additionally, im-
munohistochemical staining of tumor tissues demonstrated
a marked decrease in Ki67 and DECR1 expression after
AC treatment, indicating suppressed tumor cell prolifera-
tion and downregulation of DECR1 in vivo (Fig. 4C,D). In
summary, our findings suggest that the antitumor effect of
AC may be linked to its regulation of DECR1.

3.4 Atorvastatin Calcium Inhibits Cell Survival by
Inducing Ferroptosis in Breast Cancer Cells

Clinically, AC is used mainly to treat hyperlipidemia,
atherosclerosis, and other lipid metabolism disorders. Ac-
cordingly, combined with the findings of this study, it was
speculated that the potential role of AC is to affect fat
metabolism in cells. Statins have been suggested to in-
duce ferroptosis in different solid cancers by inhibiting the
mevalonate pathway to reduce the biosynthesis of GPX4.
Therefore, whether AC could induce ferroptosis in breast
cancer cells was evaluated next in this study. Transmission
electron microscopy revealed that AC treatment caused sig-
nificant mitochondrial shrinkage, elevated mitochondrial
membrane density, and decreased number of or no cristae
(Fig. 4E,F).
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Fig. 1. DECR1 has potential as a candidate anti-BC target. (A) Identification of 269 reliable genes related to fatty acid metabolism,
with a Venn diagram showing these 269 overlapping FMGs from the TCGA-BRCA, METABRIC, and GSE96058 datasets. (B) Char-
acteristic gene adjacency heatmaps of the correlations between normal breast and tumor tissue module genes. (C) Correlations of gene
significance with the module membership of the brownmodule with the highest absolute R-value. (D) Univariate Cox analysis conducted
for screening the prognostic genes in the brown module. (E) Representative IHC staining of DECR1 in normal and tumor breast tissues
from the Human Protein Atlas (HPA), along with semi-quantitative scoring of staining intensity. (F) Survival analysis for determining the
correlation level of DECR1 expression in relation to patient outcomes (https://kmplot.com/). (G,H) TISIDB website findings showing
significant relationships of DECR1 with immune subtypes and breast cancer subtypes. C1 to C6 denote the different immune subtypes.
** p < 0.01. FMGs, fatty acid metabolism-related genes; TCGA-BRCA, the Cancer Genome Atlas Breast Invasive Carcinoma dataset;
METABRIC, Molecular Taxonomy of Breast Cancer International Consortium dataset; IHC, Immunohistochemistry staining; DECR1,
2,4-Dienoyl-CoA Reductase 1.

Intracellular lipid peroxides are important factors in-
volved in the induction of ferroptosis. The detection of lipid
peroxidation reflects the degree of ferroptosis in cells. In
this study, markedly increased lipid peroxide content was
noted in the AC treatment group (Fig. 5A). The accumula-

tion of ROS (Fig. 5B) and Fe2+ (Fig. 5C) is a crucial factor
in the occurrence of ferroptosis. This study revealed that
the ROS and Fe2+ levels were significantly increased af-
ter AC treatment (Fig. 5D,E). Furthermore, ferroptosis in-
hibitors (ferrostatins) could effectively rescue tumor cells
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Fig. 2. Binding of DECR1 to pravastatin sodium and atorvastatin calcium. (A) The 3D structure of DECR1 (PDB ID: 1W6U).
(B) Chemical structure of pravastatin sodium. (C) Chemical structure of atorvastatin. (D) Schematic for the molecular docking between
pravastatin sodium and DECR1. (E) Molecular docking between atorvastatin calcium and DECR1. (F) Concentration gradient binding
curve for the binding of DECR1 and atorvastatin calcium by SPR experiments and we confirmed the high affinity and specificity of AC
binding to DECR1 in vitro. AC, atorvastatin calcium.

from death. In contrast, the combination of a ferroptosis in-
ducer (erastin) with AC resulted in a synergistic effect that
led to promoted breast cancer cell death (Fig. 6A,B). These
results indicated that AC promotes BC cell ferroptosis.

3.5 Atorvastatin Calcium Exerts Antitumor Effects
Associated With the DECR1-ACSL4 Axis

In order to explore the specific molecular mechanisms
underlying AC-induced ferroptosis in breast cancer cells,
the expressions of ferroptosis-related genes were deter-
mined in this study. Compared to those in the control group,
the expressions of GPX4 and SLC7A11 in the AC treat-
ment group were markedly decreased (Fig. 6C,D), which
was consistent with previously reported findings [17,18].
Additionally, the expression of ACSL4 was obviously up-
regulated in this study. At the protein level, the expres-
sion of ACSL4 was negatively correlated to that of DECR1
(Fig. 6E,F). AC inhibits DECR1 expression but promotes
ACSL4 expression. Therefore, it was understood that AC
not only induces ferroptosis by reducing the biosynthesis
of GPX4 but may also promote ferroptosis by activating
ACSL4 expression.

4. Discussion
Metabolic reprogramming typically involves alter-

ations in energy metabolism, lipid metabolism, and amino
acid metabolism, and is a common characteristic of tumors
[19]. Researchers have long recognized the importance of
glucose in tumor progression. However, changes in lipid

metabolism also exert important effects on tumor growth,
invasion, metastasis, and immune escape [20–22]. Tumor
cells require increased de novo fatty acid synthesis to meet
the demands of rapid membrane generation, energy pro-
duction, and signal molecule transmission [23]. Choles-
terol metabolism is critical to cancer progression, as altered
cholesterol levels impact the fluidity of cell membranes,
signaling pathways, and tumor growth [24]. Disruptions
in cholesterol homeostasis have significant implications for
tumor development and resistance to therapies [25].

Statins are strong competitive inhibitors of HMG-CoA
reductase, and previous research has demonstrated their im-
portance in the regulation of de novo cholesterol synthesis
[26]. Statins mainly function to decrease the levels of circu-
lating lipids, which can bind to HMG-CoA reductase while
preventing the conversion of HMG-CoA into mevalonate,
thus decreasing the intracellular cholesterol concentration.
Statins have been evaluated for their potential in treating
tumors from several perspectives. First, statins reduce the
levels of low-density lipoprotein and affect cholesterol syn-
thesis. Cholesterol, in significant amounts, serves as the
raw material for the synthesis of membranes in rapidly di-
viding tumor cells. Second, statins decrease the produc-
tion of proinflammatory factors [27]. Although there is lit-
tle correlation between the use of statins and BC incidence,
clinical evidence suggests that statins can reduce disease re-
currence [28]. Moreover, statins could significantly reduce
the risk of breast cancer-specific mortality (BCSM) in BC
patients [29].

7

https://www.imrpress.com


Fig. 3. Atorvastatin calcium (AC) has antitumor effects. (A,B) Compared to pravastatin sodium, AC markedly suppressed MDA-
MB-231 (A) and BT474 (B) cell proliferation, with IC50 values of 39.70 µM and 7.74 µM, respectively. (C,D) AC treatment inhibits
cell migration in breast cancer cells. (C) Representative images of migrated MDA-MB-231 and BT474 cells treated with AC at 1 µM
and 5 µM, as assessed by Transwell migration assay, scale bar = 249 µm. (D) Quantification of migrated cells from (C). ** p < 0.01.

A previous study showed that statins downregulate
glutathione peroxidase 4 (GPX4) through the suppression
of HMG CoA reductase. GPX4 is a key regulatory fac-
tor for lipid peroxidation and can mediate the production of
lipid ROS and induce ferroptosis in cells [30]. Atorvastatin
reportedly induced mitochondria-dependent ferroptosis by
regulating the Nuclear factor erythroid 2–related factor 2
(Nrf2)-GPX4 axis in human cardiomyocytes and mouse
skeletal muscle cells [17]. A existing study on breast cancer
have included simvastatin-induced ferroptosis as a poten-
tial therapeutic strategy against triple-negative breast can-
cer [7]. Pivastatin induces autophagy-dependent ferroptosis
in breast cancer cells through the mevalonate pathway [31].
In addition to the mevalonate pathway, other possible path-
ways throughwhich statins induce ferroptosis have not been
elucidated to date in breast cancer, and the potential of ator-
vastatin calcium for breast cancer treatment remains to be
fully understood. Therefore, DECR1 could serve as a viable
target for breast cancer therapy, and AC, through its ability

to induce ferroptosis, represents a promising candidate for
further development as a therapeutic tool. Research into
the underlying mechanisms revealed that DECR1 inhibited
the expression of ACSL4, thereby interfering with ferrop-
tosis. DECR1 is a rate-limiting mitochondrial enzyme in-
volved in the β-oxidation of PUFAs, playing a pivotal role
in maintaining lipid homeostasis and regulating ferroptosis.
A Previous study have demonstrated that DECR1 is highly
expressed in prostate cancer, and its suppression leads to
PUFA accumulation, increased lipid peroxidation, and ele-
vated mitochondrial oxidative stress, ultimately triggering
ferroptosis [32]. In our study, treatment with AC downreg-
ulated DECR1 expression, which may promote lipid per-
oxidation by disrupting lipid metabolism and thereby in-
duce ferroptosis in breast cancer cells. This mechanism ap-
pears to operate independently of the classical mevalonate-
GPX4 axis and offers novel insight into how AC may in-
duce ferroptosis through DECR1-mediated lipid remodel-
ing. This study, while providing promising insights into the
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Fig. 4. The in vivo antitumor effects of AC. (A) Intraperitoneal administration of AC (20 mg/kg or 40 mg/kg) significantly inhibited
tumor growth in the 4T1 subcutaneous tumor model. (B) The tumor growth curves for different treatment groups. (C)Mouse body weight
changes during drug treatment. (D) HE staining of tumor, liver, spleen, and kidney tissues (scale bar = 498 µm) showed no significant
morphological changes in the liver, kidney, or spleen following AC treatment. Immunohistochemical staining of Ki67 and DECR1 in
tumor tissues (scale bar = 124.5 µm) revealed a marked decrease in expression, indicating suppressed cell proliferation and DECR1
expression after treatment. (E,F) Transmission electron microscopy revealed abnormal inner mitochondrial membrane structures in AC-
treated MDA-MB-231 (E) and BT474 (F) cells, which are the typical features of ferroptosis. In each panel, the left image shows the
overall cellular morphology (scale bar = 2 µm), while the right image displays a magnified view of the yellow-boxed region, highlighting
mitochondrial damage (scale bar = 1 µm). Red arrows indicate condensed and ruptured mitochondrial cristae, characteristic of ferroptotic
morphology. ** p < 0.01. HE, hematoxylin-eosin.

role of DECR1 and AC in breast cancer therapy, has, how-
ever, certain limitations that need to be considered. The
present study was conducted primarily using in vitro mod-
els and subcutaneous tumor models, which may not fully

replicate the complexities of human tumors. This neces-
sitates further validation of the findings of this study in
clinical trials and in vivo models. In addition, the precise
molecular mechanisms through which AC induces ferrop-
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Fig. 5. Detection of ferroptosis-related markers in breast cancer cells after AC treatment. (A) Immunofluorescence analysis results
revealed markedly elevated lipid peroxidation levels in AC-treated breast cancer cells compared to those in control cells. (B) ROS levels
were significantly elevated following AC treatment. (C) The intracellular Fe2+ content also markedly increased after AC treatment.
(D,E) Relative fluorescence intensity (normalized to control) in MDA-MB-231 (D) and BT474 cells (E). Fluorescence intensity values
were normalized to the control group. The scale bars represent 249 µm in all images. ** p < 0.01, ns, not significant.

tosis and interacts with DECR1 remain unclear. For ex-
ample, the precise mechanism through which DECR1 in-
fluences the expression of ACSL4 requires further investi-
gation. Although our study demonstrates that AC induces
ferroptosis through DECR1 inhibition, other ferroptosis-
related pathways such as lipid remodeling (e.g., LPCAT3),
oxidative stress responses (e.g., Nrf2/HO-1, FSP1), and
iron metabolism (e.g., TFRC, ferritin) were not fully ex-
plored. Further investigation is warranted to delineate the

broader landscape of ferroptosis regulation by AC in breast
cancer. It is important to address these limitations for a bet-
ter translation of the obtained results into effective clinical
treatments.

5. Conclusions
This study integrated bioinformatics analysis, molec-

ular docking, cell-based assays, and animal models to in-
vestigate the potential role of DECR1 in breast cancer
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Fig. 6. Investigation of related mechanisms. (A,B) Cotreatment of MDA-MB-231 (A) and BT474 (B) cells with ferroptosis inducers
(erastin, 10 µM), ferroptosis inhibitors (ferrostatins, 10 µM), and AC for 48 h. (C,D) qRT-PCR analysis of ferroptosis-related gene
expression in MDA-MB-231 (C) and BT474 (D) cells treated with AC (5 µM) for 24 h. Notably, ACSL4 mRNA expression was
significantly upregulated in both cell lines (p < 0.01), with a ~7.5-fold increase in MDA-MB-231 cells and a ~2.5-fold increase in
BT474 cells. Expression levels of GPX4 and SLC7A11 showed moderate downregulation but did not reach statistical significance. Error
bars represent SEM from three independent experiments. (E) Western blot analysis of DECR1 and ACSL4 protein expression in control
and AC-treated MDA-MB-231 and BT474 cells. (F) Quantification of protein expression from (E), normalized to β-actin. AC treatment
significantly decreased DECR1 expression and increased ACSL4 expression in both cell lines. ** p < 0.01, ns, not significant. AC,
atorvastatin calcium; DECR1, 2,4-Dienoyl-CoA Reductase 1; ACSL4, Acyl-CoA Synthetase Long-Chain Family Member 4.

and explore the mechanism of action of AC. Our find-
ings suggest that DECR1 plays a critical role in breast can-
cer progression, and that AC may exert its antitumor ef-
fects by modulating ferroptosis-related pathways involving

DECR1. Overexpression of DECR1 is closely associated
with poor prognosis in breast cancer patients, while AC
treatment led to downregulation of DECR1 and upregula-
tion of ACSL4, contributing to the induction of ferroptosis
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in tumor cells. Furthermore, AC exhibited significant anti-
tumor activity both in vitro and in vivo, with minimal tox-
icity to major organs. These results highlight DECR1 as a
potential therapeutic target and support the further evalua-
tion of AC as a candidate agent for breast cancer therapy.
Future studies will aim to validate the direct role of DECR1
in mediating the antitumor effects of AC and to further elu-
cidate its clinical translational potential.
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