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Abstract

Background: Gynecological malignancies, such as endometrial cancer (EC) and uterine cancer are prevalent. Increased Acyl-CoA
synthetase long-chain family member 1 (ACSL1) activity may contribute to aberrant lipid metabolism, which is a potential factor that
contributes to the pathogenesis of endometrial cancer. This study aimed to elucidate the potential molecular mechanisms bywhichACSL1
is involved in lipid metabolism in endometrial cancer, providing valuable insights for targeted therapeutic strategies. Methods: Xenograft
mouse models were used to assess the effect of ACSL1 on the regulation of endometrial cancer progression. ACSL1 protein levels were
assessed via immunohistochemistry and immunoblotting analysis. To assess the migratory potential of Ishikawa cells, wound-healing and
Transwell invasion assays were performed. Changes in lipids in serum samples from mice with endometrial cancer xenotransplants were
examined in an untargeted lipidomic study that combinedmultivariate statistical methods with liquid chromatography‒mass spectrometry
(LC/MS). Results: Patient sample and tissue microarray data suggested that higher ACSL1 expression is strongly associated with the
malignant progression of EC. Overexpression of ACSL1 enhances fatty acid β-oxidation and 5′-adenylate triphosphate (ATP) generation
in EC cells, promoting cell proliferation and migration. Lipidomic analysis revealed that significant changes were induced by ACSL1,
including changes to 28 subclasses of lipids and a total of 24,332 distinct lipids that were detected in both positive and negative ion modes.
Moreover, pathway analysis revealed the predominant association of these lipid modifications with the AMPK/CPT1C/ATP pathway and
fatty acid β-oxidation. Conclusions: This study indicates that ACSL1 regulates the AMPK/CPT1C/ATP pathway, which induces fatty
acid β-oxidation, promotes proliferation and migration, and then leads to the malignant progression of EC.
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1. Introduction
Endometrial cancer (EC) is a typical gynecological

malignancy that accounts for 20%–30% of female repro-
ductive tract malignancies and 7%–8% of all malignancies.
The worldwide incidence of EC has grown recently, al-
though the age of onset has decreased [1]. A previous study
showed that lipid metabolism is closely associated with EC
[2]. There is sufficient evidence that obesity is a substantial
risk factor for endothelial dysfunction. Shaw E and col-
leagues used body mass index (BMI) as a metric for assess-
ing obesity. Their findings revealed that obesity, defined as
a BMI exceeding 30 and 35 kg/m2, corresponded to a 2.6-
fold increase in the risk of endothelial dysfunction, whereas
patients with severe obesity (BMI surpassing 35 kg/m2) had
a 4.7-fold increased risk compared to women with a normal
BMI of 25 kg/m2 [3]. Among patients who were healthy,
severe obesity was also substantially associated with EC-
specific mortality [4].

Lipid metabolism involves a complex and intercon-
nected network that regulates a variety of processes, in-
cluding energy metabolism [5], temperature control [6] and
the production of signaling molecules [7]. Research has
demonstrated that disruption of lipid metabolism can lead
to various diseases, including cancer, metabolic disorders,
and cardiovascular diseases [8]. In addition to function-
ing as vital nutrients for the body, fatty acids are also
involved in processes related to cell signal transduction
and energy metabolism, which support the maintenance of
healthy physiological functions. However, uncontrolled
fatty acid metabolism can result in excessive lipid biosyn-
thesis and deposition, eventually causing metabolic disor-
ders and even carcinogenesis. Dysregulation of fatty acid
metabolism has been implicated in diverse pathologies, in-
cluding leukemia [9], non-small cell lung cancer, breast
cancer [10], and colorectal cancer [11]. Overall, the de-
velopment of malignancies is significantly influenced by
lipid metabolism, particularly fatty acid metabolism. Stud-

https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/j.fbl2902066
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


ies have proposed several mechanisms by which fatty acid
metabolism can lead to endometrial carcinogenesis [12].
These pathways mechanisms include mechanisms related
to sex steroid hormones [13], insulin resistance [14], and
inflammation [15]. Fatty acid oxidation (FAO) is an es-
sential component of fatty acid metabolism. Studies have
demonstrated that numerous cancers, such as leukemia [16]
and diffuse large B cell lymphoma (DLBCL) [17], rely on
FAO as an essential source of ATP [18–20] that promotes
cells survival [21,22]. Nevertheless, the relationship be-
tween FAO and EC as well as the potential related molecu-
lar mechanisms are currently unclear and need to be further
studied.

An enzyme that participates in the first stage of FAO,
namely, Acyl-CoA synthetase long-chain family member
1 (ACSL1), is essential for both lipid production and fatty
acid breakdown. Numerous tumor types are characterized
by unregulated ACSL1, which justifies the possibility of
anticancer therapeutic agents that target this protein. Re-
cent studies have shown that in colorectal cancer, ACSL1
knockdown inhibits cell proliferation and migration, while
ACSL1 overexpression can induce epithelial-mesenchymal
transition (EMT). Moreover, the increased levels of N-
cadherin and Slug indicate that ACSL1 could serve as a
direct therapeutic target in colorectal cancer [23]. Further-
more, investigations have suggested that the suppression of
ACSL1 can reduce the proliferation, colony formation, and
cell viability of breast cancer cell lines, demonstrating that
ACSL1 is a desirable target for breast cancer treatment [24].
In summary, ACSL1 represents a promising therapeutic tar-
get due to its association with multiple cancer types and its
pivotal role in promoting both tumor proliferation and ag-
gressiveness.

According to previous studies, when exogenous long-
chain fatty acids reach the cell, Acyl-CoA synthetase
long-chain family member 1 (ACSL1) first activates them
to produce fatty acyl-CoA before they enter downstream
metabolic pathways [25]. As adenosine 5′-monophosphate
(AMP) is produced from 5′-adenylate triphosphate (ATP),
which is the substrate of ACSLs, a higher AMP/ATP ratio
(a symptom of inadequate cellular energy storage) activates
AMPK [26]. Malonyl-CoA levels decrease as acetyl-CoA
carboxylase (ACC) is inhibited, and the inhibitory effect of
malonyl-CoA on carnitine palmitoyltransferase-1 (CPT1) is
weakened as a result. Then, fatty acyl-CoA is converted
to acylcarnitine, which enters the mitochondria to promote
FAO [5,27] and produces a significant amount of ATP to
promote cell survival [18–20]. Compared with normal
cells, tumor cells not only proliferate faster but also often
require more energy. More importantly, ACSL1-mediated
FAO can generate abundant levels of energy. However, the
underlying role of ACSL1 in EC remains incompletely un-
derstood.

To investigate the connections and potential biologi-
cal correlations betweenACSL1 and themalignant progres-

sion of endometrial cancer (EC), we used a combination of
molecular biology techniques and lipid metabolite analyses
in an isogenic mouse model of EC along with various cell
lines. Analysis of patient specimens and tissue microarray
findings further supported the finding that ACSL1 expres-
sion is increased in EC, and this increased ACSL1 expres-
sion is associated with adverse clinical outcomes. Based
on these findings, we hypothesize that ACSL1 promotes
metastasis and that enhanced proliferation in EC is caused
by an increase in FAO via AMPK pathway activation.

2. Materials and Methods
2.1 Chemical Reagents

Etomoxir (ETX) was purchased from MedChemEx-
press Chemical Ltd. (Middlesex County, NJ, USA). Rab-
bit polyclonal antibodies against ACSL1 (cat: DF9605),
phosphorylatedAMPK (cat: AF3423, phosphorylation site:
Thr172), AMPK (cat: AF6423), CPT1C (cat: DF12150),
PCNA (cat: AF0239), Ki67 (cat: AF0198), E-cadherin
(cat: R868), and vimentin (cat: I444) were purchased
from Affinity Biosciences (Changzhou, China). Our lab
acquired a rabbit polyclonal antibody against actin (cat:
BS6007M) from Bioworld Technology, Inc. (St Louis
Park, MN, USA). Takara Biotechnology Co., Ltd. (Beijing,
China) provided the PrimeScript RT Reagent Kit and TRI-
zol®. The Cell-Light EdU Apollo567 In Vitro Kit was ob-
tained from RiboBio Biotechnology Co., Ltd. (Guangzhou,
China).

2.2 Subjects
This research was carried out using specimens from 31

female patients (mean age: 55.45 ± 7.46 years) who were
diagnosed with endometrial cancer following endometrial
curettage between April 2019 and November 2019 at the
Affiliated Hospital of XuzhouMedical University, Xuzhou,
China, as well as samples from 33 healthy female volun-
teers (mean age: 36.45 ± 5.57 years). Endometrial can-
cer patients were enrolled by the Department of Obstetrics
& Gynecology, and healthy participants were selected by
the Health Screening Center at the Affiliated Hospital of
Xuzhou Medical College. Samples of venous blood were
collected after an overnight fast. Serum was promptly sep-
arated by centrifugation and stored at –20 °C for subsequent
analysis. Similarly, six pairs of cancer and paracancerous
tissues were harvested from patients with EC in the De-
partment of Obstetrics and Gynecology at Xuzhou Central
Hospital. The female subjects in our study were not treated
with systemic hormone therapy prior to sample collection.
The research followed to the principles of the Declaration of
Helsinki and was registered with the Chinese Clinical Trial
Register on January 26, 2018, under Registration No. Chi-
CTR-1800014658. Each participant provided their written
agreement in advance of the investigation.
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2.3 Animals and Treatment
Female BALB/c mice (10–12 g) were obtained from

Charles River Co., Ltd. (Beijing, China) and were housed
under conditions of regulated temperature, humidity, and
lighting. Ethical approval for all the animal experiments
was obtained from theAnimal Ethics Committee of Xuzhou
Medical University, and the study was conducted in ac-
cordance with the principles outlined in the Declaration
of Helsinki. All 24 mice that were used in the study
were fed a normal diet. ACSL1-knockout Ishikawa cells
and ACSL1-overexpressing Ishikawa cells were subcuta-
neously injected into mice to establish a xenograft tumor
model. The mice were injected with 0.2 mL of a cell sus-
pension (approximately 3 × 105 cells). The mice were
divided into four distinct groups: the ACSL1 knockdown
negative control (SI-NC) group, ACSL1 knockdown (SI)
group, ACSL1 overexpression negative control (OE-NC)
group, and ACSL1 overexpression (OE) group. Each group
included six mice. We measured the long side (L) and short
side (W) of the tumor every four days for four weeks and
calculated the tumor volume with the following formula:
L × W2/2. Serum and tumor tissues were collected from
the animals at the end of the experiment and either stored
at –80 °C or fixed overnight in 10% neutral-buffered for-
malin. The paraffin-embedded tissues were used for subse-
quent histological and immunohistochemical analyses, as
detailed below.

2.4 Untargeted Lipidomics Analysis
Two hundred microliters of each sample was added

to a 1.5 mL centrifuge tube after all the samples had been
carefully thawed on ice and vortexed to mix them. Subse-
quently, 200 µL of water was added, followed by the se-
quential addition of 240 µL of precooled methanol and 800
µL of MTBE. The solutions were agitated, subjected to 20
minutes of sonication in a chilled water bath, and subse-
quently incubated at room temperature for 30 minutes. The
samples were then centrifuged at 14,000×g for 15min at 10
°C. The upper organic phase of the samples was harvested,
subjected to nitrogen drying, and stored at –80 °C. The re-
sulting supernatant was then collected for subsequent liquid
chromatograph-mass spectrometer (LC-MS) analysis.

A UHPLC Nexera LC-30A system for ultra-
highperformance liquid chromatography (UHPLC)
(Waters, Wilmslow, UK) was used for all chromatographic
separations. For separation, an ACQUITYUPLCCSHC18
column (100 mm × 2.1 mm, 1.7 µm, Waters, Wilmslow,
UK) was employed. The flow rate was set to 300 µL/min,
and the column oven was maintained at a temperature of
45 °C. The mobile phase consisted of two components:
(A) a 10 mM ammonium formate acetonitrile-water
solution (acetonitrile:water = 6:4, v/v), and (B) a 10
mM ammonium formate acetonitrile-isopropanol solution
(acetonitrile:isopropanol = 1:9, v/v). A gradient elution
program was employed as follows: from 0 to 2 minutes,

B was maintained at 30%; from 2 to 25 minutes, a linear
increase from 30% to 100% B was performed; and from
25 to 35 minutes, B was maintained at 30%. Throughout
the entire analysis, the samples were stored in an automatic
sampler at a constant temperature of 10 °C.

After separation with UHPLC, samples were analyzed
using a QExactive Plus mass spectrometer. Via electro-
spray ionization (ESI) and positive ion mode, QExactive
Plus was used for detection. In positive ion mode, the cap-
illary temperature was maintained at 350 °C, and the spray
voltage was set to 3.0 kV. In negative ion mode, the capil-
lary temperature was maintained at 350 °C, while the spray
voltage was set to 2.5 kV. The positive MS1 scan ranges
were 200 to 1800 and 250 to 1800 in negative mode.

2.5 Cell Culture and Treatment

The cell lines underwent authentication, which in-
cluded assessments of morphology, antigen expression,
growth characteristics, DNA profiles, and cytogenetic anal-
yses, and these analyses were performed by the provider.
Ishikawa cells were cultured in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (Clark, NV, USA),
1% penicillin, and 1% streptomycin. The cells were main-
tained in a controlled environment at 37 °C with 95% hu-
midity and 5% CO2. After stable transfection, the cells
were exposed to 50 M etomoxir (ETX, Middlesex County,
NJ, USA) for 48 h to conduct FAO inhibition experiments.
ETX is an inhibitor of the CPT1C protein, which is a piv-
otal enzyme in the progression of fatty acid oxidation. All
the cell lines tested negative for mycoplasma.

2.6 Lentiviral Packaging and Infection

The lentiviral vector containing green fluorescent pro-
tein (GFP) was supplied by Genechem (Shanghai, China).
The lentiviral vector system carrying the /textitGV gene
consists of a series of GV lentiviral vectors, the pHelper
1.0 vector and the pHelper 2.0 vector. Small interfering
RNAs (siRNAs) targeting the human ACSL1 gene were
designed and provided by Shanghai GeneChem Co., Ltd.,
China. After screening with Lipofectamine 2000 (Invit-
rogen Corporation, Carlsbad, CA, USA) and cotransfec-
tion of a plasmid carrying human ACSL1 (NM_001995)
cDNA into HEK293T cells in six-well plates, the op-
timal siRNA sequence (5′-CAGATAGATGACCTCTATT-
3′) was cloned and inserted into the pGCL–GFP plas-
mid. This plasmid, which is an HIV-derived lentiviral vec-
tor, features an upstream U6 promoter and a downstream
cytomegalovirus promoter–GFP cassette flanked by loxP
sites. Lentivirus preparations were generated by Shanghai
GeneChem Co., Ltd., China. The sequence of the resulting
lentiviral vector carrying human ACSL1-specific shRNA
was confirmed by polymerase chain reaction (PCR) and
sequencing analysis. A negative control lentiviral vector
carrying NS shRNA was constructed using a similar proce-
dure (NS lentivirus, 5′-TTCTCCGAACGTGTCACGT-3′).
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To overexpress ACSL1, the full-length cDNA of human
ACSL1 was amplified by subcloning PCR and cloned into
the GV657 vector (Genechem, Shanghai, China). The con-
structed lentiviral vector was then packaged into 293T cells.
Subsequently, the concentrated virus harvest was added to
the cells and incubated for 72 hours. Ishikawa cells were
infected with human ACSL1 lentivirus at an MOI of ap-
proximately 150, and control cells were infected with NS
lentivirus. After 24 h of cell infection, the cells were incu-
bated with 1 µg/mL puromycin for 3–5 days, and Western
blotting was used to verify protein expression after ACSL1
was overexpressed or knocked down.

2.7 Cell Counting Kit-8 (CCK-8) Assay
Cells were seeded in a 96-well plate at a density of

5000 cells per well. After 24 hours of incubation, 10 µL of
CCK8 solution (Dojindo Laboratories, Kumamoto, Japan)
per well was added to 96-well plates and incubated for 1
hour. The culture medium was replaced with FBS-free
high-glucose DMEM in the dark. The cells were then in-
cubated at room temperature for 37 °C, and the optical den-
sity(OD) values at 450 nm were measured.

2.8 EdU Assay
Ishikawa cells were seeded in 96-well plates at a

density of 4 × 103 cells per well. The cells were
then treated with the appropriate reagents for 24 hours.
The cells were subjected to EdU treatment (RiboBio,
Guangzhou, China) for an additional two hours prior to
being harvested, and they were subsequently fixed with
4% paraformaldehyde. Then, cell staining was performed
using Apollo®567 (C10310-1, RiboBio, China) and 4,6-
diamidino-2-phenylindole (DAPI) in accordance with the
manufacturer’s instructions. An imaging fluorescence mi-
croscope was used to view the staining results.

2.9 Wound-Healing Assay
Ishikawa cells were plated in six-well plates and

grown to 90% confluence. A scratch was generated in the
cell monolayer using a sterile 10-L pipette tip, which led
to the development of a wound. The progression of wound
healing was recorded at a magnification of 200× at certain
time intervals. The wound was examined and imaged at 0
and 24 hours under a microscope (OLYMPUS).

2.10 Transwell Migration Assay
Ishikawa cells (1 × 105 cells in 200 µL of serum-free

DMEM) were reseeded in the upper chamber of a Boy-
den chamber insert (Corning Inc., Corning, NY, USA) that
was precoated with 300 µg/mL Matrigel (BD Bioscience,
San Jose, CA, USA), and 600 µL of media supplemented
with 10% FBS was added to the lower chamber. The
Ishikawa cells were incubated for 20 to 24 hours, and then,
the cells that had passed through the filter were fixed using
4% paraformaldehyde and stained using 0.1% crystal vio-

let from Solarbio Science & Technology Co., Ltd., Beijing,
China. We used an inverted microscope (OLYMPUS) to
view the migrated cells in various fields of view.

2.11 ATP Detection Assay
Eachwell of a 96-well microplate was seededwith 100

µL of a cell suspension, followed by the addition of 50 µL of
mammalian cell lysis solution before the cells were plated.
The microplate was subjected to agitation at 700 rpm for
five minutes using an orbital shaker. ATP was stabilized,
and the cells were lysed. After adding 50 µL of substrate
solution to the wells, the microplate was agitated at 700 rpm
for five minutes using an orbital shaker, and after ten min-
utes of adaptation to the dark, the brightness of the plate was
measured. ATP levels were measured using the ATP LITE
Assay Kit (PerkinElmer, Waltham, MA, USA) according to
the manufacturer’s guidelines.

2.12 Lipid Oxidation (MDA) Detection Assay
Cells from different groups were seeded at a density

of 1 × 105 cells per well in 6-well plates. Subsequently,
after reaching a cell count of 1 million, each sample was
lysed using 0.1 mL of lysis buffer. Following cell lysis, su-
pernatants were collected by centrifugation at 12,000 ×g
for 10 minutes. The samples were thoroughly mixed af-
ter adding the MDA detection working solution and then
heated in a boiling bath for 15 minutes. The samples were
equilibrated to ambient temperature in a water bath and then
subsequently subjected to centrifugation at 1000 ×g for 10
minutes at room temperature. A 96-well plate was filled
with 200 microliters of supernatant, and the optical density
was measured at 532 nm using a microplate reader. We uti-
lized a lipid peroxidation (MDA) detection assay kit (Be-
yotime, China) to analyze the MDA levels in accordance
with the manufacturer’s instructions.

2.13 Seahorse Assay
Ishikawa cells were cultured in XF96 plates and sub-

jected to a 48-hour treatment with 50 µM etomoxir (ETX),
which inhibits FAO. The original cell culture medium (in
a pH 7.4 environment, the culture medium contained 1640
media with 10 mM glucose, 1 mM sodium pyruvate, and
2 mM glutamine) was replaced with the test solution af-
ter the tissues had been incubated for 1 h at 37 °C without
CO2. Then, each well was treated with 1.5 µM oligomycin,
1.5 µM FCCP, and 0.5 µM rotenone/antimycin A. The cell
oxygen consumption rate was measured every 5 min. Cell
energymetabolismwas detected by an XF96Analyzer (Ag-
ilent, Santa Clara, CA, USA).

2.14 Histopathological Examination
Tumor specimens were preserved in 10% phosphate-

buffered formalin, followed by paraffin embedding. Thin
paraffin sections (2–3 µm) were subjected to staining, in-
cluding periodic acid-Schiff (PAS) and Masson’s trichrome
staining.

4

https://www.imrpress.com


Table 1. Real-Time Quantitative Reverse Transcription PCR
(qRT‒PCR) Primer Sequences (human).

Genes Sequence

ACSL1
ACTCTTCCGACCAACACGCTTATG
ACCACCACTACCCGCCACTTC

β-Actin
GCAAAGACCTGTACGCCAAC
AGTACTTGCGCTCAGGAGGA

2.15 Immunohistochemistry (IHC)
Paraffin-embedded xenograft tissue sections (4 µm)

were deparaffinized and gradually rehydrated through a
gradient of ethanol solutions. Antigen retrieval was con-
ducted by boiling the samples in citrate buffer (0.01 M, pH
6.0) for 15 minutes. The tissue sections were treated for 10
minutes with 3% hydrogen peroxide and then blocked with
goat serum for 30 minutes. Specific primary antibodies
against ACSL1 (Affinity, 1:100), PCNA (Affinity, 1:100),
andKi67 (Affinity, 1:100, ready to use) were then applied to
the sections. Immunohistochemical staining was conducted
in accordance with the manufacturer’s guidelines utilizing
the DAB method (GSK500710, Gene Tech, China).

2.16 Real-Time Quantitative Reverse Transcription PCR
(qRT‒PCR)

In our experimental procedure, total tissue RNA was
isolated with TRIzol® (Invitrogen), ensuring the highest
quality RNA extraction. Subsequently, cDNA synthesis
was performed utilizing the PrimeScript RT Reagent Kit
from TaKaRa Biotechnology Co., Ltd. according to the
manufacturer’s recommendations, ensuring the reliability
of the process. To accurately quantify mRNA expression,
real-time quantitative reverse transcriptase PCR analysis
was performed using the LightCycler® 480 II system from
Roche, Switzerland. This platform followed to established
protocols, guaranteeing the robustness and reproducibility
of our results. For the complete list of primer sequences
that were used in our study, please refer to Table 1.

2.17 Western Blotting Analyses
Total protein was extracted using ice-cold RIPA

buffer, and insoluble fractions were subsequently removed
from the samples. The protein concentration was quan-
tified via bicinchoninic acid (BCA) assay. The main
antibodies included antibodies against ACSL1 (Affinity,
1:1000), phosphorylated AMPK (Affinity, 1:1000), AMPK
(Affinity, 1:1000), CPT1C (Affinity, 1:1000) and β-actin
(Bioworld, 1:10,000).

2.18 Statistical Analysis
We conducted quantitative analyses of all our exper-

imental results using SPSS Statistics 16.0 software (SPSS
Inc, Chicago, IL, USA). Experimental data are presented as
the mean ± standard error of the mean (SEM). Intergroup
comparisons were performed through one-way analysis of

variance (ANOVA), and differences in individual param-
eters between two groups were assessed using Student’s t
test. Statistical significance was determined at a threshold
of p < 0.05.

3. Results
3.1 The Expression of ACSL1 in Clinical EC Samples

Considering the pivotal role of ACSL1 in modulating
the biosynthesis of diverse acyl-CoAs, we sought to inves-
tigate whether ACSL1 is involved in endometrial tumori-
genesis. Thus, we initially conducted immunohistochem-
ical (IHC) staining of specimens from 6 endometrial can-
cer patients and their adjacent normal tissues. We scored
the levels of ACSL1 expression based on the intensity of
ACSL1 staining. The IHC scores for ACSL1 expression
were significantly higher in endometrial cancer tumor tis-
sues than in noncancerous tissues (Fig. 1A). After observ-
ing an increase in ACSL1 levels within tissues, we subse-
quently investigated whether its levels were increased in the
serum of endometrial cancer patients. Serum ACSL1 lev-
els serve as a potential circulating biomarker that indicates
systemic changes that are associated with observed tissue
alterations. This approach provides insights into the sys-
temic implications of the observed tissue changes (Fig. 1B).
In addition, Fig. 1C,D show that the protein and mRNA
levels of ACSL1 were aberrantly upregulated in endome-
trial tissue from EC patients. The levels of PCNA and Ki67
(proliferation markers) in tumor tissues were significantly
higher than those in adjacent normal tissues. In contrast
to adjacent normal tissues, tumor tissues exhibited reduced
E-cadherin and elevated vimentin expression, which indi-
cated EMT (Fig. 1E). Therefore, we propose that ACSL1
is involved in the proliferation and migration of EC. Col-
lectively, these findings indicate that increased ACSL1 ex-
pression is associated with endometrial cancer, suggesting
that it has a potential oncogenic role.

3.2 ACSL1 Increases Proliferation and Migration to
Promote EC

Considering that ACSL1 is elevated in endome-
trial cancer, we wondered whether ACSL1 promotes en-
dometrial cancer cell proliferation and migration, and
we established ACSL1-knockdown (SI) and ACSL1-
overexpressing (OE) Ishikawa cell lines by lentiviral in-
fection. Western blotting confirmed high knockdown ef-
ficiency in IK cells, which were subsequently selected for
further experiments (Fig. 2A).

Cell proliferation was assessed via EdU assays and the
CCK-8 method. The findings indicate that the upregula-
tion of ACSL1 resulted in a higher fold increase in the per-
centage of EdU-positive cells, while ACSL1 knockdown
resulted in a lower fraction of EdU-positive cells (Fig. 2B).
Moreover, ACSL1 overexpression promoted Ishikawa cell
proliferation, whereas ACSL1 knockdown inhibited cell
proliferation (Fig. 2C). To delve deeper into the impact
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Fig. 1. ACSL1 expression in healthy individuals and endometrial cancer patients. (A) Representative immunohistochemistry (IHC)
images and scatter plot of ACSL1 protein expression in endometrial cancer tissueand adjacent normal tissues (N group: n = 6, EC group:
n = 16). IOD stands for “Integrated Optical Density”. In immunohistochemistry studies, IOD quantifies staining results, reflecting the
total amount of stained substance. Scale bar: 20 µm. EC group represents endometrial cancer patients and their adjacent normal tissues
represent N group. (B) Serum ACSL1 levels in healthy subjects and endometrial cancer patients (N group: n = 18, EC group: n = 18).
(C) Representative Western blot and bar chart showing the quantification of ACSL1 expression in endometrial cancer tissues (EC) and
para-cancerous tissues (N). (D) The mRNA expression of ACSL1 in endometrial tissues from endometrial cancer tissues (EC) and para-
cancerous tissues (N). (E) Representative immunohistochemistry (IHC) images and scatter plot of Ki67, PCNA, vimentin, and E-cadherin
in endometrial cancer tissueand adjacent normal tissues (N group: n = 6, EC group: n = 6). Scale bar: 20 µm. Data are presented as the
mean ± standard error for the sample mean (SEM), n = 6, **p < 0.01 vs. the N group.

of ACSL1 on cell invasion, we conducted wound healing
and Transwell assays. Ishikawa cell migration was signif-
icantly decreased in the ACSL1-overexpressing (SI) group
in comparison to the control (SI-NC) group (Fig. 2D). The
OE group exhibited increased cell invasion, whereas the SI
group exhibited decreased cell invasion (Fig. 2E).

3.3 ASCL1 was Associated with Lipid Metabolism and
Energy Metabolism in EC

Previous studies have revealed that ACSL1 can en-
hance lipid metabolism, and it is noteworthy that the
progression of cancer is intricately associated with alter-
ations in lipid metabolism [28]. Therefore, to investigate
whether ACSL1 affects the progression of EC through lipid
metabolism, we generated a xenograft mouse model and
then carried out lipidomic profiling using the serum of EC
mice from the SI group and NC group (SI group: ACSL1

knockdown group; NC group: ACSL1 knockdown neg-
ative control group). In the xenograft model, EC cells
were infected with ACSL1 silencing or negative control
lentivirus before injection.

The volcano plot visually represents the overall fold
change in lipidmolecules between the SI and SI-NC groups,
with magenta points denoting lipids that met the criteria
for differential expression [fold change (FC) >1.5 or FC
<0.67, p value< 0.05] (Fig. 3A). Next, we performed hier-
archical clustering based on the qualitative expression lev-
els of significantly different lipids [variable importance for
projection (VIP) >1, p value < 0.05] across the sample
groups (VIP serves as a metric for assessing the contribu-
tion of variables (features) in multivariate datasets to model
interpretation and prediction. In multivariate datasets, such
as those in metabolomics, features with VIP values exceed-
ing 1 are considered to have a significant impact on the
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Fig. 2. The proliferation and migratory potential of EC cells were assessed. (A) Western blotting validated the of ACSL1 gene
overexpression and knockout in subsequent experiments. (B,C) The proliferation of Ishikawa cells was assessed by EdU assays and
CCK-8. Scale bar, 100 µm. (D) Wound-healing assay was used to assess Ishikawa cell migration. Scale bar: 200 µm. (E) The migration
of abilities of Ishikawa cells was determined by migration assay Scale bar, 100 µm. The data are presented as the mean ± SEM with n
= 3, *p < 0.05, **p < 0.01 compared to the SI-NC group. ##p < 0.01, ###p < 0.001 compared to the OE-NC group (SI-NC, ACSL1
knockdown negative control group; SI, ACSL1 knockdown group; OE-NC, ACSL1 overexpression negative control group; OE, ACSL1
overexpression group).

model. These features are thought to make notable con-
tributions to model interpretation and prediction in the con-
text of the dataset). Lipids clustered together share sim-
ilar expression patterns, suggesting potential proximity in
metabolic pathways. The heatmap illustrating the cluster-
ing of differential lipids between the SI and SI-NC groups
portrays samples on the horizontal axis and differential
lipid molecules on the vertical axis. Color intensity cor-
responds to expression levels, with darker shades indicat-
ing higher expression. Lipid molecules with similar ex-
pression patterns tend to cluster together. The results in-
dicate a clear distinction between lipid molecules from the
SI and SI-NC groups (Fig. 3B). In this study, a total of 28
lipid subclasses were detected, including a total of 869 lipid
molecules across these classes (Supplementary Table 1).
Notably, lipid molecules exhibiting significant differences
and havingVIP values greater than 1 are detailed in Supple-

mentary Table 2 (lipid molecules with VIP>1 are consid-
ered to make a substantial contribution to model interpre-
tation). Subsequently, quantitative analysis was conducted
on lipid subclasses within each sample. Metabolic profile
comparisons indicate that comparative analysis between
the SI and SI-NC groups revealed differentially regulated
lipid subclasses, as outlined in Supplementary Table 3.
The results indicate significant downregulation of ACCA,
Cer, DG, and PI in the SI group compared to the SI-NC
group, while MG and PG were significantly upregulated
(Supplementary Fig. 1A). Collectively, ACSL1 markedly
altered the lipid profile, demonstrating that ACSL1 might
cause dramatic lipid metabolism disorder.

Subsequently, we assessed the MDA and ATP levels.
Malondialdehyde (MDA) is a common metabolic byprod-
uct of lipid peroxidation and is frequently utilized as a
quantitative marker for assessing the extent of lipid oxida-
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Fig. 3. ACSL1 overexpression is associated with lipid metabolism disorders in endometrial cancer. (A) Volcano plot analysis was
performed to identify lipid species that exhibited significant changes in relative abundance in the xenograft mouse model. Each point
on the plot represents a lipid molecule. The magenta area represents molecules that met the criteria for being differentially expressed
[fold change >1.5 or <0.67, p value < 0.05, where fold change equals the experimental group’s average protein expression level (SI)
divided by the control group’s average protein expression level (SI-NC)]. (B) The clustered heatmap illustrates variations in serum lipid
composition between the SI and NC groups. (C) The concentration of malondialdehyde (MDA) in IK cells, which correlated with varying
levels of ACSL1 expression, was quantitatively measured to assess lipid oxidation levels. (D) ATP level. The data are presented as the
mean ± SEM, with n = 6, * indicating significance at p < 0.05,**p < 0.01, compared to the NC group. ##p < 0.01 compared to the
OE-NC group.

tion. MDA contents serve as an indicator for evaluating
lipid metabolism and oxidative lipid levels. The results are
shown in Fig. 3C,D. ACSL1 increased FAO and ATP pro-
duction in EC cells. These findings strongly indicate that
ACSL1 modulates EC cell energy metabolism by regulat-
ing lipid metabolism.

3.4 Increased ACSL1 Expression Promotes EC by
Regulating FAO

To elucidate themolecular mechanisms underlying the
role of ACSL1 and the pivotal role of FAO in EC pro-
gression, we used EC (Ishikawa) cells, including control
cells (OE-NC) and ACSL1-overexpressing cells (OE); we
treated these cells with ETX (inhibits the CPT1C protein)
to suppress FAO. The CPT1C protein is a key enzyme in
FAO.

As shown in Fig. 4A–D, ACSL1 overexpression in-
creased FAO, induced ATP production, and enhanced cell
proliferation and migration. These effects were inhibited
after the administration of ETX and restored with the upreg-
ulation of ACSL1. When ACSL1 was overexpressed, EC

cells showed higher basal and maximum respiratory capac-
ity (Supplementary Fig. 1), with increased intracellular
ATP levels (Supplementary Fig. 1). Moreover, ACSL1
upregulation partially attenuated the ability of ETX to sup-
press FAO.

Research has shown that ACSL1 canmodulate AMPK
activity [26] and its downstream target, CPT1C, subse-
quently influencing FAO [27,29,30]. Therefore, the pro-
tein expression of ACSL1, p-AMPK, AMPK and CPT1C
was measured in this study. The findings indicated a sig-
nificant upregulation of these proteins after ACSL1 overex-
pression (Fig. 4F). These results demonstrated that ACSL1
was aberrantly expressed in EC and could further pro-
mote the proliferation and migration of EC cells via the
AMPK/CPT1C/ATP pathway.

After ETX treatment, the expression of ACSL1 and p-
AMPK/AMPK was unaffected; however, CPT1C was sig-
nificantly downregulated. Furthermore, the overexpression
of ACSL1 reversed the inhibitory effect of ETX, which led
to the upregulation of CPT1C, suggesting that ACSL1 was
indeed associated with the FAO-induced progression of EC
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Fig. 4. Increased ACSL1 expression promotes EC by regulating the fatty acid oxidation (FAO)metabolism pathway. (A) Ishikawa
cell proliferation was assessed with CCK-8. Scale bar: 100 µm. (B) Ishikawa cell migration was assessed via wound healing assay.
Scale bar: 100 µm. (C) MDA level. (D) OCR value of cells. (E) ATP level. (F) Representative Western blot and quantitative bar chart
illustrating ACSL1, p-AMPK, and CPT1C protein expression in Ishikawa cells. (G) Representative Western blot and quantitative bar
chart illustrating ACSL1, p-AMPK, and CPT1C protein expression in ACSL1-overexpressing IK cells after 48 hours of treatment with
50 µM etomoxir. Data are presented as the mean ± SEM (n = 3); *p < 0.05, **p < 0.01, relative to SI-NC. #p < 0.05, ##p < 0.01,
compared to OE-NC.

(Fig. 4G). Overall, these experiments showed that ACSL1
indeed induced FAO, effectively promoting EC growth and
potentially stimulating metastasis.

3.5 ACSL1 Facilitates Tumor Progression in Mouse
Models

To explore the association of ACSL1 with EC ma-
lignancy, ACSL1-knockdown and ACSL1-overexpressing
xenograft model mice were established. As shown in
Fig. 5A,C, ACSL1 dramatically increased the size and pro-
moted the growth of the tumors. More information about
the tumors is shown in Fig. 5B. According to the results
of H&E staining of tumor tissues (Fig. 5D), compared with
the cells of the other groups, the cells of the OE group dis-
played a denser composition with an intact envelope, while
the dioscin-treated group exhibited a looser texture with an
incomplete envelope. Additionally, the central necrotic re-
gion was expanded, accompanied by inflammatory cell in-
filtration.

Next, immunohistochemical staining experiments
were conducted on mouse tumor tissues. We scored the ex-
pression levels of PCNA and Ki67 based on the staining in-
tensity. In the ACSL1-overexpressing tumor tissues, IHC
scores for PCNA and Ki67 were significantly higher than
those of the other groups (Fig. 5D). Subsequently, we exam-
ined the expression of ACSL1, p-AMPK and CPT1C in the
xenografts by Western blotting. The findings demonstrated
that the xenografts derived from ACSL1-knockdown cells
exhibited significantly decreased expression of ACSL1, p-
AMPK and CPT1C. Conversely, the OE group reversed this
phenomenon (Fig. 5E). Overall, we propose that ACSL1
could facilitate the malignant phenotype of EC.

4. Discussion
Endometrial cancer is a common gynecological con-

dition that always occurs in perimenopausal and post-
menopausal women. Fatty acid metabolism was previously
implicated in cancer progression [31]. Kristin M. Nie-
man and colleagues suggested that adipocytes serve as a
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Fig. 5. ACSL1 promotes tumorigenicity in an EC xenograft model. (A) Representative images of mouse tumor tissue. (B) Tumor
information (tumor volume: a× b2/2, a: long radius and b: short diameter). (C) Tumor growth curve. (D) Hematoxylin and eosin (H&E)
staining of tumor tissues to assess their appearance and structure. Scale bar, 20 µm. Immunohistochemical staining for PCNA and Ki67
in mouse tumors (n = 6). Scale bar, 20 µm. (E) Representative Western blot and quantitative bar chart illustrating ACSL1, p-AMPK, and
CPT1C protein expression in tumor tissues of the endometrial cancer (EC) mouse model. Data are expressed as the mean ± SEM (n =
6); *p < 0.05, **p < 0.01 compared to SI-NC, #p < 0.05, ##p < 0.01, ####p < 0.0001,compared to OE-NC.

source of fatty acids that promote accelerated tumor growth.
This finding identified fatty acid metabolism and trans-
port as emerging therapeutic targets in cancers with crucial
adipocyte involvement [20]. As tumors progress, cancer
cells are often exposed to harsh environmental conditions,
including a deficiency in essential fatty acid supply. Hence,
cancer cells use a biological mechanism to overcome this
challenge in growth and metastasis.

ACSL1, which is abundant in adipose tissue, liver, and
heart, exhibits broad fatty acid substrate specificity [32].
The association between ACSL1 dysregulation and cancer
progression has been documented. For instance, upregula-
tion of ACSL1 is implicated in colorectal cancer pathogen-
esis [24]. Significantly, increased ACSL1 expression in pa-
tient tumor samples predicts poor prognosis [24]. Elevated

ACSL expression in breast cancer subtypes (ER-negative,
ER-positive, and HER2-positive) is correlated with reduced
patient survival [33,34]. To validate the potential diagnos-
tic utility of ACSL1, we assessed gene expression in clini-
cal samples from 64 subjects. Our data revealed a signifi-
cant increase in ACSL1 levels in EC patients compared to
healthy volunteers. We assessed 58 human samples, includ-
ing serum and tissue samples, and the results were highly
consistent (Fig. 1A–D).

However, although Guo L et al. [35] found a link be-
tween ACSL1 and thyroid cancer progression and migra-
tion, it is unknown whether ACSL1 induces EC by promot-
ing its progression and migration. Our data demonstrated
that proliferation and migration indices were increased in
clinical EC tissue samples (Fig. 1E). In addition, the upreg-
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ulation of ACSL1 was able to promote the proliferation and
migration of EC cells (Fig. 2). These results indicated that
increased ACSL1 expression levels were associated with
proliferation and migration in human EC. Furthermore, in
xenograft mice, our data confirmed the role of ACSL1 in
EC, demonstrating that ACSL1 is an important participant
in cancer growth and metastasis (Fig. 5).

ACSL1 is closely associated with fatty acid
metabolism [36]. Ming Cui et al. [37] suggested that
an imbalance of ACSL1 could facilitate the malignant
progression of hepatoma cells via disordered fatty acid
metabolism. Our results in xenograft mice also corrobo-
rated this finding, which was consistent with the function
of ACSL1 in fatty acid metabolism (Fig. 3A,B). Further-
more, ACSL1 plays a pivotal role in inducing FAO [38].
Our findings confirm that elevated ACSL1 expression,
as observed during metabolic reprogramming, enhances
FAO and ATP production (Fig. 3C,D). This heightened
FAO increases cancer cell energy reserves, protecting them
against reactive oxygen species during metastasis [18].

Long-chain acyl-CoAs have diverse metabolic out-
comes and can be converted to acylcarnitine for β-oxidation
or synthesis of biologically active lipids [30]. ACSL1 ex-
erts a direct effect on cell viability by inducingAMPKphos-
phorylation [26,39]. Moreover, accumulating evidence
suggests that physiological activation of AMPK may con-
tribute to carcinogenesis [39]. AMPK, in turn, enhances
FAO by elevating CPT1C levels [29]. Notably, CPT1C,
which is a pivotal rate-limiting enzyme in FAO that is re-
sponsible for fatty acid transport into mitochondria, is im-
plicated in cancer development and progression, highlight-
ing its potential for use as a therapeutic target in the treat-
ment of cancer [27], and upregulation of CPT1C has been
confirmed to be capable of accelerating FAO in gastric can-
cer [40]. The production of abundant levels of ATP is sig-
nificantly enhanced in response to FAO activation, and this
increase in ATP levels enhances a series of abnormal physi-
ological activities, including growth and metastasis, in can-
cer cells [18–20]. Our data are also consistent with these
findings: AMPK was activated by ACSL1, and the subse-
quent increase in CPT1C protein levels was associated with
AMPK phosphorylation, indicating that increased ACSL1
levels can enhance malignant progression in EC cells due
to the modulation of FAO (Fig. 4).

It is essential to acknowledge several limitations in
our study. First, the classification of the tumor tissues
that were included in this study lacks specificity, as dis-
tinct subtypes of endometrial cancer were not clearly de-
lineated. The analysis did not separately analyze tumor
tissues from different stages and subtypes of endometrial
cancer. This limitation should be considered when inter-
preting the findings of our study. Furthermore, our study
reveals a close association between ACSL1 and the oc-
currence and progression of endometrial cancer. How-
ever, based on the analysis of the human protein at-

las (http://www.proteinatlas.org/ENSG00000151726-ACS
L1/pathology/endometrial+cancer), we cannot conclu-
sively establish ACSL1 as a prognostic factor for endome-
trial cancer. This outcome underscores the consideration
of ACSL1 as a potential modulator influencing the onset
and development of endometrial cancer. In the quest for
prognostic factors associated with this malignancy, further
exploration is warranted in future research endeavors.

In this study, we elucidated the upregulation of
ACSL1 expression in endometrial cancer (EC) cells, ani-
mal models, and clinical specimens, and presented pioneer-
ing evidence that ACSL1 drives EC progression by reg-
ulating the AMPK/CPT1C/ATP signaling pathway. The
exploration of the potential biological correlation between
FAO and the malignant progression of EC has emerged as
a highly relevant avenue for scientific inquiry. Our find-
ings emphasize the pivotal role of ACSL1 in the malignant
progression and metastatic dissemination of EC, highlight-
ing the potential effectiveness of targeting ACSL1 in this
context.

5. Conclusions
In conclusion, our research findings indicate that

ACSL1 activates the AMPK/CPT1C/ATP pathway, thereby
inducing fatty acid oxidation and promoting proliferation
and migration, ultimately resulting in the malignant pro-
gression of endometrial cancer.
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