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Long-chain acyl-CoA synthetase-4 regulates
endometrial decidualization through a fatty acid
-oxidation pathway rather than lipid droplet
accumulation

Hongshuo Zhang''%3, Qianyi Sun'-%, Haojie Dong":, Zeen Jin', Mengyue Li', Shanyuan Jin', Xiaolan Zeng',
Jianhui Fan""", Ying Kong""*

ABSTRACT

Objective: Lipid metabolism plays an important role in early pregnancy, but its effects on decidualization are poorly understood. Fatty acids (FAs)
must be esterified by fatty acyl-CoA synthetases to form biologically active acyl-CoA in order to enter the anabolic and/or catabolic pathway. Long-
chain acyl-CoA synthetase 4 (ACSL4) is associated with female reproduction. However, whether it is involved in decidualization is unknown.
Methods: The expression of ACSL4 in human and mouse endometrium was detected by immunohistochemistry. ACSL4 levels were regulated by
the overexpression of ACSL4 plasmid or ACSL4 siRNA, and the effects of ACSL4 on decidualization markers and morphology of endometrial
stromal cells (ESCs) were clarified. A pregnant mouse model was established to determine the effect of ACSL4 on the implantation efficiency of
mouse embryos. Modulation of ACSL4 detects lipid anabolism and catabolism.

Results: Through examining the expression level of ACSL4 in human endometrial tissues during proliferative and secretory phases, we found
that ACSL4 was highly expressed during the secretory phase. Knockdown of ACSL4 suppressed decidualization and inhibited the mesenchymal-
to-epithelial transition induced by MPA and db-cAMP in ESCs. Further, the knockdown of ACSL4 reduced the efficiency of embryo implantation in
pregnant mice. Downregulation of ACSL4 inhibited FA B-oxidation and lipid droplet accumulation during decidualization. Interestingly, phar-
macological and genetic inhibition of lipid droplet synthesis did not affect FA B-oxidation and decidualization, while the pharmacological and
genetic inhibition of FA B-oxidation increased lipid droplet accumulation and inhibited decidualization. In addition, inhibition of B-oxidation was
found to attenuate the promotion of decidualization by the upregulation of ACSL4. The decidualization damage caused by ACSL4 knockdown
could be reversed by activating 3-oxidation.

Conclusions: Our findings suggest that ACSL4 promotes endometrial decidualization by activating the 3-oxidation pathway. This study provides

interesting insights into our understanding of the mechanisms regulating lipid metabolism during decidualization.
© 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION including structural, molecular, and cellular changes, in response to

estrogen and progesterone [2]. The main function of the endometrium

Successful implantation of embryos requires synchronous develop-
ment between the embryo and endometrium. The embryo has long
been the focus of attention in reproductive studies. However, it is
currently believed that the abnormal initiation (decidualization) of the
endometrium may be more likely to cause reproductive disorders than
the quality of the embryo [1]. The endometrium is a highly dynamic
tissue with the ability to undergo a variety of physiological changes,

is to enter a receptive state during the implantation window period [3],
and the functional and morphological changes required are called
decidualization. Decidualization allows the endometrium to form a
decidual lining for blastocyst implantation and mainly includes endo-
metrial stromal cells (ESCs) that begin to proliferate and differentiate
into large, round, cytoplasmic-rich epithelioid cells (decidual cells).
Healthy decidua is an important foundation for subsequent pregnancy,
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Abbreviations

AA arachidonic acid

ACS acyl-CoA synthetase

ACSL Long-chain acyl-CoA synthetase
ACSL4 Long-chain acyl-CoA synthetase-4

CPT carnitine palmitoyl transferase
db-cAMP  dibutyryl-cAMP (dibutyryl-cyclic adenosine monophosphate)
DAG diacylglycerol

DGAT2 diacylglycerol acyltransferase 2
ESCs endometrial stromal cells
FADH, flavin adenine dinucleotide

FAs Fatty acids
FOXO01 forkhead box 01

GPAT4 glycerol-sn-3-phosphate acyltransferase 4

HOXA10  homeobox A10

IGFBP1 insulin-like growth factor-binding protein 1

iTRAQ isobaric tags for relative and absolute quantification

LDs lipid droplets

MPA medroxyprogesterone acetate
NADH nicotinamide adenine dinucleotide
PI3K phosphatidylinositol 3-kinase
PKB/AKT  protein kinase B

PRL prolactin

PUFAs polyunsaturated fatty acids

TAG triacylglycerol

TCA tricarboxylic acid

and an abnormal decidua may lead to pregnancy failure or related
pregnancy diseases.

Lipid metabolism plays an important role in early pregnancy, but the
exact mechanism by which it regulates successful implantation re-
mains unclear [4,5]. Growing evidence appears, which suggests lipid
metabolism and fat mobilization have a profound impact on embryo
quality and the uterine microenvironment [6]. Despite the achieve-
ments of scientists in improving embryo quality and selection, progress
in understanding how lipid metabolism affects endometrial function
lags behind blastocyst biology [7,8]. Recent studies have shown that
the levels of total w-6 polyunsaturated fatty acids (PUFAs), arachidonic
acid (AA), and linoleic acid in mouse uterine tissues positively corre-
lated with the embryo implantation rate [9]. In this regard, a disorder of
lipid metabolism may reduce the implantation ability of the endome-
trium [8]. In addition, the regulation of lipid metabolic profiles during
pregnancy may serve as a compensatory strategy for energy expen-
diture [5]. Therefore, it is of great significance to understand the role of
lipid metabolism in endometrial decidualization.

Fatty acids are the main energy source of mammals. In the process of
lipid metabolism, both exogenous and endogenous FAs must be
esterified to form bioactive fatty acyl-CoA through acyl-CoA synthetase
(ACS) to enter the relevant metabolic pathways. This includes FA
oxidation mediated by an intracellular B-oxidation system as well as
the synthesis of triacylglycerol (TAG), phospholipids, and cholesterol
esters. Studies have shown that the accumulation of free FAs in the
endometrium and lipotoxicity may prevent ESCs from proper decidu-
alization [10]. Reports claimed that the accumulation of lipid droplets
(LDs) in ESCs increased during decidualization [11]. Long-chain acyl-
CoA synthetase (ACSL) catalyzes the activation of a large number of
FAs, ranging from 12 to 22 carbon chain lengths [12], and thus plays a
key role in lipid metabolism. Five subtypes of ACSLs exist: ACSL1,
ACSL3, ACSL4, ACSL5, and ACSL6 [13]. Several differences exist in
the tissue distribution of the subtypes: ACSL1 is generally distributed in
the liver and myocardial tissue [14]. ACSL3 and ACSL6 are mostly
found in the brain and skeletal muscle [15]. ACSL5 is highly expressed
in the intestinal mucosa and plays an important role in the absorption
of food-derived lipids [16]. ACSL4 is mainly expressed in steroid-
synthesizing tissues such as the adrenal gland, ovary, placenta, and
testis [17], and is associated with steroid hormone and growth factor
receptors [18]. Recent studies have shown that ACSL4 is upregulated
in cancers originating from tissues with high levels of basal lipid
metabolism, such as liver and colon cancers [19,20]. ACSL4 regulates
de novo adipose synthesis by accumulating intracellular TAG,
cholesterol, and lipid droplets in hepatocellular carcinoma [21], and
participates in processes such as female fertility [22]. However,

whether ACSL4 is involved in the decidual process in the endometrium
has not been reported as yet.

In this study, we investigated the expression of ACSL4 during the
implantation window of the endometrium. We found that the regulation
of ACSL4 can affect decidualization as well as lipid accumulation and
[B-oxidation levels in decidual cells. Further, we found that ACSL4
requlates ESC decidualization through the [-oxidation pathway.
Interestingly, although the downregulation of ACSL4 was also able to
inhibit the accumulation of lipid droplets, the reduction in the accu-
mulation of lipid droplets did not affect the level of decidualization. This
suggests that the accumulation of lipid droplets may be used for other
physiological processes, such as storing energy for the embryo. Our
study explored how ACSL4-mediated FA activation regulates endo-
metrial decidualization through the [-oxidation pathway. This will
provide interesting insights into the mechanism of lipid metabolism
regulation during decidualization.

2. MATERIALS AND METHODS

2.1. Clinical samples

Human endometrial tissue samples (proliferative phase [n = 5],
secretory phase [n = 9]) were obtained from the First Affiliated Hos-
pital of Dalian Medical University after informed consent was obtained
from patients in accordance with the guidelines of the Declaration of
Helsinki. The characteristics of the participants are listed in
Supplementary Table 1. Paraffin sections of endometrial tissue were
identified by pathologists through hematoxylin-eosin staining. This
project was approved by the Ethics Committee of the First Affiliated
Hospital of Dalian Medical University (YJ-KY-FB-2021—13).

2.2. Mice experiments

Adult ICR mice (8—10 weeks old) were purchased from the Experi-
mental Animal Center of Dalian Medical University. Mice were housed
in a specific environment controlled by temperature and light (14 h of
light/10 h of darkness) with free access to food and water. All animal
experiments were reviewed and approved by the Animal Ethics
Committee of Dalian Medical University (project approval no.
AEE21086). For the pregnancy mouse model, mice were mated in
cages the night before according to a 2:1 ratio for females: males. The
females were examined the next morning for the formation of vaginal
plugs. If a vaginal plug was present, it was defined as the first day (D1)
of mating. Uterine tissue was collected during D2—D6 (peri-implan-
tation). For a mouse intrauterine injection model, on D3, two small
incisions were made in anesthetized mice at the muscular wall on
either side of the dorsal midline (near the ovaries) to locate the
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uterine—oviduct connecting region. Small interfering (SiRNA) against
Acsl4 or a negative control (NC; scrambled siRNA) mixed with Lip-
ofectamine 2000 (#11668019; Invitrogen, Carlsbad, CA, USA) and
normal saline were injected into the lumen of each uterine horn. The
mice were euthanized (sodium pentobarbital: 150 mg/kg intraperito-
neal) on D7. Uteri were collected and embryos were observed for
implantation. The interference sequences are shown in Supplementary
Table 2. Artificially induced deciduoma models were performed ac-
cording to a previous report [23].

2.3. Cell culture and treatments

Human ESCs were a gift from Prof. Wang Haibin of Xiamen University.
Endometrial stromal cells were grown in DMEM/F12 medium con-
taining 10% fetal bovine serum (FBS) and 1% penicillin and strepto-
mycin, and cultured in an incubator at 37 °C with 5% CO,. For the
in vitro induced ESC decidualization model, ESCs were cultured in
DMEM/F12 containing 2% FBS and treated with medroxyprogesterone
acetate (MPA; 1 uM; #B1510; APEXBIO Technology, Houston, TX, USA)
and dibutyryl-cAMP (db-cAMP; 0.5 mM; #B9001, APExBIO) for 3, 5,
and 7 days. The induction medium was changed every 2 days.
Endometrial stromal cells induced to decidualization in vitro were
treated with the carnitine palmitoyl transferase (CPT)1 inhibitor, eto-
moxir (25 pM, 50 puM; #HY-50202; MedChemExpress, Monmouth
Junction, NJ, USA) for 24 h or 48 h; the diacylglycerol acyltransferase 2
(DGAT2) inhibitor, PF-06424439 (10 pM, 20 pM; #HY-108341A;
MedChemExpress) for 24 h or 48 h; the DGAT1 inhibitor, PF-04620110
(5uM; #HY-13009; MedChemExpress) for 24 h; and CPT1 agonists,
baicalin (25 pM, 50 uM; #HY-NO197; MedChemExpress), and C75
(1 uM, 4 uM; HY-12364, MedChemExpress) for 24 h, respectively. For
SiRNA experiments, 100 nM siRNA was transfected into cells using
5 uL Lipofectamine 2000 (#11668019, Invitrogen) and the cells were
collected after 48 h. The interference sequences for targeted genes are
shown in Supplementary Table 3.

2.4. Cell proliferation and migration assays

Cell proliferation/viability was detected using a Cell Counting Kit-8
(CCK-8; #K1018; APExBIO). Cells were inoculated into 96-well plates
(5000 cells/well), 10 pL CCK-8 was added to each well, and cells were
incubated for 2 h at 37 °C in an incubator. The absorbance was
measured at 450 nm. For a migration assay, the induced decidualized
cells were transfected with ACSL4 siRNA, and three straight lines were
drawn with a 200 pL pipette tip. After incubation for 12 h, the wound
gap was observed and photographed with a microscope (Nexcope,
China).

2.5. Western blotting (WB) analysis

Total cellular proteins were extracted using lysis buffer (#KGB5303-
100; KeyGEN BioTECH, Nanjing, China) which contains protease in-
hibitors, phosphatase inhibitors, and phenylmethyl-sulfonyl fluoride.
Protein concentrations were measured by bicinchoninic acid assay kit
(#P0011; Beyotime Biotechnology, Shanghai, China), followed by
separation of protein samples by 10% or 12% SDS polyacrylamide gel
electrophoresis. The proteins were then transferred to nitrocellulose
membranes (#66485; Pall Corporation, Port Washington, NY, USA),
which were then blocked with 5% skim milk powder. The membranes
were incubated with antibodies overnight at 4 °C, which are ACSL4
(1:1000; #A20414; ABclonal, Wuhan, China), PRL (1:800; #A1618;
Abclonal), IGFBP1 (1:1000; #A11109; Abclonal), FOX01 (1:1000;
#18592-1-AP; Proteintech, Wuhan, China), HOXA10 (1:1000; #26497-
1-AP; Proteintech), CPT1A (1:1000; #A5307; Abclonal), CPT2 (1:1000;
#A12426; Abclonal). The membranes were washed and then
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incubated with horseradish peroxidase-conjugated secondary anti-
bodies (1:4000; #SA00001-1/2; Proteintech) for 1 h at room tem-
perature. The visualization and analysis of bands were performed
using chemiluminescent detection reagents (#180-5001; Tanon,
Shanghai, China) and an image detection system (Tanon).

2.6. Quantitative polymerase chain reaction (qPCR) analysis

TRIzol reagent (#9109; Takara, Shiga, Japan) was used for the
extraction of total cellular RNA. Copy DNA was synthesized using a
Reverse Transcription Kit (#R223-01; Vazyme, Nanjing, China). A Real-
Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA) was
used to analyze target genes using a Real-Time PCR Kit (#AQ131-04,
Transgen, China) by quantitative polymerase chain reaction (gPCR).
Differential changes were calculated by the 2~ 88CT method for raw
data. Primer sequences are shown in Supplementary Table 4.

2.7. Immunohistochemistry (IHC) staining

Tissue paraffin sections were deparaffinized in gradient xylene.
Endogenous peroxidase activity was quenched with 3% H,0,. Sections
were blocked with 5% goat serum and incubated overnight at 4 °C
with anti-ACSL4 antibody (1:200; #A2044; ABclonal), followed by a 2-h
incubation at room temperature with biotinylated secondary antibody
(#KIT-9720; MXB Biotechnologies, Fuzhou, China). Finally, dia-
minobenzidine was used for staining. Photographs were taken using a
microscope (Nexcope, China), and images were analyzed by Image-
Pro Plus software (Media Cybernetics, Rockville, MD, USA).

2.8. Phalloidin and BODIPY 493/503 staining

Cells were fixed with 4% paraformaldehyde, washed with phosphate
buffered saline, and incubated with fluorescein isothiocyanate (FITC)-
phalloidin (1:200; #RM02836; ABclonal) for 60 min, and then coun-
terstained with DAPI (1:2000; C1002; Beyotime). Living cells were
incubated with a BODIPY 493/503 staining kit (BODIPY493/503:
Hoechst33342: assay Buffer = 1:1:1000, C2053S, Beyotime) for
15 min to visualize LDs. Then, the stained cells were photographed by
a fluorescence microscope (Nexcope, Ningbo, China) and fluorescence
intensity was analyzed using Image-Pro Plus software (Media
Cybernetics).

2.9. ATP assays

Intracellular ATP levels were measured using an ATP assay kit
(#BC0305; Solarbio, Beijing, China). The cells were collected in a
centrifuge tube, the supernatant was discarded and an appropriate
amount of extract buffer was added. The ATP level was measured
in experiments performed according to the manufacturer’s
instructions.

2.10. Oxygen consumption rate (OCR) measurement

The OCR was assayed using an XFe24 extracellular flux analyzer
(Seahorse Bioscience, Billerica, MA). According to previous reports
[24—26], in brief, the treated cells were inoculated in XFe24 cell
culture microtiter plates for 12 h before the experiment and then
analyzed by OCR using the Cell Mito Stress Test Kit (103015-100,
Seahorse Bioscience).

2.11. Statistical analysis

All data are expressed as mean =+ standard deviation. A Student’s t-
test and one-way analysis of variance conducted by GraphPad Prism
8.0 (GraphPad Software, La Jolla, CA, USA) were used for differences
analysis. P < 0.05 was considered statistically significant. Experi-
ments were repeated three or more times.
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3. RESULTS

3.1. The expression of ACSL4 increased during ESC decidualization
To determine the expression of ACSL4 in endometrial tissues, we used
immunohistochemistry to detect the expression levels of ACSL4 protein
in human endometrium during proliferative and secretory phases. We
found that ACSL4 was highly expressed during the secretory phase
(Figure 1A). Further, we investigated the expression level of ACSL4
during decidualization in vitro. Quantitative PCR results showed that
mRNA levels of the decidualizing markers, insulin-like growth factor-
binding protein 1 (IGFBP1), prolactin (PRL), forkhead box O1
(FOXO01), and homeobox A10 (HOXA10), gradually increased in human
ESCs after MPA and db-cAMP treatments (Figure 1B). Similar results
were also obtained in protein levels of decidualizing markers after MPA
and db-cAMP treatments (Figure 1C). Immunofluorescence (IF) ex-
periments with F-actin (FITC-phalloidin) showed that ESCs changed
from a long shuttle shape to a large round shape (polygonal) after MPA
and db-cAMP treatments (Figure 1D). The expression of ACSL4 was
elevated during decidualization at both mRNA and protein levels
(Figure 1B, C). Increased ACSL4 expression was also observed by IF
(Figure 1E). Subsequently, we developed a pregnant mouse model and
found that Acsl4 expression was the highest in the endometrium at D4
of gestation (Figure 1F). Taken together, these results suggest that
ACSL4 is highly expressed during decidualization and may play an
important role in this process.

3.2. Knockdown of ACSL4 impairs ESC decidualization

To determine whether ACSL4 affects the function of ESCs and par-
ticipates in decidualization, we first knocked down the expression of
ACSL4 in ESCs by small interfering (si)RNA (Figure 2A). We then
measured cell viability by CCK-8 assay, we found that ESC proliferation
was inhibited after the downregulation of ACSL4 (Figure 2B). To clarify
the effect of ACSL4 on decidualization, we verified the decrease in
ACSL4 mRNA and protein levels could be observed in decidual cells
transfected with ACSL4 siRNA (Figure 2C, D). The inhibition of ACSL4
significantly reduced mRNA and protein levels of the decidualization
markers, IGFBP1, PRL, FOX01, and HOXA10 (Figure 2C, D). IF showed
that the knockdown of ACSL4 eliminated the specialized phenotypic
modification of ESCs during decidualization. The longitudinal orienta-
tion of F-actin filaments remained unaltered, and the transverse
orientation became thinner and narrower (Figure 2E). Interestingly,
scratch experiments found that induced decidualization inhibited ESC
migration, while downregulation of ACSL4 reversed this phenomenon
(Figure 2F). To validate the migration results, we examined the protein
expression of the epithelial cell marker E-cadherin and mesenchymal
cell marker N-cadherin and found that knockdown of ACSL4 inhibited
mesenchymal to epithelial transition induced by MPA and db-cAMP in
ESCs (Figure 2G). This also verified the effect of the downregulation of
ACSL4 on ESC morphology (Figure 2E). To further validate the effect of
Acsl4 deletion on embryo implantation, we injected an NC (scrambled
SiRNA) and Acsl4 siRNA into the uterine horns and assessed the ef-
ficiency of embryo implantation. The result showed that the down-
regulation of Acsl4 was found to inhibit embryo implantation
(Figure 2H). Subsequently, we also verified the downregulation effi-
ciency in the endometrium that had been injected with Acsl4 siRNA
(Figure 21), and the implantation efficiency of the siAcsl4 group was
significantly lower than that of the control group (Figure 2J). These
findings suggest that the knockdown of ACSL4 inhibits the decidual
process of ESCs and that ACSL4 plays an indispensable role in ESC
decidualization.

3.3. Knockdown of ACSL4 inhibits lipid droplet accumulation and
FA B-oxidation during ESC decidualization

Considering that intracellular FA activation may enter catabolism and/
or anabolism, in order to determine the potential mechanisms of
ACSL4 in regulating decidualization, we examined lipid droplet syn-
thesis and FA B-oxidation during the decidual process, respectively
(Figure 3A). First, through BIODIPY 493/503 staining (strong fluores-
cence in lipid-rich environments), we found a gradual accumulation of
lipid droplets during decidualization (Figure 3B), which is consistent
with the findings of Tamura et al. [11]. Moreover, glycerol-sn-3-
phosphate acyltransferase 4 (GPAT4, which is widely expressed in
various human tissues [27], and is the first step in the synthesis of
TAG, catalyzes glycerol-3-phosphate acylated to form 1-acyl-G3P) and
DGAT2 (which catalyzes the esterification of diacylglycerol to form
TAG) are two key enzymes for TAG synthesis (Figure 3A), and their
mRNA expressions were increased (Figure 3C). Further, knockdown of
ACSL4 inhibited the accumulation of lipid droplets, and the expression
of GPAT4 and DGAT2 during the decidual process (Figure 3D, E). In
addition, the detection of CPT1A (located in the outer membrane of the
mitochondria, catalyzes the reversible binding of fatty acyl-CoA [12 to
18 carbon chain lengths] to L-carnitine), and CPT2 (located in the inner
mitochondrial membrane, releases fatty acyl-CoA into the mitochon-
drial matrix), the key enzymes of B-oxidation (Figure 3A), showed that
levels of CPT1A and CPT2 proteins increased after MPA and db-cAMP
induced ESCs (Figure 3F). Similar results were also obtained at the
levels of CPT1A and CPT2 mRNA (Figure 3G). The ATP levels increased
during the decidualization of ESCs (Figure 3H). To further clarify the
level of FA B-oxidation during decidualization, we analyzed the mito-
chondrial OCR with the Seahorse Extracellular Flux Analyzer (Figure 3l).
The results showed that the basal respiration (Figure 3J) and ATP
production (Figure 3K) of decidual cells were higher. Furthermore, the
downregulation of ACSL4 inhibited the protein and mRNA expression of
CPT1A and CPT2 during the decidual process (Figure 3L, M), and also
inhibited ATP production of decidual cells by observing the OCR
(Figure 3K). These results suggest that lipid droplet accumulation and
[-oxidation are enhanced in decidual cells, while the downregulation
of ACSL4 may inhibit lipid droplet accumulation and FA B-oxidation
levels during the decidual process.

3.4. Inhibition of FA B-oxidation decreased ESC decidualization
levels

To elucidate whether ACSL4-activated fatty acyl-CoA affects the
decidual process through anabolism or catabolism, we observed ESC
decidualization after the inhibition of -oxidation and TAG synthesis,
respectively. First, we treated ESCs with etomoxir (pharmacological
inhibition of FA B-oxidation by inhibiting the entry of long-chain FAs
into mitochondria via blocking CPT1 activity [28]). We found that 25 puM
and 50 pM of etomoxir for 24 h or 48 h were able to reduce ATP
production (Figure 4A). Further, we found that etomoxir was able to
inhibit MPA and db-cAMP-induced elevated expressions of IGFBP1,
PRL, FOX01, and HOXA10 mRNA (Figure 4B). Similar results were
observed at the protein level (Figure 4C). In addition, IF also showed
that etomoxir inhibited morphological changes in decidual cells
(Figure 4D). To further demonstrate the effect of inhibition of [3-
oxidation on decidualization, we also used the siRNA of CTP1A as
reported previously [29] and verified its interference efficiency
(Figure 4E). We found that the downregulation of CPT1A reduced MPA
and db-cAMP-induced elevated expressions of IGFBP1, PRL, FOXO01,
and HOXA10 at both mRNA and protein levels (Figure 4F, G). The
observation of cell morphology by F-actin staining also showed that
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Figure 1: The expression of ACSL4 during the ESC decidualization. A. IHC detected the expression of ACSL4 in human endometrial tissues during the proliferative phase (n = 5)
and secretory phase (n = 9), scale bar = 100 um/50 pum, *vs. proliferative phase. The ESCs were treated with 1 M MPA and 0.5 mM db-cAMP for 3, 5, and 7 days, and then
qPCR (B, normalized by GAPDH) or WB (C) was performed to detect the expressions of PRL, IGFBP1, HOXA10, FOXO1 and ACSL4, *vs. DO. The ESCs were treated with 1 uM MPA
and 0.5 mM db-cAMP for 3, 5, and 7 days, and FITC-phalloidin staining (D, scale bar = 50 um) was performed to detect the F-actin and IF (E, scale bar = 25 pm) was performed
to detect ACSL4 expression. F. IHC detected the expression of Acsl4 on D2-D6 uterine tissues of the pregnant mouse model, LE: luminal epithelium; St: stroma; @: embryo; scale
bar = 100 um/50 pm, *vs. D2. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4: Inhibition of FA [3-oxidation impairs decidualization. A. The ESCs were treated with 25 uM and 50 uM etomoxir for 24 or 48 h, and then the ATP level was detected by
ATP assay kit, *vs. NC. After MPA and db-cAMP-induced ESCs were treated with 25 j1M, 50 1M etomoxir for 24 or 48 h, gPCR (B, normalized by GAPDH) or WB (C) were performed
to detect the expression of PRL, IGFBP1, HOXA10, FOX01, *vs. NC, #vs. MPA + db-cAMP. D. After MPA and db-cAMP-induced ESCs were treated with 25 UM etomoxir for 48 h,
FITC-phalloidin staining was performed to detect the F-actin expression, scale bar = 50 um. E. The interference efficiency of the ESCs which were transfected with CPT1A siRNA
was verified by qPCR, normalized by GAPDH, *vs. NC. After MPA and db-cAMP-induced ESCs were transfected with CPT1A siRNA, qPCR (F, normalized by GAPDH) or WB (G) was
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#vs. MPA + db-cAMP. *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05, ##p < 0.01, ###p < 0.001.

siCPT1A eliminated the specialized phenotypic modification of decidual
cells (Figure 4H). These results demonstrate the importance of FA [3-
oxidation to decidualization and also suggest that it may affect the
decidual process by ACSL4-mediated catabolism.

3.5. Inhibition of lipid droplet accumulation does not affect ESC
decidualization

To determine the effect of lipid droplet accumulation on decidualization,
we performed BIODIPY 493/503 staining of ESCs after treatment with
PF-06424439, a selective inhibitor of DGAT2 [30], for 24 h or 48 h.
Since DGAT2 plays a role in esterifying both endogenous and exogenous
FAs, whereas DGAT1 preferentially acylates exogenous FAs and has the

additional important role of re-esterifying DAGs and monoacylglycerols
from the hydrolysis of existing lipid droplets [31,32], we gave priority to
inhibiting lipid drop synthesis by inhibiting DGAT2. We found that 10 uM
or 20 uM PF-06424439 inhibited the accumulation of lipid droplets
during an induced ESC decidual process (Figure 5A). Interestingly, PF-
06424439 did not reduce the protein expression of IGFBP1, PRL,
FOXO01, and HOXA10 (Figure 5B). F-actin fluorescence also showed that
the inhibition of lipid droplet accumulation by PF-06424439 did not
affect the morphology of decidual cells (Figure 5C). Subsequently, we
verified these results by genetically downregulating DGAT2. The
downregulation efficiency of DGAT2 siRNA showed that the two se-
quences designed by us were effective in decreasing DGAT2 mRNA
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Figure 5: Inhibition of lipid droplet accumulation did not affect decidualization. After MPA and db-cAMP-induced ESCs were treated with 10 uM, 20 uM FP-06424439 for 24 or
48 h, the BIODIPY 493/503 staining (A, scale bar = 10 um) was used to detect lipid droplet levels, WB (B) was performed to detect the expression of PRL, IGFBP1, HOXA10,
FOXO01, and FITC-phalloidin staining (C, scale bar = 50 pum) was performed to detect the F-actin expression, *vs. NC, #vs. MPA + db-cAMP. After MPA and db-cAMP-induced
ESCs were treated with FP-06424439 (10 wM) or/and PF-04620110 (5 wM) for 48 h, the BIODIPY 493/503 staining (D, scale bar = 10 pum) was used to detect lipid droplet levels,
WB (E) was performed to detect the expression of PRL, IGFBP1, HOXA10, FOX01, and FITC-phalloidin staining (F, scale bar = 50 pm) was performed to detect the F-actin
expression, *vs. NC, #vs. MPA + db-cAMP. *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.05, ##p < 0.01, ###p < 0.001.
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expression (Supplementary Figure 1A). The downregulation of DGAT2
inhibited the accumulation of lipid droplets during the ESC decidual
process (Supplementary Figure 1B). Similar to findings in a pharma-
cological inhibitor, the knockdown of DGAT2 did not affect the
expression of IGFBP1, PRL, FOXO1, and HOXA10 (Supplementary
Figure 1C), as well as cellular morphological changes (Supplementary
Figure 1D). Considering the possible role of DGAT1 and the influence
of inhibiting lipid droplet synthesis on decidualization, we inhibited
DGAT1 [33] while inhibiting DGAT2. The results showed that inhibition
of DGAT2 and DGAT1 sufficiently suppressed lipid droplet synthesis
(Figure 5D), but did not affect the expression of decidual marker mol-
ecules (Figure 5E) and cell morphology (Figure 5F). This indicates that
although lipid droplet accumulation is increased during the decidual
process, it is not associated with ACSL4-mediated decidualization and
does not affect decidualization, suggesting that lipid droplet accumu-
lation may be involved in other processes of embryo implantation (for
example, maybe storing energy for the embryo).

3.6. ACSL4 regulates decidualization through FA B-oxidation
pathway

Since simultaneously enhanced lipid droplet accumulation and [-
oxidation suggested possible crosstalk in the intense lipid metabolism
during the decidual process, we sought to elucidate the association
between [3-oxidation and lipid droplet accumulation. Interestingly, we
found that the inhibition of lipid droplet synthesis by the inhibition of
DGAT2, either pharmacologically or genetically, did not affect the
protein expression levels of CPT1A and CPT2, as well as the ATP level
during the induced ESC decidual process (Figure 6A—D). Furthermore,
through the detection of mitochondrial OCR (Figure 6E), it was found
that neither inhibition of DGAT2 (DGAT2 i) nor inhibition of both DGAT2
and DGAT1 (DGAT1 i) affected basal respiration and ATP production of
decidual cells (Figure 6F, G). This suggests that inhibition of lipid
droplet synthesis may not affect FA [-oxidation. Also, this would
appear to explain why the inhibition of lipid droplet synthesis did not
affect decidualization since we did not observe an elevation of FA [3-
oxidation. However, we found that inhibition of FA [-oxidation
increased lipid droplet accumulation during the decidual process, as
well as the mRNA expression level of DGAT2, through the pharma-
cological and genetic inhibition of CPT1A (Figure 6H—K). This partially
explains why the increase in lipid droplet accumulation did not affect
decidualization. To clarify whether ACSL4 affects ESC decidualization
by activating FA [B-oxidation, we pharmacologically or genetically
inhibited CPT1A after the overexpression of ACSL4 in MPA- and db-
cAMP-induced ESCs. We found that although ACSL4 was able to in-
crease the expression of IGFBP1, PRL, FOX01, and HOXA10, as well as
to promote the transformation of cells to round, enlarged cells, the
inhibition of CPT1A was able to eliminate these effects (Figure 6L—N).
Studies have shown that C75 can pharmacologically activate CPT1
activity and enhance FA B-oxidation [34—36]. Therefore, we used C75
to treat ESCs. We found that the decreased expression of IGFBP1, PRL,
FOX01, HOXA10 proteins, and cell morphological changes induced by
ACSL4 knockdown, could be partially reversed by C75 (1 uM, 4 pM;
Figure 7A—C). However, because of the controversial activation
mechanism of C75, which is also capable of acting as an inhibitor of
fatty acid synthase [37—39], we repeated the relevant experiments
using a newly discovered natural allosteric activator of CPT1A, baicalin
(activating CPT1A activity accelerates the entry of long-chain fatty acyl-
CoA into mitochondria for [-oxidation [40]) and obtained results
consistent with those of C75. Baicalin rescued the expression decrease
of IGFBP1, PRL, FOX01, HOXA10, and cell morphological changes
caused by downregulated ACSL4 (Figure 7D—F). For in vivo evidence,

we established artificially induced deciduoma in ovariectomized fe-
male mice according to the previously reported protocol (Figure 7G).
ACSL4 siRNA and baicalin were also injected into the uterine horn of
mice while sesame oil induced decidualization. As shown in Figure 7H,
the sesame oil-induced deciduoma was greater than that of the non-
induced group, the deciduoma of the ACSL4 siRNA and the baicalin-
injected group was greater than that of the ACSL4 siRNA group, and
uterine horn weight measurements confirmed the positive effect of
baicalin on deciduoma (Figure 71). Further, the detection of IGFBP1,
PRL, FOX01, and HOXA10 in deciduoma tissue showed that baicalin
could promote the expression of decidualization marker molecules
after the downregulation of ACSL4 (Figure 7J), which further proved
that baicalin promoted decidualization. Taken together, these results
suggest that ACSL4-mediated FA activation promotes ESC deciduali-
zation through a B-oxidation pathway.

4. DISCUSSION

Long-chain FAs, which are abundant in mammals, are important nu-
trients involved in cell membrane structure, signal transduction
pathways, energy metabolism, and other physiological functions.
Long-chain FAs are converted by ACSLs to their respective acyl-CoA
forms and thus enter anabolism and/or catabolism. Abnormal anab-
olism and catabolism caused by the dysregulation of FA metabolism
may lead to various pathological processes [41,42]. Compared with the
other four subtypes, ACSL4 is found in the adrenal gland, epididymis,
seminal vesicle, ovary, liver, and many other tissues [17,42]. Sub-
cellular localization revealed that ACSL4 was able to localize in mito-
chondria and the endoplasmic reticulum, which may be responsible for
TAG synthesis and [-oxidation [43,44]. Recent studies have shown
that the activation of long-chain FAs by ACSL4 can initiate many
intracellular lipid metabolism pathways [22,45] and that the abnormal
expression of ACSL4 is closely related to a variety of biological pro-
cesses. ACSL4 is involved in the release of AA into the mitochondrial
lumen to regulate steroid production [22,46]. ACSL4 activates PUFAs
so that cancer cells become sensitive to ferroptosis [47,48]. In he-
patocellular carcinoma, ACSL4 regulates de novo lipogenesis by
accumulating TAG, cholesterols, and lipid droplets [21]. In addition, the
study by Cho et al. showed that significant morphological changes
were found in the uterine tissues of ACSL4-deficient female hetero-
zygous mice, they became pregnant less often and had a reduced litter
size [49]. This suggests that ACSL4 may regulate female fertility but
the role of ACSL4 in the endometrium remains largely unknown.

In this study, using IHC staining of human and mouse endometrial
tissues, we found that ACSL4 expression was elevated during the
secretory and implantation phases. It is noteworthy that ACSL4
expression was higher in human endometrial epithelial cells, which
was consistent with the results of Hu et al. [50]. ACSL4 was highly
expressed in both epithelial and stromal cells in mouse endometrial
tissues. This difference in subcellular localization between species is
interesting, suggesting that ACSL4 may be important in human
endometrial glands that secrete lipid droplets into the uterine lumen
through the glandular epithelium. In addition, by iTRAQ proteomic
analysis of endometrial tissues, Hu et al. found that ACSL4 acted as a
potential regulator of endometrial receptivity [50]. The downregulation
of ACSL4 led to decreased expression of endometrial receptivity
markers (HOXA10, cyclooxygenase 2, leukemia inhibitory factor).
Although both studies have shown that the knockdown of ACSL4 re-
duces implantation efficiency, in contrast to Hu et al., we believe that
ACSL4 also plays a key role in the decidual process. This is because
the expression of ACSL4 increases during the induction of ESC
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Figure 6: Inhibition of FA 3-oxidation promotes lipid droplet accumulation. After MPA and db-cAMP-induced ESCs were treated with 10 uM, 20 uM FP-06424439 for 24 or 48 h,
WB (A) was performed to detect the expression of CPT1A, CPT2, and ATP assay kit (B) was used to detect ATP level, *vs. NC. After MPA and db-cAMP-induced ESCs were
transfected with DGAT2 siRNA, and WB (C) was performed to detect the expression of CPT1A, CPT2, and ATP assay kit (D) was used to detect ATP level, *vs. NC. E. The OCR was
detected after MPA and db-cAMP-induced ESCs were treated with DGAT2 inhibitor PF-06424439 (20 uM) or/and DGAT1 inhibitor PF-04620110 (5 tM). F. Basal respiration, Basal
respiration was calculated as the three OCR measurements before the addition of oligomycin minus the three 0CR measurements after the addition of rotenone and antimycin A. G.
ATP production, ATP production was calculated as the three OCR measurements before oligomycin injection minus the three OCR measurements after oligomycin injection. After
MPA and db-cAMP-induced ESCs were treated with 25 1M etomoxir for 48 h, BIODIPY 493/503 staining (H, scale bar = 10 um) was used to detect lipid droplet levels, and qPCR (|,
normalized by GAPDH) was performed to detect the DGAT2 expression, *vs. NC, #vs. MPA + db-cAMP. After MPA and db-cAMP-induced ESCs were transfected with CPT1A siRNA,
BIODIPY 493/503 staining (J, scale bar = 10 um) was used to detect lipid droplet levels, and gPCR (K, normalized by GAPDH) was performed to detect the DGAT2 expression, *vs.
NC, #vs. MPA + db-cAMP + NC siRNA. After MPA and db-cAMP-induced ESCs were transfected with OverACSL4 plasmid and treated with CPT1A siRNA or 25 uM etomoxir for
48 h, gPCR (L, normalized by GAPDH) or WB (M) was performed to detect the expression of PRL, IGFBP1, HOXA10, FOX01, and FITC-phalloidin staining (N, scale bar = 50 pum) was
performed to detect the F-actin expression, *vs. MPA + db-cAMP, #vs. MPA + db-cAMP + OverACSL4. *p < 0.05, **p < 0.01, **p < 0.001, #p < 0.05, ##p < 0.01,
###p < 0.001.
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decidua. Further, the knockdown of ACSL4 inhibits the expression of
the decidualization markers, IGFBP1, PRL, FOX01 and HOXA10, and
changes cytoskeletal morphology. These findings suggest that ACSL4
is involved in the regulation of decidualization and is crucial for its
occurrence. In terms of mechanism, we speculate that this may be
caused by anabolism and/or catabolism mediated by the activation of
FAs in which ACSL4 is involved.

Evidence in the last 20 years has revealed the important role of lipid
metabolism in embryo implantation and endometrial receptivity [8]. For
example, some FAs may induce endometrial inflammatory responses
by mediating prostaglandin production and thus promote pregnancy
[51]. Phospholipid-derived mediators, such as endocannabinoids, are
associated with endometrial receptivity and decidualization [52]. Ste-
roid hormones regulate uterine structure and function [53]. Given the
importance of lipid metabolism for embryo implantation, a better un-
derstanding of lipid metabolism may have important clinical implica-
tions for the diagnosis and protection of female reproduction. Activated
FAs are either broken down into acetyl-CoA by catabolism and then
enter the tricarboxylic acid (TCA) cycle to help ATP production, or are
converted into TAG, phospholipids, cholesterol lipids, and other me-
tabolites by anabolism and stored in lipid droplets. Previous studies
have reported that lipid droplets are essential for the development of
preimplantation embryos (seeds) and for preventing lipotoxicity [54].
For the endometrium (soil), a report of lipid droplet accumulation
during the ESC decidual process [11] was consistent with our results.
In addition, the knockdown of ACSL4 was able to reduce the level of
lipid droplet accumulation, suggesting that lipid droplet synthesis
during the ESC decidual process is regulated by ACSL4. Interestingly,
although decidualization stimulates lipid droplet accumulation in ESCs,
it is not impaired by the pharmacological and genetic inhibition of lipid
droplet synthesis. This suggests that the accumulation of lipid droplets
is not necessary for the decidua and that the storage of lipid droplets
during the decidual process may have other functions.

The process of embryo invasion into decidual cells is strictly regulated
by the endometrial microenvironment [55]. Lipid metabolism of the
uterus affects the development of the embryo [5], and endometrial cells
are considered to be an important source of nutrients for the embryo
[56—58]. Since the decidual cells surrounding the embryo are
embedded in the endometrium, lipid droplets stored in the decidua may
provide energy/nutrients directly to the embryo. Evidence suggests that
lipids are an important nutrient source for embryonic development [59].
The accumulation of lipid droplets does not affect decidualization,
suggesting that the decidua may serve as a nutrient storage site for
embryos. Our previous studies have shown that glucose metabolism in
endometrial cells regulates endometrial receptivity and embryo im-
plantation [2,25]; one characteristic of the decidua is glucose uptake
increase and energy production [58]. Except for glucose, FAs are an
important source of energy for cells [60]. Here, we also observed that
the expression of CPT1A and CPT2, key enzymes for FA [-oxidation,
was increased during the decidual process and that the knockdown of
ACSL4 decreased their expression. These results indicate that the FAs
activated by ACSL4 flow to lipid droplet synthesis and [-oxidation,
respectively. Pharmacological and genetic inhibition of FA B-oxidation
was able to impair the ESC decidual process, suggesting that FA -
oxidation is required for decidualization and that ACSL4 may regulate
decidualization through a -oxidation pathway.

Studies have shown that liver-specific acyl-CoA oxidase 1 knockout
(the enzyme in the first step that catalyzes peroxisomal -oxidation)
protects mice from hepatic steatosis caused by starvation or a high-fat
diet by inducing autophagy degradation of lipid droplets [61]. Inhibition
of medium-chain acyl-CoA dehydrogenase (an enzyme that catalyzes
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the first step of mitochondrial FA B-oxidation) promotes hepatocellular
carcinoma cell motility and increases levels of TAG, phospholipids, and
cellular lipid droplets [62]. Although no direct evidence exists on the
specific mechanism of the mutual regulation between [-oxidation and
lipid droplet accumulation, the evidence also fully indicates crosstalk
between [-oxidation and lipid droplet accumulation. The effect of -
oxidation on lipid droplet synthesis may not be the same (or even the
opposite) under different conditions. During the ESC decidual process,
we observed the accumulation of lipid droplets and the enhancement
of B-oxidation, respectively; whether the two interact with each other
has aroused our interest. We found no effect on -oxidation after the
synthesis of the pharmacological and genetic inhibition of lipid drop-
lets. However, the pharmacological and genetic inhibition of B-
oxidation increased lipid droplet accumulation. These results indirectly
validate our finding that neither the inhibition nor increase (induced by
inhibition of B-oxidation) in lipid droplet accumulation affects decidu-
alization (decidualization is not affected whether lipid droplet accu-
mulation increases or inhibits). Since ACSL4 regulates lipid droplet
accumulation and FA [-oxidation, respectively, and [-oxidation is
critical for the ESC decidual process, we hypothesized that ACSL4
might affect decidualization through a [-oxidation pathway. Our
subsequent experiments adequately verified this speculation because
activation of [-oxidation was able to reverse the decidualization
damage induced by ACSL4 knockdown.

Since ACSL4 regulates the decidual process through the B-oxidation
pathway, the question arises as to what the mechanism is behind
blocking FA B-oxidation that leads to damaged decidualization. The
products of FA [3-oxidation include flavin adenine dinucleotide (FADH,),
nicotinamide adenine dinucleotide (NADH), and acetyl-CoA. The latter
enters the TCA cycle to produce energy. Evidence suggests that
decidua increases glucose uptake and the expression of glucose
transporter type 1 [63,64]. Our previous findings also indicate that
glucose metabolism is crucial for embryo implantation [2,25], sug-
gesting that an adequate energy supply may be a prerequisite for
maintaining the decidua. In addition, the importance of other products
of B-oxidation (FADH,, NADH, and intermediate metabolic lipids) to the
decidua cannot be ruled out. Moreover, studies have shown that
downregulation of CPT1A activates the phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (PKB/AKT) pathway [29], which inhibits
decidualization [65,66]. Inhibition of CPT1A stimulates phosphorylation
of the FoxO transcription factor [67], while the phosphorylation of
Fox01 promotes self-degradation and damages decidualization [68].
These studies suggest that inhibition of decidualization by -oxidation
may also be related to several signaling pathways and proteins which
are mediated by CPT1A downregulation. If ACSL4-mediated lipid
catabolism has a similar effect to glucose metabolism, what is the
difference between glucose metabolism and lipid metabolism in trig-
gering decidualization? That would be a question worth thinking about.
In addition, the identification of specific FAs activated by ACSL4 would
be a worthwhile and in-depth endeavor.

Overall, we found that ACSL4 was highly expressed in the endome-
trium during implantation, and lipid anabolism and catabolism were
enhanced during ESC decidualization. Knockdown of ACSL4 inhibits FA
[3-oxidation and lipid droplet accumulation and impairs decidualization.
Interestingly, pharmacological and genetic inhibition of lipid droplet
synthesis did not affect FA B-oxidation and decidualization, while the
pharmacological and genetic inhibition of FA [-oxidation increased
lipid droplet accumulation and inhibited decidualization. The decidu-
alization damage caused by ACSL4 knockdown could be reversed by
activating [-oxidation. These results suggest that ACSL4-activated
fatty acyl-CoA may activate decidualization through the [B-oxidation
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pathway. ACSL4 may be a target for the treatment of decidua ab-
normalities and implantation failure, and its study provides new in-
sights into the effects of lipid metabolism on embryo implantation.
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