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Abstract

Inadequate endometrial receptivity often results in embryo implantation failure and miscarriage. Human chori-

onic gonadotropin (hCG) is a key signaling molecule secreted during early embryonic development, which regu-
lates embryonic maternal interface signaling and promotes embryo implantation. This study aimed to examine

the impact of hCG on endometrial receptivity and its underlying mechanisms. An exploratory study was designed,
and endometrial samples were obtained from women diagnosed with simple tubal infertility or male factor infer-
tile (n=12) and recurrent implantation failure (RIF, n=10). Using reverse transcription-quantitative PCR and western
blotting, luteinizing hormone (LH)/hCG receptor (LHCGR) levels and autophagy were detected in the endometrial
tissues. Subsequently, primary endometrial stromal cells (ESCs) were isolated from these control groups and treated
with hCG to examine the presence of LHCGR and markers of endometrial receptivity (HOXA10, ITGB3, FOXOT, LIF,
and L-selectin ligand) and autophagy-related factors (Beclin1, LC3, and P62). The findings revealed that the expres-
sions of receptivity factors, LHCGR, and LC3 were reduced in the endometrial tissues of women with RIF compared
with the control group, whereas the expression of P62 was elevated. The administration of hCG to ESCs specifically
activated LHCGR, stimulating an increase in the endometrial production of HOXA10, ITGB3, FOXO1, LIF and L-selectin
ligands. Furthermore, when ESCs were exposed to 0.1 IU/mL hCG for 72 h, the autophagy factors Beclin1 and LC3
increased within the cells and P62 decreased. Moreover, the apoptotic factor Bax increased and Bcl-2 declined. How-
ever, when small interfering RNA was used to knock down LHCGR, hCG was less capable of controlling endometrial
receptivity and autophagy molecules in ESCs. In addition, hCG stimulation enhanced the phosphorylation of ERK1/2
and mTOR proteins. These results suggest that women with RIF exhibit lower levels of LHCGR and compromised
autophagy function in their endometrial tissues. Thus, hCG/LHCGR could potentially improve endometrial receptivity
by modulating autophagy and apoptosis.
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Introduction

Successful embryo implantation necessitates a well-
prepared endometrial environment. The endometrium
must undergo dynamic transformations at the cellular
and molecular levels, transitioning from a “nonrecep-
tive” to a “receptive” state. Poor endometrial receptiv-
ity is a critical factor leading to implantation failure,
affecting approximately one-third of healthy women
and 60-70% of infertile patients undergoing in vitro
fertilization (IVF) treatment [1-3]. Signal transduc-
tion between the embryo and the endometrium is
imperative during implantation. The key step in this
transformation is the decidualization of the endo-
metrium, especially the endometrial stromal cells
(ESCs) [4], which play a pivotal role in mediating the
receptivity of the endometrium for implantation [5].
Human chorionic gonadotropin (hCG), a key signal-
ing molecule secreted by early embryos, plays an inte-
gral role in establishing and maintaining pregnancy
[6—8]. hCG not only stimulates progesterone synthesis
via its luteotropic effect but also regulates the func-
tion of the uterus and trophoblast cells during embryo
implantation [9]. A study has reported that intrauter-
ine hCG infusion can markedly enhance the live birth
rate, ongoing pregnancy rate, clinical pregnancy rate,
and implantation rate in women with infertility while
decreasing the abortion rate [10]. This effect is linked
to the role of HCG in promoting the expressions of
endometrial receptivity markers, such as LIF, VEGEF,
IL-1/6/8, and TNEF, thereby regulating estrogen syn-
thesis and maintaining endometrial cellular immune
balance [11-14]. In summary, hCG enhances endo-
metrial receptivity via multiple pathways, providing
a novel strategy for enhancing the rate of successful
implantation.

hCG exerts its impact on the endometrium via the
luteinizing hormone (LH)/hCG receptor (LHCGR) [15].
It is a member of the G protein-coupled receptor fam-
ily and possesses an extracellular domain that binds to
hCG or LH and an intracellular domain that facilitates
signal transduction [16, 17]. This receptor is ubiquitously
expressed in reproductive organs and related cells [18].
Upon binding to the ligand, LHCGR activates adenylate
cyclase, in turn leading to elevated cAMP levels and gene
activation [19]. Although previous studies have con-
firmed the presence of functional LHCGR in the human
endometrium, the association between its endometrial
expression and endometrial receptivity warrants further
investigation.

ERK is a serine/threonine protein kinase and a member
of the MAPK family [20]. Several studies have observed
that ERK1/2 phosphorylation (p-ERK1/2) can regu-
late cell proliferation and activity, thereby influencing
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endometrial receptivity. This kinase This kinase plays a
role in both endometrial epithelial cells (EECs) and stro-
mal cells (ESCs), and promotes endometrial cell prolifer-
ation, differentiation, and vascular permeability [21, 22].
Furthermore, ERK appears to be associated with mTOR
[23], a regulator of EEC protein and DNA synthesis [24].
In addition, mTOR plays a central role in embryo implan-
tation [25, 26]. A study has previously documented that
ERK1/2 and mTOR signaling are activated during the
implantation window, inducing the upregulation of LIF,
heparin-binding epidermal growth factor, and homeobox
gene miRNA expression. The transition of the endome-
trium to a receptive state is thus facilitated [27]. Inhibi-
tion of mTOR activity has been reported to decrease the
expression of receptivity-related factors in the endome-
trium [28].

Intriguingly, mTOR is an established regulator of
autophagy, which is a crucial mechanism for the mainte-
nance of cellular homeostasis and plays diverse roles in
endometrial cell functions. An investigation has stated
that endometrial autophagy levels fluctuate during
embryo implantation [29]. During normal pregnancy,
the level of autophagy in endometrial cells is higher in
the early stages of implantation, especially on the 1st
and 2nd day post-implantation. Upon the completion
of embryo implantation, it decreases significantly [30,
31]. Autophagy increases during decidualization, and
inhibition of endometrial autophagy has been shown
to decrease endometrial apoptosis and decidualization
[32]. Nevertheless, certain studies have reported that
autophagy-related markers are downregulated follow-
ing mouse embryo implantation [33]. Thus, the precise
role of autophagy in implantation needs to be examined
further.

In this study, the influence of hCG on the endometrium
and the link between autophagy molecules and embryo
implantation were investigated. The impact of hCG on
uterine molecules and morphology during the implan-
tation window was assessed, and the phosphorylation
levels of ERK1/2 and mTOR in hCG-induced molecular
changes were analyzed.

Materials and methods

Patient selection and collection of human endometrial
tissues

Human endometrial tissue samples used in this study
were obtained from the Reproductive Center of the
First Hospital of Lanzhou University. Our control group
(n=12) was composed of women aged 25-35 with sim-
ple tubal infertility or male factor infertile. Patients with
recurrent implantation failure (RIF, #=10) included
those <35 years of age, had undergone>3 cycles of
embryo transfer, and had experienced 4—6 high-grade
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cleavage-stage embryo transfers or >3 high-grade blas-
tocyst transfers, all of which resulted in unsuccessful
implantation. The additional inclusion criteria were as
follows: (1) Imaging examination revealed normal ovar-
ian function and endometrial morphology. (2) Hyst-
eroscopy was routinely performed prior to ovulation
induction, and the findings of endometrial pathological
examination were normal. (3) Serum sex hormone lev-
els were within the normal range. (4) The semen analysis
results of their male partners were normal. All partici-
pants had a regular menstrual cycle (26-35 days), a nor-
mal body mass index (BMI) of 20-25 kg/m? and did
not have a history of endometriosis or pelvic inflamma-
tory disease. Moreover, none of them had received hor-
mone therapy within the last 3 months, and their ovarian
reserves were normal. Patient details are summarized in
Table 1. Endometrial samples were collected aseptically
from the uterine fundus using a sterile sampler during
the mid-secretory phase of the menstrual cycle (6-8 days
after LH surge). Each sample was categorized into three
parts. While two of them were stored in Falcon tubes
kept on ice and immediately sent to the laboratory for
processing, the third one was fixed in formalin and used
for standard histologic examination.

Isolation of primary endometrial stromal cells and cell
culture

Endometrial tissues from the normal group were initially
rinsed twice with phosphate-buffered saline (PBS). Sub-
sequently, these tissues were minced into small pieces
and digested in 0.5% type I collagenase (Coolaber, China)
at 37 °C for 1 h. The suspension was then filtered through
a 40-um nylon sieve (Biosharp, China). Stromal cells,
which passed through the sieve, were thoroughly rinsed
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with PBS and resuspended in Dulbecco’s Modified Eagle
Medium (DMEM)/Nutrient Mixture F-12 supplemented
with 10% fetal bovine serum and 1% penicillin-strepto-
mycin agent. These primary ESCs were grown indepen-
dently in Petri dishes and were collected only when the
purity of the third-generation ESCs exceeded 95%. At this
stage, the cells were grown until they achieved 70-90%
confluence. Subsequently, they were serum-starved for
24 h before hCG treatment. Each cell culture experiment
was replicated at least three times using different individ-
ual samples of ESCs.

Cell counting kit-8 (CCK-8) assay

Cell viability was evaluated using the Cell Counting
Kit-8 (CCK-8) assay (Abmole, USA) according to the
manufacturer’s instructions. After drug treatment,
10pL of the CCK-8 solution was added to each well
of the culture plate. The plate was then incubated in a
culture incubator for 2 h. After incubation, the absorb-
ance was measured at 450 nm using a microplate
reader. This absorbance is directly proportional to the
number of live cells, providing a quantitative measure
of cell viability.

Live cell imaging

After the ESCs in the cell culture bottle were fully grown,
they were digested with trypsin and blown into a single-
cell suspension, followed by inoculation in a 96-well
plate at the density of 3x10° cells/well. The cells were
cultivated in a constant-temperature incubator at 37 °C
and 5% CO,. After the cells adhered to the wall, differ-
ent concentrations of hCG were added to the cell culture
medium of each group. Subsequently, the operating pro-
gram was followed, and Cytology 5 was used to perform

Table 1 Clinical characteristics of women enrolled in the present study

Variables Normal secretory phase RIF secretory phase P-value
(n=12) (n=10)
Age (y) 33.17+3.71 33.50+£3.06 >0.05
BMI (kg/mz) 21.76+£2.20 21.62+1.75 >0.05
Cycle length 28.00 (28.00-30.00) 28.00 (27.25-30.00) >0.05
Infertility time (y) 2.50(2.00-5.25) 5.50 (4.00-7.00) >0.05
Basal FSH 6.65 (5.57-7.40) 6.30 (5.22-7.89) >0.05
Basal LH 542+237 544+2.09 >0.05
Basal E, 41.40 (33.58-75.03) 4745 (37.95-51.58) >0.05
Basal P 0.26 (0.15-0.37) 0.72 (0.34-3.33) >0.05
Basal PRL 21.04+£1053 29.23+£10.62 >0.05
Failure times 0.00 (0.00-0.00) 3.50 (3.00-5.00) <0.05
Implantation 2.00 (1.00-2.00) 7.00 (6.00-9.00) <0.05

Data are mean+SD

RIF Recurrent implantation failure
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dynamic cell counting detection, image acquisition, and
analysis.

Real-time qPCR

Total RNA was extracted using an RNA extraction kit
(Tiangen, China). RNA (lug) was reverse transcribed
with a ¢cDNA synthesis kit (Takara, Japan). Real-time
quantitative PCR (RT-qPCR) was performed using TB
Green Premix Ex Taq (Takara, Japan) and an AB Applied
Biosystems machine (ABI, USA). Each reaction was per-
formed with a total volume of 20 mL, which comprised
2XTB Green Premix Ex Taq (10pL), 5" and 3 primers
(0.8uL), ROX reference dye (0.4uL), cDNA (2uL), and
ddH,O (6uL). The reactions were performed in triplicate
using GAPDH as the reference transcript and the follow-
ing primers:

Forward Reverse

GAPDH GGAGCGAGATCCCTC  GGCTGTTGTCATACTTCT
CAAAAT CATGG

LHCGR GAGGCAATAAAGGAG  GATGATCTCTTCTTTTGC
CTCACC TTCACAT

HOXA10 GGTTTGTTCTGACTT  TGACACTTAGGACAATAT
TTTGTTTCT CTATCTCTA

ITGB3 ACTTCTCCTGTGTCC  GGTGTCAGTACGCGT
GCTACAAG GGTACA

LIF TGCCAATGCCCTCTT  GTTGACAGCCCAGCT
TATTC TCTTC

P62 CATCGGAGGATCCGA  TTCTTTTCCCTCCGT
GTIGTG GCTCC

LC3 1l AGCAGCATCCAACCA  CTGTGTCCGTTCACC
AAATC AACAG

Immunohistochemistry (IHC)

Endometrial biopsies were fixed in 4% paraformaldehyde,
paraffin-embedded, and sliced. For deparaffinization, the
sections were first heated at 60 °C for 30 min and then
passed through a series of decreasing concentrations of
alcohol. The slides were subsequently boiled in the pre-
ferred pH 6 for 10 min. To block endogenous peroxidase
activity, the sections were incubated for 15 min with 1%
hydrogen peroxide solution in methanol. They were then
incubated for 30 min with 3% bovine serum albumin
(BSA) to block nonspecific antibody binding and over-
night at 4 °C with rabbit anti-LHCGR antibody (1:200
dilution; Proteintech) or rabbit anti-LC3 antibody (1:300
dilution; Proteintech). The sections were washed in PBS
on the following day and incubated with anti-rabbit
secondary antibody for 30 min. After DAB staining for
3 min, the nucleus was restained with hematoxylin for
1 min. The images were acquired using OLYMPUS BX51
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and the ImageView software, and the relative OD was
determined using the Image]J software.

Western blot analysis

Protein extract was performed on stromal cell cultures
and tissue samples obtained from fertile women in the
proliferative and secretory phase, and subsequently lysed
and isolated. Protein concentrations were then measured
using a BCA Protein Assay Kit (Boster, China). Equal
amounts of denatured protein were separated via elec-
trophoresis in 10% SDS polyacrylamide gels, then trans-
ferred to polyvinyl difluoride membranes (Millipore,
Billerica, USA). These membranes were saturated with
blocking buffer for 1 h. Following this, membranes were
incubated with rabbit polyclonal antiLHCGR (1:1,000
dilution; Proteintech), rabbit polyclonal anti-HOXA10
(1:1,000 dilution; Proteintech), rabbit polyclonal anti-
ITGB3 antibodies (1:2,000 dilution; Proteintech), rabbit
polyclonal anti-LIF antibodies (1:1,000 dilution; Protein-
tech) and mouse monoclonal anti-MECA-79 antibodies
(1:500 dilution; Santa Cruz) at 4 °C. The blots were then
incubated with HRP-conjugated anti-rabbit IgG for 2 h.
Finally, proteins were detected by the enhanced chemilu-
minescence (ECL) detection kit (Bio-Rad, USA) and visu-
alized using the film exposure. Then analyzing gels and
western blots with Image].

LHCGR knock down with siRNA

ESCs grown in 60-mm dishes or 6-well culture plates to
30-50% confluency were transfected with 100 nmol/dish
of a nontargeting negative control siRNA (siRNA-NC) or
LHCGR siRNA (Shanghai GenePharma Co., Ltd, China).
The siRNA sequence was: siRNA-LHCGR sense: 5-CUC
UCUCACAAGUCUAUAUTT-3, antisense: 5-AUAUAG
ACUUGUGAGAGAGT-T-3; siRNA-NC sense:5-UUC
UCCGAACGUGUCACGUTT-3, antisense: 5-ACG
UGAC-ACGUUCGGAGAATT-3. For this, GP-transfect-
mate reagent was used (GenePharma, Shanghai, China),
according to the manufacturer’s instructions. After treat-
ment for 6 h with the siRNA, the medium containing the
transfection reagents was removed and replaced with
fresh medium for the following 24-72 h.

Immunofluorescence (IF)

After in vitro treatment for the stipulated duration, the
cells were fixed in paraformaldehyde and treated with
0.2% Triton solution to facilitate intracellular labeling.
Subsequently, they were blocked with 5% BSA for 1-2 h at
room temperature and incubated with the primary anti-
body against LHCGR (1:200 dilution; SAB), VIM (1:300
dilution; Bioss), CK18 (1:300 dilution; Bioss), or LC3
(1:400 dilution; Proteintech) at 4 °C. The cells were then
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incubated with the secondary antibody at room tempera-
ture for 60 min, washed, and treated with an antifade
mounting medium containing DAPI (Solarbio, China).

Apoptosis detection

Annexin V-FITC/PI apoptosis kit (MULTI SCIENCES,
Hangzhou, China) was used to detect the apoptosis. Dur-
ing the process, ESCs were seeded into 6-well plates and
incubated for 24 h then treated with 0.1IU/mL hCG for
72 h. Cells were harvested by trypsin and washed with
1xPBS twice. Then, 1x10° cells were resuspended with
500puL binding buffer, and incubated with 5uL. Annexin
V-FITC and 10uL PI for 15 min at room temperature in
the dark. Finally, we could immediately assess the apop-
tosis level by flow cytometry (BD, USA).

Co-immunoprecipitation (Co-IP)

After the above treatment, ESCs were lysed with IP lysis
buffer (25 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1%
NP-40, and 1% protease inhibitor). The cell lysates were
precleared with Protein A/G PLUS-Agarose (Thermo,
USA) and then mixed with Bcl-2 (4ug, Proteintech) or
control IgG (Proteintech, USA) for 1 h at 4 °C. The immu-
noprecipitates were captured on Protein A/G PLUS-Aga-
rose and analyzed using a western blot with antibodies
against Bcl-2 or Beclinl (1:1000, Proteintech).

Statistical analysis

The collected data was expressed as percentages or ratios
relative to the corresponding negative controls. The val-
ues were presented as mean *standard deviation (SD).
Analysis of Variance (ANOVA) or an unpaired t-test was
used to compare groups, as appropriate. The statistical
analysis was performed using GraphPad Prism software
(Version 8.1.1, California, USA). A P-value of less than
0.05 was considered statistically significant.

Results

Decreased expression of endometrial receptivity factors
and LHCGR in patients with RIF

The gene expression of receptivity-related molecules in
various endometrial tissues was assessed using RT-qPCR.
The findings signified that the mRNA expression levels of
HOXA10, ITGB3, and LHCGR in the RIF group (n=10)
were significantly lower than those in the control group
(n=12) (p<0.05) (Fig. 1A). These results were corrobo-
rated by western blotting, which showed that the protein
levels of HOXA10, ITGB3, and LHCGR were consist-
ently reduced in patients with RIF (#=10) (Fig. 1B). IHC
analysis confirmed the decreased expression of LHCGR
in endometrial tissues and suggested its localization in
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stromal cells (Fig. 1C). These data highlight the potential
role of LHCGR in establishing uterine receptivity.

Downregulation of autophagy in the endometrium

of patients with RIF

The expressions of autophagy-associated markers were
investigated in different endometrial tissues. The findings
indicated that LC3-II mRNA expression was decreased,
whereas P62 expression was increased in the endome-
trium of patients with RIF (#=10) (Fig. 2A). The protein
levels of LC3 and P62 were assessed in patients with RIF
using western blotting. In line with the gene-level find-
ings, LC3 expression was decreased and P62 expression
was increased (Fig. 2B), which implied impaired forma-
tion of autophagosomes. In IHC analysis, the expression
of LC3 was found to be much lower in RIF samples dur-
ing the secretory phase compared with women of child-
bearing age (Fig. 2C). These findings indicate a reduction
in the level of autophagy in the endometrium of patients
with RIF.

hCG enhanced the viability of ESCs

To confirm cell purity, the expressions of cytokeratin-18
(CK-18) and vimentin (VIM) were evaluated in the cells.
This approach aided in identifying primary ESCs. As
CK-18 is predominantly found in EECs and VIM in ESCs,
the latter can be identified by the differential expres-
sion of CK-18 and VIM. IF results demonstrated that
VIM was present in the cytoplasm of the extracted cells
(Fig. 3A) and CK-18 was almost absent, which asserted
that the extracted and purified cells were primary ESCs.
Subsequently, to assess the effect of hCG on endometrial
viability, ESCs were exposed to different concentrations
of hCG (1073, 1072, 107}, 107, and 10 IU/mL) for vary-
ing time intervals (12, 24, 48, 72, and 96 h). The viabil-
ity of ESCs was determined using the CCK-8 assay. The
findings suggested that as hCG concentration and expo-
sure time increased, the viability of ESCs also increased
(Fig. 3B). When hCG (1073, 1072, and 10! IU/mL) was
administered for 72 h, the viability of ESCs reached its
peak, and cell proliferation was significant (p<0.05).
Moreover, live cell imaging was performed to verify the
effect of hCG treatment on ESCs. With the increase in
time and concentration, hCG promoted the prolifera-
tion of stromal cells (Fig. 3C). Analysis of the cell count
revealed that at 72 h, the administration of 107 and 10~*
IU/mL hCG significantly enhanced the proliferation rate
of ESCs (p<0.05). Therefore, in the follow-up study, the
administration time of hCG was selected as 72 h. How-
ever, it should be noted that the highest concentrations
of hCG were not conducive to the proliferation of ESCs,
and the cells showed a trend of decreased viability.
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Fig. 1 Endometrial receptivity is down-regulated in RIF patients. A The mRNA expression levels of HOXA10, ITGB3 and LHCGR in the endometrium
of normal controls (n=12) and RIF patients (n=10). BWB was used to detect the protein levels of HOXA10, ITGB3 and LHCGR in endometrium

of normal control (n=12) and RIF patients (n=10). Analyzing gels and western blots with ImageJ. Error bars, mean+SD. *P < 0.05, **P<0.01. C
Representative IHC images of LHCGR localization in endometrial tissue from normal control (n=12) and RIF patients (n=10) in secretory phase.
Scale, 100 um and 50 pum, analyzing relative OD with Imagel. Error bars, mean+SD. **P<0.01

LHCGR expression increased after the hCG intervention
The presence of LHCGR in ESCs was confirmed via IF.
The specific markers were primarily located on the cell
membrane and in perinuclear regions, and LHCGR
expression was found to be elevated following hCG inter-
vention (Fig. 4A). Subsequently, LHCGR expression was
evaluated using RT-qPCR and western blot techniques.
The results signified that hCG stimulation increased
the expression of LHCGR in ESCs and that this change
was concentration and time-dependent. Of these, the
expression of LHCGR was significantly increased after
3 days of intervention with 0.1 IU/mL of hCG (p<0.05,
Fig. 4B and C). The varying expression of LHCGR with
hCG treatment alludes that its expression in ESCs is spe-
cifically regulated by the concentration and time of hCG
treatment.

Endometrial receptivity molecules increased after hCG
intervention

ESCs were deprived of nutrients overnight by cultur-
ing them in DMEM and were then stimulated with
hCG at 37 °C. Subsequently, the effects on gene and

protein expression levels of several molecules that
have been reported to be regulated by hCG and/or
associated with endometrial receptivity were assessed,
including HOXA10, ITGB3, FOXO1, LIFE, and L-selec-
tin ligand (MECA-79). RT-qPCR results revealed that
the expression levels of HOXA10, ITGB3, FOXO1,
and LIF in ESCs were significantly increased after
hCG administration compared with the control group
(p<0.05, Fig. 5A). Western blot analysis demonstrated
that the protein expression levels of these molecules
were also increased with the increase in hCG con-
centration. After treatment with 0.1 IU/mL hCG for
72 h, the expressions of tolerance factors differed sig-
nificantly (p <0.05, Fig. 5B). At the same time, we also
used immunofluorescence to detect the expression and
localization of ITGB3, LIF and L-selectin ligand. These
molecules were previously confirmed to be expressed
in the cytoplasm of endometrial epithelial cells. The
results showed that in ESCs, ITGB3, LIF and L-selectin
ligands were mainly expressed in the cytoplasm, and
a small amount was expressed on the cell membrane.
And after stimulation with 0.1 IU/mL hCG for 72 h, the
immune reaction was enhanced (Fig. 5C).
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Fig. 2 The level of endometrial autophagy in RIF patients was down-regulated. A mRNA expression levels of LC3-Il and P62 in endometrium

of normal control (n=12) and RIF patients (n=10). B Left: Western blotting was used to detect the protein levels of LC3B and P62

in the endometrium of normal controls (n=12) and RIF patients (n=10). Right: analyzing gels and western blots with Image J. Error bars, mean + SD.
*P<0.05, **P<0.01. C Representative IHC images of LC3 localization in endometrial tissue from normal control (n=12) and RIF patients (n=10)

in secretory phase. Scale, 100 um and 50 um, analyzing relative OD with Image J. Error bars, mean +SD. *P < 0.05, **P < 0.01

The Knockdown of LHCGR affected the function of hCG

in ESCs

To confirm whether LHCGR mediates the function
of hCG in ESCs, siRNA-LHCGR was transfected into
ESCs. As shown in Fig. 6A, 0.1 IU/mL hCG intervention
enhanced the expression of LHCGR. After the transfec-
tion of siRNA-LHCGR, the level of LHCGR mRNA was
decreased; intervention with 0.1 IU/mL hCG increased
LHCGR, but the difference was not statistically signifi-
cant (p>0.05). The protein levels were also consistent
(Fig. 6B), which suggested the unique activation and
regulation characteristics of LHCGR. Subsequently,
the expressions of HOXA10, ITGB3, FOXO1, LIF, and
L-selectin ligands were determined, and the results
showed that these were increased in the presence of hCG.
However, the increased expressions of these molecules
were inhibited after the transfection of siRNA-LHCGR
(Fig. 6A and B). This finding implies that LHCGR is pri-
marily responsible for the regulatory effect of hCG on
endometrial receptivity molecules. In ESCs, hCG acts

concertedly with LHCGR. Therefore, after knocking
down LHCGR, this ability of hCG was reduced.

hCG activated Autophagy in ESCs

The level of autophagy in endometrial cells is intri-
cately linked to embryo implantation and deciduali-
zation [34, 35]. To determine whether hCG regulates
autophagy in ESCs, the levels of autophagy-related
molecules were estimated. The findings showed that
hCG upregulated the expressions of LC3 and Beclinl
and downregulated the expression of P62 in ESCs com-
pared with the control group (Fig. 7A and B), which
indicates an increase in autophagy. To further assess
the level of autophagy, the response of LC3-II to hCG
was detected in ESCs using IF. The results alluded
that LC3-II fluorescence was enhanced (Fig. 7C).
This observation suggests that the ability of hCG to
enhance endometrial receptivity may be associated
with the increase in autophagy response. Furthermore,
the effect of transfection of LHCGR on autophagy
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molecules was examined. As expected, the levels of when LHCGR was turned off, the effect of hCG on
Beclinl and LC3 were lower in the si-LHCGR+hCG  activating autophagy was blocked. This result implies
group than in the hCG group, whereas the level of P62  that LHCGR controls how gonadal hormones affect
was higher (Fig. 7D and E). This finding signified that the autophagy function of ESCs.
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The level of apoptosis in ESCs increased after hCG
intervention

The regulation of endometrial cell apoptosis plays a key
role in tissue homeostasis and remodeling during the
menstrual cycle, thereby preparing the endometrium for
embryo implantation [36]. Favorable apoptosis is essential
for decidualization in normal pregnancy [37]. Hence, the
regulatory role of hCG in controlling apoptosis in endo-
metrial decidual cells was investigated. RT-qPCR results
demonstrated that compared with the control group,
the expression of the proapoptotic gene Bax increased
and that of the antiapoptotic gene Bcl-2 decreased in the
hCG intervention group (Fig. 8A). Similarly, western blot
analysis demonstrated that the expression of Bax was
increased and that of Bcl-2 was significantly decreased in
the hCQG treatment group (Fig. 8B). Therefore, compared
with the control group, the ratio of Bax/Bcl-2 increased
significantly after hCG intervention (Fig. 8A). Further-
more, the changes in apoptosis were determined using
flow cytometry, and the proportion of apoptotic cells is
depicted in Fig. 8C. The proportions of late apoptotic or
necrotic cells and early apoptotic cells are represented in
Q2 and Q3 areas, respectively. The results showed that
compared with the control group, the rate of apopto-
sis was increased after treatment with hCG (0.1 IU/mL,

72 h). These findings assert that hCG stimulation pro-
motes endometrial receptivity and decidualization by
altering the level of apoptosis.

Bcl-2 has been reported to prevent apoptosis by con-
trolling the release of AWm and cytochrome c, which
are required to turn on caspase-9 [38]. Moreover, Bcl-2
induces autophagy by blocking Bcl-2—Beclin1 interaction
and upregulating Beclinl [39]. To determine the interac-
tion between the two, the relationship between Beclinl
and Bcl-2 was studied. As illustrated in Fig. 8D, the co-
localization of Beclinl and Bcl-2 was observed using IF
experiments. Further studies using co-IP confirmed this
finding, indicating that Beclinl interacts with Bcl-2. Fig-
ure 8E shows that Bcl-2 IP decreased Beclinl in ESCs and
that Bcl-2 pulled down Beclinl more in control cells than
in hCG-treated cells. This finding alludes that hCG treat-
ment prevented Bcl-2 and Beclinl from interacting with
each other and starting an autophagy response.

The phosphorylation levels of ERK and mTOR in ESCs
increased after hCG intervention

Endometrial receptivity is a complex process that can
be regulated by various signaling pathways, such as
ERK1/2 and mTOR. These are currently considered to
be two signaling pathways closely related to autophagy.
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ERK activation leads to apoptosis and autophagy induc-
tion, and mTOR is also known as the main regulator of
autophagy. Subsequently, to discern the biological role
of hCG/LHCGR, immunoblotting was used to exam-
ine the phosphorylation of ERK1/2 and mTOR in ESCs
cultured in the presence of 0.1 IU hCG. The findings
indicated that compared with the control group, hCG
intervention increased the levels of phosphorylated
ERK1/2 (p-ERK1/2) and mTOR (p-mTOR) in ESCs
(Fig. 9A). Moreover, IF results indicated that hCG
stimulation enhanced the expressions of p-ERK and
p-mTOR (Fig. 9B). Therefore, ERK and mTOR signaling
pathways may play a pertinent role in the way in which
hCG triggers autophagy and establishes endometrial
receptivity. Finally, phosphorylation in the presence of
siRNA-LHCGR was verified. The results showed that
LHCGR knockdown attenuated the stimulatory effect
of hCG on p-ERK and p-mTOR (Fig. 9C). In summary,
the function of hCG in ESCs is mediated by LHCGR
and is linked to the activation of ERK1/2 and mTOR
pathways in the cells.

Discussion

The process of embryo implantation comprises three suc-
cessive stages, namely, localization, adhesion, and inva-
sion, which are regulated by a myriad of cells and factors
[40]. Their interactions construct the complex regula-
tory network necessary for successful embryo implanta-
tion [41]. However, currently we do not have a complete
understanding of this regulatory network. The findings
from this study indicate that endometrial receptivity was
compromised in women with RIF and that the expression
levels of LHCGR and the process of autophagy in endo-
metrial tissues were reduced. Nonetheless, when ESCs
were treated with hCG, LHCGR was activated, which
mediated intracellular functionality, modulated ESC
autophagy and apoptosis by inducing the phosphoryla-
tion of ERK1/2 and mTOR, and influenced the expres-
sion of endometrial receptivity factors.

Embryo implantation in the maternal endometrium
is an important stage in the reproductive process, and
implantation failure is one of the main challenges in
assisted reproductive technology [42]. hCG, a member
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of the glycoprotein hormone family, is a distinct signal
marker of the embryo. The secretion of hCG by blas-
tocysts prior to the implantation of the embryo in the
maternal endometrium suggests a potential associa-
tion with LHCGR expressed in the endometrium [43].
The findings from this study confirm this hypothesis.
Our observations indicate that after hCG treatment,
IF and gene and protein expressions of LHCGR were
significantly enhanced in ESCs, which were weakened
after LHCGR knockdown. This suggests that LHCGR
holds physiological significance, essentially implying
that the cellular functionality of hCG is accomplished
via LHCGR. This receptor has previously been identi-
fied in various extragonadal tissues and extensively across

the female reproductive tract [13, 44—47]. These insights
validate the presence of functionally active LHCGR in
the human endometrium. Several studies have estab-
lished the role of LHCGR in decidualization, such as in
promoting prolactin secretion [15, 48-50]. Our results
signify that the expression level of LHCGR is decreased
in the endometrial tissue of patients with RIF and the
decidualization ability is reduced, which implies that the
functionality of hCG and/or LH in endometrial physiol-
ogy may be compromised to different extents. Previous
studies have found that female gonadal development,
spermatogenesis, and uterine development are associ-
ated with the LHCGR and CYP19A1 genes [51]. Sac-
chi et al. also found that LHCGR was expressed in the
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endometrium of women during the menstrual cycle. And
its stimulation with gonadotropins can promote intra-
cellular cAMP accumulation, up-regulate the expression
of steroidogenic acute regulatory protein (StAR) and
3pB-hydroxysteroid dehydrogenase/A5—4 isomerase (3-
HSD), and increase the synthesis of local progesterone in
mammalian endometrium [44]. On the one hand, these
data suggest that hCG and LHCGR may play a role in
establishing endometrial receptivity by regulating endo-
metrial metabolism and growth. On the other hand, it
shows that hCG supplementation may enhance the role
of this hormone in the endometrium by increasing the
expression of LHCGR, thereby improving endometrial
function in patients with RIF. However, our sample size

lIs after hCG intervention. A The protein expression levels of p-mTOR
72 h. B Representative images of p-mTOR and p-ERK in ESCs treated
and p-mTOR in ESCs after knockdown of LHCGR. Data were presented

was relatively small, which limits the breadth of our con-
clusions. Further in-depth studies with a larger sample
size are necessary to elucidate the exact role of LHCGR
in the complex signal transduction network that regu-
lates the physiological processes of decidualization
and implantation as well as the associated reproductive
results. Moreover, the potential diagnostic and therapeu-
tic effects of LHCGR on endometrial function should be
investigated.

Despite the rapid development and widespread clini-
cal application of IVF in patients with infertility over
the past few decades, RIF remains a major challenge
in human reproduction [52]. The etiology of RIF is
complex, and one of the most important reasons is
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embryo—endometrial asynchrony, shift in the window of
implantation (WOI), and impaired endometrial recep-
tivity. The establishment and coordination of endome-
trial receptivity are mainly responsible by the estrogen
and progesterone [53]. Several adhesion molecules,
cytokines, growth factors, and lipid mediators, such as
IGFBP, PRL, HOXA10, WNT, and LIF, regulate endome-
trial receptivity by participating in complex signal trans-
duction and angiogenesis [54]. Joshi et al. showed that
compared with normal women of childbearing age, the
expression levels of these factors were significantly lower
in the endometrium of patients with infertility [55]. This
reduced expression affected trophoblast invasion during
endometrial decidualization and early placental forma-
tion, thus promoting the development of RIF [56]. Our
findings suggest that HOXA10 and ITGB3 levels are low
in the uterine tissue of women with RIF. The HOXA gene
cluster plays a vital role in morphological alterations in
the female reproductive tract and cyclic variations in the
endometrium [57]. HOXA is considered to be involved
in implantation function [58]. Female mice lacking
HOXA10 have been reported to experience spontane-
ous abortion and infertility owing to implantation and
decidualization failure [59]. HOXA10 expression is asso-
ciated with variations in the expressions of downstream
target genes, including ITGB3, which are biomarkers of
endometrial receptivity [60]. The expression of ITGB3
increases in the mid-secretory phase, which corresponds
to WOI. Hence, ITGB3 is also regarded as a deciduali-
zation marker in ESCs [61]. In our study, we established
a mechanism where the protein and mRNA levels of
HOXA10 and ITGB3 increased significantly in ESCs
treated with 0.1 IU/mL hCG for 72 h. This finding implies
that hCG may promote decidualization and enhance
endometrial receptivity by increasing the expression
levels of HOXA10 and ITGB3 in ESCs. Furthermore,
the knockdown of LHCGR inhibited this change. This
observation signifies that in ESCs, hCG mainly func-
tions via LHCGR, which may also be one of the reasons
for the decreased endometrial receptivity in patients with
RIF. The decreased expression of LHCGR in the endo-
metrial tissue appears to affect the functional effect of
hCG. Furthermore, hCG can modulate the expressions
of LIF, L-selectin ligand, and FOXO1. LIF and L-selectin
ligands play a major role in initial embryo attachment
and adhesion. These molecules can mediate pinopodes
to participate in embryo—endometrial interaction and are
important local media for successful embryo implanta-
tion in the endometrium [62, 63]. FOXO1 is considered
to be a key regulator of endometrial receptivity in vivo
[64] and is involved in endometrial remodeling during
the menstrual cycle and early pregnancy, regulating the
transcription of decidual prolactin (PRL) and insulin-like
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growth factor-binding protein 1 (IGFBP-1) genes [65].
This might constitute an alternative mechanism by which
hCG promotes embryo implantation.

Recent studies have emphasized the role of autophagy
in regulating the development of reproductive organs and
germ cells [66, 67]. Particularly, endometrial autophagy
is indispensable for maintaining endometrial homeo-
stasis, including menstruation, decidualization [30]
and WOI [33, 68, 69]. In our study, the expression lev-
els of LC3 and P62 in the endometrial tissue of patients
with RIF were assessed. LC3, a key structural compo-
nent of autophagic vesicles, promotes the formation of
autophagosomes [70]. P62 is another crucial marker used
to measure autophagy impairment [71, 72]. Our find-
ings showed a decrease in LC3 levels and an increase in
P62 protein levels in the endometrium of patients with
RIF and the autophagy reaction was reduced. A previ-
ous study observed that autophagy is activated during
the decidualization of ESCs and that inhibiting this pro-
cess reduces the levels of PRL and IGFBP1 and results in
decidualization impairment [73]. Furthermore, a single-
cell transcriptome sequencing of RIF showed that several
genes for endometrial receptivity (such as LIF, IL6ST, and
ITGA3) and autophagy (such as ATG9B and APOLI)
were downregulated in the endometrial cells of patients
with RIF [52]. Our results support the notion that endo-
metrial autophagy is important for embryo implanta-
tion during WOI and that one reason for the failure of
embryo implantation in patients with RIF is the improper
functioning of endometrial autophagy. Therefore, further
research is needed to focus on their value in RIF predic-
tion and treatment. For example, autophagy activators
may be a potential therapeutic option for women with
recurrent miscarriage or infertility.

In our cell experiments, hCG stimulation increased
the expressions of Beclinl and LC3II/I in ESCs and
decreased the expression of P62, indicating significant
autophagy activation, which could help improve endome-
trial condition and support embryo implantation. More-
over, this effect decreased when si-LHCGR was added,
again emphasizing that the function of hCG depends on
the presence of receptors. Additionally, autophagy has
been shown to respond to intricate alterations in gene
expression in ESCs during the establishment of WOI [73]
and to regulate the release of proapoptotic factors [74,
75]. This finding is aligned with the results of our study,
suggesting that hCG can influence endometrial recep-
tivity and decidualization by augmenting autophagy and
apoptosis. These findings provide new insights into solv-
ing reproductive problems associated with implantation
failure and strengthen the clinical application of hCG in
patients with infertility, serving as a key auxiliary method
for enhancing implantation and pregnancy outcomes in
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women with RIF. However, a single detection method was
used in our study to determine the protein levels; hence,
it is necessary to further explore the specific mechanisms
of autophagy in future studies.

During a typical pregnancy, moderate levels of apop-
tosis are considered crucial for establishing endometrial
receptivity and facilitating decidualization [76-80]. The
endometrium creates an intrauterine environment that
is conducive to embryo implantation via changes in pro-
liferation and apoptosis to adapt to embryo implantation
and development [81]. When apoptosis is decreased, it
could lead to excessive endometrial thickening and dys-
function, thereby affecting its receptivity to embryos [82].
In this study, hCG treatment upregulated the expression
of the apoptosis-related protein Bax and downregulated
the expression of Bcl-2, and the results of flow cytometry
also showed that apoptosis occurred. This finding sug-
gests that hCG might enhance endometrial receptivity by
regulating apoptosis. Nevertheless, the role of apoptosis
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in pregnancy is complex, and excessive apoptosis might
also be detrimental [83]. Therefore, understanding how
hCG precisely modulates apoptosis both temporally and
spatially is essential for unraveling its role in embryo
implantation.

Increasing evidence has confirmed the presence
of a cooperative relationship between apoptosis and
autophagy [84-86]. These are two important processes
with complex protein networks. Beclinl, an autophagy
molecule, possesses a BH3 domain. Bcl-2 can bind to
Beclinl via the BH3 structural groove and change the
way in which it works [87]. When Beclinl and Bcl-2 work
concertedly, they lower the amount of free Beclinl in
cells, which makes the type III PI3K complex less active,
thereby retarding autophagy; on the contrary, autophagy
is activated. In this study, Beclinl and Bcl-2 were co-
localized. Co-IP showed that Bcl-2 could interact with
Beclinl. hCG treatment reduced the expression of Bcl-2
and weakened the interaction between Bcl-2 and Beclinl,

hCG
©

ITGB3 HOXA10

Endometrial Stromal Cell

FOXO1

Endometrial Receptivity

Fig. 10 The schematic presentation of the roles of human chorionic gonadotropin in autophagy and apoptosis regulation in endometrial stromal

cells
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as a result of which Beclinl was released, which in turn
triggered the autophagy cascade.

In addition, the impact of hCG on the ERK and mTOR
signaling pathways was investigated. Two key hyperacti-
vated signaling pathways, PI3K/AKT/mTOR and RAS/
RAF/MEK/ERK, are implicated in endometrial recep-
tivity and ESC differentiation [88]. During early embryo
implantation, the immunoreactivity of mTOR within the
uterus is elevated [89]. Decreased p-ERK expression leads
to disordered decidualization and an increased abortion
rate [90], which implies that both ERK and mTOR play
pivotal roles in embryo implantation and decidualiza-
tion. We also observed that the levels of p-ERK1/2 and
p-mTOR in ESCs increased after hCG stimulation and
decreased after LHCGR knockdown. This suggests that
the role of hCG/LHCGR may be linked to the activation
of the ERK-mTOR pathway. Moreover, ERK and mTOR
are closely associated with autophagy [91]. ERK phospho-
rylation aids in promoting the increase of LC3 and Bec-
linl and inducing autophagy and apoptosis [92], which
is consistent with our conclusion. As an autophagy con-
troller, mTOR is a negative regulator of autophagy [93].
In our study, hCG stimulation increased mTOR, which
may be related to its reactivation during the regulation of
autophagy by hCG. A study recently identified that if the
activation time for autophagy is long, macromolecules
are degraded in autolysosomes, which allows amino acids
to escape into the cytosol via efflux transporters. This
movement of amino acids turns on mTOR again in that
area and starts autophagic lysosomal recombination [94].

In conclusion, our study has demonstrated that LHCGR-
mediated hCG enhances the expressions and functions of
HOXA10, ITGB3, FOXO1, LIF, and L-selectin ligands, all of
which are involved in embryo implantation. This is achieved
by regulating the levels of autophagy and apoptosis, thereby
improving endometrial receptivity and facilitating decidu-
alization of stromal cells and embryo implantation. These
molecular alterations are likely to be mediated via the
mTOR and ERK1/2 signaling pathways (Fig. 10). However,
our research does have certain limitations. Further studies
are required to understand the specific roles and interac-
tions of these signaling pathways as well as the precise role
of hCG in these processes. Future investigations should aim
to unravel the detailed mechanisms underlying these path-
ways. Furthermore, potential treatment strategies targeting
these pathways must be devised to improve women’s fertil-
ity. Despite these limitations, our findings have the poten-
tial to significantly contribute to our understanding of the
complex interplay among hCG, endometrial receptivity,
and embryo implantation. This could pave the way for the
development of innovative therapeutic strategies to address
RIF and other conditions related to female infertility.
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