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Abstract. Endometrial receptivity is essential for successful 
embryo implantation and pregnancy initiation and is regulated 
via various signaling pathways. Adiponectin, an important 
adipokine, may be a potential regulator of reproductive system 
functions. The aim of the present study was to elucidate the 
regulatory role of adiponectin receptor 1 (ADIPOR1) in 
endometrial receptivity. The endometrial receptivity between 
RL95‑2 and AN3CA cell lines was confirmed using an in vitro 
JAr spheroid attachment model. 293T cells were transfected 
with control or short hairpin (sh)ADIPOR1 vectors and 
RL95‑2 cells were transduced with lentiviral particles targeting 
ADIPOR1. Reverse transcription‑quantitative PCR and immu‑
noblot assays were also performed. ADIPOR1 was consistently 
upregulated in the endometrium during the mid‑secretory phase 
compared with that in the proliferative phase and in receptive 
RL95‑2 cells compared with that in non‑receptive AN3CA 
cells. Stable cell lines with diminished ADIPOR1 expression 
caused by shRNA showed reduced E‑cadherin expression 
and attenuated in vitro endometrial receptivity. ADIPOR1 

regulated AMP‑activated protein kinase (AMPK) activity in 
endometrial epithelial cells. Regulation of AMPK activity 
via dorsomorphin and 5‑aminoimidazole‑4‑carboxamide 
ribonucleotide affected E‑cadherin expression and in vitro 
endometrial receptivity. The ADIPOR1/AMPK/E‑cadherin 
axis is vital to endometrial receptivity. These findings can help 
improve fertility treatments and outcomes.

Introduction 

Human embryo implantation is a highly regulated process. It 
begins with the implantation of trophoblast cells from a compe‑
tent blastocyst onto the maternal endometrium. This process is 
pivotal for a successful pregnancy (1). This adjustment occurs 
during the ‘window of implantation (WOI)’, a short period of 
uterine receptivity corresponding to the mid‑secretory phase 
of the menstrual cycle. Successful embryo implantation is 
highly dependent on the endometrial cycle, ovarian steroid 
hormones and endometrial receptive adhesion molecules. 
Receptive adhesion molecules, such as integrins, cadherins and 
selectins, are differentially expressed in endometrial epithelial 
cells throughout the menstrual cycle and play important roles 
during implantation (1). 

Adiponectin, an important adipokine secreted from the 
adipose tissues, exerts diverse physiological effects and influ‑
ences carbohydrate metabolism, lipid metabolism, insulin 
sensitization, anti‑inflammatory responses and cardiovas‑
cular health  (2). In the human endometrium, adiponectin 
functions as a hormonal regulator of energy homeostasis 
and has anti‑inflammatory effects associated with events 
such as implantation and endometriosis (3,4). Mice lacking 
adiponectin show impaired fertility potential and ovarian 
folliculogenesis (5). Adiponectin exerts its effects through the 
activation of two receptors; adiponectin receptor 1 (ADIPOR1), 
which is highly expressed in the skeletal muscle and acts via 
AMP‑activated protein kinase (AMPK) and adiponectin 
receptor 2 (ADIPOR2), which is mostly expressed in the liver 

Adiponectin receptor 1 regulates endometrial receptivity 
via the adenosine monophosphate‑activated 

protein kinase/E‑cadherin pathway
BOLOR‑ERDENE SARANKHUU1,  HYE JIN JEON1,  DA‑UN JEONG1,  SEOK‑RAE PARK1,2,  

TAE‑HYUN KIM1,3,  SUNG KI LEE1,3,  AE RA HAN4,5,  SEONG‑LAN YU1  and  JAEKU KANG1,6

1Priority Research Center, Myunggok Medical Research Institute, College of Medicine, Konyang University, Daejeon 35365, 
Republic of Korea; 2Department of Microbiology, College of Medicine, Konyang University, Daejeon 35365, Republic of Korea; 

3Department of Obstetrics and Gynecology, College of Medicine, Konyang University Hospital, Daejeon 35365, 
Republic of Korea; 4I‑Dream Clinic, Department of Obstetrics and Gynecology, Mizmedi Hospital, Seoul 07639, 

Republic of Korea; 5Daegu CHA Fertility Center, CHA University, Daegu, North Gyeongsang 42469, Republic of Korea; 
6Department of Pharmacology, College of Medicine, Konyang University, Daejeon 35365, Republic of Korea

Received May 2, 2024;  Accepted July 26, 2024

DOI: 10.3892/mmr.2024.13308

Correspondence to: Professor Seong‑Lan Yu, Priority Research 
Center, Myunggok Medical Research Institute, College of Medicine, 
Konyang University, 158 Gwanjeodong‑ro, Seo, Daejeon 35365, 
Republic of Korea
E‑mail: yusl73@konyang.ac.kr

Professor Jaeku Kang, Department of Pharmacology, College 
of Medicine, Konyang University, 158 Gwanjeodong‑ro, Seo, 
Daejeon 35365, Republic of Korea
E‑mail: jaeku@konyang.ac.kr

Key words: endometrial receptivity, adiponectin receptor 1, 
AMP‑activated protein kinase, E‑cadherin, dorsomorphin, 
5‑aminoimidazole‑4‑carboxamide ribonucleotide

https://www.spandidos-publications.com/10.3892/mmr.2024.13308


SARANKHUU et al:  ADIPOR1 REGULATES ENDOMETRIAL RECEPTIVITY2

and acts through the proliferator‑activated receptor α (PPAR α) 
pathway to regulate glucose and lipid metabolism (6,7). These 
two adiponectin receptors are expressed in the epithelial and 
stromal cells of the endometrium, markedly increasing in the 
mid‑secretory phase and aligning with the period of receptivity 
of the endometrium to the embryo. Additionally, adiponectin 
receptors are downregulated in the endometria of women with 
recurrent implantation failure compared with those in fertile 
women (8). AMPK comprises three subunits; the catalytic α 
(α1 and α2) subunit and the regulatory β (β1 and β2) and γ 
(γ1, γ2 and γ3) subunits, forming a heterotrimeric complex. 
The AMPK α subunit is activated via phosphorylation by liver 
kinase B1 (LKB1) or calmodulin‑dependent protein kinase. 
Activated AMPK regulates the cellular metabolism (9,10). A 
previous study suggested that AMPK is a mediator of endo‑
metrial receptivity due to elevated estrogen expression and 
delayed embryo implantation in mice lacking AMPK (11). The 
relationship between AMPK and energy metabolism is critical 
in uterine receptivity (12). AMPK activity is closely associ‑
ated with placental development (13,14). E‑cadherin, a type of 
cadherin, is crucial for cell‑cell contact via adherens junctions 
in epithelial cells. Its fundamental molecular function is impli‑
cated in the epithelial‑mesenchymal transition. E‑cadherin 
serves as a biomarker of endometrial receptivity and is closely 
linked to implantation, facilitating the initial communication 
between mothers and fetuses. It actively contributes to early 
adhesion during human embryo implantation (15). Adhesion 
molecules, pivotal proteins in embryo implantation, also play 
a crucial role in cancer progression. In endometrial cancer, 
the L1 cell adhesion molecule is particularly significant for 
predicting prognosis and recurrence due to its association 
with invasiveness and metastatic potential (16,17). However, 
advancements in studies on endometrial receptivity to improve 
pregnancy success are impeded by the lack of knowledge of 
the regulation of various signaling pathways. 

The present study explored the effects of ADIPOR1 on the 
regulation of endometrial receptivity in human endometrial 
tissues and cell lines (RL95‑2 and AN3CA) with different 
receptivity. The results showed that ADIPOR1 regulated 
AMPK activity and E‑cadherin expression, which are closely 
related to endometrial receptivity. ADIPOR1 downregulation 
attenuated JAr spheroid attachment in vitro. 

Materials and methods 

Reagents. Dorsomorphin dihydrochloride, an AMPK inhib‑
itor and 5‑aminoimidazole‑4‑carboxamide ribonucleotide 
(AICAR), an AMPK activator, were obtained from Tocris 
Bioscience and puromycin dihydrochloride was purchased 
from InvivoGen, Inc.

Collection of human endometrial tissues. Human endome‑
trial tissues were obtained from fertile participants in the 
proliferative [9‑11 menstrual cycle days (mcd); n=11; mean 
age, 36.7±2.8 years] and secretory (20‑24 mcd; n=9; mean 
age, 37.8±2.6 years) phases between April and June 2019 at 
the Konyang University Hospital. Samples from patients with 
infertility were collected from the secretory phase (20‑22 
mcd; n=7; mean age, 38.9±3.5 years) between April 2018 and 
April 2020 at the MizMedi Hospital (Seoul, South Korea). 

Patients with infertility did not receive any medication, 
including hormone treatments, during the sampling period. 
Endometrial sampling was performed using a disposable 
uterine sampler (Rampipella; Ri.mos. (S.r.l.). The menstrual 
stages of the samples were determined using the Noyes 
criteria by an experienced gynecological pathologist  (18). 
The present study was approved by the Bioethics Committee 
of Konyang University Hospital [Institutional Review Board 
(IRB) file no. KYUH 2018‑11‑007] and MizMedi Hospital 
(IRB file no. MMIRB 2018‑3). Signed informed consent was 
obtained from each patient.

Cell culture. Human endometrial cell lines (RL95‑2 and 
AN3CA) were acquired from the American Type Culture 
Collection. RL95‑2 and AN3CA cells were cultured in 
DMEM/F‑12 and MEM (HyClone; Cytiva) supplemented 
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher 
Scientific, Inc.) and 1% penicillin‑streptomycin (HyClone; 
Cytiva). Mycoplasma contamination tests were performed 
with MycoStrip (InvivoGen, Inc.). 

Human choriocarcinoma JAR cells were obtained from 
the South Korean Cell Line Bank and cultured in RPMI‑1640 
medium (HyClone; Cytiva) supplemented with 10% heat‑inac‑
tivated FBS and 1% penicillin/streptomycin. All cells were 
maintained at 37˚C in a humidified atmosphere containing 
5% CO2. RL95‑2 cells were treated with dorsomorphin 
dihydrochloride for 24 h. AN3CA cells were treated with 
AICAR (AMPK activators; Tocris Bioscience) for 24 h. 

Transfection and transduction. For the generation of lentivirus 
particles, 293T cells were transfected with 400 ng of either a 
control (pLKO1; SHC016) or a short hairpin (sh)RNA targeting 
adiponectin receptor 1 (shADIPOR1; sense: 5'‑CGT​CTA​TTG​
TCA​TTC​AGA​GAA‑3', antisense: 5'‑TTC​TCT​GAA​TGA​CAA​
TAG​ACG‑3') expression vector (MilliporeSigma) alongside 
400 ng pLP1, 100 ng pLP2 and 300 ng pLP/VSVG vectors (all 
from Thermo Fisher Scientific, Inc.) based on a 3rd genera‑
tion system using Lipofectamine® 3,000 (Invitrogen; Thermo 
Fisher Scientific, Inc.), according to the manufacturer's recom‑
mended protocol. Lentiviral particles targeting ADIPOR1 
and control lentiviral particles were collected from media 
following transfection for 48 h. Subsequently, RL95‑2 cells 
were transduced with 10 MOI control lentiviral particles or 
those carrying shRNA against the ADIPOR1 mRNA. RL95‑2 
cells with ADIPOR1 knockdown were isolated and selected 
using 0.5 µg/ml puromycin dihydrochloride.

RNA isolation and reverse transcription‑quantitative (RT‑q) 
PCR. Total RNA extraction from both 1x106 AN3CA or 
2x106 RL95‑2 cells and endometrial tissues was performed 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.) following the manufacturer's protocol. Complementary 
DNA (cDNA) was synthesized from 2  µg RNA for cells 
and 5 µg for tissues using Moloney Murine Leukemia Virus 
reverse transcriptase (Promega Corporation) according to the 
manufacturer's recommended protocol. 

RT‑qPCR was performed to analyze mRNA expression 
using iQ SYBR Green Supermix (Bio‑Rad Laboratories, 
Inc.) on a CFX Connect Real‑time PCR Detection 
System (Bio‑Rad Laboratories, Inc.) according to the 
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manufacturer's recommended protocol. Specific gene primers 
and their annealing temperatures are listed in Table I. The 
following amplification conditions were used for select genes 
encoding ADIPOR1, ADIPOR2, ITGB5, L‑Selectin, E‑Selectin, 
E‑cadherin, AMPK and β‑actin: An initial denaturation step 
at 95˚C for 3 min, followed by 49 cycles of denaturation at 
95˚C for 30 sec, annealing at 58˚C for 15 sec and extension 
at 72˚C for 15 sec. Gene expression levels were normalized to 
those of β‑actin, an internal control. Relative expression was 
calculated using the 2‑ΔΔCq method (19) and fold change was 
evaluated compared with the control. 

Immunoblot analysis. Cells were lysed using ice‑cold radio‑
immunoprecipitation assay (RIPA) buffer on ice (JuBiotech), 
supplemented with protease and phosphatase inhibitors 
(Roche Diagnostics GmbH), and protein concentration was 
quantified using the bicinchoninic acid assay (Thermo Fisher 
Scientific, Inc.). Subsequently, 50 µg (for p‑AMPK, AMPK, 
E‑cadherin, integrin β5 and β‑actin detection) or 70 µg (for 
ADIPOR1, ADIPOR2, L‑selectin, E‑selectin, E‑cadherin and 
β‑actin detection) proteins were separated by sodium dodecyl 
sulphate‑polyacrylamide gel electrophoresis on 8 or 10% gels 
and transferred onto polyvinylidene difluoride membranes. 
The blots were blocked with 5% skimmed milk (Difco; 
BD Biosciences) for 2 h at room temperature, washed with 
1X TBS containing Tween 20 buffer (Biosesang) and then 
incubated with primary antibodies against ADIPOR1 (1:500; 
cat. no. ab70362; Abcam), ADIPOR2 (1:500; cat. no. ab77612; 
Abcam), L‑selectin (1:1,000; cat.  no.  PAA086Hu01; 
Cloud‑Clone Corp.), E‑selectin (1:1,000; cat. no.  ab18981; 
Abcam), integrin β5 (1:1,000; cat.  no.  ab184312; Abcam), 
Phospho‑AMPKα (Thr172) (1:1,000; cat.  no.  2531; Cell 
Signaling Technology, Inc.), AMPKα (1:1,000; cat. no. 2532; 
Cell Signaling Technology, Inc.), E‑cadherin (1:1,000; 

cat. no. 3195; Cell Signaling Technology, Inc.) and β‑actin 
(1:3,000; cat. no. 4967; Cell Signaling Technology, Inc.) were 
incubated overnight at 4˚C. The following day, blots were 
probed with horseradish peroxidase‑conjugated secondary 
antibodies (1:3,000; cat. no. AP132P; MilliporeSigma) for 
2 h at room temperature and bands were visualized using an 
Enhanced Chemiluminescence Kit (Thermo Fisher Scientific, 
Inc.). Quantification of western blot images was performed 
using the ImageJ software 1.50b (National Institutes of Health). 

In vitro assay for JAr spheroid implantation. JAr cell spher‑
oids were prepared by seeding onto a V‑bottom microplate 
(Greiner Bio One Ltd.) and incubating in DMEM supple‑
mented with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) 
and 1% penicillin‑streptomycin (HyClone; Cytiva) for 24 h in 
a humidified atmosphere with 5% CO2. Endometrial cells were 
cultured in 24‑well plates until they reached 90% confluency. 
The harvested spheroids were co‑cultured with either RL95‑2 
cell monolayers (for 1 h) or AN3CA cell monolayers (for 
2 h), These cells were pre‑treated with either dorsomorphin, 
AICAR, ADIPOR1 shRNA vector, or respective controls. The 
attached spheroids were quantified by inverting the microplate 
and centrifuging at 10 x g for 10 min. The attached spheroids 
were then counted under a microscope (Olympus Corporation). 
The percentage of spheroid attachment was calculated by 
dividing the number of attached spheroids after centrifugation 
by the total number of spheroids. The implantation assay was 
conducted at least three times for validation. 

Statistical analysis. Data are presented as mean ± standard 
error of the mean. The results were analysed using unpaired 
Student's t‑test or one‑way ANOVA with Tukey's post hoc test 
with GraphPad Prism 5 (Dotmatics). P<0.05 was considered to 
indicate a statistically significant difference.

Table I. Primer sequences for reverse transcription‑quantitative PCR.

Gene	 Primer sequences 	 PCR product size, bp	 Annealing temperature, ˚C

ADIPOR1	 Forward 5'ACGTTGGAGGGTCATCCCATA 3'	 175	 56
	R everse 5'AAACAGCACGAAACCAAGCAG 3'		
ADIPOR2	 Forward 5'CTGGATGGTACACGAAGAGGT 3'	 176	 56
	R everse 5'TGGGCTTGTAAGAGAGGGGAC 3'		
E‑SEL	 Forward 5'CCGAGCGAGGCTACATGAAT 3'	 122	 56
	R everse 5'GCCACATTGGAGCCTTTTGG 3'		
L‑SEL 	 Forward 5'ATTTCCTGGCACATCATG 3'	 95	 56
	R everse 5'ATTGTCTCGGCAGAATCT 3'		
ITGB5	 Forward 5'ACCTGGAACAACGGTGGAGA 3'	 217	 60
	R everse 5'AAAAGATGCCGTGTCCCCAA 3'		
E‑cadherin	 Forward 5'GGCCTGAAGTGACTCGTAACG 3'	 201	 60
	R everse 5'TCAGACTAGCAGCTTCGGAACC 3'		
AMPK	 Forward 5'AGGAAGAATCCTGTGACAAGCAC 3'	 145	 56
	R everse 5'CCGATCTCTGTGGAGTAGCAGT 3'		
β‑Actin	 Forward 5'CAAGAGATGGCCACGGCTGCT 3'	 275	 56 or 60
	R everse 5'TCCTTCTGCATCCTGTCGGCA 3'		

ADIPOR1, adiponectin receptor 1; ADIPOR2, adiponectin receptor 2; E‑SEL, E‑selectin; L‑SEL, L‑selectin; ITGB5, integrin β5; AMPK, 
AMP‑activated protein kinase.

https://www.spandidos-publications.com/10.3892/mmr.2024.13308
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Results 

Examination of the dynamics of ADIPOR1 expression and 
its role in endometrial receptivity. To investigate the role 
of ADIPOR1 in the endometrial cycle, the present study 
first quantified its expression in the endometria during the 
proliferative and secretory phases of fertile women as well 
as the secretory phase of infertile women. The mRNA levels 
of ADIPOR1 were markedly higher in the secretory phase 
compared with the proliferative phase in fertile women. 
ADIPOR1 expression was markedly reduced during the 
secretory phase in infertile women compared with that in 
fertile women (Fig. 1A). Based on these results, to explore 
the function of ADIPOR1 in the endometrial receptivity 
process, the receptive RL95‑2 and non‑receptive AN3CA cell 
lines were selected. Endometrial receptivity between RL95‑2 
and AN3CA cell lines were confirmed using an in vitro JAr 
spheroid attachment model. The frequency of spheroid attach‑
ment was higher in receptive RL95‑2 cells compared with 
non‑receptive AN3CA cells, consistent with previous data (20) 
(Fig. 1B). For further validation, the expression patterns of 
proteins that were biomarkers of endometrial receptivity were 
examined. The expression levels of E‑selectin, L‑selectin 
and ITGB5 were significantly higher in the receptive RL95‑2 
cells compared with the non‑receptive AN3CA cells (data 
not shown). In particular, the expression of E‑cadherin was 
significantly higher in receptive RL95‑2 cells compared 

with non‑receptive AN3CA cells (Fig. 1C). Based on these 
results, the expression pattern of ADIPOR1 in cells with 
different receptivity were investigated. Lower mRNA levels 
of ADIPOR1 were observed in non‑receptive AN3CA cells 
compared with receptive RL95‑2 cells (Fig. 1D). ADIPOR1 
protein levels were reduced in AN3CA cells (Fig. 1E). By 
contrast, ADIPOR2 was more highly expressed in the endo‑
metria of infertile women compared with those of fertile 
women and in non‑receptive epithelial cells compared with 
receptive epithelial cells in the present study (Fig. S1). These 
results suggested that differences in ADIPOR1 expression 
may be associated with endometrial receptivity. 

Role of ADIPOR1 in regulating endometrial receptivity‑related 
biomarkers. Due to the differences in ADIPOR1 expression 
in cells with different receptivity, the changes in endome‑
trial receptivity caused by ADIPOR1 downregulation were 
investigated in relatively upregulated recipient RL95‑2 cells. 
Stable cells with downregulated ADIPOR1 (shADIPOR1) 
were established using shRNA‑mediated gene silencing. 
The expression levels of ADIPOR1 were examined to verify 
the establishment of stable cell lines. The mRNA levels of 
ADIPOR1 and corresponding protein levels were significantly 
lower in shADIPOR1 cells compared with the pLKO1 control 
cells (Fig. 2A and B). Next, an in vitro implantation assay 
using the JAr spheroid attachment method was performed to 
investigate the relationship between the changes in ADIPOR1 

Figure 1. ADIPOR1 is associated with the endometrial receptivity. (A) ADIPOR1 mRNA expression during the proliferative and secretory phases in endome‑
trial tissues obtained from fertile patients, and during the secretory phase in endometrial tissues obtained from infertile patients. (B) Spheroid attachment to 
receptive RL95‑2 cells and non‑receptive AN3CA cells. (C) E‑cadherin expression in RL95‑2 and AN3CA cells. (D) ADIPOR1 mRNA expression in RL95‑2 
and AN3CA cells. (E) Analysis of ADIPOR1 expression in RL95‑2 and AN3CA cells. Data are presented as the mean ± standard error of the mean of values 
from three independent experiments (n=3). *P<0.05, **P<0.01. NS, not significant; ADIPOR1, adiponectin receptor 1.
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expression and embryo implantation. As shown in Fig. 2C, 
ADIPOR1 downregulation attenuated spheroid attachment 
in JAr cells compared with that in the control cells. The 
E‑cadherin protein is important for successful embryo implan‑
tation (21). Therefore, the effect of ADIPOR1 knockdown on 
E‑cadherin expression was examined. E‑cadherin mRNA 
expression was reduced in shADIPOR1 cells compared with 
that in the control cells (Fig. 2D). Consistent with the changes 
in mRNA expression, E‑cadherin protein levels were reduced 
in shADIPOR1‑treated cells (Fig. 2E). E‑selectin, L‑selectin 
and ITGB5 expression was reduced following ADIPOR1 
knockdown (Fig. S2). These results suggest that ADIPOR1 
positively regulates E‑cadherin expression and may play an 
important role in the regulation of endometrial receptivity 
during embryo implantation.

ADIPOR1 regulates AMPK activity in endometrial epithelial 
cells. The present study examined the AMPK phosphorylation 
state in receptive and non‑receptive cells showing differential 
ADIPOR1 expression to investigate the role of the associa‑
tion between ADIPOR1 and AMPK activity in regulating 
endometrial receptivity. AMPK phosphorylation was lower in 
non‑receptive AN3CA cells compared with receptive RL95‑2 
cells (Fig. 3A). Knockdown of ADIPOR1 induced decreased 
AMPK phosphorylation in RL95‑2 cells (Fig.  3B). These 
results indicated that ADIPOR1‑mediated AMPK regula‑
tion may be associated with the receptivity of endometrial 
epithelial cells. 

AMPK inhibition via dorsomorphin attenuates endometrial 
receptivity. The present study used dorsomorphin, which 
inhibits AMPK activity, to investigate whether the AMPK 
pathway regulates the receptivity of endometrial epithelial 
cells. Dorsomorphin did not affect cell viability in cytotox‑
icity tests. The inhibition of AMPK phosphorylation was also 
confirmed via western blotting in RL95‑2 cells treated with 
various concentrations (Fig. S3A). AMPK phosphorylation was 
reduced upon dorsomorphin treatment in a dose‑dependent 
manner (Fig. 4A). Next, JAr cell spheroid attachment‑mediated 
endometrial receptivity in RL95‑2 cells following dorsomor‑
phin treatment was investigated. Dorsomorphin‑induced 
reduction in spheroid attachment was proportional to the 
inhibition of AMPK phosphorylation (Fig. 4B). The expression 
patterns of biomarkers associated with endometrial receptivity 
was confirmed. Silencing AMPKa1 triggers the disruption of 
cell‑cell adhesion via the Twist/E‑cadherin pathway in breast 
cancer  (22). Therefore, E‑cadherin expression in receptive 
RL95‑2 cells treated with dorsomorphin was examined. The 
mRNA expression of E‑cadherin decreased in the cells treated 
with dorsomorphin (Fig. 4C). Dorsomorphin treatment also 
reduced E‑cadherin protein expression in a dose‑dependent 
manner (Fig. 4D). These results suggest that AMPK inhibition 
is closely associated with decreased endometrial receptivity. 

AMPK activation via AICAR improves endometrial recep‑
tivity. The AMPK activator AICAR was used to further 
investigate the relationship between AMPK activity and 

Figure 2. ADIPOR1 regulates E‑cadherin mRNA and protein expression in endometrial epithelial cells. (A) Effect of ADIPOR1 knockdown on corresponding 
mRNA expression in RL95‑2 cells. (B) Effect of ADIPOR1 knockdown on corresponding protein expression in RL95‑2 cells. (C) Rate of spheroid attachment 
to ADIPOR1‑knockdown RL95‑2 cells. (D) Effect of ADIPOR1 knockdown on downregulation of ‑E‑cadherin in RL95‑2 cells. (E) Effect of ADIPOR1 
knockdown on downregulation of E‑cadherin in RL95‑2 cells. Data are presented as the mean ± standard error of the mean of values from three independent 
experiments (n=3). *P<0.05, **P<0.01. ADIPOR1, adiponectin receptor 1; sh, short hairpin.

https://www.spandidos-publications.com/10.3892/mmr.2024.13308
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endometrial receptivity. The toxicity following AICAR 
treatment was assessed using the MTT assay for cell 
viability and the phosphorylation state of AMPK was veri‑
fied via immunoblot analysis at different concentrations in 
non‑receptive AN3CA cells (Fig. S3B). The phosphorylation 
level of AMPK increased proportionally with AICAR (250 
and 500 µM) (Fig. 5A). The rate of JAr cell‑spheroid attach‑
ment was significantly increased following AICAR treatment, 
consistent with enhanced AMPK phosphorylation (Fig. 5B). 
Next, E‑cadherin expression in non‑receptive AN3CA cells 
following AN3CA treatment was examined. AICAR treatment 
significantly increased the mRNA expression of E‑cadherin in 
a dose‑dependent manner (Fig. 5C). E‑cadherin protein levels 
increased in a dose‑dependent manner in the AICAR‑treated 
cells (Fig. 5D). These results strongly suggested that AMPK 

activity affects endometrial receptivity by regulating 
E‑cadherin expression.

Discussion 

The endometrium undergoes morphological and functional 
changes throughout the phases of menstrual cycle. Specifically, 
the WOI represents a distinct period that leads to a dynamic 
transition from a non‑receptive endometrium to a receptive 
endometrium for embryo implantation. Numerous researchers 
have explored the differences between the endometria of 
fertile and infertile women during WOI, aiming to identify key 
factors associated with endometrial receptivity and propose 
potential biomarkers for WOI (23,24). However, advancements 
in studies on endometrial receptivity to improve pregnancy 

Figure 4. AMPK inhibition by dorsomorphin attenuates endometrial receptivity in receptive RL95‑2 cells. (A) Analysis of AMPK inhibition by dorsomorphin 
via immunoblotting. (B) Effect of dorsomorphin on the spheroid‑attachment rate in RL95‑2 cells. (C) E‑cadherin mRNA expression in RL95‑2 cells treated 
with dorsomorphin. (D) E‑cadherin expression in RL95‑2 cells treated with dorsomorphin. Data are presented as the mean ± standard error of the mean of 
values from three independent experiments (n=3). *P<0.05, **P<0.01. NS, not significant; AMPK, AMP‑activated protein kinase.

Figure 3. ADIPOR1 regulates AMPK activity in endometrial epithelial cells. (A) p‑AMPK/AMPK protein expression in RL95‑2 and AN3CA cells. 
(B) p‑AMPK/AMPK protein expression ADIPOR1‑knockdown RL95‑2 cells. Data are presented as the mean ± standard error of the mean of values from three 
independent experiments (n=3). **P<0.01. ADIPOR1, adiponectin receptor 1; AMPK, AMP‑activated protein kinase; p‑, phosphorylated; sh, short hairpin.
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success are impeded by the lack of knowledge of the regulation 
of various signaling pathways. 

The present study investigated the correlation between 
endometrial receptivity and adiponectin signaling. Adiponectin 
is a potential regulator of reproductive system function. While 
plasma adiponectin was negatively associated with progressive 
gestational age in non‑obese women, no significant difference 
was observed in plasma adiponectin levels between non‑obese 
and overweight pregnant women (25). Another study found 
no significant difference in adiponectin expression between 
the endometria of fertile and infertile groups (26). However, 
both ADIPOR1 and ADIPOR2 are markedly upregulated in 
the endometrium during the mid‑secretory phase, a critical 
stage of embryo implantation during the menstrual cycle (3). 
Furthermore, both receptors are expressed at lower levels 
in the endometria of the infertile group than in those of the 
fertile group (8). 

The present study specifically focused on the potential asso‑
ciation between the two adiponectin signaling pathway receptors 
and endometrial receptivity. It confirmed that ADIPOR1 
was consistently upregulated in the endometrium during the 
mid‑secretory phase compared with that in the proliferative 
phase, as previously reported  (8). However, ADIPOR1 was 
expressed at lower levels in the endometria of infertile women. 
Additionally, ADIPOR1 expression was higher in receptive 
epithelial cells compared with non‑receptive epithelial cells, as 
evident from the in vitro implantation assay. 

Therefore, the correlation between ADIPOR1 expression 
and endometrial receptivity was examined. Stable cell lines 
with diminished ADIPOR1 expression caused by shRNA 
showed attenuated JAr spheroid attachment in an in vitro 

implantation assay compared with that in the control cells. 
Moreover, shADIPOR1 downregulated E‑cadherin, a vital 
marker of endometrial receptivity. These findings indicate 
that ADIPOR1 may be important in regulating endometrial 
receptivity during embryo implantation. 

In liver cells, adiponectin enhances AMPK activity through 
the ADIPOR1‑mediated signaling pathway and PPARa activity 
through its other receptor ADIPOR2‑mediated signaling 
pathway (7). Adiponectin receptors activate multiple signaling 
pathways and play various regulatory roles in cellular func‑
tions (27). ADIPOR1 stimulates the phosphorylation of AMPK, 
directly regulating glucose metabolism and insulin sensitivity 
in skeletal muscle cells (28,29). Kim et al (30) demonstrated 
a reduction in AMPK phosphorylation in the brains, livers, 
kidneys and spleens of mice with ADIPOR1 knockdown 
injected with an ADIPOR1 shRNA mixture. Therefore, the 
present study investigated the correlation between ADIPOR1 
and AMPK expression in the endometrial epithelial cells. The 
phosphorylation level of AMPK was lower in non‑receptive 
AN3CA cells with downregulated ADIPOR1 compared 
with receptive RL95‑2 cells and stable cells with ADIPOR1 
knockdown showed a decrease in AMPK phosphorylation. 
These results demonstrated that ADIPOR1 mediated AMPK 
signaling in endometrial epithelial cells. 

AMPK is intricately involved in steroid hormone signaling 
within the uterus and its activity, regulated by progesterone, is 
crucial in uterine receptivity for embryo implantation through 
the regulation of energy or glycogen in endometrial epithe‑
lial cells (11,31). In addition to its role in uterine receptivity, 
AMPK is vital in placental and embryonic development (32). 
Recent reports have indicated that the suppression of AMPKa1 

Figure 5. AMPK activation by AICAR induces endometrial receptivity in non‑receptive AN3CA cells. (A) AMPK activation by AICAR assessed via immu‑
noblot assay. (B) Effect of AICAR on the spheroid‑attachment rate in AN3CA cells. (C) E‑cadherin mRNA expression in AN3CA cells treated with AICAR. 
(D) E‑cadherin expression in AN3CA cells treated with AICAR. Data are presented as the mean ± standard error of the mean of values from three independent 
experiments (n=3). *P<0.05, **P<0.01. NS, not significant; AMPK, AMP‑activated protein kinase; AICAR, 5‑aminoimidazole‑4‑carboxamide ribonucleotide; 
p‑, phosphorylated.
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induces breast cancer metastasis through the disruption of 
cell‑cell adhesion mediated by E‑cadherin. In contrast, the 
elevation of AMPKa1 expression induces E‑cadherin expres‑
sion in cervical cancer cells (22,33). AMPKa2 plays a role in 
regulating E‑cadherin expression. When PHD finger protein 
2 is phosphorylated by AMPKa2, it enhances demethylation 
activity, resulting in reduced methylation of E‑cadherin at 
H3K9me2  (34). These observations indicate that AMPK 
activity may affect endometrial receptivity by regulating 
E‑cadherin expression, which is vital in endometrial recep‑
tivity. Therefore, the present study examined the association 
between the AMPK/E‑cadherin pathway and endometrial 
receptivity through the regulation of AMPK activity using 
two pharmacological agents; dorsomorphin and AICAR. 
Dorsomorphin reduced in vitro endometrial receptivity as well 
as E‑cadherin expression by inhibiting AMPK phosphorylation 
in receptive RL95‑2 cells. AICAR induced in vitro endometrial 
receptivity and E‑cadherin expression through the activation 
of AMPK phosphorylation in non‑receptive AN3CA cells. 
Accordingly, it was hypothesized that AMPK activity plays 
an important role in endometrial receptivity by regulating 
E‑cadherin expression.

AICAR is a pharmacological agent that exhibits numerous 
beneficial effects on metabolism, hypoxia, exercise and cancer 
in the human body, with the potential for further research (35). 
Turner  et  al  (36) reported that AICAR reduces the 
LPS‑stimulated inflammatory response in bovine endometrial 
tissue. AICAR has been shown to prevent hypoxia‑induced 
fetal growth restriction by improving the uterine artery blood 
flow during murine pregnancy (37). Therefore, it was hypoth‑
esized that AICAR treatment of non‑receptive endometrium 
may improve endometrial receptivity. However, it is essential 
to validate this hypothesis through in  vivo experiments 
because the present investigation focused solely on in vitro 
endometrial receptivity.

The present study revealed the intricate interplay 
among endometrial receptivity, the adiponectin signaling 
pathway and AMPK activity. ADIPOR1 is a key regulator 
of endometrial receptivity in successful embryo implanta‑
tion. The ADIPOR1/AMPK/E‑cadherin axis mediates key 
cellular processes in endometrial epithelial cells. Therefore, 
the findings of the present study provided insights into the 
molecular mechanisms underlying endometrial receptivity 
and can be used to design potential therapeutic approaches to 
improve pregnancy success. However, the present study has 
some limitations. The sample size for comparing ADIPOR1 
expression between fertile and infertile women was small 
and tissue heterogeneity may have limited the applicability 
of the findings. Further validation using in vivo experiments 
is crucial to bridge the gap between these findings and their 
clinical applications.
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