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Electroacupuncture may
improve endometrial
receptivity in controlled
ovarian hyperstimulation
mice by activating AVP neurons
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Yu Zhuang1, Qian Zhu1, Liangjun Xia2,3* and Youbing Xia1,2,4*

1Department of Traditional Chinese Medicine, Qinghai University Medical College, Xining,
Qinghai, China, 2School of Acupuncture-Moxibustion and Tuina of Nanjing University of Chinese
Medicine, School of Health Preservation and Rehabilitation of Nanjing University of Chinese Medicine,
Nanjing, Jiangsu, China, 3Key Laboratory of Acupuncture and Medicine Research of Minister of
Education, Nanjing University of Chinese Medicine, Nanjing, Jiangsu, China, 4State Key Laboratory of
Reproductive Medicine and Offspring Health, Nanjing Medical University, Nanjing, Jiangsu, China
Background: Controlled ovarian hyperstimulation (COH) can lead to reduced
endometrial receptivity during the window of implantation (WOI) and disrupted
expression of endometrial clock genes. This study aimed to explore the potential
mechanisms by which electroacupuncture (EA) improves endometrial receptivity
in COH mice, focusing on the regulation of central and peripheral clock genes
within the circadian system.
Methods: Experiment 1 included three groups of mice: control (CTR), COH, and
EA. Each group was further subdivided into six subgroups according to sampling
time. Tissue samples were collected at ZT12-ZT8 on days 4– 5 of pregnancy (D4-
5). Uterine morphology was examined, and serum estradiol (E2) and progesterone
(P4) levels, endometrial receptivity markers, and mRNA expression of circadian
clock genes in the hypothalamic-pituitary-ovarian-uterine (HPOU) axis were
assessed. In Experiment 2, mice were assigned to �ve groups: CTR, COH, EA,
agonist (AG), and antagonists and EA (AT+EA). All mice were sacri�ced at ZT4 on
day 5 of pregnancy (D5). We measured arginine vasopressin (AVP) neuropeptide
levels in the suprachiasmatic nucleus (SCN); serum E2 and P4 levels; mRNA
expression of circadian clock genes in the HPOU axis; and both protein and mRNA
levels of endometrial receptivity markers.
Results: EA ameliorates uterine morphological abnormalities in COH mice during
the WOI. Furthermore, EA upregulates the mRNA expression of the endometrial
receptivity markers, decreases serum P4 levels, and restores the circadian
rhythmicity of HPOU axis clock genes. The most signi�cant intergroup
differences regarding endometrial receptivity markers were observed at WOI-
ZT4. At this time point, both EA and AG interventions increased AVP neuropeptide
expression, suppressed serum P4 levels, modulated HPOU axis clock gene
expression, and elevated the expression of endometrial receptivity markers at
the protein and mRNA levels. Notably, the co-administration of AT with EA
attenuated the therapeutic ef�cacy of EA at this stage.
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Conclusion: EA may enhance endometrial receptivity in COH mice at the WOI-
ZT4 stage by activating AVP neurons in the SCN and restoring the circadian
expression pattern of clock genes along the HPOU axis. These �ndings provide
experimental evidence supporting a circadian mechanism by which EA may
enhance endometrial function during assisted reproductive processes.
KEYWORDS

AVP neurons, clock genes, controlled ovarian hyperstimulation, electroacupuncture,
endometrial receptivity
1 Introduction

Infertility has emerged as a global medical challenge, driven by
changes in lifestyle and environmental factors. Assisted
reproductive technologies, particularly in vitro fertilization-
embryo transfer, have become the primary therapeutic option for
affected individuals (1). COH is a key preparatory procedure for in
vi t ro fert i l izat ion-embryo transfer . By administer ing
supraphysiological doses of gonadotropins, including follicle-
stimulating hormone and luteinizing hormone, COH induces the
simultaneous maturation of multiple follicles, thereby facilitating
the retrieval of multiple embryos (2). During embryo implantation,
there is a speci�c WOI during which the endometrium exhibits
optimal receptivity to the embryo. In mice, the WOI occurs on days
4-5 (D4-5) of pregnancy (3). However, studies have shown that
COH can impair endometrial receptivity within the WOI,
representing a major cause of implantation failure (4, 5).
Currently, there are no de�nitive therapeutic interventions to
effectively address endometrial non-receptivity (6). EA is a
therapeutic modality in which �ne metal needles are inserted into
speci�c acupoints on the body and electrical stimulation is applied
to modulate meridians, regulate the �ow of Qi and Blood,
harmonize Yin and Yang (7). Both clinical and animal studies
have demonstrated that EA can modulate the hypothalamic-
pituitary-ovarian axis to promote ovulation, enhance endometrial
receptivity, and improve embryo quality, thereby increasing clinical
pregnancy rates (8–13).

In recent years, the interplay between circadian rhythms and
reproductive function has gained increasing attention (14, 15). The
HPOU axis orchestrates female reproductive processes, while
disruptions in circadian rhythms may impair this axis, and result
in ovarian and uterine dysfunction (16, 17). Mammalian circadian
rhythms are governed by the coordinated activity of central and
peripheral clocks (18). The SCN functions as the central pacemaker
of circadian rhythms and consists predominantly of two types of
neuropeptide-rich neurons: AVP neurons and vasoactive intestinal
peptide neurons. AVP neurons are located in the shell region of the
SCN, which exhibits the most robust rhythmic expression of clock
genes, and they are critical for the generation and pacing of
circadian rhythms within the SCN network (19). Evidence
suggests that acupuncture can modulate circadian rhythm
disturbances by in�uencing both the amplitude and phase of
clock gene and protein expression within the SCN and peripheral
tissues (20, 21). However, it remains unclear whether the
mechanisms by which acupuncture improves endometrial
02
receptivity are related to circadian regulation. Therefore, in this
study, a COH mouse model was established to investigate the effects
of EA on AVP neurons and on peripheral clock genes along the
HPOU axis, and to elucidate the potential mechanisms through
which it enhances endometrial receptivity during the WOI in
COH mice.
2 Materials and methods

2.1 Animals and grouping

C57BL/6 wild-type female mice (8–10 weeks old, weighing 18–
20 g) were used to establish COH models. C57BL/6 wild-type male
mice (12–16 weeks old, weighing 25–30 g) were castrated and
employed for mating with the females. All mice were obtained from
Jiangsu Huachuang Xinnuo Pharmaceutical Technology Co., Ltd.
and housed in a speci�c pathogen-free facility under controlled
environmental conditions: temperature maintained at 22 ± 2 °C,
relative humidity at 40-60%, and a 12: 12 h light-dark cycle (lights
on at 08:00 and off at 20: 00). Mice had free access to food and water
and underwent a 2-week acclimation period before the experiment.
All experimental procedures were reviewed and approved by the
Animal Ethics Committee of Nanjing University of Chinese
Medicine (Approval No. 202309A067). Female mice were
monitored daily for estrous cycles via vaginal cytology. Only mice
exhibiting two consecutive regular estrous cycles were included in
subsequent experiments. In Experiment 1, female mice were
assigned to three groups: CTR, COH, and EA. Each group was
further divided into six subgroups according to sampling time:
ZT12 (20: 00), ZT16 (0: 00), ZT20 (04: 00), ZT0 (08: 00), ZT4 (12:
00), ZT8 (16: 00). In Experiment 2, animals were allocated into �ve
groups: CTR, COH, EA, AG, and AT+EA.

2.2 COH modeling and experimental
procedures

The COH protocol was conducted following established
experimental methods described in previous studies (22, 23).
Female C57BL/6 mice in the COH, EA, AG, and AT+EA groups
received intraperitoneal injections of PMSG (5 U/mouse, Ningbo
Second Hormone Factory, Veterinary Drug Registration No.
110254564) at 17: 00 during the diestrus. After 48 hours, the mice
were administered an intraperitoneal injection of HCG (5 U/mouse,
Ningbo Second Hormone Factory, Veterinary Drug Registration
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No. 110251282). Mice in the CTR group received an equal volume
of 0.9% saline at the corresponding time points. Subsequently,
female mice were housed overnight with vasectomized males in
individual cages for mating. To eliminate the in�uence of embryos
on the uterine endometrium after conception, males were
vasectomized prior to pairing, and successful copulation induced
a pseudopregnant state in the females. Mating success was
con�rmed by the presence of a vaginal plug at 08:00 the following
morning, which was designated as gestation day 1 (D1). Only
female mice that successfully mated were included in
the experiment.

Female rats in the AG group received intraperitoneal injections
of the AVP Receptor 1A (AVPR1A) agonist: (Phe2, Orn8)-
Oxytocin (1.0 mg/kg, MCE, HY-P4678), starting on the day of
PMSG administration and given once daily at 17:30 for 7
consecutive days (24, 25). Female rats in the AT+EA group
received intraperitoneal injections of the AVPR1A antagonist:
SR49059 (1.0 mg/kg, MCE, HY-18345) at the same time as (Phe2,
Orn8)-Oxytocin (26). For the EA and AT+EA groups, mice were
anesthetized before receiving EA at bilateral SP6 and CV4 acupoints
using disposable acupuncture needles (0.18 × 13 mm; Beijing
Zhongyan Taihe Medical Devices Co., Ltd). Needles were inserted
perpendicularly to a depth of approximately 5 mm. EA was
delivered via an electronic acupuncture device (Suzhou Medical
Supplies Factory Co., Ltd, SDZ-II) with a sparse-dense waveform at
a 2 Hz/15 Hz frequency and intensity adjusted to induce mild
twitching of the hind limbs. During each electroacupuncture
session, electrical stimulation was applied between CV4 and one-
sided SP6, while the contralateral SP6 was needled without electrical
stimulation. Start electroacupuncture at 21:00 on the day of PMSG
injection, once daily for 15 minutes each time, and continue for 7
consecutive days. Mice in all other groups were anesthetized at the
same time points without further intervention (Figure 1A). As mice
are nocturnal animals, 21:00 falls within their active period, making
electroacupuncture at this time more consistent with their natural
living habits.
2.3 Tissue collection and sample
processing

Experimental mice were dissected at designated time points
according to their subgroup assignments between D4-5. Sampling
was performed at six ZT points: ZT12, ZT16, ZT20, ZT0, ZT4, and
ZT8. Following anesthesia, blood samples were collected from the
retinal vein, and mice were subsequently euthanized via cervical
dislocation. Serum was separated by centrifugation and stored for
enzyme-linked immunosorbent assay (ELISA) to determine E2 and
P4 levels. Tissue samples, including the hypothalamus, pituitary
gland, ovaries, and unilateral uterus, were rapidly harvested and
stored at � 80 °C for subsequent molecular analyses. The
contralateral uterus was �xed in 4% paraformaldehyde and stored
at 4 °C for HE staining and immunohistochemical analysis. In
Experiment 2, mice were sacri�ced at ZT4 (12: 00) on D5. After
anesthesia, animals underwent cardiac perfusion, and the whole
brain was �xed in 4% paraformaldehyde. The brains were then
Frontiers in Endocrinology 03
processed for sectioning and subsequent immuno�uorescence
staining.

2.4 HE staining

Fresh uterine tissue was immediately �xed in 4%
paraformaldehyde for more than 24 hours. Embed the tissue in
paraf�n blocks, section it into 5-micrometer slices, mount the
sections onto slides, and air-dry them for later use. The tissue
sections underwent a series of histological procedures, including
dewaxing, staining, dehydration, and sealed. Observe the sections
under an optical microscope (Olympus Corporation, BX53) and
collect images.

2.5 Enzyme-linked immunosorbent assay

Serum concentrations of E2 and P4 were determined using the
ELISA method. The following commercial kits were used: Mouse
Estradiol ELISA Kit (Afantibody, AF02457-A) and Mouse
Progesterone ELISA Kit (Afantibody, AF02568-A). All procedures
were performed strictly in accordance with the manufacturer’s
instructions. After completing the assays, absorbance values were
measured using a microplate reader, and hormone concentrations
were calculated based on the corresponding standard curves.

2.6 Immunohistochemistry staining

Paraf�n sections are deparaf�nized in xylene, then placed in
gradient concentrations of ethanol for antigen retrieval.
Endogenous peroxidase activity was quenched using 3% hydrogen
peroxide (H2O2) in deionized water for 10 minutes. Antigen
retrieval was performed in citrate buffer using heat-induced
epitope retrieval for 23 minutes, followed by blocking with 5%
bovine serum albumin at room temperature for 30 minutes to
reduce nonspeci�c binding. Primary antibodies were applied and
incubated overnight at 4 °C: Homeobox A10 (HOXA10, 1: 100
dilution, Abclonal, A8550) and Secreted Phosphoprotein 1 (SPP1, 1:
100 dilution, Abmart, T55333). The following day, sections were
incubated with a biotin-labeled goat anti-rabbit IgG secondary
antibody (1: 200 dilution, Boster, BA1003) at room temperature
for 30 minutes. Subsequently, an SABC signal ampli�cation reagent
was added and incubated for 30 minutes at room temperature.
Visualization was achieved using a DAB chromogen reaction for 10
minutes, followed by hematoxylin counterstaining for 3 minutes.
Finally, the sections are dehydrated, cleared, and sealed. Stained
slides were observed under a light microscope, and digital images
were captured. The staining intensity and positive area were
quantitatively analyzed using ImageJ software to evaluate protein
expression levels.

2.7 Immuno� uorescence staining

Paraf�n sections were �rst dewaxed in xylene and rehydrated
through a series of graded ethanol solutions for antigen retrieval.
The sections were then treated with citrate buffer for antigen
retrieval. After antigen retrieval, peroxidase inhibitor solution was
frontiersin.org
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applied to block endogenous peroxidase activity, followed by
incubation with normal goat serum to block non-speci�c binding
sites. The sections were incubated overnight at 4 °C with the
primary antibody AVP (1: 2000 dilution, Immunostar, 20069).
Following primary antibody incubation, a Polymer-HRP
secondary antibody was added and incubated for 30 minutes at
room temperature in the dark. Subsequently, add TYR-520
�uorescent dye dropwise, and incubate at room temperature for
5–10 minutes. Finally, a �uorescence quenching mounting medium
containing DAPI was added, and the slides were allowed to stand
for approximately 5 minutes. The stained sections were examined
under a �uorescence microscope, and digital images were captured.
Staining intensity and positive area were analyzed quantitatively
Frontiers in Endocrinology 04
using ImageJ software to assess the expression levels of AVP. All
reagents used for this procedure were obtained from the Single
Labe l S ignal Ampl i�cat ion Fluorescent Sta in ing Kit
(Afantibody, AFIHC022).

2.8 Western blotting

Tissue samples were minced and lysed in RIPA buffer for 10
minutes on ice. Lysates were then centrifuged at 12,000 rpm for 15
minutes at 4 °C, and the supernatant was collected. Protein
concentrations were quanti�ed using a microplate reader. Equal
amounts of protein were mixed with SDS-PAGE loading buffer and
denatured by boiling. Proteins were separated by SDS-PAGE
FIGURE 1

EA ameliorates uterine morphological abnormalities in COH mice during the WOI. (A) Experimental work�ow diagram for Experiment 1. (B) Uterine
morphology of mice, scale bar: 10 mm. (C) Representative HE-stained uterine sections of mice, scale bar: 200 mm. (D) Endometrial thickness in
mouse uteruses (n = 4). (E) Number of uterine glands in mice (n = 4). ***P < 0.001, **P < 0.01, *P < 0.05, ns, P > 0.05.
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