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Abstract

Controlled ovarian hyperstimulation (COH) impairs the synchronized development of endometrium
and embryo, resulting in the failure of embryo implantation. Here, we investigated what effects
electroacupuncture had on embryo implantation in COH rats. Female rats were randomly assigned
to four groups: normal (N), model (M), electroacupuncture (EA), and electroacupuncture pretreat-
ment (PEA). Rats in groups M, EA, PEA were injected with pregnant mare serum gonadotropin
(PMSG) and human chorionic gonadotropin to establish the COH model. Rats in group EA received
electroacupuncture treatment from the PMSG injection day to the 3rd day of pregnancy (D3), while
those in group PEA received electroacupuncture treatment for 3 days before the PMSG day and
continuing to D3. Furthermore, another 30 female rats who received the same treatment as the
rats in group PEA were injected with siVEGFR2 into uterine lumen. The endometrial microvascular
density (MVD) and the expression levels of vascular endothelial growth factor-A, angiopoietin-1,
and fibroblast growth factor-2 were significantly lower in groups M than in groups N and PEA. The
percentage of dolichos biflorus agglutinin positive uterine natural killer cells in groups N, EA and
PEA was higher than that in group M. After the siVEGFR2 injection, the protein expression levels
of vascular endothelial growth factor receptor 2 (VEGFR2), PI3K, p-AKT and p-ERK, the embryo
number and the MVD were significantly reduced. In conclusion, electroacupuncture can facilitate
embryo implantation in COH rats by activating the VEGFR2/PI3K/AKT and VEGFR2/ERK signaling
pathways which have a positive relationship with endometrial angiogenesis.
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Summary Sentence

Electroacupuncture can facilitate embryo implantation in COH rats by activating the
VEGFR2/PI3K/AKT and VEGFR2/ERK signaling pathways which have a positive relationship with
endometrial angiogenesis.

Key words: electroacupuncture, implantation, angiogenesis, endometrial receptivity, controlled ovarian hyperstim-
ulation, signaling pathway.

Introduction

In vitro fertilization-embryo transfer (IVF-ET) treatment is currently
widely applied in assisted reproductive technology (ART). As an im-
portant measure to achieve a sufficient number of oocytes, controlled
ovarian hyperstimulation (COH) is applied in IVF-ET treatment.
However, the development of ovarian hyperstimulation syndrome
(OHSS) is the most common complication in IVF-related ovarian
stimulation [1]. The high or rapidly rising serum estradiol (E2) level
after ovarian hyperstimulation could lead to implantation defects
and improper decidualization [2, 3]. Furthermore, ovarian hyper-
stimulation in rats causes a dysregulation in uterine fluid dynamics
which results in an unfavorable implantation environment for the
blastocyst [4]. As a result, the clinical pregnancy and implantation
rates are still no more than 50% and 30%, respectively, in the cycle
of IVF-ET [5–8]. The success of IVF-ET depends on three factors: a
high-quality embryo, a maternal endometrium with relatively good
receptivity, and the synchronization of the embryo and endometrial
development [9, 10].

Endometrial receptivity is the ability of the maternal en-
dometrium to allow the blastocyte to adhere and penetrate to achieve
successful embryo implantation. Endometrial receptivity is dramati-
cally reduced upon stimulation in ART which results in lower preg-
nancy rate [11]. Angiogenesis plays an important role in embryo
implantation, and its failure limits the achievement of a success-
ful outcome in ART [12]. The formation of the placenta can be
restrained by certain angiogenesis inhibitors, and this may cause em-
bryo resorption [13]. Furthermore, during the midsecretory period,
the high coexpression of the vascular endothelial growth factor re-
ceptor 1 (VEGFR1) and VEGFR2 in microvessels accompanied with
increased microvascular density (MVD) and vascular permeability is
a prerequisite for implantation [14]. In this sense, angiogenesis deter-
mines whether an embryo can survive during the peri-implantation
period and is presumed to be one of the most important standards
for evaluating endometrial receptivity.

In rats, implantation usually occurs during a brief 24-h period,
5 days after mating. This period is considered the “implantation
window” (IW), and during this period endometrium achieves a sta-
tus that allows the zygote to adhere [9, 15]. However, prior to or
after the IW, it is difficult for the blastocyst to attach to the en-
dometrium [16]. Hence, desynchronized development of the embryo
and endometrium can lead to implantation failure.

Acupuncture, also called traditional acupuncture or manual
acupuncture, has been applied for thousands of years to relieve pa-
tients from diseases. Previous studies found that acupuncture can be
used to treat implantation failure [17–19] and can remodel microves-
sels and regulate the immune microenvironment in the endometrium,
which is beneficial for embryo implantation [18]. Electroacupuncture
is an improved and developed therapeutic method based on tradi-
tional acupuncture. More recently, electroacupuncture has been used
to improve endometrial receptivity in patients undergoing frozen-
thawed embryo transfer [20]. Also, electroacupuncture could im-
prove the IVF outcomes [21]. Therefore, in this study, we established

a rat model of COH and examined whether electroacupuncture has
any effects on angiogenesis through affecting the expression levels
of vascular endothelial growth factor A (VEGF-A), angiopoietin 1
(Angpt-1) and fibroblast growth factor 2 (FGF-2) and the percent-
age of dolichos biflorus agglutinin positive (DBA+) uterine natural
killer (uNK) cells in the endometrium of COH rats, in such a way
that improves endometrial receptivity. We also sought to identify the
signaling pathways that is affected by electroacupuncture treatment
in COH rats.

Materials and methods

Animals
A total of 260 SPF mature, virginal Wistar female rats aged 10–12
weeks and 30 SPF male Wistar rats aged 10–12 weeks were provided
by the Center for Disease Control and Prevention of Hubei Province.
We followed The Guidelines for the Care and Use of Animals in
Research enforced by the Hubei Municipal Science and Technol-
ogy Commission. All protocols were approved by the Institutional
Review Board (IRB ID: TJ-A20160501), Tongji Hospital, Tongji
Medical College, Huazhong University of Science and Technology.

Animal model
After acclimation for 1 week, 210 rats were randomly divided into
eight groups: normal (N), model (M), electroacupuncture (EA), elec-
troacupuncture pretreatment (PEA), normal+electroacupuncture
(N+EA), normal+electroacupuncture pretreatment (N+PEA), elec-
troacupuncture control (EA’), and electroacupuncture pretreatment
control (PEA’). The oestrous cycle of the rats was determined by
observation of vaginal smears. To establish the COH model, rats
in groups M, EA, PEA, EA’, and PEA’ received intraperitoneal in-
jections of 0.7 ml of pregnant mare serum gonadotropin (PMSG, 8
IU/100 g weigh, Hangzhou Animal Medicine Factory, China) at 5:00
pm during diestrus and of 0.7 ml of human chorionic gonadotropin
(HCG, 16 IU/100 g weigh, Livzon Pharmaceutical Factory, Zhuhai,
China) 46 h later. Rats in groups N, N+EA, and N+PEA received an
intraperitoneal injection with an equal volume of phosphate-buffered
saline (PBS) at the same time as the PMSG and HCG injections. All
female rats were mated with male rats at a 1:1 ratio at night on the
HCG day. If spermatozoa was detected in the vaginal smear on the
following day, this day was defined as the first day of gestation (D1).
All rats were anaesthetized with 1% pentobarbital and sacrificed on
D4, D6, or D8. Embryos in part of the uterus were washed away by
PBS and then the uterus was stored at –80◦C.

Isoflurane anesthesia test
Twenty rats were randomly divided into four groups: normal group
(N), N+Anesthesia group, model group (M), M+Anesthesia group.
Rats in groups N and M were treated as mentioned in “Animal
Model”. Except for receiving the same treatment with the rats in
groups N and M, rats in group N+Anesthesia and M+Anesthesia,
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respectively, were anesthetized with 2% isoflurane (RWD Life Sci-
ence lnc., Shenzhen, China) for 6 days before HCG day and 3 days
after HCG day. All rats were anaesthetized with 1% pentobarbital
and sacrificed on D8.

Electroacupuncture procedure
Rats in groups EA, PEA, N+EA, N+PEA, EA’, and PEA’ were anaes-
thetized with 2% isoflurane [22–25] and then treated with elec-
troacupuncture. Sanyinjiao (SP6) and Housanli (ST36) were chosen
as the acupuncture points by using an electroacupuncture stimula-
tor instrument (HANS-200E, Nanjing, Jisheng, Jiangsu, China) in
groups EA, PEA, N+EA, and N+PEA. Neiguan (PC6) and Waiguan
(TE5) were chosen as the acupuncture points in groups EA’ and PEA’.
The locations of the acupuncture points were based on the concepts
of Traditional Chinese Medicine and the homologous anatomical
location in rats. SP6 is situated approximately 10 mm above the top
of the medial malleolus and on the posterior border of the tibia.
ST36 is located at the posterolateral border of the knee, approxi-
mately 5 mm below the capitulum fibula. PC6 is located about 3 mm
above the transverse stripe of the wrist at the axopetal end. TE5 is
located at the midpoint between the ulna and the radius, about 3
mm above the dorsal crease of the wrist. Four 0.18 mm germfree
acupuncture needles (Human Health, Shanghai, China) were con-
nected to the output terminal of the electroacupuncture stimulator
instrument and inserted into the SP6 and ST36 or the PC6 and TE5
acupuncture points. SP6 and ST36 were inserted at a depth of 5 and
7 mm, respectively. PC6 and TE5 were both inserted at a depth of
1 mm. The stimulation frequencies were 2/15 Hz, and the inten-
sity was determined by the muscle twitch threshold. Rats in group
EA received electroacupuncture treatment for 15 min per day from
the PMSG injection day to D3, while those in group PEA received
electroacupuncture treatment for 3 days before the PMSG day and
continuing to D3.

Injection of siRNA
Except for administering the same treatment with the rats in group
PEA, another 30 rats were anaesthetized via an intraperitoneal in-
jection of 1% pentobarbital sodium [26], and the uterus horns were
visualized through an incision at dorsum of the rats at 2:00 pm on
D1. A 50 μl of mixture containing 25 μl of siVEGFR2 solution (10
μM siVEGFR2, Beijing ViewSolid Biotech Co., Ltd, Beijing, China)
and 25 μl of AteloGeneTM (KOKEN, Tokyo, Japan) was injected
into the right uterine lumen, and a 50 μl of mixture containing 25 μl
of siNC solution (10 μM si-NC, Beijing ViewSolid Biotech Co., Ltd,
Beijing, China) and 25 μl of AteloGeneTM was injected into the left
uterine lumen as the control. Rats were sacrificed on D4, D6, or D8
(n = 10), and uteri were preserved for the following experiments.

MVD analysis
The MVD was detected by immunohistochemistry of CD31. After
being fixed and embedded in paraffin, the tissues were cut into 5-
μm sections. The paraffin-embedded sections were kept at 65◦C
for 2 h and then dewaxed and rehydrated with xylene and degraded
ethanol. After antigen retrieval with EDTA buffer, elimination of the
endogenous hydrogen peroxidase and the blocking of non-specific
antigens with 5% BSA (10735078001, Roche, Swiss), these sections
were incubated with a goat anti-CD31 goat polyclonal antibody
(1:100 dilution; sc-1506, Santa Cruz Biotechnology Inc., CA, USA)
overnight at 4◦C or with PBS as a negative control. After three
washes with PBS, all tissues were incubated with HRP-Rabbit anti

Goat secondary antibody (1:100, AS1108, ASPEN, China) for 1 h
and then stained with 3, 3’-diaminobenzidine (DAB). The MVD was
calculated based on the number of CD31-positive vessels viewed at
400× magnifications (40× objective lens and 10× ocular lenses) and
using Image-Pro Plus 6.0 software. For each section, microvessels in
at least five randomly selected fields were counted.

Electrochemiluminescence immunoassay
After the rats were anaesthetized with 1% pentobarbital, blood sam-
ples were collected from the abdominal aorta and then kept at room
temperature for 20 min. After centrifuged at 3000 rpm for 15 min,
the serum was obtained. The levels of serum estradiol and proges-
terone were determined by electrochemiluminescence immunoassay
in ADVIA Centaur XP system (Siemens, Germany).

Immunofluorescence of VEGF-A, Angpt-1, and FGF-2
After dewaxed and rehydrated with xylene and degraded ethanol, the
tissue sections of uteri were labeled with primary antibodies against
VEGF-A (1:50, sc-7269, Santa Cruz, USA), Angpt-1 (1:50, sc-6319,
Santa Cruz, USA), or FGF-2 (1:100, sc-79, Santa Cruz, USA). The
sections were incubated with Cy3-Goat anti Mouse (1:50, AS1111,
ASPEN, China), Cy3-Donkey anti Goat (1:50, AS1113, ASPEN),
and Cy3-Goat anti Rabbit (1:50, AS1109, ASPEN) secondary anti-
bodies the next day. Then, these sections were observed under 100×
magnifications.

Western blot analysis
The endometria acquired from the uterine slices were previously
stored in –80◦C, and for the experiment, the samples were lysed in
RIPA total protein lysis buffer (AS1004, ASPEN, China) and cen-
trifuged at 12 000 rpm for 15 min at 4◦C. Samples were resolved
on 10% sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) gels and were transferred to nitrocellulose mem-
branes. The membranes were incubated overnight at 4◦C with the
following primary antibodies: anti-VEGF-A (1:1000), anti- Angpt-
1 (1:500), anti-FGF-2 (1:500), anti-placental growth factor (PGF,
1:2000, DF6579, Affinity Biosciences, UK), anti-delta like canonical
Notch ligand-1 (DLL-1, 1:500, ab10554, Abcam), anti-VEGFR-2
(1:500, ab11939, Abcam), anti-PI3K (1:2000, 3358, Cell Signaling
Technology, Inc., MA, USA), anti-p-AKT (1:2000, 4060, Cell Sig-
naling Technology), anti-AKT (1:2000, 4691, Cell Signaling Tech-
nology), anti-p-ERK (1:1000, 4370, Cell Signaling Technology),
anti-ERK (1:2000, 4695, Cell Signaling Technology), anti-β-Actin
(1:10000, TDY051, Beijing TDY Biotech Co., Ltd, China). After
washing five times with Tris-buffered saline/Tween-20 (TBST) for
8 min per wash, the membranes were incubated with the HRP-
Goat anti Rabbit (1:10000, AS1107, ASPEN), HRP-Rabbit anti
Goat (1:10000, AS1108, ASPEN), and HRP-Goat anti Mouse
(1:10000, AS1106, ASPEN) secondary antibodies for 30 min at room
temperature. The membranes were then developed with prepared
ECL solution (AS1059, ASPEN) and transferred to films (XBT-
1, Kodak, USA) in the dark. The gray values were analyzed by
AlphaEaseFC 4.0.

Real-time PCR analysis
Total RNA was extracted from the endometria of rats using TRIzol
(Invitrogen Life Technologies, USA). Real-time PCR was performed
with 1 μg of total RNA per 20-μl reaction using a standard cDNA
Synthesis kit (Takara Bio Inc., Japan). Real-time PCR primer se-
quences are shown in Supplementary Table S1.
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Typical thermal cycling conditions for each real-time PCR reac-
tion included a holding stage at 95◦C for 30 s, 40 cycles of ampli-
fication including 95◦C for 5 s, and 60◦C for 30 s, and a melting
curve stage including 95◦C for 15 s, 60◦C for 1 min, and 95◦C for
15 s. Real-time PCR was performed on a Step-One Real-Time PCR
System (Applied Biosystems). Gene expression was analyzed using
the 2−��Ct algorithm.

Flow cytometric analysis of DBA+ uNK cells
Cell suspensions were generated by shredding and grinding the en-
dometrial tissues in 3 ml of 1640 medium supplemented with 10%
fetal bovine serum (Zhejiang Tianhang Biotechnology Co., Ltd,
China). After filtration and centrifugation, a mixture of 4 ml of cell
suspension and 4 ml of lymphocytes separation medium (Tianjin
Haoyang Biological Manufacture Co., Ltd, China) was centrifuged
at 1350 g for 30 min at 20◦C. After washing the samples twice, the
cell suspension was incubated with anti-CD32 (0.1 μl/106 cells in
100 μl buffer, BD Biosciences, USA) for 10 min at 4◦C to block Fc re-
ceptors (FcRs). Samples were then incubated with biotin-conjugated
DBA-lectin (1 μl/106 cells in 100 μl buffer, Sigma-Aldrich, USA) for
3 min, and the suspension was incubated with FITC-avidin (0.25
μl/106 cells in 100 μl buffer, BioLegend Inc., USA) for 30 min at
4◦C. After the incubation period, samples were analyzed using a flow
cytometer (Accuri C6, BD Biosciences, USA).

Statistical analysis
All the experimental data were presented as mean ± standard er-
ror of mean (SEM). Data were tested for normal distribution before
analysis. One-way analysis of variance was used for multiple com-
parisons by using Statistics Package for Social Science (SPSS 19.0,
USA). The LSD test was used for data with assumed equal variance,
while Dunnett T3 test was used for data under the assumption of
unequal variance. Statistical significance was indicated at P < 0.05.

Results

Embryo number and endometrial MVD
The embryos in group M were unevenly distributed compared with
those in the other groups (Figure 1A). The embryo number in group
M (7.50 ± 1.88) was significantly fewer than that in groups N (12.33
± 1.15) and PEA (15.25 ± 1.41); however, there was no significant
differences between groups M and EA (10.20 ± 1.24; Figure 1B).
Moreover, the embryo number had no significant difference between
groups N and N+Anesthesia (P > 0.05), and also between groups
M and M+Anesthesia (P > 0.05, Supplementary Figure S1). These
findings may indicate that anesthesia with isoflurane has no signifi-
cant effect on embryo implantation in rats [27] and COH decreases
the implantation rate, but PEA treatment can improve it. There was
a clear reduction in the number of CD31-positive microvessels in
groups M and EA compared with groups N and PEA on D4 (Fig-
ure 1C) and D6 (Figure 1D). The endometrial MVD was significantly
higher in groups N and PEA than in groups M on D4 (Figure 1E) and
D6 (Figure 1F). No significant difference was found between groups
M and EA (P > 0.05, Figure 1E and F). These data may indicate that
the implantation rate has a positive relation with the MVD. More-
over, the embryo numbers and MVDs had no significant differences
among groups N, N+EA, and N+PEA (P > 0.05, Supplementary
Figure S2A–F) which indicate that electroacupuncture has no signif-
icant effect on natural implantation in rats. The embryo numbers in
groups M, EA’, and PEA’ were significantly fewer than that in group

Figure 1. The effects of electroacupuncture on the embryo implantation,
endometrial macrovasclar density (MVD), and serum estradiol and proges-
terone levels in COH rats. The implantation sites in the uteri of rats in normal
(N), model (M), electroacupuncture (EA), and electroacupuncture pretreat-
ment (PEA) groups on the eighth day (D8) of gestation (A). The embryo
number in each group was counted on D8 (B). The immunohistochemistry
of uterine tissue with CD31 antibodies among the four groups on the fourth
day (D4) of gestation (C) and the sixth day (D6) of gestation (D). The MVD was
determined in the four groups on D4 (E) and D6 (F). The levels of serum estra-
diol (G) and progesterone (H) in the four groups (n = 5 in each group) on D4
and D6. Data are presented as the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P <

0.001. Magnification: 100× and 400×. UL: Uterine Lumen. My: Myometrium.
En: Endometrium.
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N (P < 0.05 or P < 0.01). But there were no significant differences
among groups M, EA’, and PEA’ (P > 0.05, Supplementary Figure
S3A and B). The MVD in group N was significantly higher than
those in groups M, EA’, and PEA’ on D4 (P < 0.05) and D6 (P <

0.001). There were no significant differences among groups M, EA’,
and PEA’ (P > 0.05, Supplementary Figure S3C–F).

The levels of serum estradiol and progesterone
In group M, the level of serum estradiol was significantly increased
compared with that in group N on D4 (P < 0.01) and D6 (P < 0.05,
Figure 1G). After electroacupuncture treatment, the levels of serum
estradiol in groups EA and especially PEA (P < 0.05, Figure 1G)
were decreased. The level of serum progesterone in group M was also
higher compared with those in groups N, EA, and PEA. Significant
differences were found between groups N and M (P < 0.01), and
groups M and PEA (P < 0.05) on D6 (Figure 1H). No significant
differences on the levels of serum estradiol and progesterone were
seen among groups N, N+EA, and N+PEA on D4 and D6 (P > 0.05,
Supplementary Figure S2G and H). The level of estradiol in group
N was significantly lower than those in groups M, EA’, and PEA’
on D4 and D6 (P < 0.01). However, the levels of estradiol among
groups M, EA’, and PEA’ had no remarkable differences (P > 0.05,
Supplementary Figure S3G). Moreover, the level of progesterone in
group N was significantly lower than those in groups M, EA’, and
PEA’ on D6 (P < 0.05), while the levels of progesterone in groups
EA’ and PEA’ had no significant differences with that in group M
(P > 0.05, Supplementary Figure S3H).

VEGF-A, Angpt-1, and FGF-2 expression
Endometrial angiogenesis depends on the expression of angiogenic
factors such as VEGF-A, Angpt-1, and FGF-2. The protein expres-
sion levels of VEGF-A, Angpt-1, and FGF-2 in group M were reduced
compared with those in group N, except for FGF-2 expression on D4
(Figure 2A and B). However, electroacupuncture clearly upregulated
the protein expression levels of VEGF-A, Angpt-1, and FGF-2 only
when applied as a pretreatment (Figure 2A and B). Compared with
that in group M, the relative protein expression levels of VEGF-A
and Angpt-1 in groups N and PEA were significantly higher (P <

0.05) on D4, D6 (Figure 2C). But the expression level of FGF-2
had no significant difference among the four groups, except between
groups PEA and M on D6 (P < 0.05; Figure 2C). However, the sig-
nificant difference was not found between groups M and EA (P >

0.05, Figure 2C). VEGF-A mRNA expression levels were increased
significantly in groups N and PEA compared with that in group
M (P < 0.05 or P < 0.01 or P < 0.001) during peri-implantation
(Figure 2D), but the FGF-2 expression levels had no significant dif-
ferences among the four groups, except between groups PEA and M
on D6 (P < 0.05; Figure 2F). The mRNA expression level of Angpt-1
was significantly lower in group M compared with that in group N
on D6 (P < 0.001), group EA on D4 (P < 0.05) and group PEA
on D4 (P < 0.05) and D6 (P < 0.01; Figure 2E). In all of the four
groups, VEGF-A, Angpt-1, and FGF-2 are widely distributed in the
rat endometrium, including the luminal and glandular epithelium,
the endometrial stroma, and the vascular endothelium during the
peri-implantation period (Figure 2G–I). The results above showed
that the expression levels of VEGF-A, Angpt-1, FGF-2 were signif-
icantly higher in groups N and PEA than in group M, but they
were not markedly increased in group EA compared with those in
group M.

The percentage of DBA+ uNK cells and expression
levels of PGF and DLL-1
The percentage of DBA+ uNK cells and the expression levels of PGF
and DLL-1 changed throughout the progression of gestational devel-
opment in all four groups. Prior to implantation, the percentage has
no significant difference among the groups. However, after implan-
tation, the percentage in groups N and PEA increased remarkably
compared with that in group M (Figure 3A). On D4, the percentage
of DBA+ uNK cells in group N was much higher than that in groups
M (Figure 3B). On D6 and D8, the percentage of DBA+ uNK cells
in groups N and PEA was significantly higher than that in group M
(P < 0.01 or P < 0.001). The percentage of DBA+ uNK cells was
higher in group EA than in group M on D6 and D8, but the differ-
ence was only significant on D8 (Figure 3C and D). No significant
differences in PlGF and DLL-1 protein or mRNA expression levels
were found among the four groups on D4 (Figure 3E, and H–J).
On D6, PGF and DLL-1 protein expression levels were increased in
groups N and PEA compared with those in group M, but no remark-
able differences were found between groups M and EA (Figure 3F
and H). However, PGF and DLL-1 mRNA expression levels showed
no significant differences among the four groups on D6 (Figure 3I
and J). The protein and mRNA expression levels of PGF and DLL-1
were significantly higher in groups N and PEA than those in group
M on D8 (Figure 3G, H, J).

The protein expression levels of VEGFR-2, PI3K, p-AKT,
and p-ERK
The protein expression levels of VEGFR-2, PI3K, p-AKT, and p-ERK
were analyzed by western blotting. VEGFR-2 protein expression was
higher in groups N, EA, and, especially, PEA than that in group
M on D4, D6, and, especially, D8 (Figure 4A–C). Compared with
that in group M, the relative protein expression levels of VEGFR2
in groups N and PEA were significantly higher on D4, D6 (P <

0.05), and D8 (P < 0.001 or P < 0.01). However, the significant
difference was not found between groups M and EA (P > 0.05,
Figure 4D). The PI3K, p-AKT, and p-ERK levels showed the same
trend as VEGFR-2 expression among the four groups (Figure 4A–C).
The relative protein expression levels of PI3K, p-AKT, and p-ERK in
groups N and PEA were remarkably higher than those in group M
on D4, D6, and D8 (Figure 4E–G). Those expression levels in group
EA also increased compared with those in group M, but significant
differences were only found in p-AKT expression on D4 (Figure 4F).

The protein expression levels of VEGFR-2, PI3K, p-AKT,
and p-ERK after siRNA injection
After intrauterine injection of siVEGFR2, the endometrial protein
levels of PI3K, p-AKT, and p-ERK were all markedly reduced com-
pared with those in endometria injected with si-NC on D4, D6, and
D8 (Figure 5A). The expression of VEGFR2 was obviously silenced
after VEGFR2 injection (P < 0.01 or P < 0.001, Figure 5B). The
relative protein expression of PI3K, p-AKT, and p-ERK were all sig-
nificantly lower in siVEGFR2-injected uteri than in siNC-injected
uteri on D4, D6, and D8 (P < 0.05 or P < 0.01 or P < 0.001, Fig-
ure 5C–E). The results may prove that activation of the PI3K/AKT
and ERK pathways has a positive relationship with VEGFR2 expres-
sion. Meanwhile, the therapeutic effect of acupuncture depends on
phosphorylation of the PI3K/AKT and ERK signaling pathways.
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Figure 2. VEGF-A, Ang-1, and FGF-2 expression in the rat endometrium. The protein expression of VEGF-A, Angpt-1, and FGF-2 was determined by western blot
in the normal (N), model (M), electroacupuncture (EA), and electroacupuncture pretreatment (PEA) groups on the fourth day (D4) (A) and sixth day (D6) (B)
of gestation. The relative protein expression levels of VEGF-A, Angpt-1, FGF-2 were analyzed among the four groups (n = 3 in each group) on D4 and D6 (C).
Real-time PCR was applied to analyze the relative mRNA expression levels of VEGF-A (D), Angpt-1 (E), and FGF-2 (F) among the four groups on D4 and D6.
Immunofluorescence analysis of VEGF-A (G), Ang-1 (H), and FGF-2 (I) in each group on D4 and D6. Data are presented as the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001. Scale bar: 100 μm.
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Figure 3. The percentage of DBA+ uNK cells and PGF and DLL-1 expression in the endometrium. Flow cytometric analysis of the percentage of DBA+ uNK cells
in the normal (N), model (M), electroacupuncture (EA), and electroacupuncture pretreatment (PEA) groups on the fourth day (D4), sixth day (D6), and eighth day
(D8) of gestation (A). The percentage of DBA+ uNK cells in each the group was counted on D4 (B), D6 (C) and D8 (D). The protein expression of PGF and DLL-1
was detected by western blot in each group on D4 (E), D6 (F), and D8 (G). The relative protein expression levels of PGF and DLL-1 were analyzed among the four
groups (n=3 in each group) on D4, D6, and D8 (H). Real-time PCR was applied to analyze the relative mRNA expression of PlGF (I) and DLL-1 (J) on D4, D6, and
D8. Data are presented as the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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Figure 4. The protein expressions of VEGFR2, PI3K, p-AKT/AKT, and p-
ERK/ERK in the endometrium. The endometrial protein levels of VEGFR2,
PI3K, p-AKT/AKT, and p-ERK/ERK in the normal (N), model (M), elec-
troacupuncture (EA), and electroacupuncture pretreatment (PEA) groups on
the fourth day (D4) (A), sixth day (D6) (B), and eighth day (D8) (C) of gesta-
tion. The gray value of VEGFR2 (D), PI3K (E), p-AKT (F), and p-ERK (G) was
calculated on the fourth day (D4), sixth day (D6), and eighth day (D8) of ges-
tation (n = 3 in each group). β-Actin was used as an internal control. Data are
presented as the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

Embryo number and MVD after siRNA injection
After intrauterine injection of si-VEGFR2, electroacupuncture
pretreatment had no therapeutic effect on embryo implantation
(Figure 6A). The embryo number was significantly lower in the
siVEGFR2-injected uterus (1.88 ± 0.64) than in the siNC-injected
uterus (6.63 ± 0.73; Figure 6B). There were apparently fewer
CD31-positive microvessels in siVEGFR2-injected endometria than
in siNC-injected endometria on D4 (Figure 6C, D, C’, D’), D6
(Figure 6E, F, E’, F’), and D8 (Figure 6G, H, G’, H’). The MVD
in siVEGFR2-injected endometria was also decreased significantly
compared with that in siNC-injected endometria on D4, D6, and
D8 (P < 0.001 or P < 0.01; Figure 6I–K).

Discussion

For many infertility patients, COH can be the best method to ac-
quire enough oocytes to become pregnant. However, many stud-
ies have shown that COH has detrimental effects on endometrial
receptivity by causing supraphysiological levels of serum estradiol
and/or progesterone and disturbing the expression of certain genes
in endometrial cells, all of which eventually result in the failure of
embryo implantation [28–32]. In our study, we also found that the
levels of estradiol and progesterone increased remarkably, while the
embryo number decreased after COH treatment. Moreover, the pre-

Figure 5. The protein expressions of VEGFR2, PI3K, p-AKT/AKT, and p-
ERK/ERK in the endometrium after the expression of VEGFR2 was silenced.
The protein levels of VEGFR2, PI3K, p-AKT/AKT, and p-ERK/ERK in the en-
dometrium on the fourth day (D4), sixth day (D6), and eighth day (D8) of ges-
tation after injection with si-VEGFR2 or si-NC (A). The gray value of VEGFR2
(B), PI3K (C), p-AKT (D), and p-ERK (E) was calculated on the fourth day (D4),
sixth day (D6), and eighth day (D8) of gestation (n = 3 in each group). β-actin
was used as an internal control. Data are presented as the mean ± SEM. ∗P
< 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

mature appearance of the IW induced by supraphysiological levels
of serum estradiol and/or progesterone [33, 34] influences the re-
ceptivity of the endometrium [35, 36], and impairs the synchronized
development of endometrium and embryo. That is to say, after COH
treatment, the IW has already closed and the process of angiogen-
esis slows down before the embryos are ready to implant. Hence,
embryo implantation missed the best status of endometrial receptiv-
ity. After COH treatment, female rats should have produced more
oocytes which means more embryos should implant in uteri com-
pared with rats in natural pregnant cycle. However, in our study,
embryo number in COH rats was fewer than that in normal rats
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Figure 6. The effects of electroacupuncture on the embryo implantation and endometrial macrovasclar density (MVD) in COH rats after the expression of VEGFR2
was silenced. The implantation sites on the eighth day (D8) of gestation in the rat uteri injected with si-VEGFR2 or si-NC (A). The number of embryos in uteri
injected with si-VEGFR2 or si-NC was counted on D8 (B). (C–H) Immunohistochemical analysis of CD31-positive vessels in the rat endometrium after injection of
si-VEGFR2 or si-NC. Endometrium after injection of si-VEGFR2 or si-NC on the fourth day of gestation (D4) (C, D at 100× and C’, D’ at 400×), D6 (E, F at 100× and
E’, F’ at 400×), D8 (G, H at 100× and G’, H’ at 400×). The MVD in endometrium injected with si-VEGFR2 or si-NC was determined on D4 (I), D6 (J), and D8 (K). Data
are presented as the mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. Magnification: 100× and 400×. UL: Uterine Lumen. My: Myometrium. En: Endometrium.
EM: Embryo.
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on D8, which means that implantation rate was reduced after COH
treatment. This may prove that the embryos of COH rats missed the
IW, resulting in implantation failure.

As mentioned above, angiogenesis is a critical factor in determin-
ing the endometrial receptivity during the IW, and it may be impaired
by the premature appearance of the IW. The regulation of angiogene-
sis in the endometrium involves many cytokines including the VEGF,
FGF, and angiopoietin families [37, 38]. At the same time, estrogen
can promote the proliferation of endothelial cells by directly bonding
to the estrogen receptor on endothelial cells or other cells which have
a close relationship with endothelium [39, 40]. The VEGF family in-
cludes six isoforms [37] and contains the most important cytokines
that regulate angiogenesis in the endometrium [41, 42]. VEGF-A is
secreted by both glandular epithelial cells and stromal cells in the
endometrium and plays the most critical role in endometrial angio-
genesis [37] and embryonic development [43, 44]. Angiopoietins,
especially Angpt-1, play a major role in the regulation of blood ves-
sel growth, maturation and regression, increasing the association
of endothelial cells with vascular smooth muscle cells (VSMC) to
remodel, stabilize, and stimulate the maturation of newly formed
blood vessels [45]. Angpt-1 is expressed by VSMC and binds to its
receptor Tie-2 expressed on the endothelial cells [37]. The synthesis
of VEGF-A and Angpt-1 on the endometrium is induced by entro-
gen and ERa [46–49]. FGFs have a potential of pro-proliferation and
angiogenesis, and hence might be involved in the neovascularization
during the menstrual cycle and trophoblast invasion [50]. FGF-2
is mainly expressed in epithelial cells and highly mitogenic for en-
dothelial cells which induce angiogenesis in endometrium [51]. Rat
embryonic implantation is accompanied by increased expression of
FGF-2 [51]. At the same time, DBA+ uNK cells [52, 53] play an
essential role in regulating decidual and placental development [54,
55] by secreting many proangiogenic cytokines such as PlGF, DLL-1,
matrix metalloproteinase 2 (MMP2) and transforming growth fac-
tor beta 1 (TGFβ-1) [55, 56]. The decreased percentage of uNK cells
and endometrial vascularization index provoked by COH may result
in implantation failure [57].

In our present study, the endometrial MVD and the expression
levels of VEGF-A, Angpt-1, and FGF-2 were all remarkably lower in
COH rats than in natural cycle rats. But the level of serum estradiol
increased significantly after COH treatment while the endometrial
angiogenesis is poor. Although the estrogen benefits the angiogenesis,
supraphysiological level of serum progesterone might oversuppress
the expression of ERa in ovarian stimulation rat [1, 58] and result
in the poor angiogenesis. The percentage of DBA+ uNK cells also
reduced significantly in COH rats. All these changes in COH rats
resulted in a lower implantation rate during the peri-implantation
period. These data indicate that the premature appearance of IW
after COH treatment may disturb the synchronized development be-
tween embryo implantation and endometrial angiogenesis, resulting
in poor angiogenesis during the peri-implantation period which may
be one of the crucial elements causing implantation failure.

VEGFR2, as the receptor of VEGF-A, is essential for angiogen-
esis in the embryo implantation [59, 60] and modulates the phos-
phorylation of its downstream effectors, including the PI3K/AKT
and ERK1/2 signaling pathways [61, 62], which play vital roles in
the proliferation, survival, migration, and permeability of endothe-
lial cells [41, 63]. Studies have found that the immunoreactivity of
PI3K/AKT and ERK signaling pathways are increased during the
implantation period [64] and that angiogenesis can be inhibited by
downregulating the PI3K/AKT and ERK signaling pathways [65].

Furthermore, in the present study, the VEGFR2-induced PI3K/AKT
and ERK signaling pathways were also affected by COH, which
may indicate that the poor angiogenesis in COH rats was caused by
decreased phosphorylation of AKT and ERK.

According to the theory of Traditional Chinese Medicine,
acupuncture points are special locations on meridian networks that
are thought to be channels where “qi” and “blood” circulate. Cer-
tain acupoints have specific therapeutic effects. In this study, SP6
and ST36 were selected as the stimulated points. SP6 is considered
a classic acupoint for curing gynecological diseases, while ST36 can
facilitate the production of “qi” and “blood” and promote patient
rehabilitation [66]. Hence, in the present study, we attempted to im-
prove endometrial receptivity and increase the implantation rate by
administering electroacupuncture treatment. Our previous research
found that Cx43 is involved in the acupuncture effect of improving
rat blastocyst implantation [19]. The attenuated expression of CCL2
and CXCL8 which was induced by mifepristone treatment could be
markedly reversed by acupuncture which finally improved embryo
implantation [18]. Another research demonstrated that the levels of
TNF-α and MCP-1 in serum and of IL-6 in ovary which are all
associated with OHSS were significantly rescued by electroacupunc-
ture [67]. In the present study, we found that when SP6 and ST36
were chosen as stimulated points, not only implantation rate was
significantly improved, but serum estradiol and progesterone lev-
els also remarkably decreased in COH rats. So, we speculate that
electroacupuncture may influence the function of hypothalamic-
pituitary-gonadal axis which regulates the secretion of estrogen and
progesterone, and then facilitate the endometrial angiogenesis. At
the same time, we randomly chose another two acupoints, PC6 and
TE5, as a control treatment. And we found that when PC6 and
TE5 were selected as stimulated points, electroacupuncture treat-
ment could not facilitate embryo implantation in rats. Obviously,
electroacupuncture in SP6 combined with ST36 is a better strategy
in improving implantation rate in COH rats.

Our study showed that electroacupuncture pretreatment facili-
tates the expression of VEGFR2 and increases the phosphorylation
of AKT and ERK. And electroacupuncture pretreatment, maybe
in this way, enhances endometrial angiogenesis and increases the
implantation rate in COH rats. However, electroacupuncture pre-
treatment lost its therapeutic effect when VEGFR2 expression was
silenced with siVEGFR2. Thus, electroacupuncture pretreatment
can improve implantation mainly through the VEGFR2/PI3K/AKT
and VEGFR2/ERK signaling pathways. Furthermore, our study also
showed that electroacupuncture treatment was administered prior
to COH rather than after it can obtain a better therapeutic effect.

There are some limitations in our study. First, rats were pre-
treated with acupuncture for only 3 days before PMSG injection.
Therefore, a more appropriate therapeutic course still needs to be
investigated in clinical trial. Second, we chose only SP6+ST36 and
PC6+TE5 as the acupoints. There may be additional and better acu-
points to improve angiogenesis in COH rats.

In conclusion, our present study supports that electroacupunc-
ture treatment can facilitate embryo implantation and improve en-
dometrial angiogenesis during peri-implantation period by increas-
ing the expression of VEGFR2/PI3K/AKT and VEGFR2/ERK sig-
naling pathways in COH rats. Meanwhile, electroacupuncture had
a superior therapeutic effect when initiated as a pretreatment. Elec-
troacupuncture, especially when administered as a pretreatment,
may represent a simple and effective therapeutic strategy for im-
proving the implantation rate in IVF-ET.
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Supplementary data

Supplementary data are available at BIOLRE online.

Supplementary Figure S1. The effect of anesthesia with isoflurane on
embryo implantation in rats. The implantation sites in the uteri of
rats in the groups N and N+Anesthesia on the eighth day (D8) of
gestation (A). The embryo number in each of the two groups was
counted on D8 (B). The implantation sites in the uteri of rats in the
groups M and M+Anesthesia on D8 (C). The embryo number in
each of the two groups was counted on D8 (D). n = 5 in each group.
Data are presented as the mean ± SEM.
Supplementary Figure S2. The effects of electroacupuncture on the
embryo implantation, endometrial macrovasclar density (MVD),
and serum estradiol and progesterone levels in normal pregnant
rats. The implantation sites in the uteri of rats in normal (N),
normal+electroacupuncture (N+EA), normal+electroacupuncture
pretreatment (N+PEA) groups on the eighth day (D8) of gestation
(A). The embryo number in each group was counted on D8 (B).
The immunohistochemistry of uterine tissue with CD31 antibodies
among the three groups on the fourth day (D4) of gestation (C) and
the sixth day (D6) of gestation (E). The MVD was determined in the
three groups on D4 (D) and D6 (F). The levels of serum estradiol
(G) and progesterone (H) in the three groups on D4 and D6 (n =
5 in each group). Data are presented as the mean ± SEM. Magnifi-
cation: 100×and 400×. UL: Uterine Lumen. My: Myometrium. En:
Endometrium.
Supplementary Figure S3. The effects of electroacupuncture on the
embryo implantation, endometrial macrovasclar density (MVD),
and serum estradiol and progesterone levels when PC6 and TE5
were chosen as acupoints. The implantation sites in the uteri of
rats in normal (N), model (M), electroacupuncture control (EA’),
and electroacupuncture pretreatment control (PEA’) groups on the
eighth day (D8) of gestation (A). The embryo number in each group
was counted on D8 (B). The immunohistochemistry of uterine tissue
with CD31 antibodies among the four groups on the fourth day (D4)
of gestation (C) and the sixth day (D6) of gestation (D). The MVD
was determined in the four groups on D4 (E) and D6 (F). The levels
of serum estradiol (G) and progesterone (H) in the four groups on
D4 and D6 (n = 5 in each group). Data are presented as the mean ±
SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. Magnification: 100× and
400×. UL: Uterine Lumen. My: Myometrium. En: Endometrium.
Supplementary Table S1. The real-time PCR primer sequences.
Supplementary Table S2. Antibody Table.
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