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Abstract
Pre-eclampsia (PE) is thought to be related to placental dysfunction, particularly poor extravillous trophoblast (EVT) inva-
sion and migration abilities. However, the pathogenic mechanism is not fully understood. This article describes the impact of 
the cyclic adenosine monophosphate(cAMP) signaling pathway on EVT behavior, focusing on EVT proliferation, invasion, 
and migration. Here, we used the HTR8/SV-neo cell line to study human EVT function in vitro. HTR8/SV-neo cells were 
treated with different concentrations of forskolin (cAMP pathway-specific agonist) to alter intracellular cAMP levels, and 
dimethyl sulfoxide (DMSO) was used as the control. First, a cAMP assay was performed to measure the cAMP concentration 
in HTR8/SV-neo cells treated with different forskolin concentrations, and cell proliferation was assessed by constructing cell 
growth curves and assessing colony formation. Cell invasion and migration were observed by Transwell experiments, and 
intracellular epithelial-mesenchymal transition (EMT) marker expression was evaluated by quantitative real-time polymer-
ase chain reaction (qPCR) and Western blotting (WB). According to our research, the intracellular cAMP levels in HTR8/
SV-neo cells were increased in a dose-dependent manner, and HTR8/SV-neo cell proliferation, invasion and migration were 
significantly enhanced. The expression of EMT and angiogenesis markers was upregulated. Additionally, with the increase in 
intracellular cAMP levels, the phosphorylation of intracellular mitogen-activated protein kinase (MAPK) signaling pathway 
components was significantly increased. These results suggested that the cAMP signaling pathway promoted the phospho-
rylation of MAPK signaling components, thus enhancing EVT functions, including proliferation, invasion, and migration, 
and to a certain extent, providing a novel direction for the treatment of PE patients.
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Introduction

Pre-eclampsia (PE) occurs in pregnant women after 
20 weeks of gestation, and it is characterized by symptoms 
such as high blood pressure and proteinuria. PE is thought 
to be related to placental dysfunction [1], particularly poor 
extravillous trophoblast (EVT) invasion and migration in 
uterine spiral arteries, which leads to defective vascular 
remodeling and placental hypoperfusion [2].

However, overly invasive EVTs can cause multiple 
pathologies during pregnancy, including placenta accreta, 
placental implantation, uterine perforation, hemorrhagic 
shock and even death [3]. Therefore, it is thought that 
highly coordinated EVT functions are necessary to main-
tain a healthy utero-placental status.

EVTs exhibit high degrees of invasion, migration and 
proliferation during placental implantation, which are 
similar to the pathological effects observed during cancer 
invasion [4]. Recent tumor studies have shown that cyclic 
adenosine monophosphate (cAMP), which is an important 
mediator of signaling cascades between cells, is closely 
associated with the development of tumors [5]. The cur-
rently recognized cAMP signaling pathway mainly includes 
cAMP/protein kinase A/cyclic-AMP response binding pro-
tein (cAMP/PKA/CREB) and cAMP/exchange protein acti-
vated by cAMP/Ras-proximate-1 (cAMP/Epac/Rap1) [5]. 
Changes in intracellular cAMP levels can cause a variety of 
physiological and pathological changes, including changes 
to tissue metabolism, cell proliferation or apoptosis, and 
tumor cell invasion and migration [6, 7].

Furthermore, previous studies have shown that cAMP 
signaling pathway may affect the proliferation and migra-
tion of various tumor cells by regulating the downstream 
mitogen-activated protein kinase (MAPK) signaling 
pathway [5]. The MAPK signaling pathway is also a key 
pathway that regulates a variety of intracellular processes, 
and the MAPK pathway includes the extracellular signal-
regulated kinase 1/2 (ERK1/2), JUN N-terminal kinases 
1/2/3 (JNK1/2/3) and p38-MAPK kinase signaling path-
ways [8]. However, the cAMP signaling pathway exert 
different effects on the MAPK signaling pathway depend-
ing on the type of cell. In studies on clear cell renal cell 
carcinoma (ccRCC), activation of the intracellular cAMP 
signaling pathway was shown to inhibit the phosphoryla-
tion of ERK in the MAPK signaling pathway in a c-Raf-
dependent manner, thereby attenuating the proliferation of 
tumor cells [9]. However, in prostate cancer, the overex-
pression of PKA inhibitor proteins (PKIs) was shown to 
block the activation of PKA, causing a continuous increase 
in intracellular cAMP levels through negative feedback; 
then, these increased cAMP levels activated another sign-
aling pathway, namely, the cAMP/Epac/Rap1 pathway, 

and induced the phosphorylation of downstream MAPK 
signaling pathway components, ultimately promoting the 
proliferation and migration of cells [10].

Forskolin, which is an ancient herbal remedy that is 
derived from Indian plants [11], is used as a selective ago-
nist of the cAMP signaling pathway to elevate intracellular 
cAMP levels. Many in vivo and in vitro studies have shown 
that it inhibits the development of cancer to a certain degree. 
Forskolin directly binds to the catalytic subunit of adenylate 
cyclase(AC), inducing conformational changes at the adeno-
sine 5'-triphosphate(ATP) site, thereby converting ATP to 
cAMP and pyrophosphate [12].

Based on the discovery of the role of the cAMP signaling 
pathway in tumors, we speculate that the cAMP signaling 
pathway may also exert a certain effect on trophoblasts. Our 
study involved the use of forskolin to activate the cAMP 
signaling pathway and focused on observing changes in 
EVT proliferation, invasion, and migration. This investi-
gation aimed to elucidate the potential involvement of the 
cAMP signaling pathway in EVT behavior, particularly its 
interplay with the MAPK signaling pathway. This is of great 
importance for understanding embryo implantation, placenta 
formation and regulation, and the prevention and treatment 
of pregnancy-related placental disorders.

Materials and Methods

Cell Culture

The human first-trimester placenta trophoblast cell line 
HTR8/SV-neo (HTR8) was obtained from the Shanghai 
Institute of Cell Biology, Chinese Academy of Sciences. 
Cells were cultured in Dulbecco’s modified Eagle medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS) 
in a 5%  CO2 humidified atmosphere at 37 °C.

cAMP Assay

Prior to the experiment, HTR8 cells were plated in dishes 
(5 ×  105 cells) and incubated for 48 h in DMEM with for-
skolin (Beyotime, China) at concentrations of 10, 50, or 
100 μM. Moreover, cells that were treated with dimethyl 
sulfoxide (DMSO) solution in medium were used as con-
trols. The experiment was conducted with the cAMP ELISA 
Kit (Gersion Biotechnology, China). After lysis with radio 
immunoprecipitation assay (RIPA) buffer on ice, the cell 
suspensions were centrifuged for 10 min at 600 g to remove 
insoluble materials. According to the instructions, the cells 
were seeded in 96-well plates, as well as the standards S0-S5 
in the kit and incubated with cAMP-HRP solution for 1 h at 
37 °C. The cells were later washed by washing buffer, and 
incubated again with reaction substrate A and B for 30 min 
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in the dark. Then, add stop solution 50 μl to each well to stop 
the reaction. The plate was read at OD450 nm. The standard 
curve of cAMP was drawn according to the formula. Then, 
the cAMP levels in HTR8 cells were calculated.

Cell Growth Curve

The cells were allowed to grow in 24-well plates (2 ×  103 
cells) and cultured for 4 days. The cells were dispersed with 
0.25% trypsin–EDTA (Gibco, USA) and counted every day. 
Each cell line experiment was performed in triplicate. The 
cell growth curve assays were performed according to the 
methods that we previously described [13].

Colony Formation Assay

After incubation in DMEM containing different concen-
trations of forskolin for 48 h, the cells were harvested and 
seeded in 6-well plates (2 ×  103 cells). After approximately 
two weeks, when microscopy revealed that the number of 
cells in the vast majority of individual clones in the dish 
was greater than 50, the culture was terminated. The cells 
were then washed and stained with Giemsa (Sigma-Aldrich, 
Germany) staining solution for 15 min after fixation with 4% 
paraformaldehyde (Biosharp, China) for 30 min. After dry-
ing, the dishes were imaged with a camera, and the clones 
were counted with ImageJ. The colony formation assay was 
performed according to the methods that we previously 
described [13].

Transwell Assay

A Transwell assay was performed to assess the invasive abil-
ity of cells. The membranes of the filters were coated with 
Matrigel (100 μl per filter; BD Biosciences) in plates with 
8-μm pores (BD Biosciences). Cells (2 ×  104) treated with 
different concentrations of forskolin for 48 h and seeded 
in the upper chambers, while medium supplemented with 
10% FBS was seeded in the lower chambers. After 24 h of 
culture, the cells that invaded to the lower surface of the 
membrane were fixed with 4% paraformaldehyde and stained 
with Giemsa. After drying, the cells were examined under 
a microscope (OLYMPUS, Japan). For each well, 10 fields 
of view were randomly selected, the number of cells was 
quantified at a magnification of 20 × . Transwell assays were 
performed according to the methods that we previously 
described [14].

Transwell Migration Assay

Cells(2 ×  104) were treated with different concentrations of 
forskolin for 48 h and seeded into the upper chambers (8-μm 
pores, 24-well plates), and medium supplemented with 10% 

FBS was added to the lower chambers. After 24 h of cul-
ture, the cells that had migrated to the lower surface of the 
membrane were fixed with 4% paraformaldehyde and stained 
with Giemsa. The cell numbers were counted as described 
above.

RNA Isolation and Quantitative Real‑Time 
Polymerase Chain Reaction (qPCR)

Total RNA was extracted using TRIzol reagent (Invitrogen 
Life Technologies, USA) according to the manufacturer’s 
instructions. Complementary DNA (cDNA) was synthesized 
with the Prime Script® RT reagent Kit (Takara, Japan). The 
primers that were used in this study are listed in Supplemen-
tary Table 1. The qPCR thermocycling conditions were as 
follows: initial denaturation at 95 °C for 30 s and 40 cycles 
of 95 °C for 5 s and 60 °C for 30 s. The mRNA expression 
levels of the target genes were quantified using a SYBR® 
Premix Ex Taq TM II kit (Takara, Japan). Data analyses 
were performed using the 2(-∆∆Ct) method. Matrix Metal-
loproteinase 2(MMP2), Platelet Endothelial Cell Adhesion 
Molecule (PECAM), Neural-cadherin/Cadherin-2 (N-cad-
herin/CDH2) and Vascular Endothelial-cadherin/Cadherin-5 
(VE-cadherin/CDH5) expression was normalized to the 
expression of GAPDH, which is a housekeeping gene. The 
samples were run in triplicate. qRT‒PCR was performed 
according to the methods that we previously described [14].

Western Blotting (WB)

Total proteins were extracted and purified from cells that 
were treated with different concentrations of forskolin for 
48 h. Then, the proteins (30 μg) were separated by sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE, Beyotime, China) and transferred to polyvinylidene 
fluoride (PVDF, Beyotime, China) membranes. After block-
ing with 3% bovine serum albumin (BSA, Beyotime, China) 
in Tris-buffered saline containing 0.1% Tween-20 (TBST), 
the membranes were incubated with an anti-N-cadherin anti-
body (1:1000, CST, USA), anti-MMP-2 antibody (1:1000, 
Abcam, UK), anti-CDH5 antibody (1:1000, CST, USA), 
anti-PECAM antibody (1:1000, Solarbio, China), anti-c-
Raf antibody(1:1000, CST, USA), anti-phospho-c-Raf anti-
body (1:1000, CST, USA), anti-MEK1/2 antibody (1:1000, 
CST, USA), anti-phospho-MEK1/2 antibody (1:1000, CST, 
USA), anti-ERK1 + ERK2 antibody(1:1000, Abcam, UK), 
and anti-phospho-p44/42 MAPK (Erk1/2) antibody (1:1000, 
CST, USA) at 4 °C overnight. Then, the membranes were 
incubated with HRP-conjugated Affinipure goat anti-mouse/
rabbit IgG (1:10000, Proteintech, USA) the next day. Finally, 
the specific protein bands were visualized with a chemilu-
minescent substrate kit (Millipore, USA), and images were 
captured using a Tanon 4600SF instrument (Tanon, China). 
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The densitometric analyses were performed using ImageJ® 
software (NIH, USA), and all the results are expressed as 
target protein expression relative to GAPDH total protein 
expression as needed. An anti-GAPDH antibody (1:20000, 
Abcam, UK) was used as the control. WB was performed 
according to the methods that we previously described [14].

Statistical Analysis

All the statistical analyses were performed using the SPSS 
software package (version 26.0, SPSS, Inc.) and Prism 7.0 
software (GraphPad, La Jolla, CA, USA). The data are pre-
sented as the means ± standard deviations (SD) of at least 
three independent experiments. The t test was used to ana-
lyze differences in the data between two groups. Differ-
ences were considered statistically significant at the level 
of p < 0.05.

Results

cAMP Levels Were Upregulated by Forskolin 
in HTR8/SV‑Neo Cells

Forskolin was used to activate adenylate cyclase in cells 
and therefore increase intracellular cAMP concentrations, 
thus regulating multiple cellular mechanisms, such as gene 
transcription, ion transport, and protein phosphorylation. 
We treated HTR8 cells with 0, 10, 50, or 100 µM forsko-
lin for 48 h. As shown in Fig. 1, intracellular cAMP levels 
in HTR8/SV-neo cells were increased in a dose-dependent 
manner.

The cAMP Signaling Pathway Enhanced HTR8/
SV‑Neo Cell Proliferation

To determine the effect of the cAMP signaling pathway on 
the proliferation of EVTs, HTR8/SV-neo cells were incu-
bated with forskolin as described above. Compared with the 

control group, the proliferation of cells that were treated with 
10 μM or 50 μM forskolin for 72 or 96 h was significantly 
increased, while that of the cells that were treated with 
100 μM seemed very similar to that of the control (Fig. 2A, 
B). In addition, the colony formation assay revealed that 
10 µM forskolin, followed by 50 µM forskolin, increased 
HTR8/SV-neo cell proliferation (Fig. 2C), and the results 
were analyzed as shown in Fig. 2D. Thus, 10 μM and 50 μM 
forskolin were used in subsequent experiments.

The cAMP Signaling Pathway Enhanced HTR8/
SV‑Neo Cell Invasion and Migration

In concordance with cell growth and proliferation, we inves-
tigated whether the cAMP signaling pathway promotes or 
suppresses HTR8 cell invasion and migration. The Transwell 
assay revealed a significant increase in the invasion of cells 
that were treated with 10 µM or 50 µM concentrations com-
pared to the control, and the increase was especially nota-
ble after treatment with 50 μM (Fig. 3A, B). The Transwell 
migration assay indicated that HTR8/SV-neo cells with 
higher cAMP levels exhibited significantly more extensive 
migration than control cells, as shown in Fig. 3C.

The cAMP Signaling Pathway Increased the mRNA 
and Protein Expression Levels of N‑Cadherin, CDH5, 
MMP2, and PECAM

To investigate the molecular mechanism by which cAMP 
signaling pathway affected cell proliferation, invasion and 
migration, we employed qPCR and WB to assess Epithelial-
Mesenchymal Transition (EMT). Thus, the mRNA and pro-
tein expression levels of EMT markers were measured. As 
the intracellular cAMP levels increased, the mRNA expres-
sion levels of N-cadherin, CDH5, MMP2 and PECAM were 
significantly increased compared with those in the control 
group (Fig. 4A). As shown in Fig. 4B, the protein expres-
sion of N-cadherin, CDH5 and MMP2 was significantly 
increased, compared to that in the control group. Overall, 

Fig. 1  cAMP levels were upreg-
ulated by forskolin in HTR8/
SV-neo cells (A). HTR8/SV-neo 
cells were treated with 0, 10, 50, 
or 100 μM forskolin for 48 h, 
and a dose-dependent increase 
in cAMP levels was observed 
(B). The data are presented as 
the mean ± SD obtained from at 
least three independent experi-
ments
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Fig. 2  The cAMP signaling pathway enhances HTR8/SV-neo cell 
proliferation. When HTR8/SV-neo cells were treated with 0  μM, 
10  μM, 50  μM, or 100  μM forskolin, (A, B) growth curve assays 
and (C, D) colony-forming assays showed that the proliferation of 

HTR8/SV-neo cells that were treated with 10 μM or 50 μM forsko-
lin was higher than that of the control cells. Error bars represent the 
mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001

Fig. 3  The cAMP signaling pathway enhances HTR8/SV-neo cell 
invasion and migration. (A, B) In the cells that were treated with 
10 μM or 50 μM forskolin, invasion was significantly enhanced com-

pared to the control, and migration was also significantly enhanced 
(C, D). Error bars represent the mean ± SD of three independent 
experiments. ***p < 0.001, ****p < 0.0001
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the cAMP signaling pathway may induce EMT in HTR8/
SV-neo cells, thus promoting the invasion and migration of 
trophoblasts.

The cAMP Signaling Pathway Promoted 
the Phosphorylation of MAPK/ERK Signaling 
Pathway Components

It was reported that the cAMP signaling pathway was 
associated with the MAPK signaling pathway, in tropho-
blasts; thus, the level of phosphorylated MAPK/ERK sign-
aling components were evaluated in HTR8/SV-neo cells 
that were treated with different concentrations of forsko-
lin. As the intracellular cAMP levels increased, phospho-
rylation of MAPK/ERK signaling components, including 
c-raf259, MEK1/2 and ERK1/2, was significantly increased 
(Fig. 5A–F).

Prior studies revealed that the cAMP signaling pathway 
enhanced cell growth, proliferation, invasion and migration, 
especially in cells that were treated with a concentration of 
50 μM. To confirm whether the cAMP signaling pathway 
regulated trophoblasts via the MAPK/ERK signaling path-
way, a specific ERK inhibitor, namely, U0126, was used to 
block this pathway. Then, we examined the phosphoryla-
tion of MAPK/ERK signaling pathway components after 
treatment with 50 μM forskolin, the MAPK/ERK pathway 
inhibitor U0126 or a combination. When HTR8/SV-neo cells 
were treated with U0126 alone, the phosphorylation of the 
ERK protein in the cells was suppressed. When HTR8/SV-
neo cells were treated with 50 μM forskolin alone, the phos-
phorylation of the ERK protein in the cells was significantly 
enhanced. However, when the cells were treated again with 

50 μM forskolin after treatment with U0126, the phospho-
rylation of ERK remained low, and ERK activity was even 
more potently inhibited (Fig. 5G, H).

Discussion

Before an embryo implants into the maternal endometrium, 
the embryo develops to the blastocyst stage, and the trophec-
toderm layer differentiates into two subtypes: villous tropho-
blasts (VTs) and EVTs [15]. In the first trimester, EVTs, 
together with natural killer cells and macrophages, infiltrate 
the maternal endometrium and migrate through the myome-
trium to reach the spiral arteries. This physiological process 
transforms spiral arteries into wide-diameter, low-resistant 
vessels, enhancing fetal blood supply and promoting embryo 
and placental growth [16]. The HTR8/SV-neo cell line is 
widely used to study the adhesion, migration and invasion of 
trophoblasts, and this cells line was generated by transfecting 
human primary trophoblasts with SV40-containing large T 
antigens [17]. Therefore, the HTR8/SV-neo cell line is an 
important in vitro model of human EVTs, and it is used to 
observe changes in the proliferation, invasion and migration 
of these cells and to explore possible potential mechanisms.

The cAMP signaling pathway is involved in regulating 
a variety of basic biological processes in the body as well 
as the occurrence and development of tumor cells. Based 
on the characteristics of EVTs in the first trimester, which 
are similar to those of tumor cells, we investigated whether 
the cAMP signaling pathway is also involved in regulating 
EVT functions. Forskolin is a specific activator of the cAMP 
signaling pathway. As expected, we found that intracellular 

Fig. 4  The cAMP signal-
ing pathway regulates the 
expression of invasion and 
migration marker proteins. 
(A) The mRNA expression of 
N-cadherin, CDH5, MMP2 and 
PECAM in HTR8/SV-neo cells 
that were treated with 10 μM or 
50 μM forskolin was measured 
by qPCR. (B) The protein 
expression of N-cadherin, 
CDH5, MMP2 and PECAM in 
HTR8/SV-neo cells that were 
treated with 10 μM or 50 μM 
forskolin was measured by WB. 
(C) The protein levels were 
quantified by densitometry 
analysis using ImageJ soft-
ware. Error bars represent the 
mean ± SD of three independ-
ent experiments. *p < 0.05, 
**p < 0.01, ***p < 0.001, 
****p < 0.0001
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cAMP levels increased in a dose-dependent manner after 
forskolin treatment. However, due to the poor solubility of 
forskolin, up to 3% DMSO solution by mass is required to 
dissolve it, whereas most intact mammalian cell experiments 
can tolerate only up to 1% DMSO [18]. In this experiment, 
the cells were treated with different concentrations of forsko-
lin, which was dissolved in DMSO solution as necessary. To 
exclude the possible effect of DMSO, which is toxic to cells 
at certain concentrations, on the experimental results, we 
treated the control group with the highest amount of DMSO 
that was added to the experimental groups. In addition, the 
high hydrophobicity of forskolin means that it has a slow 
rate of dissociation; thus, there is a certain drug-prolonging 
effect, and the effect can be effectively achieved by applying 
forskolin to cells for 48 h and 10 min.

As intracellular cAMP levels increased, we found that 
HTR8/SV-neo cells exhibited significantly enhanced pro-
liferation, invasion, and migration. Interestingly, at a con-
centration of 100 μM, the cells were no longer clearly able 
to proliferate. We speculate that intracellular cAMP may 
improve the proliferation of cells within a certain concentra-
tion range. Studies have shown that elevated cAMP levels 

can promote cell proliferation in some physiological cells 
or tumors, and some studies have suggested that cAMP 
may cause cell cycle arrest or even apoptosis [9, 19]. When 
cAMP levels exceed a certain threshold, cell proliferation 
can decrease or stop and cells can even be prone to apopto-
sis, such as in tumors. Since EVTs exhibit high proliferation, 
aggressiveness, and migration, similar to tumor cells [20], 
we deeply suspect that high levels of Camp may inhibit cell 
proliferation and even promote apoptosis. This provides a 
new idea for our research.

Furthermore, our results suggested that the Camp signal-
ing pathway promoted EMT in HTR8/SV-neo cells, which 
was associated with an increase in the expression of N-cad-
herin, CDH5, MMP2, and PECAM. In a variety of epithelial 
tumor cells, the junctions between cells become loose, adhe-
sion to the basement membrane decreases, and then EMT 
occurs. Tumor cells exhibit invasion and migration charac-
teristics similar to those of mesenchymal cells, and these 
characteristics promote the metastasis of tumor cells [21]. 
Additionally, the morphology of tumor cells changed, the 
cytoskeleton was remodeled, and the expression of epithe-
lial markers, such as E-cadherin, was downregulated; these 

Fig. 5  The cAMP signaling pathway regulates the phosphorylation of 
MAPK/ERK signaling pathway components. (A-F) Protein levels of 
total and phosphorylated c-raf259, MEK and ERK were significantly 
increased in cells that were treated with 10 μM or 50 μM forskolin 
compared with the control group. (G,  H) The ratio of the protein 

expression p-ERK to ERK was decreased by using U0126, which is 
an inhibitor of the MAPK/ERK signaling pathway. Error bars rep-
resent the mean ± SD of three independent experiments. *p < 0.05, 
****p < 0.0001
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markers were replaced with the expression of N-cadherin 
and wave proteins and so on [22]. MMPs are among the key 
enzymes in the process of cell invasion and migration [23]. 
They are able to degrade the extracellular matrix, which is 
especially important for cell invasion and vascular remod-
eling [24]. CDH5 and PECAM are important components of 
vascular endothelial cells [25], and involved in maintaining 
vascular barrier function [26]. However, the protein expres-
sion of PECAM was not observed in HTR8/SV-neo cells. 
We wondered why and consulted the literature. Interestingly, 
it was reported that PECAM is expressed on the vascular 
endothelium in the placenta but not throughout the villous or 
in EVTs in normal or pathological samples [26]. However, in 
our study, the mRNA expression of PECAM was increased, 
and the specific mechanism underlying this phenomenon 
may be a good topic for future research.

The cAMP/PKA/CREB signaling pathway and MAPK 
signaling pathway are two classical pathways that regulate 
cell growth and metabolism, and they have been extensively 
studied in a variety of tumor cells and trophoblasts [27]. 
Studies on urothelial bladder carcinoma (UCB) have shown 
that centrosomal protein (CEP)-72 promotes the invasion 
and migration of UCB cells by enhancing the binding of 
CREB in the cAMP signaling pathway to the SERPINE1 
promoters of serpin family gene [28]. In esophageal squa-
mous cell carcinoma, lysosomal-associated membrane pro-
tein 3(LAMP3) attenuates the phosphorylation of VASP at 
the Ser239 site through PKA, thereby enhancing the aggres-
siveness of esophageal squamous cell carcinomas (ESCC) 
and promoting the metastasis of ESCC [29]. In trophoblasts, 
the cAMP/PKA/CREB signaling pathway has been found to 
be involved in the regulation of trophoblast fusion function 
[30, 31]. In our study, we found that the levels phosphoryl-
ated c-Raf259, MEK1/2 and ERK1/2 in the MAPK signaling 
pathway were significantly increased after the cAMP sign-
aling pathway was activated. This finding led us to wonder 
whether EVT function was enhanced by increases in the 
phosphorylation of c-raf, which is a member of the MAPK 
signaling pathway, at the Ser259 locus. The specific connec-
tion between the cAMP signaling pathway and the MAPK 
signaling pathway still needs further exploration.

Pre-eclampsia is a complication of pregnancy to which 
substantial attention has been given because of its high 
morbidity and mortality rates and its association with 
increased risk of chronic diseases, such as diabetes, hyper-
tension and cardiovascular diseases, in the postpartum 
period. However, the pathogenesis of PE is poorly under-
stood, and to date, there is no effective treatment other 
than childbirth [1]. Many studies have shown that after an 
embryo is implanted into the maternal endometrium, the 
ability of EVTs to proliferate, invade and migrate gradu-
ally increases. In contrast, when PE occurs, the invasion 
and migration of EVTs appear to be impaired, which leads 

to insufficient remodeling of the uterine spiral artery, low 
placental blood perfusion and superficial placental implan-
tation in the uterus [32]. Thus, the proliferation, invasion 
and migration of EVTs are thought to be essential for 
pregnancy [33]. In our study, the proliferation, invasion 
and migration of EVTs were increased, which was accom-
panied by activation of the cAMP and MAPK signaling 
pathways. This helps us to better understand EVT function 
and provides some direction for the treatment of tropho-
blast-derived diseases of pregnancy. Although extensive 
research has been conducted on PE, there is no effective 
treatment for the disease other than termination of preg-
nancy. At present, some anticoagulant drugs are also used 
to improve placental blood circulation perfusion, thereby 
improving the perinatal safety of PE patients. The results 
of this study suggest that we can also improve placental 
function with certain drugs, thereby improving perinatal 
pregnancy outcomes and poor prognosis in PE patients.

However, there are some limitations in our study. Since 
the experiments were performed in a cell line model, in vivo 
experiments are required for further validation. In the future, 
there are still many challenges, such as establishing animal 
models of PE, observing changes in cell function within pla-
cental tissues after treatment with forskolin, and even deter-
mining the relationship between the two signaling pathways.

Conclusion

This experimental study explored the effects of the cAMP 
signaling pathway on the proliferation, invasion, and migra-
tion of EVTs and the interplay of this pathway with the 
MAPK signaling pathway. Forskolin was used as an activa-
tor to alter the level of cAMP in cells. The HTR8/SV-neo 
cell line was selected as the in vitro model. After treatment 
with forskolin, the level of cAMP in cells was elevated in 
a dose dependent manner. As the cAMP signaling pathway 
was activated, the activities of EVTs, including prolifera-
tion, invasion and migration, were significantly enhanced. 
Moreover, the phosphorylation of MAPK signaling path-
way components was significantly promoted. In conclusion, 
the cAMP signaling pathway can improve the behaviors of 
EVTs through the coordinated regulation of the MAPK 
signaling pathway. These findings may contribute to a better 
understanding of EVT function and provide a feasible solu-
tion to improve placental cell function, thereby improving 
perinatal outcomes and the poor prognosis of PE patients.
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