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Abstract 

Background  Preeclampsia (PE) is a severe pregnancy complication characterized by complex molecular interactions. 
Understanding these interactions is crucial for developing effective therapeutic strategies.

Methods  This study applies a pharmacometabolomics approach to explore the roles of miR-155 and PKG1 in PE, 
focusing on the regulatory influence of the NF-κB signaling pathway. Blood metabolomic profiles were analyzed, 
and bioinformatics tools, IHC staining, Western blot (WB) analysis, and immunofluorescence (IF) localization were 
employed to determine the expression and function of miR-155 and PKG1. Cell invasion, migration, proliferation, 
and apoptosis assays were conducted to assess miR-155’s modulation of PKG1. Additionally, RT-qPCR and WB analysis 
elucidated NF-κB-mediated regulation mechanisms.

Results  Our findings indicate significant metabolic alterations associated with miR-155 modulation of PKG1, 
with NF-κB acting as a critical upstream regulator. The study demonstrates that miR-155 affects cellular functions 
such as invasion, migration, proliferation, and apoptosis through PKG1 modulation. Furthermore, the NF-κB signaling 
pathway regulates miR-155 expression, contributing to the pathological processes of PE.

Conclusion  This study provides a proof of concept for using pharmacometabolomics to understand the molecular 
mechanisms of PE, suggesting new therapeutic targets and advancing personalized medicine approaches. These 
insights highlight the potential of pharmacometabolomics to complement genomic and transcriptional data in dis-
ease characterization and treatment strategies, offering new avenues for therapeutic intervention in PE.
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Introduction
Pre-eclampsia (PE) is a severe pregnancy complica-
tion characterized by hypertension, proteinuria, and 
systemic inflammation, posing serious risks to the 
health of both the pregnant woman and the fetus [1, 
2]. Research suggests that the occurrence of PE may 
be closely linked to abnormal gene expression and dis-
ruption of cellular signaling pathways. Additionally, 
PE pregnancies are often associated with increased 
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oxidative stress [3] and placental hypoxia [4]. Risk fac-
tors for PE include a history of previous PE pregnan-
cies, high body mass index (BMI), advanced maternal 
age, and paternal factors [5, 6], collectively underscore 
the complex pathophysiological mechanisms of 
pre-eclampsia.

Moreover, studies have indicated a close association 
between the occurrence of preeclampsia (PE) and abnor-
malities in gene expression and disruptions in cellular 
signaling pathways [7–9]. microRNAs (miRNAs), a cru-
cial class of non-coding RNAs, play key regulatory roles 
in cellular biology and the development of diseases [10]. 
Among these, miR-155, a well-studied miRNA, has been 
shown to play significant roles in various diseases, yet its 
specific mechanisms in the pathogenesis of PE remain 
incompletely understood [11–13]. Through modula-
tion of the expression of multiple target genes, miR-155 
is believed to be involved in regulating essential biologi-
cal processes such as cell proliferation, apoptosis, and 
inflammatory responses, playing a critical role in the 
pathophysiology of PE [14, 15]. A comprehensive investi-
gation into the regulatory mechanisms of miR-155 in the 
development of PE can enhance our understanding of the 
pathological processes of PE and provide a vital theoreti-
cal foundation for the future development of therapeutic 
strategies targeting PE [11–13].

PKG1, also known as PKG1, plays a crucial role as a cel-
lular signaling molecule in regulating various biological 
processes such as apoptosis, proliferation, and vascular 
smooth muscle relaxation [16]. In the context of PE, the 
expression level and activity of PKG1 may be regulated 
by miRNAs. Specifically, miR-155, as a potential regula-
tory factor, may play a critical role in the pathogenesis 
of PE through its regulation of PKG1 [17]. The regula-
tory effect of miR-155 on PKG1 could lead to abnormal 
expression or changes in activity, thereby affecting the 
normal functioning of the intracellular cGMP signaling 
pathway [17]. This aberrant signal transduction often 
results in intracellular imbalance, leading to a series of 
abnormal physiological responses, including increased 
apoptosis, limited proliferation, and enhanced vascular 
tension, which could potentially contribute to the onset 
and progression of PE [18, 19]. Therefore, investigat-
ing the regulatory mechanism of miR-155 on PKG1 and 
their interaction in the pathological process of PE is of 
significant importance for a deeper understanding of the 
pathogenesis of PE and for the research and development 
of therapeutic approaches related to PE [17].

NF-κB, a critical transcription factor, plays an impor-
tant role in regulating key physiological processes such as 
inflammation, immune response, and apoptosis [20–22]. 
In PE, the activation level of NF-κB is closely associated 
with the onset and progression of this disease [23, 24].

This study aims to explore the regulatory role of miR-
155 on PKG1 in the pathogenesis of PE and further inves-
tigate the role of NF-κB in regulating miR-155 expression 
and influencing PKG1 levels. Through multidimensional 
analysis from the molecular level to cellular behavior, we 
expect to unveil the complex interactions among miR-
155, PKG1, and NF-κB. This research not only promises 
to provide new insights into the pathogenesis of PE but 
also offers a scientific basis for developing new therapies 
for the disease. By thoroughly understanding the regula-
tory mechanism of miR-155 on PKG1 and the regulatory 
role of NF-κB therein, we can provide more effective tar-
geted treatments and interventions for the clinical man-
agement of PE. This study holds significant clinical and 
scientific importance and is poised to bring about break-
throughs in the treatment and management of PE.

Materials and methods
Establishment of the PE mouse model
For the construction of the PE mouse model, we utilized 
C57BL/6J mice aged 6 to 8 weeks (strain hnslkjd005, 
from Hunan Sleek Jinda Experimental Animal Limited 
Company, Changsha). These mice were housed under 
pathogen-free conditions, with ad libitum access to food 
and water, following a 12-h light–dark cycle. Female and 
male mice were co-housed at a 2:1 ratio overnight. The 
first day of pregnancy was determined by observing mat-
ing plugs, designated as E0.5. Post-mating, six pregnant 
mice were randomly selected from each group for the 
study, while the remaining were excluded. The animal 
experiments in this study strictly adhered to international 
and national ethical guidelines and regulations concern-
ing animal research, ensuring respect and protection 
for the animals. The use of experimental animals was 
approved by the ethics committee (Approval No: 2023-
231-01), and all procedures were conducted according 
to laboratory animal experimental protocols to minimize 
animal distress and suffering.

To induce the PE model, pregnant mice were subcuta-
neously injected with L-NAME (125 mg/kg, NG-nitro-
L-arginine methyl ester hydrochloride, 51298-62-5, 
provided by MedChemExpress) starting from E10, and 
this process continued for 6 days. Following gastric lav-
age with PBS, the experimental mice were divided into 
two groups: the PLN group received L-NAME, while the 
CTRL group received the control treatment of PBS. The 
Am-treated mice also underwent L-NAME injections 
(AmLN group). Another set of mice was administered 
external AmEV (20 μg per mouse) or an equivalent vol-
ume of PBS every alternate day until D16. After 2 weeks 
of treatment, female mice were co-housed with males 
as described. Pregnant mice that received PBS gastric 
lavage were randomly assigned to two groups: the PLN 
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group received L-NAME (n = 6), and the Control group 
received an equivalent volume of PBS (n = 6). The AmEV-
treated mice were exposed to L-NAME from E10 to E16 
(PE group, n = 6). On D16, pregnant mice were anesthe-
tized with sodium pentobarbital (1.5% w/v, 60 mg/kg 
body weight). Blood samples were collected and centri-
fuged at 3000×g and 4 °C for 15 min to obtain serum, fol-
lowed by the dissection and weighing of fetuses, kidneys, 
and uteri.

The pregnant mice were divided into six groups, each 
comprising six individuals, as follows: the Control group 
(received saline injections of equivalent volume on days 
5, 8, 10, 12, and 14), the PE group, the sh-NC group 
(administered LPS injections on days 5 and 10, with pla-
cental injections of 20 μL containing 4 nmol sh-NC from 
days 12 to 16), the sh-PKG1 group (administered LPS 
injections on days 5 and 10, with placental injections of 
20 μL containing 4 nmol sh-PKG1 from days 12 to 16), 
the miR-155 antagomir + sh-NC group (administered 
LPS injections on days 5 and 10, with placental injec-
tions of 20 μL containing 2 nmol miR-155 antagomir 
and 4 nmol sh-NC), and the miR-155 antagomir + sh-
PKG1 group (administered LPS injections on days 5 and 
10, with placental injections of 20 μL containing 2 nmol 
miR-155 antagomir and 4 nmol sh-PKG1, detailed in 
(Table  S1). All animal experiments were independently 
replicated three times [25, 26].

Measurements were taken to assess blood pressure 
and urine protein levels in mice
To evaluate the specific symptoms of gestational hyper-
tension, mice underwent examinations for blood pres-
sure (BP) and urine protein levels. Indirect blood 
pressure in mice was measured using the tail-cuff ple-
thysmography method with the Visitech System BP2000 
(BP-2000, Beijing Mingxintong Biotechnology Co., Ltd.). 
Prior to the formal blood pressure measurements, all 
mice underwent a habituation period of at least 3 days 
on GD 5, 14, and 16, during which at least 5 consecutive 
blood pressure readings were taken. Simultaneously, at 
the same time points, quantitative analysis of urine pro-
tein concentration was conducted on 24-h urine samples 
from mice housed in metabolic cages using the Coomas-
sie Brilliant Blue protein assay kit (SNM297, Beijing Baio 
Caibo Technology) following the manufacturer’s instruc-
tions [27].

Evaluation of kidney and placenta morphology in mice
The kidneys of mice were fixed, embedded in paraffin, 
and sectioned into 3 μm thick slices. Hematoxylin and 
eosin (H&E) or periodic acid-Schiff (PAS) staining was 
performed to examine the morphology of the renal glo-
meruli. Placental tissues of mice were stained with H&E 

or Masson’s trichrome to assess placental morphology. 
Masson’s trichrome staining was employed to visualize 
collagen deposition, appearing blue, while muscle and 
cytoplasm exhibited shades of red to pink [28, 29].

ELISA detection
In this study, enzyme-linked immunosorbent assay 
(ELISA) was employed to detect the levels of placental 
growth factor (PIGF), soluble fms-like tyrosine kinase-1 
(sFlt-1), and tumor necrosis factor-alpha (TNF-α) in 
mouse plasma. The following kits were utilized: PIGF 
kit (KBR-hlk7524, Shanghai Keboray Biotechnology Co., 
Ltd.); sFlt-1 kit (QY-XS4075-1, Hangzhou Qiyu Bio-
technology Co., Ltd.); TNF-α kit (YSY70220, Tianjin 
Yisenyuan Biotechnology Co., Ltd.). According to the 
manufacturers’ instructions, protein levels of PIGF, sFlt-
1, and TNF-α were determined in mouse plasma [30].

High‑throughput transcriptome sequencing and data 
analysis
Placental tissues from three Control mice and three 
PE mice underwent high-throughput transcriptome 
sequencing. The specific procedures were as follows: 
Total RNA was extracted from each sample using Tri-
zol reagent (Catalog No: T9424, Sigma-Aldrich, USA) 
following the manufacturer’s instructions. RNA con-
centration, purity, and integrity were measured using 
the Qubit®2.0 Fluorometer® (Life Technologies, CA, 
USA) with the Qubit® RNA analysis kit, Nanophotom-
eter (IMPLEN, California, USA), and the RNA Nano 
6000 analysis kit on the Bioanalyzer 2100 system (Agi-
lent Technologies, Santa Clara, CA, USA) to ensure an 
A260/280 ratio between 1.8 and 2.0. Each sample had a 
total RNA content of 3 μg, serving as the input material 
for RNA sample preparation. Following the manufac-
turer’s recommendations, cDNA libraries were prepared 
using the NEBNext®UltraTM RNA Directional Library 
Prep Kit (E7760S, Gene Company, China) designed for 
Illumina, with the quality assessed on the Agilent Bioana-
lyzer 2100 system. Subsequently, sample clustering was 
performed using the TruSeq PE Cluster Kit v3 cBot HS 
(Illumina) on the cBot cluster generation system per the 
manufacturer’s instructions. Upon completion of library 
preparation, sequencing was conducted on the Illumina-
HiSeq 550 platform, generating 125 bp/150 bp paired-
end reads [31].

Quality control and differential analysis of sequencing data
The quality of paired-end reads in the raw sequencing 
data was assessed using FastQC software version 0.11.8. 
Preprocessing of the raw data was performed with Cuta-
dapt software version 1.18, involving the removal of Illu-
mina sequencing adapters and poly(A) tail sequences. 
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Additionally, a perl script was utilized to eliminate reads 
with N content exceeding 5%. High-quality reads, defined 
as those with a base quality above 20 and accounting for 
70% of the bases, were extracted using FASTX Toolkit 
software version 0.0.13. BBMap software was employed 
to repair paired-end sequences. Subsequently, the filtered 
high-quality read fragments were aligned to the mouse 
reference genome using hisat2 software version 0.7.12.

For the analysis of differentially expressed genes 
(DEGs) based on high-throughput transcriptome 
sequencing data, the R package limma was utilized. Dif-
ferential expression was determined using the criteria 
Padj < 0.05 and |logFC|> 2 [32].

RT‑qPCR
Total RNA from various intestinal tissues was extracted 
using TRIzol (15,596,026, ThermoFisher, USA). The con-
centration and purity of the extracted RNA were assessed 
using a NanoDrop 2000 spectrophotometer (ND-2000, 
ThermoFisher, USA). The mRNA was reverse transcribed 
into cDNA following the protocol of the PrimeScript RT 
reagent Kit (RR047A, Takara, Japan). The synthesized 
cDNA was subjected to RT-qPCR analysis using the Fast 
SYBR Green PCR kit (11,736,059, ThermoFisher, USA) 
with three replicates per well. GAPDH was utilized as the 
internal reference gene for mRNA, while U6 was used for 
miRNA. The experimental group’s gene expression rela-
tive to the control group was calculated using the 2−ΔΔCt 
method, where ΔΔCT = ΔCt (experimental group)—ΔCt 
(control group), and ΔCt = Ct (target gene)—Ct (refer-
ence gene). Ct represents the cycle threshold when the 
real-time fluorescence intensity reaches the predeter-
mined threshold, indicating exponential growth. Each 
experiment was repeated three times. Primer sequences 
are detailed in Table S2 [33].

Cell culture, transfection, and grouping
Human trophoblast cell line HTR-8/SVneo (TCH-C389, 
Starfish Biotechnology Co., Ltd.) and human choriocarci-
noma cell line BeWo (TCH-C403, Starfish Biotechnology 
Co., Ltd.) were purchased. The cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM, Gibco, Grand 
Island, NY, USA) supplemented with 10% fetal bovine 
serum (FBS), 1% penicillin, and 1% streptomycin and 
then incubated at 37℃ in a 5% CO2 humidified atmos-
phere. To establish an in  vitro PE cell model, HTR-8/
SVneo cells were subjected to a hypoxia-reoxygenation 
(H/R) pattern by incubating them at 2% oxygen for 16 h, 
followed by 20% oxygen at 37 °C.

Further precise transfection experiments were con-
ducted on HTR-8/SVneo and BeWo cell lines. Lipo-
fectamine 2000 (Invitrogen, USA) was used as the 
transfection reagent. According to the manufacturer’s 

protocol, molecules such as miR-155 inhibitor 
(miR212529133043-1-10, Ruibo Biotechnology Co., Ltd.), 
inhibitor NC (miR2N0000001-1-5, Ruibo Biotechnology 
Co., Ltd.), sh-PKG1 (50 nM, GenePharma), sh-NC (50 
nM, GenePharma), miR-155 mimic (miR112529132545-
1-10, Ruibo Biotechnology Co., Ltd.), and mimic NC 
(miR1N0000001-1-5, Ruibo Biotechnology Co., Ltd.) 
were introduced into the cells. The transfection process 
involved mixing the transfection reagent with each trans-
fectant to form complexes capable of effectively enter-
ing the cells, which were then added to cells in culture 
dishes grown to 70–80% confluence to facilitate the effi-
cient uptake and expression of exogenous nucleic acids. 
Additionally, cells were treated with PDTC (100 μmol/L, 
S1808, Biyuntian) and an equal amount of DMSO 
(Shaanxi Yangyuan Biotechnology Co., Ltd.).

For both the HTR-8/SVneo and BeWo cells, they were 
divided into Control group, H/R group, miR-155 inhibi-
tor group, inhibitor NC group, sh-NC group, sh-PKG1 
group, miR-155 inhibitor + sh-NC group, miR-155 
inhibitor + sh-PKG1 group, DMSO group, PDTC group, 
PDTC + mimic NC group, PDTC + miR-155 mimic group 
[34].

Transwell invasion assay matrigel‑coated
Transwell chambers (Corning, New York, USA) were 
retrieved from a − 20  °C freezing environment and 
thawed at room temperature. Subsequently, 0.5 mL of 
serum-free culture medium was added to both the cham-
bers and the corresponding 24-well plate, which were 
then placed in a 37  °C, 5% CO2 incubator for 2 h. After 
incubation, all culture media were removed. Cells were 
collected by trypsinization, washed twice with PBS, and 
suspended in serum-free DMEM. Subsequently, 600 μL 
of medium containing 10% FBS was added to the lower 
chamber, 100 μL of cell suspension was added to the 
upper chamber, and the cells were further incubated 
under the same conditions for 24 h. Following the experi-
ment, aspirate the supernatant and remove non-invading 
cells on the membrane with a cotton swab. Cells that 
invaded the membrane were fixed with 4% paraformalde-
hyde for 20 min, and stained with Giemsa staining. Five 
random fields were selected under a high-power micro-
scope to calculate and capture images of the invading 
cells [35].

Scratch test
In the scratch migration assay, cells at the logarithmic 
growth phase were first seeded into a six-well plate to 
form a monolayer. The following day, the cells were sub-
jected to respective treatments according to the assigned 
groups and then continued to be cultured at 37  °C with 
5% CO2. A 100 μL sterile pipette tip was used to scratch 
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the cell monolayer in the six-well plate, followed by 
removal of the culture medium, washing the cells twice 
with PBS, and adding serum-free medium for further 
cultivation. The scratched area was observed under a 
microscope, and its status at 0 h was used as the con-
trol. Subsequently, the plate was returned to the 37  °C 
incubator with 5% CO2 for an additional 24 h of cultiva-
tion. After the incubation period, cell migration and its 
changes were once again observed and documented [35].

Western blot
Tissues were homogenized in a mixture containing 
pre-chilled RIPA lysis buffer (Thermo Scientific, USA, 
catalog number 89901) and a mixture of 1 × protease/
phosphatase inhibitor cocktail (Thermo Scientific, USA, 
catalog number 78442) to obtain 10% (w/v) homogen-
ates. Subsequently, the homogenates were centrifuged 
at 4 °C and 13,000 rpm for 20 min followed by collection 
of the supernatant. The protein concentration was deter-
mined using the BCA method and equal amounts (30 μg) 
of denatured protein samples were separated on an SDS–
polyacrylamide gel and then transferred onto a polyvi-
nylidene fluoride (PVDF) membrane.

The membranes were blocked with 5% non-fat milk in 
TBST (Tris-buffered saline with 0.1% Tween 20) for 1 h at 
room temperature and then incubated with primary anti-
bodies overnight at 4  °C. After washing with TBST, the 
membranes were incubated with secondary antibodies 
for 2 h at room temperature. Finally, protein bands were 
visualized using ECL reagent (catalog number 34580, 
Thermo Scientific), and the relative protein content was 
expressed as the grayscale value of the respective protein 
band normalized to the grayscale value of the GAPDH 
protein band. The antibodies were listed in Table  S3. 
Densitometry analysis was conducted using ImageJ soft-
ware (NIH, Bethesda, Maryland, USA). The experiment 
was repeated three times [36].

EdU experiment
The proliferation of cells was assessed through the EdU 
experiment using the 5-ethynyl-2′-deoxyuridine labe-
ling/detection kit (BA2007, Shanghai Shangbao Bio-
technology Co., Ltd.). In each confocal culture dish 
containing cells, 200 μL of dilution solution A was added 
and incubated for 2 h in a cell culture incubator. The cells 
were washed with PBS buffer, fixed with 4% paraformal-
dehyde for 30 min, and subsequently decolorized using a 
2 mg/mL glycine solution for 5 min on a shaker at room 
temperature. Following this, 200 μL of 0.5% Triton X-100 
was added to each well and incubated at room tempera-
ture for 10 min. After a single wash with PBS buffer, 200 
μL of pre-prepared 1 × Apollo dye was added to each 
well and incubated in the dark at room temperature for 

30 min. Subsequent to two washes with PBS buffer, 0.5% 
Triton X-100 was introduced to each well for a 10-min 
incubation. Next, 200 μL of dilution solution F was added 
to each well and incubated in the dark at room tempera-
ture for 30 min, followed by two rinses with PBS buffer. 
Upon completion of the staining process, the culture 
dishes were examined under a fluorescence microscope 
[37].

Flow cytometry analysis
Flow cytometry was utilized to assess the cell death 
rate (Beckman Coulter, Brea, CA, USA). In brief, cells 
from each group (1 × 105 cells per well) were collected, 
washed with chilled PBS, and subsequently stained in 
the dark using the apoptosis assay kit (APOAF-20TST, 
Sigma-Aldrich, USA) for 15 min. Afterward, the pellet 
was resuspended in 400 μL of binding buffer and stained 
with 5 μL Annexin-V provided in the apoptosis assay kit. 
Subsequently, the cells were analyzed using the Novocyte 
flow cytometer (ACEA Biosciences Inc., San Diego, CA, 
USA) [38].

Fluorescent enzyme reporter gene assay
In this study, we first utilized miRDB to predict the 
potential binding sites between miR-155 and the PKG1 
protein. Based on these predictive data, we designed 
and synthesized wild-type (wt-PKG1) and mutant-type 
(mut-PKG1) sequences of PKG1. Subsequently, these 
sequences were cloned into the fluorescent enzyme 
reporter vector pGL3-Promoter (VQP0124, Yingrun 
Biotechnology).

In the experiment, we utilized standard mimics (50 
nM) and miR-155 negative control (50 nM, GeneP-
harma). These mimics were co-transfected with the 
fluorescent enzyme reporter vector into HTR-8/SVneo 
cells. Upon completion of transfection, we measured the 
luminescence intensity of each sample using the dual-
luciferase reporter gene assay kit provided by Promega to 
validate the interaction between miR-155 and PKG1.

To ensure the accuracy and reproducibility of the 
experimental results, we established the following experi-
mental groups and conducted three replicates for each 
group: mimic + mut-PKG1 group, mimic + wt-PKG1 
group, mimic NC (negative control) + mut-PKG1 group, 
and mimic NC + wt-PKG1 group [28].

RNA pull‑down experiment method
In this study, we employed the Pierce Magnetic RNA–
Protein Pull-Down assay kit (20,164, Merck) provided 
by Millipore to conduct the RNA Pull-down experiment. 
Initially, we biotinylated the PKG1 protein (Geneseed, 
Guangzhou, China) and incubated it with biotinylated 
negative controls in lysates of HTR-8/SVneo cells at 
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room temperature for 2 h. Subsequently, the experiment 
involved incubation with magnetic beads conjugated 
with streptavidin at the same temperature for 1 h to cap-
ture the complex formed by PKG1 and miR-155. Follow-
ing the incubation, the mixture was further treated with 
a buffer containing proteinase K at room temperature 
for 1 h. Finally, the eluted complex was analyzed through 
a quantitative reverse transcription-polymerase chain 
reaction [39].

Statistical analysis methods
Our study utilized R language version 4.2.1 for data 
processing, with the assistance of the integrated devel-
opment environment RStudio version 4.2.1 for compi-
lation. Additionally, Perl language version 5.30.0 was 
employed for file handling, along with Origin statistical 
software version 2021. Continuous data were expressed 
as means ± standard deviations, and between-group com-
parisons were conducted using an independent samples 
t-test [40]. Data comparisons between different groups 
were performed using a one-way analysis of variance, 
with a significance level set at p < 0.05 [41].

Results
Studies on PE model mice and in vitro cell research reveal 
the pivotal role of miR‑155 in the pathogenesis of PE
PE is a multi-organ disease caused by various factors that 
pose a significant threat to maternal and infant health, yet 
its etiology and pathogenesis remain incompletely under-
stood. In order to investigate the molecular mechanisms 
involved in the development of PE, we first established 
a PE mouse model (Fig. S1A). Compared to the Con-
trol group, the PE group exhibited significantly higher 
systolic and diastolic blood pressure, proteinuria levels, 
and a notable decrease in the number of fetuses and pla-
centas (Fig. S1B–D). Furthermore, it was observed that 
compared to the Control group, pregnant mice in the PE 
group had significantly reduced placental growth factor 
(PlGF) expression and increased levels of soluble fms-
like tyrosine kinase-1 (sFlt-1) and tumor necrosis factor-
alpha (TNF-α) (Fig. S1E). Subsequent evaluation of the 
morphological changes in maternal kidneys and placen-
tas revealed that compared to the Control group, the PE 

group showed signs of glomerular atrophy and narrow-
ing of glomerular spaces in renal tissue, along with more 
intense blue staining in labyrinth layers of placental tissue 
in Masson’s trichrome staining (Fig. S1F). These results 
confirm the successful construction of the PE mouse 
model.

Subsequently, miRNA transcriptomic sequencing was 
performed on mouse placental tissues, resulting in the 
identification of 23 significantly differentially expressed 
miRNAs (Fig. 1A). Validation of the three miRNAs with 
the greatest differential expression (miR-155, miR-127, 
and miR-99b) using RT-qPCR revealed that the expres-
sion level of miR-155 in PE mouse placental tissues was 
significantly higher than in the control group, showing 
the most pronounced difference (Fig. 1B). Therefore, fur-
ther investigation will focus on elucidating the regulatory 
mechanisms of miR-155 in the onset and progression of 
PE.

Building upon this, human trophoblast-derived cell 
lines HTR-8/SVneo and BeWo were subjected to a H/R 
model to establish an in  vitro PE cell model. Transfec-
tion of these cells with a miR-155 inhibitor and subse-
quent H/R treatment (Fig.  1C) showed that in the H/R 
group, the expression of miR-155 significantly increased, 
while transfection with the miR-155 inhibitor mark-
edly reduced the level of miR-155 (Fig.  1D). Transwell 
and scratch assays indicated that in HTR-8/SVneo cells, 
H/R treatment decreased the invasive and migratory 
abilities of the cells, whereas transfection with the miR-
155 inhibitor significantly enhanced these capabilities 
(Fig. 1E–F). Furthermore, compared to the control group, 
the H/R group exhibited a significant decrease in mark-
ers associated with improved invasiveness of the nutritive 
layer (N-cadherin, vimentin, and Twist) and a notable 
increase in the inhibitory marker (E-cadherin), which 
was reversed by transfection with the miR-155 inhibitor 
(Fig. 1G).

Furthermore, the influence of miR-155 on trophoblast 
cell proliferation was evaluated through EdU assays. It 
was found that in HTR-8/SVneo cells, compared to the 
control group, cell proliferation significantly decreased 
in the H/R group, but transfection with the miR-155 
inhibitor promoted cell proliferation (Fig. 1H). Regarding 

Fig. 1  miR-155 Inhibits the Invasion of Human Trophoblast-Derived Cell Lines HTR-8/SVneo. Note: A Heat map showing miRNA transcriptome 
sequencing in mouse placental tissue; B RT-qPCR analysis of the expression levels of miR-155, miR-127, and miR-99b, n = 6; C Flowchart of cell 
treatment; D RT-qPCR analysis of miR-155 expression in human trophoblast-derived cell lines HTR-8/SVneo and BeWo after H/R treatment; E 
Transwell assay assessing the invasive capability of trophoblast cells HTR-8/SVneo, scale bars = 50μm; F Scratch assay evaluating the migratory ability 
of trophoblast cells HTR-8/SVneo, scale bars = 100 μm; G Western Blot analysis of N-cadherin, vimentin, Twist, and E-cadherin expression levels; H 
EDU staining for assessing the proliferative capacity of trophoblast cells HTR-8/SVneo, scale bars = 50 μm; I Flow cytometry analysis of apoptosis 
in trophoblast cells HTR-8/SVneo. Cell experiments were repeated three times (n = 3), * indicates p < 0.05 between the two groups

(See figure on next page.)



Page 7 of 17Luo et al. Biology Direct          (2024) 19:121 	

E

F

A D

G

H

I

miR-155 miR-127 miR-99b
0

1

2

3

4

Ex
pr

es
si

on
 o

f m
iR

N
A Control

PE
✱

✱

✱

HTR8/SVneo JEG-3
0

1

2

3

4

5

Ex
pr

es
si

on
 o

f m
iR

-1
55

Control
H/R
inhibitor NC
miR-155 inhibitor

*
*

* *

Contro
l

H/R

inhibito
r N

C

miR
-15

5 i
nhibito

r
0

20

40

60

80

100

R
at

io
 o

f c
el

l m
ig

ra
tio

n 
(%

) ✱

✱

E-cadherin vimentin N-cadherin Twist
0.0

0.5

1.0

1.5

2.0

2.5

Ex
pr

es
si

on
 o

f p
ro

te
in

Control
H/R
inhibitor NC
miR-155 inhibitor

✱
✱

✱
✱

✱ ✱ ✱
✱

Contro
l

H/R

inhibito
r N

C

miR
-15

5 i
nhibito

r
0

20

40

60

80

E
dU

 p
os

iti
ve

 c
el

ls
(%

 )

✱

✱

Contro
l

H/R

inhibito
r N

C

miR
-15

5 i
nhibito

r
0

10

20

30

A
po

pt
ot

ic
(G

at
ed

%
) ✱

✱

Contro
l

H/R

inhibito
r N

C

miR
-15

5 i
nhibito

r
0

50

100

150

200

N
um

be
r o

f i
nv

as
iv

e 
ce

lls

✱
✱

D
AP

I
Ed

U
M

er
ge

name
type

type
C
T

name
control1
control2
control3
treat1
treat2
treat3

−1.5

−1

−0.5

0

0.5

1

1.5

B

C

Fig. 1  (See legend on previous page.)



Page 8 of 17Luo et al. Biology Direct          (2024) 19:121 

apoptosis, the H/R group exhibited a significantly higher 
level of apoptosis compared to the control group, which 
was partially inhibited by transfection with the miR-155 
inhibitor (Fig. 1I). Similar results were observed in BeWo 
cells (Fig. S2A–D). These findings further underscore the 
pathogenic mechanism in PE involving miR-155 inhibi-
tion of trophoblast cell infiltration and promotion of 
trophoblast cell apoptosis.

MicroRNA‑155 regulation of PKG1 in the pathogenesis 
of PE: mechanistic insights and identification of potential 
therapeutic targets
To investigate further the molecular mechanisms under-
lying miR-155 regulation in the progression of PE, we 
utilized the miRDB database to identify the binding site 
of miR-155 on PKG1 (Fig.  2A). Through dual-luciferase 
reporter gene analysis, we observed a significant decrease 
in luciferase activity in the experimental group contain-
ing the wild-type PKG1 sequence in the presence of the 

mimic (Fig. 2B), thereby confirming the direct interaction 
between miR-155 and PKG1. Furthermore, RNA pull-
down experiments validated the binding of endogenous 
miR-155 to biotinylated PKG1 probes (Fig. 2C), strength-
ening the evidence of the miR-155 and PKG1 interaction.

Subsequent examination of PKG1 expression in placen-
tal tissues from PE mice, control group, and H/R-treated 
HTR-8/SVneo cells was performed using RT-qPCR and 
Western Blot analysis. The results indicated a signifi-
cant downregulation of PKG1 expression in placental 
tissues of PE mice and H/R-treated HTR-8/SVneo cells 
compared to the control group (Fig.  2D–G). Remark-
ably, transfection of HTR-8/SVneo cells with a miR-
155 inhibitor followed by exposure to H/R conditions 
led to a significant upregulation of PKG1 expression 
as demonstrated by RT-qPCR and Western Blot analy-
ses (Fig. 2H–I). Similar findings were observed in BeWo 
cells (Fig.  2J–M). These discoveries not only unveil the 
potential role of miR-155 in regulating PKG1 during PE 
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Fig. 2  miR-155 promotes apoptosis in human trophoblast-derived cell lines. Note: A Prediction of the binding sites of PKG1 and miR-155 
from the miRDB website; B Confirmation of the interaction between PKG1 and miR-155 by dual-luciferase reporter gene assay; C Validation 
of the interaction between PKG1 and miR-155 through RNA pull-down analysis; D Detection of PKG1 mRNA expression in mouse placental 
tissues by RT-qPCR; E Evaluation of PKG1 protein expression in mouse placental tissues by Western Blot, n = 6; F Measurement of PKG1 mRNA 
expression in H/R-treated HTR-8/SVneo cells by RT-qPCR; G Analysis of PKG1 protein expression in H/R-treated HTR-8/SVneo cells by Western Blot; 
H Assessment of PKG1 mRNA expression in HTR-8/SVneo cells transfected with miR-155 inhibitor by RT-qPCR; I Determination of PKG1 protein 
expression in HTR-8/SVneo cells transfected with miR-155 inhibitor by Western Blot; J Quantification of PKG1 mRNA expression in H/R-treated BeWo 
cells by RT-qPCR; K Examination of PKG1 protein expression in H/R-treated BeWo cells by Western Blot; L Measurement of PKG1 mRNA expression 
in BeWo cells transfected with miR-155 inhibitor by RT-qPCR; M Analysis of PKG1 protein expression in BeWo cells transfected with miR-155 inhibitor 
by Western Blot. Cell experiments were repeated three times (n = 3). * indicates a statistical significance of p < 0.05 between the two groups
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development but also provide crucial molecular targets 
for future therapeutic strategies.

The mechanism and impact of miR‑155 regulation of PE 
trophoblast cell function via targeting PKG1
In order to gain a deeper understanding of the impact 
of miR-155 on PE trophoblast cell function, particularly 
elucidating how it functions through targeting PKG1, 
we transfected HTR-8/SVneo cells with sh-PKG1 and a 
miR-155 inhibitor, followed by exposure to H/R condi-
tions (Fig. 3A). Results from RT-qPCR and Western Blot 
analyses revealed that silencing PKG1 led to a decrease 
in intracellular levels of both PKG1 mRNA and protein. 
Comparing cells co-transfected with the miR-155 inhibi-
tor and sh-PKG1 to cells transfected solely with the miR-
155 inhibitor, a significant decrease in PKG1 expression 
levels was observed (Fig. 3B–C).

Furthermore, findings from Transwell and scratch 
assays demonstrated that sh-PKG1 effectively reversed 
the enhanced invasive and migratory capabilities of 
HTR-8/SVneo cells induced by the miR-155 inhibitor 
(Fig.  3D–E). At the protein level, cells co-transfected 
with both sh-PKG1 and the miR-155 inhibitor exhib-
ited marked reductions in the expression of N-cad-
herin, vimentin, and Twist, while E-cadherin expression 
increased compared to cells transfected only with the 
miR-155 inhibitor (Fig. 3F).

Moreover, compared to the sh-NC group, cells treated 
with sh-PKG1 displayed significantly reduced prolifera-
tion and notably increased apoptosis levels. Co-trans-
fection of the miR-155 inhibitor and sh-PKG1 resulted 
in a further decrease in proliferation and a significant 
increase in apoptosis compared to cells transfected solely 
with the miR-155 inhibitor (Fig. 3G–H). Similar patterns 
were observed in BeWo cells, corroborating our find-
ings and suggesting the reproducibility of these effects 
across different trophoblast-derived cell lines (Fig. S3A–
F). These results highlight the central role of miR-155 in 
inhibiting PE-related trophoblast cell invasion, migration, 
proliferation, and promoting apoptosis, revealing its exe-
cution of these functions through modulation of PKG1 
expression.

NF‑κB promotes miR‑155 impact on trophoblast cell 
viability
The study revealed that NF-κB can promote the involve-
ment of miR-155 in inflammatory responses [42]. To gain 
a deeper understanding of the molecular mechanism by 
which miR-155 regulates PE trophoblast cells, we con-
ducted analyses using RT-qPCR and Western Blot. Our 
observations in mouse placental tissues affected by PE 
and in HTR-8/SVneo cells subjected to H/R treatment 
showed no difference in the expression levels of NF-κB 
p65, while the expression of p-NF-κB p65 was signifi-
cantly higher than in the controFigurel group. This result 
highlights the importance of NF-κB activation under 
pathological conditions (4A–D).

In further experiments, we treated trophoblast cells 
with the NF-κB inhibitor PDTC and simulated its biolog-
ical effects by transfecting with miR-155 mimic (Fig. 4E). 
The results of the analysis indicated that inhibiting 
NF-κB not only decreased the expression of miR-155 but 
also increased the level of PKG1. Transfection with miR-
155 mimic reversed the effects of PDTC, enhancing the 
expression of miR-155 and suppressing the level of PKG1 
(Fig. 4F–G).

Regarding cell invasion and migration, results from 
Transwell and scratch tests showed that cells treated 
with PDTC exhibited significantly enhanced invasion 
and migration abilities compared to the DMSO control 
group. In contrast, the PDTC + miR-155 mimic group 
displayed weakened invasion and migration capabilities 
compared to the PDTC + mimic NC group. At the pro-
tein level, PDTC treatment significantly increased the 
expression of N-cadherin, vimentin, and Twist while 
reducing E-cadherin expression. Conversely, compared 
to the PDTC + mimic NC group, the PDTC + miR-
155 mimic-treated cells showed reduced expression of 
N-cadherin, vimentin, and Twist and increased expres-
sion of E-cadherin (Fig. 4H–J).

Furthermore, trophoblast cells treated with PDTC 
showed significantly increased proliferative capac-
ity and markedly decreased apoptosis levels compared 
to the DMSO control group. When cells were trans-
fected with miR-155 mimic, the PDTC + miR-155 mimic 
group exhibited a decrease in proliferative capacity and 

Fig. 3  Evaluation of the Growth Status of Trophoblast Cell Line HTR-8/SVneo. Note: A Schematic of cell transfection process; B RT-qPCR analysis 
of PKG1 mRNA expression levels in different groups of HTR-8/SVneo cells; C Western Blot assessment of PKG1 protein expression levels in various 
groups of HTR-8/SVneo cells; D Transwell assay measuring the invasive capacity of trophoblast cell line HTR-8/SVneo, scale bars = 50 μm; E Scratch 
assay evaluating the migratory capability of trophoblast cells HTR-8/SVneo, scale bars = 100 μm; F Western Blot analysis of N-cadherin, vimentin, 
Twist, and E-cadherin expression levels; G EDU staining for assessing the proliferative ability of trophoblast cells HTR-8/SVneo, scale bars = 50 μm; 
H Flow cytometry analysis of apoptosis in trophoblast cells HTR-8/SVneo. Cell experiments were repeated three times (n = 3), * indicates p < 0.05 
between the two groups

(See figure on next page.)
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a significant increase in apoptosis rate compared to the 
PDTC + mimic NC group (Fig.  4K–L). Similar trends 
were observed in the BeWo cell line, further reinforcing 
our findings and indicating that NF-κB and miR-155 play 
consistent and reproducible roles in regulating prolif-
eration and apoptosis in trophoblast cells (Fig. S4A–H). 
These findings further confirm that NF-κB regulates 
invasion, migration, proliferation, and apoptosis in PE 
trophoblast cells through miR-155.

In vivo validation of mir‑155 targeting PKG1 in promoting 
the PE process
To investigate the regulatory mechanism of miR-155 
targeting PKG1 in the PE process, we established a suc-
cessful mouse model of PE and locally injected placen-
tal tissues to explore the impact of miR-155 targeting 
PKG1 on the pathogenesis of PE (Fig. 5A). We observed 
that silencing PKG1 not only resulted in elevated blood 
pressure and increased proteinuria levels in preeclamp-
tic mice but also significantly decreased the number of 
fetuses and placentas. In preeclamptic mice treated with 
a combination of miR-155 antagomir and sh-PKG1, com-
pared to those treated with miR-155 antagomir alone, 
higher blood pressure and proteinuria levels, as well as 
a lower number of fetuses and placentas, were observed, 
suggesting that miR-155 targeting PKG1 might exacer-
bate the symptoms of PE (Fig. 5B–D).

Further analysis revealed that compared to the sh-NC 
group, pregnant mice treated with sh-PKG1 showed a 
significant decrease in Placental Growth Factor (PIGF) 
expression and a marked increase in soluble fms-like 
tyrosine kinase-1 (sFlt-1) and tumor necrosis factor-
alpha (TNF-α) expression. When miR-155 antagomir and 
sh-PKG1 were used in combination, preeclamptic mice 
exhibited a further reduction in PIGF expression and 
increased expression of sFlt-1 and TNF-α compared to 
using miR-155 antagomir alone (Fig. 5E–G).

Further investigations revealed that transfection of 
miR-155 antagomir reduced miR-155 levels, whereas 
silencing PKG1 did not affect miR-155 expression 
(Fig. 6A). Additionally, the co-administration of miR-155 

antagomir and sh-PKG1 led to an increase in PKG1 
expression in preeclamptic mice compared to using 
sh-PKG1 alone (Fig.  6B–C). Morphological changes in 
maternal kidneys and placental tissues were assessed. 
Mice treated with sh-PKG1 exhibited more severe kid-
ney damage, including glomerular atrophy and narrowed 
cyst cavities, in contrast to the sh-NC group. In placental 
tissues, denser blue staining under Masson’s trichrome 
stain indicated pathological changes in the labyrinth 
layer. Combinatorial treatment of miR-155 antagomir 
and sh-PKG1 showed more pronounced morphological 
damage in kidneys and placentas in mice compared to 
miR-155 antagomir + sh-NC treatment (Fig.  6D). At the 
protein level, pregnant mice treated with sh-PKG1 dis-
played reduced expression of N-cadherin, vimentin, and 
Twist and increased expression of E-cadherin compared 
to the sh-NC group. Moreover, the combined treatment 
of miR-155 antagomir and sh-PKG1 showed a decreasing 
trend in N-cadherin, vimentin, and Twist expression and 
an increase in E-cadherin expression in mice compared 
to miR-155 antagomir + sh-NC treatment (Fig. 6E). Over-
all, these findings elucidate the potential role of miR-155 
targeting PKG1 in exacerbating the progression of PE, 
highlighting the beneficial role of PKG1 in maintaining 
pregnancy balance and laying a foundation for potential 
future therapeutic targets.

Discussion
miR-155’s regulation of PKG1 in PE has been a subject of 
significant interest. This study, through in-depth experi-
ments and analysis, reveals the critical role of miR-155 
and PKG1 in the pathogenesis of PE. In contrast to prior 
research, our study systematically investigates the direct 
regulatory relationship between miR-155 and PKG1, con-
firming miR-155’s negative regulatory effect on PKG1 
through in vivo and in vitro experiments. This discovery 
provides new evidence for understanding the role of miR-
155 in the pathogenesis of PE and establishes an experi-
mental foundation for the potential therapeutic targeting 
of miR-155 [11, 13, 43].

(See figure on next page.)
Fig. 4  Evaluation of the Growth Status of Trophoblast Cell Line HTR-8/SVneo. Note: A RT-qPCR analysis of NF-κB p65 mRNA expression levels 
in mouse placental tissues from various groups; B Western Blot assessment of NF-κB p65 and p-NF-κB p65 protein expression levels in mouse 
placental tissues from different groups; C RT-qPCR analysis of NF-κB p65 mRNA expression levels in H/R-treated HTR-8/SVneo cells; D Western 
Blot analysis of NF-κB p65 and p-NF-κB p65 protein expression levels in H/R-treated HTR-8/SVneo cells; E Schematic of cell transfection process; F 
RT-qPCR analysis of NF-κB p65 mRNA, PKG1 mRNA, and miR-155 expression levels in H/R-treated HTR-8/SVneo cells; G Western Blot assessment 
of NF-κB p65, p-NF-κB p65, and PKG1 protein levels in different cell groups; H Transwell assay to measure the invasive capacity of trophoblast 
cell line HTR-8/SVneo, scale bars = 50 μm; I Scratch assay evaluating the migratory ability of trophoblast cells HTR-8/SVneo, scale bars = 100 μm; 
J Western Blot analysis of N-cadherin, vimentin, Twist, and E-cadherin expression levels; K EDU staining for assessing the proliferative capacity 
of trophoblast cells HTR-8/SVneo, scale bars = 50 μm; L Flow cytometry analysis of apoptosis in trophoblast cells HTR-8/SVneo. Cell experiments 
were repeated three times (n = 3), * indicates p < 0.05 between the two groups
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The mutual regulation mechanism between miR-155 
and NF-κB in the pathogenesis of PE is another impor-
tant finding of this study. Compared to previous studies, 
our research delves into NF-κB’s regulatory role in miR-
155 expression, revealing that the NF-κB inhibitor PDTC 
can modulate cell functions by regulating the expression 
levels of miR-155 and PKG1. This finding expands the 
understanding of NF-κB’s role in the pathogenesis of PE 
and provides new directions for future research [44, 45].

The study focuses on the mechanisms of miR-155 and 
PKG1 in regulating cellular behaviors. In contrast to 
prior studies, we experimentally confirm through the 

Cell signaling pathway that miR-155 inhibition affects 
cell invasion, migration, and proliferation and further 
demonstrate that miR-155 inhibition can reverse the 
pathological manifestations of PE cells. These results 
deepen the understanding of the interaction mechanisms 
between miR-155 and PKG1 in regulating cellular behav-
iors and offer new insights for the treatment of related 
diseases [17].

The biological effects of NF-κB in the pathogenesis of 
PE are another significant aspect of this study. We discov-
ered NF-κB activation in PE and further experimentally 
validated the regulatory effects of the NF-κB inhibitor 
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PDTC on miR-155 and PKG1. Unlike prior studies, our 
research confirms the impact of NF-κB activation on 
miR-155 expression levels, thereby influencing the func-
tional state of cells. This result deepens the understand-
ing of NF-κB’s critical role in the pathogenesis of PE.

The innovation of this study lies in the comprehensive 
investigation of the crucial regulatory mechanisms of 
miR-155 and PKG1 in PE while also revealing the sig-
nificant role of NF-κB in this process. These research 
findings not only enhance the understanding of the 
pathophysiology of PE but also provide a theoretical basis 
for the development of novel therapeutic strategies and 
drugs. They hold important scientific and clinical appli-
cation value, with potential prospects in future research 
and clinical practice.

However, this study also faces some limitations, such as 
a small sample size and room for improvement in experi-
mental design. It is necessary to refine the experimental 
design further, expand the sample size, and validate the 
stability and reproducibility of the experimental results in 
future studies. Additionally, future research could delve 
into the expression levels of miR-155 and PKG1 in differ-
ent populations and their clinical implications to provide 
stronger support for personalized therapy.

Overall, the experimental design and interpretation 
of results in this study provide compelling evidence for 
elucidating the roles of miR-155 and PKG1 in the patho-
genesis of PE. This study offers new insights and a theo-
retical foundation for therapeutic strategies and drug 
development for PE, bearing significant scientific and 
clinical implications. Looking ahead, further research can 
delve deeper into the regulatory mechanisms of miR-155, 

PKG1, and NF-κB to lay the groundwork for a better 
understanding of the mechanisms underlying PE and the 
development of more effective treatment strategies.

Conclusion
In this study, we delved into the role of miR-155 in the 
pathogenesis of PE, specifically its regulatory impact on 
cGMP-dependent protein kinase I (PKG1). Our experi-
mental findings demonstrate a significant upregulation of 
miR-155 expression in a PE mouse model. This discovery 
is crucial for understanding the molecular mechanisms 
of PE, as alterations in miR-155 directly affect the inva-
sive, migratory, proliferative, and apoptotic abilities of 
trophoblast cells. By inhibiting miR-155 expression, we 
observed a notable improvement in trophoblast cell func-
tion, further confirming the critical role of miR-155 in 
the pathogenesis of PE (Fig. 7).

Furthermore, our research revealed the importance of 
the NF-κB pathway in regulating miR-155 expression. 
NF-κB, as a key cytokine, plays a vital role in control-
ling gene expression in various pathological processes. 
Under PE conditions, NF-κB activation may be one of 
the primary mechanisms leading to the upregulation of 
miR-155 expression. This finding not only presents a new 
molecular target for PE but also paves the way for future 
therapeutic strategies.

However, our study has several limitations. For exam-
ple, while we validated the targeting relationship between 
miR-155 and PKG1, the specific biological functions 
and mechanisms of PKG1 in PE remain unclear. Future 
research should delve deeper into exploring the role of 
PKG1 in the pathogenesis of PE and how it is regulated 
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Fig. 7  The Molecular Mechanism of NF-κB-Mediated miR-155 Targeting PKG1 in Influencing the Progression of PE
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by miR-155. Given the complexity of PE and the involve-
ment of numerous factors, studying other potential mol-
ecules and signaling pathways is equally important.

In conclusion, our study provides new insights into the 
intricate molecular mechanisms of PE and a scientific 
basis for developing therapeutic strategies based on miR-
155. We hope that these discoveries will lay the founda-
tion for future clinical research and ultimately improve 
the treatment outcomes of PE patients by targeting miR-
155 and its related pathways. With ongoing research 
uncovering more about the molecular mechanisms of PE, 
we look forward to developing more effective prevention 
and treatment strategies to enhance maternal and infant 
health globally.
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