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Preeclampsia leads to high fetal morbidity and pregnancy-induced mortality. However, the 
detailed molecular pathology of PE is currently unknown. shp1 has been shown to be critical to 
the pathogenesis of several diseases, but their role in PE requires further validation. In this study, 
TPI-1 administration significantly worsened PE mice resulting in impaired spiral artery remodelling. 
According to Western blot results, TPI-1 administration down-regulated the protein expression of SHP1 
and up-regulated the protein expression of p-P38, p-Src. YAP, SP1, and JAG-1 in PE mice. In addition, 
Shp1 OE promoted Shp1 and p-Shp1 expression and inhibited SMCs cellular NICD, c-Myc, CyclinD1, 
MMP- through inhibition of trophoblast p-P38, SP1, PI3K, YAP, JAG1 protein expression as determined 
by in vitro trophoblast cell lines and smooth muscle cells cultured with trophoblast cell serum. 9, 
MMP-2 expression inhibited the proliferation and migration of SMCs cells. The P38 activator metformin 
Hcl inhibited the action of Shp1 OE. The SP1 activator plicamycin inhibited the action of metformin 
hydrochloride. The PI3K activator 740 Y-P inhibited the action of SP1 activator. The YAP inhibitor CA3 
(CIL56) inhibited the action of the action of SP1 activators. In summary, SHP1 affects preeclampsia by 
inhibiting the expression of P38/SP1/PI3K/YAPxd proteins in trophoblast cells, which in turn regulates 
the protein expression of NICD, c-Myc, CyclinD1, MMP-9, MMP-2 in SMCs cells.
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Preeclampsia (PE) is one of the leading causes of maternal complications and mortality globally, affecting about 
5–8% of pregnant women each year and leading to more than 70,000 maternal deaths and 500,000 foetal deaths 
worldwide each year1,2. PE is characterised by new-onset hypertension, usually occurring after 20  weeks of 
gestation, and end-organ dysfunction1–3. Depending on the time of onset, PE can be classified as early-onset PE 
(before 34 weeks of gestation) and late-onset PE (after 34 weeks of gestation), which are considered to have different 
characteristics in terms of clinical presentation and pathological mechanisms4. In addition, preeclampsia has 
been associated with adverse neonatal outcomes, including respiratory distress syndrome, bronchopulmonary 
dysplasia, neurodevelopmental delay, and fetal or neonatal death5. Although the clinical manifestations and 
effects of PE have been extensively studied, the detailed molecular pathological mechanisms remain unclear. In 
recent years, several studies have revealed that multiple signalling pathways play key roles in the pathogenesis 
of PE, including the PI3K-Akt pathway, the Wnt/β-catenin pathway and the mTOR pathway6–8. These pathways 
play important roles in cell proliferation, migration and survival and may be potential therapeutic targets for PE.

Shp1 (Src homology domain 2 tyrosine phosphatase 1) is an important protein tyrosine phosphatase, 
which is widely found in a variety of cell types, and has important regulatory roles in a variety of cellular 
signalling pathways9–11. shp1 is involved in a variety of physiological and pathological processes including cell 
proliferation, differentiation, migration and apoptosis through the modulation of the phosphorylation status of 
its substrates12. The function and expression levels of Shp1 have been extensively studied in a variety of diseases, 
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e.g. in autoimmune diseases, Shp1 has been suggested to be a key regulator in the maintenance of immune 
tolerance11; in tumours, inactivation of Shp1 is associated with proliferation and invasion of cancer cells9; and in 
cardiovascular diseases, alterations in the activity of Shp1 are closely associated with vascular inflammation and 
vascular remodelling13. Although the role of Shp1 in a variety of diseases has been clarified, the specific role in 
PE requires further study.

In view of this, in this study, we explored the mechanism of Shp1 in PE pathogenesis by using the Shp1 
inhibitor TPI-1 and Shp1 overexpression (Shp1 OE) experiments, and deeply analysed the potential regulatory 
role of the P38/SP1/PI3K/YAP signaling pathway in it. Our results not only help to understand the molecular 
pathological mechanism of PE, but also may provide new ideas and targets for the treatment of PE.

Methods
Raw letter analysis
Pre-eclampsia related dataset GSE74341 downloaded from the GEO database contained gene expression data 
from 7 EOPE placental tissues and 5 control placental tissues, which were background corrected, normalised and 
corrected for batch effects, and then differentially expressed using the limma package, with the screening criteria 
of |log2 Fold Change|> 1 and a p value of < 0.05. Differentially expressed genes GO and Kyoto Encyclopedia of 
Genes and Genome (KEGG) pathway enrichment analyses were performed by the ClusterProfiler package, and 
correlations between gene variables were analysed using Spearman statistics14,15.

Construction of a PE mouse model
The procedures were in accordance with the ARRIVE guidelines (https://arriveguidelines.org). All procedures 
involving animals in this study were performed in following the institutional ethical guidelines. The animal 
experiments in this study have been approved by the Laboratory Animal Welfare Ethics Committee of Hebei 
North University, and the ethics batch number is HBNU2023022720147. C57BL/6 J mice (8 weeks old, weighing 
18–20 g) were purchased from Henan Skibbes Biotechnology Co. Mice were reared without restriction of diet 
and water under pathogen-free conditions in a 12-h light–dark cycle at a fixed temperature of 25 °C. PE mice 
were modelled16 as previously described, and pregnancies were obtained by overnight allocation of females to 
fertile males in a ratio of 2:1, with the presence of a vaginal plug defined as a gestational day (GD) of 0.5. The 
experimental PE model was performed by daily subcutaneous infusion of L-NAME (40 mg/kg body weight) 
and L-NAME (1 mg/kg body weight). NAME (40 mg/kg body weight, N5751, Sigma Aldrich, Allentown, PA, 
USA) was induced in pregnant mice by daily subcutaneous infusion of L-NAME (40 mg/kg body weight, N5751, 
Sigma Aldrich, Allentown, PA, USA), ranging from GD 9.5 to GD 17.5. The TPI-1 group was treated with oral 
TPI-1 (3 mg/kg, daily, 5 d/wk) on top of the PE mice17.

Histological analysis
For histological assessment, HE and immunohistochemical analyses were performed. Tissues were fixed in 
4% paraformaldehyde and subsequently embedded in paraffin. Then, 4 μm thick transects were processed for 
morphological analysis.

HE staining: the sections were stained by hematoxylin solution for 5  min, 1% hydrochloric acid alcohol 
differentiation, and eosin solution for 30  s before sealing and photographing the sections by light optical 
microscopy, respectively.

Regarding the immunohistochemical analysis, the sections were incubated with primary antibody CD31 
(1:100, ab29364, Abcam) at 4  °C overnight. Subsequently, these sections were incubated with fluorescent 
secondary antibody. Cell nuclei were stained with DAPI (Invitrogen, Thermo Fisher Scientific, Shanghai, 
China). The sections were photographed using a fluorescence microscope (Olympus BX53, Tokyo, Japan). At 
least 5 random images from three samples were analysed per group. Immunohistochemical statistical analysis of 
optical density (OD) was performed.

Western blot
Tissues or cells were lysed by RIPA lysis buffer (Beyotime, Shanghai, China), proteins were isolated and 
quantified by BCA kit. Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis at 
120 V, followed by transferring the proteins to a PVDF membrane. The membranes were closed by 5% skimmed 
milk powder for 1 h and then primary antibodies were co-incubated with the membranes at 4 °C overnight. The 
membrane is then incubated with the HRP-coupled secondary antibody for 1 h at room temperature. Detection 
by exposure to chemiluminescence (ECL) kit (Solarbio, Beijing, China). Primary antibodies: p-P38 (1:1000, 
ab178867, Abcam), SP1 (1:1000, ab231778, Abcam), PI3K (1:1000, ab302958, Abcam), YAP (1:1000, ab2205270, 
Abcam), JAG1 (1:1000, ab109536, Abcam). ab109536, Abcam), NICD (1:1000, ab8925, Abcam), c-Myc (1:1000, 
ab32072, Abcam), CyclinD1 (1:10,000, ab134175, Abcam), MMP-9 (1:1000, ab76003, Abcam) MMP-2 (1:1000, 
ab181286, Abcam).

Cell culture
Human chorionic trophoblast cells HTR8/SVneo and Human Uterine Smooth Muscle Cells were purchased 
from Pricella(Wuhan, China) and maintained in standard culture conditions (37  °C, 5% CO2) using RPMI-
1640 medium (Sigma-Aldrich, Merck KGaA, Germany) containing 5% foetal bovine serum (FBS), 100 Units/
ml penicillin and 100  μM streptomycin. RPMI-1640 medium (Sigma-Aldrich, Merck KGaA, Germany) 
containing 5% foetal bovine serum (FBS), 100 units/ml penicillin and 100 μM streptomycin. To establish a PE 
trophoblast model, HTR-8/SVneo cells were cultured in hypoxic low-serum low-glucose conditions (1% O2) at 
37 °C. Lipofectamine 3000 reagent (Invitrogen, Thermo Fisher Scientific, Shanghai, China) was used for HTR-8/
SVneo transfection. For Shp1 overexpression, cells were infected with lentivirus (HANBIO Shanghai, China) 
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and then selected with 1 μg/ml puromycin (Sigma-Aldrich, Merck KGaA, Germany) . Transfection efficiency 
was determined by Western blot. Regarding drug treatments: P38 activator metformin Hcl (0.01 mM)18 SP1 
inhibitor Plicamycin (100 nM, catalogue no. HY-A0122, MedChemExpress, ShanghaI, China)19, PI3K activator 
740 Y-P (20 μM, catalogue no. HY-P0175, MedChemExpress, Shanghai, China)20, YAP inhibitor CA3 (CIL56) 
(1 μmol/L, catalogue number: S8661, Selleck, ShanghaI, China)21.

Immunofluorescence
Cells were fixed with 4% paraformaldehyde and then permeabilised using 0.3% Triton X-100. Cells were 
closed with 10% normal goat serum (Thermo Fisher Scientific, Shanghai, China) and later immersed in 
targeted primary antibody JAG1 (1:200, ab7771, Abcam). Cells were then incubated with species-appropriate 
fluorescent antibodies (AlexaFluor, Thermo Fisher Scientific, Shanghai, China) and nuclei were restained using 
4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific, Shanghai, China). Cells were imaged using a 
Zeiss Axio fluorescence microscope.

Cell proliferation
Cell counting kit 8 (CCK-8) assay: cells were inoculated in 96-well plates at a density of 1 × 103/well. Cells were 
then pre-treated with each set of HTR-8/SVneo cell culture supernatant in fresh medium for 24 h. Cells were 
then incubated with CCK-8 solution (Selleck, Shanghai, China) in fresh medium at 37 °C for 90 min and the 
absorbance was measured at 450 nm using an enzyme marker (Bio-Rad, Hercules, CA, USA). colony formation 
assay: Cells (1 × 103) pre-treated with supernatant were inoculated in 6-well plates and incubated in complete 
medium. Colony formation assay: Cells (1 × 103) pre-treated with supernatant were inoculated into 6-well plates 
and cultured in complete medium for 2 weeks, fixed with 4% paraformaldehyde for 20 min and stained with 
0.25% crystal violet for 30 min.

Transwell migration assay
SMCs cells were suspended in 200 μL of serum-free medium and inoculated into the upper chamber (8 μm 
pore size, 3422, Corning, USA) at a density of 5 × 104 cells per well. HTR-8/SVneo cell culture supernatant from 
each group was added to the upper and lower chambers. The plates were incubated at 37 °C and 5% CO2 for 
24 h. Afterwards, cells were fixed with 4% paraformaldehyde for 20 min and stained with 0.2% crystal violet. A 
microscope was used to capture and count the number of cells present in the three randomised areas.

Statistics
Statistical analyses were performed using SPSS 26.0 software (IBM SPSS 26.0, SPSS Inc.). Statistical graphs 
were constructed using the GraphPad Prism 8 software package (GraphPad Software, CA, USA). The t-test was 
used to analyse normally distributed continuous variables. All values are expressed as SD ± mean. p < 0.05 was 
considered statistically significant.

Results
GO and KEGG enrichment analysis of differentially expressed genes in preeclampsia
A total of 630 significant differentially expressed genes were screened, including 249 up-regulated genes 
and 381 down-regulated genes. The GO analysis revealed that these genes were differentially expressed in 
multiple cellular components (e.g., collagen-containing extracellular matrix, translation regulator complex 
and membrane microdomain) as well as molecular functions (e.g., signaling receptor activator activity, DNA-
binding transcription factor binding and RNA microdomain). membrane microdomain) and molecular 
functions (e.g. signalling receptor activator activity, DNA-binding transcription factor binding and RNA 
polymerase II-specific DNA- binding transcription factor binding) showed significant enrichment. These results 
suggest that preeclampsia may be closely associated with remodelling of the extracellular matrix and alterations 
in transcriptional regulatory mechanisms. In terms of biological processes, DEGs were mainly enriched in 
processes related to response to changes in oxygen levels, such as response to oxygen levels, response to hypoxia 
and cellular response to decreased oxygen levels, suggesting that hypoxia may play an important role in the 
pathogenesis of pre-eclampsia. KEGG pathway analysis further revealed that DEGs were significantly enriched 
in PI3K-Akt, Wnt and mTOR signalling pathways, which have key roles in cell proliferation, migration and 
survival, and may provide us with new therapeutic targets. Spearman’s correlation analysis revealed a significant 
correlation between YAP and SP1, SP1 and SRC, YAP and JAG1, JAG1 and Notch. and JAG1 with Notch1, 
while SHP1 (PTPN6) showed a negative correlation with Src. These results suggest that transcription factors 
such as YAP and SP1 may play a mediating role in the pathogenesis of pre-eclampsia, and further functional 
experiments will help to elucidate the specific roles of these genes in pre-eclampsia (Fig. 1).

TPI-1 affects uterine vascular remodelling via p-P38/p-Src/YAP/SP1/JAG1
To investigate the effect of the SHP1 inhibitor TPI-1 on maternal arterial remodelling, uterine tissue staining 
was performed in PE mice and PE + TPI-1 mice to compare the lumen size of spiral arteries and replacement 
of trophoblast invasion and endothelial cells in mice. HE staining of tissue sections showed a reduction in the 
lumen size in PE + TPI-1 mice compared to PE mice (Fig. 2A).

In addition, the endothelial cell marker CD31, showed more intense staining in PE + TPI-1 mice compared 
to PE mice, indicating inadequate trophoblast invasion and poor remodelling (Fig. 2B). Western blot results 
showed decreased protein expression of p-Shp1 and significantly increased protein expression levels of p-P38, 
p-Src, YAP, SP1 and JAG1 in PE + TPI-1 mice compared to PE mice (Fig. 2C).
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Shp1 regulates JAG1 by inhibiting P38 /SP1/ PI3K/YAP
Changes in cellular protein expression after intervention by hypoxia low serum low glucose, SHP1 overexpression, 
metformin Hcl, Plicamycin, 740 Y-P, CA3 (CIL56). An in vitro model of PE was constructed by hypoxia low serum 
low glucose. The protein expression of SHP1 and p-SHP1 in hypoxia low serum hypoglycemia was significantly 
lower than that in the NC group, and the protein expression of p-P38, SP1, p-PI3K, YAP and JAG1 was significantly 
higher than that in the NC group. Protein expression of Shp1 and p-SHP1 was increased and protein expression 
of p-P38, SP1, p-PI3K, YAP, and JAG1 was decreased in Shp1 OE cells transfected with the hypoxic low-serum 
low-glucose group cells. p-SHP1 protein expression was decreased in Shp1 OE cells transfected with hypoxic 
low-serum low-glucose group cells treated with the P38 agonist, metformin Hcl, and the protein expression of p 
-P38, SP1, p-PI3K, YAP and JAG1 protein expression was increased. protein expression of SP1, p-PI3K, YAP and 
JAG1 was decreased after treatment of hypoxic low serum low glucose + SHP1 OE + metformin Hcl with the SP1 
inhibitor Plicamycin. Protein expression of p-PI3K, YAP and JAG1 was increased after treatment with the PI3K 
agonist 740 Y-P in hypoxic hypoxemic serum hypoglycaemia + SHP1 OE + metformin Hcl + plicamycin. protein 
expression of YAP and JAG1 was decreased after treatment with the YAP inhibitor CA3 (CIL56) (Fig. 3A). The 
results of immunofluorescence detection of JAG1 protein expression were consistent with the data in Fig. 3A, B

Shp1 affects cell proliferation by regulating NICD/c-Myc/ CyclinD1 expression in SMCs cells 
through inhibiting P38 /SP1/ PI3K/YAP in HTR-8/Svneo cells
NICD, c-Myc and CyclinD1 protein expression was significantly higher in the hypoxia low serum low glucose 
group than in the NC group. NICD, c-Myc and CyclinD1 protein expression was significantly reduced in hypoxic 
low serum low glucose group cells transfected with Shp1 OE. metformin Hcl treatment significantly increased 
NICD, c-Myc and CyclinD1 protein expression in hypoxic low serum low glucose group cells transfected with 

Fig. 1.  Raw letter analysis. (A) Sample-corrected box plots; (B) Sample differential PCA plots; (C) Differential 
gene volcano plots; (D) Differential gene sequencing plots; (E) GO enrichment analysis histograms; (F) KEGG 
enrichment analysis bubble plots; (G) KEGG enrichment analysis lollipop plots; (H) YAP and SP1 correlation 
scatterplots; (I) SP1 and SRC correlation scatterplots; (J) YAP and JAG1 correlation scatterplots; (K) JAG1 and 
Notch1 correlation scatterplot; (L) SHP1 (PTPN6) and Src correlation scatterplot.
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Shp1 OE cells. plicamycin treatment significantly increased NICD, c-Myc and CyclinD1 protein expression 
in hypoxic low serum low glucose + SHP1 OE + cells transfected with Plicamycin treatment. NICD, c-Myc 
and CyclinD1 protein expression was significantly reduced after SHP1 OE + metformin Hcl treatment.740 
Y-P significantly increased NICD, c-Myc and CyclinD1 protein expression after hypoxic low serum low 
glucose + SHP1 OE + metformin Hcl + Plicamycin treatment.740 Y-P significantly increased NICD, c-Myc and 
CyclinD1 protein expression after CA3 (CIL56) treatment significantly decreased NICD, c-Myc and CyclinD1 
protein expression (Fig. 4A).

Cell proliferation of SMCs was analysed by CCK8 and colony formation assays. The results of CCK8 assay 
showed that cell viability increased after hypoxia low serum and low glucose, cell viability decreased after Shp1 
OE, cell viability increased after metformin Hcl treatment, cell viability decreased after Plicamycin treatment, cell 
viability increased after 740 Y-P treatment, and cell viability decreased after CA3 (CIL56 ) treatment decreased 
cell viability (Fig. 4B). The results of colony formation assay also showed that hypoxic low serum oligosaccharides 
promoted cell proliferation. shp1 OE inhibited the effect of hypoxic low serum oligosaccharides, and metformin 
Hcl inhibited the inhibitory effect of shp1 OE and promoted cell proliferation. plicamycin inhibited metformin 
Hcl, which inhibited cell proliferation, and 740 Y-P inhibited the effect of metformin Hcl, which promotes cell 
proliferation. CA3 (CIL56) inhibits CA3 (CIL56) inhibits the action of 740 Y-P (Fig. 4C).

Shp1 affects cell migration by inhibiting P38/SP1/PI3K/YAP regulation of NICD/c-Myc/
CyclinD1 expression in SMCs cells via inhibition of P38/SP1/PI3K/YAP in HTR-8/Svneo cells
MMP-9 and MMP-2 protein expression was significantly higher in the hypoxia low serum low glucose group than 
in the NC group. Expression of MMP-9 and MMP-2 proteins was significantly reduced in Shp1 OE cells transfected 
with hypoxic low-serum low-glucose group. metformin Hcl increased MMP-9 and MMP-2 protein expression 
in Shp1 OE cells transfected with hypoxic low-serum low-glucose group. plicamycin increased the expression 
of MMP-9 and MMP-2 proteins in Shp1 OE cells transfected with hypoxic low-serum low-glucose + Shp1 

Fig. 2.  TPI-1 affects uterine vascular remodelling via p-P38/p-Src/YAP/SP1/JAG1. (A) Hematoxylin and eosin 
(H&E) staining of mouse uterine tissue sections. (B) Staining of mouse uterine tissue sections with endothelial 
cell marker CD31. (C) Western blot detection of uterine tissues for p-Shp1, p-P38, p-Src, YAP, SP1 and JAG1.
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OE + metformin. MMP-9 and MMP-2 protein expression was significantly reduced after treatment with 
Plicamycin in hypoxic low serum oligosaccharide + SHP1 OE + metformin Hcl + Plicamycin.740 Y-P treatment 
significantly increased MMP-9 and MMP-2 protein expression in hypoxic low serum oligosaccharide + SHP1 
OE + metformin Hcl + Plicamycin cells.740 Y-P treated MMP-9 and MMP-2 protein expression was significantly 
reduced by CA3 (CIL56) treatment (Fig. 5A).

SMCs cell q migration was analysed by Transwell. The results showed that hypoxia low serum hypoglycaemia 
promoted cell migration. shp1 OE inhibited hypoxia low serum hypoglycaemia. metformin Hcl inhibited the 
inhibitory effect of shp1 OE and promoted cell migration. plicamycin inhibited metformin Hcl and inhibited 
cell migration. 740 Y-P inhibited the effect of metformin Hcl and promotes cell migration. CA3 (CIL56) inhibits 
CA3 (CIL56) inhibits the action of 740 Y-P (Fig. 5B).

Discussion
Preeclampsia (PE) is a hypertensive disorder specific to pregnancy with a complex pathogenesis involving 
multiple factors including trophoblast dysfunction, poor vascular remodelling and inflammatory response22. 
Trophoblasts are important functional cells in the placenta and play a key role in maintaining placental 
function23. In patients with pre-eclampsia, dysfunction of trophoblast cells leads to poor remodelling of the 
uterine spiral arteries24. This process not only affects the blood flow supply at the maternal–fetal interface, but 
may also lead to placental dysplasia and fetal growth restriction.

During SpA remodelling, blood vessels lose their muscular elastic wall, which is replaced by a dense 
fibrin material containing intramural EVT, through a process involving the detachment and dedifferentiation 
(phenotypic switching) of vascular smooth muscle cells (VSMCs), as well as their eventual loss from the vascular 
wall through migration into the surrounding matrix and apoptosis25,26. In patients with preeclampsia, smooth 

Fig. 3.  Shp1 regulates JAG1 by inhibiting P38/SP1/ PI3K/YAP. (A) Western blot for SHP1, p-SHP1, p-P38, 
SP1, p-PI3K, YAP and JAG1 in HTR-8/Svneo cells. (B) Immunofluorescence assay for JAG1 in HTR-8/Svneo 
cells.
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muscle cell dysfunction may lead to poor vascular remodelling, further exacerbating gestational hypertension 
and other related complications. Lauren et al. demonstrated that preeclamptic mice exposed to postnatal 
hypertensive stimuli develop enhanced aortic stiffness, microvascular biotonia, and vasoconstriction, all of 
which were prevented in smooth muscle cell saline corticosteroid receptor (SMC-MR) knockout mice27. Jingyun 
Wang et al. demonstrated that alpha-2- macroglobulin (A2M) overexpression promotes the proliferation of 
human umbilical artery smooth muscle cells (HUASMCs) and inhibits apoptosis through TGFβ1 signalling, 
leading to remodelling of uterine spiral arteries and anomalous placental vascularisation28. Our results showed 
that NICD, c-Myc and CyclinD1 protein expression was significantly increased in smooth muscle cells under 
hypoxic low-serum low-glucose conditions, whereas the expression levels of these proteins were significantly 
reduced after Shp1 overexpression (Shp1 OE). This suggests that Shp1 overexpression inhibits smooth muscle 
cell proliferation under hypoxic conditions and contributes to improved vascular remodelling.

Oxygen is essential for the survival of most eukaryotes. In general, hypoxia puts severe stress on cells. There is 
growing evidence that hypoxia is a key factor in the pathogenesis of preeclampsia29,30. In hypoxic environments, 
intracellular levels of Reactive Oxygen Species (ROS), reactive molecules derived from O₂ molecules, are 
elevated; ROS are produced by a variety of sources such as the intracellular enzyme NADPH oxidase (NOX), 
xanthine oxidase, and others31. Normally, intracellular ROS are maintained at physiological levels to keep 
the antioxidant system in balance. Once there is an imbalance between ROS production and elimination, it 
accumulates and triggers oxidative stress. Oxidative stress is associated with numerous human diseases. In 
the pathology of preeclampsia, excessive ROS may be a causative factor for uteroplacental dysfunction and 
pregnancy complications32,33. Xiang-Qun Hu et al. demonstrated that ROS triggered vascular dysfunction in 
preeclampsia by mediating L-type voltage-gated Ca2 + (Cav1.2) in vascular smooth muscle cells34.

Fig. 4.  Shp1 affects cell proliferation by regulating NICD/c-Myc/CyclinD1 expression in SMCs cells through 
inhibition of P38/SP1/ PI3K/YAP in SMCs cells. (A) Western blot for protein expression of NICD, c-Myc and 
CyclinD1 in SMCs cells. (B) CCK8 for cell viability of SMCs cells. c. Colony formation for cell proliferation of 
SMCs cells.
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Oxidative stress affects cell function and fate by activating multiple signalling pathways, including the p38 
mitogen-activated protein kinase (p38 MAPK) pathway35. Under normal conditions, p38 MAPK is relatively 
quiescent. During oxidative stress, changes in the cellular environment trigger a series of biochemical reactions 
that activate p38 MAPK by phosphorylation. The activated p38 MAPK can interact with the transcription factor 
SP1 to facilitate its translocation and localisation from the cytoplasm to the nucleus36. SP1, which enters the 
nucleus, binds to the YAP gene promoter region and recruits transcription-associated factors and enzymes to 
drive YAP gene transcription and translation, leading to YAP overexpression37. Overexpressed YAP binds to 
TEAD1 to form a complex, which binds to the SP1 gene promoter region to further promote SP1 expression, 
forming a positive feedback loop38. This loop amplifies the signal and significantly enhances YAP activity, which 
in turn affects vascular smooth muscle cell dysfunction and vascular homeostasis regulating intracellular gene 
expression and biological behaviours that drive disease progression39.

Overexpression of YAP not only directly regulates the transcription of multiple genes, but also affects cellular 
behaviour through a variety of mechanisms. Increased SP1 also promotes Src overexpression, in addition to 
oxidative stress that further promotes the phosphorylation of Src (p-Src)40, and Shp1 inhibits the activity of 
the Hippo signalling pathway by inhibiting the PI3K/AKT pathway41 (Hippo off)42. Inactivation of the Hippo 

Fig. 5.  Shp1 affects cell migration by regulating MMP-2/ MMP-9 expression in SMCs cells through inhibiting 
P38/SP1/ PI3K/YAP in SMCs cells. (A) Western blot for protein expression of MMP-2 and MMP-9 in SMCs 
cells. (B) Cell migration capacity analysed by Transwell.

 

Scientific Reports |        (2025) 15:16205 8| https://doi.org/10.1038/s41598-025-00164-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


signalling pathway reduces the phosphorylation of p-YAP and promotes the degradation of p-YAP, which in turn 
promotes the entry of YAP into the nucleus and enhances its transcriptional activity43.

After entering the nucleus, YAP can promote the transcription of JAG1, a Notch ligand44. The expression 
and release of JAG1 can activate the Notch-1 signaling pathway, which in turn promotes the proliferation 
and migration of smooth muscle cells. This process is critical for uterine vascular remodelling, but excessive 
activation may lead to poor vascular remodelling and further exacerbate pre-eclampsia. In addition to the effects 
in terms of vascular impairment, a study by Gudrun Meinhardt et al. demonstrated that YAP directly represses 
genes that promote trophoblast cell fusion, leading to failure of trophoblast cell differentiation in the human 
placenta resulting in severe pre-eclampsia and impaired intrauterine growth45.

Yuanhui Jia et al. demonstrated that Siglec-6 induced mitochondrial dysfunction by down-regulating SHP1 
expression and recruiting SHP2, which promotes pre-eclampsia GPR20 expression, ultimately inducing a 
pre-eclampsia-like phenotype in pregnant mice46. To further validate the complexity of the Shp1 regulatory 
mechanism, we treated the cells with four different drugs to observe the changes in the expression of related 
proteins. Metformin Hcl: as a P38 MAPK agonist, treatment significantly increased the expression of p-P38, SP1, 
p-PI3K, YAP and JAG1. In addition Metformin Hcl co-administered SP1 inhibitor Plicamycin further inhibited 
the promotional effect of Metformin Hcl, resulting in a shift from elevated to decreased expression of the relevant 
proteins. p-PI3K agonist, 740 Y-P treatment significantly increased the expression of p-PI3K, YAP, and JAG1 
inhibited the effect of Plicamycin. The YAP inhibitor CA3 (CIL56) significantly reduced the expression of YAP 
and JAG1, reversing the effects of 740 Y-P from elevated to significantly reduced protein expression.

In summary, Shp1, as an important negative regulator, can effectively reverse the dysfunction of trophoblast 
and smooth muscle cells and improve the remodelling of uterine vasculature in preeclampsia by inhibiting the 
activities of p38, SP1, PI3K, YAP and other signaling molecules. Therefore, intervention strategies targeting 
Shp1 and its downstream signalling pathways may provide new directions for the treatment of pre-eclampsia 
(Fig. 6). In addition, there is no doubt that the pathogenesis of preeclampsia (PE) still requires further in-depth 
studies in order to develop more targeted and efficient therapeutic interventions. In preclinical studies, using 
trophoblast cell lines and animal models of preeclampsia, the efficacy of Shp1 inhibitors can be initially assessed 
by detecting changes in blood pressure, urinary proteins, placental pathology, and signalling pathways, and 
multi-stage clinical trials can also be carried out, such as phase I trials to assess safety, and phase II trials to 
verify its effectiveness in improving blood pressure, urinary proteins, and maternal and infant complications in 
patients with moderate PE. We hope to provide a new direction for the treatment of pre-eclampsia.

Fig. 6.  SHP1 in trophoblast cells inhibited the progression of preclampsia visa suppressong p38/SP1/PI3K/
YAP induced activtion of JAG1/Notch-1 in SMCs.
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