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Preeclampsia (PE) is a common placental-origin complication of pregnancy and a major cause of 
morbidity and mortality among pregnant women and fetuses. However, its pathogenesis has not 
been elucidated. Effective strategies for prevention, screening, and treatment are still lacking. Studies 
have indicated that dysfunction of placental trophoblast cells, such as impaired syncytialization, 
proliferation, and epithelial-mesenchymal transition processes, plays a crucial role in the development 
of PE. Glucose transporter 1 (GLUT1) is a key protein regulating glucose transport in placental tissues. 
However, the effect of GLUT1 on the function of trophoblast cells in PE is not well understood. In 
this study, we found that GLUT1 expression is reduced in PE placental tissues. GLUT1 promotes 
the syncytialization process by increasing the glucose uptake ability of BeWo cells. Additionally, 
GLUT1 promotes the proliferation, migration, and invasion capabilities of HTR-8/SVneo cells by 
regulating MAPK and PI3K/AKT signaling pathways. Overall, these findings provide a new insight into 
understanding the biological functions of GLUT1, clarifying the pathogenesis of PE, and identifying 
diagnostic and therapeutic targets for PE.
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Preeclampsia (PE) is a common placental-origin complication of pregnancy, characterized by new-onset 
hypertension after 20 weeks of gestation, often accompanied by symptoms such as proteinuria or hepatic/renal 
dysfunction1. PE is a major cause of morbidity and mortality among pregnant women and fetuses, resulting 
in approximately 70,000 maternal and 500,000 fetal deaths globally each year2. However, the pathogenesis 
and pathophysiology of PE remain incompletely elucidated, and currently, there are no effective means for 
its prevention, screening, or treatment. Placental trophoblast cell (TC) dysfunction plays a pivotal role in the 
development of PE, and the premature delivery of the placenta is the only definitive treatment3,4. Placental 
cytotrophoblast cells (CTBs) differentiate along two pathways. In the villous pathway, CTBs fuse intercellularly 
to form multinucleated syncytiotrophoblast cells (STBs), a process known as TC syncytialization5,6. STBs are 
in direct contact with maternal blood and are responsible for the transport of nutrients, gases, and metabolic 
wastes between the mother and fetus7,8. Studies have shown that impaired TC syncytialization is a significant 
factor contributing to the onset of PE9,10. Therefore, identifying key regulators of TC syncytialization and 
analyzing their roles in the development of PE will facilitate the development of new biomarkers and therapeutic 
approaches in the future, which are crucial for maintaining maternal and fetal health.

In the extravillous pathway, CTBs proliferate and differentiate into highly invasive extravillous trophoblast 
cells (EVTs), which recognize, adhere to, and degrade the extracellular matrix and invade the maternal 
myometrium and endothelium, thereby remodeling the maternal vasculature and increasing the placental 
blood supply11,12. Research indicates that the transformation of proliferative CTBs into invasive EVTs involves 
epithelial-mesenchymal transition (EMT)13. Dysregulation of EMT in TCs can lead to insufficient migration 
and invasion of EVTs, resulting in shallow placental implantation and impaired remodeling of spiral arteries14. 
Insufficiently remodeled vessels at the maternal-fetal interface cannot accommodate the increased blood volume 
of late pregnancy, which induces PE15. Thus, it can be seen that impaired TC proliferation and dysregulation 

1Department of Biochemistry and Molecular Biology, College of Basic Medical Sciences, Dalian Medical University, 
9 West Section, Lvshun South Road, Dalian 116044, Liaoning Province, China. 2Advanced Institute for Medical 
Sciences, Dalian Medical University, Dalian 116044, China. 3These authors contributed equally: Jingyuan Pei, 
Yangyou Liao and Xiaoxian Bai. email: linlin19810622@sina.com; yingkong@dmu.edu.cn

OPEN

Scientific Reports |        (2024) 14:23761 1| https://doi.org/10.1038/s41598-024-74489-z

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-44448-1&domain=pdf


of EMT are the critical pathological processes of PE16. Consequently, investigating the molecular mechanisms 
underlying TC aberrant proliferation and EMT could provide valuable insights for early intervention in PE and 
offer reliable therapeutic targets for this disease.

Glucose is the most widespread and significant monosaccharide in nature. It serves as the primary energy 
source for organisms, generating ATP through pathways such as glycolysis to fuel cellular activities. Additionally, 
glucose is a precursor for the synthesis of other biomolecules and participates in intercellular recognition 
processes. The concentration of glucose within organisms is tightly regulated, which is essential for ensuring 
normal cellular functions and overall health17. Due to its highly hydrophilic nature, glucose requires transport 
proteins to traverse the hydrophobic biological membranes. The uptake and release of glucose in cellular or 
subcellular compartments are coordinated by glucose transporters (GLUTs)18. During embryonic development, 
placental glucose transport is primarily regulated by GLUT119, which is ubiquitously expressed in CTBs, STBs, 
EVTs, endothelial cells, and the villous stroma20. This suggests that GLUT1 may be essential for maintaining the 
biological functions of TCs. It has been shown that glucose uptake is increased during TC syncytialization21. 
GLUT1 expression is downregulated in PE22. However, how GLUT1 dynamically regulates glucose metabolism 
and signaling networks, thereby impacting TC function, remains poorly understood, and its impact and 
mechanisms in the development of PE require further investigation.

This study focuses on the pathological aspects of PE, using the placental TCs, a pivotal mediator in maternal-
fetal exchange, as the entry point. Through clinical tissue samples, in vitro syncytialization models, and cellular 
function assays, we investigate the effects and molecular mechanisms of GLUT1 on TC function and the 
development of PE. Overall, this research provides a new perspective for understanding the biological functions 
of GLUT1, clarifying the pathogenesis of PE, and identifying diagnostic and therapeutic targets for PE.

Materials and methods
Clinical samples
Placental tissues from normal pregnant women and PE patients were collected from the First Affiliated Hospital 
of Dalian Medical University. All patients supplied written informed consent, and the study was approved by 
the Ethics Committee (PJ-KS-KY-2024-325) from the First Affiliated Hospital of Dalian Medical University. All 
experiments were performed in accordance with relevant guidelines and regulations. Pathologists performed 
pathological diagnoses on the samples using Hematoxylin and Eosin (HE) staining.

Immunohistochemistry (IHC)
Paraffin-embedded placental tissue sections were deparaffinized with xylene and hydrated with graded 
concentrations of ethanol, then heated in citrate buffer for antigen retrieval. The tissues were blocked with 
peroxidase solution and goat serum, followed by overnight incubation at 4 °C with specific primary antibodies. 
Immunodetection was conducted using a biotin-streptavidin reaction system (ZSGB-Bio, China). Finally, the 
nuclei were stained with hematoxylin, the sections were dehydrated and sealed, and the images were taken under 
a microscope (Nexcope, China). The antibody information is shown in Table S1.

Cell culture
The human choriocarcinoma cell line BeWo was purchased from Wuhan Pricella Bio Co. (China) and cultured 
in DMEM/F12 medium (Thermo Fisher Scientific, USA) containing 10% fetal bovine serum (FBS). The human 
extravillous trophoblast cell line HTR-8/SVneo, donated by the Chinese Academy of Sciences, was cultured in 
RPMI-1640 medium (Thermo Fisher Scientific, USA) containing 10% FBS.

Cell transfection
The targeting GLUT1 overexpression plasmids (pLenti-CMV), siRNA, and corresponding negative controls 
were purchased from the Public Protein/Plasmid Library (China). Cells were cultured in 35 mm dishes to 70% 
confluence and transfected with 100 mM siRNA or 5 µg overexpression plasmid using 5 µL lipofectamine 2000 
(Invitrogen, USA). The interference sequences are shown in Table S2. Inhibitors were employed individually 
during the transfection process as follows: 5µM LY294002 (Selleckchem, USA), 10µM SB203580 (Sigma-Aldrich, 
USA), 10µM PD98059 (Sigma-Aldrich, USA) to specifically assess their effects in isolation.

Western blot
Total proteins in tissues and cells were extracted using lysis buffer containing protease and phosphatase inhibitors 
(KeyGen, China). Protein concentration was determined using a BCA Protein Assay Kit (Thermo Fisher 
Scientific, USA). Equal amounts of protein samples (30 µg) were separated by 10% SDS-PAGE and subsequently 
transferred onto nitrocellulose membranes (PALL, UK). The membranes were blocked with 5% skimmed milk 
at room temperature for at least 2 h, followed by overnight incubation at 4 °C with specific primary antibodies. 
After incubation with HRP-conjugated secondary antibodies at room temperature for 1 h, immunodetection 
was performed using an ECL detection reagent (Tanon, China) and visualized on a Tanon imaging system. 
β-actin was used as an internal control for normalization to determine protein expression levels. The antibody 
information is shown in Table S1.

Quantitative real-time PCR (qPCR)
Total RNA in tissues and cells was extracted using TRIzol reagent (TaKaRa, Japan) according to the manufacturer’s 
instructions. cDNA was synthesized using a reverse transcription kit (Vazyme, China). Then the experiments 
were conducted using the SYBR Premix Ex Taq II kit (TransGen, China) on a Real-Time PCR Detection System 
(Thermo Fisher Scientific, USA). Results were normalized to β-actin and analyzed using the 2−ΔΔCt method. The 
primer sequences are shown in Table S3.

Scientific Reports |        (2024) 14:23761 2| https://doi.org/10.1038/s41598-024-74489-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Immunofluorescence (IF)
Cells were inoculated onto cell-crawling slices. Cells were fixed with 4% paraformaldehyde at room temperature 
for 20 min, then blocked with goat serum for 1 h. Cells were incubated with specific primary antibodies overnight 
at 4 °C, followed by 1 h of incubation with secondary antibodies at room temperature in the dark. Finally, cell 
nuclei were stained with DAPI for 5 min at room temperature, and images were captured using a fluorescence 
microscope (Nexcope, China). The antibody information is shown in Table S1.

Glucose concentration measurement
The glucose content in tissues and cells was determined using a Glucose Assay Kit (Beyotime, China). For tissues, 
lysis buffer was added at a ratio of 10 µL/mg of tissue, homogenized after lysing at 4 °C for 30 min, followed by 
centrifugation to collect the supernatant. For cells, 100 µL of lysis buffer was added to each well of a 6-well plate, 
lysed at 4 °C for 30 min, followed by centrifugation to collect the supernatant. A mixture of 20 µL of sample 
and 170 µL of o-toluidine detection reagent was vortexed, heated at 95 °C for 8 min, then cooled to 4 °C. The 
absorbance at 630 nm was measured, and the glucose concentration was calculated based on the standard curve.

Glucose uptake assay
After experimental treatment, cells were incubated with a complete medium containing 50 µM 2-NBDG (MCE, 
USA) for 1 h in a cell culture incubator. Subsequently, cells were observed and imaged under a fluorescence 
microscope.

Cell proliferation assay
Cell proliferation ability was reflected by cell viability assays using the CCK-8 (APExBIO, USA) reagent. The 
experimentally treated cells were seeded in 96-well plates at a density of 5000 cells per well. At designated time 
points, serum-free medium containing 1% CCK-8 was added. After incubating for 4 h in a cell culture incubator, 
absorbance at 450 nm was measured.

Colony formation assay
The experimentally treated cells were seeded in 6-well plates at a density of 3,000 cells per well and incubated 
in a cell culture incubator for about 2 weeks until visible cell colonies formed. After fixation with methanol for 
20 min at room temperature, the cells were stained with 0.2% crystal violet for 30 min. Image J software was used 
to calculate the number of cell clones after taking photos.

Cell migration and invasion assay
Cell migration and invasion capacities were evaluated using Transwell chambers (Corning, USA). For the 
invasion assay, Matrigel (Corning, USA) was evenly coated in the upper chamber and allowed to solidify. 
Subsequently, 6 × 104 cells suspended in 200 µL of serum-free medium were seeded in the upper chamber, and 
500 µL of medium containing 10% FBS was added to the lower chamber. After incubating for 36 h, the Transwell 
chambers were fixed with methanol at room temperature for 30 min and stained with 0.2% crystal violet for 
30 min. The cells on the upper surface were removed with a cotton swab, and invaded cells on the lower surface 
were observed and imaged under a microscope. The migration assay follows the same steps as the invasion assay, 
but without Matrigel coating, and the incubation duration is 24 h.

Wound healing assay
Equal amounts of experimentally treated cells were inoculated in 6-well plates. Once adhered, a sterile 200 
µL pipette tip was used to scratch a straight line across the confluent cell layer. After washing with PBS and 
adding serum-free medium, images of the scratch were taken at 0 h and 24 h under a microscope. The width of 
the scratch was analyzed using Image-Pro Plus 6.0 software, and the decrease in scratch width represented the 
migration distance.

Statistical analysis
All experiments were performed at least three times independently. Data error bars are presented as 
mean ± standard deviation. Statistical analyses were conducted using GraphPad Prism 9.0 software, Unpaired 
two-tailed Student’ s t-tests were used to analyze two unpaired samples. One-way ANOVA was used to analyze 
multiple unpaired samples. P < 0.05 was considered statistically significant.

Results
Impairment of TC function in PE placental tissues
To delve deeper into the alteration in TC function during the pathogenesis of PE, we collected placental tissues 
from clinically normal pregnant women and PE patients. HE staining revealed normal vascular morphology in 
the villi of healthy placentas. However, in PE placentas, the TC basement membrane was thickened, interstitial 
fibrin deposition increased, syncytial knots were more frequent, and there was an increase in the number of 
vessels (Fig.  1A). IHC results indicated that the syncytialization marker β-hCG was primarily expressed in 
STBs, and its expression was significantly lower in PE placental tissue compared to the normal group (Fig. 1B). 
Additionally, the protein and mRNA levels of syncytialization markers, including Syncytin-1 (ERVW-1), 
Syncytin-2 (ERVFRD-1), GCM1, OVOL1, and β-hCG (CGB3), were reduced in PE placental tissues (Fig. 1C, 
D). Hence, it is evident that the process of TC syncytialization is impaired in PE placental tissues.

Concurrently, we examined the expression of proliferation- and EMT-related molecules in placental tissues. 
The results showed that, compared to the normal group, the expression of the pro-apoptotic protein BAX was 
elevated, whereas the expression of cell cycle proteins Cyclin B1, Cyclin D1, PCNA, and the anti-apoptotic 
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protein BCL2 was decreased in PE placental tissues (Fig. 1E). On the other hand, there were also differences 
in the expression of EMT-related molecules: E-cadherin expression was increased, while N-cadherin, MMP2, 
Vimentin, and Snail expressions were decreased in PE placental tissues (Fig. 1F). Overall, these findings suggest 
that the syncytialization, proliferation, migration, and invasion capabilities of TC are significantly compromised 
during the pathogenesis of PE.

Reduced GLUT1 expression in PE placental tissues
To investigate the relationship between GLUT1 and the development of PE, we examined GLUT1 expression 
in the placental tissues. Through IHC, western blot, and qPCR assays, we found that GLUT1 expression was 
significantly reduced in the placental tissues of PE compared with normal pregnant women (Fig. 2A–C). This 
suggests that GLUT1 expression is closely associated with the onset and progression of PE.

Increased GLUT1 expression during the syncytialization of BeWo cells
To explore the association between GLUT1 expression and TC syncytialization, we established an in vitro 
syncytialization model by inducing BeWo cell fusion with Forskolin (FSK)23. After treating BeWo cells with 
varying concentrations of FSK for different durations, it was observed that compared to the control group, the 
expression of GLUT1 and syncytialization markers, such as OVOL1, which is expressed in human placenta 
and was robustly induced following stimulation of trophoblast differentiation. Disruption of OVOL1 abrogated 
cytotrophoblast fusion and inhibited the expression of a broad set of genes required for trophoblast cell fusion 
and hormonogenesis. These proteins were increased with 20 and 50 µM FSK for 12 and 24 h, with the most 

Fig. 1. Expression of syncytialization, proliferation, and EMT markers in placental tissues. (A) Representative 
HE staining of placental tissues; black arrows point to CTBs. (B) IHC detection of β-hCG expression; (C,D) 
western blot (C) and qPCR (D) detection of syncytialization marker expression; (E,F): western blot detection 
of proliferation (E) and EMT (F) marker expression. (Scale bar = 50 μm, *P < 0.05, **P < 0.01, ***P < 0.001).

 

Scientific Reports |        (2024) 14:23761 4| https://doi.org/10.1038/s41598-024-74489-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


significant effect observed with 20 µM FSK for 24 h (Fig. 3A). However, when another trophoblast cell line, HTR-
8/SVneo, was treated with the optimal concentration of 20 µM FSK for varying durations, no significant changes 
in syncytialization marker expression were noted (Fig. 3B). E-cadherin, a protein that is highly expressed on 
the cell membrane and participates in cell adhesion, is commonly used as a marker to detect TC fusion24. After 
treating BeWo with 20 µM FSK for various durations, it was found by staining for E-cadherin that induction for 
12 h had significantly increased cell fusion, with the number of fused cells increasing as the treatment duration 
extended (Fig.  3C). This indicates that 20 µM FSK treatment for 24  h significantly induces syncytialization 
of BeWo cells, and this condition was subsequently used for induction. Meanwhile, these results suggest that 
GLUT1 may play an important role in the TC syncytialization process.

GLUT1 promotes the syncytialization of BeWo cells
The above results suggest that GLUT1 may be closely associated with TC syncytialization. Subsequently, we 
regulated the expression of GLUT1 in BeWo cells to investigate its impact on the syncytialization process. The 
findings showed that downregulating GLUT1 resulted in decreased expression of syncytialization markers, 
whereas upregulating GLUT1 showed the opposite result (Fig.  4A, B). Through staining for E-cadherin, it 
was found that reducing GLUT1 led to decreased cell fusion, while increasing GLUT1 produced the opposite 
outcome (Fig. 4C). It can be seen that GLUT1 plays an indispensable role in TC syncytialization and can promote 
this process.

GLUT1 promotes syncytialization by enhancing glucose uptake in BeWo cells
How does GLUT1 influence the TC syncytialization? We hypothesize that GLUT1 may regulate syncytialization 
by affecting glucose uptake capacity. Examination of clinical placental tissues using a glucose assay kit revealed 
that the content of glucose was significantly lower in PE placental tissues compared with the normal group 
(Fig. 5A). This implies that there is a correlation between glucose concentration and the pathogenesis of PE. 
Subsequently, we added D-Glucose to the syncytialization model and found that the expression of both GLUT1 
and syncytialization markers increased with increasing concentration (Fig.  5B). This indicates that glucose 
can promote TC syncytialization. However, when the glucose treatment concentration reached 30 mM, the 
syncytialization process was inhibited. Further, regulating GLUT1 expression after the addition of D-Glucose, 
we found that downregulating GLUT1 reversed the expression changes of syncytialization markers induced 
by elevated glucose (Fig.  5C). Additionally, using the glucose assay kit and 2-NBDG reagent showed that 
adding D-Glucose increased intracellular glucose concentration (Fig. 5D) and cellular glucose uptake capacity 
(Fig. 5E), and downregulating GLUT1 showed opposite effects, whereas down-regulation of GLUT1 after adding 
D-Glucose reversed these changes. The above results suggest that GLUT1 can promote TC syncytialization by 
enhancing the glucose uptake capability of cells.

GLUT1 promotes the proliferation capacity of HTR-8/SVneo cells
During the pathogenesis of PE, TCs not only suffer from impaired syncytialization but also experience obstacles 
in their proliferation and metastatic capabilities. Subsequently, we utilized HTR-8/SVneo cells to investigate the 
impact of GLUT1 expression changes on the proliferative ability of TCs. After confirming that GLUT1 expression 
was significantly altered (Fig.  6A, B), we observed that downregulating GLUT1 significantly inhibited cell 
viability and colony-forming ability by CCK-8 and colony formation assays, while upregulating GLUT1 showed 

Fig. 2. Expression differences of GLUT1 in the placental tissues. (A–C): IHC (A), western blot (B), and qPCR 
(C) detection of GLUT1 expression. (Scale bar = 50 μm, **P < 0.01, ***P < 0.001).

 

Scientific Reports |        (2024) 14:23761 5| https://doi.org/10.1038/s41598-024-74489-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


the opposite effect (Fig. 6C, D). It was also noted that downregulating GLUT1 led to decreased expression of 
proliferation-related proteins and increased expression of apoptosis-related proteins, and upregulating GLUT1 
resulted in opposite outcomes (Fig.  6E). Overall, GLUT1 can promote the proliferation capacity of HTR-8/
SVneo cells.

GLUT1 promotes the migration and invasion capabilities of HTR-8/SVneo cells
The effects of changes in GLUT1 expression on the migration and invasion capabilities of TCs were also 
investigated in HTR-8/SVneo cells. Considering that knock-down or overexpressing GLUT1 impacts the 
proliferation rate of cells, we utilized serum-free media in the transwell and wound healing assays to minimize 
the influence of cell proliferation on migration capability. We observed that downregulating GLUT1 significantly 
inhibited cellular migration and invasion capabilities, with a twofold difference in change, while upregulating 
GLUT1 showed the opposite effect, despite potential limited contributions from changes in proliferation rates 
(Fig.  7A, B). Additionally, it was noted that downregulating GLUT1 altered the expression of EMT-related 
proteins, and upregulating GLUT1 reversed these changes (Fig. 7C). Overall, GLUT1 can promote the migration 
and invasion capabilities of HTR-8/SVneo cells.

Fig. 3. Expression of GLUT1 during the syncytialization of BeWo cells. (A,B) Western blot detection of 
syncytialization marker expression treated with various concentrations of FSK in BeWo (A) and HTR-8/SVneo 
(B) cells; (C) IF detection of the fusion of BeWo cells treated with 20 µM FSK over time. (Scale bar = 50 μm, 
*P < 0.05, **P < 0.01, ***P < 0.001).
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GLUT1 promotes the proliferation and metastatic capabilities of HTR-8/SVneo cells through 
the PI3K/AKT and MAPK signaling pathways
The above results indicate that GLUT1 promotes the proliferation, migration, and invasion capabilities of HTR-
8/SVneo cells. Further, we explored the molecular mechanisms by which GLUT1 induced alterations in the 
biological functions of TCs. It was shown that the PI3K/AKT and MAPK signaling pathways are major regulators 
of EMT and can be involved in the pathogenesis of PE by affecting the differentiation and angiogenesis of EVTs25. 
Consequently, we assessed the expression of signaling pathway-related molecules after regulating GLUT1 
expression. The results demonstrated that downregulating GLUT1 resulted in a decrease of the phosphorylation 
molecules p-AKT, p-ERK, and p-p38 without affecting the expression of AKT, ERK, p38, and JNK, while there 
was no significant change in p-JNK, and the opposite result occurred with upregulating GLUT1 (Fig. 8A). This 
indicates that GLUT1 can activate the PI3K/AKT and MAPK signaling pathways.

To further investigate whether the PI3K/AKT and MAPK signaling pathways are directly involved in the 
processes of GLUT1 affecting TC proliferation, migration, and invasion, we treated GLUT1 overexpressing HTR-
8/SVneo cells with the PI3K inhibitor LY294002, the ERK inhibitor PD98059, and the p38 inhibitor SB203580. 
It was revealed that adding LY294002 and SB203580 significantly reversed the proliferation induced by GLUT1 
overexpression, while PD98059 had no noticeable effect on it (Fig.  8B, C). Adding LY294002 and PD98059 
significantly reversed the migration and invasion caused by GLUT1 overexpression, while SB203580 had no 
noticeable effect on it (Fig. 8D). Additionally, western blot results showed that by adding different signaling 
pathway inhibitors to GLUT1-overexpressing cells, only the phosphorylation of their respective target molecules 
was inhibited without affecting the expression of GLUT1 and other signaling pathway molecules (Fig.  8E). 
This suggests that the PI3K/AKT, ERK, and p38 signaling pathways operate independently in the process of 
GLUT1-affecting changes in TC function, with no cross-talk between them. Overall, these results indicate that 
the PI3K/AKT and p38 signaling pathways were involved in the proliferation of HTR-8/SVneo cells mediated 
by GLUT1, while the PI3K/AKT and ERK signaling pathways were involved in the metastasis of HTR-8/SVneo 
cells mediated by GLUT1.

Fig. 4. Effect of GLUT1 during the syncytialization of BeWo cells. (A) IF detection of GLUT1; (B) western 
blot detection of syncytialization marker expression after regulated GLUT1 expression; (C) IF detection of cell 
fusion after regulated GLUT1 expression. (Scale bar = 50 μm, **P < 0.01, ***P < 0.001).
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Discussion
PE is a common and severe complication of pregnancy, affecting approximately 5–7% of pregnancies and being 
a major cause of maternal and fetal morbidity and mortality2. However, the pathogenesis and pathophysiology 
of PE have not been fully elucidated. The dysfunction of placental TC plays a central role in its development, and 
early delivery of the placenta remains the only definitive treatment3,4. Increasing research has shown that the 
process of TC fusion and differentiation is dysregulated in the placentas of PE patients26–28. Compared to normal 
placentas, the expression of Syncytin-1, Syncytin-2, and their transcription factor GCM1 is reduced in the 
placentas of PE patients29–31. Consistent with this, we collected placental tissues from normal pregnant women 
and PE patients and revealed that β-hCG expression is decreased in PE placental tissues by IHC. Similarly, 
both protein and mRNA expression levels of syncytialization markers were decreased in the placental tissues of 
PE patients. In addition, MacLennan et al. found intermittent, multiple vacuoles, and thinning of STBs in the 
placentas of PE patients by electron microscopy32. Similar results were obtained in this study. After HE staining, 
we noted that while the villi in normal pregnant women’s placentas were well-matured with orderly arranged 
STBs nuclei, the villi in PE patients showed poor maturation and disorganized STBs nuclei. On the other hand, 
some studies have shown that insufficient invasion and abnormal proliferation of EVTs are closely associated 

Fig. 5. GLUT1 affects the syncytialization of BeWo cells by regulating glucose uptake. (A) Glucose assay kit 
detection of glucose content in placental tissues; (B,C) western blot detection of syncytialization markers 
expression following treatment with various concentrations of D-Glucose (B) and D-Glucose with siGLUT1 
(C); (D,E) glucose assay kit (D) and 2-NBDG kit (E) detection of intracellular glucose content (D) and glucose 
uptake capacity (E) after treatment with d-Glucose and siGLUT1. (Scale bar = 100 μm, *P < 0.05, **P < 0.01, 
***P < 0.001).
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with the onset of PE. Xu et al. found that the endogenous peptide Apelin-36 could alleviate LPS-induced cellular 
inflammation and apoptosis and enhance the invasion and migration of TC by inhibiting the GRP78/ASK1/
JNK signaling pathway33. Similarly, Jia et al. discovered that HOXB3 promotes the proliferation, invasion, and 
migration of TC by mediating the Notch/Wnt/β-catenin pathway, thus mitigating the progression of PE34. Our 
results confirmed that in PE placental tissues, the expression of the pro-apoptotic protein BAX was increased, 
while the expression of the anti-apoptotic protein BCL2 and the cell proliferation marker PCNA, as well as 
EMT markers, was decreased. The above evidence suggests that impairment of TC function in the placenta is a 
significant contributor to PE. Therefore, investigating the key regulatory factors affecting TC function will aid in 
understanding the physiological and pathological processes involved in placental formation and development, 
as well as the occurrence and progression of PE.

Fig. 6. Effect of GLUT1 on the proliferation capacity of HTR-8/SVneo cells. (A) IF detection of GLUT1; (B) 
qPCR detection of GLUT1 mRNA expression; (C,D) CCK8 (C) and colony formation assays (D) detection 
of the effect of GLUT1 expression changes on proliferation; (E) western blot analysis detection of the effect 
of GLUT1 expression changes on proliferation- and apoptosis-related protein expression. (Scale bar = 50 μm, 
**P < 0.01, ***P < 0.001).
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Sugar is the primary source of energy for the human body and an essential precursor for tissue formation, but 
it also has the role of promoting fat oxidation, conserving protein, and maintaining liver detoxification. Glucose 
is the most widely distributed and significant monosaccharide in nature. It serves as an energy source for living 
cells and as an intermediate in metabolism, essential for sustaining normal life activities35. However, it has been 
shown that high concentrations of glucose (HG) can induce the production of inflammatory factors and ROS, 
thereby causing damage to TC function36. Treatment of STBs with HG and insulin has been shown to inhibit 
the expression of syncytialization markers37. Given that HG treatment of TC can induce gestational diabetes-
like symptoms, in this study, we opted to treat BeWo cells with lower concentrations of glucose. The results 
demonstrated that, within a certain concentration range, glucose promoted the expression of syncytialization 
markers. However, when the glucose treatment concentration reached 30 mM, the cellular syncytialization 
process was inhibited. These findings are consistent with the results of related research.

Glucose uptake is fundamental for cellular metabolism, growth, and proliferation, and it also serves as the 
primary substrate for fetal oxidative metabolism. Efficient glucose transport in the placenta is crucial for fetal 
development. Among the glucose transporter family, GLUT1 has been extensively studied and plays a vital role 
in placental glucose transport38. Our previous study showed that progesterone regulates glucose metabolism 
through GLUT1 to improve endometrial receptivity39 and that GLUT1 activates the hexosamine biosynthesis 
pathway to play an important role during embryo implantation40. Abnormal expression of GLUT1 has been 
reported to cause pregnancy-related diseases. In PE patients, a significant decrease in GLUT1 expression in 
the decidua tissue has been observed, leading to aberrant glycolysis and destructive decidualization, ultimately 
resulting in PE41. Our results also demonstrate reduced GLUT1 expression in PE placental tissues. Ogura K et 
al. found that during induced syncytialization of BeWo cells with 8-bromo-cAMP, cellular glucose uptake was 
increased, and GLUT1 expression was upregulated21. The results of this study are consistent with the above 
conclusions. However, after observing that the changes in GLUT1 expression were synchronized with the degree 

Fig. 7. Effects of GLUT1 on the migration and invasion capabilities of HTR-8/SVneo cells. (A,B): Transwell 
(A) and wound healing assays (B) detection of the effect of GLUT1 expression changes on migration and 
invasion; (C) western blot detection of the effect of GLUT1 expression changes on EMT marker expression. 
(Scale bar = 50 μm, **P < 0.01, ***P < 0.001).
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Fig. 8. Effects of PI3K/AKT and MAPK signaling pathways on GLUT1 induced proliferation and metastasis 
in HTR-8/SVneo cells. (A) western blot detection of PI3K/AKT and MAPK signaling pathways-related 
proteins expression after regulated GLUT1 expression; (B,C) CCK8 (B) and colony formation assays (C) 
detection of the effects of transfecting cells with an overexpression plasmid for GLUT1 and adding various 
signaling pathway inhibitors on proliferation; (D) Transwell detection of the effects on migration and invasion; 
(E) western blot detection of the effect on signaling pathways-related proteins expression after adding 
different signaling pathway inhibitors in overexpress GLUT1 cells. (Scale bar = 50 μm, *P < 0.05, **P < 0.01, 
***P < 0.001).
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of syncytialization, we further modulated the expression level of GLUT1 and found that it could accelerate the 
process of TC syncytialization. Research has identified differences in GLUT1 content between the microvillous 
membrane and basal membrane of STBs42. The permeability of the basal membrane and the expression of GLUT1 
on its surface are critical regulatory factors affecting transmembrane glucose transport43,44. This implies that the 
localization of GLUT1 in TC varies and its expression is regulated differently, although the exact mechanisms of 
this regulation remain to be elucidated.

GLUT1 plays a crucial role in the progression of various diseases. Down-regulation of GLUT1 by siRNA 
can significantly inhibit the invasion of MCF-7 cells and the expression of MMP2 and MMP945. The lncRNA 
GAL can promote the migration and invasion abilities of colorectal cancer cells by stabilizing GLUT146. GLUT1 
is overexpressed in intrahepatic cholangiocarcinoma tissues, associated with shorter survival in patients, and 
its overexpression promotes proliferation, migration, and invasion of cancer cells47. Our results indicate that 
overexpression of GLUT1 enhances proliferation, migration, and invasion of HTR-8/SVneo cells, as well as 
the expression of proliferation and EMT markers. Therefore, how does GLUT1 participate in the regulation of 
cellular biological functions? In fact, GLUT1 not only acts as a glucose transporter but also as a regulatory factor 
in signal cascades. It has been shown that knockout of GLUT1 inhibits glucose uptake, proliferation, migration, 
and invasion of triple-negative breast cancer cells through the EGFR/MAPK pathway and the integrin β1/Src/
FAK signaling pathway48. There is a reciprocal regulation between GLUT1 and the MEK/ERK cascade, and 
reduced GLUT1 expression can inhibit force-mediated upregulation of the receptor activator nuclear factor-κB 
ligand RANKL49. miR-340 regulates the PI3K/AKT pathway by targeting GLUT1, inhibiting proliferation and 
inducing apoptosis of bladder cancer cells50. In this study, we found that GLUT1 regulated the proliferation, 
migration, and invasion of HTR-8/SVneo cells by activating the PI3K/AKT and MAPK signaling pathways.

In summary, this study provides new insights into the pathogenesis of PE. We found that GLUT1 expression 
was reduced in PE placental tissues, and the processes of syncytialization, proliferation, and EMT in TC were 
impaired. GLUT1 enhances the glucose uptake capacity of BeWo cells, thereby promoting TC syncytialization. 
Additionally, GLUT1 facilitates the proliferation, migration, and invasion of HTR-8/SVneo cells by modulating 
the MAPK and PI3K/AKT signaling pathways. However, there are limitations in our study. The mechanisms 
by which glucose metabolism drives TC syncytialization require further investigation. Moreover, the specific 
regulatory mechanism between GLUT1 and these signaling pathways remains unclear. These provide the 
direction for our future work.

Data availability
The data used and/or analysed during the current study available from the corresponding author on reasonable 
request.
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