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6Department of Pharmacy, The International Peace Maternity and Child Health Hospital, School of 
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Introduction:  The placenta is vital for fetal development, but its growth 
can become disordered in pregnancy complications, particularly at the 
maternal–fetal interface. Preeclampsia, a severe condition that arises after 
the 20th week of pregnancy, is characterized by hypertension and other 
complications, posing significant risks to both mother and fetus. Despite 
its importance, the underlying mechanisms of preeclampsia remain poorly 
understood. Unraveling these mechanisms is essential for improving outcomes 
and advancing treatment strategies. 
Objectives: This study aimed to explore the spatial heterogeneity of the placenta 
and investigate the pathogenesis of late-onset preeclampsia (LOPE).
Methods: We employed spatial transcriptomics (ST) and spatial metabolomics 
(SM) to map trophoblasts, fibroblasts, and immune cells, and analyze 
their transcriptomic and metabolomic profiles. A “spot-match” method was 
developed to integrate ST and SM data, revealing cell type-specific gene and 
metabolite changes during trophoblast differentiation.
Results:  The preeclamptic placenta showed increased fibroblasts and VCT 
proportions but a reduced SCT proportion. Complex interactions among 
trophoblasts, fibroblasts, and macrophages were observed in LOPE patients. Major 
metabolic reprogramming, particularly in glycerophospholipid and sphingolipid 
metabolism, was identified, potentially influencing trophoblast differentiation. 
Conclusion: Our ST and SM data offer new insights into LOPE mechanisms, 
providing valuable information for its prevention and treatment.
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1 Introduction

  
  

      

    
  

  

  

 

  

  

Abbreviations: LOPE, late-onset preeclampsia; EOPE, early-onset 
preeclampsia; ST, spatial transcriptomics; SM, spatial metabolomics; 
scRNA-seq, single-cell RNA sequencing; MSI, mass spectrometry imaging; 
EVT, extravillous trophoblast; SCT, syncytiotrophoblast; VCTs, villous 
cytotrophoblasts; t-SNE, t-distributed stochastic neighbor embedding; SSCC, 
spatial shrunken centroid clustering; KEGG, Kyoto Encyclopedia of Genes 
and Genomes; DEGs, differentially expressed genes; RCTD, robust cell type 
decomposition; UMAP, uniform manifold approximation and projection; 
NK cells, natural killer cells; MCs, macrophages; SMCs, smooth muscle 
cells; TG, triacylglycerol; DGKZ, diacylglycerol kinase zeta; LPL, Lipoprotein 
lipase; PA, phosphatidic acid; DG, diacylglycerol; PC, phosphatidylcholine; 
PS, phosphatidylserine; PG, phosphatidylglycerol; LacCer, lactosylceramide; 
Cer, ceramide; PI, phosphatidylinositol; CDP-DAG, cyclic diphosphate 
diacylglycerol.

      

 

  

2 Materials and methods

2.1 Human placental tissue specimens
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Spatial multi-omics reveal placental heterogeneity in late-onset preeclampsia.

  

2.2 Tissue processing
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2.3 Spatial transcriptomics

   

2.4 Library construction and sequencing

 

2.5 ST data processing

 

2.6 Cell type identification and RCTD 
analysis

                                                     
                

    

 

2.7 Spatial metabolomics
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2.8 SM data processing

  

2.9 “Spot-match” method for ST and SM 
integration

  

  

2.10 Pseudotime analysis

   

2.11 Cell communication analysis

 

2.12 Immunofluorescence
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2.13 Statistical analysis

  

3 Results

3.1 Overview of the multiomic data of the 
placenta in the normal control (NC) and 
LOPE groups
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FIGURE 1
SM landscape of placental tissue from the preeclampsia and NC groups. (A) H&E staining image of placental tissue sections from three patients with 
preeclampsia and three NC individuals. (B) t-SNE was used for dimensionality reduction and visualization of the Waters-DESI data. (C) Heatmap 
showing the top 3 marker metabolites of each cluster. (D) SM feature plots of 10 clusters in six placental tissue samples.
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3.2 Spatially defined cell patterns in the 
placenta and cell–cell interaction patterns 
in preeclampsia
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FIGURE 2
ST landscape of placental tissue from patients with preeclampsia and NC individuals. (A) H&E staining image of the placental tissue section from one 
patient with preeclampsia and one NC individual, demonstrating the villous region and the basal plate. (B–D) Unsupervised clustering analysis (UMAP) 
plots, and ST feature plots of 8 clusters in two placental samples. (E) Heatmap showing the top 5 marker genes of each cluster. (F) KEGG was used for 
differential gene enrichment analysis between patients with preeclampsia and NC individuals. (G) UMAP showing the definitions of 10 cell types in the 
placenta, including erythrocytes, EVTs, fibroblasts, macrophages, NK cells, SCTs, T cells, SMCs, VCTs, and pVCTs, based on public single-cell data. (H)
Dotplot showing the representative marker genes of each placenta cell type according to the public single-cell dataset (available at https://
github.com/JustMoveOnnn/preeclampsia/tree/main/single_cell_matrix/data).
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FIGURE 3
Mapping of cell types to spatial locations in two placental samples. (A–C) Mapping of cell types to spatial locations with RCTD in two placental 
samples. (D) Heatmap showing the top 5 differentially expressed genes for each cell type. (E) Immunofluorescence staining of HLA-G in placental 
tissue sections from patients with preeclampsia and NC individuals. Red fluorescence indicates HLA-G expression, while blue fluorescence indicates 
DAPI nuclear staining. (F) Bar chart showing the proportions of different cell types in placental tissue sections from patients with preeclampsia and NC 
individuals. (G) Interaction heatmaps showing the differential interaction strengths among different cell types, including erythrocytes, EVTs, fibroblasts, 
macrophages, NK cells, SCTs, T cells, SMCs, VCTs, and pVCTs. (H,I) Interaction plots showing the ncWNT signaling pathway network and THY1 signaling 
pathway network among different cell types. EVTs: extravillous trophoblasts; NK cells: natural killer cells; SCTs: syncytiotrophoblasts; SMCs: smooth 
muscle cells; VCTs: cytotrophoblasts; pVCTs: proliferating cytotrophoblasts.
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3.3 Spatial dynamics of gene and 
metabolite changes during trophoblast 
differentiation
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FIGURE 4
Differentially abundant metabolite ex pression in SCTs between patients with preeclampsia and NC individuals. (A) Schematic workflow of the 
“spot-match” method. This method begins by selecting at least six evenly distributed spots across the sample range in STs, obtaining their 
corresponding barcodes, and marking these spots on the H&E-stained image. The spatial information from transcriptomics barcodes and 
metabolomics data is then converted into a unified coordinate system via specific formulas. Next, the distance ratios between identified spots in both 
datasets are calculated to determine the scaling factor. The ratios are filtered to remove outliers, and the mean scaling factor is computed. Afterward, 
the rotation angles between corresponding spots in both datasets are assessed to check for sample rotation. If the deviation exceeds 5°, adjustments to 
the transformation are made. Finally, the conversion of SMs coordinates to match those from STs is carried out using the final scaling factor, rotation 
angle, and central coordinates. (B) PCA was used to reduce dimensionality and reveal key metabolite patterns in SCTs between patients with 
preeclampsia and NC individuals. (C) Heatmap showing the differentially abundant metabolites of the SCTs between patients with preeclampsia and 
NC individuals. (D) KEGG was used to identify and interpret biological pathways and networks that are significantly altered in SCTs. (E) Lollipop map was 
used to visualize the relative abundance of metabolites of SCTs between patients with preeclampsia and NC individuals.

Frontiers in Cell and Developmental Biology 12 frontiersin.org

https://doi.org/10.3389/fcell.2025.1659880
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org


Wei et al. 10.3389/fcell.2025.1659880

FIGURE 5
Pseudotime analysis revealing the dynamic metabolite and gene change patterns during trophoblast differentiation. (A) Trajectory reconstruction of 
trophoblast differentiation in placental tissues consisting of three branches: prebranch (VCTs), Branch 1 (SCTs), and Branch 2 (EVTs). Each point 
corresponds to a spot. (B) Heatmap plot displaying the expression patterns of pseudotime-specific genes associated with the trajectory of trophoblast 
differentiation. (C) Density plot illustrating the temporal changes in metabolic activity across VCTs, SCTs, and EVTs. This plot displays the frequency 
distribution of pseudotime scores assigned to each spot, with the pseudotime representing the progression of metabolic changes over time. (D)
Sphingomyelin (m/z 809.6589, 855.6732), and PE (m/z 826.6346) decreased during the differentiation of VCTs to SCTs and EVTs. (E) PC (m/z 836.6184) 
remained unchanged during VCT to SCT differentiation but increased during VCT to EVT differentiation. DG (m/z 627.5386), PC (m/z 728.5266), GM2 
(m/z 744.6417), LacCer (m/z 844.6165), and Cer (m/z 556.4625) decreased during VCT to SCT differentiation but increased during VCT to EVT 
differentiation. (F) PE (m/z 820.5336), PG (m/z 847.5538), PS (m/z 836.5394), phosphatidate (m/z 829.5653), PC (m/z 876.5647), and PC (m/z 768.5801) 
increased during VCT to SCT differentiation but decreased during VCT to EVT differentiation. PE: phosphatidyl ethanolamine; PC: phosphatidylcholine; 
GM2: GM2 ganglioside; LacCer: lactosylceramide; Cer: ceramide; PG: phosphatidylglycerol; PS: phosphatidylserine; EVTs: extravillous trophoblasts; 
SCTs: syncytiotrophoblasts; VCTs: cytotrophoblasts.
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3.4 Dysregulated glycerophospholipid 
metabolism is a metabolic hallmark in 
preeclampsia

  

    

    

 

4 Discussion
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FIGURE 6
Metabolic reprogramming of glycerophospholipid metabolism in the placenta of patients with preeclampsia. (A) Schematic maps of 
glycerophospholipid metabolism: essential metabolites and enzymes involved in glycerophospholipid metabolism in the placenta of patients with 
preeclampsia. (B) STs images of the LPL gene in the placentas of patients with preeclampsia and NC individuals. Violin plot showing the LPL expression 
level in the villous region of the placenta was increased in the PE group compared with the NC group (p < 2.22e-16). (C) SM images of DG (38:4) in six 
placenta samples (intensity in the MS image color scale is the relative value, and the intensity in the gene image color scale is log2 transformed). The 
intensity of DG(38:4) was significantly increased in the PE group compared with the NC group (p < 0.001, statistical details are 
provided in Supplementary Table S6). (D) ST images of the DGKZ gene in the placentas of the preeclampsia and NC groups. (E) Violin plot showing the 
DGKZ expression level in the villous region of the placenta was decreased in the PE group compared with the NC group (p < 2.22e-16). LPL: lipoprotein 
lipase; DGKZ: diacylglycerol kinase zeta.
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5 Conclusion
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Supplementary material

SUPPLEMENTARY FIGURE S1
Differentially abundant metabolite analysis between patients with preeclampsia 
and NC individuals. (A) PCA was used to reduce dimensionality and reveal key 
patterns in the SM data. (B) Heatmap showing the differentially abundant 
metabolites of the placenta between patients with preeclampsia and NC 
individuals. (C) KEGG pathway analysis was used to identify and interpret 
biological pathways and networks that were significantly altered, providing 
insights into the functional impact of the observed metabolic changes. (D)
Lollipop map was used to visualize the relative abundance of metabolites 
between patients with preeclampsia and NC individuals. (E) SM images of 
N-Glycoloylganglioside GM2 in six placenta samples. The intensity of GM2 was 
significantly increased in the PE group compared with the NC group (p < 0.001, 
statistical details are provided in Supplementary Table S6).

SUPPLEMENTARY FIGURE S2
Representative marker genes of each cluster and each cell type in the placenta.
(A) Spatial expression images of representative genes in each cluster in the 
placental tissue sections. (B) Pie chart showing cell type compositions 
in each spot.

SUPPLEMENTARY FIGURE S3
KEGG analysis of different cell types between patients with preeclampsia and NC 
individuals. (A) KEGG analysis revealed that SCTs cells are primarily involved in the 
Hippo signaling pathway, PI3K Akt signaling pathway, and ECM receptor 
interaction. (B) Fibroblasts mainly function in cytokine cytokine receptor 
interaction, PI3K Akt signaling pathway, and ECM receptor interaction. (C) DEGs 
in MC cells are enriched primarily in the Rap1 signaling pathway, the apelin 
signaling pathway, and focal adhesion. (D) EVTs are predominantly associated 
with cancer pathways. (E) In VCTs, DEGs related to focal adhesion, the PI3K Akt 
signaling pathway, and the complement and coagulation cascades were notably 
enriched. KEGG: Kyoto Encyclopedia of Genes and Genomes; EVTs: extravillous 
trophoblasts; SCTs: syncytiotrophoblasts; VCTs: cytotrophoblasts.

SUPPLEMENTARY FIGURE S4
Visualization of the reprogrammed glycerophospholipid metabolic pathway in the 
placenta of patients with preeclampsia. (A–D) SM images of PA (42:0), PG (36:2), 
PC (32:0), and PE (20:3) in six placenta samples (intensity in the MS image color 
scale is the relative value, and the intensity in the gene image color scale is log2 
transformed). The difference is statistically significant when p-value <0.05. 
Statistical details are provided in Supplementary Table S6.

SUPPLEMENTARY FIGURE S5
Visualization of the reprogrammed glycerophospholipid metabolic pathway in the 
placenta of patients with preeclampsia. (A,B) SM images of PS (38:3) and PI (36:1) 
in six placenta samples (intensity in the MS image color scale is the relative value, 
and the intensity in the gene image color scale is log2 transformed). The 
difference is statistically significant when p-value <0.05. Statistical details are 
provided in Supplementary Table S6.

SUPPLEMENTARY FIGURE S6
(A,B) UMAP revealing different cell types in the decidua and placenta based on 
public single-cell data. (C,D) The pie charts of cell proportions within each spatial 
spot in two placental samples. (E,F) Mapping of cell types to spatial locations with 
RCTD in two placental samples.

SUPPLEMENTARY TABLE S1
Clinical characteristics of placental tissue samples from patients with late-onset 
preeclampsia (PE) and normal controls (NC). Information includes maternal age, 
gestational age, parity, gestational age at PE diagnosis and delivery, fetal sex, 
sampling region (basal plate vs. chorionic villi), and distance from the cord 
insertion site.

SUPPLEMENTARY TABLE S2
Barcodes and spatial coordinates of representative spots in the spatial 
transcriptomics (ST) dataset. Each spot has a unique spatial barcode (Barcode), 
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which can be used to identify its precise location on the tissue section. TransX and
TransY denote the spatial coordinate values (x and y) assigned to each spot in the 
ST platform.

SUPPLEMENTARY TABLE S3
Spatial coordinates of representative spots in the spatial metabolomics (SM) 
dataset. MetaX and MetaY denote the x and y coordinate values assigned to each 
spot in the SM platform.

SUPPLEMENTARY TABLE S4
Scaling ratio results calculated from pairwise labeled spots. The table lists the 
Euclidean distances between paired locations in the spatial transcriptomics (ST) 
and spatial metabolomics (SM) datasets, together with the corresponding scaling 
ratios used to assess alignment accuracy.

SUPPLEMENTARY TABLE S5
Pairwise rotation angle values (in degrees) calculated between spatial 
transcriptomics (ST) and spatial metabolomics (SM) spots. These angles were used 
to evaluate rotational consistency across modalities in the alignment procedure.

SUPPLEMENTARY TABLE S6
List of differential metabolites identified between late-onset preeclampsia (PE) and 
normal control (NC) placentas. The table includes metabolite features with their 
annotation, m/z, compound class, and statistical parameters (VIP, fold change, 
p-value, FDR).

SUPPLEMENTARY TABLE S7
Representative list of lipid species identified in the analysis of characteristic 
metabolic alterations during the process of cellular development. Full lipid 
IDscorrespond to annotated lipid molecules, with their measured m/z values and 
detected adduct types.

SUPPLEMENTARY TABLE S8
Summary of orthogonal partial least-squares discriminant analysis (OPLS-DA) 
model performance for PE vs. NC groups. The table reports model parameters 
including the number of predictive (PRE) and orthogonal (ORT) components, total 
components (N), cumulative explained variance (R2X(cum), R2Y(cum)), 
cumulative predictive ability (Q2(cum)), and cross-validation
values (R2, Q2).
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