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Abstract
Reproductive disorders are a concern in the pig industry. Successful gesta-
tion processes are closely related to a suitable endometrial microenvironment, 
and the physiological mechanisms leading to failed pregnancy during the peri-
implantation period remain unclear. We constructed single-cell transcriptome pro-
files of peri-implantation embryo loss and successful gestation endometrial tissues 
and identified 22 cell subpopulations, with epithelial and stromal cells being the 
predominant endometrial cell types. The two tissues showed marked differences 
in cell type composition, especially among epithelial cell subpopulations. We also 
observed functional differences between epithelial and stromal cells in tissues from 
embryonic loss and successful gestation, as well as the expression levels and dif-
ferentiation trajectories of genes associated with embryo attachment and endome-
trial receptivity in epithelial and stromal cells. The results of cell communication 
interactions analysis showed that ciliated cells were more active in endometrial 
tissue with embryo loss, and there were differences in the types of endometrial 
cells with major roles in embryo loss and embryo implantation successful tissues 
for bone morphogenic protein, insulin-like growth factor, and transforming growth 
factor-β signaling networks associated with embryo implantation. In addition, we 
compared the functional differences in immune cells between the two tissue types 
and the expression levels of genes related to the inflammatory microenvironment. 
Overall, the present study revealed the molecular features of endometrial cell tran-
scription in embryo-lost endometrial tissues, providing deeper insights into the 
endometrial microenvironment of reproductive disorders, which may inform the 
etiological, diagnostic, and therapeutic studies of reproductive disorders.
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1   |   INTRODUCTION

Reproductive traits are among the most important eco-
nomic traits in the swine industry, and the annual litter 
size of a sow is determined by the ability to maintain vi-
able embryos throughout gestation.1,2 Successful embryo 
implantation is also strongly associated with successful 
pregnancy and litter size.3,4 Approximately 75% of preg-
nancy losses are due to implantation failure.5 Thirty per-
cent of porcine embryos are lost between days 12 and 30 
of gestation,6 and the mortality rate of embryos in the 
case of embryo transfer is about 70%.7 Successful preg-
nancy is synergistically regulated by multiple molecular 
mechanisms, the process of embryo implantation re-
quires concerted interaction between the blastocyst and 
the endometrium,8 morphologic and functional changes 
in the endometrium are key determinants of uterine re-
ceptivity to the embryo, and during early gestation, hor-
mones, growth factors, and transit proteins in the uterine 
cavity promote the growth and development of the em-
bryo.9 Conceptus secretory factors activate endometrial 
genes to stimulate uterine modulation of immune re-
sponses.10 Endometrial receptivity disorders, defects in 
gene function, and defects in maternal-fetal crosstalk 
lead to failure of embryo implantation and even recur-
rent pregnancy failure and infertility.4,11,12 However, the 
porcine endometrial characteristics of embryo loss have 
not yet been fully elucidated, and a comprehensive un-
derstanding of the molecular characterization of the 
endometrium in reproductive disorders is important for 
improving reproductive performance.

The endometrium is a complex tissue composed of 
multiple cell types, mainly epithelial cells, stromal cells, 
and various types of immune cells.13 During the early 
stages of embryo implantation, the trophoblast ectoderm 
of the blastocyst can attach to endometrial epithelial cells 
and then proceed to invade the endometrial stroma and 
vasculature.14 Enrichment of natural killer (NK) cells oc-
curs at the conceptus attachment sites, and the maternal 
immune environment undergoes dynamic changes to 
achieve a homeostatic immune state regulated by hor-
monal cytokines and inflammatory mediators secreted 
by the embryo during implantation, leading to the estab-
lishment of a pro-inflammatory environment during im-
plantation.15 It has been suggested that disturbances in 
immune-promoted endometrial angiogenesis are some of 
the main causes of subsequent fetal abortions and reduced 
litter sizes in pigs.16 Recent tissue-wide transcriptomics-
based analysis reveals molecular-level differences in en-
dometrial dysfunctional tissues with failed embryonic 
attachment.17 However, owing to cellular heterogeneity 
and the unique role of different cell types in embryo im-
plantation, the transcriptional profiles of different cell 

types in endometrial tissues with embryo loss remain to 
be further clarified.

Single-cell RNA sequencing can dissect cellular hetero-
geneity and analyze molecular alterations at the cellular 
level, capturing key cell populations of change and their 
transcriptional signatures, providing greater insight into 
cellular processes important in tissue development and 
disease progression.18 In this study, we developed single-
cell mapping of embryo loss and attachment success in 
the endometrium, captured key cell populations with al-
tered endometrial organization in embryo loss, and ana-
lyzed their molecular signatures.

2   |   MATERIALS AND METHODS

2.1  |  Sample collection

All experimental animals were 3 years old with a similar 
genetic background. We selected a Yorkshire sow with an 
abortion experience on the 26th of gestation, after three 
consecutive artificial insemination matings, and sub-
sequently there were no returns of sows to estrous phe-
nomenon. After 30 days, no developing fetus was seen 
in the sample when we collected the endometrium tis-
sues, which represented the sample of embryo loss (EL). 
Another Yorkshire sow with successful artificial insemi-
nation was selected and gestated for 30 days; the 30-day 
embryos were obviously observed when endometrial 
samples were collected, which represented the sample of 
successful embryo implantation (EIS). We defined the day 
of artificial insemination as day 0 of pregnancy, and en-
dometrial samples were collected from each uterine horn; 
animals requiring slaughter were humanely euthanized as 
necessary to relieve suffering, all experimental procedures 
were approved by the Animal Care and Use Committee 
of Qingdao Agricultural University (DEC, 2024-0079), 
Qingdao, China.

2.2  |  Single-cell dissociation

About 200 mg of endometrial tissue was clipped, washed 
twice with precooled phosphate-buffered saline (PBS) 
solution, placed in tissue protection solution (BioYou, 
21903-10), and transferred to the laboratory on ice for 
follow-up treatment. After adding enzyme digestion so-
lution (2 mg/mL collagenase II, 1 mg/mL dispersed pro-
tease, 30 μg/mL DNase I, 2.5 mM CaCl2, containing FBS 
2% dissolved in basal medium), the samples were shaken 
in a 37°C water bath shaker at 100 rpm/min for 20 min. 
The enzyme-digested suspension was filtered through a 
30 μm cell filter and added to 15 mL PBS, centrifuged at 
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500 g for 5 min at 4°C. The supernatant was removed and 
the pellet resuspended with 1 mL of 0.04% BSA, added into 
3 mL of 1X RBC to lyse erythrocytes, and left at room tem-
perature for 5 min (the time can be adjusted according to 
the actual situation of erythrocyte lysis). The suspension 
was then washed twice with PBS and centrifuged at 4°C, 
300 g for 5 min. The supernatant was removed and the 
pellet resuspended in 500 μL of 0.04% BSA. Cell param-
eters were then tested with a cell counter (CountessTM 
II FL Automated Cell Counter, Thermo Fisher Scientific, 
Waltham, MA, USA).

2.3  |  Single-cell RNA-seq library 
preparation and sequencing

The scRNA-Seq libraries and RNA sequencing were 
performed by Gene Denovo Biotechnology Co., LTD 
(Guangzhou, China). A Chromium NextGEM Chip G 
Single Cell Kit (PN- 1000120; 10X Genomics, Pleasanton, 
CA, USA) was used to construct scRNA-Seq libraries. 
In brief, single cell suspensions at a concentration of 
1000 cells/μL were loaded onto the chip in a 10X Genomics 
Chromium Controller (10X Genomics) to generate single 
cell gel bead emulsions (GEMs), GEMS were subjected to 
PCR followed by GEMS-RT bead purification and cDNA 
amplification. The purified cDNA product was frag-
mented, end-repaired, A-tailed, and ligated with adaptors, 
and amplification by PCR. Finally, the DNA 1000 assay 
Kit (5067-1505, Agilent Technologies, Santa Clara, CA, 
USA) was used for library QC, and the ABI StepOnePlus 
Real-Time PCR System (Life Technologies, Carlsbad, CA, 
USA) was used for quantification and pooling according 
to the Novaseq 6000 PE150 mode for online sequencing.

2.4  |  Single-cell RNA statistical analysis

Data quality statistics were performed on raw data 
using Cell Ranger v3.1.0. First, the Read2 cDNA se-
quence fragments were aligned to the reference genome 
(GCF_000003025.6_Sscrofa11.1_v3) by STAR (Spliced 
Transcripts Alignment to a Reference), followed by filter-
ing and correcting barcodes and UMIs, filtering out sin-
gle oligo strands, UMIs with N and mass values less than  
10 bases, and validated reads of barcodes and UMIs  
were further used for UMI counting. Based on the 
EmptyDrops19 method to determine valid barcodes, the 
UMI corresponding to each gene ID of each barcode was 
de-emphasized, and the number of unique UMIs was cal-
culated as the expression of the gene in the cell. Single-cell 
transcriptome data were analyzed using the R package 
Seurat20 for further quality control, analysis, and data 

exploration. Finally, the UMAP package is used to map 
the high-dimensional data to two-dimensional space for 
visual display and analysis, and the default Wilcoxon rank-
sum test was used to calculate the marker genes of each 
cell cluster under the following criteria with log FC thresh-
old = 0.25 and min.pct = 0.25, differentially expressed genes 
(DEGs) among cell clusters in pseudotime with qval <.01, 
and DEGs between two samples with |log2FC| = 0.5 and  
p-value <.05 were used.

2.5  |  Functional enrichment analysis

Functional annotation of highly expressed differential 
marker genes in cell populations was performed using 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
(https://​www.​kegg.​jp/​) and Gene Ontology (GO) data-
bases (http://​www.​geneo​ntolo​gy.​org/​).

2.6  |  Cell communication analysis

Cell Phone DB V5 software was used to predict ligand-
receptor interactions between two cell states and potential 
communication relationships between cell pairs by con-
structing networks of interactions between cell types.

2.7  |  Pseudotime analysis

Monocle2 (http://​cole-​trapn​ell-​lab.​github.​io/​monoc​le-​re-
lease) was used to perform single-cell trajectory analysis. 
Briefly, the cellular gene expression matrix was entered 
into Monocle2 and Monocle2 was utilized to downscale 
the data to a two-dimensional plane. The screening cri-
teria for differential genes based on differentiation status 
and proposed temporal changes were corrected with a p-
value <.1.

2.8  |  RNA extraction, reverse 
transcription, real-time fluorescence 
quantification-PCR

According to the manufacturer's protocol, total RNA 
was extracted from the endometrial tissues using the 
SevenFast® Total RNA Extraction Kit (SM130-02, Seven 
Biotech, Beijing, China). A microplate spectrophotometer 
(Epoch, BioTek Instruments Inc., USA) was used to de-
tect RNA concentration and quality, the range of OD260/
OD280 is 1.8–2.0. The RNA was synthesized to cDNA by 
using the Takara One Step Reverse Transcription Kit 
(RR092A, Takara Bio Inc. Co. Ltd., Japan) as directed 

https://www.kegg.jp/
http://www.geneontology.org/
http://cole-trapnell-lab.github.io/monocle-release
http://cole-trapnell-lab.github.io/monocle-release
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by the manufacture. The primers information used in 
qRT-PCR were designed by Oligo 7 software, relative 
gene expression was quantified by real-time fluorescence 
quantitative PCR by using the 2 × FastHS SYBR QPCR 
Mixture (AM2101, Allmeek, China). The detailed condi-
tions for qRT-PCR were as follows: 95°C for 30 s, followed 
by 40 cycles of 95°C for 10 s, and 60°C for 30 s. Data were 
analyzed using the 2−ΔΔCt method with GAPDH as a refer-
ence. The detailed qRT-PCR primers information is listed 
in Table S17.

2.9  |  Hematoxylin–eosin (HE) 
staining and immunohistochemistry 
analysis

Fresh tissue was fixed with 4% paraformaldehyde, dehy-
drated with alcohol in turn, embedded in paraffin wax, 
and sliced, then stained with hematoxylin and eosin. The 
deparaffinized tissue sections are antigenically repaired, 
and primary antibodies COL1A1 (Huabio, ET1609-68) 
and ACTA2 (Proteintech, 67735-1-Ig) are added. Sections 
were incubated at 4°C overnight. After washing out the 
primary antibodies, after tissue sections were closed 
with 5% BSA (BioFROXX, EZ2811C238) at room tem-
perature for 1 h, the secondary antibodies (Fuzhou Maixin 
Immunohistochemistry Kit, KIT9730), and DAB chromo-
gen (Fuzhou Maixin, DAB-1031) were added for visualiza-
tion. Subsequently, nuclear staining was performed using 
hematoxylin. Next, the tissue sections were dehydrated 
and sealed. The image was captured using a slide scan sys-
tem via SlideViewer version 1.5.5.2 software.

2.10  |  Statistical analysis

The data analysis was performed using independent 
samples t-tests by SPSS 23.0 software (IBM Corp.), data 
visualization was by using GraphPad Prism 5 (GraphPad 
InStat Software). Data are presented as the mean ± SEM. 
A p-value <.05 was considered statistically significant, 
and p < .01 was considered extremely significant.

3   |   RESULTS

3.1  |  Identification of porcine 
endometrial cell type

To investigate the cellular transcription features of failed 
pregnancy endometrial tissue, scRNA-seq was performed 
to characterize the differential endometrial transcrip-
tional landscape in EL and EIS tissue (Figure  1A,B and 

Table  S1). We obtained a total of 10687 and 8661 endo-
metrial single-cell transcriptomes from EL and EIS tissue 
respectively (Figure  S1A), and further identified major 
cell types based on maker genes, epithelial cells (KRT8, 
KRT18, MSX1),6,21 stromal cells (DCN, PGR) and lym-
phocytes (PTPRC),6 monocyte/macrophage (TYROBP),22 
and endothelial cells (PECAM1, CLDN5)21 were  
identified from previous studies, fibroblasts (ACTA2), 
ciliated cells (FOXJ1), and NK cells (CD8A, CD3D, NKG7) 
were identified from CellMaker2.0 (Figure  1D–J and 
Table  S2). Concurrently, we identified 11 epithelial cell 
subpopulations and observed epithelial cells 2 and 4 as the 
main epithelial cell populations in EIS tissue, while epithe-
lial cells 1 and 3 were the main epithelial cell populations 
in EL tissue (Figure 1C). KEGG pathway enrichment anal-
ysis was performed to compare the functional differences 
of these epithelial cell subpopulations. The lysine degrada-
tion pathway was mainly enriched in epithelial cell 1, and 
epithelial cell 3 was related to thermogenesis, oxidative 
phosphorylation, and reactive oxygen species signaling 
pathways. Epithelial cells 2 and 4 had similar functional 
pathways, and the ribosome pathway was significantly en-
riched in epithelial cell 4 (Figure S1B–E). Moreover, the 
number of ciliated epithelial cells was higher in EL tissues 
(Figure 1C).

In addition, the DEGs analysis between two groups 
based on clusters showed that there are 320 genes that 
were up-regulated in EL tissue, 174 genes that were down-
regulated, and qRT-PCR results were consistent with tran-
scriptional sequencing results (Figure S2A). HE staining 
analysis showed that a greater number of glands in EL 
endometrial tissue (Figure  S2B), IHC analysis showed 
COL1A1 protein was highly expressed in endometrial tis-
sue, we similarly noted that ACTA2 was expressed in EL 
and EIS tissues, and the EIS tissue showed a higher ex-
pressional level (Figure S2C).

Overall, we established a single-cell transcriptome pro-
file of endometrial cells from EL and EIS tissues, where 
epithelial and stromal cells were the major cell popula-
tions in endometrial tissues, and EL tissues presented ob-
vious differences in microenvironmental cell components.

3.2  |  Transcriptional atlas of endometrial 
cells in EL tissues

To systematically elaborate the complex cellular mech-
anism of embryo loss, we next isolated and identified 
fourteen cell types in the EL endometrial atlas, mainly 
including epithelial cells, stromal cells, and immunity 
cells (Figure  2A and Table  S3). Figure  2B shows the 
top expression level of marker genes in each cell type 
populations (Table S4). GO enrichment analysis showed 
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F I G U R E  1   Transcription profiles of endometrial cells. (A) UMAP plot of visualizing all cells displayed with different colors for clusters. 
(B) Integrated UMAP plot of main cell types identified in tissues. (C) The proportion of each cell types in embryo loss (EL) and successful 
embryo implantation (EIS) tissues. (D) The heatmap of differentially expressed marker genes among different cell types. (E–J). UMAP plot 
of representative cell markers respectively annotated in fibroblasts, epithelial cell, ciliated cell, endothelial cell, monocyte/macrophage, and 
stromal cell.
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that the function of the endometrium in EL tissue was 
primarily related to the peptide metabolic process, ri-
bonucleoprotein complex, microtubule cytoskeleton, 
and RNA binding (Figure  2C and Table  S5), and the 
KEGG pathways were mainly enriched in metabolic 
pathways, reactive oxygen species, and thermogen-
esis (Figure  2D and Table  S6). To further explore the 
regulation of the endometrial microenvironment by 
cell-type interactions, we analyzed the expression of 
ligand-receptor pairs using the Cell Chat software. We 

noticed that closer receptor-ligand pair dialogs among 
epithelial cells 1 and other cells had stronger communi-
cation strength with ciliated epithelial cells and stromal 
cells (Figure 2E and Table S7). Ciliated epithelial cells, 
stromal cells, and epithelial cells 5 were the cell popula-
tions that contribute the most to the role of recognizing 
outgoing or incoming signals, with GRN/VISFATIN/
NT/BMP being the strongest contributor to the outgoing 
signaling of stromal cells, and MK/PTN/CALCR/IFN-1 
being the strongest contributor to the incoming signals 

F I G U R E  2   Transcription profiles of endometrial cells in EL tissue. (A) UMAP plot of main cell types identified in embryo loss (EL) 
tissues. (B) The heatmap of differentially expressed marker genes among different cell types in EL tissues. (C) Go functional analysis of 
EL tissue (p-value <.05). (D) KEGG functional analysis of EL tissue (Top25 pathways, p-value <.05). (E) The chord diagram of the cell 
communication network in EL tissue (The size of the circle indicates the number of cells, the larger the circle, the greater the number of 
cells. Cells that emit arrows express ligands, and cells to which the arrows point express receptors, the more ligand-receptor pairs there are, 
the thicker the line). (F) Potential interactions between subpopulations based on receptor-ligand pairs (p-value <.05). (G) Recognition of 
intercellular communication patterns in EL tissue. (H) The chord diagram of the cell communication network in ciliated cell, BMP, IGF, and 
TGF-β signaling pathway network in EL tissue.
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of stromal cells. Additionally, ciliated cells, epithelial 
cells 5, endothelial cells, NK cells, and lymphocytes 
have the same pattern, and these patterns are due to the 
fact that these ncWNT/ FGF/ PDGF/ IFN-1/ IL-1 path-
ways may have similar outputs. The bone morphogenic 
pathway (BMP) signaling network was stronger in com-
munication strength among ciliated cells, stromal cells, 
and epithelial cells 1, while the insulin-like growth fac-
tor (IGF) signaling pathway network was stronger in the 
communication strength of ciliated cells and epithelial 
cells 6, and the transforming growth factor-β (TGF-β) 
signaling pathway was stronger between ciliated cells 
and epithelial cells 5 communication (Figure 2F–H and 
Table S7). These studies revealed the functional charac-
terization of the endometrium in embryonic loss, with 
ciliated and stromal cells playing an important role in 
intercellular communication.

3.3  |  Trajectory analysis of endometrial 
cell in EL tissue

To explore the developmental trajectory of the cell states, 
we performed a pseudotime analysis of all cell types using 
monocle2. The developmental trajectory trends of endo-
metrial cells in EL tissues included five stages. Figure 3A 
shows that stromal cells were at the beginning of differ-
entiation, epithelial cell 1 was at the onset and medium 
term of differentiation, and ciliated epithelial cells were 
mainly at the end of differentiation, which may demon-
strate the evolution from epithelial cell 1 to epithelial cell 
3 and ciliated epithelial cells (Figure 3A,B and Table S8). 
Based on the important role of epithelial and stromal cells 
in embryonic attachment, and as the major cell popula-
tions in endometrial cells, we further evaluated the tem-
poral expression levels of genes associated with embryo 

F I G U R E  3   Pseudotime trajectory of endometrial cells in embryo loss (EL) tissue. (A, B) Monocle2 analyses showing the development of 
endometrial cells in EL tissue. (C) Pseudotime trajectory of genes associated with embryo implantation. (D) Pseudotime trajectory of genes 
associated with endometrial receptivity.
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attachment and endometrial receptivity. Monocle2 analy-
sis showed that genes associated with endometrial recep-
tivity, HOXA10 and IGFBP2, are expressed conservatively 
in epithelial and stromal cells, indicating that the endo-
metrium is not yet sufficiently receptive to the embryo 
(Figure 3D). The expression levels of genes related to em-
bryo attachment fluctuated greatly with the change in cell 
differentiation, and the expression levels of RPL29 and 
EGR1 first increased and then decreased with the change 
in cell differentiation (Figure 3C). These studies suggest 
that ciliated cells are at a stage of terminal differentiation 
and that the endometrium in which the embryo is lost 
may not be in the receptivity phase.

3.4  |  Transcriptional atlas of endometrial 
cells in EIS tissues

Sixteen cell types were captured in the EIS tissue, with 
epithelial and stromal cells being the main cell types 
(Figure  4A and Table  S9). In contrast to the transcrip-
tional profile of endometrial cells in EL tissues, we noted 
high expression levels of COL1A1, COL3A1, and COL1A2 
in epithelial cells 1, these endometrial cell subpopulations 
with high expression of top maker differed from that in 
EL tissue (Figure 4B). GO functional enrichment analysis 
of EIS tissues showed that peptide biosynthetic processes, 
amide biosynthetic processes, ribosomes, and ribonucleo-
protein complex structural constituents of ribosomes were 
the most enriched (Figure 4C and Table S10). Analysis of 
intercellular communication in EIS samples (Table S11) 
showed an increased number of interactions between 
stromal cells, endothelial cells, and other cells, while the 
strength of interactions among epithelial cells 1, endothe-
lial cells, and NK cells was stronger (Figure 4D). Epithelial 
cell 2 is the most important cell population for recognizing 
outgoing or incoming signaling roles, SPP1 is the largest 
outgoing signal for epithelial cell 1 and the largest incom-
ing signal for epithelial cell 2. The largest outgoing sig-
nals from ciliated epithelial cells were GALECTIN, GAS, 
BAFF, LT, PDGF, and OPIOID, and the largest incom-
ing signals were GAS, PROS, and BAFF (Figure 4E). We 
noted close communication in the BMP signaling path-
way network among fibroblasts, endothelial cells 1, and 
ciliated cells, whereas the IGF signaling pathway network 
showed a strong dialog between endothelial cells 1 and 

epithelial cells 2, and NK cells had a closer communica-
tion with epithelial 1, 2, 3 in TGF-β signaling pathway net-
work (Figure 4F). Additionally, we found that epithelial 
cells 1, 2, 3, and 4, and NK cells had the same outgoing and 
incoming communication patterns (Figure  S3A). These 
results revealed that the pattern of intercellular commu-
nication was different from that of endometrial cells with 
unsuccessful gestation.

Next, we evaluated the trajectory of endometrial cell 
development. The development trajectory of endometrial 
cells in EIS tissue showed five stages in the timeline (from 
state 1 to state 2 to state 3 to state 4, or from state 1 to state 5). 
We found that epithelial cells 1 and 2 were in all states; NK 
cells, monocytes/macrophages, and endothelial cells were 
mainly in state 1; ciliated cells were mainly in state 5; and 
epithelial cells 3 were mainly in states 3 and 4 (Figure 4G 
and Table S12). Pseudo temporal differentiation trajecto-
ries of genes associated with embryo attachment in EIS 
tissues in endometrial cells showed that the ID1 gene was 
barely expressed throughout the differentiation process of 
endometrial cells, the EGR1 gene was conservatively ex-
pressed throughout the process, the expression levels of 
the RPL29 and SAT1 genes showed a trend of decreasing 
expression levels with the change in differentiation status 
of the cells, while the expression level of KLF4 showed 
a trend of increasing expression levels (Figure S3B). The 
endometrial receptivity-related gene HOXA10 was barely 
expressed by endometrial cells in EIS tissues, whereas the 
expression of IGFBP2 first increased and then decreased 
(Figure S3C). In summary, these results demonstrate that 
the transcriptional patterns of endometrial cells differ be-
tween EIS and EL tissues.

3.5  |  Differences in the transcriptional 
profile of endometrial cell-embryo 
attachment

Given the important role of estrogen and proges-
tin in endometrial cell proliferation and differentia-
tion, early blastocyst attachment, and maintenance 
of pregnancy,23,24 we first assessed the expression lev-
els of PGR and ESR1 genes in the endometrial cells of 
EL and EIS tissues. Interestingly, PGR and ESR1 were 
highly expressed in the endometrial cells of EL tis-
sues (Figure  5A,F). The endometrial epithelium is the 

F I G U R E  4   Transcription profiles of endometrial cells in successful embryo implantation (EIS) tissue. (A) UMAP plot of main cell 
types identified in EIS tissues. (B) The heatmap of differentially expressed marker genes among different cell types in EIS tissues. (C) Go 
functional analysis of EIS tissue. (D) The chord diagram of cell communication network in EIS tissue. (E) Potential interactions between 
subpopulations based on receptor-ligand pairs in EIS tissue. (F) The chord diagram of the cell communication network in ciliated cell, BMP, 
IGF, and TGF-β signaling pathway network in EIS tissue. (G) Pseudotime trajectory of endometrial cells in EIS tissue.
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F I G U R E  5   Transcriptional characterization of epithelial and stromal cells. (A) UMAP plot of PGR and ESR1 gene in embryo loss (EL) 
tissue. (B) Bubble map of expression levels of genes associated with embryo attachment in EL tissue. (C) Bubble map of expression levels 
of genes associated with endometrial receptivity in EL tissue. (D) GO functional analysis of epithelial cells in EL tissue. (E) GO functional 
analysis of stromal cells in EL tissue. (F) UMAP plot of PGR and ESR1 gene in successful embryo implantation (EIS) tissue. (G) Bubble map 
of expression levels of genes associated with embryo attachment in EIS tissue. (H) Bubble map of expression levels of genes associated with 
endometrial receptivity in EIS tissue. (I) GO functional analysis of epithelial cells in EIS tissue. (J) GO functional analysis of stromal cells in 
EIS tissue.
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maternal tissue that establishes close contact with the 
blastocyst during embryo implantation.25 Next, we ana-
lyzed the expression levels of genes associated with em-
bryo implantation (CRABP2, ALDH1A2, CST3, FBLN1, 
RPL29, APOD, SAT1, HAND2, RHOB, ID1, JUN, KLF4, 
INSR, EGR1, APOLD1, THSD7A) and endometrial re-
ceptivity (HOXA10, IGFBP2, LIF) in epithelial and stro-
mal cells. Embryo implantation-related genes (FBLN1, 
RPL29, SAT1, ID1, KLF4, and EGR1) were expressed in 
the EL tissues (Figure 5B), whereas CRABP2, ALDH1A2, 
FBLN1, RPL29, APOD, SAT1, HAND2, ID1, KLF4, INSR, 
and EGR1 were expressed in the EIS tissues (Figure 5G). 
Analysis of genes associated with endometrial receptiv-
ity showed that HOXA10 was expressed in fibroblasts 
and that IGFBP2 was expressed mainly in the glandular 
epithelial cells of EL tissues (Figure 5C). In EIS tissues, 
HOXA10 and IGFBP2 were expressed in the stromal and 
epithelial cells 5 (Figure 5H). To gain more insight into 
the differences in epithelial and stromal cell functions in 
EL and EIS tissues, GO functional enrichment analysis 
was performed, which revealed that the epithelial cells 
of EL tissues highly expressed genes involved in peptide 
metabolic processes, structural constituents of ribo-
somes, and ribosomes, similar to the function of the epi-
thelial cells of EIS tissues (Figure 5D,I and Tables S13, 
S14). The analysis of stromal cells of EL tissue was 
mainly related to translation, ribonucleoprotein com-
plex, and structural constituents of ribosomes, whereas 
the function of stromal cells in EIS tissue was related 
to external encapsulating structure, angiogenesis, and 
growth factor binding (Figure 5E,J and Tables S15, S16). 
These data indicate that the differences in the transcrip-
tional characteristics of endometrial cell-embryo attach-
ment between EL and EIS were mainly manifested in 
the epithelial and stromal cells.

3.6  |  The heterogeneity of the immune 
microenvironment of the endometrial cells

It is widely accepted that the immune system plays an im-
portant role in embryo-maternal crosstalk.26 Therefore, 
we focused on the transcriptional characteristics of im-
mune cells. The immune microenvironment in EL tis-
sues was mainly composed of lymphocytes and NK cells 
(Figure 6A), whereas that in EIS tissues was dominated 
by NK cells and monocytes/macrophages (Figure  6G). 
KEGG functional analysis showed that pathways related 
to chemokine signaling were most significantly enriched 
in lymphocytes and monocytes/macrophages of EL tis-
sues (Figure  6B,C), whereas pathways of osteoclast dif-
ferentiation and lysosomes were dramatically enriched in 
lymphocytes and monocytes/macrophages of EIS tissues, 

respectively (Figure 6H,I). The most significantly enriched 
pathway for NK cells in both tissue types was associated 
with the ribosomes (Figure 6D,J).

Next, we examined the gene expression profiles of pro- 
and anti-inflammatory cytokines in EL and EIS tissues. 
In EL tissues, monocyte/macrophages predominantly 
expressed the pro-inflammatory cytokine IL-1α, lympho-
cytes expressed IL-1β, and IL18, NK cells and lymphocytes 
highly expressed the anti-inflammatory cytokine TGF-β1, 
and endothelial cells expressed TGF-β2 (Figure 6E,F). In 
EIS tissues, monocyte/macrophages mainly expressed 
the pro-inflammatory cytokine IL-1α and IL-1β, lympho-
cytes expressed IL18, and epithelial cells 5 primarily ex-
pressed the anti-inflammatory cytokine IL-6 and TGF-β3, 
immune cells primarily expressed TGF-β1 (Figure 6K,L). 
Transcriptional analysis of the immune microenviron-
ment between EL and EIS tissues revealed the heterogene-
ity of lymphocytes and monocytes/macrophages, and the 
differences in the pro- and anti-inflammatory microenvi-
ronments, suggesting the heterogeneity of immune cells 
in EL and EIS tissues.

4   |   DISCUSSION

Different types of epithelial cells function differently 
in the development of the endometrium. The luminal 
epithelium is in direct contact with the conceptus, but 
the uterine glands contribute to the success of fertility 
and pregnancy through their secretions, which ensures  
conceptus survival, implantation, and gestational forma-
tion.27 We identified 12 epithelial cell subpopulations. 
Epithelial cell 2 and epithelial cell 4 with oxidative phos-
phorylation functions were abundant in the endome-
trium at 30 days of gestation, which may be related to the 
increased energy demand during pregnancy.28 Ciliated 
cells transport secretory substances secreted by glands 
and tubular cells in the uterus,29 and our work indicates 
that the number of ciliated cells increased in EL tissue, 
while previous studies have shown that characteristics 
of conditions associated with excessive estrogen activity 
lead to an increased number of ciliated cells.30 Despite dif-
ferences in the differentiation trajectories of endometrial 
cells in EL and EIS tissues, ciliated cells in both tissues 
were at the terminal end of differentiation, suggesting a 
high degree of ciliated cell differentiation.31 Additionally, 
we found that ciliated epithelial cells were the main out-
put cell population of the IGF signaling pathway in EL 
tissue, while epithelial cells 2 in EIS tissues are the larg-
est output cell population of the IGF pathway. The IGF-1 
in porcine endometrium is associated with embryonic 
development,32 promotes the proliferation of uterine epi-
thelial cells in nonpregnant mice.33 The uterus promotes 
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F I G U R E  6   The molecular characterization of immune cells. (A) UMAP plot of immune cells in embryo loss (EL) tissue. (B) Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of lymphocytes in EL tissue. (C) KEGG pathway enrichment 
analysis of monocytes/macrophages in EL tissue. (D) KEGG pathway enrichment analysis of NK cells in EL tissue. (E) The bubble map of 
pro-inflammatory cytokine in EL tissue. (F) The bubble map of anti-inflammatory cytokine in EL tissue. (G) UMAP plot of immune cells 
in successful embryo implantation (EIS) tissue. (H) KEGG pathway enrichment analysis of lymphocytes in EIS tissue. (I) KEGG pathway 
enrichment analysis of monocytes/macrophages in EIS tissue. (J) KEGG pathway enrichment analysis of natural killer (NK) cells in EIS 
tissue. (K) The bubble map of pro-inflammatory cytokine in EIS tissue. (L) The bubble map of anti-inflammatory cytokine in EIS tissue.



      |  13 of 16CHU et al.

early embryonic development and reduces apoptosis, 
whereas IGFBP3 is present at the maternal-fetal interface 
and plays a role in implantation and trophectodermal in-
filtration, associates with the pig litter size trait.34–36 The 
regulation of the IGF signaling network in different cell 
populations in the EL and EIS tissues may be related to 
endometrial adaptation to the process of embryonic de-
velopment. On the other hand, complex interactions of 
the TGF-β signaling pathway network in endometrial 
cells revealed by analyzing ligand-receptor pair expres-
sion in EL tissue, TGF-β is abundantly expressed in the 
endometrium and secreted into the uterine fluid by en-
dometrial cells and macrophages, possibly interacting 
with the embryo, enhance pig trophoblast attachment 
to the endometrium, and the current study found that  
stromal and glandular cells express TGF-β1 and TGF-
β3.37,38 Bone morphogenic protein is a subgroup of the 
TGF-β ligand family that mediates transformation of the 
maternal endometrial microenvironment to support em-
bryo implantation during early pregnancy, and BMPR1B 
has been identified as a candidate gene for porcine repro-
ductive traits.39,40 In this study, BMP signaling networks 
in EIS tissues were significantly enriched in endothelial 
cells and fibroblasts, while in EL tissues, stromal cells, 
ciliated cells and epithelial cells 1 were enriched. It has 
been shown that BMP signaling mutant embryos are able 
to develop to the post-implantation stage.41 However, 
they develop abnormally and die around 8.5 days of 
embryonic development, and it was concluded that  
BMP signaling mutations may be the cause of embryo 
loss.41 Similarly, SPP1 was found to be the most abundant 
signal exported and received between epithelial cells 1 
and 2, SPP1 is produced by luminal epithelial cells and 
acts in a paracrine and autocrine manner on trophoblasts 
and epithelial cells, respectively, to promote normal com-
munication.42 The above studies suggest that aberrant 
communication interactions of certain signaling path-
ways between cells may be the cause of embryo loss or 
attachment failure.

Because the cause of embryo loss during the peri-
implantation period is unclear, we attempted to assess 
endometrial receptivity and perform molecular charac-
terization of embryo implantation to reveal the cause of 
embryo loss. Endometrial receptivity is the determin-
ing condition for the uterus to provide development of 
the embryo and adhesion and union of the embryo to 
the endometrial epithelium, regulated by reproductive 
hormones.43 In pigs, the expression of ESR1 and PGR 
changes with the estrous cycle and pregnancy.44 We 
found higher ESR1 and PGR expression levels in EL 
tissues in this study, and previous studies showed that 
down-regulation of estrogen receptor-alpha appears to 
be a critical event that underlies receptivity and that 

excess estrogenic activity can prematurely close the win-
dow for implantation.45,46

Next, we revealed endometrial receptivity-related gene 
expression silencing in EL tissues (HOXA10, IGFBP2, LIF, 
and PRL), whereas the IGFBP2 gene is expressed in EIS 
tissues and the expression level changes with cell differ-
entiation status. Previous studies have shown that porcine 
endometrial IGFBP-2 mRNA abundance exhibited stage 
of pregnancy-dependent induction, the IGFBP-2 gene 
exhibited abundant mRNA expression in the porcine en-
dometrium at mid/late-pregnancy.47 Moreover, genes as-
sociated with embryo implantation were more abundantly 
expressed in EIS tissues. We observed that APOD genes 
are mainly expressed in stromal cells in EIS tissues, APOD 
functions as a multifunctional transporter protein involved 
in intercellular ligand transport, and the up-regulation of 
APOD in the secreting endometrium is a potential factor 
in maternal-fetal communication, and APOD has been 
found to be significantly up-regulated in the oviducts and 
ovaries of guinea pigs during pregnancy.48,49 The above 
studies suggest that endometrial hormone level disorders 
and dysregulated expression of molecular signatures as-
sociated with embryo attachment may be responsible for 
embryo loss.

We observed differences in immune cell function be-
tween EL and EIS tissues. NK cells play a role in antigen 
delivery, autoimmunity, inflammation, and pregnancy; 
the recognition of target cells by NK cells involves the 
participation of adhesion molecules and the production 
of a variety of cytokines such as TNFα, IL-10, IL-1β, and 
TGFβ.50,51 Our study found that NK cells in both tissues 
predominantly expressed the anti-inflammatory cytokine 
TGF-β1, and the function of NK cells in EL tissues was 
mainly related to cell adhesion and cell junction-related 
functions, whereas in EIS tissues it was related to Th cells, 
and previous studies have shown that the establishment 
of porcine epitheliochorial placenta is associated with 
endometrial Th cells recruitment.52 We also noted an in-
crease in the number of lymphocytes in EL tissues, and 
it has been found that endometrial NK and variability in 
T and B lymphocyte populations have all been implicated 
as contributing factors in adverse reproductive failure 
outcomes.53 The embryo secretes growth factors and a va-
riety of inflammatory mediators in addition to estrogen 
during the peri-implantation process,54 with days 12–30 
of gestation being the critical period during which vas-
cular changes and biogenesis at the maternal–embryonic 
interface provide nutrients for gestational development. 
Studies have shown that immune-promoted disruptions 
in endometrial vasculogenesis are some of the main rea-
sons for the subsequent loss of porcine fetuses and re-
duction in litter sizes.15,55,56 Our analysis of the results 
of inflammatory cytokines secreted by endometrial cells 
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showed that immune cells in EL tissues mainly expressed 
inflammatory factors, whereas in EIS tissues, in addition 
to the release of anti-inflammatory factors by immune 
cells, anti-inflammatory cytokines were mainly expressed 
in epithelial and stromal cells, which may be related to the 
changes in the maternal immune environment in order to 
achieve a balanced immune status of the body in order to 
adapt to the immune environment of the fetus during the 
development process.

In summary, we generated a single-cell transcriptional 
profile of porcine endometrial cells, including 22 major cell 
populations, of which epithelial cells, stromal cells, and fi-
broblasts were the major populations. We determined the 
ratio of EL and EIS tissue cell populations and character-
ized the functional characteristics of the major differential 
cell populations. We found that ciliated epithelial cells had 
a closer dialog with stromal cells and showed abnormal in-
tercellular communication in the EL tissue. Similarly, we 
found heterogeneity in the transcription characteristics of 
embryo implantation-related functions and immune cell 
functions among endometrial cells of EL and EIS tissues, 
which provides a referential perspective for research on the 
endometrium with embryo loss. However, there are some 
limitations in our study, the cell trajectories are usually 
determined by the current state of the cell, defined by its 
gene expression profile, and gene expression itself may not 
fully reflect the state of the cell.57 Moreover, the number 
of samples used in the study was n = 1 for each group—EL 
and EIS, and a limited sensitivity to detect low abundance 
RNAs and technical noise due to the low amount of input 
material. These limitations contribute to scRNA-seq data 
having a higher degree of noise compared to bulk RNA-seq 
data.
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