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Abstract
Background  The peri-implantation period is a critical time during pregnancy that mostly defines the overall litter 
size. Most authors agree that the highest percentage of embryo mortality occurs during this time. Despite the brevity 
of the peri-implantation period, it is the most dynamic part of pregnancy in which the sequential and uninterrupted 
course of several processes is essential to the animal’s reproductive success. Also then, the maternal uterine tissues 
undergo an intensive remodelling process, and their energy demand dramatically increases. It is believed that apelin, 
a member of the adipokine family, is involved in the control of female reproductive functions in response to the 
current metabolic state. The verified herein hypothesis assumed the modulatory effect of apelin on the endometrial 
tissue transcriptome on days 15 to 16 of gestation (beginning of implantation).

Results  The analysis of data obtained during RNA-seq (Illumina HiSeq2500) of endometrial slices treated and 
untreated with apelin (n = 4 per group) revealed changes in the expression of 68 genes (39 up-regulated and 29 
down-regulated in the presence of apelin), assigned to 240 gene ontology terms. We also revealed changes in the 
frequency of alternative splicing events (397 cases), as well as single nucleotide variants (1,818 cases) in the presence 
of the adipokine. The identified genes were associated, among others, with the composition of the extracellular 
matrix, apoptosis, and angiogenesis.

Conclusions  The obtained results indicate a potential role of apelin in the regulation of uterine tissue remodelling 
during the peri-implantation period.

Keywords  Adipokine, Alternative splicing , Angiogenesis, Apelin, Apoptosis, Differentially expressed genes, 
Endometrium, RNA-Seq, Transcriptome
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Background
The early gestation period is considered the most criti-
cal time during pregnancy in mammals. Despite the 
relatively short time of duration, early gestation, espe-
cially the peri-implantation period, is the most dynamic 
part of the pregnancy, involving several processes, which 
proper sequence and uninterrupted course are pivotal 
for the maintenance of pregnancy and, in consequence, 
the reproductive success of animal. The proper course 
of pregnancy requires a multitude of correctly synchro-
nised processes that take place in parallel in the embryo 
and the maternal tissue. The process of attachment of 
the embryo to the uterine luminal epithelium (LE) can 
only take place in a short period known as the ‘window 
of implantation’. The delays in embryo attachment to the 
LE that lead to skipping this period cause the process fail-
ure [1–3]. The peri-implantation period is characterised 
by the increased endocrine activity of the uterus, involv-
ing a significant number of genes and their products. As a 
result, several factors are secreted, such as adhesive mol-
ecules, proteolytic enzymes, or cytokines responsible for 
the proper course of the implantation process [3]. Despite 
many factors directly involved in the mechanisms of the 
maternal recognition of pregnancy and implantation, 
many other molecules, which are indirectly connected 
with these processes, are also crucial for pregnancy suc-
cess. The connection between the reproductive success 
of animals and their metabolic status has been studied 
for many years. A growing body of evidence indicates 
an important role of the adipocytokines, derived mainly 
from the white adipose tissue (WAT) and involved mostly 
in the regulation of energy metabolism. The adipokines 
may also take part in the regulation of reproductive func-
tions in response to the maternal metabolic status.

Apelin, a member of the adipokines group, was pri-
marily isolated from the bovine stomach in 1998 and 
identified as a ligand of the orphan G protein-coupled 
receptor, APJ (apelin receptor, also called APLNR) [4]. 
The hormone is coded by the APLN gene located on the 
human Xq25-26 chromosome and porcine chromosome 
X. The product of both, the human and porcine gene is 
a 77-amino acid preproprotein which, through proteo-
lytic cleavage, derives several bioactive peptides such 
as apelin-36, apelin-17, apelin-13, or pyroglutamate-
apelin-13 [4, 5]. Apelin receptor was discovered in 1993 
as a G-coupled receptor sharing 40 to 50% homology 
to angiotensin II receptor type 1. Despite the similar-
ity in the sequence, APJ was found to be unable to bind 
angiotensin II [6]. The adipokine receptor, depending 
on which form of apelin binds, activates many signalling 
pathways, mainly through the activation of ER1/2, PI3, 
and AMP kinases [7–9]. Apelin was found to exert the 
pleiotropic effects in the organism. It was reported that 
the hormone is involved, inter alia, in the regulation of 

cardiovascular system functioning, pressure and blood 
flow regulation, water, and food intake as well as angio-
genesis [10]. Apelin has also been found to be involved 
in the regulation of important metabolic processes such 
as insulin secretion [11]. Its stimulatory effect on glucose 
uptake and glucose transport as well as fatty acid oxida-
tion and its inhibitory effect on lipolysis have also been 
reported [12–15]. There is a general scarcity of data con-
cerning the hormone actions in the mammalian repro-
ductive system, not only during the time of gestation. The 
presence of apelin and its receptor genes and proteins in 
the reproductive structures has been indicated earlier in 
various tissues of many species, such as human, porcine, 
bovine and ovine ovaries, ovine oviducts, rat and ovine 
uteri, as well as in human and canine placentas [16–19]. 
Our unpublished data indicates the expression of both, 
apelin and APJ, gene and protein in the porcine endo-
metrium and myometrium, as well as in conceptuses and 
trophoblasts. However, there is a lack of data concerning 
in vitro or in vivo effects of apelin on the reproductive 
structures in mammals. One of a few studies conducted 
by Rak et al. [18] indicated the modulatory effect of ape-
lin on porcine ovarian steroidogenesis. The hormone 
increased basal steroid secretion but decreased insulin-
like growth factor 1- and follicle-stimulating hormone 
(FSH)-induced steroid release, as well as the expression 
of enzymes involved in the steroidogenesis process. In 
rats, apelin suppressed serum testosterone (T), luteiniz-
ing hormone (LH), and FSH concentrations. The results 
of the few studies presented above in connection to the 
proven key role of apelin in the regulation of metabolism 
inspired us to investigate the influence of the hormone 
on the whole transcriptome of the porcine endometrium 
during such an energy-demanding period as the time of 
implantation. We assume that apelin may belong to a 
group of factors affecting uterine functions during the 
peri-implantation period through its impact on endo-
metrial gene expression. Therefore, this study aimed 
to investigate the influence of apelin on the global gene 
expression and phenomena accompanying the transcrip-
tion process, such as the alternative mRNA splicing and 
allele-specific expression variants in the porcine endo-
metrium during implantation. Presentation of the results 
concerning only the influence of the adipokine on the 
expression of protein coding genes, would not fully reveal 
the overall apelin effect on the transcriptomic profile of 
endometrial tissue. Therefore, we enriched the presented 
studies with long noncoding RNA, alternative splicing 
occurrence, and allele specific variants analyses, which 
let us reveal the comprehensive action of adipokine in 
the endometrium. Since the short forms of apelin have 
been indicated to have much higher biological potency 
than the longer ones [20], in the present study we have 
investigated the influence of apelin-13 on the porcine 
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endometrial transcriptome. The presented studies were 
conducted on the porcine endometrial tissue explants 
acquired during the peri-implantation period, on days 
15 to 16 of gestation, which in pigs corresponds to the 
beginning of implantation. The early gestation period, 
especially the event of implantation is a very dynamic 
process that requires the mobilization of a large num-
ber of genes and their products, as well as their close 
cooperation and synchronization. During this period, 
the endometrial tissue undergoes intensive growth and 
reconstruction, which includes, among others the cre-
ation of new blood vessels, to ensure proper conditions 
for embryo growth and development (for more see: [3]).

Methods
Animals and in vitro endometrial tissue cultures
Four mature crossbred gilts (Large White × Polish Land-
race, age of 7–8 months and 130–140  kg of weight) on 
days 15 to 16 of gestation (n = 4) were maintained and fed 
following current Polish standards with access to fresh 
water and forage ad libitum. The animals were descended 
from a private breeding farm (L. Wisniewski breeding 
farm, Krolikowo, Poland). The daily dose of energy was 
approximately 2.7  kg/gilt at 32.4  MJ of metabolizable 
energy intake (12  MJ per kg of feed). The daily dose of 
nutrients (g per kg of fed) was as follows: 135  g/kg of 
total digestible protein, 7.3 g/kg lysine, 5.4 g/kg methio-
nine and cystine, 4.8 g/kg threonine, 2.1 g/kg tryptophan, 
8.9  g/kg calcium, 5.7  g/kg total phosphorus, 1.7  g/kg 
sodium, 10% fibre, and the addition of other macro- and 
microelements.

All animals were monitored daily for oestrus behaviour 
and the day of the onset of the second oestrus was recog-
nized as day 0 of the oestrous cycle. The natural insemi-
nations were conducted on the first or second day of the 
oestrous cycle, and the first day after coitus was marked 
as day 0 of pregnancy. The animals were inseminated 
by natural mating using the same, crossbreed boar. The 
stage of pregnancy was confirmed by the presence and 
morphology of the conceptuses [21], as well as by deter-
mining the levels of P4 [22].

The in vitro culture was run on four pregnant gilts. 
After the animals’ sacrifice, two endometrial samples 
were retrieved from each uterus. One of them was 
descended to the control group, whereas the second, 
was to the adipokine-treated group. The endometrial tis-
sue explants procedure was conducted as described by 
Dobrzyn et al. [22]. In detail, the tissue explants (irregu-
lar slices, weight of 100 mg ± 10% and 3 mm of thickness) 
were obtained from the middle of the uterine horns and 
mechanically separated from the myometrium using 
scissors. Before the procedure conceptuses/trophoblasts 
were separated from the endometrium and the explants 
were dissected only from the implantation sites. The 

slices were preincubated (2 h) and incubated for 24 h in 
2 mL of phenol-red free medium M199 (Sigma-Aldrich, 
USA) in a shaking water bath with gas supply (37 °C, 95% 
O2, 5% CO2). The tissues from the control groups were 
incubated with the medium alone, whereas the tissues 
from the adipokine-treated group were incubated in the 
presence of human recombinant apelin-13 (Merck, USA; 
cat. #A6469) at the dose of 20 ng/mL. The dose of adi-
pokine was chosen based on the publications of Rak et 
al. and Różycka et al. [18, 23]. The in vitro incubations 
were run in four separate experiments (n = 4, one animal 
for each experiment) in duplicates. The activity of lactate 
dehydrogenase (LDH) after preincubation and incuba-
tion was used to determine the viability of the endome-
trial tissue explants. The enzyme activity measurement 
was performed using a Liquick Cor-LDH kit (Cormay, 
Poland). The LDH activity in the culture media collected 
after preincubation and incubation was compared with 
its activity in the fully dissolved tissue (positive control, 
maximum LDH release). The mean activity of LDH in 
the culture media after preincubation and 24 h of incuba-
tion was as follows: 104 ± 29 U/L (0.55% of maximal LDH 
release) and 116 ± 36 U/L (0.6% of maximal LDH release), 
respectively.

Library preparation and RNA-Seq sequencing
The analysis of the endometrial global gene expression 
was conducted in one RNAseq experiment and one run 
for both, the control, and the adipokine-treated groups. 
The isolation and cleaning-up processes for total RNA 
were performed using RNeasy Kit and RNase-Free 
DNase Set (Qiagen, Germany), respectively. The quality 
and quantity of the obtained RNA were determined using 
the Tecan Infinite M200 reader (Tecan Group Ltd., Swit-
zerland). Subsequently, all samples were subtracted to the 
analysis of the RNA integrity number (RIN) using Agi-
lent Bioanalyzer 2100 (Agilent Technology, USA). RNA 
samples with RINs in the range of 8–10 were used for 
the transcriptome high-throughput sequencing (RNA-
Seq) and subsequent quantitative real-time PCR (qPCR) 
validations.

Double-stranded cDNA libraries from RNA samples 
were performed with the use of the Illumina Truseq Stan-
dard mRNA LT Sample Prep Kit (Illumina, USA). After 
the fragmentation of RNA samples, poly(dT) oligonucle-
otides were used in the process of the strand-specific 
reverse transcription into cDNA. The obtained cDNA 
was processed to 3’ tail adenylation and adapter ligation. 
The transcriptome high-throughput sequencing was per-
formed on the HiSeq2500 platform (Illumina, USA) to 
generate 2 × 100 bp pair-end reads with an assumed mini-
mal sequencing depth of 100 million reads per sample.
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Transcriptome expression profiling
The in silico analyses were mainly performed follow-
ing the procedure described by Orzechowska et al. [24]. 
The quality of generated raw reads was determined using 
FASTQC software (v. 0.11.8; [25]). For the removal of 
the adapters and low-quality reads Trimmomatic soft-
ware (v. 0.39; [26]) was applied (mean Phred score ≤ 30; 
Phred score at 5’ and 3’ ends ≤ 20). All of the obtained 
reads were trimmed to an equal length of 90  bp and 
after that mapped to the porcine reference genome with 
ENSEMBL annotation (Sus_scrofa.11.1.100) using STAR 
mapper (v. 2.7.1a; [27]) software. StringTie (v. 2.1.1; [28]) 
pipeline was applied for the annotation and estimation 
of the expression of porcine genes and uncovered regu-
latory transcriptionally active regions (TARs). The dif-
ferentially expressed genes (DEGs) were identified using 
the DESeq2 tool (v. 1.34.0; [29]) among genes reaching 
p-adjusted < 0.05 and absolute normalized (log2) fold 
change (log2FC) ≤ 0.54. During the analyses, the batch 
effect of applying biological material from the same ani-
mals in both the adipokine-treated and the control group 
was adjusted using the limma tool (v. 3.58.1; [30]). The 
functional analyses of the obtained DEGs (gene ontology 
and pathway enrichment) were conducted using the KO-
Based Annotation System (KOBAS; v. 3.0) tool related to 
the Kyoto Encyclopedia of Genes and Genomes (KEGG), 
Gene Ontology (GO), and The Reactome Knowledge-
bases [31–36] databases. The obtained DEGs were visu-
alized using MA, the Volcano, and heatmap plots with 
gplots Bioconductor package within the R environment 
(v. 4.1.0; [37]). Raw reads were deposited in the Func-
tional Genomics Data Collection (ArrayExpress) data-
base under the common project accession number 
E-MTAB-13,773.

Alternative splicing (AS) analysis
Differentially expressed AS events (DASs) were predicted 
by the replicate multivariate analysis of transcript splic-
ing software (rMATS; v.2) [38]. Processed reads with 
90 bp length were used to estimate the percent of splicing 
inclusion (PSI). The changes in PSI (∆PSI) between the 
control groups and apelin-13-treated samples were statis-
tically evaluated by the likelihood-ratio test. DASs were 
statistically confirmed by false discovery rate (FDR) < 0.05 
and absolute ∆PSI value > 0.1. The revealed AS were 
classified into one of five types, as follows: alternative 
3′ splice site (A3SS), alternative 5′ splice site (A5SS), 
mutually exclusive exons (MXE), retention intron (RI), 
and skipping exon (SE). DASs were visualized with the 
rmats2sashimiplot Python tool (v. 2.0.4; https://github.
com/Xinglab/rmats2sashimiplot).

Single nucleotide variants (SNV) analysis
The allele-specific expression variants (ASEs) were con-
ducted based on single nucleotide variants (SNVs) within 
the transcripts obtained through the RNA-Seq reads 
mapping to the reference genome sequence. The analy-
sis was conducted with the use of the pipeline built with 
Picard (v. 2.6.0), and rMATS discovery of differential vari-
ants in RNA (rMATS-DVR) (v. 1.0.0) software which uses 
the gold standard genome analysis toolkit (GATK) (v. 
3.6.0) [39–41]. The obtained previously BAM files were 
recalibrated with the use of Picard and the individual 
rMATS-DVR modules were used for the identification 
of the potential occurrence of SNVs in all samples and 
then for the reveal of the differences in SNVs frequencies 
between the control and apelin-treated groups. The basis 
of GATK standard parameters (total depth of 8 base cov-
erage > 10, root mean square mapping quality > 40, quality 
by depth > 2, mapping quality rank sum > -12.5, rank sum 
test for the relative positioning of reference versus alter-
native alleles within reads > -8) was applied for excluding 
the low-quality and disrupted SNVs. Only SNVs with the 
alternative allele fraction (AAF) > 0 within at least half of 
the RNA-Seq samples were qualified for further analyses. 
Changes in the expression of the revealed SNVs between 
the experimental groups were considered statistically sig-
nificant with the absolute change of AAF value > 0.1 and 
false discovery rate (FDR) < 0.05. SNVs located beyond 
DEGs were excluded from the analysis. The allelic imbal-
ance ratio of ASEs candidates was confirmed using the 
chi-square (χ2) goodness of fit test (p < 0.05). The Ensembl 
VEP web tool was used to establish the exact location of 
the identified ASE within genes’ regions, as well as to 
reveal the effect of single nucleotide mutations on the 
transcription process of the specific proteins [42].

Quantitative reverse transcription PCR (qPCR) of DEGs 
(validation method)
To validate the RNA-Seq method, qPCR analysis was 
conducted. One microgram of RNA was reverse tran-
scribed into cDNA in a total volume of 20 µl with 0.5 µg 
oligo (dT)15 primer (Roche, Switzerland) using the 
Omniscript RT Kit (Qiagen, USA). The reaction was con-
ducted at 37 °C for 1 h and terminated by incubation at 
93 °C for 5 min. The qPCR analysis was carried out with 
the use of Aria Mx Real-time PCR System (Agilent Tech-
nology, USA) as described by Dobrzyn et al. [22]. qPCR 
reaction conditions, as well as the primer concentra-
tions and sequences of the chosen DEGs and reference 
genes are detailed in Table 1. The constitutively expressed 
genes: cyclophilin A (PPIA) and Glyceraldehyde-3-Phos-
phate Dehydrogenase (GAPDH) were used as the internal 
controls to verify the method. Our preliminary studies 
revealed that the endometrial PPIA and GAPDH expres-
sion was stable during the analysed gestation period. The 
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qPCR amplification efficiencies of the primers designed 
in this study were 90–110%. The reaction mixture, in a 
final volume of 20 µL, consisted of 12.5 µL of Sensitive 
RT HS-PCR Mix SYBR (A&A Biotechnology, Poland), 
0.24 µl ROX (reference dye), 20 ng of cDNA, forward and 
reverse primers, and Rnase-free water. In the negative, 
non-template controls (NTC), cDNA was substituted by 
water, or the reverse transcription step was omitted. All 
reactions were run in duplicates. The specificity of qPCR 
reactions was confirmed at the end of the experiment by 
the analysis of the melting curve. The calculation of vali-
dated DEGs relative expression was conducted with the 
use of the comparative cycle threshold method (ΔΔCT) 
and normalized using the geometrical means of the ref-
erence genes’ Ct values. The normality of qPCR data 
distributions was confirmed by the Shapiro–Wilk test 
(p > 0.05). The results were statistically checked by the 
Student’s t-test (p < 0.05) using Statistica software (Stat-
soft Inc, USA).

Polymerase chain reaction (PCR; differentially expressed 
DASs validation)
The characterization of SE events in the genes chosen 
for the validation of DASs was conducted with the use of 
Labcycler 48s (Syngen Biotech, Poland) and StartWarm 
HS-PCR Mix (A&A Biotechnology, Poland). The reac-
tion mixture, in a final volume of 25 µL, contained 12.5 
µL of Hot Start PCR Mix, primers (forward and reverse), 
nuclease-free deionized water, and 30 ng of cDNA. In 
non-template control, cDNA was substituted by water, 
or the reverse transcription step was omitted. PCR con-
ditions and the primer sequences of chosen DASs are 
detailed in Table  1. The obtained PCR products were 
analysed on 1.5% agarose gels containing Midori Green 
Advance dye (Nippon Genetics Europe, Germany).

Results
Sequencing results
The raw data obtained during RNA-Seq have been 
submitted to the Functional Genomics Data Col-
lection (ArrayExpress) database (https://www.ebi.
ac.uk/biostudies/arrayexpress; data accession num-
ber: E-MTAB-13,773). Created RNA-seq libraries were 
sequenced in four biological replicates for both, control 
and apelin-13 treated groups. HiSeq2500 platform pro-
vided 467,751,316 raw paired-end reads, with an average 
number of 58,47  million reads per sample (Supplemen-
tary Table 1). Pre-processing and the removal of adapter 
sequences delivered 418,477,727 clean reads, from which 
402,438,503 reads were uniquely mapped to the refer-
ence porcine genome (Sus_scrofa. 11.1.100). The mean 
percentage distribution of reads aligned to the porcine 
genome was as follows: 48.42% to coding sequences 
regions, 24.76% to untranslated regions, 7.95% to introns, 
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and 18.87% to intergenic locations (Supplementary 
Table 1). In the porcine endometrium, we have identi-
fied 23,583 TARs that were expressed in at least half 
of the examined samples, from which 90 differentially 
expressed TARs were detected (p-adjusted < 0.05) (Sup-
plementary Table 2).

DEGs and functional annotations (GO, KEGG and 
Reactome)
In the present study, within 90 TARs, 68 DEGs and 22 
noncoding differentially expressed transcripts were iden-
tified. Figure  1 presents a heatmap and volcano plot of 
all DEG profiles. Of all DEGs, 39 were up-regulated and 
29 were down-regulated under the influence of ape-
lin-13. The log2FC values for DEGs ranged from − 6.781 
(AMY2A) to 3.916 (SLC6A5) (Supplementary Table 2). To 
discover possible functions of 68 annotated DEGs iden-
tified in the tissue explants treated with apelin-13, the 
genes were classified into one of the following GO cat-
egories: ‘biological processes’ (BP), ‘cellular components’ 
(CC) and ‘molecular function’ (MF). DEGs were assigned 
to 240 GO terms (p-adjusted < 0.05). Among them, 145 
terms were assigned to BP, 32 to CC, and 63 to MF cat-
egory (Supplementary Table 3). The visualization of the 
most involved statistically significant DEGs and their 
enrichment in ontology terms has been presented in 
Fig. 2 and Supplementary Fig. 1.

The most of DEGs from the BP category were con-
nected with the ‘integral component of membrane’ 
(GO:0016021; 10 DEGs), ‘cytoplasm’ (GO:0005737; 9 
DEGs), ‘nucleus’ (GO:0005634; 8 DEGs) and ‘plasma 
membrane’ (GO:0005886; 6 DEGs) (Fig.  2). In BP cat-
egory, the most interesting DEGs were enriched to the 
following subcategories: ‘adherens junction assembly’ 
(GO:0034333; 2 DEGs), ‘positive regulation of angio-
genesis’ (GO:0045766; 2 DEGs), ‘signal transduction’ 
(GO:0007165; 2 DEGs) and ‘intracellular signal transduc-
tion’ (GO:0035556; 2 DEGs) (Fig.  2). The most of genes 
connected with CC category were annotated to ‘nucleo-
plasm’ (GO:0005654; 4 DEGs), ‘cell surface’ (GO:0009986; 
3 DEGs) and ‘extracellular space’ (GO:0005615; 3 DEGs) 
(Fig.  2). The most enriched GO terms in MF category 
were ‘metalloendopeptidase activity’ (GO:0004222; 
3 DEGs), ‘GTPase activator activity’ (GO:0005096; 3 
DEGs), ‘ATP binding’ (GO:0005524; 3 DEGs) and ‘hor-
mone activity’ (GO:0005179; 2 DEGs).

KEGG enrichment analysis revealed modulation of two 
signalling pathways, activated by products of DEGs: ‘Vas-
cular smooth muscle contraction’ (KEGG:04270, 4 DEGs) 
and ‘MAPK signalling pathway’ (KEGG04010, 3 DEGs) 
(Supplementary Table 3; Supplementary Figs. 2 and 3).

Alternative splicing analysis results
The analysis of the obtained results revealed 127,403 
AS events, from which 397 were counted to the DASs 

Fig. 1  Visualization of the number of genes (A), as well as hierarchical clustering heatmap of chosen genes (B), whose expression was altered under the 
influence of apelin-13. The X-axis of volcano plot (A) represents logarithmic fold changes in expression (log2FC), whereas the Y-axis shows the negative 
decimal logarithm of the p-values. The horizontal line refers to the negative logarithmic p-value cut-off (p = 1.3). The vertical lines mark the fold change 
cut-offs (log2FC > |0.54|). Each column of heatmap (B) represents biological replicates of control (CTRL) or apelin-13-treated probes (AP13). Different 
colours of brackets represent the normalized (Z-score; red-green scale) expression values for DEGs in each biological replicate
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group revealed after the comparison of control and ape-
lin-13 treated groups. Among all of the revealed events, 
we identified 61 A3SS, 50 A5SS, 9 MXE, 239 IR, and 38 
SE. Figure 3 presents the Volcano plot of the obtained AS 
events. Figure  4 presents the selected events of AS that 
occur in ADAM metallopeptidase domain 15 (ADAM15), 
Drosha ribonuclease III (DROSHA), mannosidase alpha 

class 2 C Member 1 (MAN2C1), and solute carrier family 
22 member 18 (SLC22A18) genes. Results obtained dur-
ing DASs analysis were detailed in Supplementary Table 
4.

Fig. 2  Summary of GO terms enrichment analysis with differentially expressed genes (DEGs). Left panel: The bar plot represents the ratio between up- 
and down-regulated DEGs. Red bars represent GO terms with the advantage of up-regulated DEGs, whereas blue bars show terms that consist of down-
regulated DEGs, mainly. The GO terms are divided into biological process (BP), cellular component (CC), and molecular function (MF) aspects. The length 
of the bar indicates the individual terms’ statistical significance levels, obtained during the functional analysis. Right panel: The bubble chart shows the 
dependence of the normalized ratio of up- and down-regulated DEGs (z-score) on the statistical significance level of GO terms. The size of the bubble is 
proportional to DEGs abundance identified in the study, classified by the term. The names of the selected GO terms are listed in the table below
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Single nucleotide variants analysis results
After filtering out results from eight RNA Seq libraries 
that did not meet the criteria of GATK standard param-
eters and ‘AAF > 0’, the obtained SNVs were admitted to 
further analyses. Among them, 1,818 meet the criteria of 
the statistically significant allelic imbalance at the same 
loci (|ΔAAF| > 0.1 and FDR < 0.05) between apelin-13 
treated and control samples. Following VEP annota-
tions, 495 ASEs were found to be novel and 1,323 were 
previously known. Detected ASEs overlapped 4,245 tran-
scripts encoded by 1,695 genes. The summary and con-
sequences of revealed ASEs are summarized in Fig.  5. 
Among the results revealed by VEP, 564 ASEs were con-
nected with the 3’UTR variant, 83 with the 5’ UTR vari-
ant and 942 ASEs belonged to the ‘Downstream gene 
variant’, a group of variants connected with the sequence 
variants located at 3’ of a gene. The next group of 531 
ASEs belonged to the ‘Upstream gene variant’ group con-
nected with the sequence variants located at 5’ of a gene. 
Another group of 39 ASEs was identified in the ‘Inter-
genic region’ and the next groups of 3,286 and 67 ASEs 
were identified as ‘Intron variant’ and ‘Noncoding tran-
script exon variant’, respectively. The next groups of 220 
and 383 ASEs were identified as ‘Missense variants’ and 
‘Splice acceptor variants’. The last two groups of 327 and 
3 DASs belonged to the ‘Synonymous variant’ and ‘Stop 

gained’ groups, respectively. The detailed features of dis-
covered ASEs, their biological impact on genes, and the 
protein translation process were summarized in Supple-
mentary Table 5.

Quantitative real-time PCR and PCR analyses results
To validate the obtained RNA-Seq results, five DEGs: 
prodynorphin (PDYN), interferon regulatory fac-
tor 8 (IRF8), interleukin 1 beta (IL1B), homeobox A10 
(HOXA10), and aldehyde dehydrogenase 3 family mem-
ber B1 (ALDH7) were selected for qPCR experiment. 
For the validation of AS analysis four DASs were chosen 
(ADAM15, DROSHA, MAN2C1, and SLC22A18). The 
results obtained during qPCR analyses of DEGs, as well 
as the results of PCR analysis of DASs confirmed data 
obtained from the RNA-Seq method (Figs. 5 and 6). Vali-
dation results confirmed the veracity and accuracy of the 
RNA-Seq method, as well as the data analysis methods 
used in the present study.

Discussion
The present study is the first, to our knowledge, to report 
the significant influence of apelin-13 on the endome-
trial global gene expression during the peri-implantation 
period. In the present study, we revealed that apelin-13 
changed the expression of 68 genes. What is surprising, 

Fig. 3  Volcano plot (A) presents the inclusion level of differentially alternative splicing events (DASs). Black lines indicate the cut-off thresholds, described 
in the text. The color dots represent the different types of significant DASs (FDR < 0.05). Inclusion levels of each DASs are presented on the X-axis, and the 
negative logarithmic adjusted p value is presented on the Y-axis. (B) Bar plot showing the appearance of DASs. Abbreviations: AS - alternative splicing 
events, A3SS - alternative 3′ splice site (orange), A5SS - alternative 5′ splice site (green), MXE - mutually exclusive exons (yellow), RI - retention intron (blue), 
SE - skipping exon (purple), not sig - not significant (grey)
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none of the 9,601 identified long non-coding RNA 
sequences presented a different expression profile after 
apelin-13 treatment (data not described). Among 68 
revealed DEGs, 39 were up-regulated and the expression 
of 29 was suppressed in the presence of apelin-13. Fur-
thermore, the hormone also affected 397 DASs, as well as 
1,818 ASEs.

Analysis of the presented herein data revealed the regu-
latory influence of apelin-13 on the genes whose products 
are connected with the regulation of the reproductive 
functions in the uterus. The analysis of DEGs revealed 
that the adipokine enhanced the expression of homeobox 
A10 (HOXA10) and interleukin 1β (IL1B) genes. The first 
of the mentioned genes is a member of the transcription 
factors HOX family, well known for its pivotal role in the 

regulation of morphogenesis and embryonal tissue dif-
ferentiation [43]. Mice with a disruption of the HOXA10 
gene are infertile through implantation failure [44]. The 
drop of HOXA10 gene expression was also observed in 
women with adenomyosis and a decreased rate of proper 
implantation [45] The presence of this transcription fac-
tor was also confirmed in pigs, in both, the endometrium 
and conceptuses, and its expression raised during the 
peri-implantation period [46]. The product of the next 
of the revealed genes, proinflammatory IL1β is known 
for its important role in the immune system function-
ing and early pregnancy events regulation. IL1β has 
been observed to be a necessary factor in the process 
of embryo implantation. In mice, the presence of IL1β 
receptor antagonist prevented blastocyst adhesion, which 

Fig. 4  Quantitative visualisation (Sashimi plot) of differential alternative splicing events (DASs) statistically significant in the changes of percentage splic-
ing inclusion (FDR < 0.05 and |ΔPSI|> 0.1) between apelin-13-treated group (AP13; red) and control group (CTRL; purple) samples. The numbers in each 
upper right corner of the tracks present the percentage of splicing inclusion (PSI) values. Splicing differentiations are covered by the number of reads 
mapped in the range of junction sites. The upper black tracks show the genomic localisation of splicing events. The plot was generated in ggsashimi 
Python script. Below of plots, we present the cropped validation results of chosen DASs using the PCR method. The images show the inclusion and 
skipping exon levels between AP13 and the control group. The full uncropped gel image has been attached as Supplementary Fig. 4. Abbreviations: 
ADAM15 - ADAM metallopeptidase domain 15, DROSHA - Drosha ribonuclease III, MAN2C1 - mannosidase alpha class 2 C Member 1, SLC22A18 - solute 
carrier family 22 member 18
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was caused by the disruption of the expression of genes 
encoding integrins that are necessary for the embryo 
adhesion process [47, 48]. In pigs, during the attachment 
phase of implantation, conceptuses provoke the acute-
phase inflammatory response. IL1β has been suggested 
to be an important part of the mechanism regulating the 
maternal immune response to the embryo antigens and, 
consequently, the pregnancy establishment [49, 50]. The 

proven stimulatory effect of apelin on the expression of 
genes whose products are responsible for a proper course 
of implantation may suggest the regulatory role of this 
process.

One of the most important aims of the tissue remod-
elling process during the peri-implantation period 
is the preparation of the endometrium for embryo 
attachment. A pivotal part of this process is the 

Fig. 5  A circular chart presenting the associations between single nucleotide variants in apelin effects on the porcine endometrium on days 15 to 16 
of gestation. The outer track represents the gene symbols with alternative allele frequency (AAF) causing missense substitution in CDS. The heatmap 
presents canonical (A > G and C > T; black) and noncanonical (other; red) substitutions. A) The histogram tracks present the changes of AAF (-1 to 1) be-
tween apelin effects. The next five scatter tracks present SNV located within the upstream, downstream, and intergenic regions (B), causing synonymous 
substitution (C), intron region (D), 3 prime and 5 prime UTR region (E), causing missense effect (F) and within splicing regions (H). The G track shows amino 
acid changes caused by missense substitutions
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development of new vessels which would be able to 
support the developing embryos with nutrients and 
a number of signalling molecules and growth factors 
which ensure proper development of the foetus. The 
analysis of the obtained results revealed the involve-
ment of apelin in the regulation of the expression of 
genes that participate in the angiogenesis process. 
The analysis of gene ontology showed that the apelin 
enhanced the expression of receptor activity-modify-
ing protein 2 (RAMP2) and ADAM metallopeptidase 
domain 12 (ADAM12) genes connected with the posi-
tive regulation of angiogenesis (GO:0045766). Recep-
tor activity-modifying protein (RAMP) is a group of 
accessory proteins accompanying GPCR calcitonin 
receptor-like receptor (CALCRL) which mediates 
adrenomedullin (AM) actions. AM is an important 
regulator of vascular development. It was shown that 
the lack of AM led to mice embryonic or foetal death/
loss in the uterus due to the disruption of the vascu-
lature development. The same effect was observed in 
mice with the deletion of the RAMP2 gene which sug-
gests its key role in AM actions [51, 52]. What is more, 
it was indicated that in pigs, the endometrial mRNA 
content of RAMP2 was higher during the early gesta-
tion period than during the corresponding days of the 
cycle. Moreover, a significant rise of gene expression 

in the porcine embryos was reported between days 10 
and 16 of gestation. The above results imply an impor-
tant contribution of RAMP2 in both, the uterine and 
embryo angiogenesis processes [53]. What is interest-
ing, the analysis of the obtained DEGs revealed that 
apelin also enhanced the expression of another gene, 
calcitonin gene-related peptide (CALCB) that belongs 
to the same family as AM and regulates uterine angio-
genesis and foetal growth. CALCB was found to be the 
next factor responsible for the regulation of foetopla-
cental growth through its effect on pregnancy-induced 
vascular remodelling. The disruption of its expression 
results in foetoplacental growth restriction and prob-
ably preeclampsia [54, 55]. The product of the second-
mentioned gene connected with positive regulation of 
angiogenesis, ADAM12 has been also indicated as a 
crucial factor in the proper uterine angiogenesis pro-
cess. This member of the disintegrin/metalloprotease 
family was found to be involved, i.a. in the regulation 
of muscle cell fusion, as well as in the activation of 
cell surface integrins [56, 57]. The significant role of 
ADAM12 in the promotion of the angiogenesis pro-
cess was indicated in the mice model and the tumour 
cell lines [58, 59]. Besides these two genes, we also 
revealed other genes that participate in the process of 
vasculature development. Apelin treatment enhanced 

Fig. 6  Quantitative real-time PCR validation of RNA-seq results for DEGs in the apelin-13-treated endometrial tissue explants. Validation was performed 
for (A) prodynorphin (PDYN), (B) interferon regulatory factor 8 (IRF8), (C) interleukin 1 beta (IL1B), (D) homeobox A10 (HOXA10), and (E) aldehyde dehy-
drogenase 3 family member B1 (ALDH7; validated genes), as well as for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and cyclophilin A (PPIA) 
(reference genes; * p-value < 0.05; ** p-value < 0.01., *** p-value < 0.001)
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the expression of another member of the ADAM gene 
family, ADAM33, as well as FosB proto-oncogene, 
AP-1 transcription factor subunit (FOSB), and SMAD 
family member 7 (SMAD7) gene expression. The prod-
ucts of FOSB and SMAD7 genes were also found to be 
the key factors in vessel development [60, 61]. Based 
on the previously mentioned results and due to the 
proven participation of apelin in the supporting of 
angiogenesis by the stimulation of the endothelial cell 
proliferation in several studies [62–64] we assumed 
that apelin may play an important role in the promo-
tion of endometrial angiogenesis during the peri-
implantation period. The above may also be supported 
by the explored influence of adipokine on AS events in 
genes with a proven role in the regulation of angiogen-
esis, such as Notch receptor 1 (NOTCH1) and round-
about guidance receptor 4 (ROBO4) [65, 66]. Both of 
the revealed DASs have been classified as IR. In the 
case of ROBO4, 132 nucleotide IR (ΔPSI = -0.102) 
between exons 15 and 16 resulted in the appearance 
of a STOP codon and, as a result, the generation of 
an inactive isoform of the protein. The ROBO4 pro-
tein has been identified as the inhibitor of angiogen-
esis [65]. Therefore, we suggest that apelin may play 
as the endometrial angiogenesis promotor through 
the stimulation of the synthesis of the inactive form 
of this protein. In opposition to ROBO4, NOTCH1 has 
been identified as an essential factor in angiogenesis 
and vascularisation processes [66]. Herein, we identi-
fied 717 nucleotide IR (ΔPSI = -0.139) between exons 
27 and 28 of the NOTCH1 gene which also resulted in 
the generation of a STOP codon and the loss of pro-
tein functionality. One may not exclude, that through 
the regulation of the functional protein synthesis and, 
in consequence, reduction of the NOTCH1 signalling, 
the adipokine may regulate the intensity of the angio-
genesis avoiding pathological blood vessel overgrowth.

The process of tissue remodelling, besides the vas-
culature development, includes also other structural 
changes which require a proper balance between apop-
tosis and cell proliferation. Apoptosis is an essential, 
permanent, dynamic, and interactive biological pro-
cess when the unnecessary cells are eliminated with-
out triggering inflammatory events [67]. It has been 
shown that the apelin system may play an inhibitory 
role in apoptosis regulation, mainly through the inhi-
bition of the PI3K/Akt signalling pathway in the dif-
ferent types of tissues [68–70]. However, some authors 
also reported the pro-apoptotic action of apelin in pul-
monary arterial smooth muscle cells and enterocyte 
model, Caco-2 cell line [71, 72]. Herein, we indicated 
the stimulatory effect of the adipokine on the endome-
trial expression of TGM3 (Transglutaminase 3) and the 
inhibitory one on the X-linked inhibitor of apoptosis 

(XIAP) gene. TGM3 is mainly expressed in the small 
intestine, skin, mucosa, and brain [73]. It has been 
demonstrated that, through cross-linking of structural 
proteins, TGM3 is essential for epidermal cells’ termi-
nal differentiation and formation of the cornified cell 
envelope [74, 75]. The product of the TGM3 gene has 
been also identified as an important inhibitor of cell 
proliferation and enhancer of apoptosis considered a 
significant anti-tumour factor [76, 77]. The second of 
the mentioned genes, XIAP, is well known for its anti-
apoptotic properties, as a direct inhibitor of proteins 
from the caspases family [78] and its down-regulation 
is important in the process of endometrial decidualiza-
tion in rats [79, 80].

The thesis on the regulatory role of apelin in the tis-
sue remodelling process may also be confirmed by the 
results of DASs analysis. The analysis revealed that 
apelin altered AS frequency in genes connected with 
tissue remodelling, such as ADAM15 and integrin sub-
unit alpha 2b (ITGA2B). The product of the ADAM15 
gene is the disintegrin/metalloprotease with the abil-
ity to cleave type IV collagen and gelatin [81]. Due to 
these abilities, ADAM15 has been proposed to be an 
important factor in the process of extracellular matrix 
(ECM) reconstruction during the implantation pro-
cess in mice [82]. The analysis of the obtained DASs 
indicated SE in the ADAM15 gene sequence (ΔPSI = 
-0.118) which results in the promotion of the longer, 
858 aa ADAM15 protein isoform. This could enhance 
the role of ADAM15 in the regulation of cell-cell 
junctions [83]. The second of the mentioned genes, 
ITGA2B, encodes integrin which was connected with 
ECM remodelling through the stimulation of type 
I collagen synthesis and the induction of collage-
nase gene expression [84]. In this case, the analysis of 
AS revealed IR between exons 8 and 9 or 15 and 16 
(depending on the transcript variant, ΔPSI = -0.403) 
which leads to the appearance of a STOP codon across 
the protein sequence and, as a result, synthesis of the 
inactive protein. It seems that through the promotion 
of the transcript variants of proteins responsible for 
the cleavage of ECM components, as well as through 
the promotion of inactive variants of other proteins, 
also responsible for the synthesis of different ECM 
components, apelin may affect the endometrial ECM 
composition and the degree of its integrity to prepare 
the tissue for embryo attachment.

Conclusions
The present work indicates, for the first time, the sig-
nificant influence of apelin on the global gene expres-
sion in the porcine endometrium during the embryo 
implantation period. The proposed pro-apoptotic 
action of the adipokine in the endometrium taken 
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together with its participation in the regulation of 
ECM composition, as well as the regulation of the 
angiogenic events presented above, indicates clearly 
that the adipokine may belong to a group of factors 
responsible for the uterine tissue remodelling during 
the peri-implantation period.

Abbreviations
LE	� Luminal epithelium
A3SS	� Alternative 3′ splice site
A5SS	� Alternative 5′ splice site
ADAM12	� ADAM metallopeptidase domain 12
ADAM15	� ADAM metallopeptidase domain 15
ADAM33	� ADAM metallopeptidase domain 33
ALDH7A1	� Aldehyde dehydrogenase 7 family member A1
AM	� Adrenomedullin
AMY2A	� Amylase Alpha 2 A
APJ	� Apelin receptor
ASEs	� Allele-specific expression variants
BP	� Biological processes
CALCB	� Calcitonin gene-related peptide
CALCRL	� Calcitonin Receptor Like Receptor
CC	� Cellular components
DASs	� Differentially expressed AS events
DEGs	� Differentially expressed genes
DROSHA	� Drosha ribonuclease III
ECM	� Extracellular matrix
FDR	� False discovery rate
FOSB	� FosB Proto-Oncogene, AP-1 Transcription Factor Subunit
FSH	� Follicle-stimulating hormone
GAPDH	� Glyceraldehyde-3-phosphate dehydrogenase
KEGG	� Kyoto Encyclopedia of Genes and Genomes
GO	� Gene Ontology
HOXA10	� Homeobox A10
IL1β	� Interleukin 1 beta
IRF8	� Interferon regulatory factor 8
ITGA2B	� Integrin subunit alpha 2b
LH	� Luteinizing hormone
MAN2C1	� Mannosidase alpha class 2 C Member 1
MF	� Molecular function
MXE	� Mutually exclusive exons
NOTCH1	� Notch receptor 1
PDYN	� Prodynorphin
PPIA	� Cyclophilin A
PSI	� Percent of splicing inclusion
qPCR	� Quantitative real-time PCR
RAMP2	� Receptor activity-modifying protein 2
RI	� Retention intron
RIN	� RNA integrity number
RNA-seq	� RNA next-generation sequencing
ROBO4	� Roundabout guidance receptor 4
SE	� Skipping exon
SLC22A18	� Solute carrier family 22 member 18
SLC6A5	� Solute Carrier Family 6 Member 5
SMAD7	� SMAD family member 7
SNV	� Single nucleotide variants
T	� Testosterone
TARs	� Transcriptionally active regions
TGM3	� Transglutaminase 3
WAT	� White adipose tissue
XIAP	� X-linked inhibitor of apoptosis

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12864-024-10417-9.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Supplementary Material 5

Supplementary Material 6

Supplementary Material 7

Supplementary Material 8

Supplementary Material 9

Supplementary Material 10

Author contributions
Conceptualisation, KD and NS; methodology, KD, MK, MG, GK, KGM; formal 
analysis, KK, MG, KD; investigation, BZ, EZ, MG; resources KD; data curation, 
CD, KK, EZ, BZ; writing-original draft preparation, KD, MK; writing-review and 
editing, KD, CD, NS, TK, MK; visualization, KD, GK, KGM; supervision NS; project 
administration KD, KK; funding acquisition KD, KK. All authors have read and 
agreed to the published version of the manuscript.

Data availability
The raw data obtained during RNA-Seq have been submitted to the 
Functional Genomics Data Collection (ArrayExpress) database (https://www.
ebi.ac.uk/biostudies/arrayexpress; data accession number: E-MTAB-13773).

Declarations

Competing interests
The authors declare no competing interests.

Received: 14 February 2024 / Accepted: 15 May 2024

References
1.	 Carson DD, Bagchi I, Dey SK, Enders AC, Fazleabas AT, Lessey BA, et al. Embryo 

Implantation Dev Biol. 2000;223:217–37.
2.	 Ma W, Song H, Das SK, Paria BC, Dey SK. Estrogen is a critical determinant that 

specifies the duration of the window of uterine receptivity for implantation. 
Proceedings of the National Academy of Sciences. 2003;100:2963–8.

3.	 Johnson GA, Seo H, Bazer FW, Wu G, Kramer AC, McLendon BA, et al. Meta-
bolic pathways utilized by the porcine conceptus, uterus, and placenta. Mol 
Reprod Dev. 2023;90:673–83.

4.	 Tatemoto K, Hosoya M, Habata Y, Fujii R, Kakegawa T, Zou MX, et al. Isolation 
and characterization of a novel endogenous peptide ligand for the human 
APJ receptor. Biochem Biophys Res Commun. 1998;251:471–6.

5.	 Tatemoto K, Takayama K, Zou MX, Kumaki I, Zhang W, Kumano K, et al. The 
novel peptide apelin lowers blood pressure via a nitric oxide-dependent 
mechanism. Regul Pept. 2001;99:87–92.

6.	 O’Dowd BF, Heiber M, Chan A, Heng HHQ, Tsui LC, Kennedy JL, et al. A human 
gene that shows identity with the gene encoding the angiotensin receptor is 
located on chromosome 11. Gene. 1993;136:355–60.

7.	 Masri B, Morin N, Pedebernade L, Knibiehler B, Audigier Y. The apelin receptor 
is coupled to Gi1 or Gi2 protein and is differentially desensitized by apelin 
fragments *. J Biol Chem. 2006;281:18317–26.

8.	 P Y, H J, AC SXMA. Apelin decreases lipolysis via G(q), G(i), and AMPK-Depen-
dent mechanisms. Endocrinology. 2011;152:59–68.

9.	 Bai B, Tang J, Liu H, Chen J, Li Y, Song W. Apelin-13 induces ERK1/2 but not 
p38 MAPK activation through coupling of the human apelin receptor to the 
Gi2 pathway. Acta Biochim Biophys Sin (Shanghai). 2008;40:311–8.

10.	 Hu G, Wang Z, Zhang R, Sun W, Chen X. The role of Apelin/Apelin Receptor 
in Energy Metabolism and Water Homeostasis: a Comprehensive Narrative 
Review. Front Physiol. 2021;12:632886.

https://doi.org/10.1186/s12864-024-10417-9
https://doi.org/10.1186/s12864-024-10417-9
https://www.ebi.ac.uk/biostudies/arrayexpress
https://www.ebi.ac.uk/biostudies/arrayexpress


Page 15 of 16Dobrzyn et al. BMC Genomics          (2024) 25:501 

11.	 Winzell MS, Magnusson C, Ahrén B. The apj receptor is expressed in pancre-
atic islets and its ligand, apelin, inhibits insulin secretion in mice. Regul Pept. 
2005;131:12–7.

12.	 Dray C, Knauf C, Daviaud D, Waget A, Boucher J, Buléon M, et al. Apelin 
stimulates glucose utilization in normal and obese insulin-resistant mice. Cell 
Metab. 2008;8:437–45.

13.	 Attané C, Daviaud D, Dray C, Dusaulcy R, Masseboeuf M, Prévot D, et al. 
Apelin stimulates glucose uptake but not lipolysis in human adipose tissue 
ex vivo. J Mol Endocrinol. 2011;46:21–8.

14.	 Yue P, Jin H, Xu S, Aillaud M, Deng AC, Azuma J, et al. Apelin decreases 
lipolysis via G(q), G(i), and AMPK-Dependent mechanisms. Endocrinology. 
2011;152:59–68.

15.	 Attané C, Foussal C, Le Gonidec S, Benani A, Daviaud D, Wanecq E, et al. 
Apelin treatment increases complete fatty acid oxidation, mitochondrial oxi-
dative capacity, and biogenesis in muscle of insulin-resistant mice. Diabetes. 
2012;61:310–20.

16.	 Kawamata Y, Habata Y, Fukusumi S, Hosoya M, Fujii R, Hinuma S, et al. Molecu-
lar properties of apelin: tissue distribution and receptor binding. Biochimica 
et Biophysica Acta (BBA) -. Mol Cell Res. 2001;1538:162–71.

17.	 Mercati F, Scocco P, Maranesi M, Acuti G, Petrucci L, Cocci P, et al. Apelin sys-
tem detection in the reproductive apparatus of ewes grazing on semi-natural 
pasture. Theriogenology. 2019;139:156–66.

18.	 Rak A, Drwal E, Rame C, Knapczyk-Stwora K, Słomczyńska M, Dupont J, et 
al. Expression of apelin and apelin receptor (APJ) in porcine ovarian follicles 
and in vitro effect of apelin on steroidogenesis and proliferation through APJ 
activation and different signaling pathways. Theriogenology. 2017;96:126–35.

19.	 Wang X, Liu X, Song Z, Shen X, Lu S, Ling Y, et al. Emerging roles of APLN and 
APELA in the physiology and pathology of the female reproductive system. 
PeerJ. 2020;8:e10245.

20.	 Kleinz MJ, Davenport AP. Emerging roles of apelin in biology and medicine. 
Pharmacol Ther. 2005;107:198–211.

21.	 Anderson LL. Growth, protein content and distribution of early pig embryos. 
Anat Rec. 1978;190:143–53.

22.	 Dobrzyn K, Smolinska N, Szeszko K, Kiezun M, Maleszka A, Rytelewska E, et al. 
Effect of progesterone on adiponectin system in the porcine uterus during 
early pregnancy. J Anim Sci. 2017;95:338–52.

23.	 Różycka M, Kurowska P, Grzesiak M, Kotula-Balak M, Tworzydło W, Rame C, et 
al. Apelin and apelin receptor at different stages of corpus luteum develop-
ment and effect of apelin on progesterone secretion and 3β-hydroxysteroid 
dehydrogenase (3β-HSD) in pigs. Anim Reprod Sci. 2018;192:251–60.

24.	 Orzechowska K, Kopij G, Paukszto L, Dobrzyn K, Kiezun M, Jastrzebski J, et 
al. Chemerin effect on transcriptome of the porcine endometrium during 
implantation determined by RNA-sequencing. Biol Reprod. 2022;107:557–73.

25.	 Andrews S. FastQC A Quality Control tool for high throughput sequence data. 
Babraham Bioinf. 2010.

26.	 Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina 
sequence data. Bioinformatics. 2014;30:2114–20.

27.	 Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: 
ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29:15–21.

28.	 Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL. 
StringTie enables improved reconstruction of a transcriptome from RNA-seq 
reads. Nat Biotechnol. 2015;33:290–5.

29.	 Love MI, Huber W, Anders S. Moderated estimation of Fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

30.	 Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK. Limma powers 
differential expression analyses for RNA-sequencing and microarray studies. 
Nucleic Acids Res. 2015;43:e47.

31.	 Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene 
Ontology: Tool for the Unification of Biology. Nat Genet. 2000;25:25–9.

32.	 Carbon S, Dietze H, Lewis SE, Mungall CJ, Munoz-Torres MC, Basu S, et al. 
Expansion of the gene ontology knowledgebase and resources: the gene 
ontology consortium. Nucleic Acids Res. 2017;45:D331–8.

33.	 Fabregat A, Jupe S, Matthews L, Sidiropoulos K, Gillespie M, Garapati P, et al. 
The Reactome Pathway Knowledgebase. Nucleic Acids Res. 2018;46:D649–55.

34.	 Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new 
perspectives on genomes, pathways, diseases and drugs. Nucleic Acids Res. 
2017;45:D353–61.

35.	 Reimand J, Arak T, Adler P, Kolberg L, Reisberg S, Peterson H, et al. G:Profiler-a 
web server for functional interpretation of gene lists (2016 update). Nucleic 
Acids Res. 2016;44:W83–9.

36.	 Wu J, Mao X, Cai T, Luo J, Wei L. KOBAS server: a web-based platform for auto-
mated annotation and pathway identification. Nucleic Acids Res. 2006;34 
WEB. SERV. ISS.:W720–4.

37.	 Team RC. R: A language and environment for statistical computing. R Foun-
dation for Statistical Computing. 2021. https://www.r-project.org/.

38.	 Shen S, Park JW, Lu ZX, Lin L, Henry MD, Wu YN, et al. rMATS: robust and flex-
ible detection of differential alternative splicing from replicate RNA-Seq data. 
Proc Natl Acad Sci U S A. 2014;111:E5593–601.

39.	 Depristo MA, Banks E, Poplin R, Garimella Kv, Maguire JR, Hartl C et al. A 
framework for variation discovery and genotyping using next-generation 
DNA sequencing data. Nature Genetics 2011 43:5. 2011;43:491–8.

40.	 Wang J, Pan Y, Shen S, Lin L, Xing Y. rMATS-DVR: rMATS discovery of differential 
variants in RNA. Bioinformatics. 2017;33:2216–7.

41.	 Broad. Institute Picard Tools.
42.	 McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GRS, Thormann A, et al. The 

Ensembl variant effect predictor. Genome Biol. 2016;17:1–14.
43.	 Daftary GS, Taylor HS. Endocrine regulation of HOX genes. Endocr Rev. 

2006;27:331–55.
44.	 Satokata I, Benson G, Maas R. Sexually dimorphic sterility phenotypes in 

Hoxa10-deficient mice. Nature. 1995;374:460–3.
45.	 Fischer CP, Kayisili U, Taylor HS. HOXA10 expression is decreased in endome-

trium of women with adenomyosis. Fertil Steril. 2011;95:1133–6.
46.	 Blitek A, Kaczmarek MM, Kiewisz J, Ziecik AJ. Endometrial and conceptus 

expression of HoxA10, transforming growth factor β1, leukemia inhibi-
tory factor, and prostaglandin H synthase-2 in early pregnant pigs with 
gonadotropin-induced estrus. Domest Anim Endocrinol. 2010;38:222–34.

47.	 Simón C, Frances A, Piquette GN, el Danasouri I, Zurawski G, Dang W, et al. 
Embryonic implantation in mice is blocked by interleukin-1 receptor antago-
nist. Endocrinology. 1994;134:521–8.

48.	 Simón C, Valbuena D, Krüssel J, Bernal A, Murphy CR, Shaw T, et al. Interleu-
kin-1 receptor antagonist prevents embryonic implantation by a direct effect 
on the endometrial epithelium. Fertil Steril. 1998;70:896–906.

49.	 Geisert’ RD. Yelich2 J v. regulation of conceptus development andd attach-
ment in pigs. Journalof Reprod Fertility Supplement 52:133–49.

50.	 Ross JW, Malayer JR, Ritchey JW, Geisert RD. Characterization of the 
interleukin-1beta system during porcine trophoblastic elongation and early 
placental attachment. Biol Reprod. 2003;69:1251–9.

51.	 Shindo T, Kurihara Y, Nishimatsu H, Moriyama N, Kakoki M, Wang Y, et al. 
Vascular abnormalities and elevated blood pressure in mice lacking Adreno-
medullin Gene. Circulation. 2001;104:1964–71.

52.	 Ichikawa-Shindo Y, Sakurai T, Kamiyoshi A, Kawate H, Iinuma N, Yoshizawa T, 
et al. The GPCR modulator protein RAMP2 is essential for angiogenesis and 
vascular integrity. J Clin Invest. 2008;118:29–39.

53.	 Paudel S, Liu B, Cummings MJ, Quinn KE, Bazer FW, Caron KM, et al. Temporal 
and spatial expression of adrenomedullin and its receptors in the porcine 
uterus and peri-implantation conceptuses. Biol Reprod. 2021;105:876–91.

54.	 Dong Y, Chauhan M, Belfort M, Yallampalli C. Calcitonin gene-related peptide 
rescues proximity associations of its receptor components, calcitonin 
receptor-like receptor and receptor activity-modifying protein 1, in rat uter-
ine artery smooth muscle cells exposed to tumor necrosis factor alpha. Biol 
Reprod. 2016;95:1–13.

55.	 Yallampalli C, Chauhan M, Sathishkumar K. Calcitonin gene-related family 
peptides in vascular adaptations, Uteroplacental Circulation, and Fetal 
Growth.

56.	 Kawaguchi N, Sundberg C, Kveiborg M, Moghadaszadeh B, Asmar M, Dietrich 
N, et al. ADAM12 induces actin cytoskeleton and extracellular matrix reor-
ganization during early adipocyte differentiation by regulating β1 integrin 
function. J Cell Sci. 2003;116:3893–904.

57.	 Yagami-Hiromasa T, Sato T, Kurisaki T, Kamijo K, Nabeshima Y, Fujisawa-Sehara 
A. A metalloprotease-disintegrin participating in myoblast fusion. Nat 1995. 
1995;377:6550.

58.	 Dokun AO, Chen L, Okutsu M, Farber CR, Hazarika S, Schuyler Jones W, et al. 
ADAM12: a genetic modifier of preclinical peripheral arterial disease. Am J 
Physiol Heart Circ Physiol. 2015;309:H790–803.

59.	 Roy R, Dagher A, Butterfield C, Moses MA. ADAM12 is a Novel Regulator of 
Tumor Angiogenesis via STAT3 signaling. Mol Cancer Res. 2017;15:1608–22.

60.	 Puxeddu I, Pang YY, Harvey A, Haitchi HM, Nicholas B, Yoshisue H, et al. The 
soluble form of a disintegrin and metalloprotease 33 promotes angiogen-
esis: implications for airway remodeling in asthma. J Allergy Clin Immunol. 
2008;121:1400–e14064.

https://www.r-project.org/


Page 16 of 16Dobrzyn et al. BMC Genomics          (2024) 25:501 

61.	 Goyal D, Goyal R. Angiogenic Transformation in Human Brain Micro endothe-
lial cells: whole genome DNA methylation and transcriptomic analysis. Front 
Physiol. 2019;10:1502.

62.	 Eyries M, Siegfried G, Ciumas M, Montagne K, Agrapart M, Lebrin F, et al. 
Hypoxia-induced apelin expression regulates endothelial cell proliferation 
and regenerative angiogenesis. Circ Res. 2008;103:432–40.

63.	 Kidoya H, Ueno M, Yamada Y, Mochizuki N, Nakata M, Yano T, et al. Spatial and 
temporal role of the apelin/APJ system in the caliber size regulation of blood 
vessels during angiogenesis. EMBO J. 2008;27:522–34.

64.	 Kasai A, Shintani N, Oda M, Kakuda M, Hashimoto H, Matsuda T, et al. Apelin 
is a novel angiogenic factor in retinal endothelial cells. Biochem Biophys Res 
Commun. 2004;325:395–400.

65.	 Koch AW, Mathivet T, Larrivée B, Tong RK, Kowalski J, Pibouin-Fragner L, et al. 
Robo4 maintains Vessel Integrity and inhibits angiogenesis by interacting 
with UNC5B. Dev Cell. 2011;20:33–46.

66.	 Limbourg FP, Takeshita K, Radtke F, Bronson RT, Chin MT, Liao JK. Essential role 
of endothelial Notch1 in angiogenesis. Circulation. 2005;111:1826–32.

67.	 Zinkel SS, Hurov KE, Ong C, Abtahi FM, Gross A, Korsmeyer SJ. A role for 
proapoptotic BID in the DNA-damage response. Cell. 2005;122:579–91.

68.	 Shuang L, Jidong W, Hongjuan P, Zhenwei Y. Effects of apelin on prolifera-
tion and apoptosis in rat ovarian granulosa cells. Clin Exp Obstet Gynecol. 
2016;43:409–13.

69.	 Cui R-R, Mao D-A, Yi L, Wang C, Zhang X-X, Xie H et al. Apelin suppresses 
apoptosis of human vascular smooth muscle cells via APJ/PI3-K/Akt signaling 
pathways. https://doi.org/10.1007/s00726-010-0555-x.

70.	 Zhang Z, Yu B, Tao GZ. Apelin protects against cardiomyocyte apoptosis 
induced by glucose deprivation. Chin Med J (Engl). 2009;122:2360–5.

71.	 Antushevich H, Krawczynska A, Kapica M, PrzemyslawHerman A, Zabielski 
R. Effect of apelin on mitosis, apoptosis and DNA repair enzyme OGG 1/2 
expression in intestinal cell lines IEC-6 and Caco-2. Folia Histochem Cytobiol. 
2014;52:51–9.

72.	 Alastalo TP, Li M, de Jesus Perez V, Pham D, Sawada H, Wang JK, et al. 
Disruption of PPARγ/β-catenin–mediated regulation of apelin impairs BMP-
induced mouse and human pulmonary arterial EC survival. J Clin Invest. 
2011;121:3735–46.

73.	 Hitomi K, Horio Y, Ikura K, Yamanishi K, Maki M. Analysis of epidermal-type 
transglutaminase (TGase 3) expression in mouse tissues and cell lines. Int J 
Biochem Cell Biol. 2001;33:491–8.

74.	 Eckert RL, Sturniolo MT, Broome AM, Ruse M, Rorke EA. Transglutaminase 
function in Epidermis. J Invest Dermatology. 2005;124:481–92.

75.	 Kalinin AE, Kajava Av, Steinert PM. Epithelial barrier function: assembly and 
structural features of the cornified cell envelope. BioEssays. 2002;24:789–800.

76.	 Feng Y, Ji D, Huang Y, Ji B, Zhang Y, Li J, et al. TGM3 functions as a tumor sup-
pressor by repressing epithelial-to-mesenchymal transition and the PI3K/AKT 
signaling pathway in colorectal cancer. Oncol Rep. 2020;43:864–76.

77.	 Wu X, Cao W, Wang X, Zhang J, Lv Z, Qin X, et al. TGM3, a candidate tumor 
suppressor gene, contributes to human head and neck cancer. Mol Cancer. 
2013;12:1–13.

78.	 van Themsche C, Mathieu I, Parent S, Asselin E. Transforming growth 
Factor-β3 increases the invasiveness of Endometrial Carcinoma Cells through 
Phosphatidylinositol 3-Kinase-dependent Up-regulation of X-linked inhibitor 
of apoptosis and protein kinase C-dependent induction of Matrix Metal-
loproteinase-9 *. J Biol Chem. 2007;282:4794–802.

79.	 Veillette A, Grenier K, Brasseur K, Fréchette-Frigon G, Leblanc V, Parent S, et 
al. Regulation of the PI3-K/Akt survival pathway in the rat endometrium. Biol 
Reprod. 2013;88:79–80.

80.	 Caron PL, Fréchette-Frigon G, Shooner C, Leblanc V, Asselin E. Transforming 
growth factor beta isoforms regulation of akt activity and XIAP levels in rat 
endometrium during estrous cycle, in a model of pseudopregnancy and in 
cultured decidual cells. Reproductive Biology Endocrinol. 2009;7:1–13.

81.	 Martin J, Eynstone Lv, Davies M, Williams JD, Steadman R. The role of ADAM 
15 in glomerular mesangial cell migration. J Biol Chem. 2002;277:33683–9.

82.	 Kim J, Kang SG, Kim Jil, Park JH, Kim SK, Cho DJ, et al. Implication of ADAM-8, 
-9, -10, -12, -15, -17, and ADAMTS-1 in Implantational Remodeling of a mouse 
Uterus. Yonsei Med J. 2006;47:558–67.

83.	 Kleino I, Ortiz RM, Yritys M, Huovila APJ, Saksela K. Alternative splicing of 
ADAM15 regulates its interactions with cellular SH3 proteins. J Cell Biochem. 
2009;108:877–85.

84.	 Heino J. The collagen receptor integrins have distinct ligand recognition and 
signaling functions. Matrix Biol. 2000;19:319–23.

85.	 Blitek A, Kiewisz J, Waclawik A, Kaczmarek MM, Ziecik AJ. Effect of steroids on 
HOXA10 mRNA and protein expression and prostaglandin production in the 
porcine endometrium. J Reprod Dev. 2010;56:643–8.

86.	 Li Y, Puebla-Clark L, Hernández J, Díaz I, Mateu E. Development of Pig Con-
ventional dendritic cells from bone marrow hematopoietic cells in vitro. Front 
Immunol. 2020;11:2334.

87.	 Dziekoński M, Zmijewska A, Franczak A, Czelejewska W. The expression of 
mRNAs for opioid precursors in endometrium of cyclic and early pregnant 
pigs; effects of IL-1β, IL-6 and TNFα. Article J Anim Feed Sci. 2015. https://doi.
org/10.22358/jafs/65637/2015.

88.	 Lord E, Ledoux S, Murphy BD, Beaudry D, Palin MF. Expression of adiponectin 
and its receptors in swine. J Anim Sci. 2010;83:565–78.

89.	 Bogacka I, Przala J, Siawrys G, Kaminski T, Smolinska N. The expression of short 
from of leptin receptor gene during early pregnancy in the pig examined by 
quantitative real time RT-PCR. J Physiol Pharmacol. 2006;57:479–89.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1007/s00726-010-0555-x
https://doi.org/10.22358/jafs/65637/2015
https://doi.org/10.22358/jafs/65637/2015

	﻿Apelin-13 modulates the endometrial transcriptome of the domestic pig during implantation
	﻿Abstract
	﻿Background
	﻿Methods
	﻿﻿Animals and﻿ in vitro ﻿endometrial tissue cultures﻿
	﻿Library preparation and RNA-Seq sequencing
	﻿Transcriptome expression profiling
	﻿Alternative splicing (AS) analysis
	﻿Single nucleotide variants (SNV) analysis
	﻿Quantitative reverse transcription PCR (qPCR) of DEGs (validation method)
	﻿Polymerase chain reaction (PCR; differentially expressed DASs validation)

	﻿Results
	﻿Sequencing results
	﻿DEGs and functional annotations (GO, KEGG and Reactome)
	﻿Alternative splicing analysis results
	﻿Single nucleotide variants analysis results
	﻿Quantitative real-time PCR and PCR analyses results

	﻿Discussion
	﻿Conclusions
	﻿References


