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Introduction: The placental vascular system plays an important role in the
development of pregnancy hypertension in preeclampsia. The gene profiles of
whole placental tissue (containing blood vessels and many other structural
components) and pure vascular tissue should be very different. All previous
reports using RNA-seq analysis in the placenta have tested its whole tissue or
the villous part, and thus the gene profiles in the pure placental blood vessels
are unknown.

Methods: This study was the first to address this point with RNA-seq in human
placenta at the transcript level. Isolated placental micro-vessels from normal and
preeclamptic pregnancies were used for RNA-seq analysis, real-time quantitative
polymerase chain reaction (RT-qPCR) verification, and vascular function tests.
Furthermore, a vascular function-centric core network was constructed to show
the gene-gene interactions and gene-function associations in the placental
vessel system.

Results: Differential expression analysis identified a total of 486 significantly
changed transcripts. Bioinformatics analysis further confirmed that multiple genes
were highly related to blood vessel and placental phenotypes. Several hub genes,
including ELMO1, YWHAE, and IL6ST, were significantly reduced in the placental
vessels in preeclampsia. Vascular tension experiments showed that angiotensin Il-
mediated vasoconstriction and exogenous NO donor sodium nitroprusside-
induced vasodilation were decreased, while phenylephrine-mediated vascular
responses were unchanged in placental micro-vessels in preeclampsia.

Discussion: The results provide important insights into the pathological process
in the placental vasculature in preeclampsia and offer great potential for further
investigation of these molecular targets in the human placental vascular system.
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1 Introduction

Preeclampsia (PE) is one of the most serious pregnancy
complications with high morbidity and mortality for both the
mother and baby (1).
significantly increased blood pressure after the first 20 weeks of

One major characteristic of PE is

pregnancy. Interestingly, pregnancy hypertension is closely related to
the development of the placenta. Notably, the majority of pregnancy-
induced hypertension usually disappears after delivery of the
placenta, strongly indicating a critical contribution of the placenta
to the development of hypertension in pregnancy in PE (2).

It is well known that the placenta is rich in blood vessels. Most
placental physiological functions, such as the support and maintenance
of maternal-fetal-circulation for the delivery of oxygen, nutrients, and
other substances between mother and fetus, are dependent on the
vascular system in the placenta (3). Thus, anything that influences
placental blood vessels or circulation, including structural and
functional changes, would affect the health of both mother and fetus.

Regarding the development of hypertension and its underlying
pathological process, it is also well known that the main basis for the
development of hypertension, in general, may be related to alterations
in either vascular structures or functions (4). Previous studies by us and
others have demonstrated vascular dysfunction in response to various
drugs in placental micro-vessels in PE (3). While exploring molecular
cues to the underlying pathological mechanisms of PE, researchers
have used RNA-seq to screen for differentially expressed (DE) genes in
the placenta (5) and obtained important information on PE-related DE
gene profiles in the human placenta. However, in addition to blood
vessels, the placenta also contains a large amount of other non-vessel
tissue. One of our research targets in the last two decades has been
blood vessels (especially micro-vessels) in the placenta and umbilical
cord (6). Thus, the initial question in this study was: can a DE gene
profile generated by RNA-seq in whole placental tissue represent a
profile for pure placental vessels? Obviously, the answer should be
“No”, at least in precision medicine. To the best of our knowledge,
there is no bioinformatics data or RNA-seq information on human
placental micro-vessels. Therefore, this study was designed to be the
first to use high-throughput sequencing technology to determine a DE
gene profile in human placental blood vessels and examine transcript
phenotypes in the placental vascular system in PE.

Considering that placental vascular dysfunction could be
influenced by local inflammation or pro-inflammation, endocrine
disorders, and pathological development of vascular structures (7),
the bioinformatics analysis in the present study focused on DE genes
related to these issues. Several endocrine factors or hormones, such as
angiotensin II (Ang II), phenylephrine, and nitric oxide donor sodium
nitroprusside (SNP) were employed in micro-vessel experiments to
test for possible vascular functional changes in PE placentas.

2 Materials and methods
2.1 Patient selection

Healthy women with normal pregnancies (N=18) and women
with preeclampsia (N=18) were recruited from the Wuxi Maternal
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and Child Health Hospital in China. The institutional ethics
committee approved all procedures of this work (ref. no. 2022-
01-0726-12), and all participants gave informed consent.
Healthy pregnant participants were defined as having blood
pressure not higher than 120/80 mmHg and no clinically
significant complications and were the control group. Pregnant
participants with preeclampsia were defined as having blood
pressure>140/90 mmHg and significant proteinuria after
20 weeks of gestation. Women with essential hypertension or
medical complications, such as diabetes, renal, or cardiovascular
disease were excluded from the study. Human placentas were
immediately acquired from the healthy and preeclamptic pregnant
women after vaginal delivery or Caesarean section within 1 h. The
placentas were preserved in an icy physiological solution. Human
placental blood vessel branches were carefully isolated under a
stereomicroscope. Blood vessel samples were gently and
immediately separated from surrounding connective tissue and
kept at -80°C before the experiments. The characteristics of the
samples are shown in Table 1.

2.2 RNA extraction

Approximately 50 mg of each placental vascular tissue sample
was placed in grinding tubes with beads, and 1 mL of TRIzol reagent
(Takara, Kusatsu, Shiga, Japan) was added to each tube and ground
completely. Then, 0.2 mL of chloroform was added to each tube and
shaken vigorously for 20 s. After the sample was left at room
temperature for 5 min, the mixture was centrifuged at high speed
(12,000 rpm, 4°C) for 15 min. The top phase was separated and
mixed with 0.5 mL of isopropyl alcohol at room temperature for 10
min and centrifuged for 10 min (12,000 rpm, 4°C). The precipitate
was washed with 1 mL of 75% ethanol, centrifuged for 5 min (7,500
rpm, 4°C), and the liquid was removed and dried at room
temperature for 15 min. Then, 150 pL of diethyl pyrocarbonate
(DEPC) H20 was added and gently mixed. Before library
construction, all RNA samples were checked for quality: (1) RNA
concentration, as well as purity, were tested, and the ratio of
0D260/0D280 was 1.8~2.0 (Nanodrop); (2) RNA integrity and
DNA contamination were checked using agarose gel
electrophoresis; (3) The RNA integrity was assessed as a function
of the RNA integrity number (RIN) >8.0, using an Agilent
2100 Bioanalyzer.

TABLE 1 Characteristics of the participants.

Control (N = 18) Preeclampsia (N = 18)

Age (year) 29.48 + 4.75 29.76 + 3.79
Gestational weeks 384 +1.25 36.54 + 1.22*
BMI (kg/mz) 27.42 + 2.66 27.22 +2.78
SBP (mmHg) 116.5 + 3.81 148.50 + 5.04*
DBP (mmHg) 74.5 + 3.87 101.10 + 5.02*

SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index. *P< 0.05.
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2.3 Construction of transcriptome libraries

Total RNA (1 pg) was used for the library preparation using a
VAHTS Universal V8 RNA-seq Library Prep Kit for Illumina
(Vazyme #NR605). The poly(A) mRNA isolation was performed
using Oligo(dT) beads. The mRNA fragmentation was performed
using divalent cations at high temperatures. Priming was performed
using Random Primers. First-strand cDNA and the second-strand
cDNA were synthesized. The purified double-stranded cDNA was
then treated to repair both ends and add a dA-tailing in one
reaction, followed by T-A ligation to add adaptors to both ends.
Size selection of the adaptor-ligated DNA was then performed using
DNA Clean Beads. The samples were then amplified by polymerase
chain reaction (PCR) using P5 and P7 primers, and then PCR
products were verified. Libraries with different indexes were
multiplexed and loaded on an Illumina HiSeq instrument for
sequencing using a 2x150 paired-end configuration according to
the manufacturer’s instructions.

2.4 Sequencing data quality control

In order to remove technical sequences, including adapters,
PCR primers, or fragments and quality of bases lower than 20, pass
filter data in the fastq format were processed by Cutadapt (V1.9.1,
phred cutoff: 20, error rate: 0.1, adapter overlap: 1bp, minimum
length: 75, proportion of N:0.1) for high-quality clean data.
Reference genome sequences and gene model annotation files of
related species were downloaded from genome database websites,
including National Center for Biotechnology Information (NCBI),
University of California Santa Cruz (UCSC), and ENSEMBL. Hisat2
(v2.2.1) was then used to index the reference genome sequences.
Finally, the clean data were aligned to the reference genome using
Hisat2 (v2.2.1).

2.5 RNA-seq data analysis

The DESeq2 package was used to normalize raw expression
counts, filter low-expressed genes, and calculate differentially
expressed genes between different groups at the transcript level.
The raw p values were further corrected [to generate false discovery
rate (FDR) values] by using the Benjamini and Hochberg (BH)
method. The combined strategy of FDR<0.05 and log2fc>1
(absolute fold change greater than two) was used to select
significantly changed genes.

2.6 Bioinformatics analysis

To explore the functional potentials of differentially expressed
genes, the ToppGene toolkit was used to perform gene list
enrichment analyses (8). The embedded databases of phenotype
associations, Gene Ontology (GO; including biological processes,
cellular components, and molecular functions), and Reactome
Pathways were used for functional enrichment. The full gene set of
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each functional database was used as background for the statistical
calculations. Functional terms with p<0.05 were considered
significantly enriched. The relationships between and among
different genes were annotated using the STRING database (9).

2.7 Real-time quantitative polymerase
chain reaction validation

Based on the results of the RNA-seq data analysis, the
differentially expressed genes with both statistical significance and
at least 2 or 3-fold difference were selected for further real-time
quantitative polymerase chain reaction (RT-qPCR) validation. RNA
was extracted using a previously described procedure (10). A first-
strand cDNA synthesis kit (Takara, Cat#6210A) was used for the
synthesis of cDNA strands from purified total RNA. A real-time PCR
was performed with SYBR and analyzed on Quant Studio (Thermo
Fisher Scientific) in a 96-well plate. The 2 —AACT
comparatively quantify the mRNA levels of the target genes, and

method was used to

ACTB was used as an endogenous reference gene. All the primer
sequences used in this study are listed in Supplementary Table 1.

2.8 Measurement of placental
vessel tension

The placenta was preserved in ice-cold Krebs solution
(containing NaHCO; 25 mmol/L, NaCl 119 mmol/L, KH2PO,
1.2 mmol/L, glucose 11 mmol/L, KCl 4.7 mmol/L, MgSO, 1.0
mmol/L, and CaCl, 2.5 mmol/L), and bubbled with 95% O, and
5% CO,. Placental vessels (diameter: approximately 150 um) were
carefully isolated under a stereomicroscope. All blood vessel
samples were gently and immediately isolated from the
surrounding connective tissue and kept at 4°C in a HEPES
solution (NaCl 115.0 mmol/L, KCI 4.7 mmol/L, MgSO, 1.1
mmol/L, EDTA 0.51 mmol/L, CaCl,-2H,O 1.5 mmol/L, KH2PO,
1.2 mmol/L, glucose 5.0 mmol/L, and HEPES 10.0 mmol/L, pH=7.4
with NaOH) for the experiments.

The human placental blood vessels were carefully cut into rings
approximately 2 mm long under a stereomicroscope. An M4-
myograph system (Danish Myotechniques, Aarhus, Denmark)
was used to measure vascular tension in response to various
drugs. A vascular ring of human placental micro-vessels
(approximately 150 um in diameter) was placed in a chamber of
the system. The chamber was filled with HEPES solution and gassed
with 95% O, and 5% CO,. KCI (120 mmol/L) was used three times
to induce optimal resting tension, which was treated as contraction
normalization. After 60 min of equilibration, following serotonin
(5-HT, 10_4mol/L)—mediated contractile platform, sodium
nitroprusside (SNP, 107°-10"*mol/L) was added into the solution
with the vessel ring, and responses of vascular tone were
continuously recorded. Cumulative concentrations of angiotensin
I1 (Angl,107"'-10"°mol/L) or phenylephrine (10~°-10 *mol/L)
were added to the chamber to test the vascular response curves.
Each vascular ring was used for only a single drug test (SNP, Ang II,
or phenylephrine only).
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2.9 Statistical analysis

GraphPad 8.0 was used for statistical analysis. Data are
expressed as mean * standard error of the mean (SEM). A p-
value < 0.05 was used to determine the statistical significance of the
difference between the two groups using Student’s t-tests.

3 Results
3.1 Isolated placental vessels

Figure 1 shows a typical sample of human placental blood vessel
structures which was isolated carefully under a stereomicroscope. All
the placental vessel samples were separated from the surrounding
tissue as shown in Figure 1 and were used for both functional and
molecular experiments, including RNA-seq, RT-qPCR tests, and
vascular tension measurements.

3.2 RNA-seq analysis

RNA-seq analysis shows that there were a total of 62,710
transcripts in the human placental micro-vessel tissue. Comparative
analysis demonstrated there were a total of 486 differentially
expressed transcripts (products of protein-coding genes), with 197
upregulated and 289 downregulated in the PE group when compared
to the control group. Bioinformatics analysis provided a heat map
and volcano plot of differentially expressed transcripts in placental
micro-vessel tissue between the control and PE groups (Figure 2). A

10.3389/fendo.2024.1487549

detailed list of the differentially expressed transcripts is presented in
Supplementary Table 2.

3.3 Bioinformatics analysis

Phenotype enrichment analysis showed that the DE genes were
highly related with blood vessel morphology, placental morphology,
and hypertension (Figure 3A). GO and Reactome Pathway annotations
further indicated the detailed functional associations at different levels
(Figures 3B, C). Briefly, in addition to the predominant function of
blood vessel development during pregnancy, these DE genes were also
involved in the apoptotic process, cell proliferation, focal adhesion,
transcriptional regulation, protein phosphorylation, and signal
transduction (Supplementary Table 3). Considering both the gene-
gene interactions and gene-function associations, a vascular function-
centric core network was constructed (Figure 3D). These 19 hub genes
were selected as potential key targets for understanding the pathological
mechanism of preeclampsia in the human placenta (Table 2).

3.4 Real-time quantitative polymerase
chain reaction analysis

A total of six differentially expressed genes with at least 2-3-fold
differences were used for further RT-qPCR validation. They are
IL6ST, ELMO1, AMOTL2, YWHAE, PXN, and NR3CI. RT-qPCR
analysis showed that half of these differentially expressed genes
(ELMOI1, YWHAE, and IL6ST) were significantly reduced in
placental micro-vessel tissues in the PE group (Figure 4).

FIGURE 1

Placental blood vessels were separated from placental tissue. Con, control; PE, preeclampsia.
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FIGURE 2
(A) Volcano plot for the comparison of the gene expression between different groups. (B) Circular heatmap of the differentially expressed transcripts.
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(D) Vascular function-centric core network of the DE genes and major associated functions.
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TABLE 2 Key hub genes identified in the vascular centric core network.

10.3389/fendo.2024.1487549

Gene name Description Change log2FC FDR
COMT Catechol-O-methyltransferase UP 6.26 1.25E-05
PRC1 Protein regulator of cytokinesis 1 UP 2.55 8.19E-04
SMC4 Structural maintenance of chromosomes 4 UP 1.88 1.51E-03
PRPS2 Phosphoribosyl pyrophosphate synthetase 2 UP 1.80 4.16E-03

AMOTIL2 Angiomotin-like 2 UP 3.12 6.37E-03
KDM6A Lysine demethylase 6A UP 2.35 1.20E-02
BMPR2 Bone morphogenetic protein receptor type 2 UP 1.22 1.87E-02

MME Membrane metallo-endopeptidase UP 1.96 2.24E-02
NR3C1 Nuclear receptor subfamily 3 group C member 1 Up 1.52 2.51E-02
PLK2 Polo-like kinase 2 DOWN -3.25 2.65E-06
PXN Paxillin DOWN -3.33 1.07E-03
YWHAE Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein epsilon DOWN -1.74 7.41E-03
IL6ST Interleukin 6 cytokine family signal transducer DOWN -2.52 1.30E-02
ELMO1 Engulfment and cell motility 1 DOWN -3.08 1.82E-02
SOX9 SRY-box transcription factor 9 DOWN -3.48 2.14E-02
PRCP Proly lcarboxy peptidase DOWN -1.50 3.28E-02

PABPC1 Poly-A binding protein cytoplasmic 1 DOWN -1.23 3.37E-02

LAMA4 Laminin subunit alpha 4 DOWN -2.78 3.56E-02
ARHGEF12 Rho guanine nucleotide exchange factor 12 DOWN -1.88 3.81E-02

3.5 Micro-vessel tension mediated
by drugs

The functional experiments tested vascular tension responses to
various drugs, that induced either vasodilation or vasoconstriction
in placental micro-vessels. The accumulated concentrations of SNP-
induced placental vascular relaxation were significantly reduced in
the PE group (Figure 5A). This indicates that vascular dilatation
capability was impaired in the placentas of the PE patients.

As Figure 5B shows, as the dose increased, Ang-II generated a
significant dose-dependent vasoconstriction curve in both the
control and PE groups, demonstrating the positive stimulating
effects of Ang-II on human placental micro-vessels. Moreover,
Ang-TI-mediated placental vascular constriction was significantly
reduced in the PE group (Figure 5B), indicating that the response of
placental micro-vessels to Ang-II was damaged. Application of
phenylephrine, another common vascular stimulator (11), to
placental vascular samples in the chamber resulted in limited
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FIGURE 4

The results of further RT-qPCR validation. *P <0.05; **P <0.01; ns, no significance.
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Il (Ang-11) and phenylephrine-mediated vascular responses in normal and preeclamptic placental micro-vessels. *P <0.05; **P <0.01; ns, no significance.

vascular tone in both the control and PE groups (Figure 5C). No
significant change was observed between the control and PE
placental vessels in response to accumulated concentrations
of phenylephrine.

4 Discussion

The placenta plays a critical role in the maternal-placental-fetal
circulation between the pregnant mother and her fetus. Anything
wrong in a developing placenta may cause maternal diseases such as
PE or a fetal growing issue such as intrauterine growth restriction
(IUGR) (12). The human placenta is rich in micro-vessels, which
are important for multiple functions. This study focused on
placental micro-vessels under conditions of PE. RNA-seq analysis
of the placenta is not novel (13). However, all previous analyses
have tested whole placental tissue together with blood vessels and
various surrounding tissues. In contrast, this study used separated
placental micro-vessels after removing the surrounding tissues, as
Figure 1 shows. For example, a previous study showed a total of
1,950 differentially expressed mRNAs in the human placenta (whole
tissue) in PE (14), much more than that in our study. This makes
sense because their whole placental tissue not only contains vascular
tissue but also other tissues. It is not strange that the molecular
analysis results of whole placental tissue and pure blood vessel tissue
could be very different. The present study was the first to use RNA-
seq analysis to explore pure human placental micro-vessels in both
healthy and PE groups. Therefore, all RNA-seq analysis-generated
data regarding human placental micro-vessels in this study are
novel and have not been published before.

Our transcriptomic analysis revealed a total of 486 genes in
human placental micro-vessels that were differentially expressed
due to PE (Supplementary Table 4). The heat map and volcano plot
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show the significantly upregulated or downregulated transcripts.
Our new data demonstrate that all of these 486 up or downregulated
genes were purely expressed in placental blood vessels, after
excluding other placental tissues in PE. If one were to compare
the genes between our results and previous studies, it would be
found that some individual genes may be differentially expressed
only in placental micro-vessels or surrounding tissues (15). This is
an important contribution to further understanding the DE gene
profiles in both whole placental tissues and micro-vessels related to
PE. This also indicates which vascular DE genes may play a role in
placental blood vessels linked to the development of PE.

Second, further bioinformatics analysis uncovered that certain
differentially expressed genes are highly related to blood vessel
morphology and hypertension, demonstrating novel phenotypes of
DE genes in human placental vascular development in PE, which is
characterized by increased blood pressure in the mid-late trimesters
of gestation (16). Notably, many of the DE genes were shown to be
not only closely related to blood vessel development and function
but also linked with cell proliferation, focal adhesion, apoptosis,
transcriptional regulation, signal transduction, and protein
phosphorylation. To reveal the DE gene-gene interactions and
gene expression-vascular function associations in the placental
vessel system in the human placenta in PE, a vascular functional
centric core network was constructed (Figure 3D). In theory, the 19
hub genes in the network could be considered and selected as
potential key targets to further explore the pathological mechanisms
of preeclampsia in the human placenta.

It is understood that it is inevitable that there are false positives
or negatives in RNA-seq analysis, especially in human samples with
high individual variation. Thus, RT-qPCR can be employed as an
additional indicator to verify DE genes (17). In our experiments,
among the six representative DE genes in placental vessels, the
reliability of ELMOI, YWHAE, and IL6ST as DE genes in PE was
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further confirmed. Additionally, although PXN and NR3CI did not
have significant p-values in the RT-qPCR, their change trends were
consistent with the RNA-seq analysis.

The engulfment and cell motility protein (ELMO) is an
evolutionarily conserved adaptor protein with three protein
isoforms. ELMOI has been shown to be expressed in the zebrafish
vasculature and has an important role in early developmental
vascular processes (18). The present study was the first to
demonstrate that ELMOI is also present in human placental
vasculature, and may play an important role in the process of PE
since it was confirmed as a reliable hub DE gene in the present study.
The placenta is in a state of development alongside the growth of the
fetus. The development of the vasculature is influenced by the
angiogenesis process. Endothelial migration is a highly dynamic
process and small GTPase is known to be a major regulator of the
migration of endothelial cells during angiogenesis (19). Active
GTPase interacts with ELMOI to regulate the actin cytoskeleton via
the ELMO and DOCK pathways, which are involved in cellular
migration (20)and the engulfment of apoptotic cells (21). Based on its
temporal vascular expression, ELMOI is essential for the formation
and function of the various blood vessels in zebrafish development
(22). Our vascular functional experiments using the drug SNP
demonstrated that endothelium-dependent vasodilatation in
placental micro-vessels was damaged in the PE group, consistent
with a previous report (23), while bioinformatics analysis and RT-
qPCR validation revealed that the ELMOI transcript was significantly
reduced in preeclamptic placental vessels. This association strongly
indicates that altered ELMOI expression in the placental vasculature
may contribute to PE-mediated placental vascular disorders, which
eventually induce hypertension in PE cases. However, further studies
are essential to clarify the action pathways for ELMOI-mediated
pathological processes in the placental vascular system in PE.

In addition to ELMOI, YWHAE is another hub DE gene found
in placental micro-vessels in PE. The YWHAE protein family is
comprised of at least seven highly conserved subtypes of soluble
acidic proteins. It can be widely combined with other proteins,
including membrane receptors, kinases, phosphatases, and
transcription factors (24), acting as an interaction protein bridge
in a wide range of physiological and biological processes, such as
cellular apoptosis, proliferation, metabolic regulation, and signal
transduction (25, 26). To the best of our knowledge, there is no
information regarding YWHAE as a DE gene in blood vessels,
especially in the placental vasculature. Thus, it is very interesting
that YWHAE was found to be differentially expressed and
confirmed in PE placental vessels in the present study. Notably,
Ang-IT and SNP affect the vascular system via transmembrane
receptors and PKC pathways with the involvement of kinases or
phosphatases (27). Our vascular tension experiments showed that
although phenylephrine-mediated vessel tone was unchanged
between the control and PE placentas, Ang-II-induced
vasoconstrictions were significantly decreased in placental micro-
vessels in the PE group, demonstrating that Ang-II-mediated
vascular regulation in the placental vasculature was damaged,
while YWHAE expression was also significantly inhibited in the
same placental vascular tissues.
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Similar to ELMOI and YWHAE, IL6ST was also significantly
downregulated in the PE placental vasculature in the present
study. IL6ST, interleukin 6 cytokine family signal transducer, is
an important member of a signaling axis with a prominent role in
tumor growth, promoting cell survival, proliferation, migration,
survival, and metastasis (28). Whether impaired expression of
IL6ST in placental micro-vessels influences vascular cell biological
processes and the observed vascular dysfunction in PE is worth
further investigation. Moreover, all three DE genes (ELMOI,
YWHAE, and IL6ST) have been demonstrated to be responsible
for inflammatory signal reception (29-31) and anti-inflammatory
responses in endothelial cells. Considering that one major
pathological change in PE is placental inflammation (32), it
appears that there is potential research value in further
exploring these key DE genes and their functions in the human
placental vasculature.

Finally, we should acknowledge the limitations of our study. We
had to leave further in-depth and detailed studies, such as gene
knockout and silence experiments to future investigations. These
additional studies would be helpful to indicate a direct cause-result
relationship, instead of an association connection, between the
molecular and functional data in placental micro-vessels. In
addition, because of budgetary and other reasons, including the
fact that it is very difficult to obtain normal human non-placental
vessels due to ethical concerns, non-placental vessel controls were
not used in the present study. This study also focused on Asian
women due to our limitations in obtaining non-Asian women’s
samples; other ethnicities are also highly impacted by PE, but the
target population of this study is only Asian women.

In conclusion, this study is the first to present a new expression
profile of transcripts in human placental micro-vessels using high-
throughput sequencing, revealing interesting DE gene phenotypes
in preeclamptic placental vasculature. The finding of several hub
genes that were reliably verified to have transcript alterations in the
pure placental vessels, along with vascular functional changes,
provide important data to further understand the pathological
process in PE placentas, and offer great potential for further
investigation of these molecular targets in the human placental
vascular system.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The studies involving humans were approved by the Research
Ethics Committee (Affiliated Women’s Hospital of Jiangnan
University). The studies were conducted in accordance with the
local legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.

frontiersin.org


https://doi.org/10.3389/fendo.2024.1487549
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhang et al.

Author contributions

EZ: Writing - original draft, Methodology. TZ: Writing — original
draft, Methodology, Conceptualization. QZ: Writing — review &
editing, Conceptualization. XZ: Writing - review & editing,
Supervision, Methodology. YZ: Writing — review & editing, Formal
analysis, Conceptualization. BL: Writing - review & editing,
Methodology, Conceptualization. JT: Resources, Writing — review
& editing, Supervision. ZX: Writing — review & editing, Supervision,
Funding acquisition.

Funding

The author(s) declare financial support was received for
the research, authorship, and/or publication of this article. This
work was supported by grants from the Wuxi Taihu Rencai
Project Fund (grant number: (2021)19), the Key Lab of Perinatal
Bio-Medicine, Wuxi Municipal Health Commission Research
Project (M202303), and the Natural Science Foundation of
China (82101761).

References

1. Main EK, McCain CL, Morton CH, Holtby S, Lawton ES. Pregnancy-related
mortality in California: causes, characteristics, and improvement opportunities. Obstet
Gynecol. (2015) 125:938-47. doi: 10.1097/A0G.0000000000000746

2. Erez O, Romero R, Jung E, Chaemsaithong P, Bosco M, Suksai M, et al.
Preeclampsia and eclampsia: the conceptual evolution of a syndrome. Am J Obstet
Gynecol. (2022) 226:5786-s803. doi: 10.1016/j.aj0g.2021.12.001

3. Qu H, Khalil RA. Vascular mechanisms and molecular targets in hypertensive
pregnancy and preeclampsia. Am J Physiol Heart Circ Physiol. (2020) 319:H661-h681.
doi: 10.1152/ajpheart.00202.2020

4. MaJ, LiY, Yang X, Liu K, Zhang X, Zuo X, et al. Signaling pathways in vascular
function and hypertension: molecular mechanisms and therapeutic interventions.
Signal Transduct Target Ther. (2023) 8:168. doi: 10.1038/541392-023-01430-7

5. Gong L, Zhao H, Cui Y, Li X. Transcriptome analysis of placentae reveals HELLP
syndrome exhibits a greater extent of placental metabolic dysfunction than preeclampsia.
Hypertens Pregnancy. (2021) 40:134-43. doi: 10.1080/10641955.2021.1908348

6. Turco MY, Moffett A. Development of the human placenta. Development.
(Cambridge, England) (2019) 146(22):dev163428. doi: 10.1242/dev.163428

7. Del Gaudio I, Hendrix S, Christoffersen C, Wadsack C. Neonatal HDL
counteracts placental vascular inflammation via S1P-S1PR1 axis. Int | Mol Sci.
(2020) 21(3):789. doi: 10.3390/ijms21030789

8. Chen J, Bardes EE, Aronow BJ, Jegga AG. ToppGene Suite for gene list
enrichment analysis and candidate gene prioritization. Nucleic Acids Res. (2009) 37:
W305-311. doi: 10.1093/nar/gkp427

9. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al.
STRING vl11: protein-protein association networks with increased coverage,
supporting functional discovery in genome-wide experimental datasets. Nucleic Acids
Res. (2019) 47:D607-d613. doi: 10.1093/nar/gky1131

10. Arthurs AL, McCullough D, Williamson JM, Jankovic-Karasoulos T, Smith MD,
Roberts CT. Factors influencing RNA yield from placenta tissue. Placenta. (2023)
140:80-3. doi: 10.1016/j.placenta.2023.08.002

11. Schulz ME, Hockenberry JC, Katunaric B, Pagel PS, Freed JK. Blockade of
endothelial Mas receptor restores the vasomotor response to phenylephrine in human
resistance arterioles pretreated with captopril and exposed to propofol. BMC
Anesthesiol. (2022) 22:240. doi: 10.1186/s12871-022-01786-3

12. Aplin JD, Myers JE, Timms K, Westwood M. Tracking placental development in
health and disease. Nat Rev Endocrinol. (2020) 16:479-94. doi: 10.1038/s41574-020-
0372-6

13. Gong S, Gaccioli F, Dopierala J, Sovio U, Cook E, Volders PJ, et al. The RNA
landscape of the human placenta in health and disease. Nat Commun. (2021) 12:2639.
doi: 10.1038/s41467-021-22695-y

Frontiers in Endocrinology

10.3389/fendo.2024.1487549

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fend0.2024.1487549/
full#supplementary-material

14. Liu S, Xie X, Lei H, Zou B, Xie L. Identification of key circRNAs/IncRNAs/
miRNAs/mRNAs and pathways in preeclampsia using bioinformatics analysis. Med Sci
Monit. (2019) 25:1679-93. doi: 10.12659/MSM.912801

15. Lapehn S, Paquette AG. The placental epigenome as a molecular link between
prenatal exposures and fetal health outcomes through the DOHaD hypothesis. Curr
Environ Health Rep. (2022) 9:490-501. doi: 10.1007/s40572-022-00354-8

16. Dimitriadis E, Rolnik DL, Zhou W, Estrada-Gutierrez G, Koga K, Francisco
RPV, et al. Pre-eclampsia. Nat Rev Dis Primers. (2023) 9:8. doi: 10.1038/s41572-023-
00417-6

17. Rocha D, Castro TLP, Aguiar E, Pacheco LGC. Gene expression analysis in
bacteria by RT-qPCR. Methods Mol Biol. (2020) 2065:119-37. doi: 10.1007/978-1-
4939-9833-3_10

18. Epting D, Wendik B, Bennewitz K, Dietz CT, Driever W, Kroll J. The Racl
regulator ELMO1 controls vascular morphogenesis in zebrafish. Circ Res. (2010)
107:45-55. doi: 10.1161/CIRCRESAHA.109.213983

19. van der Krogt JM, van der Meulen IJ, van Buul JD. Spatiotemporal regulation of
Rho GTPase signaling during endothelial barrier remodeling. Curr Opin Physiol. (2023)
34. doi: 10.1016/j.cophys.2023.100676

20. Yu S, Geng X, Liu H, Zhang Y, Cao X, Li B, et al. ELMO1 deficiency reduces
neutrophil chemotaxis in murine peritonitis. Int J Mol Sci. (2023) 24(9):8103.
doi: 10.3390/ijms24098103

21. Ravichandran KS, Lorenz U. Engulfment of apoptotic cells: signals for a good
meal. Nat Rev Immunol. (2007) 7:964-74. doi: 10.1038/nri2214

22. Boger M, Bennewitz K, Wohlfart DP, Hausser I, Sticht C, Poschet G, et al.
Comparative Morphological, Metabolic and Transcriptome Analyses in elmol (-/-),
elmo2 (-/-), and elmo3 (-/-) Zebrafish Mutants Identified a Functional Non-
Redundancy of the Elmo Proteins. Front Cell Dev Biol. (2022) 10:918529.
doi: 10.3389/fcell.2022.918529

23. Tang], Zhang Y, Zhang Z, Tao J, Wu ], Zheng Q, et al. Specific dilation pattern in
placental circulation and the NO/sGC role in preeclampsia placental vessels. Front
Endocrinol (Lausanne). (2023) 14:1182636. doi: 10.3389/fend0.2023.1182636

24. Zheng Z, Zhong Q, Yan X. YWHAE/14-3-3¢ crotonylation regulates leucine
deprivation-induced autophagy. Autophagy. (2023) 19:2401-2. doi: 10.1080/
15548627.2023.2166276

25. Aghazadeh Y, Papadopoulos V. The role of the 14-3-3 protein family in health,
disease, and drug development. Drug Discovery Today. (2016) 21:278-87. doi: 10.1016/
j.drudis.2015.09.012

26. Hartman AM, Hirsch AKH. Molecular insight into specific 14-3-3 modulators:
Inhibitors and stabilisers of protein-protein interactions of 14-3-3. Eur ] Med Chem.
(2017) 136:573-84. doi: 10.1016/j.ejmech.2017.04.058

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2024.1487549/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2024.1487549/full#supplementary-material
https://doi.org/10.1097/AOG.0000000000000746
https://doi.org/10.1016/j.ajog.2021.12.001
https://doi.org/10.1152/ajpheart.00202.2020
https://doi.org/10.1038/s41392-023-01430-7
https://doi.org/10.1080/10641955.2021.1908348
https://doi.org/10.1242/dev.163428
https://doi.org/10.3390/ijms21030789
https://doi.org/10.1093/nar/gkp427
https://doi.org/10.1093/nar/gky1131
https://doi.org/10.1016/j.placenta.2023.08.002
https://doi.org/10.1186/s12871-022-01786-3
https://doi.org/10.1038/s41574-020-0372-6
https://doi.org/10.1038/s41574-020-0372-6
https://doi.org/10.1038/s41467-021-22695-y
https://doi.org/10.12659/MSM.912801
https://doi.org/10.1007/s40572-022-00354-8
https://doi.org/10.1038/s41572-023-00417-6
https://doi.org/10.1038/s41572-023-00417-6
https://doi.org/10.1007/978-1-4939-9833-3_10
https://doi.org/10.1007/978-1-4939-9833-3_10
https://doi.org/10.1161/CIRCRESAHA.109.213983
https://doi.org/10.1016/j.cophys.2023.100676
https://doi.org/10.3390/ijms24098103
https://doi.org/10.1038/nri2214
https://doi.org/10.3389/fcell.2022.918529
https://doi.org/10.3389/fendo.2023.1182636
https://doi.org/10.1080/15548627.2023.2166276
https://doi.org/10.1080/15548627.2023.2166276
https://doi.org/10.1016/j.drudis.2015.09.012
https://doi.org/10.1016/j.drudis.2015.09.012
https://doi.org/10.1016/j.ejmech.2017.04.058
https://doi.org/10.3389/fendo.2024.1487549
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zhang et al.

27. SuH, Chen X, Zhang Y, Qi L, He Y, Lv J, et al. In utero hypoxia altered Ang II-
induced contraction via PKC in fetal cerebral arteries. ] Endocrinol. (2020) 244:213-22.
doi: 10.1530/JOE-19-0370

28. Desideri E, Castelli S, Dorard C, Toifl S, Grazi GL, Ciriolo MR, et al. Impaired
degradation of YAP1 and IL6ST by chaperone-mediated autophagy promotes
proliferation and migration of normal and hepatocellular carcinoma cells.
Autophagy. (2023) 19:152-62. doi: 10.1080/15548627.2022.2063004

29. Tocci S, Ibeawuchi SR, Das S, Sayed IM. Role of ELMO1 in inflammation and
cancer-clinical implications. Cell Oncol (Dordr). (2022) 45:505-25. doi: 10.1007/
$13402-022-00680-x

Frontiers in Endocrinology

10

10.3389/fendo.2024.1487549

30. Fu W, Hu W, Yi YS, Hettinghouse A, Sun G, Bi Y, et al. TNFR2/14-3-3¢
signaling complex instructs macrophage plasticity in inflammation and autoimmunity.
J Clin Invest. (2021) 131(16):e144016. doi: 10.1172/JCI144016

31. Lin D, Zhang H, Zhang ], Huang K, Chen Y, Jing X, et al. a--synuclein induces
neuroinflammation injury through the IL6ST-AS/STAT3/HIF-10. Axis. Int ] Mol Sci.
(2023) 24(2):1436. doi: 10.3390/ijms24021436

32. Chiarello DI, Abad C, Rojas D, Toledo F, Vazquez CM, Mate A, et al.
Oxidative stress: Normal pregnancy versus preeclampsia. Biochim Biophys Acta
Mol Basis Dis. (2020) 1866:165354. doi: 10.1016/j.bbadis.2018.12.005

frontiersin.org


https://doi.org/10.1530/JOE-19-0370
https://doi.org/10.1080/15548627.2022.2063004
https://doi.org/10.1007/s13402-022-00680-x
https://doi.org/10.1007/s13402-022-00680-x
https://doi.org/10.1172/JCI144016
https://doi.org/10.3390/ijms24021436
https://doi.org/10.1016/j.bbadis.2018.12.005
https://doi.org/10.3389/fendo.2024.1487549
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Transcriptomic profiling with vascular tension analyses reveals molecular targets and phenotypes in preeclamptic placental vasculature
	1 Introduction
	2 Materials and methods
	2.1 Patient selection
	2.2 RNA extraction
	2.3 Construction of transcriptome libraries
	2.4 Sequencing data quality control
	2.5 RNA-seq data analysis
	2.6 Bioinformatics analysis
	2.7 Real-time quantitative polymerase chain reaction validation
	2.8 Measurement of placental vessel tension
	2.9 Statistical analysis

	3 Results
	3.1 Isolated placental vessels
	3.2 RNA-seq analysis
	3.3 Bioinformatics analysis
	3.4 Real-time quantitative polymerase chain reaction analysis
	3.5 Micro-vessel tension mediated by drugs

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


