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Background: Early onset preeclampsia (EOSP, PE) is characterized by

hypertension, proteinuria, and endothelial dysfunction. Oxidative stress-

induced trophoblast dysfunction is a major pathology in PE. Placental

exosomes are extracellular vesicles that are involved in “mother-placenta-

foetal communication” and can regulate the biological functions of

endothelial cells. Our study was designed to evaluate placental exosomes

effects on endothelial cells.

Methods: Umbilical cord blood from normal pregnant women and patients

with PE were collected. A hypoxia/reoxygenation (H/R) model in human

first trimester extravillous trophoblast cell (HTR8/SVneo) line to simulate the

PE model of oxidative stress in vitro. Then, placental exosomes (i.e., NO-

exo, H/R-exo, N-exo, and PE-exo) were extracted and identified. Finally, the

effects of placental exosomes on the biological functions of human umbilical

vein endothelial cells (HUVECs) were further evaluated by performing a

series of experiments.

Results: Placental exosomes had a double-membrane cup structure with

diameters of 30–150 nm, and there was no obvious difference in placental

exosomes. Compared with NO-exo and N-exo, H/R-exo and PE-exo inhibited

HUVECs proliferation, tube formation and migration, increased permeability

and apoptosis in vitro.
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Conclusion: We hypothesize that H/R-exo and PE-exo impair vessel

development by disrupted biological functions in endothelial cells, which may

result in vascular disorders in offspring.

KEYWORDS

placental exosomes, HUVECs, hypoxia/reoxygenation, permeability of the
endothelial monolayer, early onset preeclampsia, pregnancy

1 Introduction

Early onset preeclampsia (PE) is a clinical syndrome
characterized by hypertension, proteinuria, and endothelial
dysfunction (1). PE can cause adverse outcomes, such as
miscarriage, preterm birth and fetal growth restriction, and
may lead to increased maternal and fetal morbidity (2, 3). The
pathogenesis of PE is not clearly understood, thus, clarifying its
pathogenesis is essential for subsequent treatment.

Endothelial dysfunction is the leading cause of PE, and
can cause hypertension, proteinuria, and other conditions (1).
Human umbilical vein endothelial cells (HUVECs) isolated
from the umbilical cords of PE patients showed changes in the
expression and distribution of endothelial connexins, resulting
in increased endothelial monolayer permeability, compared
with umbilical cord cells isolated from normal pregnant women
(4). The offspring of women with PE are at increased risk of
cardiovascular disease (5). Throughout pregnancy, oxidative
stress in the placenta may lead to pregnancy complications.
Placental oxidative stress is a crucial step in the pathogenesis
of PE, and the mechanism of placental oxidative stress in PE
may involve hypoxia and reoxygenation (H/R) (6). Adequate
oxygen supply is essential for normal metabolism, growth and
development in the human body during the embryonic, fetal
and postnatal stages. In early pregnancy, inadequate trophoblast
invasion of the maternal spiral artery leads to reduced placental
perfusion and the release of many biological factors, which
can lead to endothelial injury and acute maternal syndrome
with systemic multiple organ failure, causing preeclampsia
(7). H/R cause changes in cellular structure and function,
which can result in miscarriage, intrauterine growth restriction
(IUGR) and premature membrane rupture, increasing the risk
of premature delivery and postpartum infection (8). H/R can
cause a variety of pathological reactions, which can activate
endoplasmic reticulum stress, cell dysfunction and cell death (9).

Mother-placenta-fetal communication is important for
maintaining a normal pregnancy. Exosomes are extracellular
vesicles ranging from 30–150 nm in diameter (10). Placental
exosomes are an important intercellular communication factor,
for example, in PE, placental exosomes inhibit eNOS expression
in HUVECs (11). Placental exosomes may play critical roles in
the functions of the placenta and endothelial cells, the fetus and
the mother (12–14). Higher levels of plasma exosomes have been

measured in pregnant women than in non-pregnant women
(15). It has been shown that serum placental exosomes in PE
may lead to endothelial dysfunction. However, current studies
mainly focus on exosomes derived from the placenta that are
in the maternal circulation, and exosomes derived from the
placenta in umbilical cord blood have yet to be studied.

The “Barker hypothesis” postulates that many organ
structures and functions undergo programing during
embryonic and fetal development. It is plausible that
poor intrauterine environments, including exposure to
developmental toxicants, may similarly alter adult disease
susceptibility (16). Previous studies have shown that the
offspring of women with gestational hypertension are at risk
for clinical cardiometabolic events later in life, including
hypertension and stroke (5). Study has shown that placental
dysfunction is associated with cardiovascular disease (17).
One study has shown that umbilical cord placental exosomes
in women with PE disrupt the normal function of vascular
endothelial cells by targeting HMGCS1, which may lead to
vascular disease in offspring (18).

Thus, we hypothesize that H/R-exo and PE-exo damage
HUVECs, resulting in endothelial cell dysfunction in vitro.
In our study, we confirmed that H/R-exo and PE-exo led to
endothelial cell dysfunction. These findings may shed light on
vascular diseases of fetal origin and the pathogenesis of PE.

2 Materials and methods

2.1 Sample collection

Samples were obtained from healthy pregnant women
and PE patients from the Department of Obstetrics and
Gynecology of Shandong Provincial Hospital Affiliated to
Shandong University from January 2020 to December 2021.
The normal control pregnancy group was defined based on the
absence of pregnancy complications (n = 10, 34.2 weeks). The
PE group was defined as based on maternal blood pressure
(≥140/90 mmHg) and urinary protein (≥2+) after 20 weeks of
gestation (n = 10, 32.6 weeks), and women with diabetes and
other pregnancy complications were excluded (19).

After collecting whole cord blood in the anticoagulant
ethylenediaminetetraacetic acid–K2 (EDTA-K2), and
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centrifuging the sample at 3,000 × g for 20 min at 4◦C,
umbilical cord blood plasma was obtained and stored at −80◦C
for further analyses. The protocols were approved by the
Ethics Committee of Shandong Provincial Hospital Affiliated to
Shandong University, and informed consent was obtained from
all participants.

The clinical characteristics of the patients in this study are
recorded in Table 1.

2.2 Cell culture

Human umbilical vein endothelial cells were isolated from
three donors. The samples were treated within 2 h after
collection. All samples were collected from 28 year-old women
with full-term, singleton pregnancies without complications.
HUVECs were digested by trypsin and cultured in endothelial
cell medium (ScienCell, San Diego, CA) containing 5% fetal
bovine serum, 1% penicillin/streptomycin and 1% endothelial
cell growth additive at 37◦C and 5% CO2 (20).

The HTR-8/SVneo cell line (human first trimester
extravillous trophoblast cells) was purchased from ATCC;
Manassas, VA. The cells were routinely cultured in RPMI 1640
(Gibco; Grand Island, State of New York, USA) supplemented
with 10% fetal bovine serum (FBS). Hypoxia/reoxygenation
(H/R) was performed as previously described (10). The
trophoblast cells were cultured in two cycles: The first was in a
hypoxic environment in a tri-gas cell culture incubator flushed
with 2% O2 for 8 h, followed by reoxygenation in a standard
incubator with 20% O2 for 16 h.

2.3 Exosome isolation and
identification

2.3.1 Exosome isolation from culture medium
Exosomes were isolated from cell-free HTR-8/SVneo

conditioned media as previously described (21). In brief, there
were two groups with different oxygenation levels: One group
was subjected to 20% O2, 5% CO2, and 75% N2 (Non-treated,
NO), and the other group was subjected to H/R as previously
described (7, 8). The culture supernatants were sequentially
centrifuged at 500× g for 10 min at 4◦C, 2,000× g for 30 min at
4◦C and 12,000× g for 45 min at 4◦C. The resultant supernatant
was passed through a 0.22 µm SteritopTM filter for sterilization
(Millipore, Billerica, MA, USA). Subsequently, the cleared
supernatants were ultracentrifuged at 120,000 × g (Hitachi
CP100MX, Japan) for 70 min at 4◦C, and the pellets were
collected. Finally, the pellet suspension was ultracentrifuged for
a second time at 120,000 × g for 70 min at 4◦C and the pellets
were resuspended in 200 µl 1X PBS (13, 21). The concentration
of exosomes was measured with a BCA protein analysis kit
(Solarbio, Beijing, China).

TABLE 1 Clinical information of the study population.

Demographic Normal
(n = 10)

Preeclampsia
(n = 10)

Maternal age, y 34.2± 3 32.60± 4

Gestational age at delivery, w 38.64± 0.1213 31.16± 0.7134a

Birth weight, g 3, 355± 349.2 1, 436± 464.7a

Systolic blood pressure, mmHg 109.7± 9.933 176.5± 10.97a

Diastolic blood pressure, mmHg 71± 3.141 110.9± 3.469a

Proteinuria – ≥2+a

The data are expressed as the mean± SD. PE vs. normal pregnancy.
aP < 0.001.

2.3.2 Placental exosomes isolated from
umbilical cord plasma

Placental exosomes were obtained by ultracentrifugation
combined with density gradient centrifugation. Briefly, after
myometrium incision and placenta delivery, 20 ml of blood
was collected with a sterile needle. The collected umbilical
cord blood was immediately centrifuged at 4◦C for 3,000 × g
10 min to obtain 8 ml of plasma. Next, plasma was diluted
with an equal volume of PBS (pH 7.4) and then centrifuged at
500 × g for 10 min at 4◦C. Then, the supernatant fluid was
centrifuged at 2,000 × g for 30 min at 4◦C. Subsequently, this
supernatant fluid was centrifuged at 12,000 × g for 45 min at
4◦C. The resultant supernatant was passed through a 0.22 µm
SteritopTM filter (Millipore, Billerica, MA, USA). Then, the
suspension was resuspended in 0.25 M sucrose, distributed on a
linear sucrose density gradient, ultracentrifuged at 200,000 × g
(Optima XPN-100) for 16 h at 4◦C and divided into six fractions:
f1 (supernatant), 1.03; f2, 1.06; f3, 1.09; f4, 1.11; f5, 1.14; and f6,
1.18 g/ml. Certain fractions (f2, 1.06 and f3, 1.09) were diluted
in PBS (13 ml) and then centrifuged at 200,000× g for 70 min at
4◦C. The pellet was resuspended in 200 µl 1X PBS and stored at
−80◦C (13, 15, 22). The exosomes concentration was measured
with a BCA protein analysis kit (Solarbio, Beijing, China).

2.3.3 Transmission electron microscopy (TEM)
Ten microlitres of the exosome samples were added to the

copper wire for 1 min, and the liquid was absorbed with filter
paper. Then, 10 µl of phosphotungstic acid was added to the
copper wire and precipitated for 1 min, and the floating liquid
was absorbed with filter paper, and dried for several minutes
at room temperature. Finally, the TEM imaging results were
obtained by electron microscopy imaging at 100 kV (Xiuyue
Biol, Jinan, China).

2.3.4 Nanoparticle tracking analysis (NTA)
First, 10 µl of exosomes was diluted with 1X PBS

to 30 µl. Then, the instrument’s performance (ZetaView R©

Nanoparticle Tracking Analyzer PMX-120) was tested with
standard materials, and the exosome samples were loaded after
the test was passed. Gradient dilution was carried out to avoid

Frontiers in Cardiovascular Medicine 03 frontiersin.org

https://doi.org/10.3389/fcvm.2022.1061340
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1061340 December 19, 2022 Time: 14:16 # 4

Gu et al. 10.3389/fcvm.2022.1061340

clogging of the injection needle. Finally, the particle size and
exosomes concentration were measured by the instrument after
the samples were tested (Xiuyue Biol, Jinan, China).

2.3.5 Western blotting
Total protein was extracted from exosomes or HUVECs.

The total protein concentration was measured with a BCA
kit. Next, the proteins were separated by gel electrophoresis
and then transferred to polyvinylidene fluoride membranes
using electrical blotting. A total of 10 µg of total protein
from each sample was used for placental exosome-specific
antibodies and junction protein-specific antibodies, 15 µg of
total protein from each sample was used for BIM and BAX,
and 40 µg of total protein from each sample was used for
BCL-2. The placental exosome-specific antibodies included:
CD63 (1:1,1000; Abcam, USA), TSG101 (1:1,1000; Abcam,
USA); Placenta specific antibody: and PLAP (1:1,1000; Abcam,
USA); The junction protein-specific antibodies included: VE-
cadherin (1:1,1000; CST, USA) and Occludin (1:1,1000; Abcam,
USA); The apoptosis protein-specific antibodies included: Bax
(1:1,1000; CST, USA), Bim (1:1,1000; CST, USA), and Bcl-2
(1:1,1000; CST, USA); The housekeeping antibodies included:
GAPDH (1:1,1000; CST, USA). The antibodies were incubated
with the blots overnight at 4◦C. The blots were then incubated
with HRP-conjugated goat anti-rabbit secondary antibodies
(Proteintech, Rosemont, IL) at room temperature for 1 h. The
immunofluorescence bands were detected with a kit (Merck
Millipore, Burlington, MA) and the intensity of the bands was
quantified by an Amersham Imager 600 Imaging System (GE
Healthcare, Chicago, IL).

2.3.6 Exosome labeling and tracking
Exosome uptake by HUVECs was analyzed, and the process

was performed as follows: Exosomes were labeled with the
Green Fluorescent Cell Linker Kit (PKH67, green, Sigma,
USA). The labeled exosomes were filtered through a 100-kDa
molecular weight cut-off hollow fiber membrane. The labeled
exosomes (100 µg/ml) were incubated with HUVECs for 24 h.
The cells were washed twice with 1X PBS, and then immobilized
with 4% formaldehyde for 30 min. The nuclei were stained with
4′, 6-di-amidino-2-phenylindole (DAPI, blue, Solarbio, China),
and the cell membrane was stained with empirical formula
(phalloidin, red, Sigma, USA). Finally, the uptake of exosomes
by HUVECs was imaged using ImageXpress Microconfocal with
MetaXpress software (overall magnification 100×).

2.4 Cell function assays

2.4.1 Proliferation was assessed by EdU staining
and CCK8 assay
2.4.1.1 EdU staining

EdU staining was performed according to the
manufacturer’s instructions (Beyotime, Shanghai, China).

Briefly, HUVECs (5 × 103 cells/well) were incubated with
different exosomes (NO-exo, H/R-exo, N-exo, and PE-exo,
100 µg/ml) for 24 h. EdU (10 µM/well, red) was then added
to the medium and incubated for 4 h. After labeling, the cells
were washed three times with 1X PBS and then fixed with 4%
formaldehyde. After being incubated with glycine, the cells
were washed with 1X PBS containing 0.5% Triton X-100. After
staining the nuclei with DAPI (blue), proliferating cells (pink)
were observed by ImageXpress Microconfocal with MetaXpress
software (overall magnification 200×).

2.4.1.2 CCK8 assay

In the exosome experiment, HUVECs (5 × 103 cells/well)
were cultured in 96-well plates. After 24 h of coculture with
different exosomes (NO-exo, H/R-exo, N-exo, and PE-exo,
100 µg/ml), 10 µl CCK8 (Bioss, Beijing, China) solution was
added to each well for 2 h at 37◦C, after which the cell survival
rate was measured at 450 nm.

2.4.2 Cell permeability assay

The flow of Evans-blue bound to albumin across the
monolayer of a functional artificial liver was measured by
spectrophotometry, using a modified two-compartment model
that was described previously for quantitative permeability (23).
In brief, HUVECs were plated (5 × 104 cells/well) transwel
transwell in Transwell inserts in diameters of 0.4 µm and
6.5 mm for 3 days. Confluent monolayers were incubated
with different exosomes (NO-exo, H/R-exo, N-exo, and PE-exo,
100 µg/ml) for 24 h. The inserts were washed with 1X PBS
(pH 7.4), and then 0.5 ml (0.67 mg/ml) of Evans-blue-BSA (4%)
diluent was added to the medium. Fresh medium was added to
the lower chamber, and Evans-blue-BSA was added to the upper
chamber. After 10 min, the optical density at 650 nm in the lower
chamber was measured.

2.4.3 Apoptosis analysis by flow cytometry
The apoptosis level was determined by a BD apoptosis

detection kit (BD Biosciences). In short, HUVECs
(4 × 105 cells/well) were inoculated in a 25 cm square
dish and incubated with different exosomes (NO-exo, H/R-exo,
N-exo, and PE-exo, 100 µg/ml) for 24 h before collection.
Finally, the samples were stained with PI and FITC and then
analyzed by flow cytometry (BD AccuriTM C6 Plus).

2.4.4 Tube formation assay
To quantitatively determine the ability of HUVECs to

generate blood vessels in vitro, substrate glue was applied to
the bottom of a 96-well plate. HUVECs (1 × 104 cells/well)
were added to serum-free endothelial cell culture medium
after Matrigel mix (BD Bioscience) coagulation, and the cells
were incubated with different exosomes (NO-exo, H/R-exo,
N-exo, and PE-exo, 100 µg/ml) for 6 h. The cells were
stained with calcein-acetoxymethyl ester (calcein-AM), and
then photographed with an inverted microscope (Thermo,
USA) for analysis, ImageJ was used to quantify tube formation.
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2.4.5 Cell migration assay
The migration of HUVECs was measured by Transwell

inserts (Corning, USA) with 8 µm polycarbonate membranes.
The process was as follows: 200 µl of serum-free medium was
added to the upper chamber, and 650 µl complete medium
containing 5% serum was added to the lower chamber. HUVECs
(1 × 104 cells/well) were incubated in the upper chamber with
exosomes from the different groups (NO-exo, H/R-exo, N-exo,
and PE-exo, 100 µg/ml). After 24 h of cultivation, the cells that
migrated to the lower chamber were stained with crystal violet.
Finally, an inverted microscope (Olympus, Tokyo, Japan) was
used at a magnification of 200 × to count the average number
of migrated cells.

2.4.7 Quantitative RT-PCR (q-RT-PCR) analysis
After 24 h of coculturing with different exosomes

(NO-exo, H/R-exo, N-exo, and PE-exo), 5 µg total RNA
was extracted from treated HUVECs using an RNA
extraction kit. Reverse transcription was performed using
a reverse transcription kit. A StepOnePlus real-time
quantitative PCR system (Invitrogen, CA, USA) was
used to measure mRNA in HUVECs. The VE-cadherin
primers (5′-ACGACAACTGGCCTGTGTTCAC and 3′-TG-
CATCCACTGCTGTCACAGAG) yielded a 101-base pair
fragment. The Occludin primers (5′-ACCCCCATCTGACTAT-
GTGGAA and 3′-AGGAACCGGCGTGGATTTA) yielded
a 115-base pair fragment. The GAPDH primers (5′-
AGATCCCTCCAAAATCAAGTGG and 3′-GGCAGAGA
TGATGACCCTTTT) yielded a 130-base pair fragment. SYBR R©

Premix Ex TaqTM (Accurate Biotechnology, Hunan, China)
was used for amplification, and gene expression was calculated
with the 2−11CT method (with GAPDH as an internal
reference).

2.5 Statistical analysis

The data are expressed as the means ± SDs of the three
independent experiments. ImageJ software was used for data
analysis, and GraphPad Prism (ver. 7; GraphPad Software Inc.,
La Jolla, CA) was used for statistical analysis. Student’s t-tests
were used to analyze differences between the two groups.
P < 0.05 was considered statistically significant (∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001, and ∗∗∗∗P < 0.0001).

3 Results

3.1 Hypoxia model in HTR-8/SVneo
cells

Non-treated-exo and H/R-exo were extracted as described
previously (11, 14). The morphology and diameters of exosomes

were identified by TEM and NTA, and exosomes exhibited
a double-membrane cup structure with diameters of 30–
150 nm (Figures 1A, B). We found no significant difference
in the characteristics of NO-exo and H/R-exo. Exosomes
were characterized by CD63, TSG101, and PLAP expression
(Figure 1C). To determine whether exosomes could be taken up
by HUVECs, exosomes were stained with PKH67, cocultured
with DAPI and phalloidin-labeled HUVECs for 24 h and
observed with confocal microscopy. Labeled exosomes (green)
could be seen in the cytoplasms of the cells, indicating that the
recipient cells could take up exosomes (Figure 1D).

EdU staining and CCK8 assays were used to examine cell
proliferation. The results showed that compared with NO-exo,
H/R-exo decreased cell proliferation (Figures 1E–G). Then,
to investigate the effect of exosomes on the HUVECs barrier,
we monitored the flux of albumin in a two-chamber system
(Figure 1H). After 24 h of treatment with exosomes, the barrier
was destroyed by H/R-exo, and permeability was increased
compared with the effect of NO-exo (Figure 1I). In addition,
cell apoptosis in response to exosomes was analyzed by flow
cytometry (Figure 1J). The results showed that apoptosis in the
H/R-exo group was increased compared with that in the NO-exo
group (Figure 1K).

Angiogenesis experiments (Figure 1L) showed that H/R-
exo attenuated the angiogenic ability of HUVECs compared
with NO-exo (Figure 1M). Compared with NO-exo, H/R-
exo significantly reduced the number of migrating HUVECs
(Figures 1N, O). These findings suggested that H/R-exo
inhibited barrier function, proliferation, angiogenesis, and
migration in HUVECs, and increased cell permeability and
apoptosis.

3.2 Preeclampsia model of oxidative
stress in vitro

Table 1 shows, that compared with women with normal
pregnancies (n = 10), women with PE (n = 10) had higher
blood pressure and proteinuria rates, lower fetal and placental
weights, and earlier weeks of termination. N-exo and PE-exo
were isolated from umbilical cord blood by validated methods
(15, 17, 24). TEM and NTA results showed that both exosomes
had a double-membrane cup structure with diameters of 30–
150 nm, and there was no obvious difference between N-exo
and PE-exo (Figures 2A, B). Western blot analysis confirmed
the expression of placental exosomes (CD63, TSG101, PLAP)
(Figure 2C). Placental exosomes were internalized by HUVECs
in vitro, as shown by confocal microscopy (Figure 2D).

Then, a series of cell function experiments showed
that compared with N-exo, PE-exo significantly inhibited
cell proliferation (Figures 2E–G), improved permeability

Frontiers in Cardiovascular Medicine 05 frontiersin.org

https://doi.org/10.3389/fcvm.2022.1061340
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1061340 December 19, 2022 Time: 14:16 # 6

Gu et al. 10.3389/fcvm.2022.1061340

FIGURE 1

Hypoxia model in HTR-8/SVneo cells. (A) TEM image of exosomes from no treated (NO–exo), hypoxic/reoxygenation (H/R–exo), Scale: 100 nm;
(B) NTA results showing the diameters of NO-exo, H/R-exo; (C) western blotting showed positive results for the specific exosomes markers
CD63 and TSG101, and for the placental marker PLAP; (D) confocal microscopy showed that PKH67-labeled exosomes were internalized by
HUVECs, Scale: 100 µm; (E) EdU staining was used to examine proliferation after exosome (100 µg/mL) treatment for 24 h, Scale: 100 µm;
(F) EdU statistical analysis chart; (G) cell counting kit 8 (CCK-8) was used to examine the survival rate of endothelial cells after treatment with
exosomes (100 µg/mL) for 24 h; (H) the endothelial monolayer barrier function of cells was tested in the model after treatment with exosomes
(100 µg/ml) for 24 h; (I) permeability statistical analysis chart; (J) flow cytometry was used to examine the effect of exosomes (100 µg/mL) on
the proliferation of cultured HUVECs; (K) apoptosis’s statistical analysis chart; (L) the reaction of cultured HUVECs to exosomes (100 µg/mL)
was examined in the angiogenesis assay, Scale: 200 µm; (M) angiogenesis statistical analysis chart; (N) transwell experiments examined HUVECs
migration after being incubated with exosomes (100 µg/mL) for 24 h, Scale: 200 µm; (O) migration statistical analysis chart. Each experiment
was carried out three times independently. **P < 0.01, ***P < 0.001, ****P < 0.0001 comparing the same concentration of exosomes.
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FIGURE 2

Preeclampsia model of oxidative stress in vitro. (A) TEM image of exosomes from women with normal pregnancies (N–exo) and those with early
onset preeclampsia pregnancy (PE–exo). Scale: 100 nm; (B) NTA results showing the diameters of N-exo and PE-exo. (C) Western blotting
showed positive results for the specific exosome markers CD63 and TSG101, and the placental marker PLAP; (D) confocal microscopy showed
that PKH67-labeled exosomes were internalized by HUVECs, Scale: 100 µm; (E) EdU staining was used to examine proliferation after exosomes
(100 µg/mL) treatment for 24 h, Scale: 100 µm; (F) EdU statistical analysis chart; (G) cell counting kit 8 (CCK-8) was used to examine the survival
rate of endothelial cells after treatment with exosomes (100 µg/mL) for 24 h; (H) the endothelial monolayer barrier function of cells was tested
in the model after treatment with exosomes (100 µg/ml) for 24 h; (I) permeability statistical analysis chart; (J) flow cytometry was used to
examine the effect of exosomes (100 µg/mL) on the proliferation of cultured HUVECs; (K) apoptosis statistical analysis chart; (L) the reaction of
cultured HUVECs to exosomes (100 µg/mL) was examined in the angiogenesis assay, Scale: 200 µm; (M) angiogenesis statistical analysis chart;
(N) transwell experiments were performed to examine HUVECs migration after cubation with exosomes (100 µg/mL) for 24 h, Scale: 200 µm;
(O) migration statistical analysis chart. Each experiment was carried out three times independently. *P < 0.05, **P < 0.01, ****P < 0.0001,
comparing the same concentration of exosomes.
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FIGURE 3

H/R-exo and PE-exo altered the level of protein expression. (A) Compared with NO-exo cultures, western blot showed that H/R-exo cultures
significantly increased the expression of the apoptotic proteins Bax and Bim, while the expression of apoptotic protein BCI-2 and binding
proteins VE-cadherin and Occludin were significantly decreased; (B) western blot statistical analysis chart; (C) compared with NO-exo, qPCR
results showed that H/R-exo downregulated the mRNA expression of the binding proteins VE-cadherin and Occludin; (D) western blot showed
that PE-exo upregulated the expression of the apoptotic proteins Bim and Bax, and downregulated the expression of the apoptotic protein
Bcl-2 and binding proteins VE-cadherin and Occludin, compared with N-exo; (E) western blot statistical analysis chart; (F) compared with
N-exo, qPCR results showed that PE-exo downregulated the mRNA expression of the binding proteins VE-cadherin and Occludin. Each
experiment was carried out three times independently. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

(Figures 2H, I) and apoptosis (Figures 2J, K), and decreased
tube formation (Figures 2L, M) and migration (Figures 2N, O).

3.3 H/R-exo and PE-exo altered the
level of protein expression

Our experiments showed that H/R-exo and PE-exo
damaged the barrier functions, proliferation, angiogenesis and
migration of HUVECs, and promoted apoptosis. Therefore, we
investigated the changes in apoptotic proteins levels, binding
protein levels and mRNA levels. Western blot analysis showed
that compared with culture with NO-exo, cultures with H/R-
exo, significantly increased the expression of the apoptotic
proteins Bax and Bim, while the expression of the apoptotic
protein BCI-2, and the binding proteins VE-cadherin and
Occludin was significantly decreased (Figures 3A, B). Next,
qPCR results showed that H/R-exo downregulated the mRNA
levels of the binding proteins VE-cadherin and Occludin in
HUVECs compared with N-exo (Figure 3C). Western blot
analysis showed that PE-exo upregulated the expression of
the apoptotic proteins Bax and Bim and downregulated the
expression of the apoptotic protein BCI-2 and binding proteins

VE-cadherin, Occludin compared with N-exo (Figures 3D, E).
Then, qPCR results showed that PE-exo downregulated the
mRNA levels of the binding proteins VE-cadherin and Occludin
in HUVECs compared with N-exo (Figure 3F).

4 Discussion

Preeclampsia can lead to fetal dysplasia, which is the main
cause of adult disease (25, 26). Nevertheless, the mechanism is
unclear. Placental exosomes play a key role in “mother-placenta-
foetal communication.”

Preeclampsia, a common and serious pregnancy
complication, has a global incidence of 3–5% and results
in increased fetal and maternal morbidity and mortality
(24). Studies have shown that the biological activity of
exosomes from the placenta is different between normal
and complex pregnancies, and the contents of exosomes are
altered (27, 28). However, the function of umbilical cord blood
placental exosomes in pregnancy-related diseases is still not
fully understood.

Previous studies have suggested that, some diseases originate
in the embryonic period (29). Studies have shown that PE may
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FIGURE 4

Schematic diagram of the experimental process.

be a risk factor for offspring disease (30, 31). For example, the
children of pregnant women with PE have an increased risk of
neurological and cardiovascular disease compared to those of
healthy pregnant women (1). HUVECs have been widely used
to investigate cellular models in which PE regulates abnormal
fetal endothelial function (32, 33).

Endothelial barrier function is critical for maintaining the
normal physiological function of endothelial cells. Endothelial
permeability is a marker of endothelial dysfunction. Studies
have shown that oxidative stress in trophoblasts is involved
in the pathophysiological process of PE (8, 34). The medium
of hypoxic trophoblasts can increase the permeability of the
endothelial monolayer. Impaired barrier function can lead to
increased endothelial permeability, resulting in protein leakage,
oedema, inflammation, and other responses (35). Previous
experiments have shown differences in the distribution of
connexins, the expression of VE-cadherin and Occludin and
the permeability of endothelial monolayer cells isolated from
women with normal pregnancy and preeclampsia patients. In
endothelial cells isolated from patients with PE, VE-cadherin,
and Occludin were disordered in cell junctions, and intercellular
space was present in the cell contact area. In addition, the
expression of VE-cadherin and Occludin decreased, and the
permeability of the monolayer endothelium increased, which
may be related to changes in the distribution of endothelial

junction proteins. In addition, experiments have confirmed
that increased endothelial cell permeability can promote the
metastasis of tumor cells (4, 36, 37). Studies have confirmed
that exosome concentrations in PE patients are slightly elevated,
and trophoblasts secrete more exosomes under oxidative stress
than in women with normal pregnancy (2, 38, 39). However,
we did not observe significant differences in the size or
concentration of exosomes under physiological and pathological
conditions. Studies have shown that exosomes can participate
in maternal-fetal communication and impair HUVEC functions
(2, 20). Previous studies have focused on the effects of placental
exosomes effects on mothers by extracting maternal blood.
In this study, we successfully extracted placental exosomes
from umbilical cord blood by a combination of sucrose
density gradient centrifugation and overspeed centrifugation.
Then, we demonstrated that placental exosomes can cause
HUVEC dysfunction through a series of in vitro experiments
(Figure 4). In this study, we first introduced the concept of
“mother-placenta-foetal communication” into the study of the
mechanism of fetal dysplasia caused by PE, and provided new
practical support for the DOHaD (Developmental Origins of
Health and Disease) doctrine.

However, this study has some shortcomings. We only
established a cell model of PE under H/R conditions, and did
not refine an animal model of PE. Our study was only conducted
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at the cellular level without tissue or animal experiments, so
it was impossible to determine whether H/R-exo and PE-exo
caused adverse pregnancy outcomes. It has been established that
exosomes produced in normal and pathological pregnancies
carry different contents (39–42). However, the present study
did not further investigate the downstream effects of H/R-exo
and PE-exo mediated vascular dysfunction, and did not reveal
what is involved in regulating endothelial function. Therefore,
how PE-exo affect endothelial cell function and the mechanisms
involved need to be further elucidated. In future studies, we
will sequence placental exosomes to explore what substances
causes these changes and the mechanisms involved. We will
conduct animal experiments to explore the effects on maternal
and fetal outcomes.
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Leszczyńska-Gorzelak B. Preeclampsia and cardiovascular risk for offspring. J Clin
Med. (2021) 10:3154. doi: 10.3390/jcm10143154

4. Wang Y, Gu Y, Granger D, Roberts J, Alexander J. Endothelial junctional
protein redistribution and increased monolayer permeability in human umbilical
vein endothelial cells isolated during preeclampsia. Am J Obstet Gynecol. (2002)
186:214–20. doi: 10.1067/mob.2002.119638

5. Thoulass J, Robertson L, Denadai L, Black C, Crilly M, Iversen L, et al.
Hypertensive disorders of pregnancy and adult offspring cardiometabolic
outcomes: a systematic review of the literature and meta-analysis. J
Epidemiol Community Health. (2016) 70:414–22. doi: 10.1136/jech-2015-2
05483

6. Hung T, Burton G. Hypoxia and reoxygenation: a possible mechanism for
placental oxidative stress in preeclampsia. Taiwan J Obstet Gynecol. (2006) 45:189–
200. doi: 10.1016/S1028-4559(09)60224-2

7. Chen J, Han T, Zhou X, Baker P, Shao Y, Zhang H. Metabolic disparities of
different oxidative stress-inducing conditions in HTR8/SVneo cells. Mol Med Rep.
(2020) 21:540–8. doi: 10.3892/mmr.2019.10861

8. Zhuang B, Luo X, Rao H, Li Q, Shan N, Liu X, et al. Oxidative stress-
induced C/EBPβ inhibits β-catenin signaling molecule involving in the pathology
of preeclampsia. Placenta. (2015) 36:839–46. doi: 10.1016/j.placenta.2015.
06.016

Frontiers in Cardiovascular Medicine 10 frontiersin.org

https://doi.org/10.3389/fcvm.2022.1061340
https://doi.org/10.1161/CIRCULATIONAHA.109.853127
https://doi.org/10.1161/CIRCULATIONAHA.109.853127
https://doi.org/10.1161/HYPERTENSIONAHA.118.11706
https://doi.org/10.3390/jcm10143154
https://doi.org/10.1067/mob.2002.119638
https://doi.org/10.1136/jech-2015-205483
https://doi.org/10.1136/jech-2015-205483
https://doi.org/10.1016/S1028-4559(09)60224-2
https://doi.org/10.3892/mmr.2019.10861
https://doi.org/10.1016/j.placenta.2015.06.016
https://doi.org/10.1016/j.placenta.2015.06.016
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-1061340 December 19, 2022 Time: 14:16 # 11

Gu et al. 10.3389/fcvm.2022.1061340

9. Pankiewicz K, Fijałkowska A, Issat T, Maciejewski T. Insight into the key
points of preeclampsia pathophysiology: uterine artery remodeling and the role of
microRNAs. Int J Mol Sci. (2021) 22:3132. doi: 10.3390/ijms22063132

10. Torres-Cuevas I, Parra-Llorca A, Sánchez-Illana A, Nuñez-Ramiro A,
Kuligowski J, Cháfer-Pericás C, et al. Oxygen and oxidative stress in the perinatal
period. Redox Biol. (2017) 12:674–81. doi: 10.1016/j.redox.2017.03.011

11. Guerby P, Tasta O, Swiader A, Pont F, Bujold E, Parant O, et al. Role
of oxidative stress in the dysfunction of the placental endothelial nitric oxide
synthase in preeclampsia. Redox Biol. (2021) 40:101861. doi: 10.1016/j.redox.2021.1
01861

12. Jia L, Zhou X, Huang X, Xu X, Jia Y, Wu Y, et al. Maternal and umbilical
cord serum-derived exosomes enhance endothelial cell proliferation and migration.
FASEB J. (2018) 32:4534–43. doi: 10.1096/fj.201701337RR

13. Shen L, Li Y, Li R, Diao Z, Yany M, Wu M, et al. Placenta-associated
serum exosomal miR-155 derived from patients with preeclampsia inhibits eNOS
expression in human umbilical vein endothelial cells. Int J Mol Med. (2018)
41:1731–9. doi: 10.3892/ijmm.2018.3367

14. Miranda J, Paules C, Nair S, Lai A, Palma C, Scholz-Romero K, et al.
Placental exosomes profile in maternal and fetal circulation in intrauterine growth
restriction – Liquid biopsies to monitoring fetal growth. Placenta. (2018) 64:34–43.
doi: 10.1016/j.placenta.2018.02.006

15. Salomon C, Torres M, Kobayashi M, Scholz-Romero K, Sobrevia L,
Dobierzewska A, et al. A gestational profile of placental exosomes in maternal
plasma and their effects on endothelial cell migration. PLoS One. (2014) 9:e98667.
doi: 10.1371/journal.pone.0098667

16. Salomon C, Guanzon D, Scholz-Romero K, Longo S, Correa P, Illanes S, et al.
Placental exosomes as early biomarker of preeclampsia: potential role of exosomal
MicroRNAs across gestation. J Clin Endocrinol Metab. (2017) 102:3182–94. doi:
10.1210/jc.2017-00672

17. Chiarello D, Salsoso R, Toledo F, Mate A, Vázquez C, Sobrevia L.
Foetoplacental communication via extracellular vesicles in normal pregnancy and
preeclampsia. Mol Aspects Med. (2018) 60:69–80. doi: 10.1016/j.mam.2017.12.002

18. de Boo H, Harding J. The developmental origins of adult disease (Barker)
hypothesis. Aust N Z J Obstet Gynaecol. (2006) 46:4–14. doi: 10.1111/j.1479-828X.
2006.00506.x

19. Perez-Garcia V, Fineberg E, Wilson R, Murray A, Mazzeo C, Tudor C, et al.
Placentation defects are highly prevalent in embryonic lethal mouse mutants.
Nature. (2018) 555:463–8. doi: 10.1038/nature26002

20. Ying X, Zhu Y, Jin X, Chang X. Umbilical cord plasma-derived exosomes
from preeclamptic women induce vascular dysfunction by targeting HMGCS1
in endothelial cells. Placenta. (2021) 103:86–93. doi: 10.1016/j.placenta.2020.
10.022

21. Salomon C, Yee S, Scholz-Romero K, Kobayashi M, Vaswani K, Kvaskoff D,
et al. Extravillous trophoblast cells-derived exosomes promote vascular smooth
muscle cell migration. Front Pharmacol. (2014) 5:175. doi: 10.3389/fphar.2014.
00175

22. Sabapatha A, Gercel-Taylor C, Taylor D. Specific isolation of placenta-derived
exosomes from the circulation of pregnant women and their immunoregulatory
consequences. Am J Reprod Immunol. (2006) 56:345–55. doi: 10.1111/j.1600-0897.
2006.00435.x

23. Lee W, Kim T, Ku S, Min K, Lee H, Kwon T, et al. Barrier protective effects
of withaferin A in HMGB1-induced inflammatory responses in both cellular and
animal models. Toxicol Appl Pharmacol. (2012) 262:91–8. doi: 10.1016/j.taap.2012.
04.025

24. Li H, Ouyang Y, Sadovsky E, Parks W, Chu T, Sadovsky Y. Unique microRNA
signals in plasma exosomes from pregnancies complicated by preeclampsia.
Hypertension. (2020) 75:762–71. doi: 10.1161/HYPERTENSIONAHA.119.14081

25. Loussert L, Vidal F, Parant O, Hamdi S, Vayssiere C, Guerby P. Aspirin
for prevention of preeclampsia and fetal growth restriction. Prenat Diagn. (2020)
40:519–27. doi: 10.1002/pd.5645

26. Sun B, Moster D, Harmon Q, Wilcox A. Association of Preeclampsia in Term
Births With Neurodevelopmental Disorders in Offspring. JAMA Psychiatry. (2020)
77:823–9. doi: 10.1001/jamapsychiatry.2020.0306

27. Mitchell M, Peiris H, Kobayashi M, Koh Y, Duncombe G, Illanes S, et al.
Placental exosomes in normal and complicated pregnancy. Am J Obstet Gynecol.
(2015) 213(4 Suppl.):S173–81. doi: 10.1016/j.ajog.2015.07.001

28. Tan K, Tan S, Ng M, Tey W, Sim W, Allen J, et al. Extracellular vesicles
yield predictive pre-eclampsia biomarkers. J Extracell Vesicles. (2017) 6:1408390.
doi: 10.1080/20013078.2017.1408390

29. Boeldt D, Hankes A, Alvarez R, Khurshid N, Balistreri M, Grummer M, et al.
Pregnancy programming and preeclampsia: identifying a human endothelial model
to study pregnancy-adapted endothelial function and endothelial adaptive failure
in preeclamptic subjects. Adv Exp Med Biol. (2014) 814:27–47. doi: 10.1007/978-
1-4939-1031-1_4

30. Buffington S, Di Prisco G, Auchtung T, Ajami N, Petrosino J, Costa-Mattioli
M. Microbial reconstitution reverses maternal diet-induced social and synaptic
deficits in offspring. Cell. (2016) 165:1762–75. doi: 10.1016/j.cell.2016.06.001

31. Murphy M, Cohn D, Loria A. Developmental origins of cardiovascular
disease: impact of early life stress in humans and rodents. Neurosci Biobehav Rev.
(2017) 74:453–65. doi: 10.1016/j.neubiorev.2016.07.018

32. Figueiró-Filho E, Mak L, Reynolds J, Stroman P, Smith G, Forkert N, et al.
Neurological function in children born to preeclamptic and hypertensive mothers –
A systematic review. Pregnancy Hypertens. (2017) 10:1–6. doi: 10.1016/j.preghy.
2017.07.144

33. Zhou C, Yan Q, Zou Q, Zhong X, Tyler C, Magness R, et al. Sexual
dimorphisms of preeclampsia-dysregulated transcriptomic profiles and cell
function in fetal endothelial cells. Hypertension. (2019) 74:154–63. doi: 10.1161/
HYPERTENSIONAHA.118.12569

34. Salomon C, Ryan J, Sobrevia L, Kobayashi M, Ashman K, Mitchell M,
et al. Exosomal signaling during hypoxia mediates microvascular endothelial cell
migration and vasculogenesis. PLoS One. (2013) 8:e68451. doi: 10.1371/journal.
pone.0068451

35. Jiang R, Cai J, Zhu Z, Chen D, Wang J, Wang Q, et al. Hypoxic trophoblast
HMGB1 induces endothelial cell hyperpermeability via the TRL-4/caveolin-1
pathway. J Immunol. (2014) 193:5000–12. doi: 10.4049/jimmunol.1303445

36. Li J, Li Z, Jiang P, Peng M, Zhang X, Chen K, et al. Circular RNA IARS (circ-
IARS) secreted by pancreatic cancer cells and located within exosomes regulates
endothelial monolayer permeability to promote tumor metastasis. J Exp Clin
Cancer Res. (2018) 37:177. doi: 10.1186/s13046-018-0822-3

37. Lindheimer M, Mahowald M. Glomerular endotheliosis in normal pregnancy
and pre-eclampsia. BJOG. (2004) 111:191–3. doi: 10.1046/j.1471-0528.2003.0
0073.x

38. Pillay P, Moodley K, Moodley J, Mackraj I. Placenta-derived exosomes:
potential biomarkers of preeclampsia. Int J Nanomedicine. (2017) 12:8009–23. doi:
10.2147/IJN.S142732

39. Redman C, Tannetta D, Dragovic R, Gardiner C, Southcombe J, Collett
G, et al. Review: Does size matter? Placental debris and the pathophysiology of
pre-eclampsia. Placenta. (2012) 33(Suppl.):S48–54. doi: 10.1016/j.placenta.2011.
12.006

40. Salomon C, Scholz-Romero K, Sarker S, Sweeney E, Kobayashi M, Correa P,
et al. Gestational diabetes mellitus is associated with changes in the concentration
and bioactivity of placenta-derived exosomes in maternal circulation across
gestation. Diabetes. (2016) 65:598–609. doi: 10.2337/db15-0966

41. Hromadnikova I, Dvorakova L, Kotlabova K, Krofta L. The prediction of
gestational hypertension, preeclampsia and fetal growth restriction via the first
trimester screening of plasma exosomal C19MC microRNAs. Int J Mol Sci. (2019)
20:2972. doi: 10.3390/ijms20122972

42. Salomon C, Kobayashi M, Ashman K, Sobrevia L, Mitchell M, Rice G.
Hypoxia-induced changes in the bioactivity of cytotrophoblast-derived exosomes.
PLoS One. (2013) 8:e79636. doi: 10.1371/journal.pone.0079636

Frontiers in Cardiovascular Medicine 11 frontiersin.org

https://doi.org/10.3389/fcvm.2022.1061340
https://doi.org/10.3390/ijms22063132
https://doi.org/10.1016/j.redox.2017.03.011
https://doi.org/10.1016/j.redox.2021.101861
https://doi.org/10.1016/j.redox.2021.101861
https://doi.org/10.1096/fj.201701337RR
https://doi.org/10.3892/ijmm.2018.3367
https://doi.org/10.1016/j.placenta.2018.02.006
https://doi.org/10.1371/journal.pone.0098667
https://doi.org/10.1210/jc.2017-00672
https://doi.org/10.1210/jc.2017-00672
https://doi.org/10.1016/j.mam.2017.12.002
https://doi.org/10.1111/j.1479-828X.2006.00506.x
https://doi.org/10.1111/j.1479-828X.2006.00506.x
https://doi.org/10.1038/nature26002
https://doi.org/10.1016/j.placenta.2020.10.022
https://doi.org/10.1016/j.placenta.2020.10.022
https://doi.org/10.3389/fphar.2014.00175
https://doi.org/10.3389/fphar.2014.00175
https://doi.org/10.1111/j.1600-0897.2006.00435.x
https://doi.org/10.1111/j.1600-0897.2006.00435.x
https://doi.org/10.1016/j.taap.2012.04.025
https://doi.org/10.1016/j.taap.2012.04.025
https://doi.org/10.1161/HYPERTENSIONAHA.119.14081
https://doi.org/10.1002/pd.5645
https://doi.org/10.1001/jamapsychiatry.2020.0306
https://doi.org/10.1016/j.ajog.2015.07.001
https://doi.org/10.1080/20013078.2017.1408390
https://doi.org/10.1007/978-1-4939-1031-1_4
https://doi.org/10.1007/978-1-4939-1031-1_4
https://doi.org/10.1016/j.cell.2016.06.001
https://doi.org/10.1016/j.neubiorev.2016.07.018
https://doi.org/10.1016/j.preghy.2017.07.144
https://doi.org/10.1016/j.preghy.2017.07.144
https://doi.org/10.1161/HYPERTENSIONAHA.118.12569
https://doi.org/10.1161/HYPERTENSIONAHA.118.12569
https://doi.org/10.1371/journal.pone.0068451
https://doi.org/10.1371/journal.pone.0068451
https://doi.org/10.4049/jimmunol.1303445
https://doi.org/10.1186/s13046-018-0822-3
https://doi.org/10.1046/j.1471-0528.2003.00073.x
https://doi.org/10.1046/j.1471-0528.2003.00073.x
https://doi.org/10.2147/IJN.S142732
https://doi.org/10.2147/IJN.S142732
https://doi.org/10.1016/j.placenta.2011.12.006
https://doi.org/10.1016/j.placenta.2011.12.006
https://doi.org/10.2337/db15-0966
https://doi.org/10.3390/ijms20122972
https://doi.org/10.1371/journal.pone.0079636
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Influence of placental exosomes from early onset preeclampsia women umbilical cord plasma on human umbilical vein endothelial cells
	1 Introduction
	2 Materials and methods
	2.1 Sample collection
	2.2 Cell culture
	2.3 Exosome isolation and identification
	2.3.1 Exosome isolation from culture medium
	2.3.2 Placental exosomes isolated from umbilical cord plasma
	2.3.3 Transmission electron microscopy (TEM)
	2.3.4 Nanoparticle tracking analysis (NTA)
	2.3.5 Western blotting
	2.3.6 Exosome labeling and tracking

	2.4 Cell function assays
	2.4.1 Proliferation was assessed by EdU staining and CCK8 assay
	2.4.1.1 EdU staining
	2.4.1.2 CCK8 assay
	2.4.2 Cell permeability assay

	2.4.3 Apoptosis analysis by flow cytometry
	2.4.4 Tube formation assay
	2.4.5 Cell migration assay
	2.4.7 Quantitative RT-PCR (q-RT-PCR) analysis

	2.5 Statistical analysis

	3 Results
	3.1 Hypoxia model in HTR-8/SVneo cells
	3.2 Preeclampsia model of oxidative stress in vitro
	3.3 H/R-exo and PE-exo altered the level of protein expression

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


