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Abstract

Background and hypothesis: Preeclampsia (PE) is a pregnancy-specific
disorder that occurs in 5% of all pregnancies. Although the precise pathology is still
enigmatic, the placenta plays a central role, as PE is associated with abnormal
remodelling of maternal spiral arteries in the uterine wall. Consequently, placental
blood flow is reduced, causing local hypoxia and oxidative stress. It is hypothesized
that in response to hypoxia, the placenta releases placental secreted messengers
(PSMs) in the maternal circulation, which initiate endothelial damage, resulting in
the clinical symptoms of PE. Currently, there is a great interest in using dietary

interventions including antioxidants like quercetin and tocopherol to prevent PE.

Methods: To examine PSM induced endothelial cell damage, EAhy926
endothelial cells were cultured and incubated with conditioned medium (CM) of
placentas which were exposed to 21% 0O, as control or 100% N, to simulate severe
hypoxia (pHCM). In addition, 1, 3, or 10 pM quercetin or 20 pM tocopherol was
introduced prior to aeration of the placenta. Additionally, endothelial cells were
exposed to CM of trophoblast cells, which were exposed to 21% O, or 1% O,
(tHCM). First, the viability was assessed by MTT assay. ROS formation and
antioxidant capacity were measured by DCFH-DA, glutathione, and TEAC assays.
mRNA expression levels of antioxidants and inflammatory markers were measured
by gPCR. At last, the secretion of proinflammatory markers (e.g., TNF-a, IL-1pB, IL-
6, IL-8) and growth factor VEGF were detected using ELISA.

Results: Exposure of endothelial cells to pHCM and tHCM decreased
endothelial cell viability and antioxidant capacity, and increased intracellular ROS
formation. pHCM decreased endothelial VEGF secretion, while tHCM stimulated
endothelial IL-6 and IL-8 secretion and decreased VEGF expression. The antioxidant
intervention prevented endothelial cell death and oxidative stress and normalised

VEGF secretion during exposure to pHCM.

Conclusion: Hypoxic stress in placental tissue and trophoblast cells leads to
the release of factors, which induce cell death, free radical formation, inflammation,
and a reduction of antioxidant capacity in endothelial cells. These consequences
may trigger endothelial damage and explain abnormal endothelial function in PE
and may explain some of the clinical symptoms of PE e.g. high blood pressure. In
addition, quercetin was able to prevent pHCM induced cell death and ROS formation
in endothelial cells and normalises endothelial VEGF secretion, indicating the

potentials of a dietary intervention in PE.






1. Introduction

1.1 Preeclampsia
Preeclampsia (PE) is a pregnancy-specific and multisystem disorder with a
worldwide prevalence of 5-8% (1). It is defined as new-onset hypertension with
systolic blood pressure = 140 mmHg or diastolic blood pressure = 90 mmHg and as
new-onset proteinuria where urinary excretion exceeds 300 mg protein per 24-hour
collection in pregnant women. These symptoms first occur after 20 weeks of
gestation (2, 3). However, according to the new American College of Obstetricians
and Gynaecologists (ACOG) guidelines, the criteria of new-onset proteinuria is no
longer required for the diagnosis of PE. Preeclampsia can also manifest as
hypertension in association with new-onset of thrombocytopenia (platelet count <
100.000/pL), impaired liver function (elevated blood levels of liver transaminases
to twice the normal concentration), renal insufficiency (elevated serum creatinine >
1.1 mg/dL or a doubling of serum creatinine concentration in absence of other renal
disease), pulmonary oedema, or cerebral/visual disturbances (4).

PE is known as one of the leading causes of maternal morbidity and mortality.
Worldwide, it is responsible for an estimated 50,000 - 60,000 maternal deaths
annually (1, 4). In addition, PE is the main cause of maternal admissions to
intensive care units (5-7). This pregnancy condition can result in cardiovascular
diseases and systemic inflammation in the mother (8, 9). Furthermore, PE also
includes life-threatening risks for the child as it accounts for 500,000 infant deaths
annually worldwide due to the risk of prematurity and foetal growth restriction (3,
10, 11). Later in life, they have an increased risk of cardiovascular diseases and PE
is also associated with the metabolic syndrome, where there is an occurrence of
multiple cardiometabolic risk factors such as hypertension, obesity, insulin
resistance, and dyslipidaemia in one individual (12). Moreover, it is known that
women with family history of PE will also have a higher risk of developing
preeclampsia herself (8). Over the recent years, the number of maternal, foetal,
and neonatal deaths from PE has fallen steadily due to universal access to prenatal
care, access to timely care, and proper management of PE patients in developed
countries. In contrast, these rates remain high in low-income countries (13, 14).
Furthermore, even in developed countries, maternal and neonatal morbidity are
major contributors to expensive health costs (15). A recent study indicated that the
cost per PE patient in the Netherlands is estimated at 8047 euros of which maternal

admissions accounted for 57% (16).



1.2 Classification of preeclampsia

PE can be classified according to clinical features, resulting in mild and severe
preeclampsia. Mild preeclampsia is defined by a blood pressure of 140/90 mmHg or
higher with proteinuria of 0.3 to 3 g/day. Severe preeclampsia is a combination of
mild PE with a single additional adverse feature including a systolic blood pressure
between 160 and 170 mmHg, a diastolic blood pressure between 100 and 110
mmHg, proteinuria of 3 to 5 g/day, and/or a headache (17, 18). However, this
approach does not quantify risk over a broad range of clinical situations, and
neglects other potential risk factors, while PE-associated mortality is most
commonly due to either hepatic necrosis or acute respiratory distress syndrome as
a result of systemic inflammation (9, 19).

The more modern concept of classifying preeclampsia is according to the timing
of disease onset, early-onset (EO-PE) and late-onset (LO-PE) (20). Hereby, the
gestational age at presentation of PE has been taken into account, as it is the most
important clinical variable in predicting both maternal and perinatal outcomes. EO-
PE is diagnosed before 34 weeks of pregnancy and is manifest by maternal
hypertension and proteinuria progressing to a systemic hypoperfusion of multiple
maternal organs. Therefore, EO-PE is commonly associated with abnormal uterine
artery development, foetal growth restriction, and adverse maternal and neonatal
outcomes (21). In contrast, LO-PE occurs after 37 weeks and has no clear placental
pathology compared to EO-PE (22). LO-PE is often associated with normal or slight
increased uterine resistance, a low rate of foetal involvement, and more favourable
perinatal outcomes (21). Intermediate onset disease is a mixture of both types and

occurs between week 34 and 37 of the gestation (22).

1.3 Risk factors

There are many conditions and health risk behaviours that are linked with PE.
Women with high risk for the development of PE include those with older age
(<35), previously EO-PE, familial predisposition, pre-existing medical conditions,
and obesity (10, 23).

Advanced maternal age is an important independent risk factor for
preeclampsia (24). Pregnant women aged 40 years or older showed a risk of 6.6%
for PE compared to a risk of 3.9% in patients aged from 20 to 29 years (25, 26).
Also, women who were previously diagnosed with preeclampsia in a first pregnancy

have a seven times higher risk of developing PE in a second pregnancy (23).



A family history of PE increases the risk three times (23). Possible explanations
for this predisposition are genetically based hypersensitivity to vasoactive peptides
or other conditions that affect placental invasion of the uterus at the time of
implantation (27). In addition, the paternal genes play a key role in the
placentation and therefore, they can increase the risk of PE. These paternal genes
are involved in the renin-angiotensin-aldosterone system (RAAS) and can
contribute to the potential risk of hypertension during a pregnancy (27, 28). There
is also a strong total increase in risk among mothers who changed partners.
Several studies suggest that a new partner contributes to a 30% higher risk (29,
30). A general immunological mechanism can be evoked in response to the new
father and increases the risk of developing PE (28). During normal pregnancy, the
endometrium of the uterine, which will form the maternal side of the placenta,
contains a high number of immune cells, such as macrophages, decidual natural
killer (dNK) cells, and regulatory T-cells. During the first trimester, these immune
cells infiltrate the endometrium to attract trophoblast cells (31). However, there is
a chance that the immune cells will react to the foreign foetal antigen derived from
the father’s sperm. This response is reduced by prolonged exposure to the paternal
antigen through sexual intercourse or from a previous pregnancy. A new male
partner indicates a new set of paternal antigens, which can be detected as foreign
by the immune system of the women (29).

Pre-existing medical conditions are known risk factors of PE (23). A woman
that suffers from diabetes has an overall risk of 21%. Women with underlying
chronic hypertension have a 10-25% risk of developing PE compared to the general
population. This risk is increased to 31% in women with a severe form of
hypertension. For mild renal disease (serum creatinine of less than 1.5 mg/dL), the
risk is approximately 20 to 25%. In pregnant women with severe renal disease, it is
even higher than 50%. Pregnant women who suffer from autoimmune conditions
such as antiphospholipid antibody syndrome are more likely to develop PE (3).

In addition, obesity increases the overall risk of PE by 2- to 3-fold as an
elevated body mass index (BMI) is associated with the pregnancy disorder. The risk
of PE progressively increases with increasing BMI, even in a normal range (3).

Preeclampsia itself is a risk factor for complications affecting both mother and
baby. If not treated, PE may be complicated by seizures (eclampsia), pulmonary
oedema, placental abruption, and foetal growth restriction. An increased risk for
stroke and hypertension are the long-term health implications for the offspring. In
addition, women with PE have 3.7 times higher risk for developing hypertension
later in life, 2.2 times increased risk of coronary heart disease and 1.8 times higher
risk of stroke (3).



1.4 Pathogenesis of PE
Significant uteroplacental, hemodynamic and vascular adaptations occur in all
pregnancies. They are critical to provide sufficient space for the growing foetus and
to maintain an adequate blood and nutrient supply to both mother and foetus (32).
However, it is known that PE is associated with abnormal placental development
caused by inadequate placental cytotrophoblast invasion, followed by widespread

maternal endothelial dysfunction (ED) (33).

1.4.1 Failure of trophoblast invasion

The pathogenesis of preeclampsia is thought to commence with the failure of
trophoblast invasion in the first trimester of pregnancy. Trophoblast cells are the
cells forming the outer layer of the blastocyst, which provides nutrients to the
embryo. They are formed during the first stage of pregnancy and there are two
subtypes. Fully differentiated syncytiotrophoblasts form a continuous, specialized
layer of epithelial cells and are responsible for the complex biomolecular
interactions between the foetus and mother. The cells are in direct contact with
maternal blood as they cover the entire surface of villous trees (34). In contrast,
the undifferentiated cytotrophoblasts form an inner layer of primitive mononuclear
cells and are the germinal cells for the syncytium. After implantation is complete,
trophoblast cells will further differentiate into villous and extravillous trophoblasts.
The villous trophoblasts give rise to the chorionic villi and are responsible for the
transport of oxygen, nutrients, and other compounds between foetus and mother.
Extravillous trophoblasts will migrate into the myometrium and the decidua, a
specialized and highly modified endometrium of pregnancy. Hereby, they will
invade the maternal vasculature (35).

During the first half of pregnancy, dNK cells are accumulated in the decidua
and have direct contact with trophoblasts. These dNK cells lack cytotoxic functions
and are able to dampen inflammatory T-cells. However, they are responsible for
attracting and promoting trophoblast invasion and vascular growth in the decidua
by expressing interleukin 8 (IL-8), interferon-inducible protein-10, and
proangiogenic factors such as vascular endothelial growth factor (VEGF) and
placental growth factor (PIGF). Moreover, trophoblasts also secrete specific
chemokines that attract dNK cells to the maternal-foetal interface (35-37). The
trophoblast invasion in the maternal vasculature is important for the remodelling of
the spiral arteries.

In PE, dNK cell dysfunction results in a lack of adequate cytokines.
Consequently, there is a superficial cytotrophoblast invasion, which does not

proceed beyond the terminal portions of the spiral arterioles (34, 38).



1.4.2 Impaired remodelling of spiral arteries

The extensive modification of the maternal spiral arteries by the trophoblasts is
one of the most remarkable features of human placental development. The
extravillous trophoblasts can be subdivided into interstitial and endovascular
trophoblasts. The interstitial trophoblasts surround the arteries and they prepare
the vessels for endovascular trophoblast invasion (35). Remodelling of spiral
arteries is essential for a good uteroplacental blood flow. After the endovascular
trophoblasts enter the lumen of spiral arteries, they initially form cellular plugs and
destroy the vascular endothelium via an apoptosis mechanism and further invade
and modify the vascular media by replacing smooth muscle and connective tissue
by fibrinoid tissue. The spiral arteries will, later on, regenerate endothelium.
Hereby, the vessels are remodelled into dilated, low-resistance uteroplacental
vessels (Figure 1) (35). Angiogenic factors such as VEGF and PIGF are thought to
be important in the regulation of placental vascular development. Their receptors
(e.g. VEGF receptor 1 (VEGFR-1)) are essential for normal placental vascular
development (33). Also, other transcription factors, growth factors, and cytokines
involved in the regulation of vascular remodelling are secreted by the placenta and

are called placental secreted messengers (PSMs) (39).

N Thrombus

Villous trees

Figure 1: Impaired remodelling of spiral arteries in preeclampsia. Spiral arteries are dilated and
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low resistant after remodelling, which is required for an adequate uteroplacental blood flow (left side).
However, failure of spiral artery remodelling results in non-dilated, high-resistance uteroplacental
vessels in PE (right side). Hereby, the momentum of the blood flow is increased and may damage villous
trees. In addition, the periphery of the placenta faces local hypoxia as a consequence of local

hypoperfusion.



Impaired trophoblast invasion results in an inadequate physiological
remodelling of the spiral arteries as they remain small and high-resistance. This will
consequently lead to a reduction in uteroplacental blood flow in the periphery of the
placenta. This reduced blood flow will affect the foetus and placental oxygen and
nutritional status and therefore, a cascade of molecular events will be triggered
resulting in hypertension and in peripheral placental hypoxia (Figure 1) (40, 41).
The hypoxic placenta subsequently triggers the release of anti-angiogenic factors
soluble fms-like tyrosine kinase-1 (sFlt-1) and soluble endoglin (sEng), which result
in the reduction of VEGF and PIGF. In addition, there are changes in the local and
circulating levels of cytokines (e.g., tumour necrosis factor-a (TNF-a) and
interleukin 6 (IL-6)), hypoxia-inducible factor (HIF), ROS, and angiotensin II
(Angll) type I receptor agonistic autoantibodies (AT;-AA) (42, 43). These factors
can cause endothelial dysfunction (ED), severe vasoconstriction and increases in

blood pressure observed in PE women (44).

1.4.3 Endothelial dysfunction

Although PE appears to begin in the placenta, the target organ is the maternal
endothelium. The reduced placental perfusion observed under PE creates changes
in the placental environment. Herein, ROS and endothelial cell activation result in
ED through different mechanisms (Figure 2). It is hypothesized that the hypoxic
placenta releases PSMs that target endothelial cells. This will further cause general
damage to the endothelium of the maternal kidneys, liver, and brain resulting in
proteinuria, cerebral oedema, and seizures (33, 42, 43). ED is often associated with
decreased nitric oxide (NO) bioavailability and changes in NO metabolism could be
a factor in PE (44). NO is a potent vasodilator and is generated by endothelial NO
synthase (eNOS). The expression of eNOS is often decreased in the umbilical cord
of PE compared to normal pregnant women (43). In addition, ED is characterised
by increased levels of endothelin-1 (ET-1) and enhanced vascular reactivity to
Angll. These are vasopressive factors that increase the blood pressure (33, 42).

The release of sFlt-1, a circulating anti-angiogenic protein and endogenous
inhibitor of VEGF, is involved in one of the mechanisms of ED. VEGF is a key factor
in the process of vasculogenesis and overall maintenance and endothelial cell
health. In PE, levels of sFlt-1 are increased and will antagonise both VEGF and
PIGF. As a consequence, high levels of sFlt-1 will contribute to ED (41, 45-47). In
addition, placental ischemia may enhance the synthesis of inflammatory cytokines.
TNF-a increases vascular permeability, lymphocyte activation, and induces the
production of IL-6 and IL-8. TNF-a also downregulates eNOS and mitochondrial
biogenesis, leading to mitochondrial dysfunction, oxidative stress, and increased
ROS formation (41, 44).



ROS such as superoxide anion (0O,°") and hydrogen peroxide (H,0,) contain
highly reactive oxygen (0,). During normal pregnancy, increased ROS generation is
counterbalanced by the presence of abundant antioxidants. However, mRNA
expression of antioxidants such as copper/zinc superoxide dismutase (SOD) and
catalase (CAT) is decreased and antioxidants fail to counterbalance the increased
ROS production. ROS is able to induce lipid peroxidation causing cell damage. An
important source of ROS and endothelial damage in PE are neutrophils and
monocytes by releasing H,0,. In addition, neutrophils produce NO to protect cells
from O," -induced damage during normal pregnancy. However, the excess of 0,'
will result in the formation of peroxynitrite (ONOO™), thereby effectively reducing
NO bioavailability and causing ED. Another important source of ROS is nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (NOX) such as NOX4. This
membrane-bound enzyme complex catalyses the one-electron reduction of oxygen
to O,"” via NADPH (43).

1.5 Management of PE
Currently, no effective treatment exists except for delivery and there is no blood
test to diagnose or exclude PE. Diagnosis is only confirmed by the clinical criteria.
Once PE diagnosis is suspected, serial blood counts are conducted to monitor the
development of thrombocytopenia, haemolysis, liver damage, or renal impairment.
Blood pressure is controlled with antihypertensive medication if necessary, while
ultrasound surveillance and foetal heart rate testing monitor the foetal status.
Patients with PE are often treated with anticonvulsive medication such as
magnesium sulphate for 24 hours to decrease the likelihood of developing
eclampsia seizures. Also, low-dose aspirin has been used to reduce the risk of
foetal or neonatal death by 14%, and the relative risk of preterm birth by 8% (33).

There is a high interest in using dietary supplementation to prevent the
development of PE. Calcium supplementation during pregnancy has been suggested
to lower the risk of PE as well as reduce the risk of preterm birth (48). Currently,
there is a great interest in dietary supplementation with antioxidant properties such
as quercetin and a-tocopherol. Quercetin is the most abundant flavonoid in the
human diet. Moreover, it is able to exert antioxidant effects by reducing ROS
formation and inflammatory markers such as IL-6 (49, 50). In addition, a-
tocopherol is also known as vitamin E, which is lipid-soluble. Vitamin E is an
antioxidant derived from the diet and prevents the formation of lipid peroxides,
hereby protecting cell membranes (51). Thus, both quercetin and a-tocopherol are

valuable potential prevention therapies.



1.6 Hypothesis
Placental hypoxia causes the release of PSMs such as sFlt-1, TNF-a, IL-6, and ROS
that are able to target endothelial cells. Hereby, they can cause ED, decrease
vasodilators, and increase vasoconstrictors. However, whether the changes in PSMs
are the cause or consequence of PE remains unclear. Therefore, the hypothesis is
that PSMs released under hypoxia initiate endothelial damage, resulting in the
clinical symptoms of PE (Figure 2). In addition, intervention via quercetin and
tocopherol could prevent endothelial damage caused by PSMs released under

hypoxia.

Placenta

Inflammation
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Figure 2: Under hypoxia, the placenta releases PSMs causing endothelial damage and
consequently hypertension in preeclampsia. Placental hypoxia causes the release of circulating
bioactive factors such as sFlt-1, ROS, TNF-a, IL-6, and IL-8. Excessive sFlt-1 binds VEGF and PIGF and
prevents their angiogenic effects mediated by VEGFR binding. In addition, sFit-1 may also lead to ED
through the decreased release of NO. Cytokines such as TNF-a, IL-6, and IL-8 may increase the
production of ROS, which decreased the bioavailability of NO and stimulates the production of
vasoconstrictor ET-1 by endothelial cells. ET-1 = endothelin-1, IL-6 = interleukin 6, IL-8 = interleukin 8,
NO = nitric oxide, PIGF = placental growth factor, ROS = reactive oxygen species, sFlt-1 = soluble fms-
like tyrosine kinase-1, TNF-o = tumour necrosis factor alpha, VEGF = vascular endothelial growth factor,

VEGFR = vascular endothelial growth factor receptor (43).



2. Materials and Methods

2.1 Chemicals and buffer preparation

Potassium chloride (KCl) and Tween*20 were purchased from Acros Organics (Geel,
Belgium). Natrium chloride (NaCl) with high purity was obtained from Boom B.V.
(Meppel, the Netherlands). Foetal bovine serum (FBS) was available from Bovogen
Biologicals (East Keilor, Australia) and trichloroacetic acid (TCA) from Fluka™ from
Honeywell (Bucharest, Romania). The following chemicals were purchased from
Gibco® by Life Technologies (Rockville, MD, USA): Dulbecco’s Modified Eagles
Medium (DMEM) modified with 4 mM L-glutamine, 4500 mg/L glucose, 1mM sodium
pyruvate, and 1500 mg/L bicarbonate, as well as Dulbecco’s Phosphate buffered
saline (DPBS), Ham’s F12, hypoxanthine-aminopterin-thymidine (HAT) medium
(50X, ref. 21060-017), Hank’s Balanced Salt Solution (HBSS), Penicillin-
Streptomycin (P/S) (10,000 U/mL), and Trypsin-ethylenediaminetetraacetic (EDTA)
(0.05%). Dipotassium hydrogen phosphate (K;HPO,4), disodium hydrogen
phosphate (Na;HPQO,), potassium dihydrogen phosphate (KH,PO,4), and triton X-100
were available from Merck KGaA (Darmstadt, Germany). a-Tocopherol nicotinate,
B-mercaptoethanol, 2,2’-azino-bis(3-ethylbenzothiazoline-6sulphonic acid) (ABTS),
2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA), 2-vinylpyridine (VP), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 5’5- dithio-bis-(2-
nitrobenzoic) (DTNB), b5-sulfosalicyclic acid (SSA), calcium chloride (CaCly),
dimethyl sulfoxide (DMSO), glutathione oxidized (GSH), glutathione reduced
(GSSG), GSSG reductase, horseradish peroxidase (HRP), magnesium sulphate
(MgS0,4), NADPH, quercetin (min. 98%), and Trizma® base were purchased from
Sigma-Aldrich (Zwijndrecht, The Netherlands). EDTA was available from (Thermo
Fisher, Landsmeer, the Netherlands) and bovine serum albumin (BSA), H,0, (30%-
from VWR International (Leicestershire, UK). HEPES buffer containing in mM: NacCl
143.3, KCI 4.7, MgS04 1.2, KH2P0O4 1.2, CaCl2 2.5, glucose 5.5 and HEPES 15
(pH= 7.4). KPE buffer containing in M: H;KPO, 0.1, HK,;PO, 0.1 and EDTA 0.001
(pH 7.5), KPE lysis buffer containing KPE buffer and 1% Triton X-100. PBS buffer
containing in mM: NaCl 137, KCI 2.7, Na;HPO4 8.1, and KH,PO4 1.5.



2.2 Culture of EA.hy926

EA.hy926 is a permanent cell line derived by fusing human umbilical vein
endothelial cells (HUVECs) with the permanent human cell line A549, which are
derived from a human lung carcinoma (52). The EA.hy926 cells were obtained from
the American Type Culture Collection (ATCC©® CRL-2922™, Manassas, Virginia,
USA). The cells were cultured in DMEM, which was modified to contain 4 mM L-
glutamine, 4500 mg/L glucose, 1 mM sodium pyruvate, and 1500 mg/L
bicarbonate. In addition, 10% FBS, 1% P/S, and 1X HAT (Gibco® by Life
Technologies) were added to the medium. Cultures were maintained in 75 cm? U-
shape cell culture flasks (Corning®, Merck KGaA, Darmstadt, Germany) at 37°C in
a humidified atmosphere containing 5% CO, and 95% air. Growth medium was
changed three times a week and cells reached 90% confluency after two days in
culture. Cells were then washed with HBSS and exposed to a trypsin-EDTA 0.05%

solution for 1-2 minutes (Life Technologies).

2.3 Exposure to conditioned medium
In experimental settings, the cells were seeded at a density of 10° cells/mL in 96-
well plates for 72 hours or in 6-well plates for 24-hours (all from Corning®, Merck
KGaA, Darmstadt, Germany). After the seeding period, endothelial cells were
exposed for 24 or 72 hours to placental conditioned medium (CM). In case of

exposure to trophoblast CM, the exposure duration was 24 hours.

2.3.1 Placental conditioned medium

One placenta from a non-complicated caesarean delivery was collected and
processed directly after delivery. Specimens were collected from the central region
of the placentas at the maternal side. After removal of the basal plate of the
specimens, the remaining tissue was rinsed in a HEPES solution. Six times 30 g
minced tissue of the placenta was transferred into 200 mL pre-warmed (37°C)
HEPES buffer, which was based on reference values for total maternal blood volume
and placental weight. Subsequently, all bottles were kept in a water bath at 37°C
where one bottle was constantly aerated with room air (21% O,) for 3 hours as the
control condition and the other bottles were exposed to 100% N, to expose the
placental tissue to severe hypoxia (placental hypoxia-conditioned medium, pHCM).
Prior to 100% N, exposure, quercetin (0, 1, 3, or 10 uM) or tocopherol (20 uM) was
added to the buffer and the placental tissue explants in additional bottles. After 3h,
solutions were centrifuged at 500 g for 10 minutes at 4°C. The resulting CM was
stored in aliquots of 3 mL at -80°C until used for exposure to the endothelial cells.
To achieve 60% placental CM, it was diluted with blank DMEM.
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2.3.2 Trophoblast conditioned medium
BeWo cells are a human trophoblastic endocrine cell type and were obtained from
the European Collection of Authenticated Cell cultures (ECACC 86082803). These
cells were cultured in Ham’s F12 growth medium supplemented with 2 nM
glutamine according to Kaighn’s modification, 10% FBS, and 1% P/S. Cells were
maintained in 75 cm? flasks (Corning®) under 95% O, and 5% CO, at 37°C.
Growth medium was changed daily and passaged after reaching a 70-80%
confluency. For passage, trophoblast cells were washed with HBSS and exposed to
0.05% trypsin-EDTA solution (Life Technologies) for 5 minutes at 37°C. In
experimental settings, cells were cultured for 24 hours in 6-well plates under
normoxic conditions (21% 0,/5% CO,) (control) or hypoxic conditions (1% 0,/5%
CO;) (tHCM). The supernatant was collected and diluted to 60% in DMEM for

exposure to the endothelial cells.

2.4 Quantification of cell viability
Endothelial cells were cultured in a 96-well clear polystyrene microplate with a
concentration of 10° cells per mL for 72 hours. The supernatant was aspirated and
cells were exposed for 72 hours to placental CM or 24 hours to trophoblast CM.
After exposure, the medium was removed and 150 pL of 0.5 mg MTT/mL DPBS was
added to all wells. The plate was incubated in the dark at 37°C for 1 hour. Then all
liquids were removed and the same volume DMSO was added and incubated for 10
minutes at room temperature. Next, 100 pL was transferred to a new clear 96 well
plate and the absorbance was measured at 540 nm with the iMark™ Microplate
Absorbance Reader (Bio-Rad Laboratories B.V., Veenendaal, the Netherlands). One
experiment with 3 replicates was performed to assess endothelial cell viability after
exposure to placental or trophoblast CM (N=3). Values were corrected for total
protein concentration by a bicinchoninic acid assay (BCA, see 2.9). Data were

expressed in percentages compared to positive control DMEM (100% viability).
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2.5 Quantification of ROS formation
The intracellular oxidative stress levels of endothelial cells after exposure were
quantified via the DCFH assay using a microplate reader. DCFH-DA is a fluorimetric
probe that diffuses into the cell and deacetylates to a non-fluorescent compound,
which can be oxidized into a fluorescent compound, 2’, 7'-dichlorofluorescein (DCF)
in the presence of ROS. DCF can be measured by measuring the fluorescence
intensity detectable in the cells. The endothelial cells were seeded in a 96 well black
polystyrene microplate with clear bottoms with a concentration of 10° cells/mL for
72 hours. After this period, cells were washed with HBSS and incubated with 100
MM DCFH-DA in DMEM without FBS in 5% C0O,/21% O, at 37°C for 1 hour. As a
negative control, cells were incubated without DCFH-DA. After 1-hour incubation,
the medium was removed and cells were washed with HBSS after which the cells
were exposed to 60% of placental CM for 72 hours or to 60% trophoblast CM for 24
hours. Cells exposed to 100 uM 30% H,0, were included as a positive control.
Fluorescence intensity levels were measured with SpectraMax® M2/M2e Microplate
Reader (Molecular Devices, Biberach an der Rif, Germany) at 485 nm (excitation)
and 525 nm (emission) after 24 hours. One experiment with 3 replicates was
performed to assess ROS formation after exposure to placental CM (N=3). To
assess the impact of trophoblast CM on ROS levels of endothelial cells, three
experiments each with 3 replicates were performed (N=3). All values were
corrected for total protein concentration and expressed in percentages of ROS

formation compared to H,0, (100% fluorescence intensity).

2.6 Antioxidant capacity assays
Prior to performing the glutathione assay and the Trolox equivalent antioxidant
capacity (TEAC), cells were seeded in 6-well plates (10° cells/mL) and incubated
with 60% placental or trophoblast CM for 24 hours. After the exposure period, cells
were washed HBSS (4°C) and lysed with 500 pL KPE lysis buffer on ice for 30
minutes. Subsequently, cells were scraped and collected for centrifugation at
14,000 rpm for 10 minutes at 4°C. Then, 300 pL of 2.6% SSA was added to 300 pL
cell lysate and stored at -80°C for further determination of the reduced glutathione
(GSH) to oxidized glutathione (GSSG) ratio by performing the glutathione assay
(see 2.6.1). For the determination of the antioxidant capacity by TEAC, 150 puL cell
lysate was stored at -80°C (see 2.6.2). In addition, 50 pL cell lysates was used to

determine the total protein concentration by BCA (see 2.9).
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2.6.1 Glutathione assay
The glutathione assay consists of the measurement of both GSH and GSSG levels in
the samples. First, GSH (0.1 uM to 10 pM) and GSSG (0.1 pM to 5 pM) standards
were prepared in KPE buffer and 1.3% SSA. Both the GSSG standards and samples
for the GSSG measurement were treated with 1:10 VP for 1 hour to form a stable
complex with GSH, thereby preventing it from participating in the enzymatic
recycling reaction with GSSG reductase. In a 96-well microplate, a 1:1 solution of
NADPH (0.8 mM) and DTNB (0.6 mM) in KPE buffer was added to all samples to
initiate the reaction. Next, 4 U/mL GSSG reductase in KPE buffer was added after
which the colour development of samples and standards were measured kinetically
for 3 minutes in 9 reads at 412 nm with the iMark™ Microplate Absorbance Reader
at 37°C. Three independent experiments were performed with each three replicates
(N=3). GSH and GSSG concentrations were calculated based on slope values

compared to the standards and corrected for total protein concentration.

2.6.2 Trolox Equivalent Antioxidant Capacity assay

The TEAC assay is based on the ability of antioxidant molecules to reduce free
radicals in the aqueous solution of ABTS-* to ABTS. Consequently, a decolourization
can be measured by spectrophotometry at 734 nm. First, a blue-green ABTS
solution (5 mM) is produced in sodium phosphate buffer solution (145 mM). Next,
an H,0, solution (2 mM) and HRP solution (1/100U) were added to the ABTS
solution to form a radical. The mixture is allowed to rest for 10 minutes after which
an absorbance of 0.7+£0.02 AU at 734 nm at 37°C is measured by Varian Cary® 50
UV-Vis Spectrophotometer (Agilent Technologies, Amstelveen, the Netherlands).
The lysates were first deproteinized by adding 10% TCA (1:1) for 5 minutes on ice.
Then, they were centrifuged at 15,000 rpm. The radical solution was warmed at
37°C. To start the radical reaction, 50 uL of the sample was added to 950 pL of the
radical solution, which was incubated in the warm water bath. After 5 minutes, the
absorbance was measured at 734 nm. Three independent experiments were
performed with each three replicates (N=3). TEAC values were calculated according
to Equation 1 and they were corrected for total protein concentration per sample.

(absorbanceygni — absorbancesample)/
0.0219

TEAC valuesgmpie = ( ) X 40

Equation 1: The equation to calculate the TEAC value of each sample. The TEAC
value of 1uM Trolox is 0.0219. The value is multiplied by the total dilution of the sample
(dilution = 40).
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2.7 Enzyme linked immunosorbent assay
After exposure to CM, the cells were washed and given new blank DMEM for
another 24 hours. Then, enzyme-linked immunosorbent assays (ELISAs) were
performed on the endothelial supernatant using 5 different DuoSet® ELISA kits for
TNF-a (DY210), IL-6 (DY206), IL-8 (DY208), IL-1p (DY201), and VEGF (DY293B)
(all from R&D Systems, Abingdon, UK). These assays were all performed according
to the manufacturer’s instructions. The iMark™ Microplate Absorbance Reader
measured the absorbance at 450 nm with a correction at 540 nm. For all 5 ELISAs,
3 individual experiments were performed (N=3). The values were corrected for

total protein concentration by BCA (see 2.9).

2.8 RNA isolation, cDNA synthesis, and quantitative PCR
Total RNA was extracted from cell lysates using an on-column RNA isolation kit
(Qiagen, Venlo, the Netherlands) according to the manufacturer’s instructions. The
RNA yield was quantified (ng/puL) by NanoDrop 1000 Spectrophotometer (Thermo
Scientific, Waltham, MA, USA). RNA was reverse transcribed into copy DNA (cDNA)
using cDNA synthesis kit (BioRad, Veenendaal, The Netherlands) starting from 400
ng of RNA per sample. The cDNA samples were first diluted (1:50) in nuclease-free
water. Hereafter, the samples were diluted in a 384 wells plate (Roche Diagnostics,
Mannheim, Germany) with specific primers (Eurofins Genomics, Ebersberg,
Germany) (Supplemental A) and SYBR green supermix (BioRad). A basic protocol
with 45 cycles at an annealing temperature of 60°C was run on a Light Cycler 480
IT (Roche Diagnostics, Mannheim, Germany). Data were evaluated using specialised
software, LightCycler® 480 software (release 1.5.1.62 SP1) (Roche Diagnostics,
Mannheim, Germany) and by LinRegPCR (version 2017.1). Gene expression levels
were normalised by calculating a normalisation factor per sample, based on the
average of three to four housekeeping genes using GeNorm software. 3 individual

experiments with each 3 replicates were carried out for gPCR (N=3).

2.9 Bicinchoninic acid assay
Different values were corrected for total protein concentration, which was measured
by using a bicinchoninic acid (BCA™) assay kit (ThermoFisher Scientific, Rockford,
IL, USA) according to the provided protocol. The protein concentration was
determined in a range of 20 to 2000 pg/mL with the iMark™ Microplate Absorbance

Reader.
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2.10 Statistical analysis

All data were tested for normality by using Shapiro-Wilk normality test. If it was
normally distributed, it was analysed with an unpaired Student t-test or One-way
analysis of variance (ANOVA) in combination with Tukey’s multiple comparisons
test. Otherwise, results were analysed by performing a nonparametric Mann-
Whitney test or Kruskal-Wallis test in combination with Dunn’s multiple
comparisons test. In addition, robust regression and outlier removal (ROUT) was
used to identify outliers (Q = 1%). The statistical program GraphPad Prism 7 was
used to perform all analyses with a significance level of 0.05% (GraphPad Software,
California, USA). Data was presented as mean <+ standard deviation (SD).
Significant differences were presented as # P < 0.1, * P < 0.05, ** P < 0.01, *** p
=< 0.001, **** p < (0.0001.
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3. Results

3.1 Impact of placental conditioned medium on

endothelial cells

Endothelial cells were stimulated with CM of placental explants exposed to
normoxia (21% O,) or hypoxia (100% N,) for 3 hours in absence or presence of
antioxidants (1, 3, and 10 pM quercetin; 20 pM tocopherol). After a 72-hour
exposure, endothelial cell viability and ROS formation were measured by MTT and
DCFH-DA. In addition, antioxidant levels were measured after 24-hour exposure by
glutathione and TEAC assay. Next, mRNA expression levels of cellular antioxidants,
proinflammatory cytokines, and VEGF were analysed by qPCR. In addition, ELISA

measured secretion of proinflammatory cytokines and VEGF 24h after exposure.

3.1.1 Placental hypoxia-conditioned medium exposure increased
endothelial cell death

Exposure of endothelial cells to placental HCM resulted in a significant decrease
(51£34%) in cell viability compared to control. Stimulation with placental HCM with
3 KM quercetin prevented a decrease of endothelial cell viability induced by
placental HCM. This prevention of endothelial cell death was also observed in cells
exposed to placental HCM with 20 uM tocopherol. In case of HCM with 10 uM
quercetin, there was only a trend towards an increase of cell viability observed
(Figure 3).
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Figure 3: Placental hypoxia-conditioned medium exposure increased endothelial
cell death. Endothelial cells were exposed to 60% placental CM for 72h and cell viability was
assessed. Data is presented as meanxSD. Significant differences as tested with an unpaired
t-test are indicated as *: P < 0.05, #: P < 0.1. HCM = hypoxia-conditioned medium, positive
control = DMEM growth medium, Q = quercetin, TO = tocopherol.
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3.1.2 Endothelial exposure to placental hypoxia-conditioned medium
increased ROS formation and decreased antioxidant levels in
endothelial cells

In response to endothelial exposure to placental HCM, endothelial ROS formation
was significantly increased (41£22%). Incubation of placental HCM with
antioxidants reduced HCM-induced ROS levels by 43+£26% (Figure 4A). Results
from the glutathione assay were expressed in a GSH to GSSG ratio. After exposure
to placental HCM, the ratio was significantly decreased (0.42+0.71 pM) in
endothelial cells (Figure 4B). No significant differences were found in total
antioxidant capacity between the conditions (Figure 4C). Gene expression levels of
cellular antioxidants CAT, SOD, and NOX4 were measured by gPCR, but no
significant differences were found when endothelial cells were exposed to placental
CM (Figure 4D, E, F).
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Figure 4: Endothelial exposure to placental hypoxia-conditioned medium increased
ROS formation and decreased antioxidant levels in endothelial cells. A: Endothelial
cells were 72h exposed to 60% placental CM and ROS formation was assessed by DCFH-DA
assay. B, C: GSH to GSSG ratio and Trolox equivalent antioxidant capacity of endothelial
cells were measured 24h after exposure to 60% placental CM. D, E, F: Endothelial mRNA
expression levels of antioxidants were analysed by gqPCR 24h after exposure to 60%
placental CM. Data is presented as mean£SD. Significant differences as tested with One-way
ANOVA with multiple comparisons test (A), Mann-Whitney (B), or an unpaired t-test (rest)
are indicated as *: P < 0.05, #: P < 0.1. CAT = catalase, GSH = oxidized glutathione, GSSG
= reduced glutathione, HCM = hypoxia-conditioned medium, mRNA = messenger ribonucleic
acid, NOX4 = NADPH oxidase 4, Q = quercetin, ROS = reactive oxygen species, SOD =
superoxide dismutase, TEAC = Trolox equivalent antioxidant capacity, TO = tocopherol.
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3.1.3 Placental hypoxia-conditioned medium exposure had no effect on
endothelial gene expression or secretion of proinflammatory
cytokines

Endothelial exposure to placental HCM did not result in a significant difference in
endothelial IL6 gene expression between the different conditions. The mMRNA
expression levels of TNF, IL6, CXCL8, and IL1B were not detectable after exposure
to placental CM (data not shown). Furthermore, the protein levels of TNF-a, IL-6,
and IL-1p in the supernatant from endothelial cells exposed to placental CM were
under the detection range in both conditions. However, the endothelial secretion of
IL-8 was detected, although no significant differences were found between the

conditions (data not shown).

3.1.4 Endothelial exposure to placental hypoxia-conditioned medium
decreased endothelial VEGF secretion
Endothelial VEGF mRNA expression levels were not affected by placental HCM
(Figure 5A). However, placental HCM exposure resulted in a trend towards
decreased endothelial VEGF secretion (0.06+0.03 pg VEGF/ug protein). In addition,
endothelial cells exposed to placental HCM with 3 uM quercetin showed a significant

increase of 0.07+0.03 pg VEGF/ug protein compared to control (Figure 5B).
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Figure 5: Endothelial exposure to placental hypoxia-conditioned medium decreased
endothelial VEGF secretion. A: Endothelial cells were exposed to 60% placental CM for 24
hours after which mRNA expression levels of VEGF were measured. B: The cells were washed
after exposure and given new medium for another 24 hours after which an ELISA was
performed to measure endothelial VEGF protein levels. Data is presented as mean%SD.
Significant differences as tested with Mann-Whitney (A) and an unpaired t-test (B) are
indicated as *: P < 0.05, #: P < 0.1. HCM = hypoxia-conditioned medium, mRNA =
messenger ribonucleic acid, Q = quercetin, TO = tocopherol, VEGF = vascular endothelial
growth factor.
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3.2 Impact of trophoblast conditioned medium on

endothelial cells
Endothelial cells were 24h stimulated with CM of trophoblast cells, which were
exposed to normoxia (21% O;) or hypoxia (1% O,) for 24 hours. After exposure,
endothelial cell viability and ROS formation were measured by MTT and DCFH-DA.
In addition, antioxidant levels were measured by glutathione and TEAC assay.
Subsequently, gqPCR was performed to analyse mRNA expression levels of cellular
antioxidants, proinflammatory cytokines, and VEGF. In addition, ELISA measured
the protein levels of proinflammatory cytokines and VEGF 24 hours after the

exposure and washing period.

3.2.1 Exposure of endothelial cells to trophoblast hypoxia-conditioned
medium induced endothelial cell death
Endothelial cells showed a significant decrease of approximately 60£26% in

viability after exposure to trophoblast HCM (Figure 6).
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Figure 6: Exposure of endothelial cells to trophoblast hypoxia-conditioned medium
induced endothelial cell death. Endothelial cells were exposed to 60% trophoblast CM for
24h after which endothelial cell viability was assessed by MTT. Data is presented as
meanxSD. A significant difference as tested by an unpaired t-test is indicated as *: P < 0.05.
HCM = hypoxia-conditioned medium.
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3.2.2 Exposure of endothelial cells to hypoxia-conditioned medium of
trophoblasts increased ROS formation and decreased antioxidant
capacity

First, a significant elevation in ROS formation (4+4%) was detected in endothelial
cells exposed to trophoblast HCM (Figure 7A). Next, no difference in the ratio of
GSH to GSSG was detected by the glutathione assay after endothelial exposure to
trophoblast HCM (Figure 7B). In addition, there was a trend towards a decrease in
antioxidant capacity (0.24+£0.39 pM Trolox/g; 14.9+26.6%) of endothelial cells
exposed to HCM (Figure 7C). In addition, mRNA expression levels of CAT, SOD, and
NOX4 were measured in endothelial cells exposed to trophoblast CM; however,

there were no significant differences observed (Figure 7D, E, F).
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Figure 7: Exposure of endothelial cells to hypoxia-conditioned medium of
trophoblasts increased ROS formation and decreased antioxidant capacity. A:
Endothelial cells were exposed to 60% trophoblast CM for 24h and ROS formation was
assessed by DCFH-DA assay. B, C: GSH to GSSG ratio and Trolox equivalent antioxidant
capacity of endothelial cells were measured 24h after exposure to 60% trophoblast CM. D, E,
F: Endothelial mRNA expression levels of antioxidants were analysed by qPCR after 24-hour
exposure to 60% trophoblast CM. Data is presented as mean+SD. Significant differences as
tested with an unpaired t-test (A, C, D, E, F) and Mann-Whitney (B) are indicated as *: P <
0.05, #: P < 0.1. CAT = catalase, GSH = reduced glutathione, GSSG = oxidized glutathione,
HCM = hypoxia-conditioned medium, mRNA = messenger ribonucleic acid, NOX4 = NADPH
oxidase 4, ROS = reactive oxygen species, SOD = superoxide dismutase, TEAC = Trolox
equivalent antioxidant capacity.
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3.2.3 Exposure of endothelial cells to trophoblast hypoxia-conditioned
medium increased the endothelial secretion of IL-6 and IL-8

The endothelial gene expression levels of TNF, CXCL8, and IL1B were not
detectable after exposure to trophoblast CM. In addition, endothelial exposure to
trophoblast HCM had no effect on endothelial IL6 gene expression levels (data not
shown). The endothelial secretion of these cytokines was also measured after
exposure to trophoblast HCM. Concentrations of TNF-a and IL-1p were under the
detection range. However, endothelial secretion of IL-6 and IL-8 was significantly
increased 24h after cells were exposed to trophoblast HCM by respectively
0.03+0.08 pg IL-6/pg protein and 1.07+0.08 pg IL-8/ug protein (Figure 8).
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Figure 8: Exposure of endothelial cells to trophoblast hypoxia-conditioned medium
increased the endothelial secretion of IL-6 and IL-8. Endothelial cells were exposed to
trophoblast CM for 24 hours after which the cells were washed and given new blank medium
for another 24 hours. Next, ELISA measured the endothelial secretion of IL-6 (A) and IL-8
(B). Data is presented as mean+SD. Significant differences as tested with an unpaired t-test
are indicated as **: P < 0.01, ***: P < 0.001. IL-6 = interleukin 6, IL-8 = interleukin 8, HCM
= hypoxia-conditioned medium.
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3.2.4 Exposure of endothelial cells to trophoblast hypoxia-conditioned
medium decreased endothelial mMRNA expression levels of VEGF
Endothelial gene expression of VEGF was decreased by 0.66+0.65 fold change after
exposure to trophoblast HCM (Figure 9A). However, no significant difference
between control and trophoblast HCM was observed in endothelial VEGF secretion

after exposure (Figure 9B).
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Figure 9: Exposure of endothelial cells to trophoblast hypoxia-conditioned medium
decreased endothelial mMRNA expression levels of VEGF. A: After endothelial cells were
exposed to trophoblast HCM for 24h, mRNA expression levels of VEGF were measured by
gPCR. B: The cells were washed and given new blank medium for another 24h after which
ELISA was performed to measure VEGF concentrations in the supernatant. Data is presented
as meanxSD. Significant differences as tested with Mann-Whitney are indicated as *: P
0.05. HCM = hypoxia-conditioned medium, mRNA = messenger ribonucleic acid, VEGF
vascular endothelial growth factor.
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4. Discussion

In this study, we observed that endothelial exposure to placental or trophoblast
HCM induced cell death and ROS formation as well as a decrease in antioxidant
capacity. In addition, endothelial VEGF secretion was decreased after exposure to
placental HCM while trophoblast HCM increased the endothelial IL-6 and IL-8
secretion and decreased the endothelial VEGF expression. These HCM-induced

changes were normalised by quercetin and tocopherol intervention.

Inadequate trophoblast invasion and subsequent failure of vascular remodelling
are postulated to cause local placental hypoxia (53-55). Hypoxia is a trigger for an
increased placental production of proinflammatory cytokines (56, 57). Indeed, in a
previous study, we observed that exposure of placental explants to hypoxia for 3h
increased the release of IL-1B, IL-6, IL-8, and TNF-a (unpublished data). In
addition, we measured higher ROS formation in trophoblast cells, which were
exposed to hypoxia for 24h (unpublished data). These studies confirm that
placental hypoxia is a trigger for a disturbed release of PSMs such as

proinflammatory cytokines and ROS formation.

We demonstrated that endothelial cell viability decreased by more than 50%
after exposure to placental or trophoblast HCM. This indicates that in response to
hypoxia, the placenta or trophoblasts secrete factors, which are toxic for
endothelial cells. Vangrieken et al. showed the direct consequences of severe
placental hypoxia on vascular contractility in PE. An in vitro model for PE was set
up, using placental villous explants of non-complicated term placentas and
chorionic arteries. Vascular reactivity to PSMs released under hypoxic stress was
studied. Chorionic arteries were intraluminal incubated for 2h with placental HCM,
which initiated an increase of 47% in vascular contraction compared to the control
condition. In addition, it was observed that intraluminal KC| induced a 35%
increased vasoconstriction in the arteries exposed to HCM for 2h compared to the
control condition (Supplemental B, unpublished data). This suggests that PSMs
released under hypoxia induce endothelial cell leakage. A possible cause of
endothelial cell leakage is oxidative stress. PE placentas produce significantly more
lipid peroxides compared to normal pregnancy. Oxidized lipids induce oxidation of
endothelial cell membranes resulting in leakage of proteins (58-60). Based on this
experiment, our hypothesis is that hypoxia is the trigger for the release of PSMs,

which will cause endothelial damage via ROS formation and inflammation.
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Our findings indicate that under hypoxia, placental explants and trophoblasts
secrete toxic factors resulting in endothelial cell death. To the best of our
knowledge, there were no publications that studied endothelial cell death as a
consequence of exposure to hypoxic placental or trophoblast HCM. However, PE is
commonly accompanied by oedema suggesting a contribution of endothelial cell
leakage of proteins (61, 62). Wang et al. reported the induction of endothelial cell
apoptosis with the involvement of caspase-3 by exposure to foetal plasma from
pregnancies with umbilical placental vascular diseases such as PE (63).
Furthermore, TNF-a is known to be involved in regulated cell death pathways by
activating the NF-xB pathway through the death domain (p60 TNF-receptor)
resulting in cell apoptosis by caspase-8 (64). These studies suggest that apoptosis
is the potential mechanism of endothelial cell death, however, we were not able to
study if the exposure of toxic PSMs resulted in apoptosis or necrosis of endothelial
cells. As stated previously, PSMs released under hypoxia may include
proinflammatory cytokines. For instance, IL-6 is elevated in PE and has been
identified as a promoter of endothelial dysfunction. For example, Yin et al.
demonstrated that exposure of endothelial cells to IL-6 as well as serum from a PE
patient resulted in augmented cell death (65). In addition, TNF-a is able to induce
ROS formation, which has also been reported to be involved in cell death (66).
These publications together with our observations of endothelial cell death after
exposure to both placental and trophoblast HCM and previous detection of
proinflammatory cytokines and ROS in HCM suggest a positive correlation between

an increased release of proinflammatory cytokines, ROS formation, and cell death.

Placental oxidative stress is still a hot topic in studies that investigate the
pathogenesis of PE (41, 67-70). Although it is clear that oxidative stress is present
in PE, both the initial trigger and the main source of ROS production are still under
investigation. As mentioned above, endothelial cell death was observed after
exposure to placental and trophoblast HCM. As oxidative stress is a known trigger
for cell death (71) and after observing endothelial cell death, it was investigated if
ROS levels in endothelial cells were also elevated in response to HCM. Indeed, we
observed that endothelial cells showed an increase in ROS formation after exposure
to placental or trophoblast HCM. Hereby, it is confirmed that hypoxic PSMs might
be a possible trigger for endothelial ROS production. In line with our findings,
several studies suggest that besides trophoblast cells, oxidative stress could also
originate from endothelial cells as they detected higher levels of peroxynitrite and

superoxide in the maternal vasculature in PE (72-74).
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Possible sources of ROS are the mitochondria, endoplasmic reticulum, and
nuclear membrane and different enzymes including cyclooxygenase 2,
lipoxygenases, xanthine oxidase (XO), and cytochrome P450 also produce ROS.
Another important source of ROS is NOX (72). Although NOX4 is the most common
NOX in blood vessels and especially in endothelial cells (72), we observed no
increase in endothelial mMRNA expression of NOX4 after exposure to placental or
trophoblast HCM (72). Our data suggest that NOX4 probably was not the source of
endothelial ROS formation. However, more research is required to elucidate the

exact source of ROS in endothelial cells during PE.

In addition to elevated ROS formation, the antioxidant capacity was also
decreased in endothelial cells exposed to placental or trophoblast HCM. Placental
HCM significantly decreased the ratio of GSH to GSSG, indirectly indicating elevated
ROS formation. However, no changes in endothelial mMRNA expression levels of
antioxidants CAT or SOD were detected. Although it was only a trend, exposure of
trophoblast HCM resulted in an 18.4% decrease in antioxidant capacity of
endothelial cells. These results indicate that the antioxidant capacity of endothelial
cells is failing. To the best of our knowledge, no studies have been conducted
where the endothelial antioxidant capacity was lowered due to exposure to hypoxic
PSMs. However, it was found that a reduction in GSH levels was associated with
endothelial dysfunction and stimulated the formation of ROS (75). In our current
study, no differences in mMRNA expression levels of antioxidants were detected,
while McCarthy et al. found significant increases in SOD expression levels when
endothelial cells were exposed to preeclamptic plasma (76). A possible explanation
is that the 24-hour exposure of the endothelial cells to HCM in our experimental
set-up was too short or too long to detect changes in gene expression levels of
antioxidants. Other studies reported decreased CAT and SOD activity in
preeclamptic women, indicating that more research is required (41). Altogether, not
much is known about a lowered antioxidant capacity of endothelial cells in PE,
however, increased levels of inflammatory markers might be a possible trigger as

inflammation is often intertwined with oxidative stress.
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In this study, endothelial mRNA expression levels and protein levels of
proinflammatory cytokines were measured after exposure to HCM. No differences in
gene expression levels of proinflammatory cytokines were detected after exposure
to placental or trophoblast HCM. However, exposure of trophoblast HCM induced
higher endothelial secretion of IL-6 and IL-8. This data proposes that inflammation
is triggered in endothelial cells due to hypoxic PSMs. In addition, it is possible that
endothelial secretion of these cytokines contributes to the higher cytokine levels
detected in maternal blood and that the placenta might not be the major source
(77). Although not much is published about the possible factors that are secreted
by endothelial cells in PE, a paper of Chen et al. demonstrated that pulmonary
endothelial cells secreted IL-6 after phagocytosis of necrotic trophoblast trapped in
the pulmonary capillaries. The elevated endothelial IL-6 secretion could activate
other endothelial cells in remote vascular beds, contributing to systemic endothelial
activation, which is common in PE (78). In addition, our study showed that IL-8
was also elevated in endothelial cells. A recently published study investigated the
effect of the hormone leptin on the generation of proinflammatory cytokines by
endothelial cells resulting in endothelial dysfunction. They reported that the
endothelial IL-8 secretion was elevated in preeclamptic umbilical cord endothelial
cells (79).

In our study, exposure of placental HCM caused a decreased endothelial VEGF
secretion. In addition, trophoblast HCM decreased endothelial mRNA expression
levels of VEGF. In line with our observations, multiple papers demonstrated low
placental production of VEGF in PE (80-83). VEGF is an important growth factor
involved in angiogenesis, vasculogenesis, and thus placental development. A deficit
in VEGF can result in poor vascularisation and moreover, contributes to impairment
of vascular development during trophoblast invasion (84). Weel et al. also observed
decreased expression of VEGF and PIGF in the syncytiotrophoblast as well as the
endothelial cells from the foetal capillaries in the placenta of pregnant women with
PE (84). These data including our own observations indicate that a VEGF deficit is
responsible for the failure of the placental vascular remodelling in PE due to

abnormalities in growth and formation of new vessels.
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In addition to the examination how PSMs secreted under hypoxia affected
endothelial cells, we also tested an antioxidant intervention to examine its potential
protective effect against placental HCM-induced effects in endothelial cells. Indeed,
we observed that quercetin, as well as tocopherol, protected endothelial cells
against placental HCM-induced cell death and ROS formation.

As an antioxidant, quercetin has a broad spectrum of bioactive effects including
the modulation of mitochondrial biogenesis by reducing ROS production in various
cell types. Quercetin can prevent ROS-induced cellular damage by scavenging free
radicals (85, 86). Rayamajhi et al. demonstrated that quercetin enhances cell
survival against oxidative stress by promoting mitochondrial biogenesis (87). There
is also evidence that quercetin besides its own antioxidant activity, induces
antioxidant enzyme expression in human aortic endothelial cells hereby decreasing
ROS levels by activating the nuclear factor erythroid-related factor 2 (Nrf2)
pathway. The Nrf2 signalling pathway plays an important role in cellular defence
against oxidative stress and protects against inflammation by negatively regulating
the expression of proinflammatory cytokines (88). In contrast, we did not detect
changes in antioxidant expression; however, ROS levels were significantly
decreased and cell viability was increased in endothelial cells exposed to HCM with
quercetin or tocopherol compared to endothelial cells exposed to HCM without
intervention. This data suggests that endothelial cell death was induced by
excessive ROS formation. Quercetin intervention in placental HCM prevented ROS
formation in endothelial cells and endothelial cell death was no longer observed
after exposure to placental HCM. Although we did not focus on mitochondrial
dysfunction and the mitochondria as ROS source, based on literature, there is an
indication that mitochondrial dysfunction could be involved in endothelial ROS
formation and cell death.

Likewise, tocopherol is able to prevent endothelial dysfunction due to oxidative
stress by inhibiting protein kinase C activation (89). However, no publications were
found on the effects of quercetin or tocopherol on endothelial dysfunction in relation
to PE. In line with the mentioned publications, our data suggest that quercetin and
tocopherol may be introduced as a potential therapeutic agent to prevent the

development of PE, although more research and human clinical trials are required.
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There are some limitations to this study. First of all, it is still unknown which
PSMs were present in placental and trophoblast HCM and even more, which factors
would be responsible for the induction of cell death and the other effects we have
observed such as ROS formation, triggering inflammation, and decreasing
antioxidant capacity and secretion and expression of VEGF. We can only
hypothesize that proinflammatory and antiangiogenic factors go hand in hand with
the formation of ROS culminating in endothelial cell death. Furthermore, the
exposure time of placental explants to hypoxia for 3h might be too short. As
compensation, endothelial cells were exposed for 72h to placental HCM to measure
the effect on endothelial cell death and ROS formation. The short exposure time
might also explain why the total antioxidant capacity was not affected after 24h
exposure. For the future, it might be more relevant to expose placental explants for
longer exposure times (e.g. 24h) to hypoxia and instead of exposing the placenta
to 100% use 1% O, similar to the trophoblast cell experiments. The most important
limitation is the use of cell line experiments. Although in vitro studies with human
cells, cell lines, and tissue explants provide well-defined experimental models, they
are usually limited to one or two cellular players (e.g. trophoblasts, trophoblasts
plus endothelial cells). Therefore, this in vitro model cannot be extrapolated to
human since they cannot mimic the complex interplay of trophoblasts,
mesenchyme, various maternal immune cells, and the diverse cellular components
of and within the blood vessels. Even the use of placental explants where the foetal
and maternal tissue structures are maintained, cannot solve this limitation since
not all cellular players remain in the respective state of differentiation during in

vitro culture (90).
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5. Conclusion and future perspectives

To conclude, the hypothesis was that placental hypoxia would lead to a disturbed
release of PSMs causing endothelial damage. Both placental and trophoblast HCM
induce endothelial cell death, ROS formation, and elevated secretion of IL-6 and IL-
8 as well as a decrease in antioxidant capacity and VEGF secretion. All these factors
are known to be involved in endothelial damage, thereby resulting in increased
vascular reactivity explaining the increased blood pressure observed in PE.
Moreover, antioxidant intervention by quercetin or tocopherol was able to prevent

ROS formation and cell death indicating its therapeutic potential in PE.

To further improve our experimental set-up, it is required to change the set-up
for the placental CM. We will expose placental explants for 24h and even longer to
1% O, to mimic hypoxia. In addition, an extensive characterisation of the released
factors by the placenta or trophoblast after exposure to hypoxia is necessary to
identify which factors are responsible for the observed HCM-induced effects on
endothelial cells. This can be achieved by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Also, as we detected endothelial ROS formation after
exposure to HCM, it is relevant to reveal the exact source of ROS. To test if
mitochondria form the major source of oxidative stress in the exposed endothelial
cells, citrate synthase enzyme activity can be measured as well as the use of
mitoquinone (mitoQ). In addition, other possible sources of ROS such as different
NOX, XO, and eNOS can be measured by gPCR. Furthermore, identifying if
endothelial cells die by apoptosis or necrosis is relevant to further unravel the
mechanisms of endothelial dysfunction in PE. This is possible by adding pan-
caspase inhibitor to block apoptotic cell death. Additionally, it would be interesting
to see if antioxidant intervention in trophoblast cells will show the same protective
effects in endothelial cells exposed to trophoblast HCM as was observed in placental
HCM with intervention. Another future perspective is to use arteries instead of
endothelial cells, as the arterial response will be more closely related to the disease

condition.
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6. Valorisation

This fundamental research is very innovative, as we believe this is one of the first
studies to investigate the effect of PSMs released under hypoxia on endothelial cell
function. By using this unique combination of ex vivo material e.g. placental
explants and in vitro endothelial cells, we were able to detect endothelial cell death
after exposure to placental HCM. In addition, we combined two in vitro models of
the trophoblast and the endothelial cells, confirming data obtained from the ex vivo
model. Hereby, we were able to recreate the interactions between trophoblasts and
endothelial cells and identify the trophoblasts as the source of PSMs. Besides; this
research may also result in clinical applications as we observed that interventions
with quercetin or tocopherol, which are antioxidants, were able to prevent the
HCM-induced endothelial effects. This led us to believe that there is great potential
for the use of these antioxidants as dietary prevention of PE. This is especially of
great value since there is currently still no cure for PE, except for (preterm)
delivery of the baby and the placenta. The experimental model we have used opens
avenues to test both the potentials to prevent a disturbed release of PSMs in
response to hypoxia and the effect on maternal targets (e.g. vascular contraction,

ED, vascular inflammation).

35






7. References

1. Gathiram P, Moodley J. Pre-eclampsia: its pathogenesis and pathophysiolgy.
Cardiovasc J Afr. 2016;27(2):71-8.
2. Zakiyah N, Postma MJ], Baker PN, van Asselt AD, Consortium IM. Pre-eclampsia

Diagnosis and Treatment Options: A Review of Published Economic Assessments.
Pharmacoeconomics. 2015;33(10):1069-82.

3. Jeyabalan A. Epidemiology of preeclampsia: impact of obesity. Nutr Rev. 2013;71
Suppl 1:518-25.
4, American College of Obstetricians and Gynecologists. Task Force on Hypertension in

Pregnancy, American College of Obstetricians and Gynecologists. Hypertension in pregnancy.
Washington, DC: American College of Obstetricians and Gynecologists; 2013. x, 89 pages p.
5. Keizer JL, Zwart 1], Meerman RH, Harinck BI, Feuth HD, van Roosmalen J. Obstetric
intensive care admissions: a 12-year review in a tertiary care centre. Eur J Obstet Gynecol
Reprod Biol. 2006;128(1-2):152-6.

6. Zwart 1], Dupuis JR, Richters A, Ory F, van Roosmalen J. Obstetric intensive care unit
admission: a 2-year nationwide population-based cohort study. Intensive Care Med.
2010;36(2):256-63.

7. Chappell LC, Thangaratinam, S., Myers, J. First-trimester identification of risk of pre-
eclampsia. In: William Ledger JC, editor. Recent Advances in Obstetrics & Gynaecology: 26.
26. London: JP Medical Ltd.; 2015. p. 230.

8. Uzan J, Carbonnel M, Piconne 0O, Asmar R, Ayoubi JM. Pre-eclampsia:
pathophysiology, diagnosis, and management. Vasc Health Risk Manag. 2011;7:467-74.
9. von Dadelszen P, Magee LA, Marshall JC, Rotstein OD. The Maternal Syndrome of

Preeclampsia: A forme fruste of the Systemic Inflammatory Response Syndrome. Sepsis.
2000;4(1):43-7.

10. English FA, Kenny LC, McCarthy FP. Risk factors and effective management of
preeclampsia. Integr Blood Press Control. 2015;8:7-12.

11. Ngoc NT, Merialdi M, Abdel-Aleem H, Carroli G, Purwar M, Zavaleta N, et al. Causes
of stillbirths and early neonatal deaths: data from 7993 pregnancies in six developing
countries. Bull World Health Organ. 2006;84(9):699-705.

12. Udenze IC. Association of pre-eclampsia with metabolic syndrome and increased risk
of cardiovascular disease in women: A systemic review. Niger J Clin Pract. 2016;19(4):431-
5.

13. Saleem S, McClure EM, Goudar SS, Patel A, Esamai F, Garces A, et al. A prospective
study of maternal, fetal and neonatal deaths in low- and middle-income countries. Bull World
Health Organ. 2014;92(8):605-12.

14, Ghulmiyyah L, Sibai B. Maternal mortality from preeclampsia/eclampsia. Semin
Perinatol. 2012;36(1):56-9.

15. Stevens W, Shih T, Incerti D, Ton TGN, Lee HC, Peneva D, et al. Short-term costs of
preeclampsia to the United States health care system. Am J Obstet Gynecol.
2017;217(3):237-48 el6.

16. Delahaije DH, Smits L], van Kuijk SM, Peeters LL, Duvekot 1], Ganzevoort W, et al.
Care-as-usual provided to formerly preeclamptic women in the Netherlands in the next
pregnancy: health care consumption, costs and maternal and child outcome. Eur J Obstet
Gynecol Reprod Biol. 2014;179:240-5.

17. Helewa ME, Burrows RF, Smith ], Williams K, Brain P, Rabkin SW. Report of the
Canadian Hypertension Society Consensus Conference: 1. Definitions, evaluation and
classification of hypertensive disorders in pregnancy. CMAJ. 1997;157(6):715-25.

18. Brown MA, Lindheimer MD, de Swiet M, Van Assche A, Moutquin JM. The
classification and diagnosis of the hypertensive disorders of pregnancy: statement from the
International Society for the Study of Hypertension in Pregnancy (ISSHP). Hypertens
Pregnancy. 2001;20(1):IX-XIV.

19. von Dadelszen P, Magee LA, Roberts JM. Subclassification of Preeclampsia.
Hypertension in Pregnancy. 2003;22(2):143-8.
20. Valensise H, Vasapollo B, Gagliardi G, Novelli GP. Early and late preeclampsia: two

different maternal hemodynamic states in the latent phase of the disease. Hypertension.
2008;52(5):873-80.

21. Ness RB, Sibai BM. Shared and disparate components of the pathophysiologies of
fetal growth restriction and preeclampsia. Am J Obstet Gynecol. 2006;195(1):40-9.

37



22. Redman CW. Early and late onset preeclampsia: Two sides of the same coin.
Pregnancy Hypertension: An International Journal of Women's Cardiovascular Health.

2017;7:58.

23. Duckitt K, Harrington D. Risk factors for pre-eclampsia at antenatal booking:
systematic review of controlled studies. BMJ. 2005;330(7491):565.

24. Lamminpaa R, Vehvilainen-Julkunen K, Gissler M, Heinonen S. Preeclampsia

complicated by advanced maternal age: a registry-based study on primiparous women in
Finland 1997-2008. BMC Pregnancy Childbirth. 2012;12:47.

25. Ziadeh S, Yahaya A. Pregnancy outcome at age 40 and older. Arch Gynecol Obstet.
2001;265(1):30-3.

26. Franz MB, Husslein PW. Obstetrical management of the older gravida. Womens
Health (Lond). 2010;6(3):463-8.

27. Skjaerven R, Vatten LJ, Wilcox AJ, Ronning T, Irgens LM, Lie RT. Recurrence of pre-
eclampsia across generations: exploring fetal and maternal genetic components in a
population based cohort. BMJ. 2005;331(7521):877.

28. Lie RT, Rasmussen S, Brunborg H, Gjessing HK, Lie-Nielsen E, Irgens LM. Fetal and
maternal contributions to risk of pre-eclampsia: population based study. BMJ.
1998;316(7141):1343-7.

29. Trupin LS, Simon LP, Eskenazi B. Change in paternity: a risk factor for preeclampsia
in multiparas. Epidemiology. 1996;7(3):240-4.

30. Robillard PY, Hulsey TC, Alexander GR, Keenan A, de Caunes F, Papiernik E. Paternity
patterns and risk of preeclampsia in the last pregnancy in multiparae. J Reprod Immunol.
1993;24(1):1-12.

31. Mor G, Cardenas I, Abrahams V, Guller S. Inflammation and pregnancy: the role of
the immune system at the implantation site. Ann N Y Acad Sci. 2011;1221:80-7.

32. Li W, Mata KM, Mazzuca MQ, Khalil RA. Altered matrix metalloproteinase-2 and -9
expression/activity links placental ischemia and anti-angiogenic sFlt-1 to uteroplacental and
vascular remodeling and collagen deposition in hypertensive pregnancy. Biochem Pharmacol.
2014;89(3):370-85.

33. Young BC, Levine RJ, Karumanchi SA. Pathogenesis of preeclampsia. Annu Rev
Pathol. 2010;5:173-92.

34. Wang Y, Zhao, S. Chapter 4, Cell Types of the Placenta. Vascular Biology of the
Placenta. San Rafael (CA): Morgan & Claypool Life Sciences; 2010.

35. Cunningham FG, Leveno KJ, Bloom SL, Spong CY, Dashe ]S, Hoffman BL, et al.
Implantation and Placental Development. Williams Obstetrics, 24e. New York, NY: McGraw-
Hill Education; 2013.

36. Lyall F, Bulmer JN, Duffie E, Cousins F, Theriault A, Robson SC. Human trophoblast
invasion and spiral artery transformation: the role of PECAM-1 in normal pregnancy,
preeclampsia, and fetal growth restriction. Am J Pathol. 2001;158(5):1713-21.

37. Hanna J, Goldman-Wohl D, Hamani Y, Avraham I, Greenfield C, Natanson-Yaron S, et
al. Decidual NK cells regulate key developmental processes at the human fetal-maternal
interface. Nat Med. 2006;12(9):1065-74.

38. Dey P. Role of decidual natural killer cells & macrophages in pre-eclampsia. Indian J
Med Res. 2016;144(6):793-5.
39. Zhou Y, Genbacev O, Fisher SJ. The human placenta remodels the uterus by using a

combination of molecules that govern vasculogenesis or leukocyte extravasation. Ann N Y
Acad Sci. 2003;995:73-83.

40. Shamshirsaz AA, Paidas M, Krikun G. Preeclampsia, hypoxia, thrombosis, and
inflammation. J Pregnancy. 2012;2012:374047.

41. Sanchez-Aranguren LC, Prada CE, Riano-Medina CE, Lopez M. Endothelial dysfunction
and preeclampsia: role of oxidative stress. Front Physiol. 2014;5:372.

42. Lamarca B. Endothelial dysfunction. An important mediator in the pathophysiology of
hypertension during pre-eclampsia. Minerva Ginecol. 2012;64(4):309-20.

43. Possomato-Vieira 1S, Khalil RA. Mechanisms of Endothelial Dysfunction in
Hypertensive Pregnancy and Preeclampsia. Adv Pharmacol. 2016;77:361-431.

44, Echeverri I, Ortega-Avila JG, Mosquera M, Castillo A, Jimenez E, Suarez-Ortegon MF,
et al. Relationship between maternal and newborn endothelial function and oxidative stress.
Am J Hum Biol. 2015;27(6):822-31.

45, Sato Y, Kanno S, Oda N, Abe M, Ito M, Shitara K, et al. Properties of two VEGF
receptors, Flt-1 and KDR, in signal transduction. Ann N Y Acad Sci. 2000;902:201-5;
discussion 5-7.

38



46. Zhou Q, Qiao FY, Zhao C, Liu HY. Hypoxic trophoblast-derived sFlt-1 may contribute
to endothelial dysfunction: implication for the mechanism of trophoblast-endothelial
dysfunction in preeclampsia. Cell Biol Int. 2011;35(1):61-6.

47. Murphy SR, LaMarca BB, Parrish M, Cockrell K, Granger JP. Control of soluble fms-
like tyrosine-1 (sFlt-1) production response to placental ischemia/hypoxia: role of tumor
necrosis factor-alpha. Am J Physiol Regul Integr Comp Physiol. 2013;304(2):R130-5.

48. Berzan E, Doyle R, Brown CM. Treatment of preeclampsia: current approach and
future perspectives. Curr Hypertens Rep. 2014;16(9):473.

49, Askari G, Ghiasvand R, Feizi A, Ghanadian SM, Karimian J. The effect of quercetin
supplementation on selected markers of inflammation and oxidative stress. J Res Med Sci.
2012;17(7):637-41.

50. Zhang M, Swarts SG, Yin L, Liu C, Tian Y, Cao Y, et al. Antioxidant properties of
quercetin. Adv Exp Med Biol. 2011;701:283-9.

51. Rumbold AR, Crowther CA, Haslam RR, Dekker GA, Robinson JS. Vitamins C and E
and the Risks of Preeclampsia and Perinatal Complications. New England Journal of Medicine.
2006;354(17):1796-806.

52. Ahn K, Pan S, Beningo K, Hupe D. A permanent human cell line (EA.hy926)
preserves the characteristics of endothelin converting enzyme from primary human umbilical
vein endothelial cells. Life Sci. 1995;56(26):2331-41.

53. James JL, Whitley GS, Cartwright JE. Shear stress and spiral artery remodelling: the
effects of low shear stress on trophoblast-induced endothelial cell apoptosis. Cardiovasc Res.
2011;90(1):130-9.

54. Burton GJ, Jauniaux E, Watson AL. Maternal arterial connections to the placental
intervillous space during the first trimester of human pregnancy: the Boyd collection
revisited. Am J Obstet Gynecol. 1999;181(3):718-24.

55. Steegers EA, von Dadelszen P, Duvekot 1], Pijnenborg R. Pre-eclampsia. Lancet.
2010;376(9741):631-44.
56. Redman CW, Sargent IL. Circulating microparticles in normal pregnancy and pre-

eclampsia. Placenta. 2008;29 Suppl A:S73-7.

57. Raghupathy R. Cytokines as key players in the pathophysiology of preeclampsia. Med
Princ Pract. 2013;22 Suppl 1:8-19.

58. Walsh SW. Maternal-placental interactions of oxidative stress and antioxidants in
preeclampsia. Semin Reprod Endocrinol. 1998;16(1):93-104.

59. Walsh SW, Vaughan JE, Wang Y, Roberts LJ, 2nd. Placental isoprostane is
significantly increased in preeclampsia. FASEB J. 2000;14(10):1289-96.

60. Granger DN, Rutili G, McCord JM. Superoxide radicals in feline intestinal ischemia.
Gastroenterology. 1981;81(1):22-9.
61. Rua J, Costa ], Leite ], Marques R, Queird J, Fortuna J, et al. Late postpartum

preeclampsia induced acute pulmonary edema, a rare presentation of a common disease: A
case report. 2018. 2018;14(1).

62. Mackow ER, Gorbunova EE, Gavrilovskaya IN. Endothelial cell dysfunction in viral
hemorrhage and edema. Front Microbiol. 2014;5:733.

63. Wang X, Yi S, Athayde N, Trudinger B. Endothelial cell apoptosis is induced by fetal
plasma from pregnancy with umbilical placental vascular disease. Am J Obstet Gynecol.
2002;186(3):557-63.

64. Van Antwerp DJ, Martin SJ], Verma IM, Green DR. Inhibition of TNF-induced apoptosis
by NF-kappa B. Trends Cell Biol. 1998;8(3):107-11.

65. Yin Y, Feng Y, Zhao H, Zhao Z, Yua H, Xu J, et al. SIRT1 inhibits releases of HMGB1
and HSP70 from human umbilical vein endothelial cells caused by IL-6 and the serum from a
preeclampsia patient and protects the cells from death. Biomedicine & Pharmacotherapy.
2017,;88:449-58.

66. Kim ]3], Lee SB, Park JK, Yoo YD. TNF-a-induced ROS production triggering apoptosis
is directly linked to Romo1 and Bcl-XL. Cell Death And Differentiation. 2010;17:1420.

67. Redman CW, Sargent IL. Placental stress and pre-eclampsia: a revised view.
Placenta. 2009;30 Suppl A:S38-42.
68. Wang Y, Walsh SW. Increased superoxide generation is associated with decreased

superoxide dismutase activity and mRNA expression in placental trophoblast cells in pre-
eclampsia. Placenta. 2001;22(2-3):206-12.

69. Atli T, Keven K, Avci A, Kutlay S, Turkcapar N, Varli M, et al. Oxidative stress and
antioxidant status in elderly diabetes mellitus and glucose intolerance patients. Arch Gerontol
Geriatr. 2004;39(3):269-75.

39



70. Alpoim PN, Perucci LO, Godoi LC, Goulart COL, Dusse LMS. Oxidative stress markers
and thrombomodulin plasma levels in women with early and late severe preeclampsia.
Clinica Chimica Acta. 2018;483:234-8.

71. Ryter SW, Kim HP, Hoetzel A, Park JW, Nakahira K, Wang X, et al. Mechanisms of cell
death in oxidative stress. Antioxid Redox Signal. 2007;9(1):49-89.

72. Aouache R, Biquard L, Vaiman D, Miralles F. Oxidative Stress in Preeclampsia and
Placental Diseases. Int J Mol Sci. 2018;19(5).

73. Roggensack AM, Zhang Y, Davidge ST. Evidence for peroxynitrite formation in the
vasculature of women with preeclampsia. Hypertension. 1999;33(1):83-9.

74. Sankaralingam S, Xu Y, Sawamura T, Davidge ST. Increased lectin-like oxidized low-
density lipoprotein receptor-1 expression in the maternal vasculature of women with
preeclampsia: role for peroxynitrite. Hypertension. 2009;53(2):270-7.

75. Espinosa-Diez C, Miguel V, Vallejo S, Sanchez FJ, Sandoval E, Blanco E, et al. Role of
glutathione biosynthesis in endothelial dysfunction and fibrosis. Redox Biology. 2018;14:88-
99.

76. McCarthy C, Kenny LC. Therapeutically targeting mitochondrial redox signalling
alleviates endothelial dysfunction in preeclampsia. Sci Rep. 2016;6:32683.

77. Cornelius DC. Preeclampsia: From Inflammation to Immunoregulation. Clin Med
Insights Blood Disord. 2018;11:1179545X17752325.

78. Chen Q, Stone P, Ching LM, Chamley L. A role for interleukin-6 in spreading
endothelial cell activation after phagocytosis of necrotic trophoblastic material: implications
for the pathogenesis of pre-eclampsia. J Pathol. 2009;217(1):122-30.

79. Arlier S. Endothelial cell leptin receptors, leptin and interleukin-8 in the pathogenesis
of preeclampsia: An in-vitro study. Turk J Obstet Gynecol. 2017;14(4):220-7.
80. Cardenas-Mondragon MG, Vallejo-Flores G, Delgado-Dominguez ], Romero-Arauz JF,

Gomez-Delgado A, Aguilar-Madrid G, et al. Preeclampsia is associated with lower production
of vascular endothelial growth factor by peripheral blood mononuclear cells. Arch Med Res.
2014;45(7):561-9.

81. Maynard SE, Min J]Y, Merchan J, Lim KH, Li J, Mondal S, et al. Excess placental
soluble fms-like tyrosine kinase 1 (sFltl) may contribute to endothelial dysfunction,
hypertension, and proteinuria in preeclampsia. J Clin Invest. 2003;111(5):649-58.

82. Moe K, Heidecke H, Dechend R, Staff AC. Dysregulation of circulating autoantibodies
against VEGF-A, VEGFR-1 and PIGF in preeclampsia - A role in placental and vascular health?
Pregnancy Hypertens. 2017;10:83-9.

83. Helmo FR, Lopes AMM, Carneiro A, Campos CG, Silva PB, Dos Reis Monteiro MLG, et
al. Angiogenic and antiangiogenic factors in preeclampsia. Pathol Res Pract. 2018;214(1):7-
14,

84. Weel IC, Baergen RN, Romao-Veiga M, Borges VT, Ribeiro VR, Witkin SS, et al.
Association between Placental Lesions, Cytokines and Angiogenic Factors in Pregnant Women
with Preeclampsia. PLoS One. 2016;11(6):e0157584.

85. Gross M, Pfeiffer M, Martini M, Campbell D, Slavin ], Potter J. The quantitation of
metabolites of quercetin flavonols in human urine. Cancer Epidemiol Biomarkers Prev.
1996;5(9):711-20.

86. Harwood M, Danielewska-Nikiel B, Borzelleca JF, Flamm GW, Williams GM, Lines TC.
A critical review of the data related to the safety of quercetin and lack of evidence of in vivo
toxicity, including lack of genotoxic/carcinogenic properties. Food Chem Toxicol.
2007;45(11):2179-205.

87. Rayamajhi N, Kim SK, Go H, Joe Y, Callaway Z, Kang ]G, et al. Quercetin induces
mitochondrial biogenesis through activation of HO-1 in HepG2 cells. Oxid Med Cell Longev.
2013;2013:154279.

88. Li C, Zhang WJ, Frei B. Quercetin inhibits LPS-induced adhesion molecule expression
and oxidant production in human aortic endothelial cells by p38-mediated Nrf2 activation and
antioxidant enzyme induction. Redox Biol. 2016;9:104-13.

89. Keaney JF, Jr., Guo Y, Cunningham D, Shwaery GT, Xu A, Vita JA. Vascular
incorporation of alpha-tocopherol prevents endothelial dysfunction due to oxidized LDL by
inhibiting protein kinase C stimulation. J Clin Invest. 1996;98(2):386-94.

90. Kaufmann P, Black S, Huppertz B. Endovascular trophoblast invasion: implications for
the pathogenesis of intrauterine growth retardation and preeclampsia. Biol Reprod.
2003;69(1):1-7.

40



8. Supplemental

A. List of selected primers

Supplemental A: Sequences of forward and reverse primers of selected genes for
qPCR

Gene of interest Primer Sequence
CAT Forward GATGTGCATGCAGGACAATCAG
Reverse GCTTCTCAGCATTGTACTTGTCC
IL1B Forward TACCCCCAGGAGAAGATTCC
Reverse TTTCAGCCATCTTTGGAAGG
IL6 Forward AGTGAGGAACAAGCCAGAGC
Reverse GTCAGGGGTGGTTATTGCAT
CXCLS8 Forward TTAGAACTATTAAAACAGCCAAAACTCCACA
Reverse CAAGTTTCAACCAGCAAGAAATTACTAATATTG
NOX4 Forward GGATAAGGCTGCAGTTGAGG
Reverse AACCAAGGGCCAGAGTATCA
SoD Forward ATCAGGATCCACTGCAAGGAA
Reverse CGTGCTCCCACACATCAATC
TNF Forward CTCGAACCCCGAGTGACAA
Reverse AGCTGCCCCTCAGCTTGA
VEGFA Forward CCAGGCCCTCGTCATTG
Reverse AAGGAGGAGGGCAGAATCAT
Housekeeper genes Primer Sequence
ACTB Forward AAGCCACCCCACTTCTCTCTAA
Reverse AATGCTATCACCTCCCCTGTGT
B2M Forward CTGTGCTCGCGCTACTCTCTCTT
Reverse TGAGTAAACCTGAATCTTTGGAGTACGC
GADPH Forward GCACCACCAACTGCTTAGCA
Reverse TGGCAGTGATGGCATGGA
PPIA Forward CATCTGCACTGCCAAGACTGA
Reverse TTCATGCCTTCTTTCACTTTGC
RPL13A Forward CACTCTGGAGGAGAAACGGAAGG
Reverse GCAGGCATGAGGCAAACAGTC

ACTB = beta-actin, B2M = beta-2-microglobulin, CAT = catalase, CXCL8 = C-X-C motif
chemokine ligand 8 or interleukin 8, IL1B8 = interleukin 1 beta, IL6 = interleukin 6, NOX4 =
NADPH oxidase 4, PPIA = peptidylprolyl isomerase A or Cyclophilin A, SOD = superoxide

dismutase, TNF = tumour necrosis factor, VEGFA = vascular endothelial growth factor A
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B. Supplemental figures
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Supplemental B: Increased vasoconstriction in placental artery after intraluminal
exposure to placental hypoxia-conditioned medium and in addition, K*-induced
vascular contraction suggests endothelial cell leakage. A: Arteries were intraluminal
exposed to placental CM and vasoconstriction was measured and compared to maximal
contraction induced by K*. B: Afterwards, a K* solution was run through the exposed arteries
to detect if there was endothelial cell leakage. Significant differences as tested with Mann-
Whitney test (A) or unpaired t-test (B) are indicated as *: P < 0.05, ***: P < 0.001, ****; p
= 0.0001. HCM = hypoxia-conditioned medium, K* = potassium, PSM = placental secreted
messenger, Q = quercetin.
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