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ABSTRACT

Preeclampsia, defined as new-onset hypertension after 20 weeks of gestation with
concurrent proteinuria, is the leading cause of maternal mortality. Preeclampsia is a multi-
system disorder with serious maternal and fetal morbidities, which affects 2 — 8% of
pregnancies worldwide. Although the exact etiology is unknown, it is believed that defective
trophoblast invasion in early pregnancy leads to placental hypoperfusion and local oxidative
stress, which triggers the release of circulating factors and induces endothelial dysfunction in
the maternal circulation. Previous literature has shown that circulating factors, and especially
syncytiotrophoblast extracellular vesicles (STBEVs), from women with preeclampsia impair
endothelial function in small resistance arteries. However, there is a still paucity of data on the
mechanism(s) behind such findings. The Davidge laboratory has shown that circulating
factors from preeclamptic plasma increase oxidative stress in isolated endothelial cells and
impair vasodilation in small resistance arteries, via the activation of the lectin-like oxidized
low density lipoprotein receptor-1 (LOX-1), which is upregulated in preeclampsia. In
addition, LOX-1 is a scavenger receptor that binds oxidized low density lipoprotein as well as
many other ligands, including cell debris, platelets, and bacteria. Therefore, we are interested
in investigating: 1) the mechanism behind which circulating factors affect endothelium-
dependent vasodilation, and 2) the effect of STBEVs on the maternal vasculature and whether
it acts as a ligand for LOX-1. Using ex vivo myography experiments, we studied vascular
responses in pregnant rat uterine arteries incubated with either preeclamptic plasma or
STBEVs derived from human placentas in the absence or presence of various pharmacological
agents to examine the involvement of reactive oxidative species, nitric oxide, and

prostaglandin pathways. We also measured vascular superoxide levels in exposed arteries



using dihydroethidium staining. In addition, we examined the vascular expression of nitric
oxide synthase isoforms to further understand the role of nitric oxide in preeclamptic plasma-
induced endothelial dysfunction. Our studies support that circulating factors from women with
preeclampsia lead to endothelial dysfunction by increasing oxidative stress and decreasing
nitric oxide bioavailability. Contrary to our hypothesis, rather than reducing prostaglandin
vasodilators, we have found that circulating factors contribute to an increase of prostaglandin
H synthase dependent vasoconstrictors. We have also shown that, indeed, STBEVs impair
endothelial vasodilation via activation of the LOX-1 receptor which is associated with a
reduction in nitric oxide contribution. This thesis contributes to our understanding of the
pathophysiology behind the role of circulating factors in vascular dysfunction in preeclampsia.
We have also identified that LOX-1 contributes to endothelium-dependent impairment
associated with STBEVs, which could potentially be reversed and/or prevented by the

inhibition of the LOX-1, thereby making it a potential target of treatment.
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CHAPTER 1: INTRODUCTION

1.1 Preeclampsia and its Clinical Impact

The understanding of the pathophysiology of preeclampsia has come a long way since the
first mention in the medical history of pregnancy-related seizures dating from about 2200 BC.
The term “preeclampsia”, derived from Greek meaning “sudden flash or development,” hints at
how preeclampsia can be rapid onset, therefore often requiring urgent obstetrical care [1].
However, given the complicated multifactorial etiology of preeclampsia, the exact mechanism is

still largely understudied.

1.1.1 Definition and Diagnosis of Preeclampsia

The definition of preeclampsia has evolved significantly through time. What has been
historically known as toxemia or pregnancy-induced hypertension (“PIH”) is now referred to as
hypertensive disorders of pregnancy. This encompasses a wide spectrum of diagnoses involving
problems with high blood pressure in pregnancy.

The Society of Obstetricians and Gynecologists of Canada (SOGC) provided a newly
updated guideline in 2014 regarding the diagnosis and management of hypertensive disorders of
pregnancy [2]. Many patients who have no pre-existing medical conditions can develop new-
onset hypertension at > 20 weeks of gestations, known as gestational hypertension. The new
SOGC clinical guidelines suggest that hypertension in pregnancy can be diagnosed when systolic
blood pressure (sBP) > 140 mmHg and/or diastolic blood pressure (dBP) > 90 mmHg, based on
an average of at least 2 measurements, taken at least 15 minutes apart, using the same arm, in

either an office or in-hospital setting (rather than home monitoring). Preeclampsia can develop



weeks after the onset of gestational hypertension or may arise de novo with new proteinuria or

one or more adverse condition(s) or severe complication(s) (summarized in Table 1-1).

Table 1-1: Adverse conditions and severe complications of preeclampsia.

System

Adverse conditions
= Increase surveillance

Severe complications
= Warrant delivery

Central nervous
system

Headaches
Scotoma

Eclampsia

Stroke, TIA
Cortical blindness
Retinal detachment

Cardiopulmonary | Chest pain, dyspnea Uncontrolled severe hypertension
Oxygen sat <97% Oxygen sat < 90%
Pulmonary edema
Positive ionotropic support
Hematological T WBC 1 Platelets < 50 x 10°/L
1 INR, aPTT Transfusion of blood product
| Platelets
Renal 1 Creatinine Acute kidney injury
1 Uric acid Dialysis
Hepatic Nausea, vomiting Hepatic dysfunction (INR > 2)
RUQ or epigastric pain Hepatic hematoma or rupture
1 AST, ALT, LDH, bilirubin
| Albumin
Feto-placental Abnormal FHR Abruption
IUGR Reverse ductus venosus A wave
Oligohydramnios Stillbirth
Absent or reversed EDF

Adverse conditions and severe complications of preeclampsia affect multiple organ systems,

including both the maternal and fetal compartments. Column 2 lists the adverse conditions including

signs and symptoms necessitating increased surveillance. Column 3 lists severe complications

requiring urgent obstetrical care and delivery. Modified from SOGC 2014 guideline [2].

Abbreviations: TIA, transient ischemic attacks; WBC, white blood cells; INR, international

normalized ratio; aPTT, activated partial thromboplastin time; RUQ, right upper quadrant; AST,

aspartate aminotransferase; ALT, alanine aminotransferase; LDH, lactate dehydrogenase; FHR, fetal

heart rate; IUGR, intrauterine growth restriction; EDF, end-diastolic flow.




Recognizing that many patients have pre-existing medical conditions, the SOGC also
identifies a distinct category of patients whose hypertension begins prior to conception or at < 20
weeks of gestation [2]. This group of patients, with pre-existing chronic hypertension or chronic
kidney disease, is at increased risk and requires careful surveillance and monitoring for the
development of preeclampsia. In patients with pre-existing hypertension or kidney disease,
superimposed preeclampsia is defined by the development of resistant hypertension requiring > 3
antihypertensive medications, new or worsening proteinuria, or > 1 adverse conditions or severe
complications (Table 1-1).

Preeclampsia can be categorized depending on the timing of onset or severity.
Traditionally, the onset of preeclampsia at < 34 weeks is referred to as “early onset” and those >
34 weeks are known as “late onset”. It is speculated that early onset preeclampsia is a different
subtype of disease that might have a different pathogenesis from those with late onset disease
[2]. Thus, this distinction is often made while interpreting results for clinical trials. In addition, it
is also customary to classify patients with “severe” preeclampsia if the sBP is higher than 160
mmHg and/or the dBP is higher than 110 mmHg or if they present with severe complications
such as eclampsia, hemolysis, elevated liver enzymes and low platelets (HELLP) syndrome,
renal failure, or fetal compromise (Table 1-1). Recognizing the severity of preeclampsia is
helpful in triaging the patients and expediting their management plan; however, it is also
important to recognize that anyone with “mild” preeclampsia could rapidly progress into
“severe” without warning and that “severe” preeclampsia is not always preceded by “mild”

disease.



1.1.2 Clinical Manifestation of Preeclampsia

The clinical signs and symptoms of preeclampsia are complicated — hence, it is more
appropriately referred to as a “syndrome” affecting multiple organ systems rather than a single
disease entity. Not only does it affect the maternal brain, cardiovascular, pulmonary, renal,
hepatic, and hematological systems, but it also impacts the growth and well-being of the fetus.
The important signs and symptoms of preeclampsia are discussed in this section with the
intention of providing an overview of the clinically relevant effects. The specific mechanisms of
associated complications are not covered as they are beyond the scope of this thesis; a detailed
literature on the pathogenesis of preeclampsia is reviewed in Chesley’s Hypertensive Disorders

in Pregnancy, 4" edition [3].

1.1.2.1 Cardiovascular and Pulmonary System

In a normal pregnancy, a decrease in both sBP and dBP is noted as early as 5 weeks of
gestation and persists into the third trimester [3]. To accommodate a nearly 40% increase in
blood volume to supply the growing uterus, placenta, and fetus, the maternal peripheral
resistance decreases and the cardiac output increases by 35-50% during gestation [4]. In contrast
for preeclampsia, in addition to an increased afterload due to increased peripheral resistance,
there is also evidence for ventricular remodelling and diastolic dysfunction in 40% of women,
predisposing them to heart failure or myocardial infarction [5]. Furthermore, an increase in
endothelial-epithelial permeability results in a generalized edema and swelling in the periphery
as well as pulmonary edema [3]. As a result of the fluid extravasating into the interstitial space,
woman with preeclampsia are at risk of relative intravascular hypovolemia, even though they
often present with a clinical picture of hypervolemia (swelling in the face and extremities). In the

setting of postpartum hemorrhage, the loss of blood becomes imminently more dangerous than in



a normal pregnancy because the intravascular reservoir of blood volume is already depleted in
preeclampsia. Therefore, preeclampsia imposes serious implications on the maternal

cardiopulmonary system.

1.1.2.2 Renal System

During normal pregnancy, renal blood flow and glomerular filtration (GFR) rate are both
increased while, in contrast, these are decreased in preeclampsia [4]. Clinically, this results in a
rise in serum creatinine levels indicating a decrease in renal function. As a result of decreased
GFR and depleted intravascular volume, urine output also decreases, which is an important
clinical sign monitored in preeclamptic patients [4]. Unfortunately, due to the increase in
vascular permeability, oliguria is often difficult to treat because intravenous crystalloid fluid only
improves urine output temporarily while risks a worsening of pulmonary edema. In addition,
glomerular damage in the kidney results in a “leak™ of protein into the urine and thus proteinuria
has become a hallmark in the diagnosis of preeclampsia [2]. Therefore, it is important to
establish the absence or presence of proteinuria prior to conception or in early pregnancy in order
to have a baseline for comparison if clinical suspicion for the development of preeclampsia
arises. However, it is important to note that the severity of preeclampsia does not correlate with
the severity of proteinuria and many who develop severe preeclampsia can do so without the
development of proteinuria [3]. Hence, the presence of other adverse conditions or severe
complications is now included in the diagnostic criteria by the SOGC clinical practice guideline

in order to provide a more accurate method of diagnosing preeclampsia.

1.1.2.3 The Liver, the Blood, and HELLP syndrome
The involvement of the liver can vary in presentation but most often correlates with

severe preeclampsia. Women with preeclampsia are at risk of hepatic hemorrhage and cellular



necrosis [3]. However, they can be asymptomatic or present with right upper quadrant to mid-
epigastric pain. In most cases, elevations in serum hepatic aminotransferase (AST and ALT)
levels are detected. In severe cases, hepatic hemorrhage from areas of cellular infarction can be
identified in the form of intrahepatic or subcapsular hematoma. Although very rare, liver
hemorrhage can be fatal and requires urgent operative management. Fortunately, in the majority
of cases, liver dysfunction is usually non-lethal and improves within two to three days following
delivery.

Another clinical sign correlated with the severity of preeclampsia is the presence of
decreased platelet levels, or thrombocytopenia. Up to half of women with preeclampsia develop
thrombocytopenia and their platelet level is inversely associated with the severity of
preeclampsia [6]. The pathogenesis of thrombocytopenia is known to be multifactorial, however,
increased platelet activation is believed to contribute to increased platelet clearance, as suggested
by an elevated level of thromboxane A2 (TXA:2) metabolite in the urine of preeclamptic patients
[7]. Furthermore, in severe preeclampsia, erythrocytes have been shown to undergo rapid
hemolysis.

Together, this syndrome is clinically identified as hemolysis, elevated liver enzymes, and
low platelets, or HELLP syndrome. The presence of HELLP syndrome is indicative of the
severity of preeclampsia and, if left untreated, up to 40% of cases develop serious outcomes such
as eclampsia (6%), placental abruption (10%), and pulmonary edema (10%) [8]. Therefore,
HELLP syndrome is considered a severe complication in preeclampsia which requires immediate

delivery of the fetus.



1.1.2.4 Central Nervous System

Several changes in the brain have been associated with severe preeclampsia and
eclampsia. Headaches and visual changes commonly proceed eclamptic seizures (50-75% and
20-30% of cases, respectively) [9], and are also thought to correlate with hypertensive
hemorrhage as reported by earlier autopsy studies. Cerebral edema, as a result of increased
permeability of the blood brain barrier, can present as altered mental status and is very
susceptible to sudden blood pressure elevations. Therefore, the control of severe hypertension is

important in the management of preeclampsia to reduce the risk of stroke and eclampsia.

1.1.2.5 The Feto-Placental Unit

The pathogenesis of preeclampsia is thought to originate from defective trophoblast
invasion of the maternal arteries which results in abnormal placentation and increased resistance
in the uterine arteries [10]. Therefore, signs of placental insufficiency seen in preeclampsia can
be detected by abnormal Dopplers on antenatal ultrasounds. Measurement of uterine artery blood
flow velocity can be used to assess vascular resistance by comparing arterial systolic and
diastolic waveforms. The mean resistance in uterine artery blood flow is found to be higher in
women with preeclampsia compared with those in normotensive controls [11]. Specifically, an
elevated resistance index in uterine artery blood flow in the second trimester of pregnancy is
associated with the risk of developing severe preeclampsia [12]. However, the utility of using
uterine Doppler flow as a diagnostic or prognostic tool for preeclampsia is still currently under

clinical investigation.

Furthermore, as the placenta directly supplies the growing fetus, utero-placental
insufficiency associated with preeclampsia could result in a decrease in placental perfusion,

impaired fetal growth, and reduced fetal urine output which manifests in oligohydramnios [13].



The decreased uterine blood flow also impairs nutrient exchange to the fetus, which then
preferentially shunts its limited resources away from the peripheral organs and toward the
growth of vital organs such as the brain. As a result of reduced glucose transfer and hepatic
storage, fetal liver size is reduced and this is reflected in a decrease in abdominal circumference
with preservation in the growth of the brain and head circumference [14]. Thus, asymmetric
intrauterine growth restriction (IUGR) can arise as a result of severe placental insufficiency. In
cases where uterine blood flow to the placenta via the spiral artery is severely compromised,
areas of the placenta can become necrotic and hemorrhage occurs in the utereo-placental
interface, resulting in placental abruption and premature separation of the placenta from the
uterine wall. Indeed, impaired trophoblast invasion with subsequent atherosis in the placenta has
been linked to preeclampsia and placental abruption [15]. Increased inflammation has also been
observed in placentas that separate prematurely in women who present with premature rupture of
membrane or antepartum bleeding [16]. If obstetrical intervention is not pursued promptly,
placental abruption can lead to life-threatening maternal hemorrhage and eventually intrauterine

fetal demise.

1.1.3 Prevalence and Risk Factors of Preeclampsia

According to the World Health Organization (WHO), preeclampsia affects 2-8% of
pregnancies worldwide. Globally, it accounts for 16.1% of maternal deaths in developed
countries, 25.7% in Latin America and the Caribbeans, 9.1% in Africa, and 9.1% in Asia [17]. In
low-resource countries, preeclampsia is the second most common etiology of maternal mortality,
preceded by postpartum hemorrhage. However, in developed countries, preeclampsia is the most

common cause of maternal mortality [17].



The wide range of risk factors for preeclampsia (summarized in Table 1-2) suggests that

the pathogenesis of the disease may be multi-factorial. The majority of the risk factors associated

with preeclampsia are also known risk factors for cardiovascular disease, such as age, pre-

existing hypertension, diabetes, and obesity [18]. Furthermore, women with preeclampsia are at a

5- and 8-fold increased risk of premature mortality from stroke and cardiovascular event,

respectively [19]. This suggests that a maternal predisposition to endothelial dysfunction, which

also underlies their cardiovascular disease, may be an important determinant of the risk of

developing preeclampsia.

Table 1-2: Risk factors and their relative risks for preeclampsia.

Incidence or

Risk Factor Relative Risk (95% CI) Reference
Age >40 1.96 (1.36 —2.87) [18]
sBP > 130 mmHg at 1% visit 2.37 (1.78 — 3.15) [18]
dBP >80 mmHg at 1 visit 1.38 (1.01 —2.37) [18]
Pre-pregnancy renal disease 40-60% ! [20]
Pre-pregnancy diabetes 3.56 (2.54 -4.99) [18]
BMI > 35 kg/m? 2.47 (1.66 —3.67) [18]
Weight gain during pregnancy Increased 2 [21]
Family history of preeclampsia 2.90 (1.70 — 4.93) [18]
Personal history of preeclampsia 7.19 (5.85 - 8.83) [18]
Inter-pregnancy interval > 59 months 1.83 (1.72-1.94) [18]
Nulliparity 291 (1.28 - 6.61) [18]
New paternity Increased 2 [21]
Use of barrier contraception Increased 2 [21]
Antiphospholipid antibodies 9.72 (4.34 - 21.75) [18]
Multiple gestation 2.93 (2.05-4.21) [18]
Molar pregnancy Increased > [21]
African American decent 11%:? [22]
Smoking* 0.51(0.37 - 0.63)* [23]

'In women with advanced chronic kidney disease, as many as 40-60% may be diagnosed with

preeclampsia.

2The risk of preeclampsia is increased, but the relative risk is unknown.
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3 Among nulliparous women, the incidence of preeclampsia was 5% in white, 9% in Hispanic, and
11% in African-American descent.

4Smoking is the only known “protective factor” for preeclampsia, according to a large meta-analysis.

Abbreviations: BMI, body mass index; sBP, systolic blood pressure; dBP, diastolic blood pressure;
BMI, body mass index.

The immune system is also thought to play a role in the pathogenesis of preeclampsia.
Risk factors such as nulliparity, new partner, and use of barrier contraception strongly suggest
that the introduction of a new antigen into the maternal circulation contributes to the
development of preeclampsia [21]. An interesting observation has been made that men who
father preeclamptic pregnancies with one woman are at 80% higher likelihood to father a
subsequent preeclamptic pregnancy with another woman [24], suggesting a role for paternal
factors in the pathogenesis. Other factors, such as family history and ethnicity, further suggest a
genetic component to the etiology. In addition, risk factors such as multiple gestation and molar
pregnancy suggest that excessive placental mass and relative placental hypoperfusion increase
the risk of preeclampsia. Indeed, in women with twin pregnancies, the incidence of preeclampsia

1s increased to 13% versus 5% seen in singleton pregnancies [25].
g preg

1.1.3.1 Smoking and Preeclampsia

One of the most enigmatic factors in pregnancy-related complications is the fact that
smoking appears to be protective in preeclampsia. According to a large meta-analysis published
in 1999, smoking was a protective factor associated with a 51% reduction in the risk of
developing preeclampsia [23]. This reduction in risk holds true across all categories of maternal
BMI. According to in vitro studies, the speculated mechanism of cigarette smoking may be due
to a reduction of anti-angiogenic factors (i.e. fms-like tyrosine kinase-1 or sFlt-1) and an increase

in placental growth factor (PIGF) [26]. However, other studies have speculated that smoking
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might have an idiosyncratic effect on angiogenesis and contribute to abnormal vascular
development in the feto-maternal interface resulting in spontaneous termination of the embryo;
therefore, the “protective” effect of smoking may be due to a survival bias [21]. Regardless,
smoking is also strongly associated with several obstetrical complications, such as placenta
previa, placental abruption, ectopic pregnancy, and premature prelabor rupture of membrane

[23]. Thus, cessation of smoking in prenatal counselling remains to be an important issue.

1.1.3.2 Preeclampsia as a Cardiovascular Risk Factor

Not only does preeclampsia impact immediate maternal health, but it is also increasingly
recognized as a major risk factor for cardiovascular diseases in later life. The prevalence of
hypertension in women with a history of preeclampsia is > 50% at an average of 14 years after
pregnancy [27]. These women are also at an increased risk of mortality from cardiovascular
disease, which is even higher in women with a history of early-onset preeclampsia [28-30]. Thus,
understanding the pathophysiology of preeclampsia will not only contribute to the improvement
of immediate maternal and fetal health, but it will also help to modify their risk of developing

cardiovascular disease in later life and improve the quality of life.

1.1.4 Treatment of Preeclampsia

Likely due to the heterogeneous nature of the disease, there is currently no cure per se for
women with preeclampsia. Based on large clinical studies, there is insufficient evidence to
recommend dietary and lifestyle changes, such as limited dietary salt intake, caloric restriction
for obese women, exercise, work reduction, or stress reduction [2]. Counter-intuitively, the
SOGC recommends against bed rest for women with preeclampsia due to the increased risk of
thromboembolism and muscle wasting in those with prolonged bed rest [2]. However, in women

with severe hypertension (sBP > 160 mmHg and/or dBP > 110 mmHg), the risk of eclampsia and
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stroke is increased; therefore, medical treatment is recommended to achieve a therapeutic goal of
sBP 130-155 mmHg and dBP 80-105 mmHg. The most commonly used anti-hypertensive agents
include beta-blockers (labetolol), calcium channel blockers (nifedipine), and arterial vasodilator
(hydralazine). Second line alternative treatments include the use of nitroglycerin infusion, alpha
blocker (methyldopa), or an angiotensin converting enzyme inhibitor (captopril) if preeclampsia
arises post partum. In addition, magnesium sulfate is also widely used in the prevention and
treatment of eclampsia, although the mechanism by which magnesium acts is still unclear and

beyond the scope of this thesis.

In terms of prevention strategies, among high risk women, calcium supplementation of at
least 1000 mg/day in women with low dietary intake of calcium (< 600 mg/day) is
recommended. It as been postulated that dietary calcium may reduce the severity of preeclampsia
by increasing intracellular calcium with increases the activation of endothelial nitric oxide
synthase contributing to relaxation of vascular smooth muscle cells. In addition, acetylsalicylic
acid (ASA) is also recommended for high risk women and is associated with a 10-15% risk
reduction in preeclampsia and prematurity when started prior to 16 weeks of gestation [31]. ASA
works as an irreversible inhibitor of cyclooxygenase in platelets which likely contribute to the
reduction in thromboxane and other prostaglandin vasoconstrictors. There is also evidence that
folate supplementation may be beneficial by reducing homocysteine in women at high risk of
preeclampsia [2] and this is currently being studied in a multi-centre, prospective, randomized

clinical trial.

1.2 Preeclampsia and the Placenta

Due to the multi-factorial nature of the disease, the exact mechanism of preeclampsia is

still largely unknown and, as mentioned, a myriad of factors has been shown to contribute to the
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pathogenesis of the disease. The placenta, however, appears to be the heart of the problem:
preeclampsia can occur in pregnancy without the fetus such as in hydatiform mole, without a
uterus such as in abdominal ectopic pregnancy, and is resolved by delivery of the placenta [32].
The current dogma is in line with the theory that abnormal placentation in early pregnancy as the
key inciting event and, in combination with maternal predisposition to endothelial dysfunction,
leads to the development of preeclampsia. In order to understand abnormal placentation, I will

first discuss normal placental development in a healthy pregnancy.

1.2.1 Normal Development of the Placenta in a Healthy Pregnancy

As described by Riddell [33], the placenta is essentially “the most important organ that
you no longer need.” The human placenta is a discoid-shaped organ that is critical for the
development of the fetus in several aspects: 1) it provides oxygen and nutrients for growth, 2) it
eliminates waste, 3) it maintains water and electrolyte balance in the amniotic fluid, and 4) it acts
as a immunologic barrier, protecting the fetus from the maternal immune response as well as
potentially toxic chemicals that circulate in the maternal blood [10, 33]. Differentiated early in
embryo development, trophoblast cells are a unique cell type which is only present during
pregnancy and contributes entirely to the development of the placenta. Being the primary organ
at the feto-maternal interface, the placenta grows throughout gestation in order to supply the
increasing demands of the fetus. Understanding how the placenta develops allows us to further

explore how preeclampsia results from abnormal trophoblast development in early pregnancy.

1.2.1.1 Implantation and Trophoblast Differentiation
After fertilization, the zygote undergoes cleavage for three days while it travels within the
fallopian tube. Once it reaches the uterine cavity approximately three days after fertilization, it

becomes a 16-cell morula which then gradually develops into a blastocyst with accumulation of
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fluid inside the cell. The blastocyst is differentiated into the inner cell mass, which later becomes
the fetus, and trophoblasts, which develop into the placenta.

Six to seven days after fertilization, the embryo implants the uterine wall through three
phases: (1) apposition, initial contact with the uterine wall, (2) adhesion, increased contact with
uterine epithelium, and (3) invasion, penetration of trophoblast cells into the endothelium, inner
third of the myometrium, and uterine vasculature [10]. By day eight after fertilization, the
trophoblasts differentiate into a multinucleated syncytium called the syncytiotrophoblast and an
inner mononuclear cell layer called cytotrophoblast (Figure 1-1). The syncytiotrophoblast is so
named due to its unique structure of a multinucleated, joined cytoplasm without distinct cell

orders which aids oxygen and nutrient transport from the placental to the fetus [10].
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Figure 1-1: Implanted blastocyst and the development of syncytiotrophoblast.
(A) Around day nine after fertilization, the blastocyst wall facing the uterine lumen is a single layer
of flattened cells. The inner cell mass is differentiated into a thick plate of primitive ectoderm and
endoderm. As the embryo enlarges, maternal decidua basalis is invaded by syncytiotrophoblasts

which develop into a large, multinucleated cell. (B) Around day 12, the syncytiotrophoblast
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becomes permeated with channels of lacunar network and after successful invasion of the capillary
walls, the lacunae become filled with maternal blood. Reproduced with permission from McGraw-

Hill Education: Cunningham F, et al., Williams Obstetrics; copyright obtained Dec 24, 2015 [10].

1.2.1.2 Early trophoblast invasion and Spiral Artery Remodelling

After implantation is complete, the trophoblast further develops into the villous and
extravillous trophoblast [34]. The villous trophoblast gives rise to the chorionic villi, which
transport oxygen, nutrients, and other compounds between the fetus and mother. The extravillous
trophoblast migrates into the myometrium and penetrates the maternal vasculature [35]. The
extravillous trophoblast then further develops into the interstitial and endovascular trophoblast.
The interstitial trophoblasts invade the decidua and surrounds maternal spiral arteries while the

endovascular trophoblasts penetrate the spiral artery lumen for vascular remodelling (Figure 1-2)

[36].
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Figure 1-2: Early trophoblast invasion and Spiral Artery Remodelling.

The extravillous trophoblasts give rise to interstitial trophoblasts, which surround the maternal
arteries, and endovascular trophoblasts, which invade and replace endothelium in maternal spiral
arteries. As a result, a low resistance, wide capacitance vasculature develops throughout gestation.
Reproduced with permission from McGraw-Hill Education: Cunningham F, et al., Williams

Obstetrics; copyright obtained Dec 24, 2015 [10].
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The extravillous trophoblasts in early pregnancy are highly invasive, forming cell
columns that extend from the endometrium into the inner third of the myometrium [10]. They
secrete numerous proteolytic enzymes that digest extracellular matrix and activate proteinases in
the endometrium to aid in the invasion of spiral arteries. The endovascular trophoblasts invade
the spiral artery, destroy vascular endothelium, replace vascular smooth muscle with fibrinoid
tissues, and regenerate endothelium within the spiral arteries [37]. As a result, the narrow, high
resistance spiral arteries are remodelled into wide, low resistance, high capacitance arteries to
facilitate the 20-fold increase in blood flow to the uterus, the placenta, and the fetus (Figure 1-2)

[10].

1.2.2 Abnormal Placentation in Preeclampsia

In preeclampsia, the pathogenesis is thought to occur in two stages; the first stage of which
consists of incomplete trophoblastic invasion. As a result of defective invasion, the
cytotrophoblast cells fail to completely remodel the spiral arteries in the myometrium, resulting
in a retained muscular tunica media layer, small caliber lumen, high resistance, and an altered
responsiveness to vasoactive compounds (Figure 1-3) [11]. It has been shown that the mean
external diameter of spiral arteries in placentas from preeclamptic women is only half of that
seen in a placentas from healthy pregnancies [1]. In addition, the magnitude of defective
trophoblastic invasion is thought to correlate with the severity of preeclampsia [38, 39]. As a
result of the reduced lumen caliber in spiral arteries, there is a reduction in uterine blood flow

and consequently placental hypoperfusion and hypoxia.
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Figure 1-3: Incomplete trophoblast invasion in preeclampsia.

Defect trophoblast invasion of the maternal spiral arteries results in an incomplete replacement of
the endothelium, retaining of muscular tunica media, and the development of high resistance, low
capacitance arteries in preeclampsia. Reproduced with permission from McGraw-Hill Education:

Cunningham F, et al., Williams Obstetrics; copyright obtained Dec 24, 2015 [10].

In addition to a reduced arterial lumen and hypoperfusion, preeclampsia is also
considered a state of “acute atherosis” of pregnancy. Previous studies examining arteries taken
from preeclamptic placentas have shown that an increased accumulation of lipids is seen in the
lumen, resulting in narrowing, atherosis, and infarcts of spiral arteries (Figure 1-4) [10]. The
development of the lipid-laden vascular lesions that are seen in preeclampsia resemble the early
stages of atherosclerosis, although they regress after delivery. In addition, many risk factors for
metabolic syndrome are also risk factors for preeclampsia. For example, maternal weight is
highly correlated with the risk of preeclampsia, increasing from 4.3 % in women with body mass
index (BMI) < 20 kg/m? to 13.3% in those with BMI > 35 kg/m? [40]. Oxidized low density
lipoprotein (oxLDL), which contributes to atherosclerotic plaque formation by binding scavenger
receptors and activating foam cells, is also elevated in the vasculature in women with

preeclampsia [41]. All in all, abnormal lipid metabolism is suggested to play a role in the



18

development of preeclampsia and the reduced spiral arteriolar lumen due to acute atherosis likely
further worsens impaired placental blood flow and creates a relative local hypoxia at the

placental interface.
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Figure 1-4: “Acute atherosis” of pregnancy in the placental bed from

preeclampsia.

(A) Electron micrograph shows an accumulation of subendothelial lipids, plasma proteins, and
foamy macrophages, resulting in a reduced arterial lumen and disrupted endothelium in a
preeclamptic placenta. (B) A schematic diagram of A. Reproduced with permission from McGraw-

Hill Education: Cunningham F, et al., Williams Obstetrics; copyright obtained Dec 24, 2015 [11].

1.2.3 Consequences of Abnormal Placentation in Preeclampsia

The persistence of narrow-lumen, high-resistance spiral arteries leads to chronic placental
hypoperfusion, which creates local hypoxia and oxidative stress and triggers the release of
circulating factors into the maternal blood stream. In combination with a maternal predisposition
due to genetic and/or environmental factors, these circulating factors induce endothelial
dysfunction. As a result, diseased vessels exhibit increased contractility and result in increased

vascular resistance which manifests as maternal hypertension, end organ damage, and abnormal
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uterine blood flow. Ultimately, this mechanism feeds forward into a vicious cycle of worsening

placental hypoperfusion and accentuates the development of preeclampsia (Figure 1-5).

Placental hypoperfusion, therefore, appears to be both a cause and a consequence of
abnormal placentation. This is supported by studies that show that preeclampsia is more
prevalent among women who live at high altitudes and who are chronically exposed to a
relatively hypoxic environment compared to women living at sea level [42]. Women with
vascular insufficiency, such as hypertension, diabetes, and systemic lupus erythematosus,
are also at increased risk of preeclampsia, suggesting that maternal endothelial function is

important in establishing normal placental implantation [2]. In addition, preeclampsia is
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Figure 1-5: Positive feedback mechanism of the pathogenesis in preeclampsia.
Placental hypoperfusion as a result of incomplete trophoblast invasion triggers the release of
circulating factors into maternal circulation. Not only does it cause local oxidative stress, it also
induces systemic endothelial dysfunction. The diseased vessels, as a result, develop increased
contractility and peripheral resistance leading to maternal hypertension and abnormal uterine blood

flow. This further worsens placental hypoperfusion and feeds forward into a vicious cycle.
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associated with conditions where an increased placental mass is not met by an increased
placental blood flow resulting in relative ischemia, such as in twin gestation and hydatidiform
molar pregnancy [43]. Similarly, in animal models, mechanically reduced uterine perfusion
pressure (RUPP) in rats induces progressive placental ischemia as well as maternal signs of
oxidative stress, inflammation, hypertension, and proteinuria — which are all hallmarks of
preeclampsia [44]. Hence, placental hypoperfusion is strongly implicated in the pathogenesis of

preeclampsia.

1.3 Circulating Factors

The second stage in the pathogenesis of preeclampsia is attributed to systemic
inflammation and endothelial dysfunction as a result of the release of circulating factors
triggered by diminished perfusion and a hypoxic environment near placentation. Interestingly,
preeclampsia was initially termed “toxemia” at the end of the 19" century when the disease was
first discovered when the ability to clinically measure blood pressure arose [1]. It was initially
thought that a dysfunctional placenta could release “toxins” into the maternal circulation which
“poison” the mother and trigger the signs and symptoms of preeclampsia (Taylor and Roberts,
1989). Interestingly enough, this theory remains the mainstream dogma for its pathogenesis
today and the knowledge of identifying potential contributing factors has advanced significantly
in the past few decades. The current dogma supports that the lack of remodelling of spiral
arteries and high resistance flow in the placenta contribute to local hypoperfusion which triggers
the release of circulating factors such as anti-angiogenic factors, cytokines, and other compounds

into the maternal vasculature (Figure 1-6). These circulating factors then elicit maternal
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inflammation and endothelial damage, leading to the syndrome of hypertension, vascular

permeability, and end-organ damage.
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Figure 1-6: Overview of pathogenesis in preeclampsia.

Defective trophoblast invasion results in a lack of spiral artery remodelling and subsequent placental
hypoperfusion and hypoxia. This triggers the release of myriad circulating factors into the maternal
circulation, which affect the endothelium by increasing oxidative stress and altering the balance
between vasodilators and vasoconstrictors. Modified from Shah, DA (2015) Biochemical

Pharmacology;95:211 and Frost, JM (2010) PLoS Genet;6:¢1001015.

Abbreviation: sFlt-1, soluble fms-like tyrosine kinase-1; sEng, soluble endoglin; VEGF, vascular
endothelial growth factor; PIGF, placental growth factor; TNF-a, tumor necrosis factor alpha; IL-6,
interleukin-6; Ang II, angiotensin II; AT1-AA, angiotensin receptor-1 autoantibodies; oxLDL,
oxidized low density lipoprotein; STBEV, syncytiotrophoblast extracellular vesicles; ROS, reactive
oxygen species; NO, nitric oxide; PGI,, prostacyclin; EDH, endothelial derived hyperpolarization;
ET-1, endothelin-1; TXA,, thromboxane.
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Although the exact causative factor of preeclampsia remains unknown, and it is unlikely
that one single factor will be identified as the culprit responsible for the entire pathogenesis due
to the heterogeneity of the disease, many studies have demonstrated that circulating factors
released from the placenta are an important link to endothelial dysfunction in the maternal
vascular system. Previous literature has shown that exposure of myometrial arteries from healthy
pregnant women to plasma from preeclamptic women results in impaired endothelium-dependent
vasodilation [45-47]. Similarly, arteries from pregnant rats exposed to plasma from RUPP animal
model of preeclampsia exhibit impaired vasodilation [48], suggesting circulating factors released
as a result of placental hypoperfusion are directly associated with endothelial dysfunction.
Circulating factors in preeclampsia have also been shown to increase oxidative stress and
activation of human umbilical vein endothelial cells (HUVECs) [41, 49]. However, the specific
mechanism(s) by which circulating factors lead to endothelial dysfunction in preeclampsia
remains unclear.

As previously eluded to, there has not been a single factor identified as the exact etiology
of preeclampsia. In reality, the spectrum of the disease is heterogeneous and the development of
preeclampsia is likely multi-factorial. Therefore, there are myriad circulating factors implicated
in the pathogenesis of preeclampsia, including anti-angiogenic factors, cytokines, and other

placental released factors, which will be briefly summarized in the following sections.

1.3.1 Anti-Angiogenic Factors
The human placenta undergoes extensive angiogenesis and vasculogenesis throughout its

development. Angiogenesis is the process of neovascular branching from pre-existing blood
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vessels and vasculogenesis is the process of blood vessel generation de novo from angioblast
precursor cells, both of which are extremely important for normal placenta development [50].

In preeclampsia, there is an excess production of anti-angiogenic factors — soluble fms-
like tyrosine kinase 1 (sFlt-1) and soluble endoglin (sEng) — both of which have been shown to
contribute to the maternal syndrome of preeclampsia [27]. Placentas from preeclamptic
pregnancies have increased expression of sFlt-1 and sEng and their circulating levels are also
increased in the serum of preeclamptic women weeks before the onset of clinical disease [51].
The elevated circulating levels of sFlt-1 and sEng have also been shown to correlate with the
severity of preeclampsia [51]. Interestingly, sFIt-1 overexpression in pregnant rodents induces
hypertension, proteinuria, and glomerular changes in the kidneys, which are all hallmarks of
preeclampsia [52]. Further, addition of sEng in this animal model induces a more severe
phenotype, including cerebral edema, HELLP syndrome, and fetal growth restriction [53, 54].
Soluble Endoglin also interferes with endothelial nitric oxide synthase (eNOS) activation and
impairs endothelial tube formation in HUVECs, which contributes to endothelial dysfunction
[53].

Placental growth factors, such as PIGF and vascular endothelial growth factor (VEGF),
are important for placental angiogenesis and endothelial health. In preeclampsia, an increase in
circulating sFlt-1 binds PIGF and VEGF, which prevents them from interacting with membrane
receptors on the endothelium [27]. Maynard ef al. have demonstrated that increased circulating
sFlt-1 in preeclamptic women is associated with decreased circulating levels of free PIGF and
VEGF, which is associated with impaired angiogenesis in vitro that can be rescued by exogenous
PIGF and VEGF [52]. PIGF has also been shown to increase uterine arterial vasodilation,

promote endothelial cell growth and vasculogenesis in the placenta [55]. In addition, VEGF
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increases intracellular calcium which stimulates eNOS activity in endothelial cells resulting in a
decreased vascular tone and increased angiogenesis [55]. In vitro studies have also shown that
treatment with VEGF inhibitors results in a loss of endothelial fenestrations, arterial patency, and
blood flow in tumor cells [56]. Furthermore, VEGF mediates endothelium-dependent
vasodilation via stimulation of nitric oxide (NO) formation and specific inhibition of VEGF
receptor results in a rapid and sustained increase in blood pressure in healthy mice [57, 58].
Therefore, convincing evidence supports that the presence of elevated sFlt-1 and sEng decreases
circulating levels of free PIGF and VEGF which contributes to a depression of the angiogenesis
necessary for the growth of the placenta and endothelial function in pregnancy.

Clinically, an increase in sFlt-1 and a decrease of free PIGF and VEGF have been shown
to precede the onset of the clinical signs and symptoms of preeclampsia [52, 59, 60]; therefore,
the alteration in their serum levels may be a useful diagnostic or prognostic biomarker to predict
the onset of preeclampsia. Indeed, Levine ef al. have shown that the level of sFlt-1 is increased
approximately five weeks prior to the onset of preeclampsia while the level of free PIGF is
decreased at the beginning of the second trimester in women who later develop preeclampsia
[59]. Furthermore, the magnitude of changes in the increasing levels of sFlt-1 and decreasing
levels of free PIGF is also positively correlated with early onset preeclampsia and with
preeclamptic women who have a small-for-gestational-age infant [59]. In addition, a high plasma
sF1t-1/PIGF ratio has been shown to correlate with adverse maternal and perinatal outcomes in
women at risk of preeclampsia presenting at < 34 weeks and correlates strongly with the duration
of pregnancy [61]. In addition, in those presenting < 34 weeks of gestation, a low plasma

PIGF/sFlt-1 ratio identifies patients who deliver within two weeks due to preeclampsia [62].
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Therefore, alterations in (anti-)angiogenic factors may prove to be a diagnostic strategy;

however, further clinical studies are required.

1.3.2 Inflammatory Responses and Circulating Cytokines

Normal pregnancy consists of a mild state of inflammation, which is evident beginning in
the luteal phase of the menstrual cycle proceeding implantation and continues throughout
pregnancy [63]. This mild increase in inflammation in normal pregnancy is indicative of a non-
specific acute phase response, such as an increase in plasma fibrinogen, ceruloplasmin, and
reduced plasma albumin [64-66]. In normal pregnancy, an increase in white blood cells, or
leukocytosis, is seen throughout pregnancy, as well as increased activation of neutrophils and
monocytes [67, 68]. Pro-inflammatory cytokines, such as interleukin-6 (IL-6) and tumor necrosis

factors-alpha (TNF-a), are both also increased in normal pregnancy [69, 70].

In preeclampsia, this inflammation is further heightened. Several markers of
inflammation are shown to be increased in preeclamptic pregnancy relative to normal pregnancy,
including an increase in leukocytosis, leukocyte activation, complement activation, clotting
factors, platelet activation, and pro-inflammatory cytokines such as IL-6 and TNF-a [63]. In
preeclamptic placenta, an increased production of IL-6 shifts the differentiation of monocytes
into macrophages, which increase the production of TNF-a resulting in a reduction of
trophoblast invasion [71]. Interleukin-6 is also a pro-inflammatory cytokine which increases
angiotensin receptor-1 autoantibodies (AT1-AAs; discussed in the next section) and infusion of
IL-6 causes hypertension and proteinuria in healthy pregnant rats [72]. Plasma levels of TNF-a
are also increased in preeclampsia by two-fold due to placental ischemia and local hypoxia [55,
73]. Furthermore, it has been shown that TNF-a modifies the expression of adhesion molecules

in placental vessels, increasing the apoptosis of trophoblasts and resulting in a reduction in
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trophoblast invasion [74, 75]. Other studies have also demonstrated that TNF-a may also
stimulate placental production of sFlt-1 and sEng [73] and increase endothelin-1 (ET-1) levels
causing hypertension in a rat model [76]. Etanercept, a TNF-a inhibitor, has been shown to
decrease blood pressure, increase eNOS expression, and decrease vasoconstrictor endothelin-1
(ET-1) levels in a RUPP rat model of preeclampsia [76, 77], demonstrating the potential of

cytokines as therapeutic targets in preeclampsia.

1.3.3 Angiotensin II and Angiotensin-1 Receptor Autoantibodies

In the vasculature, angiotensin II (Ang II) is an important regulator of electrolyte balance
and vascular tone. In pregnancy, in addition to its production from angiotensin I by angiotensin
converting enzyme (ACE) in the liver, about 40% of Ang II is produced locally in the placenta
by chymase, which is a non-ACE serine protease mainly found in the syncytiotrophoblasts of
placenta [55]. Physiologically, Ang II activates angiotensin type 1 receptor (ATR) which
increases intracellular calcium levels in vascular smooth muscle cells (VSMCs), promotes
vasoconstriction, and enhances inflammation [55]. Ang II also activates the endothelial
angiotensin type 2 receptor (AT2R) which activates eNOS, increases production of NO and
prostacyclin (PGI»), and opposes Ang II-induced vasoconstriction by the AT R [55]. In normal
pregnancy, although there is an increase in plasma levels of renin (which converts
angiotensinogen to angiotensin I, the precursor for Ang I1) and Ang II, the vascular response to

Ang I1 is decreased due to a down-regulation of AT R expression [55].

However, in preeclampsia, the AT1R forms a heterodimer with the bradykinin B2
receptor and exhibits increased responsiveness to Ang II which contributes to increased
peripheral resistance and the development of hypertension [55]. In animal models, it has also

been shown that hypoxia induces a rapid increase in ATiR expression and plasma Ang II levels
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[78]. In preeclamptic placentas, there is an increase in Ang II levels, renin levels, and ACE
mRNA levels when compared to placentas from normal pregnancy [79]. The concentration of
Ang II, angiotensinogen, and ATR expression are also increased in chorionic villi from

preeclamptic placenta, which may promote uteroplacental dysfunction via vasoconstriction [80].

In addition to enhanced expression of the AT R, there is also evidence that stimulatory
autoantibodies to AT1R (AT1-AA) are elevated in preeclampsia. Indeed, the levels of AT1-AA
are elevated in 70-95% of women with preeclampsia and correlate with severity of the disease
[81]. Siddiqui ef al. have also shown that injection of immunoglobulins from women with
preeclampsia induces hypertension and proteinuria in pregnant mice, which is prevented by a
peptide that blocks antibody-mediated AT;R activation [82]. Similarly, Zhou ef al. have shown
that injection of AT1-AAs from preeclamptic women into pregnant mice induces hypertension,
proteinuria, glomerular changes in the kidneys, and abnormal placentation, which are all
characteristics of preeclampsia [83]. In addition, binding of AT1-AAs to the AT{R induces the
production of sFlt-1 and sEng by human villous explants and the injection of AT1-AA into
healthy rats induces an increase in sFlt-1 in a pregnancy-dependent manner [82, 84]. Other
studies have also shown that AT1-AA reduces placental trophoblast invasion, increases placental
reactive oxygen species (ROS) production, and increases blood pressure in animal models [85].
Therefore, there is strong evidence that an enhanced production of Ang Il and AT1-AA is

associated with the pathophysiology of preeclampsia.

1.3.4 Circulating Lipids and Lipoproteins
As previously eluded to, preeclampsia is associated with many risk factors of
cardiovascular disease, including hyperlipidemia and metabolic syndrome. Indeed, the risk of

preeclampsia is correlated with elevated maternal weight gain, BMI, and serum triglyceride
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levels [21, 86]. It has also been shown that increased placenta oxidative stress in preeclampsia
increases the production of oxidized lipids, such as oxidized low-density lipoprotein (oxLDL)
[1]. Complicated pregnancies, such as preeclampsia and [IUGR, have been associated with a
significantly increase in circulating levels of oxLDL [87, 88]. Previous studies have also
demonstrated that oxLDL can activate nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase leading to increased superoxide production via activation of the lectin-like oxidized low
density lipoprotein receptor-1 (LOX-1) [89, 90]. More importantly, Sankaralingam et al. have
shown that oxLDL and LOX-1 expression are increased in women with preeclampsia, which is
associated with an increase in NADPH oxidase activation and superoxide and peroxynitrite
production [41]. Moreover, English et al. have shown that the impaired vasodilation in arteries
treated with preeclamptic plasma is exacerbated by the exposure to oxLDL and prevented by
incubation with the LOX-1 blocking antibody [91]. Thus, oxLLDL, and more specifically LOX-1
activation, may play a role in the pathogenesis of preeclampsia contributing to systemic

endothelial dysfunction in the maternal vasculature.

1.3.5 Placenta derived cell fragments

Another distinct population of placenta-released circulating factors is microparticles,
which are cell fragments released from the cell membrane during cell activation and apoptosis.
Microparticles are defined by size ranging from 100 to 1000 nm, but they can have a
heterogeneous composition in terms of phospholipid and protein components depending on their
origin [92]. Although first described as “dust” or cell debris in 1967 [93], microparticles are now
recognized to play a role in cell-to-cell communication by displaying and presenting bioactive

substances such as cytokines, signalling proteins, mRNA, and microRNA to target cells [94].
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Microparticles are derived from endothelial cells, erythrocytes, platelets, leukocytes, and
syncytiotrophoblast cells, although the majority of circulating microparticles are derived from
platelets [93, 95]. While microparticles are found in the blood stream under normal physiological
conditions, they are also found to be elevated in pathological conditions such as thrombosis,
inflammation, and vascular dysfunction [92, 94]. Given that preeclampsia is recognized as a state
of inflammation and endothelial dysfunction, it is unsurprising that microparticles are elevated in
women with preeclampsia. Previous studies have shown that endothelium-, leukocyte-, platelet-,
and syncytiotrophoblast-derived microparticles are all significantly increased in preeclampsia
[96].

It is now recognized that the detachment of syncytial fragments from the placenta results
in a release of a heterogeneous population of fragments and vesicles that are metabolically active
and capable of transporting signals in the maternal circulation during pregnancy [27]. In the
presence of placental hypoperfusion and hypoxia, syncytiotrophoblasts are activated and
destabilized resulting in an increased release of microparticles containing oxidized lipids (Figure
1-7) [97]. However, instead of collectively referring to them as “microparticles” which by
definition include particle sizes ranging from 100-1000 nm, the most recent literature suggests
using a more accurate term of extracellular vesicle, which allows the inclusion of smaller
bioactive exosomes ranging in size from 50-100 nm as well as the previously identified
microparticles (personal communication with Dr. I. Sargent, University of Oxford). Therefore,
for the rest of the thesis, I will refer to the placenta-released cell fragments as
syncytiotrophoblast extracellular vesicles (STBEVs).

Syncytiotrophoblast extracellular vesicles are of particular interest because they have

been shown to interact with both immune and endothelial cells which contribute to the systemic



30

inflammation and endothelial dysfunction seen in preeclamptic pregnancy [96]. Not only are
STBEVs increased in the plasma from women with preeclampsia, but the composition and size

of STBEVs are also found to be different from those with normal pregnancy [98], suggesting that

A. Normal B. Preeclampsia

Figure 1-7: Electron micrograph of the syncytial surface of placenta.

(A) Placenta from healthy term pregnancy showing a regular microvilli arrangement on the apical
surface. (B) Placenta from a severe preeclamptic patient delivered at 35 weeks of gestation due to
uncontrolled hypertension and proteinuria demonstrates a loss of apical surface integrity, distorted
microvilli, and shedding of placental debris of various sizes. 1: apoptotic bodies (1 um); 2:
microvesicles (100 nm — 1 pm); 3: exosome (70 — 120 nm). Reprinted with permission from Dr.

Carolyn Jones, University of Manchester [97].

it is a unique entity that may be of diagnostic value or therapeutic target in preeclampsia. A
number of in vitro studies have shown that STBEVs disrupt monolayer cell architecture,
suppress proliferation, and increase apoptosis in HUVECs [99-101]. One of the first papers
investigating the effect of STBEVs on endothelial function has shown that a 2-hour perfusion of
human omental arteries with STBEVs significantly reduces acetylcholine (ACh)-induced

vasodilation [71]. Although this finding has not been universal [102], others have demonstrated
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similar findings using preeclamptic microparticles. Microparticles isolated from women with
preeclampsia have been shown to impair endothelial function in human myometrial arteries
[103] and generate vascular wall inflammation and blunt vascular contractility in mice aortas and
mesenteric arteries [ 104, 105]. These latter studies have also shown that microparticles from
preeclamptic women stimulate an increase in vasoconstrictor prostanoids and NO participation
since the inhibition of PGHS-2 and NOS significantly reduced contractility [104, 105].
Moreover, increased STBEV levels have been found in women with early onset preeclampsia,
but not in cases of normotensive IUGR, suggesting that although both pregnancy complications
involve abnormal placentation, STBEVs may be unique to preeclampsia [106]. However, the
specific mechanism(s) behind how STBEVs impair endothelial function remains unclear; thus,

we are interested in investigating if and how STBEVs interact with the maternal vasculature.

1.4 The Endothelium

As previously discussed, preeclampsia is believed to be triggered by incomplete
trophoblast invasion into the maternal spiral arterioles, resulting in placental hypoperfusion and
local hypoxia. Consequently, a myriad of circulating factors are released in response into the
maternal circulation and interact with the endothelium. In women predisposed to vascular

dysfunction, this triggers several downstream effects and eventually the onset of preeclampsia.

Systemic endothelial dysfunction plays a central role in the pathophysiology of
preeclampsia. Interestingly, the clinical symptoms of preeclampsia can be explained as a result
of endothelial dysfunction and vascular permeability depending on the organ involved. For
example, dysregulation of vascular tone results in hypertension while increased vascular
permeability leads to generalized edema as a result of the extravasation of intravascular fluid into

the interstitial tissues [40]. In addition, endothelial dysfunction in the central nervous system can
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result in headaches, scotoma, seizures and stroke. Similarly, vascular dysfunction in the liver
leads to right upper quadrant pain and elevated liver enzymes and in the kidney causes
proteinuria and renal failure. Therefore, understanding how the endothelium is affected in the

development of preeclampsia is crucial.

Vascular tone is tightly controlled by a balance of vasodilators and vasoconstrictors. In
preeclampsia, it is believed that a decrease in the bioavailability of vasodilators and an increase
in vasoconstrictors contribute to the imbalance in vascular control, which results in hypertension
and abnormal blood flow to the end organs, such as the uterus, the kidneys, and the liver. In the
endothelium, two of the most important vasodilators are NO and PGI», which will be further
discussed in the following sections. Major vasoconstrictor pathways include TXA,, ET-1, and
Ang II. Thromboxane is a prostaglandin H synthase (PGHS) dependent vasoconstrictor which
will be discussed in detail in the next section. Endothelin-1 is a potent peptidergic
vasoconstrictor which activates the ETa-receptor, but can also act as a vasodilator through
activation of ETg-receptor [107]. Overexpression of ET-1 is observed in women with
preeclampsia. This is thought to contribute to increased peripheral resistance and maternal
hypertension and decreased placental flow resulting in placental hypoperfusion and IUGR [107].
In addition, as previously discussed, there is an elevated levels of Ang Il and AT1-AA which
contribute to the endothelial dysfunction and hypertension observed in women with
preeclampsia; therefore, an upregulation of the renin-angiotensin system is also implicated in the
pathogenesis of preeclampsia. However, for the purpose of the thesis, we will focus on the NO

pathways and the PGHS-dependent vasodilators and vasoconstrictors.
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1.4.1 Nitric Oxide Pathway

One of the most important and potent vasodilators in the vasculature is NO, which is
produced by nitric oxide synthase (NOS) from L-arginine. Nitric oxide diffuses into VSMCs and
converts guanosine triphosphate (GTP) into cyclic guanosine monophosphate (cGMP) by
activating soluble guanylyl cyclase (sGC) which results in vasodilation [108, 109]. Nitric oxide
can also bind to oxygen-derived free radicals, such as superoxide, to reduce oxidative stress
[108]. In addition, NO is especially important in the uterine artery vasculature as it regulates
local tone to increase blood flow to the growing uterus, placenta, and fetus during pregnancy
[110]. During normal pregnancy, increased NOS expression/activity in human uterine arteries
increases NO levels [111]. Cyclic GMP levels are also increased in the plasma and urine of
pregnant women, particularly during the first trimester [112]. Previous studies have shown that
NO increases VEGF and PIGF and decreases sFlt-1 in hypoxic human trophoblast cells [113].
Pan NOS inhibition in pregnant rats further produces high blood pressure, proteinuria,
thrombocytopenia, and IUGR [114]. However, when in excess, NO is also known as a “double-
edged sword” as it can bind to superoxide to produce peroxynitrite (ONOO-) which leads to lipid
peroxidation, cell apoptosis, and vasoconstriction [108]. Therefore, a precise balance of NO

production is necessary to maintain appropriate vascular tone and function.

The majority of NO production in the vasculature is associated with eNOS, arguably the
most important isoform of NOS in pregnancy. Previous studies have shown that both the stable
metabolites of NO and eNOS expression are increased in healthy pregnancy [110]. However,
studies comparing NO level and eNOS expression in preeclamptic women have shown
conflicting results. Serum NO levels have been shown to decrease in women with preeclampsia

[115], while eNOS expression has been found to be increased in placentas [116] and maternal
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vasculature from preeclamptic pregnancies [117]. Interestingly, Bhavina ef al. (2014) have found
a decrease in eNOS expression in the fetal end of the umbilical cord from women with
gestational hypertension (new onset hypertension after 20 weeks of gestation without proteinuria
or other complications) and mild preeclampsia (new onset hypertension after 20 weeks of
gestation with 1+ proteinuria), but an increase in eNOS expression from those with severe
preeclampsia (new onset hypertension after 20 weeks of gestation with 3+ proteinuria).
Therefore, we are interested in examining the functional contribution of eNOS to endothelial

vasodilation and the effect of circulating factors on eNOS expression in pregnant uterine arteries.

In addition to the mild increase in oxidative stress, normal pregnancy itself is also
considered a mild inflammatory state, which becomes apparent before implantation and develops
as pregnancy progresses [63]. As previously eluded to, a similar inflammatory response occurs in
preeclampsia but with greater intensity and heightened inflammation can stimulate an
upregulation of inducible NOS (iNOS). Inducible NOS is known to contribute to excessive NO
production, subsequent ONOO- formation, and endothelial dysfunction in pathological
conditions, such as hypertension and cardiovascular disease [118]; however, its role in
preeclampsia is still controversial. Conflicting studies have shown an increase in iNOS mRNA
levels and iNOS protein expression in placentas from women with gestational hypertension and
preeclampsia [119, 120] and increase in iNOS protein expression in HUVECs after exposure to
serum from preeclamptic women [115]. In animal models of preeclampsia, the level of iNOS
expression has also been shown to increase and the inhibition of iNOS attenuates hypertension
and associated oxidative stress [121]. However, some studies have demonstrated no change in

iINOS expression in platelets from preeclamptic women compared to those from healthy pregnant
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women [122]. Thus, investigating how circulating factors interact with iNOS contribution to

endothelial vasodilation would further contribute to understanding of its role in preeclampsia.

Lastly, neuronal NOS (nNOS) is a third isoform of NOS primarily expressed throughout
the central and peripheral nervous systems. Neuronal NOS plays a role in blood pressure control
by regulating the production of NO in the brain, autonomic inhibitory nerves and the heart [123,
124]. However, data on the role of nNOS in preeclampsia is very scarce. One previous study has
shown that nNOS is expressed in vascular smooth muscle cells of the human umbilical veins,
and is significantly down-regulated in umbilical cords obtained from preeclamptic pregnancy
compared to those from normal pregnancy [125]. It would be interesting to examine how and if

circulating factors in preeclampsia affect the expression of nNOS in the vasculature.

1.4.2 Prostaglandins Pathway

Derived from arachidonic acid by PGHS, which is also known as cyclooxygenase (COX),
prostanoids are another important source of vasodilators in the maternal vasculature.
Endothelium-derived PGI; are potent vasodilators and anti-platelet that contribute to reduced
vascular resistance in pregnancy and are found in abundance in the endothelium of large blood
vessels and microvascular vessels [126]. The production of PGI> has been shown to increase
locally in the uterine circulation during pregnancy [126], as well as in the maternal circulation
since urinary excretion of its major metabolites, 6-keto-prostaglandin Fla (PGF1a), is increased
during early pregnancy and remains elevated throughout gestation [127]. On the other hand,
PGHS-dependent vasoconstrictors, TXA> and its immediate precursor endoperoxide (PGH>), are
also important in the vasculature [128]. Although TXA: has a short half-life in the maternal
circulation, measurement of its stable metabolites reveals that it is also increased 3- to 5-fold

during pregnancy and remains elevated throughout gestation [128]. Furthermore, activation of
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PGHS contributes to the production of superoxide by activating NADPH oxidase [129], which
results in an increase in oxidative stress. Therefore, the activity of PGHS-dependent

vasoconstriction is intricately associated with the NO pathway and ROS system as superoxide
can initiate lipid membrane peroxidation as well as react with NO to produce ONOO- and thus

reduce NO bioavailability.

Interestingly, although an increase in PGI> biosynthesis is observed in preeclampsia, the
magnitude of increase is compromised when compared to the increase in PGl production seen in
healthy pregnancy [127, 130]. There is evidence that hypoxia downregulates PGHS which
decreases endothelium-derived PGI; [55] and preeclamptic women have reduced levels of
PGF1a, the main metabolite of PGI,, when compared with normal pregnancy [131].
Thromboxane production is also significantly increased as evidenced by an increase in excretion
of urinary metabolites and an increase in biosynthesis in trophoblast cells in placental tissue from
women with preeclampsia [132-134]. Furthermore, there is also evidence of increased platelet
activation and TXA» production in severe preeclampsia [55]. Taken altogether, a relatively
compromised elevation in PGL production combined with a significant increase in TXA; levels
may contribute to the increase in TXA2/PGL ratio that has been consistently shown in
preeclamptic women [135]. Furthermore, both the expression and activity of PGHS have been
shown to be enhanced in placental trophoblasts from women with preeclampsia. Activation of
PGHS may contribute to superoxide production, which in turns increases ONOO- formation and
lipid peroxidation, leading to endothelial dysfunction seen in preeclampsia [129]. Therefore, we
are interested in examining how circulating factors affect the balance of PGHS-dependent

vasodilators and vasoconstrictors in the pathogenesis of preeclampsia.
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1.4.3 Reactive Oxygen Species

As previously discussed, a major component in the control of vascular tone involves the
regulation of oxidative stress and the interaction between vasodilators and vasoconstrictors with
ROS. In normal pregnancy, there is evidence of a mild increase in oxidative stress and a mild
decrease in antioxidants [136-138]. However, as mentioned, a number of circulating factors
induce a further increase in placental and endothelial cellular oxidative stress and an excess

production of ROS is believed to be central to the pathogenesis of preeclampsia.

Reactive oxygen species, such as superoxide, hydrogen peroxide (H202) and ONOO-,
contain highly reactive oxygen radicals which are known to cause cellular damage. Endogenous
antioxidants, such as superoxide dismutase (SOD) and catalase, break down superoxide and
H>0: into water and oxygen. In preeclampsia, there is an increase in ROS production and a
decrease in antioxidant levels, which contribute to increased lipid peroxidation, endothelial cell
damage, and vascular dysfunction [139]. Previous studies have shown that there is an increase in
lipid peroxidation products and ROS, such as malondialdehyde, H>O> and ONOO-, in
erythrocytes from women with preeclampsia [140, 141]. There is also an associated reduction in
the activity of antioxidants, such as SOD, catalase, and glutathione peroxidase in women with
preeclampsia [140]. Furthermore, a prospective study has demonstrated that an increase in
urinary excretion of ROS markers is correlated with the development of preeclampsia, shorter

duration of gestation, and a lower birth weight [142].

An excess production of ROS damages the endoplasmic reticulum and triggers apoptosis
in the syncytium [143]. This leads to a release of placental cell fragments entering the maternal
circulation and stimulates the release of cytokines and free radicals further damaging the

endothelium [144]. In preeclampsia, an increase of ROS has also been shown to contribute to the
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degradation of polyunsaturated fatty acids in the cell membrane, causing alteration in membrane
fluidity, permeability, and eventually cell damage [145, 146]. In addition, a number of factors
that are increased in preeclampsia, such as TNF-a, Ang II, and oxidized lipoproteins, are also
shown to increase the production of ROS in the uterine vasculature by activating NADPH
oxidase and is reviewed elsewhere [147]. However, the functional consequence of how
circulating factors affect endothelial function is still unknown and will be the focus of our

studies.

1.4.4 Animal Models of Preeclampsia

Understanding the complex pathogenesis of preeclampsia requires several different
experimental approaches, including various animal models. As previously mentioned, the RUPP
model of preeclampsia is well studied in several types of animals, including rat, dog, rabbit, non-
human primate, guinea pig, and sheep. Most commonly, mechanical reduction in uterine blood
flow in rats can be accomplished in placing clips on the abdominal aorta and bilateral uterine
arteries on day 14 of a 21-day-gestation pregnancy, which results in a 40-50% reduction in
uterine blood flow [44]. Rat model of RUPP has been shown to demonstrate hypertension,
decreased GFR, renal endotheliosis, fetal growth restriction and increase in biomarkers such as
sFlt-1, sEng, TNF-a, IL-6, TXA2, ET-1, and AT1-AA, to name a few [44]. Another approach is
the use of genetic modification of eNOS knock-out mice or chronic infusion of pan NOS
inhibitor, L-NAME, in pregnant mice, both resulting in the hallmarks of hypertension,
proteinuria, and endothelial dysfunction [148]. A variety of therapeutic strategies to increase NO
bioavailability also exist, including the administration of NO precursor (L-arginine), NO donor

(glyceryl trinitrate), inhibition of endogenous NOS inhibitor (ADMA), and inhibition



39

phosphodiesterase which increases the clearance of cGMP (sildenafil) — all of which are still
under studies as potential treatment for preeclampsia [148].

The infusion of various types of circulating factors implicated in preeclampsia further
enhance the understanding of its pathophysiology. This includes the overexpression of sFlt-1 in
rodents, resulting in the development of hypertension, proteinuria, and renal endotheliosis which
is exacerbated by the addition of sEng [52, 53]. Chronic infusion of inflammatory cytokines such
as TNF-a or endotoxin in pregnant rodents also lead to hypertension and proteinuria with
preservation of fetal biometric growth, suggesting a role for inflammation as one of the inciting
events in the pathogenesis [148]. Similarly, the injection of AT1-AAs from women with
preeclampsia into pregnant mice also induces hypertension, proteinuria, and abnormal
placentation [83]. These models allow for the advantage of studying of specific factor(s) in the
maternal endothelium; however, the disadvantage of which is the preclusion of the

heterogeneous “big picture” that is seen in preeclampsia.

1.5 Lectin-like Oxidized Low Density Lipoprotein Receptor-1 (LOX-1)

In search of a common pathway between circulating factors, generation of oxidative
stress, endothelial dysfunction, and atherosis of pregnancy as seen in preeclampsia, we are
interested in examining the possible role of the lectin-like oxidized low density lipoprotein
receptor-1 (LOX-1) as the potential point of convergence in the pathogenesis. Initially
discovered as a receptor for oxXLDL nearly 20 years ago, LOX-1 is now recognized as a multi-
ligand scavenger receptor that has been implicated in a number of cardiovascular diseases with
an underlying pathophysiology involving vascular inflammation, atherosclerosis, and endothelial
dysfunction. Specifically, LOX-1 has been shown to be elevated in hypertension,

hyperlipidemia, diabetes mellitus, atherosclerosis, and more recently in preeclampsia [41, 149].
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In this section, we review the structure and function of LOX-1 as well as its role in preeclampsia

and the potential clinical application.

1.5.1 Structure and Function of LOX-1

The LOX-1 receptor is a scavenger receptor found on the plasma membranes of
macrophages, endothelial cells, and smooth muscle cells [150-152]. By definition, scavenger
receptors constitute a large family of cell membrane proteins that are capable of binding multiple
ligands and function by endocytosis and activation of signalling pathways that lead to the
elimination of the modified substances [152]. A recent review in the classification and
nomenclature of scavenger receptors is available elsewhere [152]. Briefly, LOX-1is a
transmembrane scavenger receptor with four domains: 1) cytosolic domain, 2) transmembrane

domain, 3) neck domain, and 4) C-type lectin-like domain (Figure 1-8) [153]. Initially
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Figure 1-8: Activation of the LOX-1 receptor and downstream pathways.

The scavenger receptor, LOX-1, is a transmembrane protein consisted of four domains: (1) cytosolic
domain, (2) transmembrane domain, (3) neck domain, and (4) C-type lectin-like domain. Multiple
ligands can bind to LOX-1, which triggers endocytosis of the ligand-bound receptor and activates
downstream pathways, including NADPH oxidase which increases superoxide production and
decreases NO bioavailability. Modified from Zuniga FA (2014) Biomed Res Int:353616 Epub
2014/Jul/e6.

Abbreviation: oxLDL, oxidized low density lipoprotein; LOX-1, lectin-like oxidized low density
lipoprotein receptor-1; NADPH, nicotinamide adenine dinucleotide phosphate; O,°®-, superoxide;

ONOO-, peroxynitrite; NO, nitric oxide.

discovered as a receptor for oxXLDL, LOX-1 is now known to bind to several ligands, including
charged phospholipids such as phosphatidylserine [154], apoptotic bodies [155], activated

platelets [156], and Gram positive and Gram negative bacteria [157].

Although the basal expression is low, LOX-1 is induced by a number of factors that are
also known to be increased in preeclampsia, namely ROS, TNF-a, CRP, Ang Il and ET-1 [158].
Binding of oxLDL induces the transcription of its own receptor, which undergoes
oligodimerization forming a homodimer, a critical step for its function [158]. Upon binding of
the ligand, the oxXLDL/LOX-1 complex undergoes endocytosis and becomes internalized.
Although the exact protein facilitating the intracellular trafficking of oxLDL/LOX-1 complex
remains unknown, it has been shown that LOX-1 separates from oxLDL in endosomes which

becomes degraded via lysosomes while LOX-1 is recycled back to the plasma membrane [158].

Much of the earlier literature focuses on the function of LOX-1 and its affinity for
oxLDL. In atherosclerosis, low density lipoproteins (LDL) in the circulation passes into the
subendothelial layer and undergoes oxidation to become oxLDL. Oxidized LDL then binds to

LOX-1 on the endothelial cell surface which leads to the secretion of chemokines and pro-
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inflammatory molecules encouraging the recruitment and translocation of monocytes into the
subendothelial layer [159]. The recruited monocytes migrate across into the intimal space and
form macrophages and begin to express LOX-1 [151]. Oxidized LDL also binds to LOX-1
expressed on macrophages, which is then internalized and triggers the transformation of
macrophages into foam cells contributing to the formation of atherosclerotic plaques [151].
Interestingly, the binding of oxLDL to LOX-1 as well as its activation of ROS production
triggers an up-regulation of LOX-1 expression, thereby inducing a vicious cycle of increased
inflammation [160]. Oxidized LDL further binds LOX-1 on VSMCs and triggers the migration

and proliferation of VSMCs into the intima and results in narrowing of the arterial lumen [159].

More recently, the role of LOX-1 in endothelial function and the pathogenesis of
cardiovascular diseases has been increasingly recognized. Activation of LOX-1 is known to
increase the activity of NADPH oxidase which increases ROS generation. The increased ROS
production, as previously eluded, not only increases self-induced up-regulation of LOX-1
expression, but also contributes to a decrease in NO bioavailability, resulting in endothelial
dysfunction and subsequent vasoconstriction, apoptosis, and inflammation (Figure 1-8) [153].
Given the shared characteristics of heightened inflammation, increased oxidative stress, and
acute atherosis seen in preeclampsia, we are interested in examining how circulating factors

could interact with LOX-1 in the pathogenesis of endothelial dysfunction.

1.5.2 The Role of LOX-1 in Preeclampsia

Preeclampsia is increasingly recognized as a risk factor for cardiovascular disease, and
vice versa, women with a predisposition to endothelial dysfunction and metabolic syndrome are
at increased risk of developing preeclampsia. As previously discussed, enhanced inflammation,

oxidative stress, abnormal lipid handling, and acute atherosis are essentially hallmarks of
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preeclampsia; thus, it is unsurprising that LOX-1, which is independently implicated in these
disease processes, is also found to be increased in the maternal vasculature of women with

preeclampsia [41].

In addition, the placenta has been found to exhibit high expression levels of LOX-1
mRNA [161]. It has been suggested that LOX-1 may be involved in trophoblast invasion in early
pregnancy and that accelerated trophoblast apoptosis and endothelial dysfunction seen in
preeclampsia is mediated via LOX-1 [91, 161, 162]. Previously the Davidge laboratory has
demonstrated that preeclamptic women exhibit an increased level of oxLDL and arterial LOX-1
expression and circulating factors in preeclamptic plasma induce up-regulation of LOX-1 and
superoxide production in isolated endothelial cells [41]. Circulating factors in preeclamptic
plasma have also been shown to impair endothelial function, which is exacerbated by the
addition of oxLDL and obliterated by the inhibition of LOX-1 [91]. Furthermore, in a RUPP rat
model of preeclampsia, arterial LOX-1 expression and superoxide production are increased
compared to normal pregnant rats [163]. Altogether, this suggests that circulating factors in
preeclamptic plasma induce endothelial dysfunction which is mediated by oxidative stress via
activation of the LOX-1 pathway. As previously discussed, STBEVs are one of the circulating
factors released from the placental syncytiotrophoblast cell membranes during activation and
apoptosis; therefore, we are interested to investigate whether STBEVs act as a ligand for LOX-1

which can contribute to endothelial dysfunction seen in preeclampsia.

1.5.3 Therapeutic and Diagnostic Potential of LOX-1 in Preeclampsia
While basal expression of LOX-1 is low, the expression is upregulated by inflammatory
stimuli and oxidative stress, such as TNF-a, IL-6 [164] and oxLDL [89], as well as in several

cardiovascular diseases such as diabetes, hyperlipidemia, atherosclerosis, and preeclampsia [41,
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149]. Despite the fact that LOX-1 is expressed in the placenta, previous studies have shown that
LOX-1 is not a lethal gene since LOX-1 knock-out mice are still fertile and do not carry
detectable abnormalities during pregnancy [165]. This adds to the therapeutic consideration of

potentially targeting LOX-1 in the treatment of preeclampsia.

Interestingly, the extracellular domain of LOX-1 can be cleaved at the neck domain to
generate a soluble molecule (sLOX-1) [166]. Although the specific role of SLOX-1 remains
unknown, it is associated with several cardiovascular diseases and thus increasingly recognized
as a potential biomarker for risk factors such as diabetes, hypertension, and hyperlipidemia [159,
167]. Therefore, understanding the role of LOX-1 in preeclampsia may also contribute to the

potential use of sSLOX-1 as a diagnostic marker in high risk pregnancy.

1.6 Summary

The cost of the morbidity and mortality associated with preeclampsia in terms of the
immediate and long term health of the mothers, health of the offspring, and the utilization of our
health care system, is enormous. We are intrigued by the complicated, and yet exciting,
underlying pathophysiology of preeclampsia. We hope to contribute to the understanding of this
disease and to finding a preventative or therapeutic strategy that will ultimately lead to a
potential cure. The overall objective of this thesis is to investigate the potential roles and
mechanisms behind circulating factors, and specifically STBEVs, as eliciting events in the
development of endothelial dysfunction seen in preeclampsia. Given that STBEVs are packages
of oxidized lipids and LOX-1 is known to bind to several ligands, including lipids, platelets, cell
debris, inflammatory cells, and even bacteria [168, 169], we are intrigued by the possibility that
STBEVs may impair endothelial function by acting as a ligand for the LOX-1 receptor (Figure 1-

9).
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For the first part of the thesis, we will focus on the study of circulating factors from
women with preeclampsia and whether they interact with NO and prostaglandin pathways as
potential mechanisms of vascular dysfunction. Although there is a wealth of literature on the
effects of circulating factors (i.e. preeclamptic plasma) on isolated endothelial cells, there is a
surprising paucity of data for mechanisms leading to the functional consequences of circulating
factors on maternal vasculature. We hypothesize that circulating factors in preeclamptic plasma
impair endothelial vasodilation in uterine and mesenteric arteries via increasing oxidative stress
which decreases NO participation and prostaglandin vasodilators and contribute to vascular
dysfunction. For the second part of the thesis, we will investigate the role of STBEVs in maternal
endothelial function as well as its interaction with the LOX-1 pathway. We hypothesize that
STBEVs contribute to impaired endothelial vasodilation by increasing oxidative stress and

alteration of NO bioavailability via the activation of the LOX-1 pathway.
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Figure 1-9: Summary diagram of the hypotheses.

Abbreviations: oxLDL, oxidized low density lipoprotein; STBEVs, syncytiotrophoblast
extracellular vesicles; LOX-1, lectin-like oxidized low density lipoprotein receptor-1; Arg 11,
arginase II; NADPH, nicotinamide adenine dinucleotide phosphate; ®0O»-, superoxide; NO, nitric
oxide; eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; SOD,
superoxide dismutase; H,O», hydrogen peroxide; H,O, water; O, oxygen; ONOO-, peroxynitrite;
sGC; soluble guanylyl cyclase; GTP, guanosine triphosphate; cGMP, cyclic guanosine
monophosphate; EDH; endothelium derived hyperpolarization; K*, potassium ion; AA, arachidonic
acid; PGHS, prostaglandin H synthase; PGHs, prostaglandin H»; PGI,, prostacyclin; TXA,,
thromboxane; cAMP, cyclic adenosine monophosphate; IP3, inositol triphosphate; DAG,
diacylglycerol; EC, endothelial cells; VSMC, vascular smooth muscle cell.
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2.1 Introduction

As discussed in Chapter 1, systemic endothelial dysfunction is thought to play a central
role in the development of preeclampsia. Placental hypoperfusion resulting from a lack of spiral
artery remodelling in early placental development leads to local oxidative stress and the release
of circulating factors into the maternal vasculature [40]. Previous studies have shown that plasma
from preeclamptic women reduces endothelium-dependent vasodilation in healthy resistance
vessels [45-47, 91], although this finding is not universal [103]. However, the mechanisms by
which circulating factors lead to endothelial dysfunction remain unclear. Two key regulatory
mechanisms in vascular function during pregnancy are the NO and prostaglandin pathways.
Nitric oxide, a potent vasodilator, is produced from L-arginine by NOS, which exists in different
isoforms: eNOS, iNOS, and nNOS. In the endothelium, the majority of NO production is
associated with eNOS, while in diseased states such as hypertension and ageing, iNOS and
nNOS have been shown to contribute to NO bioavailability in the cardiovascular system [121,
170]. Nitric oxide is the major vasodilator in the uterine artery vasculature and it, therefore,
functions to support the increase in blood flow and fetal growth during pregnancy. Indeed,
studies have shown that stable metabolites of NO and eNOS expression are both increased in
pregnancy [110]. Nitric oxide is also essential for embryo development, placenta implantation,
and trophoblast invasion [108] and regulates placental angiogenesis and maturation throughout
pregnancy [120]. However, the bioavailability of NO is intricately affected by levels of ROS,
such as superoxide, which scavenges NO to produce ONOO- and decreases NO-mediated
relaxation of vascular smooth muscle [108]. Therefore, it is of interest to determine how
circulating factors in women with preeclampsia interact with ROS and the NO system in the

maternal vasculature.
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Prostaglandins, produced from arachidonic acid by PGHS, are also intrinsically related to
endothelial dysfunction in preeclampsia. Prostacyclin, an important vasodilator, is an abundant
metabolite of PGHS in the endothelium and its biosynthesis is increased locally in the uterine
and renal circulations during pregnancy. Thromboxane, a potent vasoconstrictor mainly derived
from platelets but also produced in endothelium and VSMC, is also increased 3-5 fold during
pregnancy [126]. Although both PGHS-dependent vasodilators and vasoconstrictors have both
been shown to increase in pregnancy, a delicate balance between them is required to properly
maintain vascular tone. A number of studies have reported a decrease in the PGIo/TXA; ratio in
preeclampsia as early as the first trimester and continues throughout pregnancy [171]. Given the
ubiquitous nature of NO and prostaglandins in the vasculature, we are interested in examining
how circulating factors in plasma from women with preeclampsia could interact with these

pathways.

We hypothesize that circulating factors in preeclamptic plasma contribute to an increase
in oxidative stress and result in an impairment of endothelial vasodilation in uterine (responsible
for supplying the uterus and the fetus) and mesenteric (responsible for peripheral resistance and
blood pressure control) arteries. Specifically, we hypothesize that circulating factors increase
superoxide production in the endothelium, which scavenges and decreases the bioavailability of
NO, resulting in endothelium-dependent vascular dysfunction. To compensate for the reduction
in NO-mediated vasodilation, we hypothesize there would be an increase in NOS isoforms in
arteries exposed to preeclamptic plasma We further hypothesize that circulating factors will lead

to reduced PGI production resulting in impaired vasodilation.
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2.2 Materials and Methods

2.2.1 Ethics Approval

The animal use protocols were approved by the University of Alberta Health Sciences Animal
Policy and Welfare Committee, in accordance with the Canadian Council on Animal Care
guidelines. The study protocol for human blood sample collection was approved by the
Foundacion Cardiovascular de Colombia Institutional Ethics Review Board and conducted in
Colombia. Written informed consent was obtained from all study participants. The blood sample
collection protocols were also approved by the University of Alberta Ethics Committee to be

used for studies in our laboratory.

2.2.2 Pooled Plasma Preparation

The plasma samples were obtained from the authors of a previously published multi-centre case-
control study conducted in Colombia [172]. Briefly, subjects with preeclampsia (PE) were
identified upon admission to the obstetrical services and recruited if blood pressure was > 140/90
mmHg after the 20" week of gestation with concurrent proteinuria (24-hour urinary protein >
300 mg or dipstick protein > 1+ in at least two random urine samples at least 4-6 hours apart).
The control normotensive pregnant (NP) group was recruited consecutively from the same
hospital after matching by age and ethnicity. Women with a history of chronic hypertension,
cardiovascular disease, endocrine disease, autoimmune disease, renal disease, mental illness,
human immunodeficiency virus and cancer were excluded. Plasma samples were collected in
EDTA-coated tubes and transferred to Canada while stored at -80 °C. Prior to the experiments,
plasma samples were randomly selected and pooled (NP group n = 10; PE group n=12) and
stored at -80 °C until use. The pooled samples were matched by maternal age and maternal BMI

in both groups and none of the subjects smoked during pregnancy (Table 2-1).
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Table 2-1: Characteristics of subjects from whom plasma samples were collected and

pooled

Characteristics N(OI\II.IT; Oltlilis(;;’e P{;Ec;l?::{) 2s)1 a P-value
Maternal age (years) 27.5+2.5 23.7+1.4 0.17
Gestational age (weeks) 38 (30 — 40)! 36 (25 —38)! 0.01
Systolic blood pressure (mmHg) 113.2+2.1 150.3+4.3 <0.0001
Diastolic blood pressure (mmHg) 689+ 1.9 95.1+2.9 <0.0001
24h proteinuria (mg/24h) - 360 (305-1184)! -
BMI (kg/m?) 263+1.5 28.0+ 1.6 0.45
Smoking during pregnancy (%)? 0 0 -

!Gestational age and proteinuria were not normally distributed. They were presented as median
(range). A non-parametric Mann-Whitney test was used for statistical comparison.

“None of the subjects smoked during pregnancy. All 12 subjects in the PE group and all but one
subject in the NP group were lifelong non-smokers. One subject in the NP group was a casual

smoker who quit at least one year prior to conception.

2.2.3 Animal and Vessel Preparation

Three-month-old female Sprague Dawley rats were bred after acclimatization in 10:14-hour
light:dark cycle cages with free access to standard rat chow and tap water. A total of 26 animals
were used for experiments (NP: n = 14, PE: n = 12). Day 0 of pregnancy was confirmed by the
presence of sperm in a vaginal smear following an overnight mating. On day 20 of gestation, the
animals were sacrificed by exsanguination while under anesthesia by isoflurane and a
laparotomy was performed to harvest the mesenteric and uterine arteries. The arteries were
isolated under a microscope to ensure all connective tissues and adipocytes were removed. The
arteries were then incubated overnight with 3% plasma from either normotensive pregnant or

preeclamptic women with 1 U/mL heparin in physiologic saline solution at 4 °C. The
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concentration of plasma incubation was chosen based on previous studies [46, 48, 91]. The
arteries were mounted for myography experiments on the following day after 22-24 hours of

incubation.

2.2.4 Superoxide detection

Superoxide level was measured by staining with dihydroethidium (DHE; n=5). DHE reacts with
superoxide to yield ethidium, which binds to nuclear DNA and generates red fluorescence. After
overnight incubation in plasma, segments of uterine arteries were embedded in optimal cutting
medium (OCT) and snap-frozen in liquid nitrogen for storage. Sections of the arteries were cut at
10 um, mounted on glass slides at -20 °C, and stored at -80 °C until use. On the day of analysis,
the slides were thawed, washed with Hank’s Balanced Salt Solution (HBSS) 3 times at 2 minutes
each, and incubated with fresh HBSS for 10 minutes at 37 °C in a humid chamber. The slides
were then incubated with DHE for 30 minutes at 37 °C, washed with HBSS 3 times at 2 minutes

each, cover slipped, and visualized under an IX81 Olympus fluorescence microscope.

2.2.5 Western blot analysis for NOS expression

Following an overnight incubation in plasma, uterine arteries (n=5-8) were snap frozen in liquid
nitrogen and stored at -80 °C until use. On the day of analysis, uterine arteries were thawed and
homogenized in lysis buffer (50 mM Tris-HCI, pH 7.4; 150 mM NaCl; 1% Triton-100; 0.5%
sodium deoxycholate; 0.1% SDS; 1 mM EDTA; 10 mM NaF; 1 mM PMSF; 1X protease
inhibitor cocktail tablet [SIGMAIFAST Protease Inhibitor Cocktail Tablets, EDTA-free]; 2 mM
sodium orthovanadate). Total protein was determined using bicinochoninic assay (BCA; Pierce-
Thermo Scientific) and 50 pg of total protein was loaded onto 7.5% SDS-acrylamide gels. After
electrophoresis, the proteins were transferred onto 0.2 pm nitrocellulose membrane (Biorad) and

blocked with 50% blocking reagent (Rockland Inc.). The membranes were then incubated
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overnight with primary antibodies: iNOS (mouse monoclonal; 1:500; BD Biosciences cat #
610432), eNOS (mouse monoclonal; 1:500; BD Biosciences cat # 610297), nNOS (mouse
monoclonal; 1:500; BD Biosciences cat # 610309), and B-actin (rabbit polyclonal; 1:1000;
Abcam cat # ab75186). On the following day, the membranes were incubated with secondary
antibodies for one hour: donkey anti-mouse IgG (IRDYe 800CW; 1:10,000; Li-Cor cat # 926-
32212) or goat anti-rabbit IgG (IRDYe 680RD; 1:10,000; Li-Cor cat # 926-68071). Blots were
imaged using Odyssey infrared imaging system and densitometry was measured with Odyssey

software v 3.0.021 (Li-Cor Biosciences). Results were normalized to -actin as a loading control.

2.2.6 Myography

Following an overnight incubation in 3% plasma and 1 mU/mL of heparin, mesenteric and
uterine arteries were mounted on two 40-pm wires and attached to a wire myograph (DMT,
Copenhagen, Denmark) for isometric tension recordings. The vessels were normalized and
equilibrated for a minimum of 30 minutes before they were exposed to two wake-up doses of
phenylephrine (10 pmol/L) and a single dose of methacholine (3 pmol/L) to ensure endothelial
function and smooth muscle integrity. A cumulative concentration response curve to
phenylephrine (0.001 to 100 umol/L) was performed to determine the concentration that
produces 80% of maximal constriction. This concentration was then used to preconstrict the
vessels for endothelium-dependent relaxation curves using cumulative doses of methacholine
(MCh; 0.0001 to 10 pmol/L). The changes in vessel wall tension were measured and translated
into dose-response curves as a representative measure of endothelium-dependent vasodilation for

comparison.
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2.2.7 Pharmacological Agents

To study the involvement of different vascular function pathways, specific inhibitors were added
to the vessel bath 30 minutes prior to MCh concentration response curves. We used a pan NOS
inhibitor, N-Nitro-L-arginine methyl ester hydrochloride (L-NAME; 100 umol/L; Sigma
N5751), to study the contribution of NO to endothelial vasodilation. We also used a highly
selective inhibitor for iNOS, 1400W (10 pmol/L; Sigma W4262), which is at least 5,000-fold
more potent against iNOS (K; <7 nM) versus eNOS (K; = 50 uM) [173]. To study the effect of
NO scavenging by superoxide, we used superoxide dismutase-polyethylene glycol (pegSOD; 50
U/mL; Sigma S9549) and catalase (500 U/mL; Sigma C1345). To study the involvement of
prostaglandins, we used a non-selective PGHS inhibitor, meclofenamate (meclo; 1 pmol/L;

VWR J60484).

2.2.8 Statistics

Statistical analyses were performed using GraphPad Prism software. Kolmogorov-Smirnov
normality test was used for testing of the characteristics of human subjects (Table 2-1): normally
distributed data were compared using a two-tailed Student’s t-test and non-normally distributed
data were compared using a Mann-Whitney test. Myography data was summarised using
maximal response (Emax), the effective concentration required to achieve 50% of the maximal
response (pECso) or area under the curve (AUC) values. Specifically, AUC is the quantification
of the area between the dose-response curve and the x-axis defined at numerical value of zero in
arbitrary unit. The effect of plasma (NP vs. PE) or inhibitors within a group were compared
using a 2-way ANOVA and a Bonferroni post hoc test. A P-value < 0.05 was considered

statistically significant.
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2.3 Results

2.3.1 The effect of circulating factors on nitric oxide bioavailability in the uterine artery

Endothelium-dependent vasodilation of uterine arteries was impaired after overnight
incubation with PE plasma when compared with those in NP plasma (Figure 2-1). Superoxide
dismutase restored endothelium-dependent vasodilation in arteries exposed to PE plasma to a
level comparable with those treated with NP plasma; however, SOD had no effect on
vasodilation in arteries exposed to NP plasma (Figure 2-2). Similarly, catalase restored
vasodilator responses in PE-plasma treated uterine arteries and had no effect on NP-plasma-
treated vessels (Figure 2-2). Uterine vasodilation was largely abolished in the presence of L-
NAME, a pan NOS inhibitor, in both NP- and PE-plasma treated vessels (Figure 2-3). However,
the delta AUC was significantly reduced in PE-plasma treated arteries, suggesting that the
contribution of NO to endothelial vasodilation was decreased in vessels exposed to PE plasma.
Interestingly, inhibition of iNOS with 1400W significantly impaired endothelial function in
uterine arteries exposed to NP plasma, but not in those exposed to PE plasma (Figure 2-4). Of
note, similar findings were demonstrated comparing Emax, pEC50, and AUC, which were

summarized in Table 2-2.
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Figure 2-1: Vascular responses in plasma treated uterine arteries.

(A) Uterine vascular responses after overnight incubation in normotensive pregnant (NP) plasma vs.
preeclamptic (PE) plasma to cumulative doses of methacholine (MCh), an endothelium-dependent
vasodilator (NP: n = 14; PE: n = 12). Uterine endothelial vasodilation was significantly impaired by
exposure to circulating factors in PE plasma (closed circles) vs. NP plasma (open circles). (B) Bar

graphs showed percent maximal vasodilation. By Student’s t-test: ***P < 0.001.



Vasodilation (%)

Vasodilation (%)

57

1 Ctrl } *
mEm SOD

O fmzccccccogaczzzzzos i )
N N . 100 a a Int: p=0036 a
20+ E’ oo 2
2
©
40 {“"{ 5 o b
:
01~ P > 404
-0-- NP+SOD g
07 e 5 20
—&— PE+SOD S
100 ; , : | . .
-10 -9 -8 -7 -6 5 NIP PIE
log [MCh] _
3 Ctrl }
*kk
Em Catalase
a
0 ST 1004 Int: p=0.009 a
BN . ]
20+ 2 o 2
2
i k]
40 % o b
s T
o > 40
-O-- NP+ catalase g
804 -e— PE 'g 20
-M-- PE+ catalase S
100 ; , : : : .
e © N 7 -6 -5 NP PE
L J
log [MCh] _

Figure 2-2: Vascular responses in plasma treated uterine arteries in the

absence or presence of oxidant scavengers.

Uterine vascular responses after overnight incubation in normotensive pregnant (NP) plasma vs.
preeclamptic (PE) plasma to cumulative doses of methacholine (MCh), an endothelium-dependent
vasodilator, in the absence or presence of oxidant scavengers (n = 7 per group). (A) Scavenging of
superoxide with superoxide dismutase (SOD) significantly restored vasodilation in arteries exposed
to PE plasma, but had no effect in arteries exposed to NP plasma. (B) Bar graphs showed percent
maximal vasodilation. (C) Catalase restored impaired vasodilation in PE-plasma exposed arteries to
a level comparable with control arteries. (D) Bar graphs showed percent maximal vasodilation.
Using two-way ANOVA: * P < 0.05, *** P <(.001 and “a” denoted a statistical significance from
“b” with P <0.05.
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Figure 2-3: Vascular responses in plasma treated uterine arteries in the

absence or presence of pan nitric oxide synthase inhibitors.

(A) Endothelial vasodilation was completely abolished in the presence of L-NAME, a pan nitric
oxide synthase inhibitor, in both NP- and PE-plasma treated arteries (n = 8 per group). (B) The
contribution of nitric oxide to vasodilation was decreased in arteries exposed to PE plasma, as
summarized in the bar graphs with delta AUC in arbitrary units. Using two-way ANOVA: *** P <
0.001.
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Figure 2-4: Vascular responses in plasma treated uterine arteries in the

absence or presence of inducible nitric oxide synthase inhibitor.

(A) Inhibition of iNOS with 1400W resulted in impaired vasodilation in NP-plasma treated arteries
but not in PE-plasma treated arteries (n = 8 per group). (B) Bar graphs showed AUC in arbitrary
units. Using two-way ANOVA: * P <(0.05, *** P <(.001 and “a” denoted a statistical significance
from “b” with P <0.05.
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Table 2-2: Summary table of uterine vascular responses after exposure to normotensive

pregnant plasma vs. preeclamptic plasma in the absence or presence of different inhibitors.

A. Maximal vasodilation (Emax) in percentage

| NP-plasma treated | PE-plasma treated

t-test
Control | 79.9+5.6 | 449+63 Ak
2-way ANOVA
Plasma | Inhibitor | Int
SOD 80.6 £9.7 78.1 £ 8.9 * * *
Catalase 91.0+5.2 91.4+3.2 * HAx *ok
L-NAME 9.8+8.0 -6.0+ 7.6 oK HAx ns
1400W 64.0+7.0 340+7.5 ok ns ns
Meclofenamate 74.6 £ 6.4 80.4+ 7.2 * * ok
B. Log EC50
| NP-plasma treated | PE-plasma treated
t-test
Control | 696+0.10 | 6.2+0.2 ok
2-way ANOVA
Plasma | Inhibitor | Int
SOD 6.89+0.2 6.8 +0.19 * ns *
Catalase 7.0+0.1 7.0+0.1 * ok ok
L-NAME 92+2.7 --! --! --! --!
1400W 6.49 = 0.08 6.1+£0.3 *ok ns ns
Meclofenamate 6.6+0.1 6.7+0.1 * ns *
C. Area under curve (AUC)
| NP-treated | PE-treated
t-test
Control | 159.6+185 | 65.6%11.3 Hkk
2-way ANOVA
Plasma | Inhibitor | Int
SOD 156.5 £29.8 153.0 £27.5 * * ns
Catalase 185.6 £21.9 197.0 £24.3 * HoAx *
L-NAME 13.0+4.7 7.0+6.1 koK HAE *ok
1400W 93.2+12.2 483+11.0 *oAkx * ns
Meclofenamate 1303 £17.7 141.0+£10.2 * ns ok
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The effect of plasma was compared using a Student’s t-test. The effect of plasma and the
effect of inhibitors were compared using 2-way ANOVA: * P <0.05, ** P <0.01 and *** P
<0.001. “Int” denoted interaction between the factors by 2-way ANOVA and “ns” denoted
non-significance with P > 0.05. Each group consists of n = 12-14 for the plasma treated
arteries in the absence of pharmacological agents, and n = 6-9 for those in the presence of

pharmacological agents.

"Log EC50 was not applicable because the concentration response curves did not follow a

sigmoidal pattern; therefore, statistical comparisons were not possible.

The level of DHE staining, which reacts with superoxide to produce fluorescent ethidium,
was increased two-fold in PE-plasma treated arteries when compared with NP-plasma treated
arteries (Figure 2-5), suggesting an increase in oxidative stress in arteries exposed to
preeclamptic circulating factors. In addition, the uterine arterial eNOS expression was
significantly increased in arteries exposed to PE plasma when compared to NP controls (Figure
2-6A). However, the expression of iNOS was decreased in PE-treated arteries (Figure 2-6B). The
expression of nNOS in uterine arteries was negligible and below the level of detection by

Western blot (data not shown).

2.3.2 The effect of circulating factors on prostaglandin bioavailability in the uterine artery

In uterine arteries, inhibition of prostaglandin synthesis with meclofenamate restored
endothelium-dependent vasodilation in PE-plasma treated vessels to a level comparable with the
controls, while meclofenamate had no effect on NP-plasma treated arteries (Figure 2-7). This
suggests that circulating factors in PE plasma contribute to an increase in PGHS-dependent

vasoconstrictors.
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Figure 2-5: Vascular superoxide level in uterine arteries after exposure to

normotensive pregnant (NP) vs. preeclamptic (PE) plasma.

Dihydroethidium (DHE) staining, as a marker of superoxide levels, was increased in PE-plasma
treated arteries when compared to NP-plasma treated arteries (n = 5 per group). Representative
images were shown. Red fluorescence indicated nuclear fluorescence generated by the reaction of
DHE with superoxide to produce ethidium. All of the data were expressed as relative mean

fluorescence intensity and analyzed using Student’s t-test. ** P <0.01.
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Figure 2-6: Nitric oxide synthase expression in uterine arteries after exposure

to normotensive pregnant (NP) vs. preeclamptic (PE) plasma.

(A) Endothelial NOS (eNOS) expression was increased in PE-plasma treated arteries when
compared to NP-plasma treated arteries (n = 5-8 per group). (B) Inducible NOS (iNOS) expression
was decreased in PE-plasma treated arteries compared to NP-plasma treated arteries. Representative
Western blots were shown. All of the data were expressed in arbitrary units relative to the actin

protein expression and compared using Student’s t-test: * P < 0.05.
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Figure 2-7: Vascular responses in plasma treated uterine arteries in the

absence or presence of prostaglandin synthesis inhibitor.

(A) Uterine vascular responses after overnight incubation in normotensive pregnant (NP) plasma vs.
preeclamptic (PE) plasma to cumulative doses of methacholine (MCh), an endothelium-dependent
vasodilator, in the absence or presence of meclofenamate (n = 7 per group). Treating PE-plasma
exposed uterine arteries with meclofenamate restored endothelial vasodilation but had no effect in
NP-plasma exposed arteries. (B) Bar graphs showed percent maximal vasodilation. Using two-way

ANOVA: *P < 0.05 and “a” denoted a statistical significance from “b” with P < 0.05.
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2.3.3 The effect of circulating factors in the mesenteric artery

In contrast to the uterine arteries, endothelial vasodilation was not significantly different
in mesenteric arteries exposed to either NP or PE plasma (Table 2-2). Superoxide dismutase and
catalase increased vasodilation in both NP and PE plasma treated mesenteric arteries compared
with their respective controls, but the effect appears to be independent of exposure to either NP
or PE circulating factors. Inhibition of NOS with L-NAME significantly impaired sensitivity but
not maximal vasodilation in both NP-and PE-plasma treated mesenteric arteries. Inhibition of
iNOS also did not alter vasodilation responses in either NP- or PE-plasma treated mesenteric
arteries. Furthermore, inhibition of prostaglandin synthesis with meclofenamate did not affect
vascular responses in either NP- or PE-plasma treated mesenteric arteries. These data are

summarized in Table 2-3 for succinct presentation.
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Table 2-3: Summary table of mesenteric vascular response after exposure to normotensive

pregnant plasma vs. preeclamptic plasma in the absence or presence of different inhibitors.

A. Maximal vasodilation (Emax) in percentage

| NP-plasma treated | PE-plasma treated

t-test
Control | 96.2£2.2 | 944+34
2-way ANOVA
Plasma | Inhibitor Int
SOD 99.8+0.2 100.0+0.2 ns ns ns
Catalase 99.5+0.3 99.9+0.9 ns ns ns
L-NAME 93.6+2.6 944 +£2.7 ns ns ns
1400W 99.2+0.2 99.2+0.2 ns ns ns
Meclofenamate 99.1 £0.2 982+1.3 ns ns ns
B. Log EC50
| NP-plasma treated | PE-plasma treated
t-test
Control | 734+08 | 7.23+0.10 ns
2-way ANOVA
Plasma | Inhibitor Int
SOD 8.12+£0.07 8.25+0.11 ns Hkk ns
Catalase 7.82 +£0.08 8.06£0.12 ns ** ns
L-NAME 6.68 £0.15 6.93+0.11 ns Hkk ns
1400W 7.47+0.10 7.32+0.04 ns ns ns
Meclofenamate 7.42 £0.09 7.27+£0.10 ns ns ns
C. Area under curve (AUC)
| NP-treated | PE-treated
t-test
Control | 2628+154 | 2508+19.2 ns
2-way ANOVA
Plasma | Inhibitor Int
SOD 329.8 £14.6 3383+21.9 ns *ok ns
Catalase 2969 +16.9 324.0 +£24.6 ns * ns
L-NAME 176.0 £26.9 203.1+£23.0 ns *ok ns
1400W 268.2+22.2 251.3+14.0 ns ns ns
Meclofenamate 2547 £ 19.1 239.2+£20.9 ns ns ns
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The effect of plasma was compared using a Student’s t-test. The effect of plasma and the
effect of inhibitors were compared using 2-way ANOVA: * P <0.05, ** P <0.01 and *** P
<0.001. “Int” denoted interaction between the factors by 2-way ANOVA and “ns” denoted
non-significance with P > 0.05. Each group consists of n = 10-14 for the plasma treated
arteries in the absence of pharmacological agents and, n = 6-9 for those in the presence of

pharmacological agents.

2.4 Discussion

In this study, we have shown that circulating factors in preeclamptic plasma contribute to
an increase in superoxide production and impairment of endothelium-dependent vasodilation in
uterine arteries, but not in mesenteric arteries. Scavenging of superoxide, which increases the
bioavailability of NO, results in restoration of endothelial vasodilation in arteries exposed to
preeclamptic plasma. Circulating factors in preeclampsia also increase PGHS-dependent
vasoconstrictors since meclofenamate significantly improves endothelial function in the exposed
uterine arteries. Not only does this study highlight vascular bed specific mechanisms through
which circulating factors interact with vasodilator pathways, but it also enhances the
understanding of how circulating factors contribute to the endothelial dysfunction seen in the

pathophysiology of preeclampsia.

Previous studies have demonstrated that preeclamptic plasma impairs endothelial
vasodilation in arteries [45-47]; however, there is a paucity of data on the underlying mechanism.
A recent study has shown that activation of the lectin-like oxidized low-density lipoprotein
receptor-1 (LOX-1), which is a scavenger receptor frequently implicated in cardiovascular
disease and, more recently, preeclampsia, contributes to impaired vasodilation in omental arteries

exposed to preeclamptic plasma [91]. Our group has also previously demonstrated that
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preeclamptic plasma increases superoxide levels in isolated endothelial cells through activation
of NADPH oxidase by LOX-1 [41]. However, the functional consequence has not been
investigated. In the current study, we have shown that circulating factors in preeclamptic plasma
contribute to an increase in superoxide production in uterine arteries and does indeed impair
endothelial-dependent relaxation. We have also shown that scavenging superoxide with SOD,
which would be expected to increase NO bioavailability, improves endothelial vasodilation in
uterine arteries exposed to preeclamptic circulating factors. This supports our hypothesis that
circulating factors in preeclamptic plasma impair endothelial function by contributing to an
increase in the production of oxidative stress. Interestingly, the presence of catalase, which
breaks down H>O; into water and oxygen, also improved endothelial vasodilation. This suggests
that H>O» acts as a vasoconstrictor in uterine arteries exposed to circulating factors. Although
H>0» is known to act as an endothelium-dependent hyperpolarization factor (EDHF) which
causes vasodilation in vascular smooth muscle by activating potassium channels [174, 175], it
can also act as a vasoconstrictor [176]. Previous literature has shown that the level of H2O» is
increased in maternal circulation and placenta in term pregnancies [177] as well as in
preeclamptic pregnancies [178]. Hydrogen peroxide also decreases the production of NO by
increasing the release of arginase which breaks down L-arginine [179], contributing to an inverse
relationship between the levels of H>O2 and NO in pregnancy [177]. This provides an
explanation for our findings that catalase increases the breakdown of H>O2 which may contribute
to an increase in NO production via activating arginase and improved endothelial vasodilation in

arteries exposed to preeclamptic plasma.

Uterine arteries are highly dynamic and adaptive in order to accommodate a 40%

increase in maternal blood volume during pregnancy which supplies the enlarging uterus,
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placenta, and fetus [180]. Our finding that the inhibition of NOS completely abolished
endothelial vasodilation supports that uterine arteries rely heavily on NO bioavailability. This is
in agreement with studies demonstrating that pregnancy is associated with an increase in NO
metabolites in the maternal vasculature and an increase in endothelial eNOS protein and mRNA
levels in uterine arteries [110]. Our study shows an increase in oxidative stress in PE-plasma
exposed vessels which contributes to a reduction in NO bioavailability for endothelium-
dependent vasodilation. This is also associated with an increased uterine eNOS expression,
which, by speculation, would compensate for reduced NO availability in order to maintain

uterine blood flow to supply the feto-placental unit.

In pathological conditions, an up-regulation of iNOS has been reported in both
experimental and clinical hypertension [121]. Pro-inflammatory cytokines that up-regulate iNOS
have been associated with preeclampsia [147, 181] and the inhibition of iNOS attenuates
hypertension and oxidative stress seen in an animal model of preeclampsia [121]. Contrary to our
hypothesis, NP-plasma exposed arteries exhibited iNOS-dependent vasodilation that was absent
in PE-plasma exposed arteries. We speculate that prolonged exposure to circulating factors in
preeclamptic plasma may result in a down-regulation of iNOS to protect the vessels from the
deleterious effects of the metabolites, such as peroxynitrite, which can be formed in the presence
of abnormally high NO and superoxide levels [118]. Our finding that uterine arteries exposed to
circulating factors in preeclamptic plasma exhibit a decreased iNOS expression supports this and
is in line with previous studies that show a decrease in placental iNOS mRNA levels in women
with preeclampsia [182]. This offers an interesting perspective to the current paradigm of
preeclampsia that, instead of a state of heightened inflammation, we speculate preeclampsia may

represent a state of failed compensation for the reduced NO bioavailability to maintain proper
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vascular function. However, other conflicting evidence also exists. Previous studies have shown
an increase in iNOS protein expression in HUVECs exposed to serum from preeclamptic women
[115], an increase in iNOS protein expression in human omental arteries after exposure to
microparticles from preeclamptic women [183], and no change in iNOS mRNA levels in
HUVEC:s exposed to plasma from women with umbilical placental vascular disease defined by
abnormal umbilical artery Doppler [184]. Whether this discrepancy is due to variations in species
or different circulating factors present in different compartments of the blood sample (i.e. serum
vs. plasma vs isolated microparticles) from preeclamptic women remains to be further

elucidated.

In this study, we have also demonstrated that the inhibition of prostaglandin synthesis
significantly restored endothelium-dependent vasodilation in uterine arteries exposed to
preeclamptic plasma, suggesting that circulating factors contribute to an increase in PGHS-
dependent vasoconstrictors rather than a reduction in PGI», as we had originally hypothesized.
Although meclofenamate non-selectively inhibits PGHS, it is also known to inhibit TXA»
synthase activity [185]. Many studies have shown that preeclampsia is associated with a decrease
in the ratio of PGIo/TXA» [171]. Our study supports the theory that circulating factors contribute
to an increase in PGHS-dependent vasoconstrictors, presumably TXA, and/or its immediate
precursor PGH3>, which reduce endothelial vasodilation and which are inhibited in the presence
of meclofenamate. This is also in accordance with clinical trials that support the use of aspirin, a
non-reversible PGHS-1 inhibitor which decreases TXA2, in high risk patients during early

pregnancy to reduce the risk of developing preeclampsia [2].

Unlike the uterine arteries, our data show that circulating factors in preeclamptic plasma

do not impair endothelial vasodilation in mesenteric arteries. In both NP- and PE-plasma
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exposed arteries, mesenteric vasodilation is increased in the presence of superoxide scavengers
and reduced in the presence of NOS inhibition. This suggests that mesenteric arteries rely
partially on NO vasodilator pathways and this is independent of the effect of circulating factors
in preeclamptic plasma. Inhibition of prostaglandin synthesis also did not affect endothelial
vasodilation in mesenteric arteries in the presence of circulating factors in preeclampsia. This is
in agreement with previous literature that other vasodilators, such as EDHF, might play a more
important role in mesenteric arteries which contribute to peripheral vascular resistance and blood
pressure control [186-188]. This study highlights that the mechanism of action of the circulating

factors present in preeclamptic plasma are vascular bed-specific.

In conclusion, our studies have shown that circulating factors contribute to endothelial
dysfunction in preeclampsia by increasing superoxide production and decreasing NO
bioavailability. Circulating factors also contribute to an increase in PGHS-dependent
vasoconstrictors which are associated with impaired vascular responses. Further, we have shown
that mechanism of action of circulating factors is dependent on the type of vascular bed. This
study contributes to understanding of the pathophysiology and the identification of a potential

target of intervention in improving the vascular dysfunction associated with preeclampsia.
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3.1 Introduction

As previously discussed in Chapter 1, the development of preeclampsia is thought to
originate during early placentation when the spiral arteries fail to invade the myometrium and
remodel into low resistance vessels, leading to placental hypoperfusion and local oxidative stress
[40]. As a result, circulating factors are released into the maternal vasculature and a cascade of
vascular responses is elicited causing systemic endothelial dysfunction. Previous studies have
shown that plasma from preeclamptic women reduces endothelial vasodilation in healthy arteries
[45, 46, 91]. As discussed in Chapter 2, we have also shown that circulating factors in
preeclamptic plasma impair endothelial vasodilation via a decrease in NO bioavailability and an

increase in oxidative stress as well as an increase in PGHS-dependent vasoconstrictors.

Within the plasma, microparticles have been identified as a unique population of
bioactive cell fragments released during cell activation and apoptosis that are increased in
women with preeclampsia [92]. Ex vivo experiments have shown that microparticles from
women with preeclampsia contribute to vascular wall inflammation, blunted vascular
contractility, and impaired endothelial vasodilation [104, 105]. Specifically, microparticles
derived from placental cells, or syncytiotrophoblast extracellular vesicles (STBEVs), are
increased in women with preeclampsia [96], especially in severe early onset preeclampsia [100].
STBEVs have also been shown to reduce ACh-induced vasodilation and inhibit endothelial cell
proliferation [71]. However, the mechanism(s) by which STBEVs cause altered vascular

reactivity remains unclear.

As previously discussed, the Davidge group has shown that activation of LOX-1 leads to
impaired vasodilation in human omental arteries exposed to preeclamptic plasma [91]. Initially

discovered as a scavenger receptor that binds oxLDL, LOX-1 is implicated in vascular
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dysfunction and inflammation seen in cardiovascular diseases and known to be a multi-ligand
receptor that binds lipids, platelets, inflammatory cells, cell debris, and bacteria [168, 169].
LOX-1 is also known to activate NADPH oxidase and contributes to increased production of
superoxide, which binds and decreases NO bioavailability in the endothelium and leads to
subsequent endothelial dysfunction [90]. Our group has further demonstrated that preeclamptic
plasma increases oxidative stress in endothelial cells via activation of NADPH oxidase by LOX-
1 [41]; however, whether STBEVs induce endothelial dysfunction via the same mechanism is
unknown. Given that STBEVs are essentially packages of lipids and proteins released from the
placental cell membrane, it is of interest to investigate whether STBEV's impair vascular function

via activation of LOX-1.

We hypothesize that STBEVs contribute to endothelial dysfunction via the activation of
LOX-1. Specifically, we hypothesize that exposing arteries to STBEVs would result in an

increase in superoxide production and reduction in NO contribution to endothelial vasodilation.

3.2 Materials and Methods

3.2.1 Ethics Approval

The animal use protocols were approved by the University of Alberta Health Sciences Animal
Policy and Welfare Committee, in accordance with the Canadian Council on Animal Care
guidelines. The study protocol for human placenta and STBEV collection was approved by the
Oxfordshire Research Ethics Committee C and conducted in Professor Ian Sargent’s laboratory
at the Oxford University in the U.K. Written informed consent was obtained from all study
participants. The STBEV collection protocols were also approved by the University of Alberta

Ethics Committee to be used for studies in our laboratory.
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3.2.2 STBEYV Collection and Preparation

The placenta and STBEV collections were performed at the University of Oxford under the
supervision of Prof. Ian Sargent and shipped to our laboratory. Based on previous literature,
there is a variety of methods for STBEV derivation; however, the method chosen for our study
was based on Southcombe et al.’s study showing that STBEVs collected from placental
perfusion represent more closely the pro-inflammatory characteristics seen in preeclampsia than
those derived from other method [189]. They have also shown that this method consistently
produces 80-90% of STBEVs stained positive for placental alkaline phosphate representing their

origin. The received samples were collected in the manners as outlined here.

The placentas were collected from healthy pregnant women undergoing elective caesarean
sections, without labor, with singleton pregnancies, and at term gestations. Women with any
significant medical history or recent illnesses were excluded. The STBEVs were derived from
placenta perfusion as detailed in Southcombe et al.’s paper [189]. Briefly, the placentas were
collected at the time of delivery and processed immediately using a modified dual placental
perfusion system as described by Eaton ef al. [190]. An individual lobule was isolated and the
fetal circulation was perfused with filtered tissue culture medium containing a 20-mL bolus of
100,000U streptokinase to promote clot removal. The placenta was turned upside down, placed
inside a Perspex water jacket at 37 °C, and the maternal circulation was perfused with medium
oxygenated at 95% O and 5% CO.. The placental lobule was perfused for 20 minutes to
equilibrate the system and then the maternal circuit was closed with a total volume of 600 mL
perfusion media. At the end of a 3 hour perfusion period, the maternal perfusate was collected
and centrifuged at 600 x g for 10 minutes at 4 °C. The supernatant was then centrifuged at

150,000 x g for 1 hour at 4 °C. The pellets were pooled, washed in PBS, and suspended in PBS



76

to give a final protein concentration of 5 mg/ml. Protein content was measured using Pierce BCA
protein assay kit (Thermo Scientific, Illinois, USA). The STBEVs were snap frozen and stored at
-80 °C during shipment to our laboratory. Prior to experiments, the STBEVs were thawed on ice,
aliquoted into physiological saline solution (PSS) for a final concentration of 200 pg/mL, and
stored in -80°C until use. The concentration of STBEVs chosen for our studies was based on
previous literature, which demonstrated perfusion of omental arteries with STBEVs at 200
pg/mL impaired ACh-mediated vasodilation and induced endothelial disruption under

transmission electron microscopy [71].

3.2.3 Animal and Vessel Preparation

Three-month-old female Sprague Dawley rats were bred after acclimatization in 10:14-hour
light:dark cycle cages with free access to standard rat chow and tap water. Day 0 of pregnancy
was confirmed by the presence of sperm in a vaginal smear following an overnight mating. On
day 20 of gestation, the animals were sacrificed by exsanguination while under isoflurane-
induced anesthesia and a laparotomy was performed to harvest the uterine arteries. Given the
findings that circulating factors in preeclamptic plasma impaired endothelial function in a
vascular bed-specific manner as we have shown in Chapter 2, we chose to use only uterine
arteries for the studies presented in this chapter. The uterine arteries were isolated under a
microscope to ensure all connective tissues and adipocytes were removed. To investigate the
effect of STBEVs as well as the involvement of the LOX-1 pathway, the arteries were incubated
overnight at 4 °C in one of the following four groups: 1) control PSS; 2) control PSS + anti-
LOX-1 antibody at 10 pg/mL; 3) STBEV at 200 pg/mL in PSS; 4) STBEV 200 pg/mL + anti-
LOX-1 antibody at 10 pg/mL in PSS. The arteries were mounted for myography experiments on

the following day after 22-24 hours of incubation (n =9 per group).
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3.2.4 Myography

Following an overnight incubation, uterine arteries were mounted on two 40-micrometer wires
and attached to a wire myograph (DMT, Copenhagen, Denmark) for isometric tension
recordings. The vessels were normalized and equilibrated for a minimum of 30 minutes before
they were exposed to two wake-up doses of phenylephrine (10 umol/L) and a single dose of
methacholine (3 pmol/L) to ensure endothelial function and smooth muscle integrity. A
cumulative concentration response curve to phenylephrine (0.001 to 100 pmol/L) was performed
to determine the concentration that produces 80% of maximal constriction. This concentration
was then used to preconstrict the vessels for endothelium-dependent relaxation curves using
cumulative doses of methacholine (MCh; 0.0001 to 10 pmol/L). To study the contribution of NO
to endothelial vasodilation, we used a pan NOS inhibitor, L-NAME (100 pmol/L; Sigma
N5751), which was added to the vessel bath 30 minutes prior to the MCh concentration response
curves (n =9 per group). Similarly, to study the effect of NO scavenging by superoxide, we
added superoxide dismutase-polyethylene glycol (pegSOD; 50 U/mL; Sigma S9549), which
breaks down superoxide into hydrogen peroxide, to the vessel bath for 30 minutes of incubation

prior the concentration response curves (n = 6 per group).

3.2.5 Superoxide detection

Superoxide production was measured by staining sections of uterine arteries with
dihydroethidium (DHE; n=6-8). Dihydroethidium reacts with superoxide to yield ethidium,
which binds to nuclear DNA and generates red fluorescence. After overnight incubation in either
PSS or STBEVs, segments of uterine arteries were embedded in optimal cutting medium (OCT)
and snap-frozen in liquid nitrogen for storage. Sections of the arteries were cut at 10 pm

thickness, mounted on glass slides at -20 °C, and stored at -80 °C until use. On the day of
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analysis, the slides were thawed, washed with HBSS 3 times at 2 minutes each, and incubated
with fresh HBSS for 10 minutes at 37 °C in a humid chamber. The slides were then incubated
with DHE for 30 minutes at 37 °C, washed with HBSS 3 times at 2 minutes each, cover slipped,

and visualized under an IX81 Olympus fluorescence microscope.

3.2.6 Statistics

Statistical analyses were performed using GraphPad Prism software. Myography data was
summarised using maximal response (Emax), the effective concentration required to achieve 50%
of the maximal response (pECso) or area under the curve (AUC) values. The delta AUC between
vascular responses in the absence or presence of L-NAME was compared between the groups
using Student’s t-test to summarize the contribution of NO to endothelial vasodilation. The
effects of STBEVs between the groups and inhibitors within the group were compared using a
two-way ANOVA and a Bonferroni post hoc test. The vascular function experiments using SOD
and the DHE staining were compared using a one-way ANOVA and Dunnet’s post hoc test. A P-

value < 0.05 was considered statistically significant.

3.3 Results

3.3.1 The effect of STBEVs on vascular function in the uterine artery

Endothelium-dependent vasodilation was impaired in uterine arteries exposed to STBEVs
as compared to the control vessels (Figure 3-1). We found that this effect was mediated via
activation of the LOX-1 receptor as inhibition with an anti-LOX-1 antibody restored the
endothelial vasodilation to a level comparable with the control arteries (Figure 3-1). Using a pan
NOS inhibitor, we showed that the contribution of NO to endothelial vasodilation was
significantly reduced in arteries exposed to STBEVs (Figure 3-2). As a proof of principle, we

showed that inhibition of LOX-1 alone in the control arteries did not alter vascular responses nor
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NO contribution (Figure 3-3). Conversely, in arteries exposed to STBEVs, the inhibition of
LOX-1 significantly increased NO contribution to vasodilation; strongly suggesting that
activation of the LOX-1 pathway by STBEVs results in a reduction of NO bioavailability (Figure

3-3).
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Figure 3-1: The effect of LOX-1 inhibition on vascular responses in uterine

arteries exposed to control vs. STBEVs.

(A) Endothelial vasodilation was impaired by exposure to STBEVs and the inhibition of LOX-1
restored the vascular responses to a level comparable with the control vessels (n =9 per group). (B)
Bar graphs showed percent maximal vasodilation. By two-way ANOVA: * P <0.05 and “a” denoted

statistical difference from “b”.
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Figure 3-2: The effect of pan nitric oxide synthase inhibition on vascular

responses in uterine arteries exposed to control vs. STBEVs.

(A) The contribution of NO to endothelial vasodilation was reduced in uterine arteries exposed to
STBEVs compared to the control arteries (n =9 per group). (B) Bar graphs showed delta AUC in
arbitrary units. By Student’s t-test: ** P <0.01. L-NAME was a pan nitric oxide synthase inhibitor.
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Figure 3-3: The effect of LOX-1 inhibition and nitric oxide synthase inhibition

on vascular responses in uterine arteries exposed to control vs. STBEVs.

(A) The inhibition of LOX-1 had no effect on the contribution of nitric oxide to endothelial
vasodilation in control arteries (n = 9 per group). (B) Bar graphs showed delta AUC in arbitrary
units. (C) With the inhibition of LOX-1, the contribution of nitric oxide to endothelial vasodilation
was increased in arteries exposed to STBEVs (n =9 per group). (D) Bar graphs showed delta AUC
in arbitrary units. By Student’s t-test: *** P <(0.001. L-NAME was a pan nitric oxide synthase
inhibitor.
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3.3.2 The effect of STBEV's on superoxide production in the uterine artery

To investigate the role of superoxide in STBEV-induced vascular dysfunction, we
utilized SOD which scavenges superoxide and converts it to H>O,. Contrary to our hypothesis,
the addition of SOD did not affect STBEV-induced endothelial impairment (Figure 3-4 A-B).
Furthermore, DHE staining in uterine arteries exposed to control, STBEVs, or STBEVs plus
anti-LOX-1 antibody were not significantly different (Figure 3-4 C-D), suggesting that STBEVs

did not affect superoxide production after a 24-hour exposure to the arteries.

3.4 Discussion

In this study, we have shown that STBEVs impair endothelium-dependent vasodilation
via activation of the LOX-1 receptor. We have also demonstrated that arteries exposed to
STBEVs exhibit reduced NO bioavailability that is associated with endothelial impairment.
However, contrary to our hypothesis, exposure to STBEVs did not alter superoxide production in
the uterine arteries. Regardless, our data support that STBEVs plays a role in vascular
dysfunction through the activation of LOX-1 which is a potential target for intervention in

preeclampsia.

Previous studies have shown that STBEVs impair endothelial vasodilation; however, to
the best of our knowledge, we are the first to show that STBEVs act as ligand for LOX-1, which
is known to play a role in endothelial dysfunction commonly seen in cardiovascular disease and
preeclampsia [41, 168]. We have previously shown in Chapter 2 that arteries exposed to
preeclamptic plasma exhibit impaired vasodilation via mechanisms of increased superoxide
production and decreased NO bioavailability. Our group has also demonstrated that preeclamptic

plasma increases superoxide levels in endothelial cells through the activation of NADPH by
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Figure 3-4!: The effect of STBEVs on superoxide production in uterine
arteries.

(A) Endothelial vasodilation was significantly reduced in arteries exposed to STBEVs, but
scavenging of superoxide with superoxide dismutase (SOD) did not alter the vascular responses (n =
6 per group). (B) Bar graphs showed percent maximal vasodilation. By one-way ANOVA: the
interaction was significant and “a” denoted statistical difference from “b” at P < 0.05. (C)
Dihydroethidium (DHE) staining, as a marker of superoxide level, after 24-hour exposure to either
control or STBEVs was not significantly different between the three groups (n = 6-8). The inhibition
of LOX-1 using the LOX-1 antibody did not affect vascular superoxide production. (D)

Representative images of DHE staining were shown.

'The myography experiments and DHE staining presented in Figure 3-4 were performed and

analyzed by Dr. F. Spaans.
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LOX-1 [41]. Our current study supports the theory that STBEVs could alter endothelium-
dependent vasodilation via activation of the LOX-1 receptor. LOX-1 is known to activate
NAPDH oxidase which contributes to increased superoxide production and, when in excess,
superoxide binds to NO to produce peroxynitrite which leads to impaired vascular function [90].
Although our study has shown that arteries exposed to STBEVs have significantly reduced NO
modulation of vasodilation, which is restored in the presence of LOX-1 inhibition, we did not
observe an effect on the vascular production of superoxide. One possible explanation for a
decreased NO bioavailability in STBEV-exposed arteries is a reduced production by NOS rather
than increased sequestration by superoxide. Previous studies have demonstrated that activation of
LOX-1 by oxLDL can lead to an increase in the liberation of arginase from the mitochondria
which increases catabolism of L-arginine, the primary substrate for NOS to produce NO [191].
We have also shown that isolated endothelial cells exposed to preeclamptic plasma exhibit
increased arginase expression; however, this also induced uncoupling of eNOS leading to
increased superoxide levels [192]. Alternatively, activation of the LOX-1 receptor and its
downstream effects has been shown to be dependent on the concentration of its agonists. A
recent study by Lin ef al. has shown that a high concentration of oxLDL increases NADPH
oxidase via LOX-1 activation, but a low concentration of oxLDL potentiates endothelial
progenitor cell growth and increases eNOS activation [193]. We speculate that the LOX-1

mediated effect of STBEVs on endothelial function could also be concentration-dependent.

The role of STBEVs in vascular dysfunction is not well known based on the current
literature. Previous studies using microparticles from preeclamptic women have demonstrated
that microparticles do not alter ACh-induced endothelial vasodilation in virgin aorta and

mesenteric arteries; instead, they have shown that microparticles reduced serotonin (5-HT)-
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induced contraction via enhanced NO production [104, 105]. In contrast, our study has found
that STBEVs impair endothelial vasodilation which is associated with reduced NO-mediated
vasodilation. The difference in these findings might be due to several factors. We used pregnant
rat uterine arteries, instead of virgin arteries, which arguably resemble the pathophysiology in
preeclampsia more accurately because of the effect of numerous hormonal, immune, and
vascular changes incurred during the pregnancy state. We also use pooled STBEVs collected
from perfusion of the placentas, instead of microparticles derived from the plasma samples from
women. Furthermore, microparticles come from a number of different sources, including, but
limited to, those derived from leukocytes, platelets, and monocytes; therefore, their combined
effect on vascular function might differ from those isolated from one single source, the placental
syncytiotrophoblast, which is the type of STBEVs used in our experiments. Lastly, the vascular

response between different animal species might also be variable.

Our finding that STBEVs impair endothelial function agrees with previous studies [71,
103], although the finding is not universal [102]. In the latter study, the arteries were perfused for
three hours with STBEVs at a lower concentration of 20-2000 ng/ml and the authors found that
STBEVs did not affect maximal endothelial vasodilation [102]. We acknowledge that the levels
of STBEVs in pregnant women are found at a lower concentration than what has been utilized in
our studies (i.e. 71.2 + 20.7 ng/ml in early-onset preeclampsia compared to 26.3 = 11.2 ng/ml in
normal pregnancy, according to one study) [100]. However, we have designed our ex vivo
experiments as a bioassay tool to examine the potential mechanisms behind the vascular
pathophysiology in preeclampsia. In order to preserve arterial integrity for functional studies
using myography, we have to limit the incubation time to 24 hours whereas, in vivo, the maternal

vasculature would be constantly exposed to STBEVs throughout the duration of gestation.
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Therefore, we used higher concentrations with a short exposure in order to establish a feasible

tool that allows us to study the functional consequences of STBEVs on the endothelium.

In this study, we have provided evidence that STBEVs plays a role in the vascular
dysfunction commonly seen in preeclampsia via activation of LOX-1. Not only does this further
the collective understanding of the pathophysiology, but it also provides insight into the potential
treatment or prevention of preeclampsia by targeting the LOX-1 pathway. From a clinical
perspective, endothelial dysfunction is a key point of convergence underlying the
pathophysiology of preeclampsia; however, the exact mechanism of how placental circulating
factors affect the maternal vasculature is still under investigation. Our group has demonstrated
that STBEVs, a specific type of extracellular microparticles and vesicles derived from placental
syncytiotrophoblasts, impair endothelial vasodilation associated with reduced NO bioavailability
via activation of LOX-1. This supports that LOX-1 could be a potential target for the treatment
or prevention of preeclampsia. STBEVs could also potentially be used as a diagnostic or
prognostic biomarker for diagnosing preeclampsia early in pregnancy to allow more appropriate

surveillance and management.
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CHAPTER 4: GENERAL DISCUSSION

4.1 Summary of the Most Significant Findings

In the first part of the thesis, we have demonstrated that circulating factors in
preeclamptic plasma impair endothelial vasodilation in rat uterine arteries, but not in mesenteric
arteries, highlighting important differences in the vascular responses among different vascular
beds. We have further demonstrated that the mechanisms behind impaired vasodilation in
preeclamptic plasma treated arteries included reduced NO-mediated vasodilation due to
superoxide scavenging. Interestingly, and contrary to our hypothesis, the plasma-induced
impairment was also associated with an increase in PGHS-dependent vasoconstrictors, rather
than a reduction in prostaglandin vasodilators, since inhibition of PGHS led to an improved

vasodilatory response.

In the second part of the thesis, we have investigated the role of pregnancy-specific
STBEVs in endothelial function. We have shown that arteries exposed to STBEV's exhibit
reduced endothelium-dependent vasodilation, which was associated with the activation of LOX-
1 since the inhibition of LOX-1 improved the impaired response. We have further shown that
this vascular impairment in STBEV-exposed arteries is associated with decreased NO
contribution. However, we did not find a difference in superoxide production nor modulation of
endothelial vasodilation in arteries incubated with STBEVs. Altogether, our studies highlight the
role of placenta-derived circulating factors in the pathophysiology of endothelial dysfunction

seen in preeclampsia.
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4.2 The Effect of Circulating Factors in Endothelial Function

4.2.1 Healthy Endothelium in Normal Pregnancy

We have provided evidence that the endothelium in the uterine artery relies heavily on
NO production during normal pregnancy. The majority of the NO present in the endothelium is
produced from L-arginine by eNOS, some by iNOS, while nNOS plays a negligible role. We
have confirmed that nNOS expression is undetectable in uterine arteries exposed to either
normotensive pregnant or preeclamptic plasma. Furthermore, superoxide is one of the major
sources of oxidative stress in the endothelial cell: it scavenges NO, decreases NO bioavailability,
increases production of ONOO- and leads to oxidative cell damage. Of note, superoxide can be
produced from various sources, such as mitochondria, PGHS enzymes, and NADPH oxidase
[109]. Under normal physiological conditions, NO diffuses to the VSMCs and induces
vasodilation by activating sGC which increases cGMP and decreases intracellular calcium levels.
The endothelial cell can self-regulate by balancing excess superoxide production with
antioxidants, such as SOD, which break down superoxide to H>O> and further into water and
oxygen by catalase [108]. Hydrogen peroxide is also known to act as an EDHF and causes
vasodilation via activation of potassium channels on VSMCs [174, 175]. All in all, the
endothelial cell contains many built-in mechanisms that regulate cellular functions and protect it

from excessive oxidative stress in order to maintain homeostasis.

4.2.2 Alteration in Nitric Oxide Pathway and Reactive Oxygen Species in Preeclampsia
In women with preeclampsia, the presence of circulating factors alters these vasoactive
pathways, which may contribute to the pathophysiology of endothelial dysfunction (summarized

in Figure 4-1). First of all, we have demonstrated that circulating factors contribute to an increase
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Figure 4-1: Summary of the major findings.

Abbreviations: oxLLDL, oxidized low density lipoprotein; STBEVs, syncytiotrophoblast
extracellular vesicles; LOX-1, lectin-like oxidized low density lipoprotein receptor-1; Arg II,
arginase II; NADPH, nicotinamide adenine dinucleotide phosphate; ®0O»-, superoxide; NO, nitric
oxide; eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; SOD,
superoxide dismutase; H,O», hydrogen peroxide; H,O, water; O, oxygen; ONOO-, peroxynitrite;
sGC; soluble guanylyl cyclase; GTP, guanosine triphosphate; cGMP, cyclic guanosine
monophosphate; EDH; endothelium derived hyperpolarization; K*, potassium ion; AA, arachidonic
acid; PGHS, prostaglandin H synthase; PGH,, prostaglandin H»; PGI,, prostacyclin; TXA,,
thromboxane; cAMP, cyclic adenosine monophosphate; IP3, inositol triphosphate; DAG,
diacylglycerol; EC, endothelial cells; VSMC, vascular smooth muscle cell.



90

in superoxide production in arteries exposed to plasma from preeclamptic women. The Davidge
laboratory has previously shown that preeclamptic plasma upregulates LOX-1 and NADPH
oxidase in isolated HUVECs which contribute to an increase in superoxide and ONOO-
production [41]. These ROS contain oxygen radicals and are known to cause several adverse
effects such as lipid peroxidation, protein inactivation, cell apoptosis, and endothelial
dysfunction [108]. Our studies support the hypothesis that preeclamptic circulating factors
contribute to an increase in oxidative stress. We have also further shown the functional
consequences of circulating factors, resulting in a reduction in NO bioavailability and

impairment in endothelium-dependent vasodilation.

Moreover, we have found that circulating factors in preeclamptic plasma increase
vascular eNOS expression and decreases iNOS expression. Our finding is in accordance with
previous studies that have shown an up-regulation of eNOS in the preeclamptic placenta [116]
and subcutaneous fat arteries from preeclamptic women [117]. We speculate that this may be a
compensatory increase in NO production by eNOS in response to the reduced NO bioavailability
observed in arteries exposed to preeclamptic plasma. However, contrary to our expectation, we
have found that there is a down-regulation of iNOS in uterine arteries exposed to circulating
factors. Preeclampsia is known to be a state of exaggerated inflammation and oxidative stress;
therefore, one would expect an increase in circulating cytokines and ROS lead to an up-
regulation of iNOS expression to further compensate for the enhanced vasoconstriction and
reduced NO levels in the preeclamptic vasculature. However, our findings suggest that
preeclampsia may be characterized by a lack of compensatory responses, which predispose the
vasculature to the effect of increased contractility, thus developing hypertension and reduced

perfusion to the end organs. This is supported by previous studies that have shown that chronic
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infusion of TNF-a in pregnant rats induces a reduction in renal iNOS expression [194]. In
addition, other groups have demonstrated an increase in iNOS expression in peripheral blood
mononuclear cells (PBMCs) from normal pregnant women, but no change in PBMCs from
preeclamptic women [195] and that there is a reduction in iNOS expression in preeclamptic
syncytiotrophoblasts [ 196]. Therefore, our findings suggest that a lack of compensatory up-
regulation in iNOS expression may be an important feature leading to endothelial dysfunction in

preeclampsia.

Furthermore, both EDHF and NO have been shown to contribute to the physiologic
decrease in peripheral resistance and blood pressure to accommodate an increase in blood
volume and uterine blood flow to supply the growing fetus in a normal pregnancy [197]. Briefly,
endothelium-derived hyperpolarization (EDH) is a collective term including endothelium-
derived factors or chemical signals that act on the VSMCs to cause hyperpolarization and
vasodilation which is not accounted for by NO and PGI, contribution [198]. In general, EDH is
considered a feature of “healthy” endothelium and previous studies have shown that EDH
contributes significantly to the control of vascular tone in small resistance arteries (i.e. diameter
<300 um) [198]. The physiologic contribution of EDH is also thought to be increased in
pregnancy [199]. Indeed, it has been shown that NOS inhibition with L-NAME significantly
impaired bradykinin-induced vasodilation in non-pregnant myometrial arteries, whereas
vasodilation in pregnant myometrial arteries was maintained in the presence of NOS and PGHS
inhibition [200]. Previous literature has also shown that H>O», a metabolite of superoxide when
broken down by SOD, can act as an EDHF in small resistance arteries by activating potassium
channels in the VSMCs [175, 201]. On the contrary, studies have also shown that the level of

H>0: is inversely related to the level of NO in pregnancy [177] and that H,O, stimulates arginase
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metabolism and decreases the substrate availability of L-arginine [179]. In accordance with these
findings, our data suggest that H>O> acts as a vasoconstrictor in rat uterine arteries exposed to
preeclamptic circulating factors since the addition of catalase restored the plasma induced
endothelial impairment. We speculate that, in the presence of circulating factors, H2O> may
contribute to arginase metabolism of L-arginine, thereby causing a decrease in NO production
and endothelial dysfunction. However, further studies are needed to elucidate the exact

mechanism.

4.2.3 Alteration in Prostaglandin Pathway in Preeclampsia

Normal pregnancy is associated with an increase in prostaglandin vasodilators as
demonstrated by an increase in PGI; levels in the placenta and maternal circulation as well as an
increase in maternal urinary excretion of its major metabolite, PGF1a [126, 127]. However, in
preeclampsia, there is evidence that the up-regulation of PGI; is compromised while an enhanced
production of PGHS-dependent vasoconstrictors, TXA> and/or PGH>, lead to increased
peripheral resistance in the maternal vasculature [127, 130]. Our studies have shown that, in the
presence of circulating factors, PGHS-dependent vasoconstrictors predominate and contribute to
impaired endothelial vasodilation. This is supported by the fact that meclofenamate, which
inhibits PGHS, restores endothelial function in arteries exposed to preeclamptic plasma. Since
PGHS is also a known source of superoxide production in the endothelium [129], the increase in
prostaglandin vasoconstrictors associated with exposures to preeclamptic plasma ties in with the
proposed mechanism of circulating factors resulting in increased oxidative stress. Therefore, we
speculate that circulating factors not only activate PGHS dependent production of TXA»/PGHa,
but also contributes to an increase production of ROS, which scavenges NO and increase

ONOO- production, both of which contribute to endothelial impairment. An increase of PGHS-



93

dependent vasoconstrictors has also been observed in other vascular pathologies. For instance, in
humans with essential hypertension, it has been shown that indomethacin, a PGHS inhibitor,
increases ACh-mediated vasodilation in human with essential hypertension, suggesting the
predominance of PGHS-dependent vasoconstriction in adults with primary hypertension [202].
Similarly, in the ageing vasculature, it has been shown that PGHS-dependent vasoconstrictors
contribute to impaired ACh-mediated vasodilation that is detectable in hypertensive adults
beginning at 31-45 years of age and progressively increases with advancing age in adults aged 46
to 60 and those > 60 year of age [203]. Therefore, we speculate that an up-regulation of PGHS-
dependent vasoconstriction may be the common underlying mechanism behind vascular diseases
and may explain the reason why women with essential hypertension and/or advancing age are at

a significantly elevated risk of developing preeclampsia in their pregnancies.

4.3 The Role of STBEV and LOX-1 in Endothelial Function

Our findings on the effect of circulating factors on endothelium has led us to the
investigation of STBEVs, a pregnancy-specific circulating factor derived from
syncytiotrophoblast cells. The concentration of STBEVs has been shown to be increased and
associated with the heighted inflammatory responses and endothelial dysfunction seen in
preeclampsia [98, 100]. As previously summarized in Figure 4-1, we have provided data that
support STBEVs indeed contribute to endothelial dysfunction by activation of LOX-1, which is a
multi-ligand scavenger receptor implicated in cardiovascular disease and preeclampsia [41].
Although LOX-1 is known to activate NADPH oxidase and contribute to superoxide production
[153], our studies have shown that STBEVs do not increase superoxide production in uterine
arteries and scavenging superoxide with SOD has no significant effect on the STBEV-induced

endothelial impairment. One possible explanation for this discrepancy is that previous studies
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have shown LOX-1 stimulation by oxLDL leads to the release of arginase from the mitochondria
[191], which decreases the level of L-arginine as the rate-limiting substrate for NO production.
Interestingly, the activation of arginase leading to L-arginine catabolism has also been shown to
contribute to the uncoupling of eNOS, which in turns decreases NO and increases superoxide
production [192]. Other studies have demonstrated that the activation of LOX-1 leads to a bi-
phasic effect: low oxLDL stimulation results in endothelial progenitor cell growth and eNOS
activation, while high oxLDL stimulation results in the activation of NADPH oxidase [193]. We
speculate that there may also be an intricate regulation of LOX-1-dependent arginase metabolism
and a delicate balance between 1) low stimulation which increases arginase, decreases the level
of substrate L-arginine, and decreases NO bioavailability, and 2) high stimulation which leads to
the uncoupling of eNOS and increases ROS production. In our studies, we speculate that the use
of STBEVs from healthy placentas might provide a low level of stimulation of LOX-1 which
contributes to arginase metabolism without inducing uncoupling of eNOS. This could provide an
explanation for our finding that STBEV-treated arteries did not exhibit increased superoxide
production nor did scavenging superoxide affect STBEV-induced endothelial impairment. This

further leads to our directions of future studies which will be covered in a later section.

4.4 Limitations of the Studies

An important limitation of our studies using normal pregnant and preeclamptic plasma in
Chapter 2 is the consideration of the heterogeneity among different blood samples from different
women. Preeclampsia consists of a wide spectrum of disease that can vary in presentation from
those with mild hypertension with concomitant proteinuria to those with severe preeclampsia
presenting with hypertensive emergencies and/or serious complications, such as HELLP

syndrome, renal failure, stroke, eclampsia, severe [IUGR, or intrauterine fetal demise. The
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multifactorial nature of the disease implies that the blood samples collected from individual
women might vary in composition; thus, we have decided to pool plasma samples for our
experiments in order to account for this variability. We acknowledge that, by combining the
plasma from women with potentially different entity of the disease, we risk masking the most
serious spectrum of the disease or, vice versa, exaggerating the disease pathophysiology of the
mild spectrum. However, pooled plasma treatment also gives us distinct advantages in ex vivo
and in vitro studies: 1) to enable us to interpret the effect of the pooled plasma to represent an
“average” effect of the plasma combined from 10-12 randomly selected women, and 2) to allow
us to perform several different experiments using the same pool of plasma in order to compare

and contrast the results and ensure continuity of sample consistency.

Another limitation on the interpretation of our results is the lack of data on fetal outcome
from whom the plasma samples were collected. It is well documented that the role of placental
insufficiency is significant in the pathophysiology of preeclampsia and it is often associated with
IUGR in those with severe disease. Notably, not all women with preeclampsia have IUGR, thus
it 1s likely representative of a subset of patients with different pathophysiology involved.
Therefore, it would have been of valuable information to know the birth weight and neonatal
outcome of the infants born to women from which our plasma samples have been collected and

pooled.

In addition, the plasma samples were collected from the Colombian population in a
developing country. Although, traditionally, there has not been any distinction made between the
pathogenesis of preeclampsia in developing versus developed country, the WHO does recognize
the fact the there is a larger proportion of maternal mortality in South America due to

hypertensive disorders of pregnancy than those in the developed countries (25.7% in Latin
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America vs. 16.1% in North America) [17]. However, recent data have been published from the
same population of Colombian women demonstrating that they share similar risk factors as
previous studies, such as nulliparity, use of barrier contraception, and metabolic syndrome [172].
Biochemical analyses of the plasma samples from Colombian population have also shown a
decrease in PIGF and an increase in sEng and oxLDL among women with severe preeclampsia
compared to those without [204]. Therefore, we speculate that the underlying mechanism of

action of the circulating factors would be similar regardless of ethnicity.

As previously discussed in Chapter 3, we acknowledge the concentration of STBEVs
utilized in our study (200 pg/ml) is higher than those found at (patho)physiological levels (71.2 +
20.7 ng/ml in early onset preeclampsia vs. 26.3 £ 11.2 ng/ml in normal pregnancy) [100].
However, previous studies using 20-2000 ng/ml of STBEVs in 3-hour perfusion with human
myometrial arteries have shown no significant difference in endothelial function [102]. In
contrast, Cockell ef al. have found that perfusion with 200 pg/ml of STBEV impairs ACh-
induced endothelial vasodilation in human subcutaneous fat arteries [71]. We argue that using
STBEVs in ex vivo vascular experiments is a bioassay tool to examine the mechanism behind
associated endothelial dysfunction rather than to replicate the exact pathophysiological
conditions. It would be infeasible to mimic the in vivo environment using the (patho)physiologic
concentrations and a prolonged exposure over months of gestation. In order to preserve the
integrity of the vessels for ex vivo vascular experiments, we have utilized a maximum of 24 hour
incubation; therefore, we anticipate that a higher concentration of STBEVs over a short duration

of exposure is justified in order to study the mechanism behind endothelial dysfunction.
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4.5 Future Directions

Our studies in Chapter 3 using STBEVs from healthy placentas provides strong evidence
as a pilot study that STBEVs contribute to endothelial impairment via activation of LOX-1.
Given these positive findings, we are now in the process of acquiring STBEV's from
preeclamptic placentas (PE-STBEV). It has been shown that STBEVs from women with
preeclampsia differ from those with normal pregnancies not only in concentration, but also in
composition and size [98]. PE-STBEVs are found to be larger in size and contain distinct
immune-regulatory proteins, which might contribute to their pro-inflammatory properties [98].
Therefore, it would be of interest to examine how they interact with the vasculature and whether

or not they would also act as a ligand for LOX-1.

As previously discussed, our ex vivo myography experiment utilizes STBEVs at a higher
concentration than physiologically observed. One possible way to overcome this would be to
design an in vivo experiment using PE-STBEVs in animal models. It would of interest to see if
continuous parenteral exposure to PE-STBEVs at a lower concentration via intravenous,
intramuscular, or subcutaneous injections would induce endothelial dysfunction and possibly
hypertension and inflammation in pregnant rats, thus further supporting the role of STBEVs in

the pathogenesis of preeclampsia.

We also hope to further dissect the pathway downstream of LOX-1 receptor activation by
STBEVs. As previously shown by our group, preeclamptic plasma activates LOX-1 and NADPH
oxidase which results in increased superoxide production in isolated endothelial cells [41]. Other
studies have also shown that LOX-1 activation may induce the release of arginase from
mitochondria resulting in a reduction in NO production [191]. Therefore, it would be interesting

to examine whether PE-STBEVs act via this pathway, which would explain our data that
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STBEVs did not alter vascular superoxide production in uterine arteries after 24 hours of
exposure. To further decipher the impact of STBEVs on NO bioavailability, we also propose to
study the mRNA levels, protein expression, and phosphorylation levels of different NOS

isoforms to understand their contributions to the mechanisms behind endothelial dysfunction.

4.6 Clinical Relevance and Application

With increasing maternal age and BMI in our society, both of which are recognized as
major risk factors for preeclampsia, the search for knowledge and cure of preeclampsia is
arguably more critical than it has ever been. This thesis highlights the importance of
understanding the mechanism of action behind how placental circulating factors and,
specifically, STBEVs, interact with maternal vasculature as implicated in the endothelial
dysfunction seen in preeclampsia. This contributes to two important aspects of clinical care in

high risk obstetrical patients.

First of all, STBEVs released from preeclamptic placenta are now recognized as a
separate entity from those derived from normal placenta. Preeclamptic STBEVs have been found
to be larger in size and carry different types of immuno-regulatory, complement, pro-
inflammatory, and anti-angiogenic molecules [98]. Currently, the management and surveillance
of preeclamptic patients are often challenging due to the variable onset of the disease, ranging
from an insidious development over months to a sudden flash of serious complications over
days. Identifying the function and composition of PE-STBEVs may one day shed light into
finding a diagnostic or prognostic biomarker that allows early identification and prompt triaging

of patients at risk of preeclampsia.
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Secondly, STBEVs have been shown to interact with immune cells as well as endothelial
cells which arguably are the two most important underlying mechanisms of the pathophysiology
in preeclampsia. We have shown that STBEVs directly contribute to endothelial dysfunction in
pregnant vasculature which is prevented by the inhibition of LOX-1; thus, this provides a
potential therapeutic target for the development of drug to antagonize LOX-1 as a treatment for
preeclampsia. In addition, a very recent clinical study has shown that the removal by apheresis of
sFlt-1, an anti-angiogenic protein implicated in the pathophysiology, increases the duration of
gestation and improves proteinuria in women with early onset preeclampsia [205]. Since PE-
STBEV is also a circulating factor that is found to be increased in the maternal circulation, the
removal of STBEV by plasma apheresis may provide an alternate method for treatment in

preeclampsia.

As previously discussed, women with preeclampsia are at an elevated risk of
cardiovascular morbidity and mortality in later life. Therefore, treating preeclampsia during
pregnancy would not only improve the immediate health outcome of the mother and the
infant(s), but it would also potentially further reduce the disease burden of women at risk in the

latter period of their life span.

4.7 Conclusion

Altogether, our studies have contributed to the understanding of how circulating factors
interact with endothelium in maternal vasculature in the development of preeclampsia. Our data
support three important findings: 1) the effect of circulating factors in preeclamptic plasma is
dependent on the type of vascular bed, 2) circulating factors in preeclamptic plasma impair
endothelial vasodilation by increasing superoxide production, decreasing NO bioavailability, as

well as increasing PGHS-dependent vasoconstrictors, 3) STBEVs are potentially one of the
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bioactive factors found in preeclamptic plasma that contribute to endothelial dysfunction in
maternal vasculature by activating LOX-1. By the means of this thesis, we hope that we have
illustrated the importance of understanding placental circulating factors and STBEVs and the
potential of this research leading to the development of a diagnostic test or treatment modality

for preeclampsia, a disease which currently has no cure.



101

REFERENCES

10.

1.

12.

13.

14.

15.

Fisher S, McMaster M, and Roberts J, Chapter 5. The Placental in Normal Pregnancy
and Preeclampsia, in Chesley's Hypertensive Disorders in Pregnancy, 4e. 2015,
Academic Press: Oxford, UK.

Magee LA, Pels A, Helewa M, Rey E, von Dadelszen P, Audibert F, Bujold E, Cote A-
M, Douglas MJ, Eastabrook G, Firoz T, Gibson P, Gruslin A, Hutcheon J, Koren G,
Lange I, Leduc L, Logan AG, MacDonell KL, Moutquin J-M, and Sebbag I, Diagnosis,
evaluation, and management of the hypertensive disorders of pregnancy: executive
summary. Journal of Obstetrics and Gynaecology Canada, 2014. 36(5): p. 416-438.
Cunningham F, Roberts J, and Taylor R, Chapter 2. The Clinical Spectrum of
Preeclampsia, in Chesley's Hypertensive Disorders in Pregnancy, 4e. 2015, Academic
Press: Oxford, UK.

Cunningham F, Leveno KJ, Bloom S, Spong CY, Dashe J, Hoffman B, Casey B, and
Sheffield J, Chapter 4. Maternal Physiology, in Williams Obstetrics, 24e. 2013, The
McGraw-Hill Companies: New York, NY.

Melchiorre K and Thilaganathan B, Maternal cardiac function in preeclampsia. Curr
Opin Obstet Gynecol, 2011. 23(6): p. 440-447.

McCrae K, Thrombocytopenia in pregnancy: differential diagnosis, pathogenesis and
management. Blood Rev, 2003. 17: p. 7-14.

Pridjian G and Puschett J, Preeclampsia. Part 1: clinical and pathophysiological
considerations. Obstet Gynecol Surv, 2002. 57: p. 598-618.

Haddad B, Barton J, and Livingston J, Risk factors for adverse maternal outcomes among
women with HELLP (hemolysis, elevated liver enzymes, and low platelet count)
syndrome. Am J Obstet Gynecol, 2000. 183: p. 444-448.

Sibai B, Diagnosis, prevention, and management of eclampsia. Obstet Gynecol, 2005.
105(2): p. 402-410.

Cunningham F, Leveno K, Bloom S, Spong C, Dashe J, Hoffman B, Casey B, and
Sheffield J, Chapter 5. Implantation and Placental Development, in Williams Obstetrics,
24e. 2013, The McGraw-Hill Companies: New York, NY.

Cunningham FG, Leveno KJ, Bloom SL, Spong CY, Dashe J, Hoffman B, Casey B, and
Sheftield J, Chapter 40. Hypertensive Disorders, in Williams Obstetrics, 24e. 2013, The
McGraw-Hill Companies: New York, NY.

Norwitz ER, Lockwood C, and Barss VA, Prediction of preeclampsia. Up-To-Date,
2015.

Cunningham FG, Leveno KJ, Bloom SL, Spong CY, Dashe J, Hoffman B, Casey B, and
Sheffield J, Chapter 11. Amniotic Fluid, in Williams Obstetrics, 24e. 2013, The McGraw-
Hill Companies: New York, NY.

Cunningham FG, Leveno KJ, Bloom SL, Spong CY, Dashe J, Hoffman B, Casey B, and
Sheffield J, Chapter 44. Fetal-Growth Disorders, in Williams Obstetrics, 24e. 2013, The
McGraw-Hill Companies: New York, NY.

Brosens I, Pijnenborg R, Vercruysse L, and Romero R, The "Great Obstetrical
Syndromes" are associated with disorders of deep placentation. Am J Obstet Gynecol,
2011.204(3): p. 193-201.



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

102

Nath CA, Ananth CV, Smulian JC, Shen-Schwarz S, and Kaminsky L, Histologic
evidence of inflammation and risk of placental abruption. American Journal of Obstetrics
and Gynecology, 2007. 197(3): p. 319.e1-319.¢6.

Khan KS, Wojdyla D, Say L, Giilmezoglu AM, and Van Look PFA, WHO analysis of
causes of maternal death: a systematic review. The Lancet, 2006. 367(9516): p. 1066-
1074.

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

Irgens HU, Roberts JM, Reis@ter L, Irgens LM, and Lie RT, Long term mortality of
mothers and fathers after pre-eclampsia: population based cohort studyPre-eclampsia
and cardiovascular disease later in life: who is at risk? Vol. 323. 2001. 1213-1217.
Nevis I, Reitsma A, Dominic A, McDonald S, Thabane L, Akl E, Hladunewich M,
Akbari A, Joseph G, Sia W, lansavichus A, and Garg A, Pregnancy outcomes in women
with chronic kidney disease: a systematic review. Clin ] Am Soc Nephrol, 2011. 6(11): p.
2587-2598.

Rich-Edwards J, Ness R, and Roberts J, Chapter 3. Epidemiology of Pregnancy-Related
Hypertension, in Chesley's Hypertensive Disorders in Pregnancy, 4e. 2015, Academic
Press: Oxford, UK.

Myatt L, Clifton R, Roberts J, Spong C, Hauth J, Varner M, Thorp JJ, Mercer B,
Peaceman A, Ramin S, Carpenter M, lams J, Sciscione A, Harper M, Tolosa J, Saade G,
Sorokin Y, and Anderson G, First-trimester prediction of preeclampsia in nulliparous
women at low risk. Obstet Gynecol, 2012. 119(6): p. 1234-1242.

Castles A, Adams E, Melvin C, Kelsch C, and Boulton M, Effects of smoking during
pregnancy. Five meta-analyses. Am J Prev Med, 1999. 16(3): p. 208.

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

Sibai B, Hauth J, Caritis S, Lindheimer M, MacPherson C, Klebanoff M, VanDorsten J,
Landon M, Miodovnik M, Paul R, Meis P, Thurnau G, Dombrowski M, Roberts J, and
McNellis D, Hypertensive disorders in twin versus singleton gestations. National
Institute of Child Health and Human Development Network of Maternal-Fetal Medicine
Units. Am J Obstet Gynecol, 2000. 182(4): p. 938-942.

Mehendale R, Hibbard J, Fazleabas A, and Leach R, Placental angiogenesis markers
sFlt-1 and PIGF: response to cigarette smoke. Am J Obstet Gynecol, 2007. 197(4): p.
363.

Hod T, Cerdeira A, and Karumanchi SA, Molecular Mechanisms of Preeclampsia. Cold
Spring Harb Perspect Med, 2015. 5: p. 1-20.

Ray J, Vermeulen M, Schull M, and Redelmeier D, Cardiovascular health after maternal
placental syndromes (CHAMPS): population-based retrospective cohort study. Lancet,
2005. 366(9499): p. 1797-1803.

Bellamy L, Casas J, Hingorani A, and Williams D, Pre-eclampsia and risk of
cardiovascular disease and cancer in later life: systematic review and meta-analysis.
BMJ, 2007. 335(7627): p. 974.

Lykke J, Langhoff-Roos J, Sibai B, Funai E, Triche E, and Paidas M, Hypertensive
pregnancy disorders and subsequent cardiovascular morbidity and type 2 diabetes
mellitus in the mother. Hypertension, 2009. 53(6): p. 944-951.



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

103

Askie LM, Duley L, Henderson-Smart DJ, and Stewart LA, Antiplatelet agents for
prevention of pre-eclampsia: a meta-analysis of individual patient data. The Lancet.
369(9575): p. 1791-1798.

Redman CWG, Pre-eclampsia: A complex and variable disease. Pregnancy
Hypertension, 2014. 4(3): p. 241-242.

Riddell M, Chapter 1. General Introduction, in Mechanisms of Human Placental
Growth. 2013, University of Alberta: Edmonton, AB.

Loke Y and King A, Human Implantation. Cell Biology and Immunology., 1995: p.
Cambridge University Press.

Pijnenborg R, Trophoblast invasion. Reproductive Medicine Review, 1994. 3(01): p. 53-
73.

Pijnenborg R, Bland JM, Robertson WB, and Brosens 1, Uteroplacental arterial changes
related to interstitial trophoblast migration in early human pregnancy. Placenta, 1983.
4(4): p. 397-413.

Hamilton WJ and Boyd JD, Trophoblast in Human Utero-Placental Arteries. Nature,
1966. 212(5065): p. 906-908.

Madazli R, Budak E, Calay Z, and Aksu MF, Correlation between placental bed biopsy
findings, vascular cell adhesion molecule and fibronectin levels in pre-eclampsia. BIOG:
An International Journal of Obstetrics & Gynaecology, 2000. 107(4): p. 514-518.
Naicker T, Khedun SM, Moodley J, and Pijnenborg R, Quantitative analysis of
trophoblast invasion in preeclampsia. Acta Obstetricia et Gynecologica Scandinavica,
2003. 82(8): p. 722-729.

Karumanchi SA, Lim K-H, and August P Pathogenesis of preeclampsia. Up-To-Date,
2014.

Sankaralingam S, Xu Y, Sawamura T, and Davidge ST, Increased lectin-like oxidized
low-density lipoprotein receptor-1 expression in the maternal vasculature of women with
preeclampsia: role of peroxynitrite. Hypertension, 2009. 53: p. 270-277.

Palmer S, Moore L, Young D, Cregger B, Berman J, and Zamudio S, Altered blood
pressure course during normal pregnancy and increased preeclampsia at high altitude
(3100 meters) in Colorado. American Journal of Obstetrics and Gynecology, 1999.
180(5): p. 1161-1168.

Dekker GF, Risk factors for preeclampsia. Clinical Obstetrics and Gynecology, 1999.
42(3).

Li J, LaMarca B, and Reckelhoff JF, 4 model of preeclampsia in rats: the reduced
uterine perfusion pressure (RUPP) model. Am J Physiol Heart Circ Physiol, 2012. 303:
p. H1-HS.

Ashworth JR, Warren AY, Johnson IR, and Baker PN, Plasma from pre-eclamptic
women and functional change in myometrial resistance arteries. BJOG: An International
Journal of Obstetrics & Gynaecology, 1998. 105(4): p. 459-461.

Hayman R, Warren A, Brockelsby J, Johnson I, and Baker P, Plasma from women with
pre-eclampsia induces an in vitro alteration in the endothelium-dependent behaviour of
myometrial resistance arteries. BIOG: An International Journal of Obstetrics &
Gynaecology, 2000. 107(1): p. 108-115.

Hayman R, Warren A, Johnson I, and Baker P, Inducible change in the behavior of
resistance arteries from circulating factor in preeclampsia: An effect specific to



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

104

myometrial vessels from pregnant women. American Journal of Obstetrics and
Gynecology, 2001. 184(3): p. 420-426.

Walsh SK, English FA, Johns EJ, and Kenny LC, Plasma-mediated vascular dysfunction
in the reduced uterine perfusion pressure model of preeclampsia. Hypertension, 2009.
54: p. 345-351.

Faas MM, van Pampus MG, Anninga ZA, Salomons J, Westra IM, Donker RB,
Aarnoudse JG, and de Vos P, Plasma from preeclamptic women activates endothelial
cells via monocyte activation in vitro. Journal of Reproductive Immunology, 2010. 87(1—
2): p. 28-38.

Karumanchi SA, Rana S, and Taylor RN, Chapter 6. Angiogenesis and Preeclampsia, in
Chesley's Hypertensive Disorders in Pregnancy, 4e. 2015, Academic Press: Oxford, UK.
Levine RJ, Lam C, Qian C, Yu KF, Maynard SE, Sachs BP, Sibai BM, Epstein FH,
Romero R, Thadhani R, and Karumanchi SA, Soluble Endoglin and Other Circulating
Antiangiogenic Factors in Preeclampsia. New England Journal of Medicine, 2006.
355(10): p. 992-1005.

Maynard SE, Min J-Y, Merchan J, Lim K-H, Li J, Mondal S, Libermann TA, Morgan JP,
Sellke FW, Stillman IE, Epstein FH, Sukhatme VP, and Karumanchi SA, Excess
placental soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial
dysfunction, hypertension, and proteinuria in preeclampsia. The Journal of Clinical
Investigation, 2003. 111(5): p. 649-658.

Venkatesha S, Toporsian M, Lam C, Hanai J-i, Mammoto T, Kim YM, Bdolah Y, Lim
K-H, Yuan H-T, Libermann TA, Stillman IE, Roberts D, D'Amore PA, Epstein FH,
Sellke FW, Romero R, Sukhatme VP, Letarte M, and Karumanchi SA, Soluble endoglin
contributes to the pathogenesis of preeclampsia. Nat Med, 2006. 12(6): p. 642-649.
Maharaj ASR, Walshe TE, Saint-Geniez M, Venkatesha S, Maldonado AE, Himes NC,
Matharu KS, Karumanchi SA, and D'Amore PA, VEGF and TGF-p are required for the
maintenance of the choroid plexus and ependyma. The Journal of Experimental
Medicine, 2008. 205(2): p. 491-501.

Shah DA and Khalil RA, Bioactive factors in uteroplacental and systemic circulation link
placental ischemia to generalized vascular dysfunction in hypertensive pregnancy and
preeclampsia. Biochemical Pharmacology, 2015. 95(4): p. 211-226.

Inai T, Mancuso M, Hashizume H, Baffert F, Haskell A, Baluk P, Hu-Lowe DD,
Shalinsky DR, Thurston G, Yancopoulos GD, and McDonald DM, Inhibition of Vascular
Endothelial Growth Factor (VEGF) Signaling in Cancer Causes Loss of Endothelial
Fenestrations, Regression of Tumor Vessels, and Appearance of Basement Membrane
Ghosts. The American Journal of Pathology, 2004. 165(1): p. 35-52.

He H, Venema VJ, Gu X, Venema RC, Marrero MB, and Caldwell RB, Vascular
Endothelial Growth Factor Signals Endothelial Cell Production of Nitric Oxide and
Prostacyclin through Flk-1/KDR Activation of c-Src. Journal of Biological Chemistry,
1999. 274(35): p. 25130-25135.

Facemire CS, Nixon AB, Griffiths R, Hurwitz H, and Coffman TM, Vascular Endothelial
Growth Factor Receptor 2 Controls Blood Pressure by Regulating Nitric Oxide Synthase
Expression. Hypertension, 2009. 54(3): p. 652-658.

Levine RJ, Maynard SE, Qian C, Lim K-H, England LJ, Yu KF, Schisterman EF,
Thadhani R, Sachs BP, Epstein FH, Sibai BM, Sukhatme VP, and Karumanchi SA,



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

105

Circulating Angiogenic Factors and the Risk of Preeclampsia. New England Journal of
Medicine, 2004. 350(7): p. 672-683.

Polliotti B, Fry A, Saller D, Mooney R, Cox C, and Miller R, Second-trimester maternal
serum placental growth factor and vascular endothelial growth factor for predicting
severe, early-onset preeclampsia. Obstet Gynecol, 2003. 101(6): p. 1266-1274.

Rana S, Cerdeira AS, Wenger J, Salahuddin S, Lim K-H, Ralston SJ, Thadhani RI, and
Karumanchi SA, Plasma Concentrations of Soluble Endoglin versus Standard Evaluation
in Patients with Suspected Preeclampsia. PLoS ONE, 2012. 7(10): p. e48259.
Chaiworapongsa T, Romero R, Savasan ZA, Kusanovic JP, Ogge G, Soto E, Dong Z,
Tarca A, Gaurav B, and Hassan SS, Maternal plasma concentrations of angiogenic/anti-
angiogenic factors are of prognostic value in patients presenting to the obstetrical triage
area with the suspicion of preeclampsia. The Journal of Maternal-Fetal & Neonatal
Medicine, 2011. 24(10): p. 1187-1207.

Borzychowski A, Sargent IL, and Redman CWG, Inflammation and pre-eclampsia.
Seminars in Fetal and Neonatal Medicine, 2006. 11: p. 309-316.

Gatti L, Tenconi P, Guarneri D, Bertulessi C, Ossola M, Bosco P, and Gianotti G,
Hemostatic parameters and platelet activation by flow-cytometry in normal pregnancy. a
longitudinal study. Int J Clin Lab Res, 1994. 24(4): p. 217-219.

Haram K, Augensen K, and Elsayed S, Serum protein pattern in normal pregnancy with
special reference to acute-phase reactants. Br J Obstet Gynaecol, 1983. 90(2): p. 139-
145.

Studd J, Blainey J, and Bailey D, Serum protein changes in the pre-eclampsia-eclampsia
syndrome. J Obstet Gynaecol Br Commonw, 1970. 77(9): p. 796-801.

Barriga C, Rodriguez A, and Ortega E, Increased phagocytic activity of
polymorphonuclear leukocytes during pregnancy. Eur J Obstet Gynecol Reprod Biol,
1994. 57(43-46).

Smarason A, Gunnarsson A, Alfredsson J, and Valdimarsson H, Monocytosis and
monocytic infiltration of decidua in early pregnancy. J Clin Lab Immunol, 1986. 21: p. 1-
5.

Austgulen R, Lien E, Liabakk N, Jacobsen G, and Arntzen K, Increased levels of
cytokines and cytokine activity modifiers in normal pregnancy. Eur J Obstet Gynecol
Reprod Biol, 1994. 57(3): p. 149-155.

Melczer Z, Banhidy F, Csomor S, Toth P, Kovacs M, Winkler G, and Cseh K, Influence
of leptin and the TNF system on insulin resistance in pregnancy and their effect on
anthropometric parameters of newborns. Acta Obstet Gynecol Scand, 2003. 82(5): p.
432-438.

Cockell AP, Learmont JG, Smarason AK, Redman CWG, Sargent IL, and Poston L,
Human placental syncytiotrophiblast microvillus membranes impair maternal vascular
endothelial function. British Journal of Obstetrics and Gynaecology, 1997. 104: p. 235-
240.

Lamarca B, Brewer J, and Wallace K, IL-6-induced pathophysiology during pre-
eclampsia: potential therapeutic role for magnesium sulfate? Int J Infereron Cytokine
Mediator Res, 2011. 2011(3): p. 59-64.

Parrish M, Murphy S, Rutland S, Wallace K, Wenzel K, Wallukat G, Keiser S, Ray L,
Dechend R, Martin J, Granger J, and LaMarca B, The effect of immune factors, tumor
necrosis factor-alpha, and agonistic autoantibodies to the angiotensin II type I receptor



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

106

on soluble fms-like tyrosine-1 and soluble endoglin production in response to
hypertension during pregnancy. Am J Hypertens, 2010. 23(8): p. 911-916.

Palei A, Granger J, and Tanus-Santos J, Matrix metalloproteinases as drug targets in
preeclampsia. Curr Drug Targets, 2013. 14(3): p. 325-334.

Lockwood C, Yen C, Basar M, Kayisli U, Martel M, Buhimschi I, Buhimschi C, Huang
S, Krikun G, and F S, Preeclampsia-related inflammatory cytokines regulate interleukin-
6 expression in human decidual cells. Am J Pathol, 2008. 172(6): p. 1571-1579.
LaMarca B, Speed J, Fournier L, Babcock SA, Berry H, Cockrell K, and Granger JP,
Hypertension in Response to Chronic Reductions in Uterine Perfusion in Pregnant Rats:
Effect of Tumor Necrosis Factor-a Blockade. Hypertension, 2008. 52(6): p. 1161-1167.
Gutkowska J, Granger J, Lamarca B, Danalache B, Wang D, and Jankowski M, Changes
in cardiac structure in hypertension produced by placental ischemia in pregnant rats.
effect of tumor necrosis factor blockade. J Hypertens, 2011. 29(6): p. 1203-1212.
Chassagne C, Eddahibi S, Adamy C, Rideau D, Marotte F, Dubois-Randé J-L, Adnot S,
Samuel J-L, and Teiger E, Modulation of Angiotensin II Receptor Expression during
Development and Regression of Hypoxic Pulmonary Hypertension. American Journal of
Respiratory Cell and Molecular Biology, 2000. 22(3): p. 323-332.

Anton L, Merrill DC, Neves LAA, Diz DI, Corthorn J, Valdes G, Stovall K, Gallagher
PE, Moorefield C, Gruver C, and Brosnihan KB, The Uterine Placental Bed Renin-
Angiotensin System in Normal and Preeclamptic Pregnancy. Endocrinology, 2009.
150(9): p. 4316-4325.

Anton L, Merrill DC, Neves LAA, Stovall K, Gallagher PE, Diz DI, Moorefield C,
Gruver C, Ferrario CM, and Brosnihan KB, Activation of Local Chorionic Villi
Angiotensin Il Levels But Not Angiotensin (1-7) in Preeclampsia. Hypertension, 2008.
51(4): p. 1066-1072.

Siddiqui AH, Irani RA, Blackwell SC, Ramin SM, Kellems RE, and Xia Y, Angiotensin
Receptor Agonistic Autoantibody Is Highly Prevalent in Preeclampsia: Correlation With
Disease Severity. Hypertension, 2010. 55(2): p. 386-393.

Siddiqui AH, Irani RA, Zhang W, Wang W, Blackwell SC, Kellems RE, and Xia Y,
Angiotensin Receptor Agonistic Autoantibody-Mediated Soluble Fms-Like Tyrosine
Kinase-1 Induction Contributes to Impaired Adrenal Vasculature and Decreased
Aldosterone Production in Preeclampsia. Hypertension, 2013. 61(2): p. 472-479.

Zhou CC, Zhang Y, Irani RA, Zhang H, Mi T, Popek EJ, Hicks MJ, Ramin SM, Kellems
RE, and Xia Y, Angiotensin receptor agonistic autoantibodies induce pre-eclampsia in
pregnant mice. Nat Med, 2008. 14(8): p. 855-862.

Irani RA, Zhang Y, Zhou CC, Blackwell SC, Hicks MJ, Ramin SM, Kellems RE, and Xia
Y, Autoantibody-Mediated Angiotensin Receptor Activation Contributes to Preeclampsia
Through Tumor Necrosis Factor-o Signaling. Hypertension, 2010. 55(5): p. 1246-1253.
Xia Y, Ramin SM, and Kellems RE, Potential Roles of Angiotensin Receptor-Activating
Autoantibody in the Pathophysiology of Preeclampsia. Hypertension, 2007. 50(2): p.
269-275.

Ray J, Diamond P, Singh G, and Bell C, Brief overview of maternal triglycerides as a
risk factor for pre-eclampsia. BJOG: An International Journal of Obstetrics &
Gynaecology, 2006. 113: p. 379-386.



&7.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

107

Hubel CA, Lyall F, Weissfeld L, Gandley RE, and Roberts JM, Small low-density
lipoproteins and vascular cell adhesion molecule-1 are increased in association with
hyperlipidemia in preeclampsia. Metabolism, 1998. 47(10): p. 1281-1288.

Sattar N, Greer I, Louden J, Lindsay G, McConnell M, Shepherd J, and Packard C,
Lipoprotein subfraction changes in normal pregnancy: threshold effect of plasma
triglyceride on appearance of small, dense low density lipoprotein. J Clin Endocrinol
Metab, 1997. 82(8): p. 2483-2491.

Sawamura T, Kume N, Aoyama T, Moriwaki H, Hoshikawa H, Aiba Y, Tanaka T, Miwa
S, Katsura Y, Kita T, and Masaki T, An endothelial receptor for oxidized low-density
lipoprotein. Nature, 1997. 386(6620): p. 73-77.

Cominacini L, Rigoni A, Pasini AF, Garbin U, Davoli A, Campagnola M, Pastorino AM,
Cascio VL, and Sawamura T, The binding of oxidized low density lipoprotein (ox-LDL)
to ox-LDL receptor-1 reduces the intracellular concentration of nitric oxide in
endothelial cells through an increased production of superoxide. The Journal of
Biological Chemistry, 2001. 276: p. 13750-13755.

English FA, McCarthy FP, McSweeney CL, Quon AL, Morton JS, Sawamura T, Davidge
ST, and Kenny LC, Inhibition of Lectin-Like Oxidized Low-Density Lipoprotein-1
Receptor Protects Against Plasma-Mediated Vascular Dysfunction Associated With Pre-
Eclampsia. American Journal of Hypertension, 2013. 26(2): p. 279-286.

Marques FK, Campos FMF, Sousa LP, Teixeira-Carvalho A, Dusse LMS, and Gomes
KB, Association of microparticles and preeclampsia. Mol Biol Rep, 2013. 40: p. 4553-
4559.

Wolf P, The nature and significance of platelet products in human plasma. BrJ
Haematol, 1967. 13(3): p. 269-288.

Mause S and Weber C, Microparticles: protagnoists of a novel communication network
for intercellular information exchange. Circ Res, 2010. 107(9): p. 1047-1057.

Meziani F, Tesse A, and Andriantsitohaina R, Microparticles are vectors of paradoxical
information in vascular cells including the endothelium: role in helath and diseases.
Pharmacol Rep, 2008. 60(1): p. 75-84.

Redman C and Sargent IL, Circulating microparticles in normal pregnancy and pre-
eclampsia. Placenta, 2008. 29(Suppl A): p. S73-S77.

Redman CWG, Tannetta D, Dragovic R, Gardiner C, Southcombe J, Collett G, and
Sargent IL, Review: Does size matter? Placental debris and the pathophysiology of pre-
eclampsia. Placenta, 2012. 26: p. S48-S54.

Sargent I, Microvesicles and pre-eclampsia. Pregnancy Hypertension: An International
Journal of Women's Cardiovascular Health, 2013. 3(2): p. 58.

Smarason A, Sargent IL, Starkey P, and Redman CWG, The effect of placental
syncytiotrophoblast microvillous membranes from normal and pre-eclamptic women on
the growth of endothelial cells in vitro. BJOG: An International Journal of Obstetrics &
Gynaecology, 1993. 100: p. 943-949.

Chen Y, Huang Y, Jiang R, and Teng Y, Syncytiotrophoblast-derived microparticle
shedding in early-onset and late-onset severe pre-eclampsia. International Journal of
Gynecology & Obstetrics, 2012. 119(3): p. 234-238.

Gupta A, Rusterholz C, Huppertz B, Malek A, Schneider H, Holzgreve W, and Hahn S, 4
Comparative Study of the Effect of Three Different Syncytiotrophoblast Micro-particles
Preparations on Endothelial Cells. Placenta, 2005. 26: p. 56-66.



102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

108

van Wijk MJ, Boer K, Nisell H, Smarason AK, van Bavel E, and Kublickiene KR,
Endothelial function in myometrial resistance arteries of normal pregnant women

perfused with syncytiotrophoblast microvillous membranes. BIOG: An International
Journal of Obstetrics & Gynaecology, 2001. 108(9): p. 963-972

van Wijk MJ, Svedas E, Boer K, Nieuwland R, VanBavel E, and Kublickiene KR,
Isolated microparticles, but not whole plasma, from women with preeclampsia impair
endothelium-dependent relaxation in isolated myometrial arteries from healthy pregnant
women. American Journal of Obstetrics and Gynecology, 2002. 187(6): p. 1686-1693.
Meziani F, Tesse A, David E, Martinez MC, Wangesteen R, Schneider F, and
Andriantsitohaina R, Shed membrane particles from preeclamptic women generate
vascular wall inflammation and blunt vascular contractility. The American Journal of
Pathology, 2006. 169(4): p. 1473-1483.

Tesse A, Meziani F, David E, Carusio N, Kremer H, Schneider F, and Andriantsitohaina
R, Microparticles from preeclamptic women induce vascular hyporeactivity in vessels
from pregnant mice through an overproduction of NO. Vol. 293. 2007. H520-H525.
Goswami D, Tannetta DS, Magee LA, Fuchisawa A, Redman CWG, Sargent IL, and von
Dadelszen P, Excess syncytiotrophoblast microparticle shedding is a feature of early-
onset pre-eclampsia, but not normotensive intrauterine growth restriction. Placenta,
2006. 27(1): p. 56-61.

Paradis A and Zhang L, Role of endothelin in uteroplacental circulation and fetal
vascular function. Curr Vasc Pharmacol, 2013. 11(5): p. 594-605.

Khalil A, Hardman L, and O’Brien P, The role of arginine, homoarginine and nitric
oxide in pregnancy. Amino Acids, 2015: p. 1-13.

Meyrelles S, Peotta V, Pereira T, and Vasquez E, Endothelial dysfunction in the
apolipoprotein E-deficient mouse: insights into the influcence of diet, gender and aging. .
Lipids in Health and Disease, 2011. 10: p. 211.

Bird IM, Zhang L, and Magness RR, Possible mechanisms underlying pregnancy-
induced changes in uterine artery endothelial function. Am J Physiol Regul Integr Comp
Physiol, 2002. 284: p. R245-R258.

Nelson SH, Steinsland OS, Wang Y, Yallampalli C, Dong Y-L, and Sanchez JM,
Increased Nitric Oxide Synthase Activity and Expression in the Human Uterine Artery
During Pregnancy. Circulation Research, 2000. 87(5): p. 406-411.

Conrad K, Kerchner L, and Mosher M, Plasma and 24-h NO(x) and cGMP during
normal pregnancy and preeclampsia in women on a reduced NO(x) diet. Am J Physiol,
1999. 277: p. F48-57.

Groesch KA, Torry RJ, Wilber AC, Abrams R, Bieniarz A, Guilbert LJ, and Torry DS,
Nitric oxide generation affects pro- and anti-angiogenic growth factor expression in
primary human trophoblast. Placenta, 2011. 32(12): p. 926-931.

Khalil RA, Crews JK, Novak J, Kassab S, and Granger JP, Enhanced Vascular Reactivity
During Inhibition of Nitric Oxide Synthesis in Pregnant Rats. Hypertension, 1998. 31(5):
p- 1065-1069.

Matsubara K, Matsubara Y, Hyodo S, Katayama T, and Ito M, Role of nitric oxide and
reactive oxygen species in the pathogenesis of preeclampsia. Journal of Obstetrics and
Gynaecology Research, 2010. 36(2): p. 239-247.



116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

109

Smith-Jackson K, Hentschke M, Poli-de-Figueiredo C, Pinheiro da Costa B, Kurlak L,
Broughton Pipkin F, Czajka A, and Mistry H, Placental expression of eNOS, iNOS, and
the major protein components of caveolae in women with pre-eclampsia. Placenta, 2015.
36(5): p. 607-610.

Roggensack AM, Zhang Y, and Davidge ST, Evidence for Peroxynitrite Formation in the
Vasculature of Women With Preeclampsia. Hypertension, 1999. 33(1): p. 83-89.
Oliveira-Paula G, Lacchini R, and Tanus-Santos JE, Inducible nitric oxide synthase as a
possible target in hypertension. Current Drug Targets, 2014. 15(2): p. 164-74.

Vignini A, Cecati M, Nanetti L, Raffaelli F, Ciavattini A, Giannubilo S, Mazzanti L,
Saccucci F, Emanuelli M, and Tranquili A, Placental expression of endothelial and
inducible nitric oxide synthase and NO metabolism in gestational hypertesion: a case-
control study. ] Matern Fetal Neonatal Med, 2015: p. Epub 2015/Jul/26.

Krause BJ, Hanson MA, and Casanello P, Role of nitric oxide in placental vascular
development and function. Placenta, 2011. 32(11): p. 797-805.

Amaral LM, Pinheiro LC, Guimaraes DA, Palei ACT, Sertorio JT, Portella RL, and
Tanus-Santos JE, Antihypertensive effects of inducible nitric oxide synthase inhibition in
experimental pre-eclampsia. Journal of Cellular and Molecular Medicine, 2013. 17(10):
p. 1300-1307.

Pimentel A, Pereira N, Costa C, Mann G, Cordeiro V, de Moura R, Brunini T, Mendes-
Ribeiro A, and Resende A, L-arginine-nitroc oxide pathway and oxidative stress in
plasma and platelets of patients with pre-eclampsia. Hypertens Res, 2013. 36(9): p. 783-
788.

Zhang YH, Jin CZ, Jang JH, and Wang Y, Molecular mechanisms of neuronal nitric
oxide synthase in cardiac function and pathophysiology. The Journal of Physiology,
2014. 592(15): p. 3189-3200.

Toda N, Ayajiki K, and Okamura T, Control of systemic and pulmonary blood pressure
by nitric oxide formed through neuronal nitric oxide synthase. Journal of Hypertension,
2009. 27(10): p. 1929-1940.

Schonfelder G, Fuhr N, Hadzidiakos D, John M, Hopp H, and Paul M, Preeclampsia is
associated with loss of neuronal nitric oxide synthase expression in vascular smooth
muscle cells of the human umbilical cord. Histopathology, 2004. 44(2): p. 116-128.
Poston L, McCarthy AL, and Ritter JM, Control of vascular resistance in the maternal
and feto-placental arterial beds. Pharmacol Ther, 1995. 65: p. 215-239.

Goodman R, Killam A, and Brash AB, RA, Prostacyclin production during pregnancy:
comparison of production during normal pregnancy and pregnancy complicated by
hypertension. Am J Obstet Gynecol, 1982. 142(7): p. 817-822.

Fitzgerald D, Mayo G, Catella F, Entman S, and FitzGerald G, Increased thromboxane
biosynthesis in normal pregnancy is mainly derived from platelets. Am J Obstet Gynecol,
1987. 157(2): p. 325-530.

Davidge ST, Prostaglandin H Synthase and Vascular Function. Circulation Research,
2001. 89: p. 650-660.

Fitzgerald D, Edtman S, Mulloy K, and FitzGerald G, Decreased prostacyclin
biosynthesis preceding the clinical manifestation of pregnancy-induced hypertension.
Circulation, 1987. 75(5): p. 956-963.



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

110

Lewis DF, Canzoneri BJ, Gu'Y, Zhao S, and Wang Y, Maternal Levels of Prostacyclin,
Thromboxane, ICAM, and VCAM in Normal and Preeclamptic Pregnancies. American
Journal of Reproductive Immunology, 2010. 64(6): p. 376-383.

Fitzgerald D, Rocki W, Murray R, Mayo G, and FitzGerald G, Thromboxane A2
synthesis in pregnancy-induced hypertension. Lancet, 1990. 335(8692): p. 751-754.
Walsh S, Preeclampsia: an imbalance in placental prostacyclin and thromboxane
production. Am J Obstet Gynecol, 1985. 152(3): p. 335-340.

Zhao S, Gu Y, Lewis DF, and Wang Y, Predominant Basal Directional Release of
Thromboxane, but not Prostacyclin, by Placental Trophoblasts from Normal and
Preeclamptic Pregnancies. Placenta, 2008. 29(1): p. 81-88.

Walsh SW, Eicosanoids in preeclampsia. Prostaglandins, Leukotrienes and Essential
Fatty Acids, 2004. 70(2): p. 223-232.

Morris J, Gopaul N, Endresen M, Knight M, Linton E, Dhir S, Anggard E, and Redman
C, Circulating markers of oxidative stress are raised in normal pregnancy and pre-
eclampsia. Br J Obstet Gynaecol, 1998. 105(11): p. 1195-1199.

Palm M, Axelsson O, Wernroth L, and Basu S, F(2)-isoprostanes, tocopherols and
normal pregnancy. Free Radic Res, 2009. 43(6): p. 546-552.

Toescu V, Nuttall S, Martin U, Kendall M, and Dunne F, Oxidative stress and normal
pregnancy. Clin Endocrinol (Oxf), 2002. 57(5): p. 609-613.

Stanley J and Davidge ST, Chapter 122. Reactive Oxygen Species and the Uterine
Circulation, in Systems Biology of Free Radicals and Antioxidants, 1. Laher, Editor.
2014, Springer: Verlag Berlin Heidelberg.

Kaur G, Mishra S, Sehgal A, and Prasad R, Alterations in lipid peroxidation and
antioxidant status in pregnancy with preeclampsia. Molecular and Cellular Biochemistry,
2008. 313(1-2): p. 37-44.

Dordevic N, Babic G, Markovic S, Ognjanovic B, Stajn A, Zikic R, and Saicic Z,
Oxidative stress and changes in antioidative defense system in erythrocytes of
preeclampsia in women. Reprod Toxicol, 2008. 25: p. 213-218.

Peter Stein T, Scholl T, Schluter M, Leskiw M, Chen X, Spur B, and Rodriguez A,
Oxidative stress early in pregnancy and pregnancy outcome. Free Radic Res, 2008. 42: p.
841-848.

Yung H-w, Calabrese S, Hynx D, Hemmings BA, Cetin I, Charnock-Jones DS, and
Burton GJ, Evidence of Placental Translation Inhibition and Endoplasmic Reticulum
Stress in the Etiology of Human Intrauterine Growth Restriction. The American Journal
of Pathology, 2008. 173(2): p. 451-462.

Bainbridge SA, Belkacemi L, Dickinson M, Graham CH, and Smith GN, Carbon
Monoxide Inhibits Hypoxia/Reoxygenation-Induced Apoptosis and Secondary Necrosis in
Syncytiotrophoblast. The American Journal of Pathology, 2006. 169(3): p. 774-783.
Haller H, Ziegler E-M, Homuth V, Drab M, Eichhorn J, Nagy Z, Busjahn A, Vetter K,
and Luft FC, Endothelial Adhesion Molecules and Leukocyte Integrins in Preeclamptic
Patients. Hypertension, 1997. 29(1): p. 291-296.

Fiore G, Florio P, Micheli L, Nencini C, Rossi M, Cerretani D, Ambrosini G, Giorgi G,
and Petraglia F, Endothelin-1 Triggers Placental Oxidative Stress Pathways: Putative
Role in Preeclampsia. The Journal of Clinical Endocrinology & Metabolism, 2005.
90(7): p. 4205-4210.



147.

148.

149.

150.

I51.

152.

153.

154.

155.

156.

157.

158.

159.

160.

111

Sankaralingam S, Arenas IA, Lalu MM, and Davidge ST, Preeclampsia: current
understanding of the molecular basis of vascular dysfunction. Expert Reviews in
Molecular Medicine, 2006. 8(03): p. 1-20.

Oyston CJ, Stanley JL, and Baker PN, Potential targets for the treatment of
preeclampsia. Expert Opinion on Therapeutic Targets, 2015. 19(11): p. 1517-1530.
Vohra R, Murphy J, Walker J, Ponnambalam S, and Homer-Vanniasinkam S,
Atherosclerosis and the Lectin-like OXidized low-density lipoprotein scavenger receptor.
Trends Cardiovasc Med, 2006. 16(2): p. 60-64.

Chiba Y, Ogita T, Ando K, and Fujita T, PPARy Ligands Inhibit TNF-a-Induced LOX-1
Expression in Cultured Endothelial Cells. Biochemical and Biophysical Research
Communications, 2001. 286(3): p. 541-546.

Yoshida H, Kondratenko N, Green S, Steinberg D, and Quehenberger O, Identification of
the lectin-like receptor for oxidized low-density lipoprotein in human macrophages and
its potential role as a scavenger receptor. Biochemical Journal, 1998. 334(1): p. 9-13.
PrabhuDas M, Bowdish D, Drickamer K, Febbraio M, Herz J, Kobzik L, Krieger M,
Loike J, Means TK, Moestrup SK, Post S, Sawamura T, Silverstein S, Wang X-Y, and El
Khoury J, Standardizing Scavenger Receptor Nomenclature. The Journal of Immunology,
2014. 192(5): p. 1997-2006.

Zuniga F, Ormazabal V, Gutierrez N, Aguilera V, Radojkovic C, Veas C, Escudero C,
Lamperti L, and Aguayo C, Role of lectin-like oxidized low density lipoprotein-1 in
fetoplacental vascular dysfunction in preeclampsia. Biomed Res Int, 2014. 2014: p.
353616.

Murphy Jane E, Tacon D, Tedbury Philip R, Hadden Jonathan M, Knowling S,
Sawamura T, Peckham M, Phillips Simon EV, Walker John H, and Ponnambalam S,
LOX-1 scavenger receptor mediates calcium-dependent recognition of
phosphatidylserine and apoptotic cells. Biochemical Journal, 2006. 393(1): p. 107-115.
Oka K, Sawamura T, Kikuta K-1, Itokawa S, Kume N, Kita T, and Masaki T, Lectin-like
oxidized low-density lipoprotein receptor 1 mediates phagocytosis of aged/apoptotic cells
in endothelial cells. Proceedings of the National Academy of Sciences, 1998. 95(16): p.
9535-9540.

Kakutani M, Masaki T, and Sawamura T, 4 platelet—endothelium interaction mediated by
lectin-like oxidized low-density lipoprotein receptor-1. Proceedings of the National
Academy of Sciences, 2000. 97(1): p. 360-364.

Shimaoka T, Kume N, Minami M, Hayashida K, Sawamura T, Kita T, and Yonehara S,
LOX-1 Supports Adhesion of Gram-Positive and Gram-Negative Bacteria. The Journal of
Immunology, 2001. 166(8): p. 5108-5114.

Taye A and El-Sheikh AAK, Lectin-like oxidized low-density lipoprotein receptor 1
pathways. European Journal of Clinical Investigation, 2013. 43(7): p. 740-745.

De Siqueira J, Abdul Zani I, Russell D, Wheatcroft S, Ponnambalam S, and Homer-
Vanniasinkam S, Clinical and Preclinical Use of LOX-1-Specific Antibodies in
Diagnostics and Therapeutics. Journal of Cardiovascular Translational Research, 2015:
p. 1-8.

Li D and Mehta JL, Upregulation of Endothelial Receptor for Oxidized LDL (LOX-1) by
Oxidized LDL and Implications in Apoptosis of Human Coronary Artery Endothelial
Cells: Evidence From Use of Antisense LOX-1 mRNA and Chemical Inhibitors.
Arteriosclerosis, Thrombosis, and Vascular Biology, 2000. 20(4): p. 1116-1122.



161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

112

Lee H, Park H, Kim YJ, Kim HJ, Ahn YM, Park B, Park JH, and Eun Lee B, Expression
of lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) in human preeclamptic
placenta: possible implications in the process of trophoblast apoptosis. Placenta, 2005.
26(2-3): p. 226-233.

Pavan L, Hermouet A, Tsatsaris V, Thérond P, Sawamura T, Evain-Brion D, and
Fournier T, Lipids from Oxidized Low-Density Lipoprotein Modulate Human Trophoblast
Invasion: Involvement of Nuclear Liver X Receptors. Endocrinology, 2004. 145(10): p.
4583-4591.

Morton JS, Abdalvand A, Jiang Y, Sawamura T, Uwiera RRE, and Davidge ST, Lectin-
like oxidized low-density lipoprotein 1 receptor in a reduced uteroplacental perfusion
pressure rat model of preeclampsia. Hypertension, 2012. 59: p. 1014.

Hashizume M and Mihara M, Atherogenic effects of TNF-a and IL-6 via up-regulation of
scavenger receptors. Cytokine, 2012. 58(3): p. 424-430.

Mehta JL, Sanada N, Hu CP, Chen J, Dandapat A, Sugawara F, Satoh H, Inoue K,
Kawase Y, Jishage K-i, Suzuki H, Takeya M, Schnackenberg L, Beger R, Hermonat PL,
Thomas M, and Sawamura T, Deletion of LOX-1 Reduces Atherogenesis in LDLR
Knockout Mice Fed High Cholesterol Diet. Circulation Research, 2007. 100(11): p. 1634-
1642.

Murase T, Kume N, Kataoka H, Minami M, Sawamura T, Masaki T, and Kita T,
Identification of Soluble Forms of Lectin-Like Oxidized LDL Receptor-1.
Arteriosclerosis, Thrombosis, and Vascular Biology, 2000. 20(3): p. 715-720.

Sawamura T, Wakabayashi I, and Okamura T, LOX-1 in atherosclerotic disease. Clin
Chim Acta, 2015. 440: p. 157-163.

Chen M, Masaki T, and Sawamura T, LOX-1, the receptor for oxidized low-density
lipoprotein identified from endothelial cells: implications in endothelial dysfunction and
atherosclerosis. Pharmacology & Therapeutics, 2002. 95(1): p. 89-100.

Sawamura T, Akemi K, and Yoshiko F, LOX-1: a multiligand receptor at the crossroads
of response to danger signals. Current Opinions in Lipidology, 2012. 23(5): p. 439-445.
Lekontseva O, Jiang Y, Schleppe C, and Davidge ST, Altered Neuronal Nitric Oxide
Synthase in the Aging Vascular System: Implications for Estrogens Therapy.
Endocrinology, 2012. 153(8): p. 3940-3948.

Majed BH and Khalil RA, Molecular Mechanisms Regulating the Vascular Prostacyclin
Pathways and Their Adaptation during Pregnancy and in the Newborn. Pharmacological
Reviews, 2012. 64(3): p. 540-582.

Reyes LM, Garcia RG, Ruiz SL, Camacho PA, Ospina MB, Aroca G, Accini JL, and
Lopez-Jaramillo P, Risk Factors for Preeclampsia in Women from Colombia: A Case-
Control Study. PLoS ONE, 2012. 7(7): p. e41622.

Garvey E, Oplinger J, Furfine E, Kiff R, Laszlo F, Whittle B, and Knowles R, /1400W is a
slow, tight binding, and highly selective inhibitor of inducible nitric-oxide synthase in
vitro and in vivo. J Biol Chem, 1997. 21(8): p. 4959-63.

Shimokawa H, Hydrogen peroxide as an endothelium-derived hyperpolarizing factor.
Pfliigers Archiv - European Journal of Physiology, 2010. 459(6): p. 915-922.

Oyama J-1 and Node K, Endothelium-derived hyperpolarizing factor and hypertension.
Hypertens Res, 2013. 36(10): p. 852-853.



176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

113

Okatani Y, Watanabe K, and Sagara Y, Effect of nitric oxide, prostacyclin, and
thromboxane on the vasospastic action of hydrogen peroxide on human umbilical artery.
Acta Obstetricia et Gynecologica Scandinavica, 1997. 76(6): p. 515-520.

Aris A, Benali S, Ouellet A, Moutquin JM, and Leblanc S, Potential Biomarkers of
Preeclampsia: Inverse Correlation between Hydrogen Peroxide and Nitric Oxide Early
in Maternal Circulation and at Term in Placenta of Women with Preeclampsia. Placenta,
2009. 30(4): p. 342-347.

Kharfi A, Giguére Y, De Grandpré P, Moutquin J-M, and Forest J-C, Human chorionic
gonadotropin (hCG) may be a marker of systemic oxidative stress in normotensive and
preeclamptic term pregnancies. Clinical Biochemistry, 2005. 38(8): p. 717-721.
Cederbaum SD, Yu H, Grody WW, Kern RM, Yoo P, and Iyer RK, Arginases I and II:
do their functions overlap? Molecular Genetics and Metabolism, 2004. 81, Supplement:
p. 38-44.

Osol G and Moore LG, Maternal Uterine Vascular Remodeling During Pregnancy.
Microcirculation, 2014. 21(1): p. 38-47.

Greer I, Lyall F, Perera T, Boswell F, and Macara L, Increased concentrations of
cytokines interleukin-6 and interleukin-1 receptor antagnoist in plasma of women with
preeclampsia: a mechanism for endothelial dysfunction? Obstet Gynecol, 1994. 84(6): p.
937-40.

Faxen M, Nisell H, and Kublickiene KR, Altered mRNA expression of ecNOS and iNOS
in myometrium and placenta from women with preeclampsia. Arch Gynecol Obstet,
2001. 265(1): p. 45-50.

Boisrame-Helms J, Meziani F, Sananes N, Boisrame T, Langer B, Schneider F, Ragot T,
Andriantsitohaina R, and Tesse A, Detrimental arterial inflammatory effect of
microparticles circulating in preeclamptic women: ex vivo evaluation in human arteries.
Fundam Clin Pharmacol, 2015.

Wang X, Athayde N, and Trudinger B, Maternal plasma from pregnant women with
umbilical placental vascular disease does not affect endothelial cell mRNA expression of
nitric oxide synthase. J Soc Gynecol Investig, 2004. 11(3): p. 149-153.

Mayeux PR, Kadowitz PJ, and McNamara DB, Differential effects of ibuprofen,
indomethacin, and meclofenamate on prostaglandin endoperoxide H2 metabolism. Mol
Cell Biochem, 1989. 87(1): p. 41-46.

Mandala M, Gokina N, Barron C, and Osol G, Endothelial-Derived Hyperpolarization
Factor (EDHF) Contributes to PIGF-Induced Dilation of Mesenteric Resistance Arteries
from Pregnant Rats. Journal of Vascular Research, 2012. 49(1): p. 43-49.

Giles TD, Sander GE, Nossaman BD, and Kadowitz PJ, Impaired Vasodilation in the
Pathogenesis of Hypertension: Focus on Nitric Oxide, Endothelial-Derived
Hyperpolarizing Factors, and Prostaglandins. The Journal of Clinical Hypertension,
2012. 14(4): p. 198-205.

Goulopoulou S and Davidge ST, Molecular mechanisms of maternal vascular
dysfunction in preeclampsia. Trends in Molecular Medicine, 2015. 21(2): p. 88-97.
Southcombe J, Tannetta D, Redman C, and Sargent 1, The Immunomodulatory Role of
Syncytiotrophoblast Microvesicles. PLoS ONE, 2011. 6(5): p. €20245.

Eaton BM and Oakey MP, Sequential preparation of highly purified microvillous and
basal syncytiotrophoblast membranes in substantial yield from a single term human



191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

114

placenta: inhibition of microvillous alkaline phosphatase activity by EDTA. Biochimica
et Biophysica Acta (BBA) - Biomembranes, 1994. 1193(1): p. 85-92.

Ryoo S, Bhunia A, Chang F, Shoukas A, Berkowitz DE, and Romer LH, OxLDL-
dependent activation of arginase Il is dependent on the LOX-1 receptor and downstream
RhoA signaling. Atherosclerosis, 2011. 214(2): p. 279-287.

Sankaralingam S, Xu H, and Davidge ST, Arginase contributes to endothelial cell
oxidative stress in response to plasma from women with preeclampsia. Cardiovascular
Research, 2010. 85(1): p. 194-203.

Lin F-Y, Tsao N-W, Shih C-M, Lin Y-W, Yeh J-S, Chen J-W, Nakagami H, Morishita R,
Sawamura T, and Huang C-Y, The Biphasic Effects of Oxidized-Low Density Lipoprotein
on the Vasculogenic Function of Endothelial Progenitor Cells. PLoS ONE, 2015. 10(5):
p- e0123971.

Alexander BT, Cockrell KL, Massey MB, Bennett WA, and Granger JP, Tumor necrosis
factor—o—induced hypertension in pregnant rats results in decreased renal neuronal
nitric oxide synthase expression. American Journal of Hypertension, 2002. 15(2): p. 170-
175.

McCord N, Ayuk P, McMahon M, Boyd RCA, Sargent I, and Redman C, System y+
Arginine Transport and NO Production in Peripheral Blood Mononuclear Cells in
Pregnancy and Preeclampsia. Hypertension, 2006. 47(1): p. 109-115.

Goksu Erol AY, Nazli M, and Elis Yildiz S, Expression levels of cyclooxygenase-2,
tumor necrosis factor-o. and inducible NO synthase in placental tissue of normal and
preeclamptic pregnancies. The Journal of Maternal-Fetal & Neonatal Medicine, 2012.
25(6): p. 826-830.

Morton JS and Davidge ST, Arterial Endothelium-derived Hyperpolarization: Potential
Role in Pregnancy Adaptations and Complications. Journal of Cardiovascular
Pharmacology, 2013. 61(3): p. 197-203.

Luksha L, Agewall S, and Kublickiene K, Endothelium-derived hyperpolarizing factor in
vascular physiology and cardiovascular disease. Atherosclerosis, 2009. 202(2): p. 330-
344.

Yang Q, Yim APC, and He G, The Significance of Endothelium-Derived Hyperpolarizing
Factor in the Human Circulation. Curr Vasc Pharmacol, 2007. 5: p. 85-92.

Kenny L, Baker P, Kendall D, Randall M, and Dunn W, The role of gap junctions in
mediating endothelium-dependent responses to bradykinin in myometrial small arteries
isolated from pregnant women. Br J Pharmacol, 2002. 136: p. 1085-1088.

Matoba T, Shimokawa H, Nakashima M, Hirakawa Y, Mukai Y, Hirano K, Kanaide H,
and Takeshita A, Hydrogen peroxide is an endothelium-derived hyperpolarizing factor in
mice. The Journal of Clinical Investigation, 2000. 106(12): p. 1521-1530.

Taddei S, Virdis A, Mattei P, and Salvetti A, Vasodilation to acetylcholine in primary
and secondary forms of human hypertension. Hypertension, 1993. 21(6 Pt 2): p. 929-33.
Taddei S, Virdis A, Mattei P, Ghiadoni L, Fasolo CB, Sudano I, and Salvetti A,
Hypertension Causes Premature Aging of Endothelial Function in Humans.
Hypertension, 1997. 29(3): p. 736-743.

Reyes LM, Garcia RG, Ruiz SL, Broadhurst D, Aroca G, Davidge ST, and Lopez-
Jaramillo P, Angiogenic imbalance and plasma lipid alterations in women with
preeclampsia from a developing country. Growth Factors, 2012. 30(3): p. 158-166.



205.

115

Thadhani R, Hagmann H, Schaarschmidt W, Roth B, Cingoez T, Karumanchi SA,
Wenger J, Lucchesi KJ, Tamez H, Lindner T, Fridman A, Thome U, Kribs A, Danner M,
Hamacher S, Mallmann P, Stepan H, and Benzing T, Removal of Soluble Fms-Like
Tyrosine Kinase-1 by Dextran Sulfate Apheresis in Preeclampsia. Journal of the
American Society of Nephrology, 2015: p. Epub Date 2015/Sep/24.



