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Abstract
Preeclampsia remains a leading cause of maternal and perinatal mortality and morbidity
worldwide. Whilst the use of anti-hypertensives to control maternal blood pressure and
magnesium sulfate for seizure prevention has significantly improved maternal and perinatal
outcomes by prolonging pregnancy, delivery of the placenta remains the only definitive
treatment for preeclampsia. A therapy that targets the underlying disease itself is very much
needed, particularly for women who develop preeclampsia early in gestation. The overall aim
of this project was to identify potential therapies or therapeutic strategies that target the
underlying disease development process in preeclampsia.
The clinical features of preeclampsia arise from widespread maternal endothelial dysfunction,
which in turn is triggered by several vasoactive factors produced by a placenta undergoing
ischemia-reperfusion injury. Blocking one or more of the vasoactive factors could
significantly ameliorate maternal endothelial dysfunction and thus the clinical features of
preeclampsia. Studies have shown that some of the key factors, the agonistic autoantibodies
for the angiotensin II type-1 receptor, pro-inflammatory cytokines, and the anti-angiogenic
factors, closely interact with each other during disease development. Activin A is another
placental-derived factor that contributes to the development of endothelial dysfunction in
preeclampsia. While it is well known that pro-inflammatory cytokines can trigger activin A
production, the relationship between activin A and the anti-angiogenic factors, soluble fmslike tyrosine kinase 1 (sFlt1) and soluble endoglin (sEng), is unknown. Therefore, the first
project examined the interactions between activin A and the anti-angiogenic factors, during
placental production and the development of endothelial dysfunction, in order to determine
whether blocking activin A could disrupt the vasoactive factors and be an effective treatment
strategy for preeclampsia. The in vitro studies demonstrated that activin A does not stimulate
placental production of the anti-angiogenic factors or vice versa. Furthermore, activin A
triggered endothelial dysfunction by increasing endothelial NADPH Oxidase 2 expression
and consequently, endothelial oxidative stress, whilst the anti-angiogenic factors did not.
Therefore, activin A and the anti-angiogenic factors, sFlt1 and sEng, do not appear to interact
with each other either during placental production or the development of endothelial

dysfunction. Hence, blocking activin A alone may not rescue maternal endothelial
dysfunction sufficiently to completely alleviate the clinical features of preeclampsia.
An alternative treatment strategy would be to alleviate the damage at the two sites of injury in
preeclampsia, the maternal endothelium and the placenta. Activation of the Nuclear factor
erythroid 2-related factor 2 (Nrf2) transcription factor and its downstream anti-oxidant
enzymes, such as heme oxygenase-1 was investigated to determine its efficacy in mitigating
placental and endothelial dysfunction. Melatonin, an Nrf2 activator, reduced certain
hallmarks of endothelial dysfunction in vitro, such as endothelial activation marker
expression and endothelial monolayer permeability, but in the placenta, melatonin only
reduced oxidative stress and not the production of vasoactive factors. Another Nrf2 activator,
resveratrol, reduced all in vitro hallmarks of endothelial function examined, that is endothelial
activation marker expression, vasoconstrictor expression and endothelial monolayer
permeability. Additionally, resveratrol reduced oxidative stress and production of sFlt1 and
activin A by term placental explants. Sulforaphane, one of the most potent Nrf2 activators,
also significantly mitigated all the above-mentioned in vitro hallmarks of endothelial
function. These experiments also worked towards establishing the sFlt1 and sEng animal
model of preeclampsia in our laboratory. Preliminary data from this study suggest that
melatonin could potentially mitigate the features of preeclampsia in vivo.
In conclusion, findings from this project demonstrate that inhibition of one vasoactive factor
may not be a sufficient treatment strategy for preeclampsia, as some placental-derived
vasoactive factors act independently of others during disease development. An alternative
treatment strategy is to activate Nrf2 and its downstream anti-oxidant enzymes, which has the
potential to improve endothelial function, whilst also reducing placental oxidative stress and
production of vasoactive factors. Therefore, Nrf2 activation warrants further investigation as
a potential therapeutic strategy for preeclampsia.
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Chapter 1: Literature Review

Chapter 1
Literature Review

1.1

Preeclampsia

Preeclampsia is a pregnancy-specific disorder that affects over 4 million women globally,
every year [1]. It is the third leading cause of maternal mortality in the world, resulting in
over 63,000 maternal deaths annually, with developing countries being the most affected [1].
Preeclampsia poses a significant risk to the fetus as well, as it considerably increases the risk
of neonatal morbidity and mortality. It is currently the leading cause of iatrogenic preterm
birth and is responsible for nearly 15% of all preterm births annually [2].
Preeclampsia is associated with a wide spectrum of clinical features, however the critical
clinical feature of the disease is new-onset hypertension that arises after 20 weeks of gestation
[3, 4]. Diagnosis of preeclampsia requires this cardinal feature to be present along with one or
more of the following signs of organ dysfunction: pulmonary oedema, renal insufficiency as
indicated by proteinuria or elevated serum creatinine levels, liver impairment as indicated by
raised serum levels of liver transaminases or severe epigastric pain, haematological
dysfunction as suggested by thrombocytopenia or haemolysis and neurological impairment as
indicated by visual disturbances or headaches [3, 4]. The Australian and New Zealand
guidelines for the diagnosis of preeclampsia also includes fetal growth restriction as a clinical
feature indicative of preeclampsia, however in the US it was removed as an indicator in 2013
[3, 4]. The presence of haemolysis, elevated liver enzyme levels and low platelet count, which
is collectively known as HELLP syndrome, is a severe form of preeclampsia that requires
immediate treatment. Approximately 2% of women with preeclampsia can also develop
generalized seizures and this form of the disease is widely known as eclampsia [5].
Headaches and visual blurring, the signs of neurological impairment mentioned above, can
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precede eclampsia, but not always. The symptoms in patients diagnosed with preeclampsia
vary greatly from one another with regards to clinical presentation, time of onset and severity.
Thus far, the only definitive treatment for preeclampsia that can alleviate all of the abovementioned clinical features and prevent the maternal progression to multiple organ failure is
delivery of the placenta. However, this is a treatment option that can often lead to fetal
mortality or complications associated with preterm birth for the fetus, especially when the
disease develops very early in gestation. Hence, current management of preeclampsia requires
the severity of the maternal clinical features to be weighed against the maturity of the fetus.
Once preeclampsia is diagnosed, disease management is based on the severity of the maternal
disease and gestation at diagnosis [3]. Patients with mild to moderate clinical features are
closely monitored to ensure that the disease has not progressed to the severe form [4].
Maternal blood pressure is controlled via anti-hypertensive medication if necessary, and the
baby is delivered as soon as feasible [6]. In general, preeclampsia is considered to be severe
when there is difficulty controlling blood pressure and there is a deterioration of the clinical
condition; involving the development of HELLP syndrome, pulmonary edema, worsening
kidney and liver function or persistent neurological symptoms suggesting impending
eclampsia [3, 7]. In such cases of severe preeclampsia, delivery is organized as soon as
possible in order to prevent significant maternal morbidity and mortality [4]. However,
depending on the gestational age of the fetus, this can lead to significant neonatal morbidity
and mortality. The onset of severe preeclampsia at ≤ 24 weeks gestation results in 80-100%
perinatal mortality and considerable maternal morbidity, with rates over 65% [8, 9]. Perinatal
survival rates significantly improve if preeclampsia develops at or after 24 weeks gestation,
and almost all neonates have been shown to survive if the onset of severe preeclampsia occurs
after 27 weeks gestation, provided there are appropriate neonatal intensive care facilities [8,
10]. However, these neonates are at significant risk of developing preterm birth related
complications, including neurological impairments and respiratory problems [11, 12]. In
developing countries, the lack of appropriate neonatal intensive care facilities further
increases the rate of perinatal mortality and morbidity. In addition, patients in many
developing countries lack regular antenatal care and have limited access to hospitals. This
results in late detection of the disease when severe preeclampsia has already set in, thus
significantly increasing the incidence of both maternal and neonatal morbidity, as well as
mortality in these countries.
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Due to the significant maternal and neonatal consequences that result from preeclampsia, a
treatment that can alleviate the clinical features for the mother, whilst allowing the pregnancy
to continue till term is very much needed. However, the biggest obstacle to finding therapies
for preeclampsia is our limited understanding of the mechanisms that contribute to disease
development.

1.2

Pathophysiology of preeclampsia

In preeclampsia, it is evident that the placenta is the underlying source of the disease, where
delivery remains the only effective treatment to-date. Since preeclampsia develops in molar
pregnancies as well, it is clear that it is the placenta rather than the fetus that is necessary for
disease progression [13]. However, the clinical features of preeclampsia are known to arise
from widespread maternal endothelial dysfunction [14]. Thus, disease progression has been
suggested to take place in two stages [15]. The initial asymptomatic phase involving the
placenta occurs in the first trimester of pregnancy, when the maternal uterine spiral arteries
that supply blood to the placenta fail to undergo adequate remodeling, a process required for
sufficient placental perfusion. The resulting alteration in blood flow to the placenta is
hypothesized to lead to placental ischemia-reperfusion injury. The second phase is the
development of maternal endothelial dysfunction, and the consequent manifestation of the
clinical features of preeclampsia. These two phases are linked together by a wide variety of
factors that are released by the stressed placenta into the maternal circulation, and which in
turn induce maternal endothelial dysfunction. The exact nature and mechanisms of action of
these vasoactive factors are currently an area of intense investigation.

1.2.1 Uterine spiral artery remodeling and preeclampsia.
During pregnancy, the placenta receives its blood supply via the uterine spiral arteries. In a
non-pregnant uterus, these spiral arteries are narrow, high-resistance vessels with a low blood
flow, in order to prevent significant blood loss during menstruation. Thus, in early pregnancy
these arteries need to be remodeled into large flaccid high-flow vessels, to ensure a
continuous and adequate blood supply reaches the placenta and the developing fetus.
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Remodeling is done by the extravillous cytotrophoblast (EVT) during placental development.
They invade the uterine spiral arteries and induce the loss of the endothelial and smooth
muscle cell lining and also significantly widen the vessels until they reach the inner third of
the myometrium [16-18]. These changes increase the size of each spiral arterial lumen up to
10-fold, allowing 3-4 times more blood to be delivered to the intervillous space of the
placenta [19]. Due to the loss of the endothelial and smooth muscle lining, the vessels are also
non-responsive to maternal endocrine stimuli, which ensures that this large blood flow to the
placenta is uninterrupted and at a low pressure [19-21].
In preeclampsia, the degree of spiral artery remodeling is significantly less compared to
healthy pregnancies (Figure 1.1). Histological studies of spiral arteries from preeclamptic
pregnancies revealed remodeling to be limited only to the decidual segments with no
remodeling in the myometrial segments, whilst about one third of the vessels showed no signs
of remodeling at all [22-27]. In fact, in severe preeclampsia only 10% of the spiral arteries
were found to be fully converted as opposed to 96% in healthy pregnancies [28, 29]. Hence,
in preeclampsia, most spiral arteries are extremely narrow, whilst also retaining the smooth
muscle lining that enables regular vasoconstriction in response to maternal endocrine stimuli
[25]. This results in a significantly reduced, as well as intermittent, blood flow to the placenta,
which ultimately causes placental ischemia-reperfusion injury [30]. The resulting molecular
changes in the placenta lead to the excessive production of the vasoactive molecules that
trigger systemic maternal endothelial dysfunction in preeclampsia.
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Figure 1.1: Uterine spiral arteries in non-pregnant women, in women with preterm preeclampsia and
in normal pregnancies. In the non-pregnant state the uterine spiral arteries are narrow and tightly
coiled. In healthy pregnancies, invading trophoblast cells remodel the spiral arteries by uncoiling and
widening them, whilst also removing their endothelial and smooth muscle lining to make the vessels
unresponsive to maternal stimuli. These changes continue into the myometrial segment of the spiral
arteries and they ensure a large and continuous blood supply to the placenta and the growing fetus. In
pregnancies affected by preterm preeclampsia, remodeling of the spiral arteries is incomplete and
therefore the vessels are narrower than those of a healthy pregnancy with most remodeling being
limited only to the decidual segment of the spiral arteries. Image adapted from Moffett-King, A.
Natural killer cells and pregnancy. Nature Reviews Immunology. 2002; 2(9): 656-663.

The exact causes underlying impaired spiral artery remodeling in preeclampsia are still under
investigation. The key factor appears to be a failure of adequate trophoblast invasion [22, 24,
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31]. In fact, Meekins et al. observed complete trophoblast invasion in only 46% of decidual
spiral arteries and 18% of myometrial spiral arteries from preeclamptic pregnancies, as
opposed to 100% and 68% respectively in healthy pregnancies [24]. This deficient trophoblast
invasion is mainly thought to arise from either EVT defects that affect their ability to invade
the decidua, or from failed cross talk between the EVT and the maternal immune cells
(decidual natural killer cells and macrophages). Current research suggests that there are
multiple different causes underlying defective spiral artery remodeling in preeclampsia, and it
is very likely that the exact cause would vary from one woman to another, with the end result
being impaired placental perfusion.

1.2.2 Placental ischemia-reperfusion injury
The significantly reduced and intermittent placental perfusion ultimately leads to placental
ischemia-reperfusion injury. The resulting impact on the placenta arises via two key
pathways, that is, hypoxia and oxidative stress (Figure 1.2). During periods of ischemia, the
placental tissue endures tissue hypoxia and responds by activating mechanisms that allow the
tissue to adapt to the low oxygen levels (Figure 1.2). Conversely, during reperfusion, the
sudden increase in oxygen levels leads to the production of high concentrations of free
radicals in the placental tissue and subsequently to the development of placental oxidative
stress (Figure 1.2).
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Impaired spiral artery remodeling

Reduced placental blood ﬂow

Intermi7ent placental blood ﬂow

Placental ischemia

Reperfusion injury

Placental hypoxia

Placental oxida=ve stress

Cons=tu=ve HIF1 ac=va=on

Figure 1.2: A schematic diagram of the process by which impaired spiral artery remodeling give rise
to placental hypoxia and oxidative stress in pregnancies affected by preterm preeclampsia. Orange
represents changes taking place in uterine arteries, whilst red represents changes taking place within
placental tissue.

There is considerable evidence supporting the presence of placental hypoxia in preeclampsia.
Placental perfusion have been shown to be significantly reduced in severe preeclampsia,
sometimes even up to 50% lower than healthy pregnancies [32, 33]. Correspondingly,
placentas from preeclamptic women have an increased incidence of infarcts compared with
placentas from normal pregnancies [34]. Furthermore, the incidence of preeclampsia is
significantly higher in populations living in high altitude areas [35]. Finally, animal models of
reduced uterine placental perfusion have been shown to develop several clinical features of
preeclampsia, such as hypertension and proteinuria [36-38].
Tissue hypoxia leads to constitutive activation of hypoxia-inducible factor-1 (HIF-1), a
transcription factor that regulates the cellular response to low oxygen levels (Figure 1.2). It is
a heterodimeric protein consisting of a constitutively expressed β subunit and an oxygensensitive α subunit, which is rapidly degraded during normoxia [39]. In normal pregnancies,
HIF-1α is highly expressed in the low-oxygen environment of the placenta in early gestation
[39]. However, as spiral artery remodeling is completed and placental oxygen levels rise,
HIF-1α levels fall, starting at around week 9 of gestation [39]. In contrast, in placentas from
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preeclamptic women, HIF-1α remains elevated throughout gestation, due to the periods of
placental ischemia [40, 41]. In addition, preeclamptic placentas fail to sufficiently down
regulate HIF expression once re-oxygenation begins [40]. This prolonged activation of HIF1α in the placenta plays a significant role in the development of preeclampsia, as it results in
the overexpression of several molecules that ultimately contribute to the development of
systemic endothelial dysfunction [42, 43] (more details in section 1.2.3). This has been
confirmed by a study, which showed that HIF-1α overexpression in pregnant mice increases
the circulatory levels of certain vasoactive factors, and the development of many of the
characteristic features of preeclampsia, such as hypertension, proteinuria, fetal growth
restriction and HELLP syndrome [44].
Several studies have also provided evidence in support of increased placental oxidative stress
in preeclampsia, which arises due to the changes in oxygen levels that occur during ischemiareperfusion [30]. Preeclamptic placentas have been shown to have higher levels of free
radicals, such as peroxynitrite and superoxide, along with decreased expression and activity of
the antioxidant enzymes superoxide dismutase and glutathione peroxidase [45-49]. These data
were complemented by studies that demonstrated high concentrations of lipid peroxides and
protein carbonyls in preeclamptic placentas indicating oxidative damage to lipids and proteins
respectively [46, 47, 50-53]. The damage induced by oxidative stress can eventually lead to
cell death, and indeed increased placental apoptosis and necrosis is observed in preeclampsia
[54, 55]. The fact that the placental oxidative stress is induced by ischemia-reperfusion is
supported by in vitro studies, that have shown normal placental tissue exposed to ischemiareperfusion to develop oxidative damage as well [56, 57].
The degree of placental hypoxia and oxidative stress greatly depends on the extent of spiral
artery remodeling which varies significantly between patients, which in turn contributes to the
variations in disease severity, time of onset and clinical presentation observed among patients
with preeclampsia. The molecular cascades triggered in the placenta in response to the
hypoxia and oxidative stress lead to the production of many factors that enter the maternal
circulation and trigger systemic endothelial dysfunction.
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1.2.3 Vasoactive factors released by preeclamptic placentae
Identification of the placental vasoactive factors that trigger maternal endothelial dysfunction
in preeclampsia has been an area of intense investigation. Evidence to support the presence of
such factors in preeclampsia has come from studies that have shown serum from women with
preeclampsia to induce endothelial damage and dysfunction in vitro [58, 59]. Whilst previous
research was focused on identifying a single predominant circulating factor, to-date several
molecules have been identified that are present in high concentrations in the circulation of
women with preeclampsia that can also cause significant endothelial damage. Considering the
heterogeneity of the disease in terms of severity, time of onset and clinical presentation, it is
not surprising that a number of different factors would be involved. It is likely that the extent
of placental ischemia-reperfusion injury determined by the degree of spiral artery remodeling,
would establish the nature and the volume of the factors released into the maternal circulation
which in turn would influence the severity, time of onset and clinical presentation of the
disease. Whilst many factors have been suggested to play a role in the development of
preeclampsia, this review will focus on a few of the major vasoactive factors, such as the
inflammatory cytokines, agonistic autoantibodies for the angiotensin II type-1 receptor (AT1AA), anti-angiogenic factors and Activin A.

1.2.3.1

Inflammatory mediators

In preeclampsia, circulatory levels of inflammatory cytokines are significantly altered
compared with healthy pregnancies. Serum levels of pro-inflammatory cytokines, such as
tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), interleukin-1β (IL-1β), interleukin-2
(IL-2), interleukin-18 (IL-18) and interleukin-8 (IL-8) are significantly elevated in women
with preeclampsia, whilst serum concentrations of the anti-inflammatory cytokine interleukin10 (IL-10) is significantly reduced when compared with healthy pregnant women [60-65].
Correspondingly, placental production of these same pro-inflammatory cytokines has been
shown to be significantly higher, while that of the anti-inflammatory cytokines is significantly
lower in preeclampsia compared with healthy pregnancies [64, 66-70]. These changes to
placental cytokine production could be mediated by prolonged HIF-1α activation due to
ischemia, as well as oxidative stress generated due to reperfusion in the preeclamptic
placenta, as both HIF-1 and reactive oxygen species (ROS) have been shown to increase
Page
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production of pro-inflammatory cytokines [56, 71-73]. Furthermore, AT1-AAs from
preeclamptic patients have also been shown to stimulate placental production of TNF-α and
increase circulatory TNF-α levels in pregnant mice injected with these autoantibodies, when
compared with control mice [74].

The role of AT1-AAs in the pathophysiology of

preeclampsia is discussed in more detail in section 1.2.3.2. In addition to the above,
microparticles released from the syncytiotrophoblast contribute to the inflammatory response
in preeclampsia. These microparticles are usually produced throughout pregnancy. The outer
syncytiotrophoblast layer of the placental villi undergoes constant turnover, and the apoptotic
cell fragments from the outer layers are released into the circulation in the form of
microparticles in a process known as trophoblast deportation. Significantly higher levels of
these microparticles are found in the plasma of women with preeclampsia compared with
normal pregnant women [75]. This is due to the fact that in preeclampsia, placental oxidative
stress along with the strong blood flow from the still muscular spiral arteries contributes to
syncytiotrophoblast cell death, in addition to the normal process of trophoblast deportation
[76]. Furthermore, syncytiotrophoblast microparticles from preeclamptic patients differ in
their properties to those from normal pregnancies [17, 77]. Whilst microparticles from normal
pregnancies stimulate the secretion of proinflammatory cytokines such as TNF-α, IL-12 and
IL-18, they also have immunosuppressive properties as evidenced by their ability to inhibit
interferon-γ (IFNγ) production by monocytes [77]. In contrast, microparticles from
preeclamptic pregnancies stimulate the production of pro-inflammatory cytokines (TNF-α,
IL-12, IL-18) to a greater extent than those from normal pregnancies and do not suppress
IFNγ production by monocytes [77]. Therefore, syncytiotrophoblast microparticles contribute
to the systemic inflammatory response in preeclampsia.
Infusion of TNF-α into pregnant rats increases mean arterial pressure and alters renal
function, suggesting that pro-inflammatory cytokines play a critical role in giving rise to
endothelial dysfunction and the subsequent clinical features of preeclampsia [78, 79].
Inflammatory cytokines, such as TNF-α and IL-6 can cause endothelial dysfunction via
several pathways. One such pathway is by stimulating the maternal endothelial cells to
produce the potent vasoconstrictor, endothelin-1 (ET-1) [78, 79]. Pregnant rats treated with
TNF-α have elevated expression of ET-1 in the kidneys, placentas and the vascular cells [79].
Furthermore, TNF-α-induced hypertension and renal impairment in these rats was abolished
by treatment with an antagonist to the ET-1 receptor, endothelin type A receptor (ETA
receptor) [79]. Another mechanism by which pro-inflammatory cytokines contribute to the
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development of endothelial dysfunction is by inducing ROS production in vascular
endothelial cells via the activation of nicotinamide adenine dinucleotide phosphate-oxidase
(NADPH oxidase/NOX) enzymes [80, 81]. This leads to endothelial activation with the
expression of intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion
molecule 1 (VCAM-1), as well as impaired endothelium-dependent vasodilation due to the
depletion of nitric oxide (NO) [82, 83]. The reduction in NO levels results from the
uncoupling of endothelial nitric oxide synthase (eNOS) to generate superoxide rather than
NO, and also due to the reaction of NO with superoxide to form peroxynitrite [83]. In
addition, intracellular ROS can increase endothelial cell permeability by inducing tyrosine
phosphorylation of VE-cadherin and thereby reducing the integrity of the endothelial cell
junctions [84]. Therefore, pro-inflammatory cytokines, especially TNF-α, directly cause
endothelial dysfunction by increasing vasoconstrictors, impairing endothelium-dependent
vasodilation, activating the endothelium and increasing endothelial permeability.
Apart from these direct mechanisms, inflammatory cytokines contribute to the development
of endothelial dysfunction by stimulating placental production of other vasoactive factors,
such as the anti-angiogenic factors, Activin A and possibly the AT1-AAs as well [85-88].

1.2.3.2

Angiotensin II type-1 receptor agonistic autoantibodies (AT1-AA)

Wallukat et al. (1999) were the first to identify the presence of autoantibodies capable of
activating the angiotensin type-1 receptor (AT1-AA) in the serum of preeclamptic women
[89]. These AT1-AAs can be detected as early as 20 weeks gestation in the majority of
women that ultimately develop preeclampsia [90]. Interestingly, the autoantibodies are
present only in pregnancies with an abnormal uterine perfusion pattern [90]. Correspondingly,
pregnant rats subjected to a reduced uterine perfusion pressure have significantly higher levels
of AT1-AAs in circulation compared with normal pregnant rats [88]. These data suggest that
placental hypoxia/ischemia is important in the production of AT1-AAs. Furthermore, TNF-α
treatment also significantly increases the level of circulatory AT1-AAs in pregnant rats,
suggesting that inflammatory cytokines are also involved in stimulating placental production
of AT1-AAs [88]. Hence, inflammatory cytokines resulting from placental hypoxia could be a
trigger for the placental production of AT1-AAs in preeclampsia, however the exact
molecular mechanisms are not known.
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It is well accepted that autoantibodies play a key role in the development of systemic
endothelial dysfunction in preeclampsia. When affinity-purified AT1-AAs from preeclamptic
women are injected into pregnant mice, they develop some of the key features of
preeclampsia, such as hypertension, proteinuria, the classical renal lesion of preeclampsia
known as glomerular endotheliosis and fetal growth restriction [91]. Hypertension is induced
by the autoantibodies via several distinct pathways. The primary pathway is via the activation
of the angiotensin type-1 receptor (AT1 receptor), which triggers a variety of mechanisms in
the vasculature and kidneys that result in an increase in blood pressure [91]. AT1 receptor
activation by AT1-AAs also stimulates endothelial cell production of ET-1, which contributes
to the hypertension in women with preeclampsia [92]. The final pathway by which AT1-AAs
induce hypertension in preeclampsia is by stimulating an increase in circulatory levels of the
anti-angiogenic factor, soluble fms-like tyrosine kinase 1 (sFlt1) [85, 91, 93]. Zhou et al.
(2008) found that pregnant mice injected with AT1-AAs from women with preeclampsia had
nearly 40-fold higher levels of circulatory sFlt1 than non-pregnant mice injected with the
same autoantibodies, indicating that AT1-AA-stimulated sFlt1 is produced by the placenta
[91]. Interestingly, whilst both these groups of mice develop hypertension, only the pregnant
mice that also have high levels of sFlt1 developed proteinuria and glomerular endotheliosis
[91]. This suggests that whilst AT1-AAs can induce hypertension by itself, AT1-AAstimulated placental production of sFlt1 is necessary for the development of the renal
pathologies associated with preeclampsia. The mechanisms by which sFlt1 contributes to the
development of these clinical features will be described in section 1.2.3.3.
AT1-AAs further contribute to the pathophysiology of preeclampsia by stimulating placental
production and increasing circulatory levels of two other vasoactive factors, that is, TNF-α (as
previously mentioned in section 1.2.3.1), and the anti-angiogenic factor, soluble endoglin
(sEng) [74, 85]. The role of sEng in the pathophysiology of preeclampsia will be discussed in
more detail in section 1.2.3.3.

1.2.3.3

Anti-angiogenic factors

The anti-angiogenic factors, sFlt1 and sEng, are the most well-known and extensively studied
vasoactive factors in the field of preeclampsia. Signaling from pro-angiogenic factors is
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essential for the survival and growth of endothelial cells, and thus the presence of these
circulating anti-angiogenic factors that inhibit pro-angiogenic factors contributes to the
systemic endothelial dysfunction in preeclampsia.
sFlt1 is the alternatively spliced soluble form of the membrane-bound receptor, fms-like
tyrosine kinase-1 (Flt-1), which is a receptor for the pro-angiogenic molecules vascular
endothelial growth factor (VEGF) and placental growth factor (PlGF). VEGF is a well-known
promoter of endothelial cell survival, proliferation, migration, as well as endothelial NO and
prostacyclin production, whilst PlGF augments the effects of VEGF during angiogenesis [94,
95]. Flt1 is thought to act as a negative regulator of VEGF, by sequestering it from vascular
endothelial growth factor receptor-2 (VEGFR-2), the receptor that mediates most of the
cellular responses to VEGF. sFlt1 consists of only the ligand-binding extracellular domain
and thus binds to circulatory VEGF, reducing its interaction with endothelial VEGFR-2. This
effectively diminishes the beneficial pro-angiogenic effects of VEGF on the vasculature.
Circulatory sFlt1 levels are significantly higher in women with preeclampsia than in healthy
pregnant women [96-98]. This rise in serum sFlt1 levels is evident from 17-20 weeks of
gestation in women that develop early-onset preeclampsia [99].
Several studies have shown sFlt1 mRNA expression to be upregulated in preeclamptic
placentas, indicating that the excess sFlt1 is derived from the placenta [100, 101]. Placental
ischemia appears to be the main trigger for placental production of sFlt1 in preeclampsia,
since pregnant rats subjected to reduced uterine perfusion pressure have elevated placental
and plasma sFlt1 levels [102]. There is evidence to suggest that this increase in sFlt1, in
response to placental hypoxia is mediated by HIF-1. Nevo et al. (2006) showed that firsttrimester villous explants exposed to low oxygen conditions produce significantly more sFlt1,
whilst HIF-1α knockdown in these explants mitigated the increase in sFlt1 [42]. Furthermore,
HIF-1α overexpression in pregnant mice led to a significant increase in circulatory sFlt1
levels in these mice, compared to controls [44]. The elevated levels of pro-inflammatory
cytokines present in preeclampsia could also trigger placental sFlt1 production, as TNF-α was
shown to stimulate the release of sFlt1 from placental explants in a dose-dependent manner
[103]. Another known mechanism of sFlt1 release is by the AT1-AAs present in women with
preeclampsia, as mentioned in section 1.2.3.2.
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A seminal study by Maynard et al. (2003) showed that adenoviral administration of sFlt1 to
pregnant rats led to the development of several clinical features of preeclampsia, such as
elevated blood pressure, proteinuria and glomerular endotheliosis [100]. These data clearly
demonstrate that sFlt1 plays a key role in giving rise to systemic endothelial dysfunction and
subsequently, the clinical features of preeclampsia. sFlt1 causes endothelial dysfunction
mainly via sequestration of circulatory VEGF and PlGF, thus reducing their beneficial effects
on the endothelium. As previously mentioned, VEGF promotes vasodilation by stimulating
endothelial production of NO and prostacyclin [94]. Therefore, inhibition of these vasodilator
effects of VEGF by sFlt1 contributes to the systemic vasoconstriction observed in
preeclampsia [104-106].
The renal pathologies associated with excess circulatory sFlt1, proteinuria and glomerular
endotheliosis, can also be attributed to inhibition of VEGF signaling, as VEGF knockdown in
mouse kidneys results in proteinuria and glomerular endotheliosis [107]. Glomerular
endotheliosis is a distinct renal lesion, in which the endothelial cells of the glomerular
capillaries swell causing both occlusion of the capillary lumen and loss of endothelial
fenestrations [108-110]. VEGF signaling is necessary for maintenance of endothelial
fenestrations, and thus its inhibition leads to a reduction in glomerular endothelial
fenestrations and the development of endotheliosis [111]. VEGF is also a major inducer and
regulator of nephrin expression [112]. Nephrin is a component of the podocyte slit diaphragm
and is the charge and size selective barrier of the glomerulus. Reduced expression of nephrin
greatly

disrupts

normal

glomerular

permeability

resulting

in

proteinuria

[112].

Correspondingly, women with preeclampsia have significantly reduced expression of nephrin
in their glomeruli and this is considered to be a contributory factor for the development of
proteinuria in preeclampsia [113]. This decrease in nephrin expression in preeclampsia is
most likely mediated by diminished VEGF signaling due to excess circulatory sFlt1.
Apart from sequestering VEGF and diminishing its actions, sFlt1 also contributes to systemic
vasoconstriction in preeclampsia by increasing circulatory endothelin-1 levels. The expression
of preproendothelin, the precursor protein for endothelin-1, was 3-fold higher in the kidneys
of sFlt1-treated pregnant rats compared with normal pregnant rats [114]. Furthermore,
endothelin type A (ETA) receptor inhibition completely abolished the sFlt1-induced increase
in arterial pressure in the pregnant rats, suggesting that endothelin-1 plays an important role in
the development of hypertension due to excess sFlt1 [114]. Some studies also suggest that
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sFlt1 contributes to the development of endothelial dysfunction by inducing ROS production,
as sFlt1-treated pregnant rats were found to have elevated ROS levels in blood vessels,
placentas and the kidneys [115, 116]. Correspondingly, impaired endothelium-dependent
vasodilatation in sFlt1-treated rats was rescued by a superoxide scavenger, Tiron [116]. sFlt1induced hypertension in pregnant rats was also significantly attenuated by another superoxide
scavenger, Tempol [115].
sEng is another anti-angiogenic factor involved in the pathophysiology of preeclampsia.
Endoglin is a membrane-bound co-receptor for transforming growth factor (TGF) β1 and β3,
which is highly expressed in endothelial cells, as well as in syncytiotrophoblast cells [117,
118]. sEng consists only of the extracellular domain of membrane-bound endoglin, and is thus
capable of binding to circulatory TGF-β1 and TGF-β3 and sequestering them from the
membrane-bound receptors and subsequent cell signaling [119]. TGF-β is involved in the
regulation of many complex and diverse pathways. It is important for vascular development
during embryogenesis, as it can regulate endothelial cell proliferation and migration [120].
TGF-β1 and TGF-β3 can also stimulate vasodilation [121].
Circulatory levels of sEng in women that developed preeclampsia before term were found to
be more than 4-fold higher than matched controls [122]. This increase begins at 17-20 weeks
of gestation, with serum sEng levels nearly double at this stage in women who later
developed preeclampsia than in matched controls [122]. Interestingly, the increase in serum
sEng levels in preeclampsia has been shown to correlate with disease severity. Venkatesha et
al. (2006), found that serum sEng levels were 3-fold higher in patients with mild
preeclampsia, 5-fold higher in those with severe preeclampsia and 10-fold higher in those
with HELLP syndrome, compared with gestation-matched controls [121]. This is
corroborated by other studies that have also shown serum sEng levels to be higher in patients
that develop severe and early-onset (<32 weeks) preeclampsia rather than mild and late-onset
preeclampsia [122, 123]. These clinical data indicate that sEng is most likely associated with
the more severe forms of the disease.
The placenta is considered to be a major source of excess sEng in preeclampsia. Placentas
from preeclamptic patients have significantly higher levels of sEng protein than gestationmatched control placentas, particularly in the syncytiotrophoblast [121]. Furthermore, after
placental delivery, serum sEng levels decline by 55-70% in preeclamptic patients [121, 124].
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However, since the circulatory levels of sEng do not completely normalize after delivery in
preeclamptic women and remain significantly higher than in healthy women, extra placental
sources, such as the maternal endothelium cannot be ruled out [121, 124]. Similar to sFlt1,
circulatory sEng release is also triggered by placental ischemia [125]. Pregnant rats subjected
to reduced uterine perfusion pressure (RUPP) have significantly higher levels of circulatory
sEng levels compared with normal pregnant rats [125]. This ischemia-induced increase in
sEng is most likely mediated by HIF-1, since HIF-1α overexpression in pregnant mice leads
to a significant increase in circulatory sEng levels compared with control rats [44]. AT1-AAs
in preeclamptic patients may also contribute to placental sEng production, as they have been
shown to elevate circulatory sEng levels in pregnant rodents [74, 85]. This is most likely
mediated by TNF-α, as the increase in sEng expression in human placental explants treated
with AT1-AAs from preeclamptic patients was significantly diminished when also treated
with a TNF-α inhibitor [74]. Furthermore, TNF-α has also been shown to significantly
increase sEng production by endothelial cells as well, and this could the mechanism
underlying extra placental production of sEng [74].
Venkatesha et al. (2006) were the first to discover the contribution of sEng in the
development of preeclampsia [121]. They found that adenoviral overexpression of sEng in
pregnant rats induced a significant increase in blood pressure, which was confirmed by
another study that found sEng overexpression in transgenic mice to lead to increased arterial
pressure [126]. The mechanism by which sEng disrupts endothelial dysfunction is by binding
to circulatory TGF-β1 and TGF-β3, thus sequestering them from exerting their beneficial
effects on the endothelial cells [44]. Both TGF-β1 and TGF-β3 have been shown to induce
vasodilation in a dose-dependent manner [121]. TGF-β1 appears to mediate this effect via the
activation of eNOS and stimulation of prostacyclin production [121, 127, 128]. Thus, the
inhibition of TGF-β signaling by sEng would eliminate its vasodilator effects, leading to
vasoconstriction and consequently to an increase in blood pressure, as observed in sEngtreated pregnant rats.
Interestingly, a systemic increase in both sFlt1 and sEng resulted in the pregnant rats
developing features of severe preeclampsia, including severe hypertension, nephrotic-range
proteinuria and evidence of HELLP syndrome [121]. This data indicate that the effects of
sFlt1 and sEng on endothelial dysfunction in preeclampsia are additive. Correspondingly,
other studies have also shown that the combination of sFlt1 and sEng, but neither alone, can
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induce loss of endothelial fenestrae, swelling of endothelial cells and cerebral edema, further
confirming that together, sFlt1 and sEng can cause severe endothelial damage [129].
Since VEGF and TGF-β are critical for placental vasculogenesis and angiogenesis, it is often
considered that the increase in sFlt1 and sEng could contribute to the impaired spiral artery
remodeling during placentation in preeclampsia. However, this is not the case, as first
trimester sFlt1 and sEng levels are similar between women who later on develop
preeclampsia and women who do not develop the disease [99]. As previously mentioned,
differences in the levels of these anti-angiogenic factors between the two groups of women
can only be seen from 17-20 weeks [99]. Therefore, it appears that the placental abnormalities
associated with preeclampsia precede the increase in anti-angiogenic levels, and as such
altered anti-angiogenic levels could not be a cause of the placental defects.

1.2.3.4

Activin A

Activin A is a member of the TGF-β superfamily and is involved in cell proliferation,
differentiation and apoptosis in a variety of organ systems, while also being a key regulator of
inflammation [130]. Activin A is a homodimer consisting of two Inhibin βA subunits. It plays
a critical role in the establishment of pregnancy by promoting pre-implantation embryo
development, EVT invasion, syncytial fusion and production of placental hormones [131134]. In preeclampsia, maternal circulatory Activin A levels are significantly higher than in
healthy pregnancies, and in cases of severe early-onset preeclampsia this increase is evident
as early as 11-13 weeks of gestation [135-138]. The placenta is the main source of Activin A
in healthy pregnancies and this appears to be the case in preeclampsia as well [139]. Both
Inhibin βA subunit mRNA expression and Activin A protein levels have been found to be
significantly elevated in the placentas of women with preeclampsia compared with matched
controls [140, 141]. Studies have shown this increase to be stimulated by placental oxidative
stress rather than by placental exposure to hypoxia [142-144]. Placental explants cultured
with free radical stimulators produce nearly 2-fold more Activin A than the untreated
placental explants [143], whilst exposure to low oxygen conditions was actually found to
reduce Activin A production by placental explants when compared with those exposed to
20% oxygen [142, 144]. In addition, the pro-inflammatory cytokines, TNF-α and IL-1β, also
stimulate Activin A production from trophoblast cells [86, 145]. Since placental oxidative
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stress also triggers placental production of pro-inflammatory cytokines, it is possible that the
placental Activin A production in response to oxidative stress is mediated by the proinflammatory cytokines.
It is evident that the increased maternal serum Activin A levels significantly contribute to the
development of preeclampsia, as pregnant mice treated with Activin A have been shown to
develop hypertension, proteinuria and reduced fetal growth [146]. Activin A appears to
disrupt endothelial function and give rise to these features of preeclampsia mainly by
inducing endothelial oxidative stress via the up-regulation of endothelial NOX2 [146]. NOX2
is highly expressed in vascular endothelial cells and has the capacity to generate very high
levels of ROS [147]. Consistently, endothelial NOX2 expression was found to be nearly 4fold higher in women with preeclampsia compared with healthy controls [146]. Significantly
higher levels of NOX2 in the vasculature can generate almost toxic levels of ROS. As
previously described in section 1.2.3.1, elevated levels of ROS in endothelial cells impair
endothelial-dependent vasodilatation by reducing NO bioavailability, and can also increase
endothelial cell permeability by inducing tyrosine phosphorylation of VE-cadherin and
reducing the integrity of the endothelial cell junctions. Furthermore, Activin A treatment was
shown to decrease endothelial expression of eNOS, which could also decrease NO
bioavailability [146]. Thus, it appears that Activin A contributes to the systemic endothelial
dysfunction in preeclampsia by decreasing eNOS expression and by stimulating vascular
oxidative stress via the up-regulation of endothelial NOX2.

1.2.3.5

The relationship between the vasoactive factors involved in preeclampsia

It is evident that there is a certain degree of cross talk between all of these vasoactive factors
(represented in figure 1.3). The placental production of pro-inflammatory cytokines, such as
TNF-α, is triggered by both placental hypoxia and oxidative stress. TNF-α in turn, has been
shown to stimulate placental production of all of the other vasoactive factors. Hence, it is
possible that the placenta produces AT1-AAs, anti-angiogenic factors and Activin A in
response to TNF-α, following placental ischemia-reperfusion injury. AT1-AAs have then
been shown to trigger placental production of both sFlt1 and sEng in preeclampsia, via the
further activation of TNF-α [74, 92, 148]. Thus, there is strong evidence to suggest that AT1AAs, anti-angiogenic factors and pro-inflammatory cytokines interact with each other along
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one pathway in the development of preeclampsia (Figure 1.3). An understanding of these
interactions between the vasoactive factors is important, as it enables us to determine which
vasoactive factors, if any, should be inhibited, in order to significantly improve endothelial
function and attenuate the clinical features of preeclampsia.
As previously mentioned, placental production of Activin A is triggered by oxidative stress,
as well as by pro-inflammatory cytokines, such as TNF-α and IL-1β. Thus, the oxidative
stress-induced increase in placental Activin A production is most likely mediated by the proinflammatory cytokines. However, it is not yet known whether Activin A interacts with AT1AAs or the anti-angiogenic factors in the development of preeclampsia. Hence, the
relationship between Activin A and the anti-angiogenic factors, sFlt1 and sEng, will be
explored in detail in chapter 2.

Placental hypoxia

Placental oxida0ve stress

Cons0tu0ve HIF1 ac0va0on

Pro-inﬂammatory cytokines
eg: TNF-α

AT1-AA

Ac0vin A

TNF-α

sEng

(from placenta and endothelium)

sFlt1

Figure 1.3: A schematic representation of the pathways that trigger the placental production of the
key vasoactive factors. The red boxes represent the placental changes that result in the production of
the vasoactive factors shown in blue. The diagram demonstrates the pathways by which the vasoactive
factors are produced by the placenta, except for sEng, which is also produced by the endothelium in
response to TNF-α.
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1.2.4 Endothelial dysfunction in preeclampsia
Despite the significance of the placenta in disease development, the clinical features of
preeclampsia are attributed to maternal endothelial dysfunction and activation. This is
strengthened by the fact that maternal risk factors for preeclampsia, such as diabetes, obesity,
increased insulin resistance, kidney disease, rheumatoid arthritis and lupus all involve altered
endothelial function and are also risk factors for other endothelial diseases, specifically
arthrosclerosis [149]. Furthermore, endothelial dysfunction is a known deleterious result of
ischemia-reperfusion [150].
The endothelium plays a critical role in regulating vascular tone and vascular permeability, as
well as in mediating inflammatory responses [151]. Endothelial dysfunction is characterized
by a shift in the properties of the endothelium towards reduced vasodilatation and a
proinflammatory, prothrombotic state [151]. There is ample evidence for the presence of
endothelial dysfunction in women with preeclampsia. Plasma concentrations of biomarkers of
endothelial activation and injury, such as VCAM-1, ICAM-1, E-selectin, von Willebrand
factor, fibronectin, thrombomodulin, soluble tissue factor, plasminogen activator inhibitor-1
(PAI-1) and platelet-derived growth factor are all elevated in preeclamptic women [152-161].
Furthermore, endothelium-dependent vasodilatation is significantly impaired in preeclamptic
women compared with healthy pregnant women [162-169].

1.2.4.1

Development of hypertension in preeclampsia

During normal pregnancy there is an increase in plasma volume and cardiac output to
accommodate the significant increase in blood flow to the placenta and the fetus [170]. To
prevent a consequent increase in mean arterial pressure, there is a reduction in total vascular
resistance, ultimately leading to a decrease in arterial pressure as well [171]. This decrease in
total peripheral resistance is mainly achieved with an increase in endothelial-derived
vasodilators, such as NO and prostacyclin [172-174]. In addition, there is a decrease in
vascular reactivity to vasoconstrictors [171]. Together, these changes lead to a significant
decrease in vascular resistance and thus mean arterial pressure.

Page 20

Chapter 1: Literature Review
In contrast to normal pregnancy, preeclampsia is associated with intense vasoconstriction,
together with impaired endothelium-dependent vasodilation, resulting in the increase in
arterial pressure that is observed clinically [171]. The intense vasoconstriction in
preeclampsia is due to a significant increase in the circulatory levels of the vasoconstrictors,
ET-1, thromboxane A2 and isoprostanes in preeclamptic women [154-156, 175, 176].
Endothelin-1 is a major contributor to the hypertension observed in preeclampsia, given its
potent vasoconstriction properties, and also because its production is stimulated by several
key vasoactive factors involved in preeclampsia, including TNF-α, AT1-AAs and sFlt1 [79,
92, 114]. In addition to these vasoconstrictors, AT1 receptor activation by AT1-AAs also
contributes to the intense vasoconstriction in preeclampsia (section 1.2.3.2).
The impairment of endothelial-controlled vasodilation in preeclampsia is due to the decrease
in endothelial production of the vasodilators, NO and prostacyclin [177-179]. However, the
status of NO levels in preeclampsia remains controversial with variable results reported [165,
175, 180-182]. This could be due to the difficulties associated with accurate assessment of
NO levels. Nevertheless, eNOS expression is significantly lower in endothelial cells from
preeclamptic pregnancies compared with those from healthy pregnancies, indicating that NO
production could be impaired in preeclampsia [183]. VEGF and TGF-β are key stimulators of
endothelial NO and prostacyclin production, and thus the inhibition of VEGF and TGF-β by
sFlt1 and sEng, respectively, is one the key reasons suggested for the decrease in endothelial
NO and prostacyclin (section 1.2.3.3). In addition, Activin A is also capable of decreasing
eNOS expression and contributing to reduced endothelial NO levels (section 1.2.3.4) [146].
NO levels can also decrease as a result of endothelial oxidative stress since increased
endothelial ROS can lead to the uncoupling of eNOS, a state in which eNOS forms
superoxide instead of NO [83]. The superoxide can react with any remaining NO to form
peroxynitrite, further decreasing NO levels and increasing ROS levels [83]. As previously
mentioned, both Activin A and TNF-α have been shown to increase endothelial ROS levels,
and there is evidence to suggest that sFlt1 can also stimulate vascular oxidative stress and thus
contribute to the depletion of NO. The pathways by which the vasoactive factors produced by
the placenta trigger systemic hypertension are represented in figure 1.4.
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1.2.4.2

Development of renal insufficiency in preeclampsia

The renal changes associated with preeclampsia include proteinuria, an increase in serum
creatinine levels, as well as the distinct glomerular lesion known as glomerular endotheliosis.
The exact mechanisms underlying the development of proteinuria in preeclampsia are still not
very well understood. Elevated intracellular ROS levels in endothelial cells potentially
contribute to the development of proteinuria by increasing vascular permeability via the
dissociation of endothelial cell junctions. Phosphorylation of VE-cadherin, a major
component of endothelial adherens junctions, by endothelial ROS results in junctional
dissociation and thus an increase in intercellular gaps in the endothelial monolayer, which
increases vascular permeability [84]. Both TNF-α and Activin A have been shown to
stimulate endothelial ROS production, and can thus cause proteinuria via this mechanism.
Furthermore, eNOS-derived NO also plays a key role in the maintenance of endothelial cell
junctions [184]. Hence, the decrease in NO bioavailability induced by all of the key
vasoactive factors could contribute to the dissociation of endothelial cell junctions and a
subsequent increase in vascular permeability. Another mechanism that contributes to the
development of proteinuria in preeclampsia is the decrease in the expression of nephrin,
which is mainly due to the inhibition of VEGF by sFlt1, but also due to the inhibitory actions
of ET-1 on nephrin expression [113, 185]. Hence, the increase in circulatory ET-1 levels in
preeclampsia, stimulated by TNF-α, AT1-AAs and sFlt1, can also contribute to the
development of proteinuria by reducing nephrin expression. The pathways by which the
placental-derived vasoactive factors give rise to proteinuria in preeclampsia are summarized
in figure 1.4.
Glomerular endotheliosis, characterized by the swelling of glomerular endothelial cells and
loss of endothelial fenestrations, is also most likely caused by lack of VEGF signaling due to
increased circulatory sFlt1. This is demonstrated by a study which found that VEGF
knockdown in mouse kidneys led to the development of glomerular endotheliosis, and
eventually to the disappearance of endothelial cells from the glomerular tuft [107].
The increase in serum creatinine levels observed in preeclamptic women is an indicator that
renal filtration capacity is significantly impaired. Loss of endothelial fenestrations, due to a
lack of VEGF can contribute to the reduction in renal filtration capacity, as they are vital for
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the filtration of low-molecular waste from the circulation [111]. Renal biopsies from
preeclamptic women have shown a 72% reduction in the fraction of the glomerular basement
membrane occupied by endothelial fenestrae compared with controls [110]. Furthermore,
electron microscopy revealed accumulation of fibrinoid and granular deposits beneath the
endothelial monolayer in these glomeruli [110]. Collectively, these changes significantly
impair renal filtration, and give rise to the increase in serum creatinine levels observed in
women with preeclampsia. Hypertension and the presence of proteinuria can also contribute
to reducing renal filtration [110].
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Figure 1.4: A schematic representation of the pathways by which the placental-derived vasoactive
factors (shown in blue) lead to the development of hypertension and proteinuria in preeclampsia.
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1.2.4.3

Development of liver, hematological and neurological dysfunction in
preeclampsia

The clinical features that indicate hematological and liver dysfunction in preeclampsia are
hemolysis, elevated liver enzymes and low platelet count. As previously mentioned in section
1.1, these features are collectively known as HELLP syndrome, and develop in approximately
10% of women with severe preeclampsia [15, 109]. All of these clinical features arise due to
the fact that the dysfunctional endothelium is pro-thrombotic and promotes intravascular
coagulation and fibrin deposition. This is corroborated by the increase in serum levels of procoagulant factors, such as von Willebrand factor, fibronectin, PAI-1 and soluble tissue factor
in women with preeclampsia [159-161, 186, 187]. As a result of the thrombus formation and
fibrin deposition, the vascular intima becomes extremely coarse and causes the lysis of red
blood cells passing through the vessel [109, 188]. In addition, hepatic sinusoids can become
obstructed leading to the elevation of liver enzymes [109]. Furthermore, the pro-thrombotic
state of the dysfunctional endothelium leads to platelet activation, aggregation and adherence
to sites of endothelial damage, thus reducing platelet count [109].
Some women with severe preeclampsia develop headaches and impaired vision. These
neurological abnormalities can herald the onset of eclampsia, characterized by generalized
seizures [15]. Even though the exact cause of these clinical features are not well-known,
cerebral edema and vasospasm have been suggested as potential mechanisms [15, 109]. Using
magnetic resonance imaging (MRI), studies have found seizures to be much more common in
patients with cerebral edema than in those with normal MRI findings [189]. Cerebral edema
could result from increased permeability of the blood-brain barrier caused by endothelial
dysfunction [190]. Indeed, the presence of cerebral edema in patients with preeclampsia was
found to correlate with fairly indirect markers of endothelial damage, such as lactate
dehydrogenase and abnormal red blood cell morphology, rather than with the severity of
hypertension [189, 190]. This suggests that the development of edema is due to endothelial
dysfunction rather than the elevated blood pressure.
HELLP syndrome and the neurological clinical features arise as a result of severe endothelial
dysfunction and as such, these features are characteristic of the more severe form of the
disease. The appearances of these features warrant immediate treatment to prevent greater
morbidity or mortality for the mother and the fetus.
Page 24

Chapter 1: Literature Review

1.3

Treatment of preeclampsia

The current clinical approach towards preeclampsia is to prolong the pregnancy as far as the
maternal clinical features would allow in order to minimise fetal mortality/morbidity.
Maternal hypertension is controlled with the use of anti-hypertensive agents and magnesium
sulfate is used to prevent seizure development. Whilst these therapies may stabilize some of
the maternal clinical features, they do not resolve the features and treat the disease. This
strategy may improve disease outcome for patients that develop preeclampsia late in gestation
(34 weeks or later), but it is not always feasible for those that develop early-onset
preeclampsia (before 34 weeks). This is because the mechanisms that contribute to disease
development continue to progress unhindered, and therefore the maternal clinical features can
worsen anytime if pregnancy continues [3]. To date delivery of the placenta is the only known
method of preventing disease progression and resolving the maternal clinical features.
However, as previously mentioned in section 1.1, at early gestations, this is a treatment option
that can result in severe consequences for the baby. Hence, an alternative treatment option
that directly targets and resolves the mechanisms underlying disease development is very
much needed, as it would resolve the maternal clinical features, whilst allowing the pregnancy
to continue till term.
A few compounds have been tested, or are currently being tested, for their efficacy in
impeding the underlying mechanisms that give rise to preeclampsia. As previously described
in section 1.2, oxidative stress in both the placenta and the endothelium plays a large role in
the development of systemic endothelial dysfunction and the subsequent clinical features of
preeclampsia. This led to an investigation of whether vitamin C and vitamin E supplements
given prophylactically from second trimester would reduce the incidence of preeclampsia in
women deemed to be at high risk of developing the disease. While the smaller trials showed
vitamin C and E supplementation reduced the risk of preeclampsia, this data was not
supported by the much larger randomised trials [191-193]. In fact, one large-scale trial found
that along with being ineffective at reducing the risk of preeclampsia, vitamin C and E
supplementation actually increased the risk of a low birth weight baby [193]. These outcomes
could be due to several reasons. Firstly, at higher doses and under certain conditions vitamin
C and E can exert toxic pro-oxidant effects [194]. Furthermore, starting supplementation in
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second trimester could have been too late, as regular periconceptual intake of multivitamins
was found to be associated with a 45% reduction in the risk of preeclampsia [195].
Along with oxidative stress, inflammation is also a hallmark of preeclampsia. Inflammatory
cytokines, such as TNF-α and IL-6 play essential roles in the production of almost all of the
vasoactive factors, as well as in disrupting endothelial function. Due to this reason, antiinflammatory agents offer great promise as potential treatment options for preeclampsia.
Indeed, use of low doses of the non-steroidal anti-inflammatory agent, aspirin, as a
prophylaxis has been shown to reduce the incidence of preeclampsia in high-risk women by
10-24% [196, 197]. However, its efficiency is limited, as over 70 women would need to be
treated to prevent one case of preeclampsia [196]. Furthermore, there is conflicting evidence
on the time of administration onset and the corresponding efficacy of aspirin, with some
studies noting that treatment needs to begin before 16 - 17 weeks to have any effect, while
others found no difference in commencing treatment before or after 20 weeks of gestation
[197-199]. Hence, further investigations are required to determine when aspirin treatment
should commence, at what dosage and which women are most likely to benefit from it.
In the last decade, a popular strategy for halting the pathophysiology of preeclampsia has
been to identify and inhibit the vasoactive factors produced by the placenta. Inhibition of
sFlt1 and sEng has been the most extensively investigated due to the considerable clinical and
experimental evidence indicating their importance in the development of many of the
maternal clinical features of preeclampsia. This has been validated by a small pilot study,
which demonstrated that extracorporeal removal of sFlt1 by apheresis stabilized blood
pressure, reduced proteinuria and prolonged pregnancy [200]. However, the effects of each
apheresis treatment lasted only a few days before the circulatory sFlt1 levels began to increase
again, closely followed by maternal blood pressure and proteinuria. This demonstrates that
while apheresis might be clinically unfavorable as a routine treatment, reduction of
circulatory sFlt1 levels can contribute to improving the maternal clinical condition and
prolonging pregnancy. However, the challenge is to find a safer and more effective way of
permanently reducing or antagonizing the effects of sFlt1 and sEng.
In addition, several compounds known to improve endothelial function have also been tested
for their efficacy in prevention or treatment of preeclampsia. L-arginine, the precursor for
endogenous NO production, has been examined due its ability to promote vasodilation by
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increasing systemic NO levels. Several small trials have found L-arginine supplementation to
reduce the incidence of preeclampsia in high-risk women, however larger adequately powered
trials are required to confirm these findings [201]. The efficacy of calcium supplementation as
a prophylaxis for preeclampsia has also been investigated. Calcium supplementation has been
suggested to reduce the risk of preeclampsia by reducing smooth muscle contractility in blood
vessels, especially in those of the uterus, by decreasing parathyroid hormone release and
intracellular calcium levels [202]. Even though its exact mechanisms of action are unclear,
randomised control trials have shown calcium supplementation to almost halve the risk of
developing preeclampsia with the effect even greater in high-risk women [203]. This appears
to be the most effective prophylaxis for preeclampsia to-date. Several small trials have also
tested sildenalfil citrate, which induces vasodilatation via vascular smooth muscle relaxation,
as well as the coagulation inhibitor, antithrombin as potential treatments for established
preeclampsia. Whilst antithrombin was found to prolong pregnancy and reduce the number of
low birth weight babies when given to severe preeclamptic patients, sildenalfil citrate was
shown to have no beneficial effect [204, 205]. Larger trials are currently underway to confirm
the potential beneficial effects of antithrombin treatment in preeclampsia [206].
All of these above-mentioned compounds target one particular aspect of the pathophysiology
of preeclampsia. In contrast, statins have been proposed as a promising treatment option for
preeclampsia as they can potentially target multiple aspects of the pathophysiology of
preeclampsia. Apart from their lipid-lowering effects, statins have been shown to have antioxidant and anti-thrombotic properties [207, 208]. They are also anti-inflammatory due to
their ability to decrease pro-inflammatory cytokine production, as well as decrease the
expression of endothelial cell and leukocyte adhesion molecules [208, 209]. Furthermore,
statins have been shown to improve endothelial function via two mechanisms that would be
beneficial in preeclampsia as well. The first mechanism is by decreasing ET-1 production,
and the second is by increasing the expression and activity of eNOS and therefore the
bioavailability of NO [210-212]. Further confirming the potential of statins as a treatment for
preeclampsia, pravastatin treatment was shown to completely abolish hypertension,
proteinuria, glomerular endotheliosis and fetal growth restriction in mice with lentiviral
mediated placental-specific expression of sFlt1 [213]. Interestingly, these effects seem to be at
least partially mediated by the ability of statins to shift the angiogenic balance towards proangiogenic factors, as they have been shown to inhibit sFlt1 expression and stimulate
production of both VEGF and PlGF [211, 213, 214]. Clinical trials are currently ongoing to
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test the efficacy of pravastatin as a prophylaxis for high-risk women, and also as a treatment
for women with early-onset preeclampsia (StAmP Trial) [215].

1.3.1 Therapeutic potential of Nrf2 activation in preeclampsia
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor that mediates
adaptive responses to a variety of cellular stresses by increasing the expression of a range of
cytoprotective genes [216]. Pharmacological activation of Nrf2 has been shown to be
protective against several disorders due to the ability of Nrf2 to form a defence against the
effects of ischemia-reperfusion injury, oxidative stress and inflammation [217-220].
Furthermore, there is some evidence to suggest that Nrf2 activation can improve vascular
endothelial dysfunction [217, 221-223]. Hence, it appears that similar to the statins, activation
of the Nrf2 pathway could also target multiple aspects of the pathophysiology of preeclampsia
and could therefore be a promising treatment option for preeclampsia.
Under normal cellular conditions, Nrf2 is found in the cytosol bound to Kelch-like ECHassociating protein 1 (Keap1) [216]. Keap 1 acts as the negative regulator of Nrf2 by targeting
it for proteosomal degradation [224]. Reactive oxygen species and other molecules present
under conditions of cellular stress cause the dissociation of Keap1 from Nrf2, thus stabilizing
Nrf2 and allowing it to translocate to the nucleus [216]. Once inside the nucleus, Nrf2 binds
to the antioxidant response element (ARE) contained within the promoter regions of a variety
of genes, including those that encode for the Phase II detoxification enzymes and anti-oxidant
proteins, such as glutathione S-transferases (GST), NADPH quinone oxidoreductase (NQO1)
and heme oxygenase-1 (HO-1) [216, 225]. A schematic representation of the Nrf2
transcription factor under basal cellular conditions and under conditions of cellular stress is
shown in Figure 1.5.
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Figure 1.5: The Nrf2 transcription factor under basal cellular conditions and under conditions of
cellular stress. In normal cellular conditions, Nrf2 is found in the cytosol attached to its repressor
protein, Keap1, which targets Nrf2 for proteosomal degradation. In conditions of cellular stress, Nrf2
dissociates from Keap1 and translocate to the nucleus, where it binds to the antioxidant response
element (ARE) promoter to activate the transcription of phase II detoxification enzymes, such as
heme-oxygenase (HO-1), NADPH quinone oxidoreductase (NQO1) and glutathione S-transferases
(GST).

Nrf2 activity in the placentas of preeclamptic patients has been examined with contradictory
outcomes. Some studies have shown Nrf2 activity to be elevated in EVT and cytotrophoblast
cells of preeclamptic placentas compared with normal placentas, indicating an increase in
placental oxidative stress in preeclampsia [226, 227]. However, Chigusa et al. (2012) have
shown a decrease in Nrf2 expression in preeclamptic placentas, indicating a failure of the
placental tissue to upregulate the anti-oxidant enzymes and combat the placental oxidative
stress in preeclampsia [228]. One possible reason for this discrepancy could be due to local
differences in Nrf2 expression in the placentas of preeclamptic women. Studies reporting an
increase in Nrf2 examined regional expression in the placenta using immunohistochemistry,
whilst the study that noted a decrease in Nrf2 analysed whole placental tissue by western blot.
Hence, further studies are needed to elucidate the changes in Nrf2 in women with
preeclampsia.
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Irrespective of the changes in Nrf2 in preeclampsia, there is evidence to suggest that
pharmacological activation of Nrf2 could have a therapeutic benefit for women with
preeclampsia. Nrf2 activation has been demonstrated to protect a wide range of cell types
from oxidative stress via the stimulation of the cellular repertoire of endogenous anti-oxidant
enzymes, which include GST, NQO1, HO-1, superoxide dismutase, catalase and glutathione
reductase [229]. Furthermore, studies have shown Nrf2 activators to protect a wide range of
organs and tissues against ischemia-reperfusion injury, including the heart, intestines,
kidneys, retina and the brain [218, 230-233]. Interestingly, the anti-oxidant enzyme HO-1,
usually activated by Nrf2, has been shown to mitigate placental oxidative stress and attenuate
the placental ischemia-induced increase in blood pressure in pregnant rats subjected to
reduced uterine perfusion pressure [234]. HO-1 has recently gained considerable interest as a
therapeutic target for cardiovascular diseases, as it has been demonstrated to have antiinflammatory properties and the ability to improve vascular function, apart from its role as an
anti-oxidant enzyme [234, 235]. Hence, it is possible that many of the beneficial effects of
Nrf2 activation are mediated mainly via HO-1 expression.
The anti-inflammatory properties of Nrf2 appear to be mainly due to its ability to decrease
cellular ROS and therefore the expression of ROS-mediated inflammatory mediators, such as
ICAM-1, VCAM-1, monocyte chemoattractant protein-1 (MCP-1) and potentially
cyclooxygenase 2 [236]. There is also some evidence to suggest that the Nrf2 pathway may
interfere with Nuclear factor- κB (NF-κB) signaling, with several Nrf2 activators shown to
reduce NF-κB signaling [237]. However, a direct relationship between Nrf2 and NF-κB has
not been established. In addition, HO-1 upregulation by Nrf2 could also significantly
contribute to suppressing inflammation, as it is known to attenuate the production of proinflammatory cytokines, including TNF-α and IL-6, while also increasing the secretion of
anti-inflammatory cytokines, such as IL-10 [235, 238, 239].
Another significant feature of Nrf2 that makes it a promising target for preeclampsia is its
ability to improve vascular endothelial function. Nrf2 activators have been shown to improve
endothelium-dependent relaxation in mice fed a high fat diet, as well as in rats with chronic
kidney disease [217, 223]. Furthermore, HO-1 activation has also been demonstrated to
improve vessel relaxation [221, 240]. Along with the anti-oxidant and anti-inflammatory
properties of Nrf2 and HO-1, their ability to increase NO bioavailability and decrease ET-1
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production has been suggested to be responsible for their capacity to improve endothelial
function [234, 240, 241].
In addition to the above-mentioned beneficial properties, Nrf2 activators could also impede
the development of preeclampsia by inhibiting sFlt1 and sEng production via the induction of
HO-1. Several in vitro studies have shown HO-1 stimulation to inhibit both placental and
endothelial production of sFlt1 and sEng [242, 243]. Intriguingly, HO-1 knockout mice were
found to have significantly higher levels of circulatory sFlt1 and sEng, indicating the
importance of HO-1 in the negative regulation of both sFlt1 and sEng [242]. However, the
exact mechanism by which HO-1 mediates these changes to sFlt1 and sEng levels is
unknown.
In summary, activation of Nrf2 and its downstream mediator HO-1 could be a promising
treatment option for preeclampsia due to their ability to mitigate oxidative stress,
inflammation, and production of anti-angiogenic factors, while also improving vascular
endothelial function. Indeed a recent study has shown the Nrf2 and HO-1 activator, sofalcone
to significantly decrease placental sFlt1 production, as well as improve TNF-α induced
endothelial dysfunction by reducing monocyte adhesion, VCAM1 expression and ET-1
expression [244]. There are many more Nrf2 activators that could prove to be an effective
therapy for preeclampsia, and the efficacy of three such activators, melatonin, resveratrol and
sulforaphane, will be examined in chapters 3, 4 and 5 respectively.
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1.4

Rationale and aims of the studies

As mentioned in section 1.2.3.5, there is strong evidence to suggest that the key vasoactive
factors: the AT1-AAs, pro-inflammatory cytokines, and anti-angiogenic factors, interact with
each other along one pathway in the development of preeclampsia. Blocking either one of
these vasoactive factors would impede this entire pathway, and could therefore improve
endothelial function significantly. Recently, Activin A has also been identified as a vasoactive
factor that significantly contributes to the development of systemic endothelial dysfunction in
preeclampsia (Section 1.2.3.4). Unlike for the other vasoactive factors, there are several
small-molecule inhibitors that can block Activin A signaling and could therefore be potential
therapeutics for preeclampsia [245]. However, these Activin A inhibitors would be most
effective as a therapy, only if Activin A is also involved in the same pathway as the other key
vasoactive factors. Whilst it is known that pro-inflammatory cytokines can trigger placental
production of Activin A, it is not yet known whether Activin A and the anti-angiogenic
factors interact with each other or whether they contribute to the endothelial dysfunction in
preeclampsia via independent pathways. Hence, the aim of the first study described in chapter
2 was to examine the relationship between Activin A and the anti-angiogenic factors in the
development of preeclampsia.
In order to examine the therapeutic potential of Nrf2 activation, three compounds known to
activate Nrf2 were tested in vitro to determine their efficacy in improving hallmarks of
endothelial and placental dysfunction. Chapters 3, 4 and 5 describe the studies examining the
Nrf2 activators, melatonin, resveratrol and sulforaphane respectively. Chapter 6 details the
process undertaken when developing a rat model of preeclampsia via the adenoviral
overexpression of sFlt1 and sEng, and includes preliminary data obtained from testing the
efficacy of melatonin in vivo.

Page 32

Chapter 2: Activin A and anti-angiogenic factors

Chapter 2
The relationship between Activin A and anti-angiogenic
factors in the development of preeclampsia

2.1

Introduction

A widely investigated treatment strategy for preeclampsia is the inhibition of one or more of
the placental-derived vasoactive factors that trigger systemic endothelial dysfunction. This
approach gained popularity as more and more studies demonstrated that there is considerable
interaction between the key vasoactive factors involved in the development of preeclampsia,
and thus it seemed possible that blocking just one factor may significantly attenuate
endothelial dysfunction and the clinical features of preeclampsia [85, 92].
As described in detail in chapter 1.2.3, there is strong evidence indicating that the AT1-AAs,
pro-inflammatory cytokines, and the anti-angiogenic factors, work together during disease
development [85, 92]. It appears that the injured placenta initially produces pro-inflammatory
cytokines, which in turn triggers placental production of AT1-AAs [87, 88]. These two
factors then work together to stimulate placental release of the anti-angiogenic factors, sFlt1
and sEng [85, 92, 93]. Blocking either one of these vasoactive factors could disrupt this entire
pathway and prevent significant endothelial damage. However, a method or drug that could
inhibit one of these vasoactive factors while being safe for use in pregnancy is yet to be
found.
As described in section 1.2.3.4, Activin A has also been identified as a vasoactive factor that
significantly contributes to the development of systemic endothelial dysfunction in
preeclampsia [146]. In contrast to the other vasoactive factors, there are several smallmolecule inhibitors that can block Activin A signaling, such as follistatin and SB-431542,
and could therefore be useful as potential therapeutics for preeclampsia [245, 246]. However,
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these Activin A inhibitors would be most effective as a therapy, only if Activin A is also
involved in the same pathway as the other key vasoactive factors. Otherwise, inhibition of
Activin A alone may not be sufficient to rescue the endothelium, as the other vasoactive
factors would continue their disruption of endothelial function. While it is known that proinflammatory cytokines can trigger placental production of Activin A, it is not yet known
whether Activin A and the anti-angiogenic factors interact with each other or whether they act
via independent pathways in the development of preeclampsia [86, 145]. Hence, the
relationship between Activin A and the anti-angiogenic factors at the level of placental
production, as well as at the level of triggering endothelial dysfunction was explored in
Chapter 2.
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a b s t r a c t
Anti-angiogenic factors such as sFlt/sEng contribute to the pathology seen in preeclampsia.
Activin A, which is released by the placenta following exposure to oxidative stress and
elevated in preeclampsia, may interact with sFlt/sEng during the disease process. Using
placental explant cultures, we determined that transcription of sFLT1, ENG and INHBA
was upregulated following exposure to oxidative stress or IL-6. Explants treated with Activin A did not increase transcription of sFLT1, ENG. Conversely, treatment of placental
explants with sFlt/sEng did not increase transcription of INHBA. These data may suggest
that Activin A and sFlt/sEng contribute to preeclampsia via separate pathways.
! 2013 International Society for the Study of Hypertension in Pregnancy Published by
Elsevier B.V. All rights reserved.

Introduction
Pre-eclampsia is a leading cause of maternal and fetal
morbidity and mortality worldwide. To date, placental
delivery remains the only cure. The difficulty in finding a
pharmacological treatment for pre-eclampsia is mainly
due to the limited understanding of its pathophysiology.
The maternal symptoms are due to circulatory factors
that induce endothelial dysfunction following their release
from the placenta undergoing severe oxidative stress. Proinflammatory cytokines, such as TNF-a and IL-6, are significantly elevated in pre-eclamptic women [1]. However,
two of the most well known circulatory factors are the
anti-angiogenic factors, soluble fms-like tyrosine kinase 1
(sFlt1) and soluble endoglin (sEng) [2–5]. When exogenously delivered into pregnant rats, sFlt1and sEng induce
the classical features of pre-eclampsia including hypertension, proteinuria and HELLP syndrome [3].
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Activin A, a member of the transforming growth factorb (TGF-b) superfamily, is another less-investigated circulatory factor linked with pre-eclampsia. It is comprised of
dimerised INHBA subunits. During pregnancy, the placenta
is the major source of circulating Activin A [6,7] and maternal levels are approximately 10-fold greater in pre-eclamptic women [8–14]. Furthermore, placental as well as
endothelial oxidative stress has been shown to increase
production of Activin A [15]. The relationship between
the anti-angiogenic factors and Activin A in the placenta
and endothelium remains unknown. Improving our understanding of these interactions may improve our ability to
develop therapeutics that target specific pathways in the
development of pre-eclampsia. Hence, our aim was to
examine the interactions between Activin A and the antiangiogenic factors.
Methods
Placental explants were isolated from the placentas of
healthy pregnant women undergoing caesarian sections
at term. After overnight equilibration, the explants were
treated with X/XO (X-2.3 mM; XO-15 mU/mL), IL-6 (3 ng/
mL), Activin A (50 ng/mL) or sFlt1 and sEng (100 ng/mL

2210-7789/$ - see front matter ! 2013 International Society for the Study of Hypertension in Pregnancy Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.preghy.2013.09.002
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Fig. 1. Factors stimulating placental production of Activin A, sFlt1 and endoglin. (A) Oxidative stress and exposure to IL-6 significantly increased placental
INHBA mRNA expression, however sFlt1 and sEng treatment had no effect. (B) sFlt1 and sEng also did not significantly affect placental Activin A protein
production. (C) Placental sFlt1 mRNA levels were significantly elevated in response to oxidative stress and IL-6, but not in response to Activin A. (D) Activin
A does not significantly alter placental sFlt1 protein production either. Similarly, (E) placental endoglin mRNA levels were increased by oxidative stress and
IL-6 treatment, but Activin A treatment had no effect. (F) Placental sEng protein levels were also unaffected by Activin A treatment (⁄p < 0.05, ⁄⁄p < 0.01,
⁄⁄⁄
p < 0.001).

each) for 24 h. sFLT1, ENG and INHBA mRNA levels in the
explants were assessed by quantitative PCR, whilst sFlt1,
sEng and Activin A protein levels in the culture supernatants were measured by ELISA.
For the endothelial tube formation assay, Matrigel
(100 lL/well) was placed in a pre-chilled 48-well plate
and incubated for 30 min at 37 !C. Human umbilical vein
endothelial cells (HUVECs) in serum-free media were then
plated onto the wells with or without Activin A (50 ng/ml)
and incubated at 37 !C. Images were taken after 6 h and total tube length was analysed using Image J and Metamorph
software.
To assess the production of reactive oxygen species
(ROS), HUVECs were treated with Activin A or sFlt1 and
sEng for 6 h. Cells were then stained with 20 ,70 -dichlorodihydrofluorescein diacetate (H2DCFDA), an indicator of cellular ROS, for 30 min and with Hoescht dye, which binds to

DNA for 15 min. Percentage of DCFDA positive cells were
detected and analysed using a Cellomics Arrayscan VTI
HCS Reader (Thermo Scientific).
NOX2 mRNA levels were assessed in HUVECs treated
with Activin A or sFlt1 and sEng for 6 h by qPCR.

Results and discussion
In this study, we demonstrated that oxidative stress
induced by xanthine/xanthine oxidase (X/XO) and IL-6
increased placental transcription of sFLT1, ENG and INHBA
in the placental explants. This supports previous findings
that oxidative stress, as well as pro-inflammatory cytokines released in response to placental oxidative stress,
stimulate the production of Activin A, sFlt-1 and sEng
[15–17]. Notably, treatment with sFlt1 and sEng did not
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Fig. 2. Effects of Activin A and the anti-angiogenic factors on the endothelium. (A) Activin A significantly increases the production of reactive oxygen
species in HUVECs, however sFlt1 and sEng did not. (B) Activin A significantly increased NOX2 mRNA levels in HUVECs, but sFlt1 and sEng had no effect on
NOX2 levels in HUVECs. (C) Activin A significantly decreased tubule formation by HUVECs. (⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001).

affect INHBA transcription or Activin A protein levels
(Fig. 1A and B), suggesting that they do not directly stimulate placental Activin A production. Conversely, placental
explants treated with Activin A did not show any changes
in sFlt1 mRNA and protein levels compared with the untreated explants (Fig. 1C and D). Likewise, endoglin mRNA
levels and sEng protein levels were not significantly altered
in placental explants treated with Activin A in comparison
to the untreated explants (Fig. 1E and F). Thus, Activin A
does not appear to be involved in the placental production
of either of the anti-angiogenic factors.
We then examined whether the anti-angiogenic factors
and Activin A induced endothelial dysfunction via similar
mechanisms to determine their interaction on the endothelium. Previous studies have shown that sFlt1 and sEng
impair endothelial tubule formation in vitro [3]. sFlt1
sequesters vascular endothelial growth factor (VEGF) and
placental growth factor (PlGF), thus reducing their beneficial effects on the endothelium [2]. Similarly, sEng binds to
and neutralises circulatory transforming growth factor-b
(TGF-b) impairing its pro-angiogenic actions [3].
We found that Activin A also impaired endothelial tubule formation in vitro where total tubule length formed
by HUVECs was 55% shorter in the presence of Activin A
(Fig. 2A). Thus, Activin A is also capable of significantly
impairing endothelial function. Interestingly, Activin A also
increased transcription of endothelial NADPH Oxidase 2
(NOX2) (Fig. 2C), which is a key molecule in the production
of reactive oxygen species (ROS). This may contribute to
the observed increase in endothelial oxidative stress
(Fig. 2B). However, treatment of HUVECs with sFlt-1 and
sEng did not change NOX2 expression or ROS production

(Fig. 2B and C) indicating that these anti-angiogenic factors
do not directly contribute to endothelial oxidative stress.
In conclusion, there appears to be no interaction between anti-angiogenic factors, sFlt-1 and sEng, and Activin
A at the level of the placenta and endothelium. Placental
production of Activin A and the anti-angiogenic factors occurs independently to each other. Similarly, Activin A and
the anti-angiogenic factors appear to trigger endothelial
dysfunction independently.
The findings from this study have significant implications
when considering treatment strategies for pre-eclampsia
since targeting therapeutics towards singular circulatory
factors is highly unlikely to completely ameliorate all features of pre-eclampsia. Targeting placental oxidative stress
and inflammation, whilst concurrently supporting maternal endothelial defence may develop better treatment
strategies.
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Chapter 3
Melatonin as a potential treatment for preeclampsia:
examining its effects on in vitro hallmarks of
endothelial and placental dysfunction

3.1

Introduction

A therapy for preeclampsia that effectively targets the mechanisms underlying disease
progression is very much needed. As mentioned in section 1.3, such a treatment would ideally
be one that can improve maternal endothelial function, while also reducing placental
oxidative stress and production of the vasoactive circulatory factors. Melatonin is a wellknown anti-oxidant that has also been shown to improve vascular endothelial function,
making it a promising treatment option for preeclampsia.
Melatonin is predominantly produced by the pineal gland for regulation of circadian rhythm
[247]. In normal pregnancy, maternal melatonin levels gradually increase throughout
gestation, mainly due to placental production of melatonin [248]. Furthermore, it rapidly
crosses the placenta to enter the fetal circulation [249]. Correspondingly, melatonin is known
to promote fetal growth and brain development, while regulating placental homeostasis and
hormone production [250-253]. Hence, most doses of melatonin are relatively safe during
pregnancy. In preeclampsia; however, placental melatonin levels are significantly lower than
gestation-matched controls and this correlates with a reduction in the activity of placental
melatonin-synthesizing enzymes in preeclampsia [254].
Melatonin is also well known for its anti-oxidant properties, which arise from its ability to
scavenge free radicals, as well as upregulate the cell’s endogenous antioxidant enzymes via
the activation of Nrf2 [255, 256]. In addition to their anti-oxidant capacity, pharmacological
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activation of Nrf2 and the subsequent increase in HO-1 expression could have a therapeutic
benefit in preeclampsia due to their anti-inflammatory properties, ability to inhibit sFlt1 and
sEng production, and their capacity to improve vascular function (described in detail in
section 1.3.1). As a result of these properties melatonin shows great promise as a potential
therapeutic for preeclampsia. Indeed, a number of previous studies have shown melatonin to
be protective against ischemia-reperfusion induced oxidative damage in various organ
systems, including the placenta [257-261]. Furthermore, melatonin has demonstrated
beneficial effects on vascular function, by protecting against endothelial dysfunction induced
by angiotensin II or a high fat diet, as well as reducing blood pressure in spontaneously
hypertensive rats and in patients with essential hypertension [262-266].
The aims of this study was to determine the efficacy of melatonin in improving endothelial
function, while reducing placental oxidative stress and production of vasoactive factors, as
well as its ability to activate Nrf2. To explore these aims, placental explant cultures were used
to examine the effect of melatonin on placental oxidative stress and production of vasoactive
factors, sFlt1, sEng and Activin A. Also, the impact of melatonin on several key indicators of
endothelial function in vitro, such as endothelial permeability, as well as production of the
potent vasoconstrictor ET-1 and the markers of endothelial activation were determined.
Finally, the impact of melatonin on the activation of Nrf2 and HO-1 was examined.
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3.2

Methods

3.2.1 Blood and tissue collection
Blood and placental samples were collected upon receiving informed written consent from
each patient with approval from the Monash Health Human Research Ethics Committee
(Reference number: 13357B). Placental samples were collected at the time of caesarean
section from healthy term pregnancies and from pregnancies complicated by preeclampsia, as
defined by the Society of Obstetric Medicine of Australia and New Zealand [3]. Umbilical
cords were only collected from the healthy term pregnancies. Blood samples were collected
from women diagnosed with established preeclampsia prior to delivery in the absence of
labour. Blood samples collected from women with a healthy singleton pregnancy at matched
gestations were used as controls.

3.2.2 Placental explant culture
Upon collection of the placenta several cotyledons were excised randomly and washed in icecold Hank’s Balanced Salt Solution (HBSS) to remove as much blood as possible. Placental
villous tissue was then dissected, weighed and approximately 50-70 mg of tissue placed in
each well of a 24-well plate. The explants were cultured in Medium 199 (M199)
supplemented with 1% antibiotics and 1% L-Glutamine (all from Life Technologies,
Carlsbad, CA) containing different treatment conditions.
One group of placental explants was treated with the oxidative stress inducers, xanthine/
xanthine oxidase (X/XO) (Sigma-aldrich, St. Louis, MO; X – 2.3 mM, XO – 15 mU/ml), in
the presence or absence of melatonin (Sigma-Aldrich; 1 mM, 500 µM, 100 µM and 1 µM).
Placental explants treated with media only were used as negative controls. These explants
were cultured in 5% O2 at 37°C for 48 hours. Another group of placental explants were
exposed to 1% O2 in the presence or absence of melatonin (1 mM, 500 µM, 100 µM and 1
µM) at 37°C for 24 hours. Placental explants exposed to 5% O2 were used as negative
controls. Placental explants from women diagnosed with preeclampsia were cultured in the
presence or absence of melatonin (1 mM, 500 µM, 100 µM and 1 µM) at 37°C in 1% O2 for
24 hours.
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3.2.3 8-isoprostane, sFlt1, sEng and Activin A measurement
The level of 8-isoprostane, a marker of oxidative stress, in placental explant culture
supernatants was determined by enzyme immunoassay (Caymen Chemicals, Ann Arbor, MI),
while the levels of sFlt, sEng and Activin A in the same supernatants were determined via
ELISA (R&D systems, Minneapolis, MN). All assays were performed according to
manufacturer’s instructions.

3.2.4 Endothelial cell culture
Human umbilical vein endothelial cells (HUVECs) were isolated from the umbilical cords
collected from healthy term pregnancies as previously described [143]. All HUVEC cultures
were plated at a density of 12, 000 cells per 100 mm2 in M199 supplemented with 20% fetal
bovine serum, 1% antibiotics and L-Glutamine (all from Life Technologies) and incubated at
37°C with 5% CO2.

3.2.5 Markers of endothelial cell activation
Expression of endothelial cell activation markers was determined via flow cytometry in the
HUVECs treated with melatonin (1µM, 100µM, 1mM) and/or TNFα (1ng/ml; R&D systems)
for 6 hours. Briefly, HUVECs were mechanically scraped from their flasks prior to
immunostaining with the following antibodies (antibody synonyms, antibody dilutions and
catalogue numbers shown in parantheses): CD54-Pacific Blue (ICAM1, 1:100, 353109),
CD106-PE

(VCAM1,

1:50,

305805)

CD62E-APC

(E-selectin,

1:100,

336011).

Immunostaining was compared with appropriate isotype controls. Antibodies and isotype
controls were obtained from Biolegend (San Diego, CA). HUVECs were incubated on ice
with either antibodies or isotype controls for 20 minutes prior to washing and fixing in 1%
paraformaldehyde in FACS buffer. The markers of endothelial cell activation were then
analysed on a BD FACS Canto II (BD Biosciences, San Jose, CA). Analysis was performed
using FlowJo cytometric analysis software (Oakland, OR).
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3.2.6 Endothelin-1 measurement
ET-1 levels in the supernatants of HUVEC cultures treated with melatonin (1µM, 100µM,
1mM) and/or TNFα (1ng/ml) for 24 hours were determined via ELISA (DET100, R&D
systems, Minneapolis, MN), according to manufacturer’s instructions.

3.2.7 Endothelial cell permeability
Integrity of the endothelial cell monolayer following TNFα treatment was assessed using a
FITC-dextran based permeability assay. Firstly, HUVECs were plated in gelatinized
polycarbonate transwell inserts (Corning, Oneonta, NY; 0.4µm, 6.5mm, 24 well plate) at a
density of 50,000 cell/ insert, and incubated at 37°C for 3 days to form a monolayer. Cells
were then treated with recombinant TNFα (100ng/ml) in the presence or absence of melatonin
(1mM) for 24 hours. At the end of the treatment period, culture media was removed from
both the upper and lower chambers. Culture media containing 1mg/ml FITC-dextran (SigmaAldrich; MW 40,000) was added to the upper chamber, while fresh culture media was added
to the lower chamber. Cells were then incubated for 1 hour at 37°C. Media was removed from
the lower chamber and diluted 1:20 with PBS in a black-walled 96-well plate before
fluorescence readings were obtained at 485nm excitation and 535nm emission.
Endothelial cell permeability following treatment with serum from women with preeclampsia
(5% serum in M199 media supplemented with 1% antibiotics and 1% L-Glutamine) was
measured using the 24-well in vitro vascular permeability assay kit (Merck Millipore,
Billerica, MA). The assay was performed according to manufacturer’s instructions. A
melatonin concentration of 1mM was used as preliminary studies showed this to be the most
effective dose in vitro. Endothelial cells treated with serum from gestation matched healthy
pregnant women were used as controls.

3.2.8 Nrf2 nuclear translocation and HO-1 production
Placental explants exposed to X/XO and 1% O2, as well as the HUVEC cultures treated with
TNFα (1ng/ml) in the presence or absence of melatonin (1mM) were assessed for Nrf2
activation and antioxidant response by determining Nrf2 nuclear translocation and total HO-1
protein levels. Nucleic and cytoplasmic protein fractions were separated and collected from
the samples using the NE-PER nuclear and cytoplasmic reagents (Thermo Scientific,
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Rockford, IL) according to manufacturer’s instructions. Protein quantification was performed
using the Pierce BCA protein assay kit (Life Technologies). For western blots, 40µg of
protein was loaded for each sample. Membranes were then blocked with 5% (w/v) skim milk
in PBS with 0.1% (v/v) Tween-20 (Sigma, St Louis, MO) for 1 hour prior to probing with
antibodies. Membranes were stripped in a mild stripping buffer (1.5% (w/v) glycine, 0.1%
(w/v) SDS, 1% (v/v) Tween-20 in distilled water) for 5 minutes between antibodies. The
following primary antibodies and concentrations were used: Nrf2 (ab62352, 1:2000, Abcam,
Cambridge, UK), and HO-1 (ab52947, 1:2000, Abcam). All antibodies were diluted in
blocking buffer and incubated overnight at 4°C.

3.2.9 Statistical Analysis
Statistical analysis was performed using one-way ANOVA followed by multiple comparisons
with a Tukey ad-hoc test. Groups were considered to be significantly different if P values
were <0.05. All data were analysed using GraphPad Prism 6.0 (GraphPad Software, La Jolla,
CA).
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3.3

Results

3.3.1 Impact of melatonin on placental explants exposed to oxidative
stress
In order to mimic the placental oxidative stress that develops during the reperfusion phase of
placental ischemia-reperfusion in preeclampsia, term placental explants were treated with
X/XO. As hypothesized, the X/XO treated placental explants produced significantly more of
the oxidative stress marker 8-isoprostane than the untreated explants (P<0.01; Figure 3.1A).
This X/XO-induced increase in 8-isoprostane was completely ameliorated by melatonin at a
dosage of 1mM (P<0.05; Figure 3.1A). Lower doses of melatonin did not have a significant
impact on 8-isoprostane production triggered by X/XO (All P>0.05; Figure 3.1A). Despite
the increase in 8-isoprostane production following X/XO treatment, there was no difference
in placental production of sFlt1 and sEng between the X/XO-treated and untreated groups
(both P>0.05; Figure 3.1B & 3.1C respectively). However, placental explant activin A
production was significantly increased by X/XO in comparison to the untreated explants
(P<0.05), and treatment with 1mM melatonin did not ameliorate this effect (P>0.05; Figure
3.1D). However, melatonin treatment significantly increased the translocation of Nrf2 from
the cytoplasm to the nucleus, compared with the untreated explants and explants treated with
X/XO only (P<0.05; Figure 3.1E). Correspondingly, HO-1 protein levels were doubled in the
X/XO and melatonin treated placental explants compared with the untreated and X/XO only
treated placental explants (P<0.05; Figure 3.1F).
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Figure 3.1: Effect of melatonin on placental explants exposed to oxidative stress. Term placental
explants were cultured with either control media, X/XO only or X/XO with 4 different doses of
melatonin (MLT; 1µM, 100µM, 500µM, 1mM) for 48 hours. Concentration of (A) 8-isoprostane in
the culture supernatants of all groups was measured via enzyme immunoassay. Concentration of (B)
sFlt1 and (C) endoglin in the culture supernatants of the media only and X/XO only groups were
measured via ELISA. In the media only, X/XO only and X/XO with 1mM melatonin groups (D)
Activin A concentration in the culture supernatants were measured via ELISA, while (E) Nrf2 nuclear
translocation and (F) HO-1 protein expression was measured in the corresponding explants by western
blot. Representative western blot images are shown below each graph. The white space indicates
noncontiguous lanes from the same blot. Data are expressed as mean ± SEM. *P<0.05. n = 6
independent placental donors.
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3.3.2 Effect of melatonin on placental explants exposed to hypoxia
(1%O2)
In order to more closely mimic the low oxygen environment of the preeclamptic placenta that
exists during the ischemia phase of placental ischemia-reperfusion in preeclampsia, we then
exposed term placental explants to 1% O2. Placental explants exposed to 5% O2 produced
nearly 4-fold more 8-isoprostane than those exposed to 1% O2 (all P<0.05; Figure 3.2A).
There was no difference in 8-isoprostane production by 1% O2 exposed placental explants,
regardless of melatonin (all P>0.05; Figure 3.2A). sFlt1 and sEng production was
significantly higher in the 1% O2 exposed placental explants compared with those exposed to
5% O2 (both P<0.05; Figure 3.2B & 3.2C respectively). However, 1mM melatonin treatment
did not significantly change this hypoxia-induced increase in sFlt1 and sEng (both P>0.05;
Figure 3.2B & 3.2C respectively). Nrf2 translocation to the nucleus was similar between the
explants exposed to 5% O2, 1% O2, and 1% O2 + 1mM melatonin (all P>0.05; Figure 3.2D).
In contrast, HO-1 protein levels were significantly higher in the placental explants exposed to
5% O2 compared to those exposed to 1% O2 (all P<0.01; Figure 3.2E). There were no
differences in HO-1 protein levels between the 1% O2 exposed explants regardless of 1mM
melatonin treatment (all P>0.05; Figure 3.2E).
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Figure 3.2: Impact of melatonin on placental explants exposed to 1% O2 conditions. Term
placental explants were cultured in control media at 5% O2, 1% O2 or in 1% O2 with 4 different doses
of melatonin (MLT; 1µM, 100µM, 500µM, 1mM) for 24 hours. Concentration of (A) 8-isoprostane in
the culture supernatants of all groups was measured via enzyme immunoassay. Concentration of (B)
sFlt1 and (C) endoglin in the culture supernatants of the 5% O2, 1% O2 and 1% O2 with 1mM
melatonin groups were measured via ELISA. (D) Nrf2 nuclear translocation and (E) HO-1 protein
expression was measured in the corresponding explants by western blot. The white space indicates
noncontiguous lanes from the same blot. Representative western blot images are shown below each
graph. Data are expressed as mean ± SEM. Data are expressed as mean ± SEM. *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001. n = 6 independent placental donors.
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3.3.3 Impact of melatonin on placental explants from women with
preeclampsia
Treatment of placental explants collected from preeclamptic women with melatonin did not
significantly change 8-isoprostane production in these explants when compared with the
untreated group (all P>0.05; Figure 3.3A). Likewise, sFlt1, sEng and activin A production
was also similar between the preeclamptic placental explants that were treated with 1mM
melatonin and those that were untreated (all P>0.05; Figure 3.3B, 3.3C & 3.3D respectively).
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Figure 3.3: Effect of melatonin treatment on placental explants from women with preeclampsia.
Placental explants from women with preeclampsia were cultured at 1% O2 with or without melatonin
(1µM, 100µM, 500µM, 1mM) for 24 hours. The concentrations of (A) 8-isoprostane, (B) sFlt1, (C)
endoglin and (D) activin A in the culture supernatants were measured via enzyme immunoassay or
ELISA. sFlt1, endoglin and activin A levels were assessed only in the untreated explants and the
explants treated with 1mM melatonin. Data are expressed as mean ± SEM. n = 3 independent
placental donors.
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3.3.4 Effect of melatonin on endothelial cell dysfunction in vitro
Treatment of HUVECs with 1ng/ml TNFα significantly increased the protein expression of
the endothelial activation markers ICAM1, VCAM1 and E-selectin (P<0.001; Figure 3.4A,
3.4B & 3.4C respectively). Melatonin decreased this TNFα-induced increase in VCAM1 by
nearly 3-fold (P<0.001; Figure 3.4B), but had no significant effect on the TNFα-induced
increase in ICAM1 and E-selectin expression (P>0.05; Figure 3.4A & 3.4C respectively).
TNFα (1ng/ml) also significantly increased the production of the potent vasoconstrictor ET-1
by the HUVECs (P<0.01; Figure 3.4D) and this effect was not significantly altered by
treatment with melatonin (P>0.05; Figure 3.4D). However, melatonin mitigated the TNFα
(100ng/ml) stimulated increase in endothelial monolayer permeability by nearly 35%, and
completely rescued the disruption to the endothelial monolayer integrity induced by serum
from women with preeclampsia (P<0.05; Figure 3.4E & 3.4F respectively).

Page 53

Chapter 3: Melatonin as a potential treatment for preeclampsia

Figure 3.4: Effect of melatonin treatment on the expression of endothelial dysfunction markers
and on endothelial monolayer permeability. HUVECs were treated with control media, TNF-α
(1ng/ml or 100ng/ml) only or TNF-α together with 3 different doses of melatonin (1µM, 10µM,
1mM). Expression of (A) ICAM1, (B) VCAM1 and (C) E-selectin in the HUVECs were measured 6
hours after treatment via flow cytometry, whilst the concentration of (D) endothelin-1 was measured
in HUVEC culture supernatants collected 24 hours after treatment. (E) FITC-dextran permeability
through HUVEC monolayers treated with either control media, TNF-α (100ng/ml) only or TNF-α
with 1mM melatonin was measured 24 hours after treatment. (F) FITC-dextran permeability was also
measured in HUVEC monolayers treated with serum from normal pregnant women (NP serum),
serum from preeclamptic women (PE Serum) or PE serum with 1mM melatonin for 24 hours. Data are
expressed as mean ± SEM. *P<0.05, **P<0.01, ****P<0.0001. n = 6 cell lines from independent
placental donors.
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Figure 3.5: Nrf2 and HO-1 expression in HUVECs treated with melatonin. HUVECs were treated
with control media, TNF-α (100ng/ml) only or TNF-α with 1mM melatonin (MLT). (A) Nuclear
translocation of Nrf2 and (B) total Nrf2 protein expression was measured 6 hours after treatment,
whilst (C) total HO-1 protein expression was measured 24 hours after treatment, all via western blot.
Representative western blot images are shown next to each graph. Data are expressed as mean ± SEM.
*P<0.05, **P<0.01. n = 6 cell lines from independent placental donors.
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Nuclear translocation of Nrf2 was significantly increased in the TNFα + 1mM melatonin
treated HUVECs, when compared with HUVECs that were untreated and treated with TNFα
only (all P<0.01; Figure 3.5A). However, total Nrf2 levels were not significantly different
between the 3 groups (P>0.05; Figure 3.5B). HO-1 protein levels were significantly higher in
the TNFα and melatonin treated HUVECs in comparison to the HUVECs treated with TNFα
only (P<0.05; Figure 3.5C).
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3.4

Discussion

The aim of this study was to determine the ability of melatonin to mitigate placental oxidative
stress, placental production of vasoactive factors and endothelial dysfunction in vitro, and
therefore assess its therapeutic potential for treatment of preeclampsia. In term placental
explants, a 1mM dose of melatonin reduced X/XO-induced oxidative stress, but not activin A,
sFlt1 or sEng production. In preeclamptic placental explants, melatonin did not affect
oxidative stress levels or the production of sFlt1, sEng and activin A. In endothelial cells,
melatonin decreased TNFα-induced VCAM1 expression, but did not affect the expression of
the other markers for endothelial activation and dysfunction. Importantly, melatonin rescued
the TNFα, as well as preeclamptic serum, induced disruption to endothelial monolayer
integrity. These data demonstrate that while melatonin may not show promise as a
prophylaxis for preeclampsia as it did not resolve placental dysfunction, it may prove to be an
effective adjuvant therapy for established preeclampsia due to its capacity to resolve
endothelial function.
Numerous studies have provided evidence that the placenta undergoes severe oxidative stress
in preeclampsia. As described in section 1.2, the origin of the placental oxidative stress are
the periods of hypoxia and reoxygenation resulting from failed spiral artery remodeling
during placentation [28]. A known effect of ischemia-reperfusion is the conversion of
xanthine dehydrogenase to xanthine oxidase, a potent producer of the free radical, superoxide
[267]. Correspondingly, xanthine oxidase activity is elevated in the placentae of women
suffering from preeclampsia [268]. It is for this reason that we used xanthine oxidase (XO)
and its substrate xanthine (X), to induce oxidative stress in term placental explants, and thus
mimic conditions of the preeclamptic placentae. Predictably, treatment with X/XO induced
oxidative stress in the placental explant cultures as evidenced by an increase in 8-isoprostane
levels in the X/XO-treated group compared with the untreated group. However, in terms of
vasoactive factors, X/XO treatment only induced production of activin A by the placental
explants and not sFlt1 or sEng. In contrast, exposure of placental explants to a hypoxic (1%
O2) environment to mimic the ischemia phase of the placental ischemia-reperfusion that
occurs in preeclampsia, led to an increase in sFlt1 and sEng. Previous studies by our lab have
shown that exposure to hypoxic conditions does not stimulate placental production of activin
A [142]. All of this data clearly demonstrate that while the placental production of activin A
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is stimulated by oxidative stress, an independent hypoxia-regulated pathway drives the
production of sFlt1 and sEng. This is supported by previous observations that sFlt1 and sEng
production are regulated by HIF-1α, while oxidative stress is the key driver for the production
of inflammatory cytokines, such as activin A and TNFα by the placenta [42, 43, 143, 269].
Therefore, it appears that in preeclampsia placental hypoxia resulting from the ischemia
phase gives rise to sFlt1 and sEng, while the oxidative stress subsequent to the reperfusion
phase triggers the production of inflammatory cytokines, such as activin A and TNFα.
Another interesting observation in this study was the reduced oxidative stress levels in the
placental explants exposed to hypoxic (1% O2) conditions as opposed to those exposed to 5%
O2. In contrast, previous studies have shown exposure to hypoxia (1% O2) to result in
placental oxidative stress [243, 270]. However, this difference could be due to the fact that in
these previous studies, the placental explants were cultured in hypoxia (1% O2) for 48-72
hours, whilst in this study the treatment period was only 24 hours. Chronic exposure to a low
oxygen environment may be required to build up sufficient reactive oxygen species to induce
oxidative stress. Nevertheless, exposure to hypoxia (1% O2) for 24 hours did increase
placental production of sFlt1 and sEng.
Melatonin significantly decreased X/XO-induced oxidative stress in the placental explants,
which was accompanied by an increase in Nrf2 translocation to the nucleus, as well as an
increase in HO-1 expression in the same explants. Hence, the decrease in placental oxidative
stress by melatonin was most likely mediated by the Nrf2 mediated up-regulation of the
endogenous antioxidant enzymes, such as HO-1. However, the ability of melatonin to
scavenge free radicals cannot be ruled out as a contributing factor to the reduction in
placental oxidative stress following melatonin treatment. Even though melatonin decreased
placental oxidative stress, it failed to significantly decrease the oxidative stress-triggered
increase in placental activin A production. It is possible that a longer treatment period was
required to observe the decrease in placental oxidative stress leading to a decrease in
placental activin A production. Alternatively, the decrease in oxidative stress induced by
melatonin could be insufficient to significantly quench placental activin A production as well.
Apart from its strong antioxidant properties, HO-1 was also hypothesised to be beneficial in
preeclampsia due to its inhibitory effects on the release of sFlt1 and sEng [242]. Accordingly,
the ability of melatonin to attenuate hypoxia-induced placental production of sFlt1 and sEng
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by activating Nrf2 and HO-1 was tested, and found this not to be the case. Nuclear
translocation of Nrf2, HO-1 protein levels, as well as sFlt1 and sEng production were similar
between the melatonin-treated and untreated explants exposed to hypoxia. It is interesting to
note that melatonin was able to increase Nrf2 nuclear translocation and HO-1 protein levels in
the X/XO treated explants, but not in the explants exposed to 1% O2. Studies have shown that
electrophilic and oxidative stress trigger nuclear accumulation and activation of Nrf2 by
preventing its suppression by Keap-1, as well as its proteasomal degradation [271, 272].
Therefore, it is possible that in the X/XO treated explants the reactive oxygen species
generated by X/XO triggered Nrf2 nuclear translocation and activation, whilst in the explants
exposed to 1% O2, the lack of an oxidative stress stimulus, as seen in figure 2A, led to failure
of Nrf2 activation.
The data from the preeclamptic explants confirm those from the hypoxia and X/XO- treated
placental explants to a certain extent. Melatonin did not significantly change oxidative stress
levels or the production of sFlt1, sEng and Activin A by the preeclamptic explants. The
failure of melatonin to have an effect on the preeclamptic explants could be due to the
significantly reduced expression of MT1 and MT2 melatonin receptors in the preeclamptic
placentae compared with placentae from healthy pregnancies [254]. It is therefore possible
that this limits the efficacy of melatonin treatment in vitro.
Systemic maternal endothelial dysfunction is the underlying causative factor for all of the
maternal clinical features of preeclampsia [14]. TNF-α is one of the factors that significantly
contribute to the development of endothelial dysfunction in preeclampsia, as it is significantly
elevated in the serum of women with preeclampsia and infusion of TNF-α into pregnant
animals causes hypertension and proteinuria, two of the major clinical features of
preeclampsia [61, 273]. Furthermore, it is well known to stimulate endothelial dysfunction in
vitro [274]. It is for these reasons that TNF-α was used to mimic endothelial cell dysfunction
in these in vitro conditions.
The main feature of melatonin that makes it an attractive therapeutic option for preeclampsia
is its well-known ability to improve endothelial function, mainly by preventing
vasoconstriction, platelet aggregation and leuckocyte infiltration [262, 275, 276]. ICAM-1,
VCAM-1 and E-selectin are markers of endothelial activation that are significantly elevated
in women diagnosed with preeclampsia [152]. They promote leukocyte infiltration of tissues
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leading to inflammation. ET-1 is a potent vasoconstrictor produced by endothelial cells [277].
Preeclamptic women have significantly higher serum levels of ET-1 compared with healthy
pregnant women and it is considered to be a key contributor to the development of
hypertension in these women [277, 278]. In this study, melatonin was found to decrease
TNFα-induced VCAM1 expression, but not the expression of ICAM1, E-selectin and
endothelin-1. Furthermore, melatonin increased Nrf2 nuclear translocation and HO-1 protein
levels in the HUVECs. The expression of ICAM1, VCAM1 and E-selectin is mainly induced
by NF-κB, following activation by reactive oxygen species [279-281]. Hence, it is possible
that melatonin mediated the reduction in VCAM1 expression by reducing cellular oxidative
stress and inhibiting the NF-κB pathway, by activating Nrf2 and triggering the subsequent
increase in HO-1. This is supported by previous studies that have shown melatonin treatment
to mitigate NF-κB activity, as well as by studies that have shown Nrf2 activation to
negatively regulate the NF-κB pathway, possibly via the reduction of reactive oxygen species
[279, 282-284]. However, if melatonin did exert its actions via the inhibition of NF-κB and a
reduction in reactive oxygen species, a subsequent decrease in the expression of ICAM1 and
E-selectin would have been expected. Since this was not the case, it is possible that melatonin
inhibited VCAM1 expression via a mechanism downstream of NF-κB, as there is evidence to
suggest that the molecular mechanisms involved in the expression of VCAM1, ICAM-1 and
E-selectin vary downstream of NF-κB activation [285, 286]. The role of melatonin in
modulating these molecular pathways has not been extensively examined yet. However, it
must be noted that animal studies involving prolonged treatment of melatonin have reported a
decrease in ICAM-1 and E-selectin expression, in addition to a decrease in VCAM1,
following treatment [276, 287]. Hence, more beneficial effects of melatonin in reducing the
expression of endothelial adhesion molecules, and thus reducing leukocyte infiltration,
following in vivo treatment cannot be ruled out.
Furthermore, melatonin rescued the increase in endothelial permeability induced by both
TNFα and serum from women with preeclampsia. Melatonin is known to improve endothelial
integrity by protecting the endothelial adherens and tight junctional proteins, such as VEcadherin, occludin, claudin-5 and zonula occludens-1, from disruption by cytokines and
reactive oxygen species, as well as by increasing their protein expression [288, 289].
Enhanced endothelial permeability is responsible for many of the clinical features of
preeclampsia and eclampsia, such as proteinuria, pulmonary oedema, increase in serum liver
transaminases and the development of seizures. Thus, the ability of melatonin to restore
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endothelial integrity, even in the presence of all the vasoactive factors present in the serum of
women with preeclampsia, highlight its potential to be an adjuvant therapy for preeclampsia.
To our knowledge, this is the first study that has examined the potential of melatonin as a
therapeutic for preeclampsia. Animal and clinical studies have shown that melatonin is safe in
pregnancy and clinical trials are underway to determine its efficacy in reducing pregnancy
conditions involving oxidative stress, such as intrauterine growth restriction [290]. Data from
this study demonstrate that whilst melatonin may not be effective in resolving placental
dysfunction, it does have potential to resolve maternal endothelial dysfunction, and thus could
prove to be an effective adjuvant therapy for established preeclampsia. Further studies to
determine the effectiveness of melatonin in ameliorating endothelial function in vivo would
be beneficial.
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Chapter 4
Resveratrol activation of nuclear factor erythroid 2related factor-2 (nrf2): potential therapy for
preeclampsia
4.1

Introduction

As described in section 1.2, the pathophysiology of preeclampsia is characterized by systemic
maternal endothelial dysfunction, which in turn is triggered by several anti-angiogenic factors
derived from the placenta following exposure to hypoxia and oxidative stress. A therapy that
resolves these underlying features of the disease could mitigate the clinical features and
prolong pregnancy in women with preeclampsia. Activators of the Nrf2 transcription factor
have the potential to be such a therapy. As described in detail in section 1.3.1, studies have
shown activation of Nrf2 and its downstream endogenous anti-oxidant enzymes, particularly
HO-1 to mitigate placental oxidative stress and production of vasoactive factors, such as sFlt1
and sEng, as well as improve vascular function [221, 223, 234, 242, 243].
Data from chapter 3 demonstrated that melatonin, an Nrf2 activator, could improve certain in
vitro hallmarks of endothelial dysfunction. Hence, chapter 4 examines the effectiveness of
another more well-known Nrf2 activator, resveratrol, in mitigating the placental and
endothelial pathologies characteristic of preeclampsia, in vitro.
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Condensation
Nuclear factor erythroid 2-related factor-2 activation improves endothelial and placental
dysfunction in vitro, offering promise as an adjuvant therapy for preeclampsia.

Short title
Nrf2 as a therapeutic target in preeclampsia
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Abstract

Background
The maternal endothelial dysfunction underlying preeclampsia is thought to arise from
excessive placental release of anti-angiogenic factors, such as soluble fms-like tyrosine
kinase-1, soluble endoglin and activin A. The nuclear factor erythroid 2-related factor-2
transcription factor mediates the gene expression of antioxidant and vasoprotective factors
that may counter the endothelial damage imposed by these anti-angiogenic factors, offering
the possibility of a targeted adjuvant therapy for preeclampsia.
Objective
To assess whether resveratrol, a nuclear factor erythroid 2-related factor-2 activator, could
reduce placental oxidative stress and production of soluble fms-like tyrosine kinase-1, soluble
endoglin and activin A in vitro, while also improving in vitro markers of endothelial
dysfunction.
Study Design
We used in vitro term placental explants to assess the effects of resveratrol on the placental
production of the oxidative stress marker, 8-isoprostane, and of soluble fms-like tyrosine
kinase-1, soluble endoglin and activin A. Using human umbilical vein endothelial cells we
investigated the effects of resveratrol on markers of in vitro endothelial dysfunction,
including the expression of intercellular adhesion molecule 1, vascular cell adhesion
molecule 1, E-selectin and endothelin-1, and endothelial permeability. To confirm that
resveratrol mediated its effects via nuclear factor erythroid 2-related factor-2, we examined
the impact of resveratrol on the same in vitro markers of endothelial dysfunction following
the knockdown of nuclear factor erythroid 2-related factor-2.
Results
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Resveratrol significantly decreased placental oxidative stress in vitro and the production of
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soluble fms-like tyrosine kinase-1 and activin A. Resveratrol significantly mitigated tumor
necrosis factor–α stimulated endothelial expression of intercellular adhesion molecule 1,
vascular cell adhesion molecule 1, E-selectin and endothelin-1 and prevented an increase in
endothelial monolayer permeability. Knockdown of nuclear factor erythroid 2-related factor2 abolished most of the protective effects of resveratrol on endothelial cells.
Conclusions
Modulation of the nuclear factor erythroid 2-related factor-2 pathway may be a potential
therapeutic target for preeclampsia.

Key words: activin A, fms-like tyrosine kinase 1, heme oxygenase-1, nuclear factor
erythroid 2-related factor-2 (Nrf2), preeclampsia, resveratrol
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Preeclampsia remains a leading cause of maternal and perinatal morbidity and mortality
worldwide.1 While the use of antihypertensives to control maternal blood pressure and allow
pregnancy prolongation has greatly improved clinical outcomes it is widely accepted that a
more targeted therapy, focused on more than simply controlling hypertension, is needed.2-5
Two insights have heralded opportunities to develop such a therapy. First, the recognition
that systemic maternal endothelial dysfunction underlies many of the maternal features of
preeclampsia turned attention to exploring mechanisms of endothelial injury.6,7 This then led
to the observation that the endothelial dysfunction is likely secondary, at least in part, to
excessive placental release of several anti-angiogenic factors, such as tumor necrosis factor–α
(TNF-α), soluble fms-like tyrosine kinase-1 (sFlt1), soluble endoglin (sEng) and activin A.8-16
These factors induce endothelial injury by up regulation of pro-oxidant enzymes, such as
NADPH oxidase (NOX), and the induction of oxidative stress.8,17,18 Together, these insights
have afforded the possibility of novel approaches to the treatment of established preeclampsia
by either targeting the anti-angiogenic factors or their downstream endothelial effects
including NOX activation and oxidative stress.

In that regard, activation of the nuclear factor erythroid 2-related factor-2 (Nrf2) transcription
factor offers much promise as an approach to reduce both maternal endothelial dysfunction
and, perhaps, the underlying placental injury in pregnancies complicated by preeclampsia.
Nrf2 mediates the response to cellular stresses by activating the gene transcription of a
variety of cytoprotective enzymes, including the phase II detoxification and anti-oxidant
enzymes, glutathione S-transferases, NADPH quinone oxidoreductase and heme oxygenase-1
(HO-1).19 To date, studies on placental expression of Nrf2 in women with preeclampsia have
revealed conflicting results. Some investigatos have reported increased placental Nrf2

Page 70

Chapter 4: Resveratrol as a potential treatment for preeclampsia

7
expression in preeclampsia while others have reported a decrease.20-22 Nonetheless, the
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

targeted activation of Nrf2 in preeclampsia could be beneficial. Activation of a repertoire of
endogenous anti-oxidant enzymes by Nrf2 protects against the oxidative stress that results
from ischemia-reperfusion injury. Theoretically, this should be useful in resolving the
underlying placental injury in preeclampsia.23-25 Indeed, activation of HO-1 has been shown
to ameliorate placental ischemia in a rodent model of reduced placental perfusion, which in
turn reduced the production of sFlt1 and sEng.26-28 In addition, Nrf2 activation has been
shown to rescue endothelial function in mice fed a high fat diet and in a rat model of chronic
renal disease. 29,30 These beneficial effects of Nrf2 activation on the endothelium arose
mainly to the downstream anti-oxidant and anti-inflammatory gene targets.29,30

Resveratrol (3,4’,5-trihydroxy-trans-stilbene) is a polyphenolic compound found in a variety
of plant foods including grapes, peanuts and berries.31 It is an Nrf2 activator with both antioxidant and anti-inflammatory effects.30,32 Therefore, not surprisingly, resveratrol has been
shown to improve endothelial function and prevent end-organ injury in diverse models of
ischemia-reperfusion injury.33-35 We wished to explore whether resveratrol might afford antioxidant protection to both trophoblast and endothelial cells with a future view to using it as
an adjuvant therapy in preeclampsia.

Materials and Methods
All human samples were collected with informed written consent and following approval
from the Monash Health Human Research Ethics Committee.
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Placental tissue collection and explant culture
Human placental samples were collected at the time of elective cesarean section from women
with a healthy term singleton pregnancy. Upon collection of the placenta several cotyledons
were excised randomly and washed in Hank’s balanced salt solution (HBSS) to remove blood.
Placental villous tissue was then dissected and weighed. About 50-70mg of tissue was placed
in each well of a 24-well plate and cultured in Medium 199 supplemented with 1% antibiotics
and L-Glutamine (all from Life Technologies, Carlsbad, CA), containing the different
treatment conditions.

A group of placental explants were treated with 2.3mmol/Lxanthine/ 15mU/mLxanthine
oxidase (X/XO; Sigma-Aldrich, St. Louis, MO) to induce oxidative stress, in the presence or
absence of 50μmol/L, 100μmol/L or 200μmol/L resveratrol (Sigma-Aldrich). Placental
explants treated with media only were used as negative controls. Explants were cultured in
5% O2 at 37°C for 48 hours. A seperate group of placental explants were exposed to 1% O2
in the presence or absence of resveratrol at 37°C for 24 hours. Placental explants exposed to
5% O2 were used as controls.

Endothelial cell culture
Human umbilical vein endothelial cells (HUVECs) were isolated from umbilical cords
collected from healthy term pregnancies at elective caesarean section, as previously
described36. All HUVEC cultures were plated at a density of 12,000 cells per 100mm2 in
Medium 199 supplemented with 20% fetal bovine serum, 1% antibiotics and L-Glutamine
(all from Life Technologies), and incubated at 37°C in 5% CO2. HUVECs were then treated
with recombinant 1-100ng/ml TNFα (R&D systems, Minneapolis, MN) in the presence or
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of Nrf2 nuclear translocation and expression of the endothelial activation markers
intercellular adhesion molecule 1 (ICAM1), vascular cell adhesion molecule 1 (VACM1) and
E-selectin. Endothelin-1 and HO-1 protein levels were assessed following a 24-hour
treatment period.

8-isoprostane, sFlt1, sEng, activin A and endothelin-1 measurement
8-isoprostane in placental explant and HUVEC culture supernatants was determined by
enzyme immunoassay (Caymen Chemicals, Ann Arbor, MI). Levels of sFlt, sEng and activin
A in placental explant culture supernatants and levels of endothelin-1 in HUVEC culture
supernatants were all determined via enzyme-linked immunosorbent assay (ELISA; R&D
systems). All assays were performed according to manufacturer’s instructions.

Markers of endothelial cell activation
The markers of endothelial cell activation were determined in the HUVECs via flow
cytometry (FACS). Briefly, HUVECs were mechanically scraped from their flasks prior to
immunostaining with the following antibodies: (antibody synonyms, antibody dilutions and
catalogue numbers shown in parentheses). CD54-Pacific Blue (ICAM1, 1:100, 353109),
CD106-PE (VCAM1, 1:50, 305805) CD62E-APC (E-selectin, 1:100, 336011).
Immunostaining was compared with appropriate isotype controls. Antibodies and isotype
controls were obtained from Biolegend (San Diego, CA). HUVECs were incubated on ice
with either antibodies or isotype controls for 20 minutes prior to washing and fixing in 1%
paraformaldehyde in FACS buffer. The markers of endothelial cell activation were then
analyzed on a BD FACS Canto II (BD Biosciences, San Jose, CA). Analyses were
performed using FlowJo cytometric analysis software (Oakland, OR).
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Endothelial cell permeability
Integrity of the endothelial cell monolayer following TNFα treatment was assessed using a
FITC-dextran based permeability assay. HUVECs were plated in gelatinized polycarbonate
transwell inserts (Corning, Oneonta, NY; 0.4μm, 6.5mm, 24 well plate) at a density of 50,000
cell/insert and incubated at 37°C for 3 days to form a monolayer. Cells were then treated with
recombinant 100ng/mLTNFα in the presence or absence of 100μmol/L resveratrol for 24
hours. At the end of the treatment period the culture media was replaced in both chambers
with fresh media containing 1mg/ml FITC-dextran (Sigma-aldrich; MW 40,000) added to the
upper chamber. Cells were then incubated for 1 hour at 37°C. Media was removed from the
lower chamber and diluted 1:20 with HBSS in a black-walled 96-well plate before
fluorescence readings were obtained at 485nm excitation and 535nm emission.

Endothelial cell permeability following treatment with serum from women with preeclampsia
(5% serum in Medium 199 supplemented with 1% antibiotics and L-Glutamine) was
measured using the 24-well in vitro vascular permeability assay kit (Merck Millipore,
Billerica, MA) according to manufacturer’s instructions. Endothelial cells treated with serum
from gestation matched healthy pregnant women were used as controls.

Nrf2 nuclear translocation and HO-1 protein levels
Placental explants and HUVEC cultures were assessed for Nrf2 activation and antioxidant
response by determining nuclear Nrf2 translocation and total HO-1 protein levels. Protein
extracts of nucleic and cytoplasmic fractions were obtained using the NE-PER nuclear and
cytoplasmic reagents (Thermo Scientific, Rockford, IL) according to manufacturer’s
instructions. Protein quantification was performed using the Pierce BCA kit (Life

Page 74

Chapter 4: Resveratrol as a potential treatment for preeclampsia

11
Technologies). For western blots, 40μg protein was loaded for each sample. Membranes were
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

then blocked with 5% (w/v) skim milk in phosphate buffered saline with 0.1% (v/v) Tween20 for 1 hour prior to probing with antibodies. Membranes were stripped in a mild stripping
buffer (1.5% w/v glycine, 0.1% w/v sodium dodecyl sulfate, 1% v/v Tween-20 in distilled
water) for 5 minutes between antibodies. The primary antibodies and concentrations used
were: Nrf2 (ab62352, 1:2000, Abcam, Cambridge, UK) and HO-1 (ab52947, 1:2000, Abcam).
Antibodies were diluted in blocking buffer and incubated overnight at 4°C.

Small interfering RNA transfection
Using Lipofectamine RNAimax Reagent (Life Technologies), according to manufacturer’s
instructions, HUVECs were reverse transfected with either a single stranded small interfering
RNA directed towards Nrf2, a scrambled sequence (negative control), or Glyceraldehyde-3Phosphate Dehydrogenase (GAPDH; positive control). All experiments were completed
within 4 days of transfection.

Statistical Analysis
Statistical analysis was performed using one-way ANOVA followed by multiple comparisons
with a Tukey ad-hoc test. Differences were considered significant where P <0.05. All data
were analyzed using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA).

Results
Resveratrol reduces oxidative stress and secretion of sFlt1 and activin A by term placental
explants but not the secretion of endoglin.
To assess the effects of resveratrol on placental ischemia-reperfusion induced injury, we
treated one set of placental explants with X/XO to mimic the oxidative stress that
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1% O2 to mimic the ischemia phase.36 Treatment with X/XO significantly increased the
levels of 8-isoprostane, an effect mitigated by resveratrol in a dose dependent manner (Figure
1A; p<0.05). Resveratrol also prevented the X/XO-induced increase in placental activin A
(Figure 1B; p<0.05). Compared to control and X/XO-only treated explants, Nrf2 nuclear
translocation and HO-1 protein levels were significantly increased in resveratrol treated
explants (Figure 1C & Figure 1D; p<0.05 both).

Resveratrol mitigated the increased sFlt1, but not sEng, production by placental explants
exposed to 1% O2, (Figure 2A; p=0.03 & Figure 2B respectively). Resveratrol also
significantly increased explant Nrf2 nuclear translocation (Figure 2C; p<0.05) and HO-1
production (Figure 2D; p<0.05) compared to those exposed to hypoxia alone.

Resveratrol improves endothelial cell dysfunction in vitro
TNF-α is a vasoactive factor that contributes to the maternal endothelial dysfunction in
preeclampsia.12,37 We have used it here to simulate endothelial dysfunction in vitro, as
previously described by others.3,38,39 Resveratrol attenuated the TNF-α induced increase in
ICAM-1, VCAM-1, E-selectin and endothelin-1 in a dose-dependent manner (Figure 3A-D;
p<0.01). Resveratrol also mitigated TNF-α and preeclamptic serum induced increases in
endothelial cell permeability compared to controls (Figure 3E; p=0.02 & Figure 3F; p=0.01,
respectively).

Resveratrol increases Nrf2 nuclear translocation and HO-1 protein levels in HUVECs
We then examined whether resveratrol could activate Nrf2 in endothelial cells by increasing
Nrf2 protein expression and inducing nuclear translocation. Resveratrol increased Nrf2
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4A & 4C, p=0.005 both) but did not affect total Nrf2 protein levels (Figure 4B & 4C).
Resveratrol significantly increased HO-1 protein levels in the HUVECs compared to
untreated or TNF-α alone treated HUVECs (Figure 4D & 4E, p<0.01 both).

Nrf2 knockdown abolishes some of the effects of resveratrol on endothelial cells
In order to determine whether Nrf2 is the mediator of the effects of resveratrol on endothelial
cells we assessed resveratrol effects on HUVECs following the siRNA knockdown of Nrf2.
Knockdown of Nrf2 was confirmed by western blot (Figure 5B). Resveratrol failed to
increase HO-1 protein levels in the HUVECs without Nrf2 (Figure 5A & 5B). Furthermore,
in the absence of Nrf2, resveratrol failed to rescue the TNF-α induced increase in endothelial
permeability and ICAM1 expression (Figure 5C & 5D respectively). However, despite Nrf2
knockdown resveratrol still significantly reduced TNF-α stimulated increase in VCAM1
(Figure 5E; p<0.05). The increase in E-selectin expression following TNF-α treatment was
significantly reduced by resveratrol in the HUVECs treated with the scrambled siRNA
(Figure 5F; p<0.01) but not in the Nrf2 knocked down HUVECs (Figure 5F). Endothelin-1
production following TNF-α treatment was significantly decreased by resveratrol in both the
HUVECs with and without Nrf2 (Figure 5G; p<0.001). Similarly, resveratrol significantly
mitigated TNF-α induced 8-isoprostane production in the HUVECs treated with scrambled
siRNA and siRNA against Nrf2 (Figure 5H; p<0.05).

Comment
Here we report that the Nrf2 activator, resveratrol, can mitigate the increase in placental
production of sFlt-1 and activin A that occurs in response to placental injury in vitro and
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effects on endothelial function were principally mediated via Nrf2, as evidenced by loss of
effect when Nrf2 was knocked down. These observations suggest that resveratrol and other
Nrf2 activators have the potential to be both useful adjuvant therapies in women with
established preeclampsia, by reversing the endothelial dysfunction, and preventative therapies
in women at risk of preeclampsia by protecting against placental damage.

Systemic maternal endothelial dysfunction underlies the key clinical features of
preeclampsia.6 Specifically, the maternal features of preeclampsia are characterized by
increased vasoreactivity, endothelial permeability and expression of a variety of cell adhesion
molecules that, in turn, activate immune cells and platelets.40-42 Much of these effects are
mediated by NOX derived oxidative stress, itself triggered by placental derived vasoactive
factors such as TNF-α, sFlt1 and activin A.8,18,43-46 The resulting endothelial oxidative stress
leads to systemic hypertension by triggering the release of vasoconstrictors (endothelin-1)
and decreasing the availability of vasodilators (nitric oxide).47,48 Oxidative stress further
disrupts endothelial cell junctional proteins resulting in enhanced endothelial monolayer
permeability, contributing to the development of proteinuria, pulmonary edema, hepatic
dysfunction and the development of cerebral edema.49 In addition, reactive oxygen species
(ROS)-sensitive NF-κB activation increases leuckocyte adhesion molecules leading to the
systemic inflammation characteristic of preeclampsia.50 Given the central role of oxidative
stress in maternal endothelial dysfunction it was most disheartening that trials of the antioxidants vitamin C and E proved ineffective at the prevention of preeclampsia.51,52 Indeed, so
disappointing were those results that anti-oxidant approaches as adjuvant therapies in
preeclampsia have all but been abandoned.53 However, rather than providing exogenous
antioxidants, decreasing maternal endothelial oxidative stress via the up regulation of
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endogenous cellular anti-oxidant enzymes, such as HO-1, secondary to Nrf2 activation, could
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be a more effective approach. Indeed, the observations in the current study that resveratrol
can alleviate endothelial dysfunction via this exact mechanism should, we hope, re-open the
field to exploring anti-oxidant therapies as adjuvant treatments for women with established
preeclampsia. Certainly, there are several other Nrf2 and HO-1 activators, such as statins and
sofalcone that have shown promise as potential therapies for preeclampsia.4,39,54

Interestingly, Nrf2 knockdown did not abolish all the beneficial effects of resveratrol. Even
without Nrf2, resveratrol diminished endothelial oxidative stress and VCAM1 and
endothelin-1 expression. It is not currently clear how those actions were effected but
resveratrol could be acting via the sirtuin 1 (SIRT1) pathway. SIRT1 is a protein deacetylase
that mediates cell survival during cellular stress, such as oxidative stress.55,56 Resveratrol is a
strong activator of SIRT1 and is known to decrease ROS levels and inhibit NF-κB via
SIRT1.55-57 Certainly it would be worth exploring the SIRT1 pathway for other future
therapeutic compounds. It is important to note that despite resveratrol decreasing endothelial
oxidative stress without Nrf2, it failed to reduce the TNF-α triggered increase in endothelial
permeability and expression of ICAM1 and E-selectin in the absence of Nrf2. This highlights
the importance of Nrf2 and its downstream antioxidant enzymes in mediating most of the
beneficial effects of resveratrol on endothelial function.

The prospect of treating established preeclampsia by improving endothelial health is certainly
exciting. Perhaps even more enticing is the potential to mitigate or reverse placental oxidative
stress and the resultant placental production of excess anti-angiogenic factors such as sFlt1
and activin A. In this regard it was promising that resveratrol was able to quench both
placental oxidative stress and the excess production of sFlt1 and activin A. This was an
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activin A are quite different. Specifically, activin A production by the placenta is induced by
oxidative stress while sFlt-1 is induced by hypoxia and/or inflammation.36,58-60 Indeed, activin
A and sFlt1 appear to act via independent pathways at the level of the placenta, as well as the
endothelium, in the development of preeclampsia.61 The ability of resveratrol to mitigate the
increase in both of these vasoactive agents is likely due to the Nrf2 induction of antioxidant
systems reducing activin A, and HO-1 reducing sFlt-1.8,27,28 In this way resveratrol and
possibly other Nrf2 activators could target both the placenta and the maternal endothelium at
the same time.

Despite these potential benefits of resveratrol in resolving the endothelial and placental
pathologies of preeclampsia, others have raised concern regarding its safety for use during
pregnancy. In a study exploring whether resveratrol could reverse metabolic dysfunction
following a maternal high fat diet in Japanese macaques the investigators showed that while
resveratrol improved metabolic function in both mother and fetus, it led to an increase in fetal
pancreatic mass.62 However, the dams in this study were given a resveratrol-supplemented
diet for 3 months prior to breeding and throughout pregnancy. Nonetheless, any progress to
clinical trial will need to take these findings into account.

We believe that the observations we have made here justify further assessment of Nrf2
activation as an adjuvant treatment for preeclampsia. In that regard there are other potent
Nrf2 activators with a better bioavailability and specificity than resveratrol, such as the
synthetic triterpenoids, that would be worth assessing.63,64 We also suggest that non-Nrf2
dependent pathways, such as SIRT1, may be worth exploring for novel therapeutics.
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not successful in the prevention or treatment of preeclampsia, our findings suggest that
therapies targeting specific anti-oxidant pathways, such as Nrf2 induced enzymes may well
prove successful.
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Figure 1: Effect of resveratrol treatment on placental explants exposed to oxidative stress.
Term placental explants were cultured with media only, X/XO only or X/XO with 3 different
doses of resveratrol (Res; 50μM, 100μM, 200μM) for 48 hours. The level of (A) 8isoprostane in the supernatant was measured in all groups. However, the level of (B) Activin
A in the supernatant was measured only in the media only, X/XO only and X/XO with
100μM resveratrol groups. In these same explants, (C) Nrf2 nuclear translocation and (D)
HO-1 protein expression was also measured via western blot. Representative western blot
images for Nrf2 and HO-1 are shown below the respective graph. The white space indicates
noncontiguous lanes from the same blot. Data are expressed as mean ± SEM. *P<0.05,
**P<0.01, ***P<0.001. n = 4-8 independent placental donors.

Figure 2: Impact of resveratrol on placental explants exposed to 1% O2 conditions. Term
placental explants were cultured with media only at 5% O2 , media only at 1% O2 and at 1%
O2 with 100μM resveratrol (RES) for 24 hours. (A) sFlt1 and (B) endoglin concentrations in
the supernatants were measured via ELISA, while (C) Nrf2 nuclear translocation and (D)
HO-1 protein expression was measured in the corresponding explants by western blot.
Representative western blot images for Nrf2 and HO-1 are shown below the respective graph.
The white space indicates noncontiguous lanes from the same blot. Data are expressed as
mean ± SEM. *P<0.05, **P<0.01, ****P<0.0001. n = 4-7 independent placental donors.

Figure 3: Impact of resveratrol treatment on the expression of endothelial dysfunction
markers and on endothelial monolayer permeability in vitro. HUVECs were treated with
either media only, TNF-α (1ng/ml or 100ng/ml) only or TNF-α with 3 different doses of
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selectin was measured 6 hours after treatment via flow cytometry. Protein levels of (D)
endothelin-1 was measured in the culture supernatants collected 24-hours after treatment via
ELISA. (E) FITC-dextran permeability through HUVEC monolayers treated with either
media only, TNF-α only (100ng/ml) or TNF-α with 100μM resveratrol was measured
following 24 hours of treatment. (F) FITC-dextran permeability was also measured in
HUVEC monolayers treated with either serum from normal pregnant women (NP serum),
serum from preeclamptic women (PE Serum) or with PE serum and 100μM resveratrol, 24
hours after treatment. Data are expressed as mean ± SEM. *P<0.05, **P<0.01,
****P<0.0001. n = 5 cell lines from independent placental donors.

Figure 4: Nrf2 and HO-1 protein expression in HUVECs treated with resveratrol. HUVECs
were treated with either media only, TNF-α (100ng/ml) only or TNF-α with 100μM
resveratrol (Res). (A) Total Nrf2 protein expression and (B) Nrf2 nuclear translocation was
assessed 6 hours after treatment via western blot. (C) Representative western blot images for
Nrf2 are shown. The white space indicates noncontiguous lanes from the same blot. (D) Total
HO-1 expression was measured 24-hours after treatment by western blot as well. (E)
Representative western blot images for HO-1 are shown. The white space indicates
noncontiguous lanes from the same blot. Data are expressed as mean ± SEM. **P<0.01,
***P<0.001. n = 6 cell lines from independent placental donors.

Figure 5: Effect of resveratrol on markers of endothelial dysfunction, endothelial monolayer
permeability and HO-1 protein expression in HUVECs following Nrf2 knockdown. HUVECs
were transfected with small interfering RNA directed towards Nrf2 (siNrf2) and then treated
with either media only, TNF-α (1ng/ml or 100ng/ml) only or TNF-α with 100μM resveratrol
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(scrambled siRNA) and then exposed to the treatments were used as controls. (A) Total HO-1
protein expression in the HUVECs was measured via western blot 24-hours after treatment.
(B) Representative images for HO-1 western blot are shown. The white space indicates
noncontiguous lanes from the same blot. (C) FITC-dextran permeability though HUVEC
monolayers was also measured after 24-hours. Expression of (D) ICAM1, (E) VCAM1 and
(F) E-selectin was measured 6 hours after treatment via flow cytometry. Levels of (G)
endothelin-1 and (H) 8-isoprostane in HUVEC culture supernatants were measured 24 hours
after treatment via ELISA and enzyme immunoassay respectively. Data are expressed as
mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. n = 5-6 cell lines from
independent placental donors.
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Chapter 5
Sulforaphane activates nuclear factor erythroid 2related factor-2 activator and improves endothelial
dysfunction in vitro: potential therapeutic for
preeclampsia
5.1

Introduction

Current management of preeclampsia mainly relies on the use of anti-hypertensives to control
maternal blood pressure and allow pregnancy prolongation. A more targeted therapy that
addresses the underlying disease pathology is needed, particularly for the women who
develop preeclampsia at early gestations [291]. Our findings in chapter 4 suggest that the
Nrf2 pathway could be an effective therapeutic target for both the prevention and treatment of
preeclampsia. There we showed that the Nrf2 activator, resveratrol improves endothelial
dysfunction, while also reducing placental oxidative stress and production of sFlt1 and activin
A. Therefore, investigations into safe and effective Nrf2 activators are warranted.
Sulforaphane is a naturally occurring compound found in cruciferous vegetables, with
broccoli sprouts being the richest source [292]. Studies have shown that sulforaphane
treatment protects against endothelial dysfunction induced by a variety of conditions,
including diabetes and hypercholesterolemia [293-295]. Furthermore, sulforaphane treatment
has prevented end-organ injury in several models of ischemia-reperfusion [232, 233, 296].
These beneficial actions of sulforaphane have been attributed to its anti-oxidant and antiinflammatory properties derived from its ability to activate Nrf2 and its downstream antioxidant enzymes [222, 232, 233, 294-296]. In fact, sulforaphane is one of the most potent
inducers of Nrf2 [297-299]. Furthermore, no adverse maternal or fetal effects were noted in
pregnant mice treated with sulforaphane for 30 days, however maternal anti-oxidant enzyme
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levels were significantly increased [300]. In fact, the numbers of resorptions were
significantly lower among the sulforaphane treated dams, compared with control dams [300].
For these reasons sulforaphane appears to be a promising therapy for preeclampsia.
Therefore, the aim of this study was to examine whether sulforaphane treatment could
prevent hallmarks of endothelial dysfunction characteristic of preeclampsia in vitro via the
activation of Nrf2.
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5.2

Methods

5.2.1 Endothelial cell culture
Umbilical cords were collected from women with a healthy term pregnancy at the time of
caesarean section. Samples were collected upon receiving informed written consent from
each patient with approval from the Monash Health Human Research Ethics Committee.
HUVECs were isolated and cultured for each experiment as described in section 3.2.4.

5.2.2 Small interfering RNA transfection
HUVECs were reverse transfected with a single stranded small interfering RNA (siRNA)
directed towards Nrf2, a scrambled sequence (negative control) or GAPDH (positive control)
with the use of Lipofectamine RNAimax Reagent (all from Life Technologies, Carlsbad,
CA), according to manufacturer’s instructions. All experiments were completed within 4 days
of transfection as described below.

5.2.3 Markers of endothelial cell activation
Expression of endothelial cell activation markers was determined in the HUVECs via flow
cytometry 6 hours after treatment with sulforaphane (5µM, 10µM, 20µM) and/or TNFα
(1ng/ml) as described in section 3.2.5.

5.2.4 Endothelin-1 and 8-isoprostane production by HUVECs
ET-1 levels in the supernatants of HUVEC cultures treated with sulforaphane (5µM, 10µM,
20µM) and/or TNFα (1ng/ml) for 24 hours were determined via ELISA (DET100, R&D
systems, Minneapolis, MN). Level of 8-isoprostane, a marker of oxidative stress, was
measured in the same culture supernatants by enzyme immunoassay (Caymen Chemicals,
Ann Arbor, MI). All assays were performed according to manufacturer’s instructions.

5.2.5 Endothelial cell permeability
Integrity of the endothelial cell monolayer was assessed 24-hours after treatment with either
recombinant TNFα (100ng/ml) or serum from women with preeclampsia (5% serum in
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Medium 199 supplemented with 1% antibiotics and 1% L-glutamine) in the presence or
absence of sulforaphane (20µM), as described in detail in section 3.2.7.

5.2.6 Nrf2 nuclear translocation and HO-1 protein levels
HUVEC cultures treated with TNFα (1ng/ml) in the presence or absence of sulforaphane
(20µM) were assessed for Nrf2 activation and antioxidant response by determining Nrf2
nuclear translocation and total HO-1 protein levels. Nuclear and cytoplasmic Nrf2 protein
levels were determined 6 hours after treatment, while total HO-1 protein levels were assessed
24 hours after treatment, both via western blot as described in detail in section 3.2.8.

5.2.7 Statistical Analysis
Statistical analysis was performed using one-way ANOVA followed by multiple comparisons
with a Tukey ad-hoc test. Groups were considered to be significantly different if P values
were <0.05. All data were analysed using GraphPad Prism 6.0 (GraphPad Software, La Jolla,
CA).

Page 102

Chapter 5: Sulforaphane as a potential treatment for preeclampsia

5.3

Results

5.3.1 Sulforaphane increases Nrf2 protein levels, Nrf2 nuclear
translocation and HO-1 protein levels
Firstly, the ability of sulforaphane to activate Nrf2 in the HUVECs was tested and
sulforaphane was found to increase nuclear translocation of Nrf2 by 3-fold and total Nrf2
protein levels by 4-fold compared with untreated and TNF-α alone treated HUVECs (Figure
5.1A & 5.1C; p<0.01, Figure 5.1B & 5.1C; p<0.0001 respectively). Sulforaphane also
increased HO-1 protein levels in HUVECs by nearly 4-fold compared with the TNF-α treated
HUVECs (Figure 5.1D & 5.1E; p=0.04).
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Figure 5.1: Nrf2 and HO-1 protein expression in HUVECs treated with sulforaphane. HUVECs
were treated with either media only, TNF-α (100ng/ml) only or TNF-α with 20µM sulforaphane
(SFN). (A) Nrf2 nuclear translocation and (B) total Nrf2 protein expression was measured 6 hours
after treatment via western blot. (C) Representative western blot images for Nrf2 are shown. The
white space indicates noncontiguous lanes from the same blot. (D) Total HO-1 expression was
measured 24-hours after treatment also by western blot. (E) Representative western blot images for
HO-1 are shown. Data are expressed as mean ± SEM. *P<0.05, **P<0.01, ****P<0.0001. n = 6 cell
lines from independent placental donors.
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5.3.2 Sulforaphane improves endothelial cell dysfunction in vitro
Sulforaphane significantly mitigated the TNF-α stimulated increase in ICAM-1, VCAM-1,
and E-selectin in a dose-dependent manner (Figure 5.2A-C; p<0.01). Only the highest tested
dose of sulforaphane (20µM) significantly decreased ET-1 production by the HUVECs when
compared with untreated HUVECs (Figure 5.2D; p=0.04). At this concentration sulforaphane
also significantly attenuated both TNF- α and preeclamptic serum stimulated increase in
endothelial cell monolayer permeability (Figure 5.2E; p=0.001 & Figure 5.2F; p=0.04,
respectively).
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Figure 5.2: Effect of sulforaphane treatment on hallmarks of endothelial dysfunction in vitro.
HUVECs were treated with either media only, TNF-α (1ng/ml or 100ng/ml) only or TNF-α with 3
different doses of sulforaphane (5µM, 10µM, 20µM). Expression of (A) ICAM1, (B) VCAM1 and (C)
E-selectin was measured 6 hours after treatment via flow cytometry. Protein levels of (D) endothelin-1
was measured via ELISA in the culture supernatants collected 24-hours after treatment. (E) FITCdextran permeability through HUVEC monolayers treated with either media only, TNF-α only
(100ng/ml) or TNF-α with 20µM sulforaphane was measured following 24 hours of treatment. (F)
FITC-dextran permeability was also measured in HUVEC monolayers treated with either serum from
normal pregnant women (NP serum), serum from preeclamptic women (PE Serum) or with PE serum
and 20µM sulforaphane, 24 hours after treatment. Data are expressed as mean ± SEM. *P<0.05,
**P<0.01, ****P<0.0001. n = 5-7 cell lines from independent placental donors.
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5.3.3 Nrf2 knockdown abolishes some of the effects of sulforaphane on
endothelial cells
In order to determine the importance of Nrf2 for sulforaphane to mediate its effects on the in
vitro hallmarks of endothelial function, a series of Nrf2 gene silencing studies were
performed. Knockdown of Nrf2 was confirmed by western blot (Figure 5.3A & 5.3B).
Sulforaphane did not increase HO-1 protein levels in the HUVECs with Nrf2 knockdown
(Figure 5.3A & 5.3B). Furthermore, sulforaphane failed to improve endothelial monolayer
permeability in the HUVECs treated with siRNA against Nrf2 (Figure 5.3C). Similarly, TNFα induced increase in ICAM1 was not significantly affected by sulforaphane in the HUVECs
without Nrf2 (Figure 5.3D). In contrast, sulforaphane significantly reduced TNF-α stimulated
increase in VCAM1 and E-selectin in both the HUVECs regardless of Nrf2 gene expression
(Figure 5.3E & 5.3F respectively; all p<0.05). However, sulforaphane treatment did not
significantly alter the production of ET-1 and oxidative stress marker, 8-isoprostane,
following Nrf2 gene silencing in HUVECs (Figure 5.3G & 5.3H respectively).
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Figure 5.3: Impact of sulforaphane on markers of endothelial dysfunction, endothelial
monolayer permeability and HO-1 protein expression in HUVECs following Nrf2 knockdown.
HUVECs were transfected with small interfering RNA directed towards Nrf2 (siNrf2) and then treated
with either media only, TNF-α (1ng/ml or 100ng/ml) only, TNF-α with 20µM sulforaphane (SFN).
HUVECs transfected with small interfering RNA containing a scrambled sequence (scrambled
siRNA) and then exposed to the treatments were used as controls. (A) Total HO-1 protein expression
in the HUVECs was measured via western blot 24-hours after treatment. (B) Representative images
for HO-1 western blot are shown. The white space indicates noncontiguous lanes from the same blot.
(C) FITC-dextran permeability though HUVEC monolayers was also measured after 24-hours.
Expression of (D) ICAM1, (E) VCAM1 and (F) E-selectin was measured 6 hours after treatment via
flow cytometry. Levels of (G) endothelin-1 and (H) 8-isoprostane in HUVEC culture supernatants
were measured 24 hours after treatment via ELISA and EIA respectively. Data are expressed as mean
± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. n = 5-6 cell lines from independent
placental donors.
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5.4

Discussion

Data from this study demonstrate the capacity for sulforaphane to mitigate several hallmarks
of endothelial dysfunction in vitro mainly via the activation of Nrf2. Sulforaphane reduced
the TNF-α triggered increase in all three markers of endothelial activation namely ICAM1,
VCAM1 and E-selectin, as well as the vasoconstrictor, endothelin-1. Furthermore,
sulforaphane mitigated both the TNF-α and preeclamptic serum induced increase in
endothelial monolayer permeability. However, Nrf2 knockdown abrogated most of these
effects of sulforaphane on endothelial cells. These observations suggest that Nrf2 activators,
such as sulforaphane could reverse endothelial dysfunction and be effective as adjuvant
therapies in women with established preeclampsia.
Since the clinical features of preeclampsia are the result of systemic maternal endothelial
dysfunction, a therapy that mitigates endothelial dysfunction could have the potential to
alleviate the maternal clinical features and prolong pregnancy in women with preeclampsia.
Endothelial oxidative stress triggered by placental derived vasoactive factors, such as TNF-α,
sFlt1 and activin A, play a central role in the development of maternal endothelial
dysfunction in preeclampsia [115, 146, 301]. Systemic hypertension is triggered by
endothelial oxidative stress increasing the release of vasoconstrictors, such as endothelin-1,
and decreasing the availability of vasodilators, such as nitric oxide [302, 303]. The disruption
of endothelial cell junctional proteins by ROS contributes to the development of proteinuria,
pulmonary oedema, increase in serum liver transaminases and the development of seizures in
women with preeclampsia and eclampsia [304]. Furthermore, ROS-sensitive NF-κB
activation increases endothelial activation markers leading to leuckocyte adhesion and thus
the systemic inflammation characteristic of preeclampsia [305].
Given the contribution by endothelial oxidative stress to preeclampsia, upregulation of
endogenous cellular anti-oxidant enzymes via the activation of Nrf2 could be an effective
therapeutic option. The findings of the current study confirm this hypothesis. Sulforaphane
alleviated all of the TNF-α triggered hallmarks of endothelial dysfunction in vitro, mostly by
reducing endothelial oxidative stress via the activation of Nrf2 and the subsequent increase in
endogenous anti-oxidant enzymes, such as HO-1. TNF-α was chosen to stimulate the features
of endothelial dysfunction characteristic of preeclampsia in vitro for several reasons, which
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are detailed in section 3.4. That sulforaphane can mitigate TNF-α triggered endothelial
dysfunction in vitro, highlights its potential to resolve endothelial function and be an effective
adjuvant therapy for established preeclampsia.
In the absence of Nrf2 sulforaphane failed to reduce the TNF-α triggered increase in ICAM1
and endothelin-1 expression, as well as endothelial monolayer permeability. This was most
likely due to the inability of sulforaphane to upregulate endogenous phase II anti-oxidant
enzymes, such as HO-1 in the absence of Nrf2. This was supported by the fact that
sulforaphane treatment had no effect on the levels of the oxidative stress marker, 8isoprostane or HO-1 protein levels in the HUVECs without Nrf2. Interestingly, knockdown of
Nrf2 did not abolish all of the beneficial effects of sulforaphane on endothelial cells.
Sulforaphane decreased the TNF-α stimulated increase in endothelial VCAM1 and E-selectin
expression even after the knock down of Nrf2. However, ICAM1 expression was not
regulated by sulforaphane when Nrf2 was silenced. Studies have shown the endothelial
activation markers to be differentially regulated under certain circumstances, however the
detailed mechanisms are still under investigation [306, 307]. Sulforaphane has been shown to
decrease NF-κB activity, which could be the potential mechanism by which it down regulates
VCAM1 and E-selectin expression in the absence of Nrf2 [308-310]. Further investigations
are needed to confirm this mechanism of action of sulforaphane.
Another important aspect of sulforaphane that needs to be explored is its effect on placental
oxidative stress and production of vasoactive factors, such as sFlt1, sEng and activin A. It
was not possible to explore the impact of sulforaphane on these characteristic placental
features of preeclampsia due to time constraints associated with my PhD. Data from chapter 4
demonstrated that the Nrf2 activator, resveratrol, significantly decreased placental oxidative
stress, as well as placental production of sFlt1 and activin A. Sulforaphane is known to be a
more potent activator of Nrf2, which is confirmed by data from this study and chapter 4 that
show sulforaphane inducing Nrf2 nuclear translocation to a greater extent than resveratrol
[297-299]. In light of this data, sulforaphane shows great promise in resolving at least some
of the placental features characteristic of preeclampsia and further investigations are
warranted.
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Testing the efficacy of sulforaphane on an animal model of preeclampsia would also be
beneficial to ensure that the improvements in TNF-α stimulated hallmarks of endothelial
dysfunction seen in vitro can be translated in vivo. A major concern associated with the use of
sulforaphane as an adjuvent therapy for preeclampsia is its relatively low bioavailability in
some individuals. The bioavailability of sulforaphane ranges from 2% to 40%. This wide
range in bioavailability is due to the fact that most dietary sources and capsules contain its
more stable precursor, glucoraphanin, which is hydrolysed to sulforaphane by an enzyme
found only in plants and intestinal microbiota, and thus variations in intestinal microbiota is a
key determinant of sulforaphane bioavailability [311]. Despite the relatively low oral
bioavailability of sulforaphane, one particular study has reported at least a 3-fold increase in
the expression of phase II detoxification enzymes, including HO-1, in nasal lavage cells of
healthy humans given just 3 doses equivalent to 102 µmol sulforaphane, with each dose
expected to give a peak serum concentration of only 1 µM [298]. This data, along with the
studies indicating the safety of sulforaphane in pregnant animals demonstrate its potential to
be effective in vivo. Therefore further examinations of the efficacy of sulforaphane in an
animal model of preeclampsia are important to affirm its feasibility for clinical use.
In conclusion, the findings from this study highlight the potential for sulforaphane to be an
effective adjuvant treatment for preeclampsia, as well as the need for further assessment of
Nrf2 activation as a therapy for women with preeclampsia.
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Chapter 6
Testing the therapeutic potential of melatonin in an
animal model of preeclampsia

6.1

Introduction

Melatonin is a well-known anti-oxidant that is also known to improve vascular function. As
previously described in chapter 3, melatonin improved in vitro hallmarks of endothelial
dysfunction characteristic of preeclampsia, demonstrating its potential to be an effective
adjuvant therapy for established preeclampsia. Furthermore, melatonin is safe to be used in
pregnancy [290, 312]. Therefore, our laboratory aimed to confirm the therapeutic potential of
melatonin in an animal model of preeclampsia.
Preeclampsia is predominantly a human disease, and as such, animal models for the purpose
of testing therapeutics have been developed mainly by mimicking different stages of the
human disease [313, 314]. The reduced uterine perfusion pressure (RUPP) model mimics the
early placental stages of preeclampsia development in humans when blood flow to the uteroplacental unit is significantly reduced [37, 315]. Both, primates and rodents subjected to
RUPP present with hypertension, as well as proteinuria [37, 315]. These animals also develop
downstream disease pathologies, such as increased levels of circulatory vasoactive factors
(TNF-α, sFlt1, sEng) and impairment of endothelial function [37, 102, 125, 316]. Another
model to mimic the early placental phase of preeclampsia pathophysiology is the HIF-1α
overexpression model, which replicates the constitutive placental activation of HIF-1α,
characteristic of early-onset preeclampsia [44]. The HIF-1α overexpression model is
representative of severe preeclampsia, as these animals develop HELLP syndrome, in
addition to hypertension, proteinuria and fetal growth restriction [44]. Similar to the RUPP
model, they too demonstrate downstream disease pathologies, such as elevated levels of
serum sFlt1 and sEng levels [44].
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Preeclamptic animal models have also been developed by treating pregnant animals, mainly
rodents, with the vasoactive factors associated with the development of preeclampsia. These
vasoactive factors include AT1-AA, TNF-α, Activin A, as well as the anti-angiogenic factors,
sFlt1 and sEng [91, 100, 121, 146, 316]. Each one of these vasoactive factors induces
hypertension and altered renal function in pregnant rodents, with most factors also inducing
fetal growth restriction. Treatment of pregnant rodents with both sFlt1 and sEng is the most
well known animal model for preeclampsia, as it was the first model to present the spectrum
of features characteristic of severe preeclampsia, that is hypertension, proteinuria, fetal
growth restriction and HELLP syndrome [121]. Animal models that replicate the systemic
maternal endothelial dysfunction to a certain extent have also been developed, such as by the
inhibition of nitric oxide synthase [317, 318]. Also, there are several genetically manipulated
mouse strains that display a preeclampsia phenotype during pregnancy, such as the catecholO-methyltransferase deficient (COMT-/-) mice or the BPH/5 mice [319, 320]. However, as the
underlying causes of the preeclamptic features in these mice differ from that of the human
disease, the opportunities to interpret data from these models are limited.
In our laboratory, we chose to establish the sFlt1 and sEng animal model, as it was a wellpublished model that also presented features of severe preeclampsia. Hence, the aim of this
study was to establish the sFlt1 and sEng animal model of preeclampsia and test the efficacy
of melatonin in ameliorating endothelial dysfunction, and thus the features of preeclampsia.
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6.2

Methods

6.2.1 Animals
All animal experiments were approved by the Monash Medical Centre Animal Ethics
Committee (Project number: MMCA/2012/03) and were conducted in accordance with the
Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (2006).
All rats were housed under standard laboratory conditions with a 12-hour light-dark cycle. An
outline of the rat experimental procedure is shown in figure 6.1. Firstly, 10- to -12 week old
female Sprague-Dawley rats were implanted with a radio telemetry transmitter, in order to
obtain 24-hour blood pressure recordings. Once they recovered from the surgery, they were
mated and the day a vaginal plug was observed was considered as day 0 of gestation. 24-hour
blood pressure recordings were also commenced from this day. Based on previous
publications on the sFlt1 and sEng model of preeclampsia, on gestation day 8 the rats were
injected intravenously with adenoviruses expressing sFlt1 and sEng, at an initial dose of 1 x
109 IFU per adenovirus per animal [100, 121]. The control group was injected with
adenoviruses expressing β-galactosidase, a protein commonly found in all cell types, at an
initial dose of 2 x 109 IFU. On day 17 of gestation, the rats were culled via CO2 asphyxiation.
A blood sample was collected immediately afterwards via cardiac puncture. A bladder
aspirate sample was also collected. Samples of the maternal brain, liver, kidney and placenta
were collected for both RNA and protein extractions. The weight and crown-to-rump length
of each fetus was recorded as well.

Implanta(on of
radiotelemetry
transmi2ers
Recovery
from surgery
(7-10 days)

Ma(ngs

Gesta(on day 8:
Adenoviral
injec(on

Gesta(on day 17:
Collec(on of urine, serum
and organ samples

Pregnancy
24-hour blood pressure recordings throughout gesta(on

Figure 6.1: Outline of the rat experimental procedure.
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6.2.2 Melatonin treatment for the rats
The rats were given melatonin (Sigma-Aldrich, St. Louis, MO) in their drinking water from
gestation day 0 and were continued throughout their gestation. The volume of drinking water
was measured daily to ensure that the minimum dosage of melatonin received by each rat was
50mg/kg/day. This dosage was based on a previous study that noted an aversion to treatment
in pregnant rats when given melatonin at a dosage greater than 50mg/kg/day [312].
Furthermore, this dosage was well below the maternal toxicity and developmental toxicity
thresholds for melatonin, which was noted to be 100mg/kg/day and 200mg/kg/day,
respectively [312].

6.2.3 Adenoviruses
Sample vials of the sFlt1 and sEng adenoviruses were obtained from Professor Karumanchi’s
laboratory at the Beth Israel Deaconess Medical Center in Massachusetts, USA. The βgalactosidase adenovirus was purchased from Viraquest Inc. (North Liberty, IA). At first, the
sFlt1 adenovirus was amplified in our laboratory in HEK293A cells and purified on a cesium
chloride density gradient as previously described [321]. Since recombinant adenoviruses are
replication deficient, they need to be propagated in cell lines that express the adenoviral gene
products that are required for viral replication [321]. HEK293A is such as cell line. Firstly,
the HEK293A cells were expanded in a large-scale culture and plated in a 150mm dish (14.6
x 106 cells/ dish) along with the sFlt1 adenovirus at a multiplicity of infection (MOI) of 30.
MOI is the ratio of adenoviruses to cells in the culture dish. After 3 days of culture, the
transfected cells were collected, centrifuged and the cell pellet was frozen at -80°C. For
sufficient amplification of the sFlt1 adenovirus, cell pellets from 10-12 dishes were collected.
Thereafter, the sFlt1 adenoviruses were purified on a cesium chloride density gradient. The
adenoviral titer was determined with the use of the QuickTiter Adenovirus Titer ELISA kit
from Cell Biolabs Inc. (San Diego, CA). The sEng adenovirus was also amplified and
purified similarly in our laboratory, however the resulting yield was too low for in vivo use. It
was then sent to Viraquest Inc. (North Liberty, IA), a company specializing in adenovirus
production services, for amplification and purification. These sFlt1 and sEng adenoviral
stocks were used initially. During the optimization process, a new stock of each of the
adenoviruses was generated using one of the original vials received from Professor
Karumanchi’s laboratory. This second stock of adenoviruses were amplified and purified by
Vector Biolabs (Malvern, PA).
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6.2.4 Delivery of recombinant sFlt1 and sEng to rats
Recombinant sFlt1 and sEng proteins (R&D Systems, Minneapolis, MN) were delivered into
pregnant rats at a dose of 5.5 µg/kg/day each, with the use of subcutaneously implanted
osmotic pumps (Model No. 2001, ALZET, Cupertino, CA). The pumps were implanted on
day 10 of gestation. The dosage was based on two previous studies that used recombinant
sFlt1 to trigger preeclampsia-like features in pregnant rats [114, 115]. The dosages of sFlt1
used by these studies were 1ng/kg/hr and 3.7µg/kg/day. Therefore, an initial testing dosage of
5.5µg/kg/day for each recombinant protein was chosen.

6.2.5 Measurement of blood pressure in the rats
Mean arterial pressure (MAP) in the rats was measured with the use of radio telemetry. It is
currently the best available technique for the measurement of blood pressure, because, unlike
the tail cuff or intra-carotid methods, radio telemetry allows continuous 24-hour recordings to
be obtained from conscious unrestrained animals.
The radio telemetry system consists of an implantable radio telemetry probe transmitter (PAC40, Data Sciences International, Minnesota U.S.A.), a receiver plate on which the rat box is
placed, an ambient pressure reference monitor, a data exchange matrix and a computer-based
data acquisition system (Figure 6.2; Data Sciences International, Minnesota, U.S.A). The
transmitter consists of a probe body attached to a fluid filled catheter that is inserted into the
abdominal aorta of the rat (Figure 6.3). The transmitter is then able to directly measure
arterial pressure and transmit the readings digitally from within the animal [322]. This
radiofrequency signal from the transmitter is detected by the receiver plate, which in turn
transmits the signal that is consolidated by the matrix, and is stored and analyzed by the
computer-based data acquisition system [322]. The ambient pressure reference monitor
measures atmospheric pressure, and this information is used by the data acquisition system to
correct the signal from the receiver for atmospheric pressure [322].
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Implantable radiotelemetry
transmitter

Figure 6.2: The radiotelemetry system used to obtain 24-hour blood pressure recordings. The
system consists of a radiotelemetry transmitter implanted into the rat aorta, a receiver plate, an
ambient pressure reference monitor (APR-1), a data exchange matrix (DSI Matrix) and a computerbased data acquisition system. (Image modified from “A guide to the DSI System”. Data Sciences
International. 2008)

Figure 6.3: A radio telemetry transmitter for rats. The transmitter consists of a probe body
attached to a fluid filled catheter. (Image from Data Sciences International,
https://www.datasci.com/products/implantable-telemetry/small-animal/pa-c40)
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For surgical implantation of the radio telemetry transmitters, the rat was first anaesthetized
with isoflurane (Isoflo, Abbott Australasia Pty Ltd, New South Wales, Australia). Once
unconscious, the rat was placed on its back on a heating pad, and continuous anesthesia was
maintained by administering isoflurane through a nose cone. Once the rat was fully under
anesthesia, as determined by monitoring of breathing rate and pedal reflexes, a midline
incision was made in the lower abdomen of the rat. The abdominal aorta was then located and
separated from the vena cava at two sites. The first site was just below the branching of the
renal arteries and the second was just above the aortic bifurcation. Thereafter, vessel
occlusion clips (Fine Science Tools Inc., British Columbia, Canada) were placed at these two
sites to prevent blood flow through that part of the vessel. A 23-gauge needle with its beveled
end bent at a 90° angle was used to make an opening in the aortic wall in the region between
the vessel occlusion clips. The catheter tip of the radio telemetry probe (approximately 0.5cm
in length) was then inserted into the aorta, and a small piece of sterile fiber and a few drops of
vet bond (3M, New South Wales, Australia) were used to secure the catheter in place. Once
the vet bond dried, the vessel occlusion clips were released. Afterwards, the radio telemetry
probe transmitter was secured to the abdominal muscle wall approximately 1cm distal to the
abdominal incision with the use of PDS sutures (Ethicon, Somerville, NJ). Approximately
5ml of sterile saline and 300µl of Tribactral (Provet, Victoria, Australia), an antibacterial
solution, was placed in the abdominal cavity. The purpose of the sterile saline solution was to
replenish any moisture lost during surgery and to facilitate the intestines to float back into
position. The abdominal incision was then secured with a blanket stitch, and the skin incision
was secured using a subcuticular stitch, both done with PDS sutures. Another 1ml of sterile
saline was injected to the rat subcutaneously, to prevent dehydration.
Recovery of the rat from anesthesia was closely monitored. The rat was then placed in its
home box, which in turn was placed on a heating pad for the next hour, and the rat was
closely monitored for this duration. The rats were placed in the procedure rooms after they
recovered well. An antibacterial solution, Baytril (Provet, Victoria, Australia), was placed in
the drinking water (500µl in 300ml water) for 3 days, to provide the rat with continuous
protection from infection in the first few days of recovery. The rats were monitored daily for
7 days after surgery to ensure they recovered well. At any point during this period if the
health of the rat reached a clinical score of 2, they were culled immediately.
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On day 0 of gestation the implanted radio telemetry probe was switched on magnetically and
24-hour MAP and heart rate recordings were obtained throughout gestation from each rat till
they were culled on day 17 of gestation. The average MAP for each day of gestation was then
calculated. The change in the average MAP from that recorded on day 8 of gestation, the day
the adenoviruses were injected, was also calculated.

6.2.6 Assessment of proteinuria in the rats
The bladder aspirate samples were sent to the Pathology Department at Monash Medical
Centre, Clayton for analysis of urinary albumin and creatinine levels. The results were used to
calculate the urinary albumin/ creatinine ratio for each rat, as a measure of the level of
proteinuria.

6.2.7 HUVEC culture and testing of adenoviruses
HUVECs were isolated and cultured as previously described in section 3.2.4. When the
HUVECs reached 60% confluency, the media was replaced with fresh M199 media (Life
Technologies, Carlsbad, CA) also containing the relevant concentration of either the sFlt1 or
sEng adenovirus. The adenoviral concentrations used were MOI 10, 30 and 50. HUVECs
treated with the β-galactosidase adenovirus at a concentration of MOI 30 were used as
controls. After 3 days of culture, the cell culture supernatants were collected and stored at 80°C till further analysis.

6.2.8 Assessment of sFlt1 and sEng levels
The levels of sFlt and sEng in HUVEC culture supernatants, as well as the levels of sFlt1 in
rat serum samples were determined via ELISA (both from R&D systems, Minneapolis, MN).
All assays were performed according to the manufacturer’s instructions.

6.2.9 Statistical Analysis
All graphs were created using GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA). There
were insufficient animal numbers and replicates in certain groups for statistical analysis.
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6.3

Results

6.3.1 Effects of melatonin on a rat model of preeclampsia
Administration of sFlt1 and sEng adenoviruses on day 8 of gestation lead to the rats
developing two major features of preeclampsia, that is, an increase in MAP, as well as kidney
dysfunction, as indicated by an elevated urinary albumin/ creatinine ratio (Figure 6.4A-D).
The rats injected with sFlt1 and sEng demonstrated an average increase in MAP of
approximately 8mmHg from day 8 to day 15 of gestation, compared with only a 2.4 mmHg
increase in the control rats (Figure 6.4C). The urinary albumin/ creatinine ratio was also
approximately 4 times higher in the sFlt1 and sEng treated rats, compared with the control
rats (Figure 6.4D).
The rat treated with melatonin throughout gestation did not develop a considerable increase in
MAP following adenoviral injection (Figure 6.4A-C). Similar to the controls, the MAP of the
melatonin treated rat increased only by about 1 mmHg from day 8 to day 15 of gestation
(Figure 6.4C). Furthermore, the melatonin treated rat did not develop a considerable increase
in the urinary albumin/creatinine ratio, with its urinary albumin/creatinine ratio level
remaining even below that of the control rats (Figure 6.4D).
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Figure 6.4: Effect of melatonin treatment on blood pressure and renal function in a rat model of
preeclampsia. Pregnant rats received either the β-galactosidase adenovirus (control), sFlt1 and sEng
adenoviruses or the sFlt1 and sEng adenoviruses with melatonin. 24-hour MAP was recorded
throughout gestation and a bladder aspirate sample was collected on gestation day 17. (A) 24-hour
MAP throughout gestation, (B) change in MAP compared with that of gestation day 8 (D8), (C)
difference in MAP between gestation day 8 (D8) and 15 (D15), along with the (D) urinary albumin/
creatinine ratio is shown. Data are presented as mean ± SEM. Controls n=4, sFlt1 and sEng n=4, sFlt1
and sEng and melatonin n=1.
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6.3.2 Optimization of the clinical features of preeclampsia in the rat
model
Approximately two months after the above-mentioned first cohort of rats were given sFlt1
and sEng adenoviruses with one rat receiving melatonin treatment, another group of rats were
injected with the same adenoviruses. However, unlike the first cohort, this second cohort did
not display a considerable increase in MAP or in urinary albumin/ creatinine ratio, compared
with the controls, following the injection of the sFlt1 and sEng adenoviruses (Figure 6.5A-D).
In fact, the average increase in MAP from gestation day 8 to 15 in this second cohort of rats
given sFlt1 and sEng was only 0.8 mmHg, which is lower than the 2.4 mmHg increase
observed in the controls, and considerably lower than the nearly 8 mmHg increase observed
in the first cohort of rats given the sFlt1 and sEng adenoviruses (Figure 6.5C). Likewise, the
urinary albumin/creatinine ratio in this second cohort of sFlt1 and sEng treated rats was
similar to the controls and substantially lower than the levels observed in the first cohort of
rats given sFlt1 and sEng (Figure 6.5D).
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Figure 6.5: Mean arterial pressure and urinary albumin/ creatinine ratio in rats given sFlt1 and
sEng adenoviruses. The first cohort of pregnant rats that received the sFlt1 and sEng adenoviruses
were compared with the second cohort of pregnant rats injected with the same sFlt1 and sEng
adenoviruses. Pregnant rats given the β-galactosidase adenovirus were used as controls. 24-hour MAP
was recorded throughout gestation and a bladder aspirate sample was collected on gestation day 17.
(A) 24-hour MAP throughout gestation, (B) change in MAP compared with that of gestation day 8
(D8), (C) difference in MAP between gestation day 8 (D8) and 15 (D15), along with the (D) urinary
albumin/ creatinine ratio is shown. Data are presented as mean ± SEM. Controls n=4, sFlt1 and sEng
(1st cohort) n=4, sFlt1 and sEng (2nd cohort) n=4.

At first these differences between the cohorts were thought to be due to a change in the titer
of the adenoviruses over time. Therefore, the titer of both the sFlt1 and sEng adenoviruses
were re-determined, and the sFlt1 adenoviral titer was found to be 200 times less than the
original titer determined 3 years earlier, while the sEng was 3 times lower than that
determined about 1 year earlier. When the sFlt1 and sEng adenoviruses were injected into a
pregnant rat according to these new titer values, there was still no considerable increase in
MAP or in the urinary albumin/ creatinine ratio, compared with the controls (Figure 6.6A-D).
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Figure 6.6: Mean arterial pressure and urinary albumin/ creatinine ratio in rats given sFlt1 and
sEng adenoviruses after re-determining the adenovirus titer. The first and second cohort of
pregnant rats that received the sFlt1 and sEng adenoviruses were compared with the pregnant rats
injected with the same adenoviruses, but according to the new titer values. Pregnant rats given the βgalactosidase adenovirus were used as controls. 24-hour MAP was recorded throughout gestation and
a bladder aspirate sample was collected on gestation day 17. (A) 24-hour MAP throughout gestation,
(B) change in MAP compared with that of gestation day 8 (D8), (C) difference in MAP between
gestation day 8 (D8) and 15 (D15), along with the (D) urinary albumin/ creatinine ratio is shown. Data
are presented as mean ± SEM. Controls n=4, sFlt1 and sEng (1st cohort) n=4, sFlt1 and sEng (2nd
cohort) n=4, sFlt1 and sEng (New titer) n=1.

There after, the amount of each adenovirus injected into the rats were doubled, and 2 x 109
IFU of each adenovirus was injected into the next cohort of rats to determine if that could
trigger the features of preeclampsia in the rats. Following this increase in the adenoviral
dosage, MAP was not significantly altered by the double dosage of the adenoviruses (Figure
6.7A-C), however two-thirds of the rats demonstrated a considerable increase in the urinary
albumin/ creatinine ratio, compared with controls (Figure 6.7D).
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Figure 6.7: Mean arterial pressure and urinary albumin/ creatinine ratio in rats given a double
dosage of the sFlt1 and sEng adenoviruses. The first and second cohort of pregnant rats injected
with 1 x 109 IFU/each of the sFlt1 and sEng adenoviruses, were compared with pregnant rats injected
2 x 109 IFU/each of the same adenoviruses. Pregnant rats given the β-galactosidase adenovirus were
used as controls. 24-hour MAP was recorded throughout gestation and a bladder aspirate sample was
collected on gestation day 17. (A) 24-hour MAP throughout gestation, (B) change in MAP compared
with that of gestation day 8 (D8), (C) difference in MAP between gestation day 8 (D8) and 15 (D15),
along with the (D) urinary albumin/ creatinine ratio is shown. Data are presented as mean ± SEM.
Controls n=4, sFlt1 and sEng (1st cohort) n=4, sFlt1 and sEng (2nd cohort) n=4, sFlt1 and sEng
(Double dosage) n=4.
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A new stock of each adenovirus was then generated from one of the original vials of each
adenovirus, as it was hypothesized that the last stock of adenoviruses could have undergone a
sequence change over time or during the different stages of expansion. However, injection of
these new stocks of the adenoviruses at a dosage of 2 x 109 IFU of each adenovirus lead to an
outcome similar to that observed following the injection of the previous stock of
adenoviruses. MAP did not increase considerably following the injection of the new stock of
adenoviruses (Figure 6.8A-C), but there was a slight increase in the urinary albumin/
creatinine ratio compared with controls (Figure 6.8D).
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Figure 6.8: Mean arterial pressure and urinary albumin/ creatinine ratio in rats given a newly
expanded stock of the sFlt1 and sEng adenoviruses. The first and second cohort of pregnant rats
injected with the sFlt1 and sEng adenoviruses were compared with a pregnant rat injected with a
newly expanded stock of the sFlt1 and sEng adenoviruses. Pregnant rats given the β-galactosidase
adenovirus were used as controls. 24-hour MAP was recorded throughout gestation and a bladder
aspirate sample was collected on gestation day 17. (A) 24-hour MAP throughout gestation, (B) change
in MAP compared with that of gestation day 8 (D8), (C) difference in MAP between gestation day 8
(D8) and 15 (D15), along with the (D) urinary albumin/ creatinine ratio is shown. Data are presented
as mean ± SEM. Controls n=4, sFlt1 and sEng (1st cohort) n=4, sFlt1 and sEng (2nd cohort) n=4, sFlt1
and sEng (Newly expanded) n=1.
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The adenoviral dosage was then increased further to 6 x 109 IFU of each adenovirus, 6 times
the original dosage, to determine if that could trigger an increase in MAP. This considerable
increase in the adenoviral dosage lead to a 6 mmHg increase in MAP on day 14 of gestation,
which is the closest increase in MAP to the original cohort that showed an average increase of
8 mmHg on day 15 of gestation (Figure 6.9A & 6.9B). However, MAP in these rats returned
to control levels on day 15 of gestation (Figure 6.9C). A bladder aspirate sample could not be
collected from this rat, in order to determine the urinary albumin/ creatinine ratio.
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Figure 6.9: Mean arterial pressure and urinary albumin/creatinine ratio in rats given sFlt1 and
sEng adenoviruses at a dose 6-fold higher than the initial dose. The first and second cohort of
pregnant rats injected 1 x 109 IFU/each of the sFlt1 and sEng adenoviruses were compared with a
pregnant rat injected with 6 x 109 IFU/each of the sFlt1 and sEng adenoviruses. Pregnant rats given
the β-galactosidase adenovirus were used as controls. 24-hour MAP was recorded throughout
gestation and a bladder aspirate sample was collected on gestation day 17. (A) 24-hour MAP
throughout gestation, (B) change in MAP compared with that of gestation day 8 (D8), (C) difference
in MAP between gestation day 8 (D8) and 15 (D15), along with the (D) urinary albumin/ creatinine
ratio is shown. Data are presented as mean ± SEM. Controls n=4, sFlt1 and sEng (1st cohort) n=4,
sFlt1 and sEng (2nd cohort) n=4, sFlt1 and sEng (x6 dosage) n=1.
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It was then hypothesized that the stability of the adenoviruses could be compromised during
thawing, transport to the animal facility and injection into the rats. Hence, following the
thawing of the adenoviruses, they were re-suspended in x1 HBSS with 5% glycerol to
improve the stability of the adenoviruses, instead of re-suspending them in sterile saline only
as done previously. However, injection of these adenoviruses at a dosage of 2 x 109 IFU of
each adenovirus, still did not lead to a considerable increase in either MAP or urinary
albumin/creatinine ratio, when compared with controls (Figure 6.10A-D).
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Figure 6.10: Mean arterial pressure and urinary albumin/creatinine ratio in rats given sFlt1 and
sEng adenoviruses re-suspended in 5% glycerol. The first and second cohort of pregnant rats
injected with the sFlt1 and sEng adenoviruses re-suspended only in sterile saline were compared with
a pregnant rat injected with the same adenoviruses re-suspended in 5% glycerol. Pregnant rats given
the β-galactosidase adenovirus were used as controls. 24-hour MAP was recorded throughout
gestation and a bladder aspirate sample was collected on gestation day 17. (A) 24-hour MAP
throughout gestation, (B) change in MAP compared with that of gestation day 8 (D8), (C) difference
in MAP between gestation day 8 (D8) and 15 (D15), along with the (D) urinary albumin/ creatinine
ratio is shown. Data are presented as mean ± SEM. Controls n=4, sFlt1 and sEng (1st cohort) n=4,
sFlt1 and sEng (2nd cohort) n=4, sFlt1 and sEng (with glycerol) n=1.
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The serum sFlt1 levels were examined in several groups of rats given adenoviruses in order to
determine if injection of the sFlt1 adenovirus actually leads to a systemic increase in sFlt1
levels. Interestingly, the first cohort of rats given the sFlt1 adenovirus that demonstrated the
features of preeclampsia actually had a lower serum sFlt1 level than the controls (Figure
6.11). The rat given the melatonin treatment also had a serum sFlt1 level similar to the first
cohort of rats (Figure 6.11). In contrast to these groups, the second cohort of rats injected
with the sFlt1 adenovirus that did not present the features of preeclampsia actually had an
average serum sFlt1 level >3 times greater than the controls (Figure 6.11). The rat injected
with the sFlt1 adenovirus following the re-determination of the adenoviral titer had an even
higher systemic sFlt1 level (Figure 6.11). The serum sFlt1 levels of the group of rats given
the double dosage (2 x 109 IFU) of the sFlt1 adenovirus were nearly 3 times greater than the
controls, and thus similar to the second cohort of rats that were given 1 x 109 IFU and did not
present the features of preeclampsia (Figure 6.11).
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Figure 6.11: Serum sFlt1 concentration in the different groups of pregnant rats. Serum sFlt1
concentration was determined in the following groups of pregnant rats; control rats (n=4), sFlt1 and
sEng adenoviruses (1st cohort; n=4), sFlt1 and sEng adenoviruses and melatonin (n=1), sFlt1 and sEng
adenoviruses (2nd cohort; n=4), sFlt1 and sEng adenoviruses after re-determination of titer (n=1),
double dosage of sFlt1 and sEng adenoviruses (n=1). Data are presented as mean ± SEM.
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The efficacies of the sFlt1 and sEng adenoviruses was determined by exposing HUVECs to
different doses of each adenovirus, and then assessing the level of sFlt1 or sEng in the
HUVEC culture supernatants. Whilst, exposure to the sEng adenovirus lead to a dose
dependent increase in the release of endoglin by the HUVECs, exposure to the sFlt1
adenovirus did not lead to an increase in sFlt1 release by the HUVECs (Figure 6.12A &
6.12B). The HUVECs treated with the 3 doses of the sFlt1 adenovirus produced a similar
level of sFlt1 as the HUVECs exposed to the β-galactosidase adenovirus (Figure 6.12A).
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Figure 6.12: Levels of sFlt1 and endoglin protein released by HUVECs exposed to the sFlt1 or
sEng adenovirus. (A) sFlt1 and (B) endoglin concentration in culture supernatants collected from
HUVECs exposed to 3 different concentrations (MOI 10, 30 and 50) of either the sFlt1 or sEng
adenovirus for 3 days. Culture supernatants from HUVECs exposed to the β-galactosidase adenovirus
at an MOI of 30 was used as a control. MOI – Multiplicity of infection. Data are expressed as mean ±
SEM. HUVECs exposed to sFlt1 adenovirus n=1, HUVECs exposed to sEng adenovirus n=2.
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Since the sFlt1 and sEng adenoviruses failed to give rise to the features of preeclampsia even
after several attempts, it was hypothesized that subcutaneous delivery of recombinant sFlt1
and sEng via an osmotic pump may prove to be more effective. Whilst there was a small
increase in the urinary albumin/ creatinine ratio compared with controls following the
implantation of the mini osmotic pump, there was no difference in MAP (Figure 6.13A-D).
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Figure 6.13: Mean arterial pressure and urinary albumin/creatinine ratio in rats treated with
recombinant sFlt1 and sEng. The first and second cohort of pregnant rats injected with the sFlt1 and
sEng adenoviruses were compared with pregnant rats treated with recombinant sFlt1 and sEng
proteins via an osmotic pump from day 10 of gestation. Pregnant rats given the β-galactosidase
adenovirus were used as controls. 24-hour MAP was recorded throughout gestation and a bladder
aspirate sample was collected on gestation day 17. (A) 24-hour MAP throughout gestation, (B) change
in MAP compared with that of gestation day 8 (D8), (C) difference in MAP between gestation day 8
(D8) and 15 (D15), along with the (D) urinary albumin/ creatinine ratio is shown. Data are presented
as mean ± SEM. Controls n=4, sFlt1 and sEng (1st cohort) n=4, sFlt1 and sEng (2nd cohort) n=4, sFlt1
and sEng (Protein) n=1 for MAP and n=2 for urinary albumin/creatinine ratio.
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6.4

Discussion

This project provides preliminary data on the potential for melatonin to mitigate the
development of preeclampsia by preventing the development of the two major features of
preeclampsia, hypertension and proteinuria, in an sFlt1 and sEng treated pregnant rat.
However, it cannot be conclusively determined unless tested in a larger number of animals. I
was unable to further explore the efficacy of melatonin due to technical difficulties with
establishing the sFlt1 and sEng animal model of preeclampsia. Ultimately, the absence of a
preeclampsia phenotype in the pregnant rats given sFlt1 and sEng adenoviruses appears to
have been due to the sFlt1 adenovirus failing to trigger the cellular release of sFlt1 protein.
Further optimization of the animal model, either with a newly synthesized sFlt1 adenovirus or
with sFlt1 and sEng recombinant proteins is required. Alternatively, a different animal model
of preeclampsia would need to be established in our laboratory.
Recombinant adenoviruses are replication-defective adenoviral vectors that can be used to
achieve efficient expression of a gene of interest in most host cells, including in non-dividing
cells [321]. Maynard et al (2003) were the first to demonstrate that adenoviral delivery of
sFlt1 to pregnant rats, and the resulting systemic increase in sFlt1, leads to hypertension and
proteinuria, two of the major features of preeclampsia [100]. The same group then
demonstrated that a concomitant increase in systemic sEng, also achieved with the use of
adenoviral vectors, leads to the pregnant rats developing fetal growth restriction and HELLP
syndrome, in addition to hypertension and proteinuria [121]. There after, several other
research groups have confirmed that adenoviral delivery of sFlt1 leads to the development of
hypertension and proteinuria in pregnant rodents [210, 323, 324].
Our group obtained a small vial of each adenovirus from Professor Karumanchi, whose
laboratory group originally published the two above-mentioned articles on the capacity of
sFlt1 and sEng to induce preeclampsia features in pregnant rats. The sFlt1 adenovirus was
expanded and purified in our laboratory. I attempted to expand and purify the sEng
adenovirus as well, however the yield was consistently low. This could have been due to the
fact that the sEng adenovirus that we received from Professor Karumanchi was several years
older than the sFlt1 adenovirus. We then sent the sEng adenovirus to a specialist adenovirus
production company in the US for expansion and purification.
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The sFlt1 and sEng adenoviruses worked fairly well in the first cohort of pregnant rats, with
the sFlt1 and sEng treated rats demonstrating an approximately 4-fold increase in both MAP
and urinary albumin/ creatinine ratio, compared with the control rats. Mean arterial pressure
in the sFlt1 and sEng treated rats showed an average increase of 8 mmHg 7 days after the
injection of the adenoviruses, whilst the urinary albumin/ creatinine ratio increased by 6000
µg/mg on average, compared with the control rats. Whilst these are considerable increases, it
must be noted that they are still significantly less than the changes reported in the original
study by Venkatesha et al. [121]. This study reported a 38 mmHg average increase in MAP
and a nearly 9000 µg/mg mean increase in urinary albumin/ creatinine ratio in the sFlt1 and
sEng injected rats 8-10 days after injection, compared with control rats. When the sFlt1 and
sEng adenoviruses were injected into the second cohort of pregnant rats 2 months later, they
did not demonstrate even the small changes observed in the first cohort. Increasing the
adenoviral dosage, using newly expanded adenoviruses or attempting to improve the stability
of the adenoviruses with glycerol did not improve the outcome.
Whilst it is difficult to ascertain the exact cause for the sudden absence of preeclampsia
features following sFlt1 and sEng adenoviral injection, the most probable cause is a complete
loss in adenoviral efficacy. This is confirmed by the fact that the sFlt1 adenovirus was unable
to trigger sFlt1 production by the HUVECs, and had thus completely lost its efficacy. The
sEng adenovirus appeared to be effective, as the HUVECs exposed to it demonstrated a dose
–dependent increase in the production of sEng. It was only the sFlt1 adenovirus that had lost
efficacy and not the sEng adenovirus, when both adenoviruses were stored under the same
conditions and were of a similar age. If anything, the sEng adenovirus was older by a few
years. It is possible that the sFlt1 adenovirus is more sensitive and lost efficacy more rapidly.
Indeed, the sFlt1 adenoviral titer decreased by nearly 200 times in 3 years, while the sEng
titer reduced by 3-fold within a year. Very few studies have examined in detail the factors
regulating adenoviral efficacy, with conflicting results [325, 326]. However, there is evidence
to suggest that the adenoviral genome size can affect the stability of the adenovirus particles
[327, 328]. It appears that a genome size smaller than that of the original wild type
adenovirus, which is 30kb, can lead to destabilization of the adenoviral capsid at body
temperature, resulting in reduced transfection efficiency [328]. The exact sizes of the sFlt1
and sEng adenoviruses are unknown, as this information has not been explicitly published.
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However, this could potentially explain the sensitivity of the sFlt1 adenovirus and its rapid
loss in transfection efficacy.
Interestingly, on day 17 of gestation the rats that did not develop a preeclampsia phenotype
still had a serum sFlt1 level that was very much higher than the controls or the first cohort of
rats that did develop preeclampsia features. It is possible that the loss in efficacy of the sFlt1
adenovirus results in it triggering a very slow increase in systemic sFlt1 levels. Thus the
resulting increase in MAP and urinary albumin excretion could appear after a much longer
time period than in the first cohort of rats.
It is also quite surprising to note that the first cohort of pregnant rats that developed features
of preeclampsia had lower serum sFlt1 levels than controls. A possible explanation is that the
increase in sFlt1 triggered by the adenovirus led to a counteractive decrease in the rat’s own
systemic production of sFlt1, thus once the adenoviral production ceased, the remaining
systemic production of sFlt1 was lower than that of the controls.
The use of sFlt1 and sEng recombinant proteins, as an alternative to adenoviruses, was also
unsuccessful in giving rise to the features of preeclampsia in the pregnant rats. Serum sFlt1
and sEng levels in these rats need to be analysed to confirm that the osmotic pumps were
indeed functional, and the results could also guide further optimization of the dosage of the
recombinant proteins that need to be delivered to achieve a sufficient systemic increase of the
proteins.
I was unable to continue exploring further options and establish a reliable animal model of
preeclampsia in our laboratory due to the time constraints of a 4-year PhD. In order to
continue using the sFlt1 and sEng animal model of preeclampsia, an entirely new sFlt1
adenovirus will need to be generated, with attention being paid to the adenoviral genome size
during viral construction. However, due to the temperamental nature of adenoviruses, as
observed in this study, it is important to consider other options. The only other model to
present the same features of severe preeclampsia as the sFlt1 and sEng animal model is the
HIF-1α overexpression model. It also has the added advantage of presenting the placental
pathologies and the natural increase in vasoactive factors that is characteristic of the human
disease, unlike the sFlt1 and sEng model, which bypasses the placenta. However, replicating
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the originally published HIF-1α overexpression model by Tal et al., also involves the use of
adenoviruses [44]. Pharmacological activation of HIF-1 is an option, but a certain degree of
optimization might be needed to identify a HIF-1 activator that gives rise to the preeclampsia
phenotype without any other maternal or fetal adverse effects. Another alternative, which
would also be the most feasible and efficient, is to use the RUPP model to test therapeutics
for preeclampsia. Even though the RUPP model does not present all the features of severe
preeclampsia, it accurately replicates the pathophysiology of the human disease, making it a
suitable model for the testing of therapeutics.
In conclusion, an alternative animal model to the sFlt1 and sEng model of preeclampsia will
need to be established to complete the testing of melatonin as a therapeutic. Due to the
temperamental nature of adenoviruses, the RUPP model could be the most feasible
alternative. Preliminary data from this study suggest that melatonin may have the potential to
mitigate endothelial dysfunction triggered by anti-angiogenic factors in vivo, however this
needs to be confirmed by further testing in a larger sample size of a reliable animal model of
preeclampsia.
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Chapter 7
General Discussion

The overall aim of my PhD was to identify potential therapeutic targets and therapies for
preeclampsia. In chapter 2, I demonstrated that there is no apparent relationship between
Activin A and the anti-angiogenic factors in the development of preeclampsia, and therefore
blocking Activin A alone is unlikely to be an effective treatment strategy for preeclampsia.
Data from chapters 3, 4 and 5 revealed that Nrf2 activators, such as melatonin, resveratrol and
sulforaphane have the potential to be effective therapies for preeclampsia, mainly due to their
ability to mitigate endothelial dysfunction.
The studies detailed in chapter 2 demonstrated that whilst the placental production of activin
A is triggered by pro-inflammatory cytokines, there appears to be no link between activin A
and the anti-angiogenic factors, either at the level of placenta or at the level of the
endothelium. The implications of these findings are that blocking either activin A or antiangiogenic factors in isolation, may be ineffective as a therapy for preeclampsia. However, a
limitation of the studies in chapter 2 is that the experiments were performed in vitro, and due
to the systemic nature of preeclampsia the findings should be confirmed by examining the
serum levels of activin A in pregnant animals treated with the anti-angiogenic factors and
vice versa. However, the conclusion from this study is supported by several pilot studies that
have attempted to reduce serum sFlt1 in women with very preterm preeclampsia using
extracorporeal dextran sulfate apheresis [200, 329, 330]. The temporary reduction in serum
sFlt1 achieved by regular apheresis stabilised the clinical features in the short-term and
prolonged pregnancy by 2-4 weeks, but could not alleviate the clinical features completely or
prevent the eventual deterioration of the clinical condition [200, 329, 330]. This lack of
disease resolution following a significant reduction in sFlt1 is most likely due to the presence
of other vasoactive factors, such as activin A, that continue to disrupt endothelial function.
Whilst prolongation of pregnancy by 2-4 weeks in women with very preterm preeclampsia is
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a significant achievement, a reduction in several more vasoactive factors, including activin A
may be needed to further alleviate clinical features and prolong pregnancy more significantly.
Targeting the vasoactive factors that contribute to the development of preeclampsia is
associated with several challenges, apart from having to target multiple factors. Complete
inhibition of the vasoactive factors or their signaling could lead to adverse fetal effects, as
some vasoactive factors, like Activin A, are required for placental function and fetal
development [132, 331]. A recent study by our laboratory found that blocking activin A
signaling in pregnant mice, with the use of inhibitors that target its receptors, result in fetal
craniofacial and karyotype abnormalities even when treated late in gestation [332]. In this
regard, the extracorporeal apheresis technique is an effective approach for targeting
vasoactive factors, as it removes excess circulatory factors rather than completely inhibiting
them. No adverse maternal or fetal effects were observed in the pilot studies that have tested
the technique for removal of sFlt1, even after several apheresis sessions [200, 329, 330].
However, it is unlikely to be implemented as a routine treatment especially in low resource
settings, due to the need for multiple sessions per patient and specialist equipment.
An alternative treatment strategy is to target the two sites of injury in preeclampsia – the
maternal endothelium and the placenta. The main goal is to alleviate the clinical features of
preeclampsia by enhancing maternal endothelial function, thus allowing the endothelium to
maintain its function sufficiently even in the presence of the vasoactive factors. The
secondary goal is to mitigate placental injury and the production of vasoactive factors from
the source. In this regard activation of the Nrf2 transcription factor offers great promise as a
potential treatment strategy, due to its anti-oxidant and anti-inflammatory properties that
could target both the maternal endothelium and the placenta in women with preeclampsia.
Indeed, in chapters 3, 4 and 5 it was demonstrated that the Nrf2 activators, melatonin,
resveratrol and sulforaphane, could mitigate hallmarks of endothelial dysfunction in vitro,
with resveratrol also reducing in vitro placental dysfunction. Together these studies support
further investigations into Nrf2 as a potential treatment target for preeclampsia.
Among the three Nrf2 activators tested, sulforaphane was the most potent inducer of Nrf2
nuclear translocation. Furthermore, it effectively improved the in vitro hallmarks of
endothelial dysfunction. Resveratrol also improved the same hallmarks of endothelial
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dysfunction significantly, but at a dose 10 times higher. The Nrf2 gene-silencing studies
showed that both compounds depend on Nrf2 to execute most of these beneficial effects on
endothelial cells. However, both resveratrol and sulforaphane were able to resolve some in
vitro hallmarks of endothelial dysfunction even after Nrf2 silencing. Resveratrol was able to
regulate oxidative stress levels and the expression of VCAM1 and endothelin-1 even in the
absence of Nrf2, while sulforaphane was able to decrease VCAM1 and E-selectin expression.
In the absence of Nrf2, the SIRT1 pathway most likely mediated the effects of resveratrol,
while sulforaphane decreased VCAM1 and E-selectin expression by inhibiting NF-κB [308310, 333]. However, further investigations are required to confirm this. While melatonin was
not as effective as sulforaphane and resveratrol, it did decrease endothelial monolayer
permeability and VCAM1 expression. However, melatonin exerted these effects only at the
very high concentration of 1mM. It would be impossible to achieve an equivalent serum
concentration in humans. Normal serum melatonin levels in healthy subjects have been
shown to be in the range of 30pM to 210pM, with oral administration of 100mg of melatonin
shown to give a peak serum concentration of only about 435nM [334-336]. However, our
laboratory observed extremely favorable maternal outcomes in a small number of women
with preeclampsia originally given melatonin to improve fetal growth restriction outcomes
[290]. In light of these preliminary findings, our laboratory began testing melatonin for its
efficacy in prolonging the time interval between diagnosis and delivery in women with preterm preeclampsia [337]. This pilot trial is currently ongoing. Whilst sulforaphane was the
most effective of these compounds in vitro, its relatively low bioavailability in some
individuals is a concern when considering clinical use [311]. However, further testing of
sulforaphane in an animal model of preeclampsia would be beneficial. A major problem
associated with the use of resveratrol as a therapy for preeclampsia is the recent concerns
regarding its risk to the fetus [338]. It is important to note that there are many other Nrf2
activators that are yet to be tested for their therapeutic potential in preeclampsia, such as the
synthetic triterpenoids, currently known to be the most potent activators of Nrf2 [339, 340].
Lending further support to Nrf2 being an effective treatment target for preeclampsia, two
compounds that successfully improved both endothelial and placental injury in preclinical
studies via the activation of the Nrf2/HO-1 pathway are currently being tested in double
blind, randomized, placebo-controlled trials. That is pravastatin and esomeprazole [215, 341].
Preclinical studies have shown pravastatin to increase HO-1 expression, improve vascular
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reactivity, and decrease oxidative stress as well as placental production of sFlt1 and proinflammatory cytokines [207, 209, 211, 242]. Further, pravastatin treatment completely
abolished hypertension, proteinuria and fetal growth restriction in an sFlt1 treated mouse
model of preeclampsia [213]. Esomeprazole has also been shown to reduce trophoblast sFlt1
and sEng production, and improve hallmarks of endothelial dysfunction in vitro. These
effects have been attributed to its ability to increase Nrf2 nuclear translocation and expression
of its downstream target genes, including HO-1 [342]. Preclinical studies have also shown
another Nrf2 activator, sofalcone, to be effective in improving endothelial dysfunction and
reducing placenta production of sFlt1 in vitro [244]. The success of these compounds further
highlights the therapeutic potential of the Nrf2 pathway.
Apart from the compounds linked to the Nrf2/HO-1 pathway, there are several other potential
therapies and therapeutic targets that show promise in being effective in preeclampsia. The
efficacy of recombinant human anti-thrombin as a treatment for preterm preeclampsia is
currently being tested in a phase III trial [206]. The rationale for testing anti-thrombin is
mainly its anti-coagulant and anti-inflammatory properties [206]. Furthermore, several
smaller clinical trials have shown anti-thrombin treatment to prolong pregnancy by almost 6
days and improve perinatal and maternal outcomes [204, 343].
Inhibition of the complement cascade is another pathway that has been examined for its
therapeutic potential in preeclampsia. An extensive maternal inflammatory response is
characteristic of preeclampsia and includes activation of the complement cascade [344].
Burwick and Feinberg reported significant clinical improvement and prolongation of
pregnancy by 17 days in a patient with severe preeclampsia/HELLP syndrome treated with
eculizumab, a monocolonal antibody targeting complement protein C5 [345]. Preclinical
studies have also shown inhibition of complement C3a signaling to decrease circulatory sFlt1
levels and improve features of preeclampsia in an AT1-AA treated mouse model of
preeclampsia [346]. These studies highlight the importance of further exploring antagonists
of the complement cascade as potential therapies for preeclampsia.
Other drugs that have demonstrated potential to be an effective treatment for preeclampsia in
preclinical studies are edaravone and ouabain that reduced placental sFlt1 production, along
with metformin and YC-1 that improved hallmarks of endothelial dysfunction as well [347Page 140
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350]. Ouabain, YC-1 and metformin reduce sFlt1 production by inhibiting placental HIF-1α
expression [347-349].
So far almost every potential therapeutic has been tested individually for its efficacy in
preventing or treating preeclampsia. However, since preeclampsia is a systemic disease with a
highly variable presentation between patients, the possibility of the need to use a combination
of therapies to achieve disease resolution should be considered. A combination of drugs that,
together, target all the critical aspects of disease development very potently may prove to be
more effective than a single drug. The group of drugs could include compounds that
collectively target placental injury and production of oxidative stress, endothelial dysfunction,
inflammation and oxidative stress. In these studies Nrf2 activation was studied as a
therapeutic target due to its potential to target all of these aspects of preeclampsia
development, and data from chapter 4 demonstrate that it can resolve these aspects, at least in
vitro. However, the possibility of greater effectiveness when combined with a complement
cascade inhibitor, such as eculizumab, a HIF-1α inhibitor, such as ouabain and an anticoagulant, such as anti-thrombin or even with other activators of the Nrf2/HO-1 pathway,
such as statins and esomeprazole should be explored further.
An essential requirement for testing the efficacy and safety of individual or combinations of
potential therapeutics for preeclampsia is a reliable animal model that closely mimics the
human condition. The sFlt1 and sEng treated animal model is probably the most recognized
animal model of preeclampsia as it was the first model to demonstrate a severe preeclampsia
phenotype by developing HELLP syndrome in addition to hypertension, proteinuria and fetal
growth restriction [121]. However, a major limitation of this model is that it only mimics the
maternal endothelial dysfunction stage of preeclampsia, and does not replicate the placental
injuries or the natural production of vasoactive factors associated with the human disease.
Hence, the sFlt1 and sEng model allows us to determine only if candidate drugs can resolve
endothelial dysfunction in the presence of the vasoactive factors. Whilst this is extremely
useful, it would be more beneficial to utilize an animal model that allows us to determine the
therapeutic potential of a drug on both the placental and endothelial stages of the
pathophysiology of preeclampsia.
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Among the currently available animal models for preeclampsia, the models that most closely
replicate the human disease in terms of pathophysiology are the RUPP model and the HIF-1α
overexpression model. These models are the closest to the human disease as they both mimic
the placental hypoxia stage of disease development, which is the earliest stage in the
pathophysiology of preeclampsia that we have yet been able to replicate. Both of these animal
models show signs of placenta injury, have naturally elevated levels of serum vasoactive
factors, such as sFlt1 and sEng, and demonstrate impaired endothelial dysfunction [38, 44,
351, 352]. As such, both animal models can provide information on how the candidate drugs
would impact most stages of injury in preeclampsia, and would be the best suited for testing
therapeutics for established preeclampsia. While both models develop hypertension,
proteinuria and fetal growth restriction, the HIF-1α overexpression model also demonstrates
features of HELLP syndrome [38, 44, 351]. Therefore, it could be debated that between these
two models, the HIF-1α overexpression model would be more suited for testing therapeutics,
as it is representative of severe preeclampsia.
It is interesting to note that the RUPP model does not develop HELLP syndrome, despite a
significant increase in placental expression of HIF-1α in these animals [125, 353]. This could
be due to the fact that the RUPP model is mostly performed in rats, resulting in a relatively
short period of insult, as the uterine arteries are clipped on day 14 of gestation and delivery of
pups occur around days 21-22. Nevertheless, both the HIF-1α overexpression model and the
RUPP model of preeclampsia would be suitable for examining the therapeutic potential of
drug candidates on both the placental and endothelial dysfunction that is characteristic of
preeclampsia.
In summary, the findings outlined in this thesis have identified several avenues that could be
explored further to find a safe and effective therapy for preeclampsia. One such key avenue is
to explore the signaling pathways, other than Nrf2, that are activated by resveratrol, such as
the SIRT1 pathway, which may also be involved in giving rise to the beneficial effects of
resveratrol on the endothelium and placenta. Therapeutics that could activate these pathways,
possibly in combination with the Nrf2 pathway, may prove to be effective therapies for
preeclampsia. Another major avenue of future research is to explore the therapeutic potential
of the synthetic triterpenoids in preeclampsia. They are currently known to be the most potent
activators of Nrf2, and could thus prove to be more effective at mitigating endothelial
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function than resveratrol or even sulforaphane [339, 340]. However, the safety profile of the
synthetic triterpenoids in pregnancy also needs to be explored in animal studies. Finally, the
safety profile, and if possible efficacy as well, of using a combination of therapies, such as a
Nrf2 activator, complement cascade inhibitor, an anti-coagulant and/ or a HIF-1α inhibitor
should be further explored in an animal model of preeclampsia.
In conclusion, the findings from this PhD thesis have highlighted that targeting a single
vasoactive factor is unlikely to be sufficient as a treatment strategy for preeclampsia. Instead,
it is postulated that improving endothelial function, as well as potentially mitigating placental
injury may be a more effective strategy, possibly via the activation of Nrf2 and its
downstream anti-oxidant enzymes. The Nrf2 activators, sulforaphane and melatonin,
demonstrated significant efficacy as potential therapeutics for preeclampsia and warrant
further investigation. Whilst resveratrol also proved to potently activate Nrf2 and efficacious
in mitigating hallmarks of endothelial and placental dysfunction, the safety concerns
associated with resveratrol limit its potential use as a therapeutic for preeclampsia. However,
further investigation of its mechanisms of action may unveil new signaling pathways that
could be targeted for treatment of preeclampsia.

Page 143

References

References

[1] Make every mother and child count, The World Health Report, World Health
Organization, 2005, pp. 1-243.
[2] P.J. Meis, R.L. Goldenberg, B.M. Mercer, J.D. Iams, A.H. Moawad, M. Miodovnik, M.K.
Menard, S.N. Caritis, G.R. Thurnau, S.F. Bottoms, A. Das, J.M. Roberts, D. McNellis, The
preterm prediction study: risk factors for indicated preterm births. Maternal-Fetal Medicine
Units Network of the National Institute of Child Health and Human Development, Am J
Obstet Gynecol 178(3) (1998) 562-7.
[3] B.L. Lowe S, Lust K, McMahon L, Morton M, North R, Paech M, Said J., Guideline for
the Management of Hypertensive Disorders of Pregnancy, Society of Obstetric Medicine of
Australia and New Zealand (2014).
[4] American College of Obstetricians Gynecologists, Hypertension in pregnancy. Report of
the American College of Obstetricians and Gynecologists' Task Force on Hypertension in
Pregnancy, Obstet Gynecol, 2013, pp. 1122-31.
[5] D. Altman, G. Carroli, L. Duley, B. Farrell, J. Moodley, J. Neilson, D. Smith, G. Magpie
Trial Collaboration, Do women with pre-eclampsia, and their babies, benefit from magnesium
sulphate? The Magpie Trial: a randomised placebo-controlled trial, Lancet 359(9321) (2002)
1877-90.
[6] Managment of Hypertension in Pregnancy: Executive Summary., Med J Aust, Australian
Society for the study of Hypertension in Pregnancy, 1993, pp. 700-702.
[7] B.M. Tranquilli AL, Zeeman GG, Dekker G, Sibai BM., The definition of severe and
early- onset preeclampsia. Statements from the International Society for the Study of
Hypertension in Pregnancy (ISSHP), Pregnancy Hypertension: An International Journal of
Women's Cardiovascular Health 3(1) (2013) 44-47.
Page 144

References
[8] A.E. Bombrys, J.R. Barton, E.A. Nowacki, M. Habli, L. Pinder, H. How, B.M. Sibai,
Expectant management of severe preeclampsia at less than 27 weeks' gestation: maternal and
perinatal outcomes according to gestational age by weeks at onset of expectant management,
Am J Obstet Gynecol 199(3) (2008) 247 e1-6.
[9] I.P. Gaugler-Senden, A.G. Huijssoon, W. Visser, E.A. Steegers, C.J. de Groot, Maternal
and perinatal outcome of preeclampsia with an onset before 24 weeks' gestation. Audit in a
tertiary referral center, Eur J Obstet Gynecol Reprod Biol 128(1-2) (2006) 216-21.
[10] A.E. Bombrys, J.R. Barton, M. Habli, B.M. Sibai, Expectant management of severe
preeclampsia at 27(0/7) to 33(6/7) weeks' gestation: maternal and perinatal outcomes
according to gestational age by weeks at onset of expectant management, Am J Perinatol
26(6) (2009) 441-6.
[11] S.A. Friedman, E. Schiff, L. Kao, B.M. Sibai, Neonatal outcome after preterm delivery
for preeclampsia, Am J Obstet Gynecol 172(6) (1995) 1785-8; discussion 1788-92.
[12] C.H. Backes, K. Markham, P. Moorehead, L. Cordero, C.A. Nankervis, P.J. Giannone,
Maternal preeclampsia and neonatal outcomes, J Pregnancy 2011 (2011) 214365.
[13] V. Soto-Wright, M. Bernstein, D.P. Goldstein, R.S. Berkowitz, The changing clinical
presentation of complete molar pregnancy, Obstet Gynecol 86(5) (1995) 775-9.
[14] J.M. Roberts, R.N. Taylor, T.J. Musci, G.M. Rodgers, C.A. Hubel, M.K. McLaughlin,
Preeclampsia: an endothelial cell disorder, Am J Obstet Gynecol 161(5) (1989) 1200-4.
[15] M. Hladunewich, S.A. Karumanchi, R. Lafayette, Pathophysiology of the clinical
manifestations of preeclampsia, Clinical Journal of the American Society of Nephrology 2(3)
(2007) 543-9.
[16] R. Pijnenborg, J.M. Bland, W.B. Robertson, G. Dixon, I. Brosens, The pattern of
interstitial trophoblastic invasion of the myometrium in early human pregnancy, Placenta 2(4)
(1981) 303-16.
[17] J.L. James, G.S. Whitley, J.E. Cartwright, Pre-eclampsia: fitting together the placental,
immune and cardiovascular pieces, J. Pathol. 221(4) (2010) 363-78.

Page 145

References
[18] J.E. Cartwright, R. Fraser, K. Leslie, A.E. Wallace, J.L. James, Remodelling at the
maternal-fetal interface: relevance to human pregnancy disorders, Reproduction 140(6)
(2010) 803-13.
[19] I. Thaler, D. Manor, J. Itskovitz, S. Rottem, N. Levit, I. Timor-Tritsch, J.M. Brandes,
Changes in uterine blood flow during human pregnancy, Am J Obstet Gynecol 162(1) (1990)
121-5.
[20] G.S. Whitley, J.E. Cartwright, Trophoblast-mediated spiral artery remodelling: a role for
apoptosis, J Anat 215(1) (2009) 21-6.
[21] H.J. Kliman, Uteroplacental blood flow. The story of decidualization, menstruation, and
trophoblast invasion, Am J Pathol 157(6) (2000) 1759-68.
[22] T. Naicker, S.M. Khedun, J. Moodley, R. Pijnenborg, Quantitative analysis of
trophoblast invasion in preeclampsia, Acta Obstet Gynecol Scand 82(8) (2003) 722-9.
[23] G. Gerretsen, H.J. Huisjes, J.D. Elema, Morphological changes of the spiral arteries in
the placental bed in relation to pre-eclampsia and fetal growth retardation, Br J Obstet
Gynaecol 88(9) (1981) 876-81.
[24] J.W. Meekins, R. Pijnenborg, M. Hanssens, I.R. McFadyen, A. van Asshe, A study of
placental bed spiral arteries and trophoblast invasion in normal and severe pre-eclamptic
pregnancies, Br J Obstet Gynaecol 101(8) (1994) 669-74.
[25] T.Y. Khong, F. De Wolf, W.B. Robertson, I. Brosens, Inadequate maternal vascular
response to placentation in pregnancies complicated by pre-eclampsia and by small-forgestational age infants, Br J Obstet Gynaecol 93(10) (1986) 1049-59.
[26] I.A. Brosens, W.B. Robertson, H.G. Dixon, The role of the spiral arteries in the
pathogenesis of preeclampsia, Obstet Gynecol Annu 1 (1972) 177-91.
[27] J. Hustin, J.M. Foidart, R. Lambotte, Maternal vascular lesions in pre-eclampsia and
intrauterine growth retardation: light microscopy and immunofluorescence, Placenta 4 Spec
No (1983) 489-98.

Page 146

References
[28] G.J.a.H. Burton, T-H, Hypoxia-Reoxygenation; A potential source of placental oxidative
stress in normal pregnancy and preeclampsia, Fetal and Maternal Medicine Review 14(2)
(2003) 97-117.
[29] I.A. Brosens, The utero-placental vessels at term – the distribution and extent of
physiological changes., Troph Res 3 (1988) 61-7.
[30] T.-H. Hung, G.J. Burton, Hypoxia and reoxygenation: a possible mechanism for
placental oxidative stress in preeclampsia, Taiwan J Obstet Gynecol 45(3) (2006) 189-200.
[31] M. Kadyrov, C. Schmitz, S. Black, P. Kaufmann, B. Huppertz, Pre-eclampsia and
maternal anaemia display reduced apoptosis and opposite invasive phenotypes of extravillous
trophoblast, Placenta 24(5) (2003) 540-8.
[32] N.O. Lunell, L.E. Nylund, R. Lewander, B. Sarby, Uteroplacental blood flow in preeclampsia measurements with indium-113m and a computer-linked gamma camera, Clin Exp
Hypertens B 1(1) (1982) 105-17.
[33] S. Sohlberg, A. Mulic-Lutvica, P. Lindgren, F. Ortiz-Nieto, A.K. Wikstrom, J.
Wikstrom, Placental perfusion in normal pregnancy and early and late preeclampsia: a
magnetic resonance imaging study, Placenta 35(3) (2014) 202-6.
[34] D.J. Roberts, M.D. Post, The placenta in pre-eclampsia and intrauterine growth
restriction, J Clin Pathol 61(12) (2008) 1254-60.
[35] S. Zamudio, Y. Wu, F. Ietta, A. Rolfo, A. Cross, T. Wheeler, M. Post, N.P. Illsley, I.
Caniggia, Human placental hypoxia-inducible factor-1alpha expression correlates with
clinical outcomes in chronic hypoxia in vivo, Am J Pathol 170(6) (2007) 2171-9.
[36] J. Gilbert, M. Dukes, B. LaMarca, K. Cockrell, S. Babcock, J. Granger, Effects of
reduced uterine perfusion pressure on blood pressure and metabolic factors in pregnant rats,
Am J Hypertens 20(6) (2007) 686-91.
[37] A. Makris, C. Thornton, J. Thompson, S. Thomson, R. Martin, R. Ogle, R. Waugh, P.
McKenzie, P. Kirwan, A. Hennessy, Uteroplacental ischemia results in proteinuric
hypertension and elevated sFLT-1, Kidney Int 71(10) (2007) 977-84.

Page 147

References
[38] S. Intapad, J.P. Warrington, F.T. Spradley, A.C. Palei, H.A. Drummond, M.J. Ryan, J.P.
Granger, B.T. Alexander, Reduced uterine perfusion pressure induces hypertension in the
pregnant mouse, Am J Physiol Regul Integr Comp Physiol 307(11) (2014) R1353-7.
[39] I. Caniggia, H. Mostachfi, J. Winter, M. Gassmann, S.J. Lye, M. Kuliszewski, M. Post,
Hypoxia-inducible factor-1 mediates the biological effects of oxygen on human trophoblast
differentiation through TGFbeta(3), J Clin Invest 105(5) (2000) 577-87.
[40] A. Rajakumar, K. Doty, A. Daftary, G. Harger, K.P. Conrad, Impaired oxygendependent reduction of HIF-1alpha and -2alpha proteins in pre-eclamptic placentae, Placenta
24(2-3) (2003) 199-208.
[41] A. Rajakumar, K.A. Whitelock, L.A. Weissfeld, A.R. Daftary, N. Markovic, K.P.
Conrad, Selective overexpression of the hypoxia-inducible transcription factor, HIF-2alpha,
in placentas from women with preeclampsia, Biol Reprod 64(2) (2001) 499-506.
[42] O. Nevo, N. Soleymanlou, Y. Wu, J. Xu, J. Kingdom, A. Many, S. Zamudio, I. Caniggia,
Increased expression of sFlt-1 in in vivo and in vitro models of human placental hypoxia is
mediated by HIF-1, Am J Physiol Regul Integr Comp Physiol 291(4) (2006) R1085-93.
[43] T. Sanchez-Elsner, L.M. Botella, B. Velasco, C. Langa, C. Bernabeu, Endoglin
expression is regulated by transcriptional cooperation between the hypoxia and transforming
growth factor-beta pathways, J Biol Chem 277(46) (2002) 43799-808.
[44] R. Tal, A. Shaish, I. Barshack, S. Polak-Charcon, A. Afek, A. Volkov, B. Feldman, C.
Avivi, D. Harats, Effects of hypoxia-inducible factor-1alpha overexpression in pregnant
mice: possible implications for preeclampsia and intrauterine growth restriction, Am J Pathol
177(6) (2010) 2950-62.
[45] Y. Wang, S.W. Walsh, Antioxidant activities and mRNA expression of superoxide
dismutase, catalase, and glutathione peroxidase in normal and preeclamptic placentas, J Soc
Gynecol Investig 3(4) (1996) 179-84.
[46] J. Vanderlelie, K. Venardos, V.L. Clifton, N.M. Gude, F.M. Clarke, A.V. Perkins,
Increased biological oxidation and reduced anti-oxidant enzyme activity in pre-eclamptic
placentae, Placenta 26(1) (2005) 53-8.

Page 148

References
[47] N. Rani, R. Dhingra, D.S. Arya, M. Kalaivani, N. Bhatla, R. Kumar, Role of oxidative
stress markers and antioxidants in the placenta of preeclamptic patients, J Obstet Gynaecol
Res 36(6) (2010) 1189-94.
[48] Y. Wang, S.W. Walsh, Increased superoxide generation is associated with decreased
superoxide dismutase activity and mRNA expression in placental trophoblast cells in preeclampsia, Placenta 22(2-3) (2001) 206-12.
[49] L. Myatt, R.B. Rosenfield, A.L. Eis, D.E. Brockman, I. Greer, F. Lyall, Nitrotyrosine
residues in placenta. Evidence of peroxynitrite formation and action, Hypertension 28(3)
(1996) 488-93.
[50] Y. Wang, S.W. Walsh, Placental mitochondria as a source of oxidative stress in preeclampsia, Placenta 19(8) (1998) 581-6.
[51] A.C. Staff, T. Ranheim, J. Khoury, T. Henriksen, Increased contents of phospholipids,
cholesterol, and lipid peroxides in decidua basalis in women with preeclampsia, Am J Obstet
Gynecol 180(3 Pt 1) (1999) 587-92.
[52] S.W. Walsh, Y. Wang, Trophoblast and placental villous core production of lipid
peroxides, thromboxane, and prostacyclin in preeclampsia, J Clin Endocrinol Metab 80(6)
(1995) 1888-93.
[53] P.L. Zusterzeel, H. Rutten, H.M. Roelofs, W.H. Peters, E.A. Steegers, Protein carbonyls
in decidua and placenta of pre-eclamptic women as markers for oxidative stress, Placenta
22(2-3) (2001) 213-9.
[54] A.D. Allaire, K.A. Ballenger, S.R. Wells, M.J. McMahon, B.A. Lessey, Placental
apoptosis in preeclampsia, Obstet Gynecol 96(2) (2000) 271-6.
[55] D.N. Leung, S.C. Smith, K.F. To, D.S. Sahota, P.N. Baker, Increased placental apoptosis
in pregnancies complicated by preeclampsia, Am J Obstet Gynecol 184(6) (2001) 1249-50.
[56] T.H. Hung, J.N. Skepper, G.J. Burton, In vitro ischemia-reperfusion injury in term
human placenta as a model for oxidative stress in pathological pregnancies, Am J Pathol
159(3) (2001) 1031-43.

Page 149

References
[57] L. Poston, Endothelial dysfunction in pre-eclampsia, Pharmacol Rep 58 Suppl (2006)
69-74.
[58] G.M. Rodgers, R.N. Taylor, J.M. Roberts, Preeclampsia is associated with a serum factor
cytotoxic to human endothelial cells, Am J Obstet Gynecol 159(4) (1988) 908-14.
[59] J. Myers, G. Mires, M. Macleod, P. Baker, In preeclampsia, the circulating factors
capable of altering in vitro endothelial function precede clinical disease, Hypertension 45(2)
(2005) 258-63.
[60] I.A. Greer, F. Lyall, T. Perera, F. Boswell, L.M. Macara, Increased concentrations of
cytokines interleukin-6 and interleukin-1 receptor antagonist in plasma of women with
preeclampsia: a mechanism for endothelial dysfunction?, Obstet Gynecol 84(6) (1994) 93740.
[61] Y. Kocyigit, Y. Atamer, A. Atamer, A. Tuzcu, Z. Akkus, Changes in serum levels of
leptin, cytokines and lipoprotein in pre-eclamptic and normotensive pregnant women,
Gynecol Endocrinol 19(5) (2004) 267-73.
[62] Y. Jonsson, M. Ruber, L. Matthiesen, G. Berg, K. Nieminen, S. Sharma, J. Ernerudh, C.
Ekerfelt, Cytokine mapping of sera from women with preeclampsia and normal pregnancies,
J Reprod Immunol 70(1-2) (2006) 83-91.
[63] Y. Hamai, T. Fujii, T. Yamashita, H. Nishina, S. Kozuma, Y. Mikami, Y. Taketani,
Evidence for an elevation in serum interleukin-2 and tumor necrosis factor-alpha levels
before the clinical manifestations of preeclampsia, Am J Reprod Immunol 38(2) (1997) 8993.
[64] X. Huang, H. Huang, M. Dong, Q. Yao, H. Wang, Serum and placental interleukin-18
are elevated in preeclampsia, J Reprod Immunol 65(1) (2005) 77-87.
[65] A. Hennessy, H.L. Pilmore, L.A. Simmons, D.M. Painter, A deficiency of placental IL10 in preeclampsia, J Immunol 163(6) (1999) 3491-5.
[66] Y. Wang, S.W. Walsh, TNF alpha concentrations and mRNA expression are increased in
preeclamptic placentas, J Reprod Immunol 32(2) (1996) 157-69.

Page 150

References
[67] Z.J. Pang, F.Q. Xing, Comparative study on the expression of cytokine--receptor genes
in normal and preeclamptic human placentas using DNA microarrays, J Perinat Med 31(2)
(2003) 153-62.
[68] R.S. Bowen, Y. Gu, Y. Zhang, D.F. Lewis, Y. Wang, Hypoxia promotes interleukin-6
and -8 but reduces interleukin-10 production by placental trophoblast cells from preeclamptic
pregnancies, J Soc Gynecol Investig 12(6) (2005) 428-32.
[69] D.T. Rein, M. Breidenbach, B. Honscheid, U. Friebe-Hoffmann, H. Engel, U.J. Gohring,
L. Uekermann, C.M. Kurbacher, T. Schondorf, Preeclamptic women are deficient of
interleukin-10 as assessed by cytokine release of trophoblast cells in vitro, Cytokine 23(4-5)
(2003) 119-25.
[70] H.J. Seol, E.S. Lee, S.E. Jung, N.H. Jeong, J.E. Lim, S.H. Park, S.C. Hong, M.J. Oh, H.J.
Kim, Serum levels of YKL-40 and interleukin-18 and their relationship to disease severity in
patients with preeclampsia, J Reprod Immunol 79(2) (2009) 183-7.
[71] D.F. Benyo, T.M. Miles, K.P. Conrad, Hypoxia stimulates cytokine production by
villous explants from the human placenta, J Clin Endocrinol Metab 82(5) (1997) 1582-8.
[72] H.J. Jeong, H.S. Chung, B.R. Lee, S.J. Kim, S.J. Yoo, S.H. Hong, H.M. Kim, Expression
of proinflammatory cytokines via HIF-1alpha and NF-kappaB activation on desferrioxaminestimulated HMC-1 cells, Biochem Biophys Res Commun 306(4) (2003) 805-11.
[73] S. Bonello, C. Zahringer, R.S. BelAiba, T. Djordjevic, J. Hess, C. Michiels, T.
Kietzmann, A. Gorlach, Reactive oxygen species activate the HIF-1alpha promoter via a
functional NFkappaB site, Arterioscler Thromb Vasc Biol 27(4) (2007) 755-61.
[74] C.C. Zhou, R.A. Irani, Y. Zhang, S.C. Blackwell, T. Mi, J. Wen, H. Shelat, Y.J. Geng,
S.M. Ramin, R.E. Kellems, Y. Xia, Angiotensin receptor agonistic autoantibody-mediated
tumor necrosis factor-alpha induction contributes to increased soluble endoglin production in
preeclampsia, Circulation 121(3) (2010) 436-44.
[75] M. Knight, C.W. Redman, E.A. Linton, I.L. Sargent, Shedding of syncytiotrophoblast
microvilli into the maternal circulation in pre-eclamptic pregnancies, Br J Obstet Gynaecol
105(6) (1998) 632-40.

Page 151

References
[76] C.W. Redman, I.L. Sargent, Circulating microparticles in normal pregnancy and preeclampsia, Placenta 29 Suppl A (2008) S73-7.
[77] S.J. Germain, G.P. Sacks, S.R. Sooranna, I.L. Sargent, C.W. Redman, Systemic
inflammatory priming in normal pregnancy and preeclampsia: the role of circulating
syncytiotrophoblast microparticles, J Immunol 178(9) (2007) 5949-56.
[78] B.T. Alexander, K.L. Cockrell, M.B. Massey, W.A. Bennett, J.P. Granger, Tumor
necrosis factor-alpha-induced hypertension in pregnant rats results in decreased renal
neuronal nitric oxide synthase expression, Am J Hypertens 15(2 Pt 1) (2002) 170-5.
[79] B.B. LaMarca, K. Cockrell, E. Sullivan, W. Bennett, J.P. Granger, Role of endothelin in
mediating tumor necrosis factor-induced hypertension in pregnant rats, Hypertension 46(1)
(2005) 82-6.
[80] S.P. Alom-Ruiz, N. Anilkumar, A.M. Shah, Reactive oxygen species and endothelial
activation, Antioxidants & Redox Signaling 10(6) (2008) 1089-100.
[81] C.A. Hubel, Oxidative stress in the pathogenesis of preeclampsia, Proc Soc Exp Biol
Med 222(3) (1999) 222-35.
[82] A.L. True, A. Rahman, A.B. Malik, Activation of NF-kappaB induced by H(2)O(2) and
TNF-alpha and its effects on ICAM-1 expression in endothelial cells, Am J Physiol Lung Cell
Mol Physiol 279(2) (2000) L302-11.
[83] A.M. Briones, R.M. Touyz, Oxidative stress and hypertension: current concepts, Curr
Hypertens Rep 12(2) (2010) 135-42.
[84] F.E. Nwariaku, Z. Liu, X. Zhu, D. Nahari, C. Ingle, R.F. Wu, Y. Gu, G. Sarosi, L.S.
Terada, NADPH oxidase mediates vascular endothelial cadherin phosphorylation and
endothelial dysfunction, Blood 104(10) (2004) 3214-20.
[85] M.R. Parrish, S.R. Murphy, S. Rutland, K. Wallace, K. Wenzel, G. Wallukat, S. Keiser,
L.F. Ray, R. Dechend, J.N. Martin, J.P. Granger, B. LaMarca, The effect of immune factors,
tumor necrosis factor-alpha, and agonistic autoantibodies to the angiotensin II type I receptor
on soluble fms-like tyrosine-1 and soluble endoglin production in response to hypertension
during pregnancy, Am J Hypertens 23(8) (2010) 911-6.
Page 152

References
[86] A. Mohan, J. Asselin, I.L. Sargent, N.P. Groome, S. Muttukrishna, Effect of cytokines
and growth factors on the secretion of inhibin A, activin A and follistatin by term placental
villous trophoblasts in culture, Eur J Endocrinol 145(4) (2001) 505-11.
[87] R. Dechend, Llinas, M., Caluwaerts, S., Herse, F., Lamarca, B., Mueller, D.N., Luft, FC,
Pijnenborg, R., Wallukat, G. & Granger, J.P., Agonistic autoantibodies to the AT1 receptor in
rat models of pre-eclampsia: induced by chronic reduction in uterine perfusion pressure
(RUPP) and low dose TNF-a infusion., Hypertens. Pregnancy 25 (2006) abstract 70.
[88] B. LaMarca, G. Wallukat, M. Llinas, F. Herse, R. Dechend, J.P. Granger, Autoantibodies
to the angiotensin type I receptor in response to placental ischemia and tumor necrosis factor
alpha in pregnant rats, Hypertension 52(6) (2008) 1168-72.
[89] G. Wallukat, V. Homuth, T. Fischer, C. Lindschau, B. Horstkamp, A. Jupner, E. Baur, E.
Nissen, K. Vetter, D. Neichel, J.W. Dudenhausen, H. Haller, F.C. Luft, Patients with
preeclampsia develop agonistic autoantibodies against the angiotensin AT1 receptor, J Clin
Invest 103(7) (1999) 945-52.
[90] T. Walther, G. Wallukat, A. Jank, S. Bartel, H.P. Schultheiss, R. Faber, H. Stepan,
Angiotensin II type 1 receptor agonistic antibodies reflect fundamental alterations in the
uteroplacental vasculature, Hypertension 46(6) (2005) 1275-9.
[91] C.C. Zhou, Y. Zhang, R.A. Irani, H. Zhang, T. Mi, E.J. Popek, M.J. Hicks, S.M. Ramin,
R.E. Kellems, Y. Xia, Angiotensin receptor agonistic autoantibodies induce pre-eclampsia in
pregnant mice, Nat Med 14(8) (2008) 855-62.
[92] C.C. Zhou, R.A. Irani, Y. Dai, S.C. Blackwell, M.J. Hicks, S.M. Ramin, R.E. Kellems,
Y.

Xia,

Autoantibody-Mediated

IL-6-Dependent

Endothelin-1

Elevation

Underlies

Pathogenesis in a Mouse Model of Preeclampsia, The Journal of Immunology 186(10) (2011)
6024-34.
[93] C.C. Zhou, S. Ahmad, T. Mi, S. Abbasi, L. Xia, M.C. Day, S.M. Ramin, A. Ahmed, R.E.
Kellems, Y. Xia, Autoantibody from women with preeclampsia induces soluble Fms-like
tyrosine kinase-1 production via angiotensin type 1 receptor and calcineurin/nuclear factor of
activated T-cells signaling, Hypertension 51(4) (2008) 1010-9.

Page 153

References
[94] S. Kliche, J. Waltenberger, VEGF receptor signaling and endothelial function, IUBMB
Life 52(1-2) (2001) 61-6.
[95] S. De Falco, B. Gigante, M.G. Persico, Structure and function of placental growth factor,
Trends Cardiovasc Med 12(6) (2002) 241-6.
[96] W. Zhao, J. Qiao, Q. Zhang, Y. Zhao, Q. Chen, Levels of antiangiogenic factors in
preeclamptic pregnancies, Growth Factors 28(4) (2010) 293-8.
[97] T. Chaiworapongsa, R. Romero, J. Espinoza, E. Bujold, Y. Mee Kim, L.F. Goncalves, R.
Gomez, S. Edwin, Evidence supporting a role for blockade of the vascular endothelial growth
factor system in the pathophysiology of preeclampsia. Young Investigator Award, Am J
Obstet Gynecol 190(6) (2004) 1541-7; discussion 1547-50.
[98] G.C. McKeeman, J.E. Ardill, C.M. Caldwell, A.J. Hunter, N. McClure, Soluble vascular
endothelial growth factor receptor-1 (sFlt-1) is increased throughout gestation in patients who
have preeclampsia develop, Am J Obstet Gynecol 191(4) (2004) 1240-6.
[99] S. Rana, S.A. Karumanchi, R.J. Levine, S. Venkatesha, J.A. Rauh-Hain, H. Tamez, R.
Thadhani, Sequential changes in antiangiogenic factors in early pregnancy and risk of
developing preeclampsia, Hypertension 50(1) (2007) 137-42.
[100] S.E. Maynard, J.-Y. Min, J. Merchan, K.-H. Lim, J. Li, S. Mondal, T.A. Libermann,
J.P. Morgan, F.W. Sellke, I.E. Stillman, F.H. Epstein, V.P. Sukhatme, S.A. Karumanchi,
Excess placental soluble fms-like tyrosine kinase 1 (sFlt1) may contribute to endothelial
dysfunction, hypertension, and proteinuria in preeclampsia, Journal of Clinical Investigation
111(5) (2003) 649-58.
[101] X. Fan, A. Rai, N. Kambham, J.F. Sung, N. Singh, M. Petitt, S. Dhal, R. Agrawal, R.E.
Sutton, M.L. Druzin, S.S. Gambhir, B.K. Ambati, J.C. Cross, N.R. Nayak, Endometrial
VEGF induces placental sFLT1 and leads to pregnancy complications, J Clin Invest 124(11)
(2014) 4941-52.
[102] J.S. Gilbert, S.A. Babcock, J.P. Granger, Hypertension produced by reduced uterine
perfusion in pregnant rats is associated with increased soluble fms-like tyrosine kinase-1
expression, Hypertension 50(6) (2007) 1142-7.

Page 154

References
[103] S. Ahmad, A. Ahmed, Elevated placental soluble vascular endothelial growth factor
receptor-1 inhibits angiogenesis in preeclampsia, Circ Res 95(9) (2004) 884-91.
[104] C.S. Facemire, A.B. Nixon, R. Griffiths, H. Hurwitz, T.M. Coffman, Vascular
endothelial growth factor receptor 2 controls blood pressure by regulating nitric oxide
synthase expression, Hypertension 54(3) (2009) 652-8.
[105] C. Wheeler-Jones, R. Abu-Ghazaleh, R. Cospedal, R.A. Houliston, J. Martin, I.
Zachary, Vascular endothelial growth factor stimulates prostacyclin production and activation
of cytosolic phospholipase A2 in endothelial cells via p42/p44 mitogen-activated protein
kinase, FEBS Lett 420(1) (1997) 28-32.
[106] H. He, V.J. Venema, X. Gu, R.C. Venema, M.B. Marrero, R.B. Caldwell, Vascular
endothelial growth factor signals endothelial cell production of nitric oxide and prostacyclin
through flk-1/KDR activation of c-Src, J Biol Chem 274(35) (1999) 25130-5.
[107] V. Eremina, M. Sood, J. Haigh, A. Nagy, G. Lajoie, N. Ferrara, H.P. Gerber, Y.
Kikkawa, J.H. Miner, S.E. Quaggin, Glomerular-specific alterations of VEGF-A expression
lead to distinct congenital and acquired renal diseases, J Clin Invest 111(5) (2003) 707-16.
[108] B. Spargo, C.C. Mc, R. Winemiller, Glomerular capillary endotheliosis in toxemia of
pregnancy, Arch Pathol 68 (1959) 593-9.
[109] S. Baumwell, S.A. Karumanchi, Pre-eclampsia: clinical manifestations and molecular
mechanisms, Nephron Clin Pract 106(2) (2007) c72-81.
[110] R.A. Lafayette, M. Druzin, R. Sibley, G. Derby, T. Malik, P. Huie, C. Polhemus, W.M.
Deen, B.D. Myers, Nature of glomerular dysfunction in pre-eclampsia, Kidney Int 54(4)
(1998) 1240-9.
[111] S.C. Satchell, C.H. Tasman, A. Singh, L. Ni, J. Geelen, C.J. von Ruhland, M.J. O'Hare,
M.A. Saleem, L.P. van den Heuvel, P.W. Mathieson, Conditionally immortalized human
glomerular endothelial cells expressing fenestrations in response to VEGF, Kidney Int 69(9)
(2006) 1633-40.
[112] A. Hara, T. Wada, K. Furuichi, N. Sakai, H. Kawachi, F. Shimizu, M. Shibuya, K.
Matsushima, H. Yokoyama, K. Egashira, S. Kaneko, Blockade of VEGF accelerates
Page 155

References
proteinuria, via decrease in nephrin expression in rat crescentic glomerulonephritis, Kidney
Int 69(11) (2006) 1986-95.
[113] V.D. Garovic, S.J. Wagner, L.M. Petrovic, C.E. Gray, P. Hall, H. Sugimoto, R. Kalluri,
J.P. Grande, Glomerular expression of nephrin and synaptopodin, but not podocin, is
decreased in kidney sections from women with preeclampsia, Nephrol Dial Transplant 22(4)
(2007) 1136-43.
[114] S.R. Murphy, B.B. LaMarca, K. Cockrell, J.P. Granger, Role of endothelin in mediating
soluble fms-like tyrosine kinase 1-induced hypertension in pregnant rats, Hypertension 55(2)
(2010) 394-8.
[115] K.B. Tam Tam, B. Lamarca, M. Arany, K. Cockrell, L. Fournier, S. Murphy, J.N.
Martin, J.P. Granger, Role of reactive oxygen species during hypertension in response to
chronic antiangiogenic factor (sFlt-1) excess in pregnant rats, American Journal of
Hypertension 24(1) (2011) 110-3.
[116] J.P. Bridges, J.S. Gilbert, D. Colson, S.A. Gilbert, M.P. Dukes, M.J. Ryan, J.P.
Granger, Oxidative Stress Contributes to Soluble Fms-Like Tyrosine Kinase-1 Induced
Vascular Dysfunction in Pregnant Rats, American Journal of Hypertension 22(5) (2009) 564568.
[117] S. Cheifetz, T. Bellon, C. Cales, S. Vera, C. Bernabeu, J. Massague, M. Letarte,
Endoglin is a component of the transforming growth factor-beta receptor system in human
endothelial cells, J Biol Chem 267(27) (1992) 19027-30.
[118] A. Gougos, S. St Jacques, A. Greaves, P.J. O'Connell, A.J. d'Apice, H.J. Buhring, C.
Bernabeu, J.A. van Mourik, M. Letarte, Identification of distinct epitopes of endoglin, an
RGD-containing glycoprotein of endothelial cells, leukemic cells, and syncytiotrophoblasts,
Int Immunol 4(1) (1992) 83-92.
[119] T.J. Kaitu'u-Lino, K.R. Palmer, C.L. Whitehead, E. Williams, M. Lappas, S. Tong,
MMP-14 is expressed in preeclamptic placentas and mediates release of soluble endoglin,
Am J Pathol 180(3) (2012) 888-94.
[120] F. Lebrin, M. Deckers, P. Bertolino, P. Ten Dijke, TGF-beta receptor function in the
endothelium, Cardiovasc Res 65(3) (2005) 599-608.
Page 156

References
[121] S. Venkatesha, M. Toporsian, C. Lam, J.-I. Hanai, T. Mammoto, Y.M. Kim, Y. Bdolah,
K.-H. Lim, H.-T. Yuan, T.A. Libermann, I.E. Stillman, D. Roberts, P.A. D'amore, F.H.
Epstein, F.W. Sellke, R. Romero, V.P. Sukhatme, M. Letarte, S.A. Karumanchi, Soluble
endoglin contributes to the pathogenesis of preeclampsia, Nat Med 12(6) (2006) 642-9.
[122] R.J. Levine, C. Lam, C. Qian, K.F. Yu, S.E. Maynard, B.P. Sachs, B.M. Sibai, F.H.
Epstein, R. Romero, R. Thadhani, S.A. Karumanchi, C.S. Group, Soluble endoglin and other
circulating antiangiogenic factors in preeclampsia, N Engl J Med 355(10) (2006) 992-1005.
[123] Y.N. Kim, D.S. Lee, D.H. Jeong, M.S. Sung, K.T. Kim, The relationship of the level of
circulating antiangiogenic factors to the clinical manifestations of preeclampsia, Prenat.
Diagn. 29(5) (2009) 464-70.
[124] A. Reddy, S. Suri, I.L. Sargent, C.W.G. Redman, S. Muttukrishna, Maternal circulating
levels of activin A, inhibin A, sFlt-1 and endoglin at parturition in normal pregnancy and preeclampsia, PLoS ONE 4(2) (2009) e4453.
[125] J.S. Gilbert, S.A. Gilbert, M. Arany, J.P. Granger, Hypertension produced by placental
ischemia in pregnant rats is associated with increased soluble endoglin expression,
Hypertension 53(2) (2009) 399-403.
[126] I. Nemeckova, A. Serwadczak, B. Oujo, K. Jezkova, J. Rathouska, P. Fikrova, M.
Varejckova, C. Bernabeu, J.M. Lopez-Novoa, S. Chlopicki, P. Nachtigal, High soluble
endoglin levels do not induce endothelial dysfunction in mouse aorta, PLoS One 10(3) (2015)
e0119665.
[127] M. Saura, C. Zaragoza, W. Cao, C. Bao, M. Rodriguez-Puyol, D. Rodriguez-Puyol, C.J.
Lowenstein, Smad2 mediates transforming growth factor-beta induction of endothelial nitric
oxide synthase expression, Circ Res 91(9) (2002) 806-13.
[128] A. Ristimaki, O. Ylikorkala, L. Viinikka, Effect of growth factors on human vascular
endothelial cell prostacyclin production, Arteriosclerosis 10(4) (1990) 653-7.
[129] A.S. Maharaj, T.E. Walshe, M. Saint-Geniez, S. Venkatesha, A.E. Maldonado, N.C.
Himes, K.S. Matharu, S.A. Karumanchi, P.A. D'Amore, VEGF and TGF-beta are required for
the maintenance of the choroid plexus and ependyma, J Exp Med 205(2) (2008) 491-501.

Page 157

References
[130] R.L. Jones, C. Stoikos, J.K. Findlay, L.A. Salamonsen, TGF-beta superfamily
expression and actions in the endometrium and placenta, Reproduction 132(2) (2006) 217-32.
[131] I. Caniggia, S.J. Lye, J.C. Cross, Activin is a local regulator of human cytotrophoblast
cell differentiation, Endocrinology 138(9) (1997) 3976-86.
[132] T. Orimo, M. Taga, H. Matsui, H. Minaguchi, The effect of activin-A on the
development of mouse preimplantation embryos in vitro, J Assist Reprod Genet 13(8) (1996)
669-74.
[133] F. Petraglia, J. Vaughan, W. Vale, Inhibin and activin modulate the release of
gonadotropin-releasing hormone, human chorionic gonadotropin, and progesterone from
cultured human placental cells, Proc Natl Acad Sci U S A 86(13) (1989) 5114-7.
[134] F. Debieve, S. Pampfer, K. Thomas, Inhibin and activin production and subunit
expression in human placental cells cultured in vitro, Mol Hum Reprod 6(8) (2000) 743-9.
[135] S. Muttukrishna, R.A. North, J. Morris, J.C. Schellenberg, R.S. Taylor, J. Asselin, W.
Ledger, N. Groome, C.W. Redman, Serum inhibin A and activin A are elevated prior to the
onset of pre-eclampsia, Hum Reprod 15(7) (2000) 1640-5.
[136] R. Akolekar, A. Etchegaray, Y. Zhou, N. Maiz, K.H. Nicolaides, Maternal serum
activin a at 11-13 weeks of gestation in hypertensive disorders of pregnancy, Fetal Diagn
Ther 25(3) (2009) 320-7.
[137] K. Spencer, N.J. Cowans, K.H. Nicolaides, Maternal serum inhibin-A and activin-A
levels in the first trimester of pregnancies developing pre-eclampsia, Ultrasound Obstet
Gynecol 32(5) (2008) 622-6.
[138] C.Y.T. Ong, A.W. Liao, S. Munim, K. Spencer, K.H. Nicolaides, First-trimester
maternal serum activin A in pre-eclampsia and fetal growth restriction, J Matern Fetal
Neonatal Med 15(3) (2004) 176-80.
[139] S. Muttukrishna, T.J. Child, N.P. Groome, W.L. Ledger, Source of circulating levels of
inhibin A, pro alpha C-containing inhibins and activin A in early pregnancy, Hum Reprod
12(5) (1997) 1089-93.

Page 158

References
[140] D. Casagrandi, C. Bearfield, J. Geary, C.W. Redman, S. Muttukrishna, Inhibin, activin,
follistatin, activin receptors and beta-glycan gene expression in the placental tissue of patients
with pre-eclampsia, Mol Hum Reprod 9(4) (2003) 199-203.
[141] U. Manuelpillai, M. Schneider-Kolsky, A. Dole, E.M. Wallace, Activin A and activin
receptors in gestational tissue from preeclamptic pregnancies, J Endocrinol 171(1) (2001) 5764.
[142] U. Manuelpillai, M. Schneider-Kolsky, P. Thirunavukarasu, A. Dole, K. Waldron, E.M.
Wallace, Effect of hypoxia on placental activin A, inhibin A and follistatin synthesis,
Placenta 24(1) (2003) 77-83.
[143] S. Mandang, U. Manuelpillai, E.M. Wallace, Oxidative stress increases placental and
endothelial cell activin A secretion, J Endocrinol 192(3) (2007) 485-93.
[144] M. Blumenstein, M.D. Mitchell, N.P. Groome, J.A. Keelan, Hypoxia inhibits activin A
production by term villous trophoblast in vitro, Placenta 23(10) (2002) 735-41.
[145] J.A. Keelan, N.P. Groome, M.D. Mitchell, Regulation of activin-A production by
human amnion, decidua and placenta in vitro by pro-inflammatory cytokines, Placenta 19(56) (1998) 429-34.
[146] R. Lim, R. Acharya, P. Delpachitra, S. Hobson, C.G. Sobey, G.R. Drummond, E.M.
Wallace, Activin and NADPH-oxidase in preeclampsia: insights from in vitro and murine
studies, Am J Obstet Gynecol 212(1) (2015) 86 e1-12.
[147] S. Selemidis, C.G. Sobey, K. Wingler, H.H.H.W. Schmidt, G.R. Drummond, NADPH
oxidases in the vasculature: molecular features, roles in disease and pharmacological
inhibition, Pharmacology & Therapeutics 120(3) (2008) 254-91.
[148] R.A. Irani, Y. Zhang, C.C. Zhou, S.C. Blackwell, M.J. Hicks, S.M. Ramin, R.E.
Kellems, Y. Xia, Autoantibody-mediated angiotensin receptor activation contributes to
preeclampsia through tumor necrosis factor-alpha signaling, Hypertension 55(5) (2010) 124653.
[149] J.M. Roberts, D.W. Cooper, Pathogenesis and genetics of pre-eclampsia, Lancet
357(9249) (2001) 53-6.
Page 159

References
[150] D.L. Carden, D.N. Granger, Pathophysiology of ischaemia-reperfusion injury, J Pathol
190(3) (2000) 255-66.
[151] D.H. Endemann, E.L. Schiffrin, Endothelial dysfunction, J Am Soc Nephrol 15(8)
(2004) 1983-92.
[152] R. Austgulen, E. Lien, G. Vince, C.W. Redman, Increased maternal plasma levels of
soluble adhesion molecules (ICAM-1, VCAM-1, E-selectin) in preeclampsia, Eur J Obstet
Gynecol Reprod Biol 71(1) (1997) 53-8.
[153] J.R. Higgins, A. Papayianni, H.R. Brady, M.R. Darling, J.J. Walshe, Circulating
vascular cell adhesion molecule-1 in pre-eclampsia, gestational hypertension, and normal
pregnancy: evidence of selective dysregulation of vascular cell adhesion molecule-1
homeostasis in pre-eclampsia, Am J Obstet Gynecol 179(2) (1998) 464-9.
[154] R.N. Taylor, M. Varma, N.N. Teng, J.M. Roberts, Women with preeclampsia have
higher plasma endothelin levels than women with normal pregnancies, J Clin Endocrinol
Metab 71(6) (1990) 1675-7.
[155] Y. Wang, S.W. Walsh, H.H. Kay, Placental lipid peroxides and thromboxane are
increased and prostacyclin is decreased in women with preeclampsia, Am J Obstet Gynecol
167(4 Pt 1) (1992) 946-9.
[156] A. Barden, J. Ritchie, B. Walters, C. Michael, J. Rivera, T. Mori, K. Croft, L. Beilin,
Study of plasma factors associated with neutrophil activation and lipid peroxidation in
preeclampsia, Hypertension 38(4) (2001) 803-8.
[157] B.C. Young, R.J. Levine, S.A. Karumanchi, Pathogenesis of preeclampsia, Annu. Rev.
Pathol. Mech. Dis. 5 (2010) 173-92.
[158] M.C. Boffa, L. Valsecchi, A. Fausto, D. Gozin, S. Vigano' D'Angelo, O. Safa, M.T.
Castiglioni, J. Amiral, A. D'Angelo, Predictive value of plasma thrombomodulin in
preeclampsia and gestational hypertension, Thromb Haemost 79(6) (1998) 1092-5.
[159] S.A. Friedman, C.J. de Groot, R.N. Taylor, B.D. Golditch, J.M. Roberts, Plasma
cellular fibronectin as a measure of endothelial involvement in preeclampsia and intrauterine
growth retardation, Am J Obstet Gynecol 170(3) (1994) 838-41.
Page 160

References
[160] P.N. Alpoim, K.B. Gomes, L.C. Godoi, D.R. Rios, M.G. Carvalho, A.P. Fernandes,
L.M. Dusse, ADAMTS13, FVIII, von Willebrand factor, ABO blood group assessment in
preeclampsia, Clin Chim Acta 412(23-24) (2011) 2162-6.
[161] K.B. Bodova, K. Biringer, K. Dokus, J. Ivankova, J. Stasko, J. Danko, Fibronectin,
plasminogen activator inhibitor type 1 (PAI-1) and uterine artery Doppler velocimetry as
markers of preeclampsia, Dis Markers 30(4) (2011) 191-6.
[162] J.R. Ashworth, A.Y. Warren, P.N. Baker, I.R. Johnson, Loss of endothelium-dependent
relaxation in myometrial resistance arteries in pre-eclampsia, Br J Obstet Gynaecol 104(10)
(1997) 1152-8.
[163] A.P. Cockell, L. Poston, Flow-mediated vasodilatation is enhanced in normal
pregnancy but reduced in preeclampsia, Hypertension 30(2 Pt 1) (1997) 247-51.
[164] G.A. Knock, L. Poston, Bradykinin-mediated relaxation of isolated maternal resistance
arteries in normal pregnancy and preeclampsia, Am J Obstet Gynecol 175(6) (1996) 1668-74.
[165] K.R. Kublickiene, B. Lindblom, K. Kruger, H. Nisell, Preeclampsia: evidence for
impaired shear stress-mediated nitric oxide release in uterine circulation, Am J Obstet
Gynecol 183(1) (2000) 160-6.
[166] A.L. McCarthy, R.G. Woolfson, S.K. Raju, L. Poston, Abnormal endothelial cell
function of resistance arteries from women with preeclampsia, Am J Obstet Gynecol 168(4)
(1993) 1323-30.
[167] M.D. Savvidou, A.D. Hingorani, D. Tsikas, J.C. Frolich, P. Vallance, K.H. Nicolaides,
Endothelial dysfunction and raised plasma concentrations of asymmetric dimethylarginine in
pregnant women who subsequently develop pre-eclampsia, Lancet 361(9368) (2003) 1511-7.
[168] T. Yamamoto, Y. Suzuki, K. Kojima, K. Suzumori, Reduced flow-mediated
vasodilation is not due to a decrease in production of nitric oxide in preeclampsia, Am J
Obstet Gynecol 192(2) (2005) 558-63.
[169] A. Yoshida, S. Nakao, M. Kobayashi, H. Kobayashi, Flow-mediated vasodilation and
plasma fibronectin levels in preeclampsia, Hypertension 36(3) (2000) 400-4.

Page 161

References
[170] S.C. Robson, S. Hunter, R.J. Boys, W. Dunlop, Serial study of factors influencing
changes in cardiac output during human pregnancy, Am J Physiol 256(4 Pt 2) (1989) H10605.
[171] R.A. Khalil, J.P. Granger, Vascular mechanisms of increased arterial pressure in
preeclampsia: lessons from animal models, Am J Physiol Regul Integr Comp Physiol 283(1)
(2002) R29-45.
[172] Y.P. Wang, S.W. Walsh, J.D. Guo, J.Y. Zhang, Maternal levels of prostacyclin,
thromboxane, vitamin E, and lipid peroxides throughout normal pregnancy, Am J Obstet
Gynecol 165(6 Pt 1) (1991) 1690-4.
[173] D.O. Anumba, S.C. Robson, R.J. Boys, G.A. Ford, Nitric oxide activity in the
peripheral vasculature during normotensive and preeclamptic pregnancy, Am J Physiol 277(2
Pt 2) (1999) H848-54.
[174] R.T. Gerber, M.A. Anwar, L. Poston, Enhanced acetylcholine induced relaxation in
small mesenteric arteries from pregnant rats: an important role for endothelium-derived
hyperpolarizing factor (EDHF), Br J Pharmacol 125(3) (1998) 455-60.
[175] S. Aydin, A. Benian, R. Madazli, S. Uludag, H. Uzun, S. Kaya, Plasma
malondialdehyde, superoxide dismutase, sE-selectin, fibronectin, endothelin-1 and nitric
oxide levels in women with preeclampsia, Eur J Obstet Gynecol Reprod Biol 113(1) (2004)
21-5.
[176] J.L. Mills, R. DerSimonian, E. Raymond, J.D. Morrow, L.J. Roberts, 2nd, J.D.
Clemens, J.C. Hauth, P. Catalano, B. Sibai, L.B. Curet, R.J. Levine, Prostacyclin and
thromboxane changes predating clinical onset of preeclampsia: a multicenter prospective
study, JAMA 282(4) (1999) 356-62.
[177] S.W. Walsh, Preeclampsia: an imbalance in placental prostacyclin and thromboxane
production, Am J Obstet Gynecol 152(3) (1985) 335-40.
[178] W. Klockenbusch, T.W. Goecke, J.S. Krussel, B.A. Tutschek, G. Crombach, K. Schror,
Prostacyclin deficiency and reduced fetoplacental blood flow in pregnancy-induced
hypertension and preeclampsia, Gynecol Obstet Invest 50(2) (2000) 103-7.

Page 162

References
[179] P.N. Baker, S.T. Davidge, J. Barankiewicz, J.M. Roberts, Plasma of preeclamptic
women stimulates and then inhibits endothelial prostacyclin, Hypertension 27(1) (1996) 5661.
[180] T. Nobunaga, Y. Tokugawa, K. Hashimoto, T. Kimura, N. Matsuzaki, Y. Nitta, T.
Fujita, K.I. Kidoguchi, C. Azuma, F. Saji, Plasma nitric oxide levels in pregnant patients with
preeclampsia and essential hypertension, Gynecol Obstet Invest 41(3) (1996) 189-93.
[181] S.P. Seligman, J.P. Buyon, R.M. Clancy, B.K. Young, S.B. Abramson, The role of
nitric oxide in the pathogenesis of preeclampsia, Am J Obstet Gynecol 171(4) (1994) 944-8.
[182] S.T. Davidge, C.P. Stranko, J.M. Roberts, Urine but not plasma nitric oxide metabolites
are decreased in women with preeclampsia, Am J Obstet Gynecol 174(3) (1996) 1008-13.
[183] Y. Wang, Y. Gu, Y. Zhang, D.F. Lewis, Evidence of endothelial dysfunction in
preeclampsia: decreased endothelial nitric oxide synthase expression is associated with
increased cell permeability in endothelial cells from preeclampsia, Am J Obstet Gynecol
190(3) (2004) 817-24.
[184] D. Predescu, S. Predescu, J. Shimizu, K. Miyawaki-Shimizu, A.B. Malik, Constitutive
eNOS-derived nitric oxide is a determinant of endothelial junctional integrity, Am J Physiol
Lung Cell Mol Physiol 289(3) (2005) L371-81.
[185] F. Collino, B. Bussolati, E. Gerbaudo, L. Marozio, S. Pelissetto, C. Benedetto, G.
Camussi, Preeclamptic sera induce nephrin shedding from podocytes through endothelin-1
release by endothelial glomerular cells, Am J Physiol Renal Physiol 294(5) (2008) F1185-94.
[186] O. Erez, R. Romero, D. Hoppensteadt, N.G. Than, J. Fareed, S. Mazaki-Tovi, J.
Espinoza, T. Chaiworapongsa, S.S. Kim, B.H. Yoon, S.S. Hassan, F. Gotsch, L. Friel, E.
Vaisbuch, J.P. Kusanovic, Tissue factor and its natural inhibitor in pre-eclampsia and SGA, J
Matern Fetal Neonatal Med 21(12) (2008) 855-69.
[187] A. Reith, N.A. Booth, N.R. Moore, D.J. Cruickshank, B. Bennett, Plasminogen
activator inhibitors (PAI-1 and PAI-2) in normal pregnancies, pre-eclampsia and
hydatidiform mole, Br J Obstet Gynaecol 100(4) (1993) 370-4.

Page 163

References
[188] W. Rath, A. Faridi, J.W. Dudenhausen, HELLP syndrome, J Perinat Med 28(4) (2000)
249-60.
[189] R.B. Schwartz, S.K. Feske, J.F. Polak, U. DeGirolami, A. Iaia, K.M. Beckner, S.M.
Bravo, R.A. Klufas, R.Y. Chai, J.T. Repke, Preeclampsia-eclampsia: clinical and
neuroradiographic

correlates

and

insights

into

the

pathogenesis

of

hypertensive

encephalopathy, Radiology 217(2) (2000) 371-6.
[190] O. Demirtas, F. Gelal, B.D. Vidinli, L.O. Demirtas, E. Uluc, A. Baloglu, Cranial MR
imaging with clinical correlation in preeclampsia and eclampsia, Diagn Interv Radiol 11(4)
(2005) 189-94.
[191] L.C. Chappell, P.T. Seed, A.L. Briley, F.J. Kelly, R. Lee, B.J. Hunt, K. Parmar, S.J.
Bewley, A.H. Shennan, P.J. Steer, L. Poston, Effect of antioxidants on the occurrence of preeclampsia in women at increased risk: a randomised trial, Lancet 354(9181) (1999) 810-6.
[192] J.M. Roberts, L. Myatt, C.Y. Spong, E.A. Thom, J.C. Hauth, K.J. Leveno, G.D.
Pearson, R.J. Wapner, M.W. Varner, J.M. Thorp, Jr., B.M. Mercer, A.M. Peaceman, S.M.
Ramin, M.W. Carpenter, P. Samuels, A. Sciscione, M. Harper, W.J. Smith, G. Saade, Y.
Sorokin, G.B. Anderson, H. Eunice Kennedy Shriver National Institute of Child, N. Human
Development Maternal-Fetal Medicine Units, Vitamins C and E to prevent complications of
pregnancy-associated hypertension, N Engl J Med 362(14) (2010) 1282-91.
[193] L. Poston, A.L. Briley, P.T. Seed, F.J. Kelly, A.H. Shennan, V.i.P.-e.V.T. Consortium,
Vitamin C and vitamin E in pregnant women at risk for pre-eclampsia (VIP trial): randomised
placebo-controlled trial, Lancet 367(9517) (2006) 1145-54.
[194] I.M. Rietjens, M.G. Boersma, L. Haan, B. Spenkelink, H.M. Awad, N.H. Cnubben, J.J.
van Zanden, H. Woude, G.M. Alink, J.H. Koeman, The pro-oxidant chemistry of the natural
antioxidants vitamin C, vitamin E, carotenoids and flavonoids, Environ Toxicol Pharmacol
11(3-4) (2002) 321-33.
[195] L.M. Bodnar, G. Tang, R.B. Ness, G. Harger, J.M. Roberts, Periconceptional
multivitamin use reduces the risk of preeclampsia, Am J Epidemiol 164(5) (2006) 470-7.

Page 164

References
[196] L. Duley, D.J. Henderson-Smart, S. Meher, J.F. King, Antiplatelet agents for
preventing pre-eclampsia and its complications, Cochrane Database Syst Rev (2) (2007)
CD004659.
[197] L.M. Askie, L. Duley, D.J. Henderson-Smart, L.A. Stewart, P.C. Group, Antiplatelet
agents for prevention of pre-eclampsia: a meta-analysis of individual patient data, Lancet
369(9575) (2007) 1791-8.
[198] E. Bujold, S. Roberge, Y. Lacasse, M. Bureau, F. Audibert, S. Marcoux, J.C. Forest, Y.
Giguere, Prevention of preeclampsia and intrauterine growth restriction with aspirin started in
early pregnancy: a meta-analysis, Obstet Gynecol 116(2 Pt 1) (2010) 402-14.
[199] G.S. Moore, A.A. Allshouse, A.L. Post, H.L. Galan, K.D. Heyborne, Early initiation of
low-dose aspirin for reduction in preeclampsia risk in high-risk women: a secondary analysis
of the MFMU High-Risk Aspirin Study, J Perinatol 35(5) (2015) 328-31.
[200] R. Thadhani, T. Kisner, H. Hagmann, V. Bossung, S. Noack, W. Schaarschmidt, A.
Jank, A. Kribs, O.A. Cornely, C. Kreyssig, L. Hemphill, A.C. Rigby, S. Khedkar, T.H.
Lindner, P. Mallmann, H. Stepan, S.A. Karumanchi, T. Benzing, Pilot study of extracorporeal
removal of soluble fms-like tyrosine kinase 1 in preeclampsia, Circulation 124(8) (2011) 94050.
[201] T. Dorniak-Wall, R.M. Grivell, G.A. Dekker, W. Hague, J.M. Dodd, The role of Larginine in the prevention and treatment of pre-eclampsia: a systematic review of randomised
trials, J Hum Hypertens 28(4) (2014) 230-5.
[202] J.T. Repke, J. Villar, C. Anderson, G. Pareja, N. Dubin, J.M. Belizan, Biochemical
changes associated with blood pressure reduction induced by calcium supplementation during
pregnancy, Am J Obstet Gynecol 160(3) (1989) 684-90.
[203] G.J. Hofmeyr, T.A. Lawrie, A.N. Atallah, L. Duley, Calcium supplementation during
pregnancy for preventing hypertensive disorders and related problems, Cochrane Database
Syst Rev (8) (2010) CD001059.
[204] M. Maki, T. Kobayashi, T. Terao, T. Ikenoue, K. Satoh, M. Nakabayashi, Y. Sagara, Y.
Kajiwara, M. Urata, Antithrombin therapy for severe preeclampsia: results of a double-blind,

Page 165

References
randomized, placebo-controlled trial. BI51.017 Study Group, Thromb Haemost 84(4) (2000)
583-90.
[205] R.A. Samangaya, G. Mires, A. Shennan, L. Skillern, D. Howe, A. McLeod, P.N. Baker,
A randomised, double-blinded, placebo-controlled study of the phosphodiesterase type 5
inhibitor sildenafil for the treatment of preeclampsia, Hypertens Pregnancy 28(4) (2009) 36982.
[206] M.J. Paidas, B.M. Sibai, E.W. Triche, J. Frieling, S. Lowry, P.-S. Group, Exploring the
role of antithrombin replacement for the treatment of preeclampsia: a prospective randomized
evaluation of the safety and efficacy of recombinant antithrombin in very preterm
preeclampsia (PRESERVE-1), Am J Reprod Immunol 69(6) (2013) 539-44.
[207] A.H. Wagner, T. Kohler, U. Ruckschloss, I. Just, M. Hecker, Improvement of nitric
oxide-dependent vasodilatation by HMG-CoA reductase inhibitors through attenuation of
endothelial superoxide anion formation, Arterioscler Thromb Vasc Biol 20(1) (2000) 61-9.
[208] P.O. Bonetti, L.O. Lerman, C. Napoli, A. Lerman, Statin effects beyond lipid lowering-are they clinically relevant?, Eur Heart J 24(3) (2003) 225-48.
[209] W. Ni, K. Egashira, C. Kataoka, S. Kitamoto, M. Koyanagi, S. Inoue, A. Takeshita,
Antiinflammatory and antiarteriosclerotic actions of HMG-CoA reductase inhibitors in a rat
model of chronic inhibition of nitric oxide synthesis, Circ Res 89(5) (2001) 415-21.
[210] K.A. Fox, M. Longo, E. Tamayo, T. Kechichian, E. Bytautiene, G.D. Hankins, G.R.
Saade, M.M. Costantine, Effects of pravastatin on mediators of vascular function in a mouse
model of soluble Fms-like tyrosine kinase-1-induced preeclampsia, Am J Obstet Gynecol
205(4) (2011) 366 e1-5.
[211] M.M. Costantine, E. Tamayo, F. Lu, E. Bytautiene, M. Longo, G.D. Hankins, G.R.
Saade, Using pravastatin to improve the vascular reactivity in a mouse model of soluble fmslike tyrosine kinase-1-induced preeclampsia, Obstet Gynecol 116(1) (2010) 114-20.
[212] O. Hernandez-Perera, D. Perez-Sala, J. Navarro-Antolin, R. Sanchez-Pascuala, G.
Hernandez, C. Diaz, S. Lamas, Effects of the 3-hydroxy-3-methylglutaryl-CoA reductase
inhibitors, atorvastatin and simvastatin, on the expression of endothelin-1 and endothelial
nitric oxide synthase in vascular endothelial cells, J Clin Invest 101(12) (1998) 2711-9.
Page 166

References
[213] K. Kumasawa, M. Ikawa, H. Kidoya, H. Hasuwa, T. Saito-Fujita, Y. Morioka, N.
Takakura, T. Kimura, M. Okabe, Pravastatin induces placental growth factor (PGF) and
ameliorates preeclampsia in a mouse model, Proc Natl Acad Sci U S A 108(4) (2011) 1451-5.
[214] R. Adya, B.K. Tan, A. Punn, J. Chen, H.S. Randeva, Visfatin induces human
endothelial VEGF and MMP-2/9 production via MAPK and PI3K/Akt signalling pathways:
novel insights into visfatin-induced angiogenesis, Cardiovasc Res 78(2) (2008) 356-65.
[215] M.M. Costantine, K. Cleary, H. Eunice Kennedy Shriver National Institute of Child, N.
Human Development Obstetric--Fetal Pharmacology Research Units, Pravastatin for the
prevention of preeclampsia in high-risk pregnant women, Obstet Gynecol 121(2 Pt 1) (2013)
349-53.
[216] N. Kweider, B. Huppertz, M. Kadyrov, W. Rath, T. Pufe, C.J. Wruck, A possible
protective role of Nrf2 in preeclampsia, Ann Anat 196(5) (2014) 268-77.
[217] M.A. Aminzadeh, S.A. Reisman, N.D. Vaziri, S. Shelkovnikov, S.H. Farzaneh, M.
Khazaeli, C.J. Meyer, The synthetic triterpenoid RTA dh404 (CDDO-dhTFEA) restores
endothelial function impaired by reduced Nrf2 activity in chronic kidney disease, Redox Biol
1 (2013) 527-31.
[218] Y. Zhang, M. Sano, K. Shinmura, K. Tamaki, Y. Katsumata, T. Matsuhashi, S.
Morizane, H. Ito, T. Hishiki, J. Endo, H. Zhou, S. Yuasa, R. Kaneda, M. Suematsu, K.
Fukuda, 4-hydroxy-2-nonenal protects against cardiac ischemia-reperfusion injury via the
Nrf2-dependent pathway, J Mol Cell Cardiol 49(4) (2010) 576-86.
[219] A. Kode, S. Rajendrasozhan, S. Caito, S.-R. Yang, I.L. Megson, I. Rahman, Resveratrol
induces glutathione synthesis by activation of Nrf2 and protects against cigarette smokemediated oxidative stress in human lung epithelial cells, Am J Physiol Lung Cell Mol Physiol
294(3) (2008) L478-88.
[220] N.M. Reddy, S.R. Kleeberger, T.W. Kensler, M. Yamamoto, P.M. Hassoun, S.P.
Reddy, Disruption of Nrf2 impairs the resolution of hyperoxia-induced acute lung injury and
inflammation in mice, The Journal of Immunology 182(11) (2009) 7264-71.

Page 167

References
[221] A. Ahmed, M. Rahman, X. Zhang, C.H. Acevedo, S. Nijjar, I. Rushton, B. Bussolati, J.
St John, Induction of placental heme oxygenase-1 is protective against TNFalpha-induced
cytotoxicity and promotes vessel relaxation, Mol Med 6(5) (2000) 391-409.
[222] X.L. Chen, G. Dodd, S. Thomas, X. Zhang, M.A. Wasserman, B.H. Rovin, C. Kunsch,
Activation of Nrf2/ARE pathway protects endothelial cells from oxidant injury and inhibits
inflammatory gene expression, Am J Physiol Heart Circ Physiol 290(5) (2006) H1862-70.
[223] Z. Ungvari, Z. Bagi, A. Feher, F.A. Recchia, W.E. Sonntag, K. Pearson, R. de Cabo, A.
Csiszar, Resveratrol confers endothelial protection via activation of the antioxidant
transcription factor Nrf2, AJP: Heart and Circulatory Physiology 299(1) (2010) H18-24.
[224] K. Itoh, J. Mimura, M. Yamamoto, Discovery of the negative regulator of Nrf2, Keap1:
a historical overview, Antioxid Redox Signal 13(11) (2010) 1665-78.
[225] K. Itoh, T. Chiba, S. Takahashi, T. Ishii, K. Igarashi, Y. Katoh, T. Oyake, N. Hayashi,
K. Satoh, I. Hatayama, M. Yamamoto, Y. Nabeshima, An Nrf2/small Maf heterodimer
mediates the induction of phase II detoxifying enzyme genes through antioxidant response
elements, Biochem Biophys Res Commun 236(2) (1997) 313-22.
[226] N. Kweider, B. Huppertz, C.J. Wruck, R. Beckmann, W. Rath, T. Pufe, M. Kadyrov, A
role for Nrf2 in redox signalling of the invasive extravillous trophoblast in severe early onset
IUGR associated with preeclampsia, PLoS One 7(10) (2012) e47055.
[227] C.J. Wruck, B. Huppertz, P. Bose, L.O. Brandenburg, T. Pufe, M. Kadyrov, Role of a
fetal defence mechanism against oxidative stress in the aetiology of preeclampsia,
Histopathology 55(1) (2009) 102-6.
[228] Y. Chigusa, K. Tatsumi, E. Kondoh, K. Fujita, F. Nishimura, H. Mogami, I. Konishi,
Decreased lectin-like oxidized LDL receptor 1 (LOX-1) and low Nrf2 activation in placenta
are involved in preeclampsia, J Clin Endocrinol Metab 97(10) (2012) E1862-70.
[229] H. Zhu, K. Itoh, M. Yamamoto, J.L. Zweier, Y. Li, Role of Nrf2 signaling in regulation
of antioxidants and phase 2 enzymes in cardiac fibroblasts: protection against reactive oxygen
and nitrogen species-induced cell injury, FEBS Lett 579(14) (2005) 3029-36.

Page 168

References
[230] J. Ren, C. Fan, N. Chen, J. Huang, Q. Yang, Resveratrol pretreatment attenuates
cerebral ischemic injury by upregulating expression of transcription factor Nrf2 and HO-1 in
rats, Neurochem Res 36(12) (2011) 2352-62.
[231] Y. Wei, J. Gong, T. Yoshida, C.G. Eberhart, Z. Xu, P. Kombairaju, M.B. Sporn, J.T.
Handa, E.J. Duh, Nrf2 has a protective role against neuronal and capillary degeneration in
retinal ischemia-reperfusion injury, Free Radic Biol Med 51(1) (2011) 216-24.
[232] H.Y. Yoon, N.I. Kang, H.K. Lee, K.Y. Jang, J.W. Park, B.H. Park, Sulforaphane
protects kidneys against ischemia-reperfusion injury through induction of the Nrf2-dependent
phase 2 enzyme, Biochem Pharmacol 75(11) (2008) 2214-23.
[233] H.D. Zhao, F. Zhang, G. Shen, Y.B. Li, Y.H. Li, H.R. Jing, L.F. Ma, J.H. Yao, X.F.
Tian, Sulforaphane protects liver injury induced by intestinal ischemia reperfusion through
Nrf2-ARE pathway, World J Gastroenterol 16(24) (2010) 3002-10.
[234] E.M. George, K. Cockrell, M. Aranay, E. Csongradi, D.E. Stec, J.P. Granger, Induction
of Heme Oxygenase 1 Attenuates Placental Ischemia-Induced Hypertension, Hypertension
57(5) (2011) 941-948.
[235] Y.M. Kim, H.O. Pae, J.E. Park, Y.C. Lee, J.M. Woo, N.H. Kim, Y.K. Choi, B.S. Lee,
S.R. Kim, H.T. Chung, Heme oxygenase in the regulation of vascular biology: from
molecular mechanisms to therapeutic opportunities, Antioxid Redox Signal 14(1) (2011) 13767.
[236] S. Ruiz, P.E. Pergola, R.A. Zager, N.D. Vaziri, Targeting the transcription factor Nrf2
to ameliorate oxidative stress and inflammation in chronic kidney disease, Kidney Int 83(6)
(2013) 1029-41.
[237] W. Li, T.O. Khor, C. Xu, G. Shen, W.S. Jeong, S. Yu, A.N. Kong, Activation of Nrf2antioxidant signaling attenuates NFkappaB-inflammatory response and elicits apoptosis,
Biochem Pharmacol 76(11) (2008) 1485-9.
[238] C. Chauveau, S. Remy, P.J. Royer, M. Hill, S. Tanguy-Royer, F.X. Hubert, L. Tesson,
R. Brion, G. Beriou, M. Gregoire, R. Josien, M.C. Cuturi, I. Anegon, Heme oxygenase-1
expression inhibits dendritic cell maturation and proinflammatory function but conserves IL10 expression, Blood 106(5) (2005) 1694-702.
Page 169

References
[239] H.O. Pae, G.S. Jeong, H.S. Kim, W.H. Woo, H.Y. Rhew, H.S. Kim, D.H. Sohn, Y.C.
Kim, H.T. Chung, Costunolide inhibits production of tumor necrosis factor-alpha and
interleukin-6 by inducing heme oxygenase-1 in RAW264.7 macrophages, Inflamm Res
56(12) (2007) 520-6.
[240] M. Ahmad, S. Turkseven, C.J. Mingone, S.A. Gupte, M.S. Wolin, N.G. Abraham,
Heme oxygenase-1 gene expression increases vascular relaxation and decreases inducible
nitric oxide synthase in diabetic rats, Cell Mol Biol (Noisy-le-grand) 51(4) (2005) 371-6.
[241] A.L. Kruger, S.J. Peterson, M.L. Schwartzman, H. Fusco, J.A. McClung, M. Weiss, S.
Shenouda, A.I. Goodman, M.S. Goligorsky, A. Kappas, N.G. Abraham, Up-regulation of
heme oxygenase provides vascular protection in an animal model of diabetes through its
antioxidant and antiapoptotic effects, J Pharmacol Exp Ther 319(3) (2006) 1144-52.
[242] M. Cudmore, S. Ahmad, B. Al-Ani, T. Fujisawa, H. Coxall, K. Chudasama, L.R.
Devey, S.J. Wigmore, A. Abbas, P.W. Hewett, A. Ahmed, Negative regulation of soluble Flt1 and soluble endoglin release by heme oxygenase-1, Circulation 115(13) (2007) 1789-97.
[243] E.M. George, D. Colson, J. Dixon, A.C. Palei, J.P. Granger, Heme Oxygenase-1
Attenuates Hypoxia-Induced sFlt-1 and Oxidative Stress in Placental Villi through Its
Metabolic Products CO and Bilirubin, Int J Hypertens 2012 (2012) 486053.
[244] K. Onda, S. Tong, A. Nakahara, M. Kondo, H. Monchusho, T. Hirano, T. Kaitu'u-Lino,
S. Beard, N. Binder, L. Tuohey, F. Brownfoot, N.J. Hannan, Sofalcone upregulates the
nuclear factor (erythroid-derived 2)-like 2/heme oxygenase-1 pathway, reduces soluble fmslike tyrosine kinase-1, and quenches endothelial dysfunction: potential therapeutic for
preeclampsia, Hypertension 65(4) (2015) 855-62.
[245] G.J. Inman, F.J. Nicolas, J.F. Callahan, J.D. Harling, L.M. Gaster, A.D. Reith, N.J.
Laping, C.S. Hill, SB-431542 is a potent and specific inhibitor of transforming growth factorbeta superfamily type I activin receptor-like kinase (ALK) receptors ALK4, ALK5, and
ALK7, Mol Pharmacol 62(1) (2002) 65-74.
[246] A. Hemmati-Brivanlou, O.G. Kelly, D.A. Melton, Follistatin, an antagonist of activin,
is expressed in the Spemann organizer and displays direct neuralizing activity, Cell 77(2)
(1994) 283-95.
Page 170

References
[247] C. Cajochen, K. Krauchi, A. Wirz-Justice, Role of melatonin in the regulation of human
circadian rhythms and sleep, J Neuroendocrinol 15(4) (2003) 432-7.
[248] D. Lanoix, H. Beghdadi, J. Lafond, C. Vaillancourt, Human placental trophoblasts
synthesize melatonin and express its receptors, J Pineal Res 45(1) (2008) 50-60.
[249] Y. Okatani, K. Okamoto, K. Hayashi, A. Wakatsuki, S. Tamura, Y. Sagara, Maternalfetal transfer of melatonin in pregnant women near term, J Pineal Res 25(3) (1998) 129-34.
[250] H.G. Richter, J.A. Hansell, S. Raut, D.A. Giussani, Melatonin improves placental
efficiency and birth weight and increases the placental expression of antioxidant enzymes in
undernourished pregnancy, J Pineal Res 46(4) (2009) 357-64.
[251] S. Jimenez-Jorge, J.M. Guerrero, A.J. Jimenez-Caliani, M.C. Naranjo, P.J. Lardone, A.
Carrillo-Vico, C. Osuna, P. Molinero, Evidence for melatonin synthesis in the rat brain during
development, J Pineal Res 42(3) (2007) 240-6.
[252] H. Wang, L. Li, M. Zhao, Y.H. Chen, Z.H. Zhang, C. Zhang, Y.L. Ji, X.H. Meng, D.X.
Xu, Melatonin alleviates lipopolysaccharide-induced placental cellular stress response in
mice, J Pineal Res 50(4) (2011) 418-26.
[253] C.K. Lee, D.H. Moon, C.S. Shin, H. Kim, Y.D. Yoon, H.S. Kang, B.J. Lee, S.G. Kang,
Circadian expression of Mel1a and PL-II genes in placenta: effects of melatonin on the PL-II
gene expression in the rat placenta, Mol Cell Endocrinol 200(1-2) (2003) 57-66.
[254] D. Lanoix, P. Guerin, C. Vaillancourt, Placental melatonin production and melatonin
receptor expression are altered in preeclampsia: new insights into the role of this hormone in
pregnancy, J Pineal Res 53(4) (2012) 417-25.
[255] K.H. Jung, S.W. Hong, H.M. Zheng, D.H. Lee, S.S. Hong, Melatonin downregulates
nuclear erythroid 2-related factor 2 and nuclear factor-kappaB during prevention of oxidative
liver injury in a dimethylnitrosamine model, J Pineal Res 47(2) (2009) 173-83.
[256] D.N. Tripathi, G.B. Jena, Effect of melatonin on the expression of Nrf2 and NF-kappaB
during cyclophosphamide-induced urinary bladder injury in rat, J Pineal Res 48(4) (2010)
324-31.

Page 171

References
[257] E. Sewerynek, R.J. Reiter, D. Melchiorri, G.G. Ortiz, A. Lewinski, Oxidative damage
in the liver induced by ischemia-reperfusion: protection by melatonin, Hepatogastroenterology 43(10) (1996) 898-905.
[258] C.A. De La Lastra, J. Cabeza, V. Motilva, M.J. Martin, Melatonin protects against
gastric ischemia-reperfusion injury in rats, J Pineal Res 23(2) (1997) 47-52.
[259] D.X. Tan, L.C. Manchester, R.J. Reiter, W. Qi, S.J. Kim, G.H. El-Sokkary,
Ischemia/reperfusion-induced arrhythmias in the isolated rat heart: prevention by melatonin, J
Pineal Res 25(3) (1998) 184-91.
[260] K. Sinha, M.N. Degaonkar, N.R. Jagannathan, Y.K. Gupta, Effect of melatonin on
ischemia reperfusion injury induced by middle cerebral artery occlusion in rats, Eur J
Pharmacol 428(2) (2001) 185-92.
[261] Y. Okatani, A. Wakatsuki, K. Shinohara, K. Taniguchi, T. Fukaya, Melatonin protects
against oxidative mitochondrial damage induced in rat placenta by ischemia and reperfusion,
J Pineal Res 31(2) (2001) 173-8.
[262] H. Girouard, C. Chulak, M. Lejossec, D. Lamontagne, J. de Champlain, Vasorelaxant
effects of the chronic treatment with melatonin on mesenteric artery and aorta of
spontaneously hypertensive rats, J Hypertens 19(8) (2001) 1369-77.
[263] F.A. Scheer, G.A. Van Montfrans, E.J. van Someren, G. Mairuhu, R.M. Buijs, Daily
nighttime melatonin reduces blood pressure in male patients with essential hypertension,
Hypertension 43(2) (2004) 192-7.
[264] C. Sartori, P. Dessen, C. Mathieu, A. Monney, J. Bloch, P. Nicod, U. Scherrer, H.
Duplain, Melatonin improves glucose homeostasis and endothelial vascular function in highfat diet-fed insulin-resistant mice, Endocrinology 150(12) (2009) 5311-7.
[265] Z.P. Hu, X.L. Fang, N. Fang, X.B. Wang, H.Y. Qian, Z. Cao, Y. Cheng, B.N. Wang, Y.
Wang, Melatonin ameliorates vascular endothelial dysfunction, inflammation, and
atherosclerosis by suppressing the TLR4/NF-kappaB system in high-fat-fed rabbits, J Pineal
Res 55(4) (2013) 388-98.

Page 172

References
[266] T. Nakao, H. Morita, K. Maemura, E. Amiya, T. Inajima, Y. Saito, M. Watanabe, I.
Manabe, M. Kurabayashi, R. Nagai, I. Komuro, Melatonin ameliorates angiotensin II-induced
vascular endothelial damage via its antioxidative properties, J Pineal Res 55(3) (2013) 28793.
[267] A. Many, C.A. Hubel, S.J. Fisher, J.M. Roberts, Y. Zhou, Invasive cytotrophoblasts
manifest evidence of oxidative stress in preeclampsia, Am J Pathol 156(1) (2000) 321-31.
[268] A.B. Karabulut, A. Kafkasli, F. Burak, E.M. Gozukara, Maternal and fetal plasma
adenosine deaminase, xanthine oxidase and malondialdehyde levels in pre-eclampsia, Cell
biochemistry and function 23(4) (2005) 279-83.
[269] A. Malek, R. Sager, H. Schneider, Effect of hypoxia, oxidative stress and
lipopolysaccharides on the release of prostaglandins and cytokines from human term
placental explants, Placenta 22 Suppl A (2001) S45-50.
[270] H. Li, B. Gu, Y. Zhang, D.F. Lewis, Y. Wang, Hypoxia-induced increase in soluble Flt1 production correlates with enhanced oxidative stress in trophoblast cells from the human
placenta, Placenta 26(2-3) (2005) 210-7.
[271] A. Kobayashi, M.I. Kang, H. Okawa, M. Ohtsuji, Y. Zenke, T. Chiba, K. Igarashi, M.
Yamamoto, Oxidative stress sensor Keap1 functions as an adaptor for Cul3-based E3 ligase
to regulate proteasomal degradation of Nrf2, Mol Cell Biol 24(16) (2004) 7130-9.
[272] A. Kobayashi, M.I. Kang, Y. Watai, K.I. Tong, T. Shibata, K. Uchida, M. Yamamoto,
Oxidative and electrophilic stresses activate Nrf2 through inhibition of ubiquitination activity
of Keap1, Mol Cell Biol 26(1) (2006) 221-9.
[273] N.S. Sunderland, S.E. Thomson, S.J. Heffernan, S. Lim, J. Thompson, R. Ogle, P.
McKenzie, P.J. Kirwan, A. Makris, A. Hennessy, Tumor necrosis factor alpha induces a
model of preeclampsia in pregnant baboons (Papio hamadryas), Cytokine 56(2) (2011) 192-9.
[274] T. Cindrova-Davies, D.A. Sanders, G.J. Burton, D.S. Charnock-Jones, Soluble FLT1
sensitizes endothelial cells to inflammatory cytokines by antagonizing VEGF receptormediated signalling, Cardiovascular Research 89(3) (2011) 671-9.

Page 173

References
[275] L.I. Kornblihtt, L. Finocchiaro, F.C. Molinas, Inhibitory effect of melatonin on platelet
activation induced by collagen and arachidonic acid, J Pineal Res 14(4) (1993) 184-91.
[276] M.W. Hung, G.M. Kravtsov, C.F. Lau, A.M. Poon, G.L. Tipoe, M.L. Fung, Melatonin
ameliorates endothelial dysfunction, vascular inflammation, and systemic hypertension in rats
with chronic intermittent hypoxia, J Pineal Res 55(3) (2013) 247-56.
[277] E.M. George, J.P. Granger, Endothelin: key mediator of hypertension in preeclampsia,
Am J Hypertens 24(9) (2011) 964-9.
[278] K.W. Florijn, F.H. Derkx, W. Visser, J.A. Hofman, F.M. Rosmalen, H.C. Wallenburg,
M.A. Schalekamp, Plasma immunoreactive endothelin-1 in pregnant women with and
without pre-eclampsia, J Cardiovasc Pharmacol 17 Suppl 7 (1991) S446-8.
[279] A. Banning, R. Brigelius-Flohe, NF-kappaB, Nrf2, and HO-1 interplay in redoxregulated VCAM-1 expression, Antioxid Redox Signal 7(7-8) (2005) 889-99.
[280] A. Rahman, J. Kefer, M. Bando, W.D. Niles, A.B. Malik, E-selectin expression in
human endothelial cells by TNF-alpha-induced oxidant generation and NF-kappaB activation,
Am J Physiol 275(3 Pt 1) (1998) L533-44.
[281] N. Hadad, L. Tuval, V. Elgazar-Carmom, R. Levy, R. Levy, Endothelial ICAM-1
protein induction is regulated by cytosolic phospholipase A2alpha via both NF-kappaB and
CREB transcription factors, J Immunol 186(3) (2011) 1816-27.
[282] A. Cuadrado, Z. Martin-Moldes, J. Ye, I. Lastres-Becker, Transcription factors NRF2
and NF-kappaB are coordinated effectors of the Rho family, GTP-binding protein RAC1
during inflammation, J Biol Chem 289(22) (2014) 15244-58.
[283] G. Negi, A. Kumar, S.S. Sharma, Melatonin modulates neuroinflammation and
oxidative stress in experimental diabetic neuropathy: effects on NF-kappaB and Nrf2
cascades, J Pineal Res 50(2) (2011) 124-31.
[284] M. Sasaki, P. Jordan, T. Joh, M. Itoh, M. Jenkins, K. Pavlick, A. Minagar, S.J.
Alexander, Melatonin reduces TNF-a induced expression of MAdCAM-1 via inhibition of
NF-kappaB, BMC Gastroenterol 2 (2002) 9.

Page 174

References
[285] N. Marui, M.K. Offermann, R. Swerlick, C. Kunsch, C.A. Rosen, M. Ahmad, R.W.
Alexander, R.M. Medford, Vascular cell adhesion molecule-1 (VCAM-1) gene transcription
and expression are regulated through an antioxidant-sensitive mechanism in human vascular
endothelial cells, J Clin Invest 92(4) (1993) 1866-74.
[286] M. Zerfaoui, Y. Suzuki, A.S. Naura, C.P. Hans, C. Nichols, A.H. Boulares, Nuclear
translocation of p65 NF-kappaB is sufficient for VCAM-1, but not ICAM-1, expression in
TNF-stimulated smooth muscle cells: Differential requirement for PARP-1 expression and
interaction, Cell Signal 20(1) (2008) 186-94.
[287] J.C. Kang, M. Ahn, Y.S. Kim, C. Moon, Y. Lee, M.B. Wie, Y.J. Lee, T. Shin,
Melatonin ameliorates autoimmune encephalomyelitis through suppression of intercellular
adhesion molecule-1, J Vet Sci 2(2) (2001) 85-9.
[288] W. Qin, W. Lu, H. Li, X. Yuan, B. Li, Q. Zhang, R. Xiu, Melatonin inhibits IL1betainduced MMP9 expression and activity in human umbilical vein endothelial cells by
suppressing NF-kappaB activation, J Endocrinol 214(2) (2012) 145-53.
[289] X. Yuan, B. Li, H. Li, R. Xiu, Melatonin inhibits IL-1beta-induced monolayer
permeability of human umbilical vein endothelial cells via Rac activation, J Pineal Res 51(2)
(2011) 220-5.
[290] N.O. Alers, G. Jenkin, S.L. Miller, E.M. Wallace, Antenatal melatonin as an
antioxidant in human pregnancies complicated by fetal growth restriction--a phase I pilot
clinical trial: study protocol, BMJ open 3(12) (2013) e004141.
[291] B.M. Sibai, J.R. Barton, Expectant management of severe preeclampsia remote from
term: patient selection, treatment, and delivery indications, Am J Obstet Gynecol 196(6)
(2007) 514 e1-9.
[292] J.W. Fahey, Y. Zhang, P. Talalay, Broccoli sprouts: an exceptionally rich source of
inducers of enzymes that protect against chemical carcinogens, Proc Natl Acad Sci U S A
94(19) (1997) 10367-72.
[293] G.S. Shehatou, G.M. Suddek, Sulforaphane attenuates the development of
atherosclerosis and improves endothelial dysfunction in hypercholesterolemic rabbits, Exp
Biol Med (Maywood) 241(4) (2016) 426-36.
Page 175

References
[294] M. Xue, Q. Qian, A. Adaikalakoteswari, N. Rabbani, R. Babaei-Jadidi, P.J. Thornalley,
Activation of NF-E2-related factor-2 reverses biochemical dysfunction of endothelial cells
induced by hyperglycemia linked to vascular disease, Diabetes 57(10) (2008) 2809-17.
[295] M. Zakkar, K. Van der Heiden, A. Luong le, H. Chaudhury, S. Cuhlmann, S.S.
Hamdulay, R. Krams, I. Edirisinghe, I. Rahman, H. Carlsen, D.O. Haskard, J.C. Mason, P.C.
Evans, Activation of Nrf2 in endothelial cells protects arteries from exhibiting a
proinflammatory state, Arterioscler Thromb Vasc Biol 29(11) (2009) 1851-7.
[296] H. Pan, M. He, R. Liu, N.C. Brecha, A.C. Yu, M. Pu, Sulforaphane protects rodent
retinas against ischemia-reperfusion injury through the activation of the Nrf2/HO-1
antioxidant pathway, PLoS One 9(12) (2014) e114186.
[297] J.W. Fahey, P. Talalay, Antioxidant functions of sulforaphane: a potent inducer of
Phase II detoxication enzymes, Food Chem Toxicol 37(9-10) (1999) 973-9.
[298] M.A. Riedl, A. Saxon, D. Diaz-Sanchez, Oral sulforaphane increases Phase II
antioxidant enzymes in the human upper airway, Clin Immunol 130(3) (2009) 244-51.
[299] R.K. Thimmulappa, K.H. Mai, S. Srisuma, T.W. Kensler, M. Yamamoto, S. Biswal,
Identification of Nrf2-regulated genes induced by the chemopreventive agent sulforaphane by
oligonucleotide microarray, Cancer Res 62(18) (2002) 5196-203.
[300] N.A. Philbrook, L.M. Winn, Sub-chronic sulforaphane exposure in CD-1 pregnant mice
enhances maternal NADPH quinone oxidoreductase 1 (NQO1) activity and mRNA
expression of NQO1, glutathione S-transferase, and glutamate-cysteine ligase: potential
implications for fetal protection against toxicant exposure, Reprod Toxicol 43 (2014) 30-7.
[301] S. Basuroy, S. Bhattacharya, C.W. Leffler, H. Parfenova, Nox4 NADPH oxidase
mediates oxidative stress and apoptosis caused by TNF-alpha in cerebral vascular endothelial
cells, Am J Physiol Cell Physiol 296(3) (2009) C422-32.
[302] J. Kahler, S. Mendel, J. Weckmuller, H.D. Orzechowski, C. Mittmann, R. Koster, M.
Paul, T. Meinertz, T. Munzel, Oxidative stress increases synthesis of big endothelin-1 by
activation of the endothelin-1 promoter, J Mol Cell Cardiol 32(8) (2000) 1429-37.

Page 176

References
[303] U. Landmesser, S. Dikalov, S.R. Price, L. McCann, T. Fukai, S.M. Holland, W.E.
Mitch, D.G. Harrison, Oxidation of tetrahydrobiopterin leads to uncoupling of endothelial
cell nitric oxide synthase in hypertension, J Clin Invest 111(8) (2003) 1201-9.
[304] I.A. Krizbai, H. Bauer, N. Bresgen, P.M. Eckl, A. Farkas, E. Szatmari, A. Traweger, K.
Wejksza, H.C. Bauer, Effect of oxidative stress on the junctional proteins of cultured cerebral
endothelial cells, Cell Mol Neurobiol 25(1) (2005) 129-39.
[305] M.E. Pueyo, W. Gonzalez, A. Nicoletti, F. Savoie, J.F. Arnal, J.B. Michel, Angiotensin
II stimulates endothelial vascular cell adhesion molecule-1 via nuclear factor-kappaB
activation induced by intracellular oxidative stress, Arterioscler Thromb Vasc Biol 20(3)
(2000) 645-51.
[306] J.J. Chiu, P.L. Lee, C.N. Chen, C.I. Lee, S.F. Chang, L.J. Chen, S.C. Lien, Y.C. Ko, S.
Usami, S. Chien, Shear stress increases ICAM-1 and decreases VCAM-1 and E-selectin
expressions induced by tumor necrosis factor-[alpha] in endothelial cells, Arterioscler
Thromb Vasc Biol 24(1) (2004) 73-9.
[307] Y. Hosokawa, I. Hosokawa, K. Ozaki, H. Nakae, T. Matsuo, Cytokines differentially
regulate ICAM-1 and VCAM-1 expression on human gingival fibroblasts, Clin Exp Immunol
144(3) (2006) 494-502.
[308] E. Heiss, C. Gerhauser, Time-dependent modulation of thioredoxin reductase activity
might contribute to sulforaphane-mediated inhibition of NF-kappaB binding to DNA,
Antioxid Redox Signal 7(11-12) (2005) 1601-11.
[309] S.J. Kim, S.Y. Kang, H.H. Shin, H.S. Choi, Sulforaphane inhibits osteoclastogenesis by
inhibiting nuclear factor-kappaB, Mol Cells 20(3) (2005) 364-70.
[310] C. Xu, G. Shen, C. Chen, C. Gelinas, A.N. Kong, Suppression of NF-kappaB and NFkappaB-regulated gene expression by sulforaphane and PEITC through IkappaBalpha, IKK
pathway in human prostate cancer PC-3 cells, Oncogene 24(28) (2005) 4486-95.
[311] Y. Ushida, Suganuma, H., Yanaka, A., Low-Dose of the Sulforaphane Precursor
Glucoraphanin as a Dietary Supplement Induces Chemoprotective Enzymes in Humans, Food
and Nutrition Sciences 6 (2015) 1603-1612.

Page 177

References
[312] G. Jahnke, M. Marr, C. Myers, R. Wilson, G. Travlos, C. Price, Maternal and
developmental toxicity evaluation of melatonin administered orally to pregnant SpragueDawley rats, Toxicol Sci 50(2) (1999) 271-9.
[313] F.P. McCarthy, J.C. Kingdom, L.C. Kenny, S.K. Walsh, Animal models of
preeclampsia; uses and limitations, Placenta 32(6) (2011) 413-9.
[314] N. Sunderland, A. Hennessy, A. Makris, Animal Models of Pre-eclampsia, Am J
Reprod Immunol 65(6) (2011) 533-41.
[315] J.P. Granger, B.B. LaMarca, K. Cockrell, M. Sedeek, C. Balzi, D. Chandler, W.
Bennett, Reduced uterine perfusion pressure (RUPP) model for studying cardiovascular-renal
dysfunction in response to placental ischemia, Methods Mol Med 122 (2006) 383-92.
[316] B.B. LaMarca, W.A. Bennett, B.T. Alexander, K. Cockrell, J.P. Granger, Hypertension
produced by reductions in uterine perfusion in the pregnant rat: role of tumor necrosis factoralpha, Hypertension 46(4) (2005) 1022-5.
[317] D. Chen, H. Wang, H. Huang, M. Dong, Vascular endothelial growth factor attenuates
Nomega-nitro-L-arginine methyl ester-induced preeclampsia-like manifestations in rats, Clin
Exp Hypertens 30(7) (2008) 606-15.
[318] C. Yallampalli, R.E. Garfield, Inhibition of nitric oxide synthesis in rats during
pregnancy produces signs similar to those of preeclampsia, Am J Obstet Gynecol 169(5)
(1993) 1316-20.
[319] R.L. Davisson, D.S. Hoffmann, G.M. Butz, G. Aldape, G. Schlager, D.C. Merrill, S.
Sethi, R.M. Weiss, J.N. Bates, Discovery of a spontaneous genetic mouse model of
preeclampsia, Hypertension 39(2 Pt 2) (2002) 337-42.
[320] K. Kanasaki, K. Palmsten, H. Sugimoto, S. Ahmad, Y. Hamano, L. Xie, S. Parry, H.G.
Augustin, V.H. Gattone, J. Folkman, J.F. Strauss, R. Kalluri, Deficiency in catechol-Omethyltransferase and 2-methoxyoestradiol is associated with pre-eclampsia, Nature
453(7198) (2008) 1117-21.

Page 178

References
[321] J. Luo, Z.L. Deng, X. Luo, N. Tang, W.X. Song, J. Chen, K.A. Sharff, H.H. Luu, R.C.
Haydon, K.W. Kinzler, B. Vogelstein, T.C. He, A protocol for rapid generation of
recombinant adenoviruses using the AdEasy system, Nat Protoc 2(5) (2007) 1236-47.
[322] P.A. Mills, D.A. Huetteman, B.P. Brockway, L.M. Zwiers, A.J. Gelsema, R.S.
Schwartz, K. Kramer, A new method for measurement of blood pressure, heart rate, and
activity in the mouse by radiotelemetry, J Appl Physiol (1985) 88(5) (2000) 1537-44.
[323] F. Lu, M. Longo, E. Tamayo, W. Maner, A. Al-Hendy, G.D. Anderson, G.D.V.
Hankins, G.R. Saade, The effect of over-expression of sFlt-1 on blood pressure and the
occurrence of other manifestations of preeclampsia in unrestrained conscious pregnant mice,
Am J Obstet Gynecol 196(4) (2007) 396.e1-7; discussion 396.e7.
[324] C.C. Venditti, R. Casselman, I. Young, S.A. Karumanchi, G.N. Smith, Carbon
monoxide prevents hypertension and proteinuria in an adenovirus sFlt-1 preeclampsia-like
mouse model, PLoS One 9(9) (2014) e106502.
[325] A. Harui, S. Suzuki, S. Kochanek, K. Mitani, Frequency and stability of chromosomal
integration of adenovirus vectors, J Virol 73(7) (1999) 6141-6.
[326] H. Ugai, S. Watanabe, E. Suzuki, H. Tsutsui-Nakata, K.K. Yokoyama, T. Murata,
Stability of a recombinant adenoviral vector: optimization of conditions for storage, transport
and delivery, Jpn J Cancer Res 93(5) (2002) 598-603.
[327] D.M. Shayakhmetov, Z.Y. Li, A. Gaggar, H. Gharwan, V. Ternovoi, V. Sandig, A.
Lieber, Genome size and structure determine efficiency of postinternalization steps and gene
transfer of capsid-modified adenovirus vectors in a cell-type-specific manner, J Virol 78(18)
(2004) 10009-22.
[328] A.C. Smith, K.L. Poulin, R.J. Parks, DNA genome size affects the stability of the
adenovirus virion, J Virol 83(4) (2009) 2025-8.
[329] B. Nakakita, H. Mogami, E. Kondoh, T. Tsukamoto, M. Yanagita, I. Konishi, Case of
soluble fms-like tyrosine kinase 1 apheresis in severe pre-eclampsia developed at 15 weeks'
gestation, J Obstet Gynaecol Res 41(10) (2015) 1661-3.

Page 179

References
[330] R. Thadhani, H. Hagmann, W. Schaarschmidt, B. Roth, T. Cingoez, S.A. Karumanchi,
J. Wenger, K.J. Lucchesi, H. Tamez, T. Lindner, A. Fridman, U. Thome, A. Kribs, M.
Danner, S. Hamacher, P. Mallmann, H. Stepan, T. Benzing, Removal of Soluble Fms-Like
Tyrosine Kinase-1 by Dextran Sulfate Apheresis in Preeclampsia, J Am Soc Nephrol (2015).
[331] C. Demeterco, G.M. Beattie, S.A. Dib, A.D. Lopez, A. Hayek, A role for activin A and
betacellulin in human fetal pancreatic cell differentiation and growth, J Clin Endocrinol
Metab 85(10) (2000) 3892-7.
[332] R. Lim, S. Adhikari, S. Gurusinghe, B. Leaw, R. Acharya, R. Rahman, R. Ciayadi, M.
Potdar, G.F. Kelso, M.T. Hearn, E.M. Wallace, Inhibition of activin A signalling in a mouse
model of pre-eclampsia, Placenta 36(8) (2015) 926-31.
[333] J.H. Lee, M.Y. Song, E.K. Song, E.K. Kim, W.S. Moon, M.K. Han, J.W. Park, K.B.
Kwon, B.H. Park, Overexpression of SIRT1 protects pancreatic beta-cells against cytokine
toxicity by suppressing the nuclear factor-kappaB signaling pathway, Diabetes 58(2) (2009)
344-51.
[334] A. Rousseau, S. Petren, J. Plannthin, T. Eklundh, C. Nordin, Serum and cerebrospinal
fluid concentrations of melatonin: a pilot study in healthy male volunteers, J Neural Transm
(Vienna) 106(9-10) (1999) 883-8.
[335] M. Sae-Teaw, J. Johns, N.P. Johns, S. Subongkot, Serum melatonin levels and
antioxidant capacities after consumption of pineapple, orange, or banana by healthy male
volunteers, J Pineal Res 55(1) (2013) 58-64.
[336] O. Vakkuri, J. Leppaluoto, A. Kauppila, Oral administration and distribution of
melatonin in human serum, saliva and urine, Life Sci 37(5) (1985) 489-95.
[337] S.R. Hobson, R. Lim, E.E. Gardiner, N.O. Alers, E.M. Wallace, Phase I pilot clinical
trial of antenatal maternally administered melatonin to decrease the level of oxidative stress
in human pregnancies affected by pre-eclampsia (PAMPR): study protocol, BMJ open 3(9)
(2013) e003788.
[338] V.H. Roberts, L.D. Pound, S.R. Thorn, M.B. Gillingham, K.L. Thornburg, J.E.
Friedman, A.E. Frias, K.L. Grove, Beneficial and cautionary outcomes of resveratrol
supplementation in pregnant nonhuman primates, FASEB J 28(6) (2014) 2466-77.
Page 180

References
[339] K. Liby, T. Hock, M.M. Yore, N. Suh, A.E. Place, R. Risingsong, C.R. Williams, D.B.
Royce, T. Honda, Y. Honda, G.W. Gribble, N. Hill-Kapturczak, A. Agarwal, M.B. Sporn,
The synthetic triterpenoids, CDDO and CDDO-imidazolide, are potent inducers of heme
oxygenase-1 and Nrf2/ARE signaling, Cancer Res 65(11) (2005) 4789-98.
[340] M.S. Yates, M. Tauchi, F. Katsuoka, K.C. Flanders, K.T. Liby, T. Honda, G.W.
Gribble, D.A. Johnson, J.A. Johnson, N.C. Burton, T.R. Guilarte, M. Yamamoto, M.B. Sporn,
T.W. Kensler, Pharmacodynamic characterization of chemopreventive triterpenoids as
exceptionally potent inducers of Nrf2-regulated genes, Mol Cancer Ther 6(1) (2007) 154-62.
[341] C.A. Cluver, S.P. Walker, B.W. Mol, G.B. Theron, D.R. Hall, R. Hiscock, N. Hannan,
S. Tong, Double blind, randomised, placebo-controlled trial to evaluate the efficacy of
esomeprazole to treat early onset pre-eclampsia (PIE Trial): a study protocol, BMJ open 5(10)
(2015) e008211.
[342] K. Onda, N. Hannan, S. Beard, N. Binder, F. Brownfoot, T. Kaitu’u-Lino, L. Tuohey,
R. Hastie, S. Tong, Proton pump inhibitors for treatment of preeclampsia, Pregnancy
Hypertension (2015).
[343] D.M. Paternoster, S. Fantinato, F. Manganelli, M. Milani, U. Nicolini, A. Girolami,
Efficacy of AT in pre-eclampsia: a case-control prospective trial, Thromb Haemost 91(2)
(2004) 283-9.
[344] Z. Derzsy, Z. Prohaszka, J. Rigo, Jr., G. Fust, A. Molvarec, Activation of the
complement system in normal pregnancy and preeclampsia, Mol Immunol 47(7-8) (2010)
1500-6.
[345] R.M. Burwick, B.B. Feinberg, Eculizumab for the treatment of preeclampsia/HELLP
syndrome, Placenta 34(2) (2013) 201-3.
[346] W. Wang, R.A. Irani, Y. Zhang, S.M. Ramin, S.C. Blackwell, L. Tao, R.E. Kellems, Y.
Xia, Autoantibody-mediated complement C3a receptor activation contributes to the
pathogenesis of preeclampsia, Hypertension 60(3) (2012) 712-21.
[347] F.C. Brownfoot, R. Hastie, N.J. Hannan, P. Cannon, L. Tuohey, L.J. Parry, S.
Senadheera, S.E. Illanes, T.J. Kaitu'u-Lino, S. Tong, Metformin as a prevention and treatment

Page 181

References
for preeclampsia: effects on soluble fms-like tyrosine kinase 1 and soluble endoglin secretion
and endothelial dysfunction, Am J Obstet Gynecol (2015).
[348] F.C. Brownfoot, S. Tong, N.J. Hannan, R. Hastie, P. Cannon, L. Tuohey, T.J. Kaitu'uLino, YC-1 reduces placental sFlt-1 and soluble endoglin production and decreases
endothelial dysfunction: A possible therapeutic for preeclampsia, Mol Cell Endocrinol 413
(2015) 202-8.
[349] S. Rana, A. Rajakumar, C. Geahchan, S. Salahuddin, A.S. Cerdeira, S.D. Burke, E.M.
George, J.P. Granger, S.A. Karumanchi, Ouabain inhibits placental sFlt1 production by
repressing HSP27-dependent HIF-1alpha pathway, FASEB J 28(10) (2014) 4324-34.
[350] Y. Zhao, Y.F. Zheng, Q.Q. Luo, T. Yan, X.X. Liu, L. Han, L. Zou, Edaravone inhibits
hypoxia-induced trophoblast-soluble Fms-like tyrosine kinase 1 expression: a possible
therapeutic approach to preeclampsia, Placenta 35(7) (2014) 476-82.
[351] J. Li, B. LaMarca, J.F. Reckelhoff, A model of preeclampsia in rats: the reduced uterine
perfusion pressure (RUPP) model, Am J Physiol Heart Circ Physiol 303(1) (2012) H1-8.
[352] C.M. Anderson, F. Lopez, H.Y. Zhang, K. Pavlish, J.N. Benoit, Reduced uteroplacental
perfusion alters uterine arcuate artery function in the pregnant Sprague-Dawley rat, Biol
Reprod 72(3) (2005) 762-6.
[353] C.M. Isler, W.A. Bennett, A.N. Rinewalt, K.L. Cockrell, J.N. Martin, Jr., J.C.
Morrison, J.P. Granger, Evaluation of a rat model of preeclampsia for HELLP syndrome
characteristics, J Soc Gynecol Investig 10(3) (2003) 151-3.

Page 182

References

Page 183

