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Preamble

Preeclampsia is defined by the Society of Obstetric Medicine of Australia and New Zealand
(SOMANZ) as new onset hypertension after the 20" week of pregnancy with associated
maternal organ dysfunction and/or fetal growth restriction!. This syndrome complicates 2-8%
of pregnancies globally. Every year 15,000 Australian women are diagnosed with
preeclampsia; 60,000 women die worldwide and more than 2 million neonates are delivered
prematurely. Preeclampsia remains a leading cause of maternal and fetal morbidity and
mortality worldwide, and a priority for obstetric research. The burden of disease is particularly
heavy in low resource settings where preeclampsia represents the single greatest cause of
maternal mortality'. The only ‘“cure” for preeclampsia is delivery of the placenta, and
therefore the fetus'-. The challenge facing treating clinicians is balancing the complications of
early delivery for the baby with delayed delivery for the mother. In severe disease, delivery
may be necessary at very early gestations to save the mother’s life. As such, the perinatal
disease burden attributable to preeclampsia is high?. For women, preeclampsia carries the risk
of acute complications including seizure, stroke, renal failure, liver failure and haematological

dysfunction as well as long-term cardiovascular disease®*.

Over recent years, an increased understanding of disease pathogenesis has led to improvements
in prediction®, prevention®’ and diagnosis® of the condition. However, few advancements have
been made in the management of those women with early-onset established disease?°. Once a
woman is diagnosed with preeclampsia, beyond blood pressure control'?, little can be done to
delay disease progression. The improvements in perinatal outcomes from pregnancies
complicated by preeclampsia have largely resulted from advances in neonatal care, allowing
earlier delivery and resolution of the condition?. Future advances in outcomes are likely to now

8

come from widespread uptake of screening and prevention>”$, or from more effective

11,12

treatment, beyond simply managing the hypertension''*. Much scope remains to explore
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novel therapies for the management of established preeclampsia, informed by recent insights
into the mechanisms that underlie the hypertension and end-organ injury of the maternal

syndrome.

Preeclampsia is, by definition, a syndrome; a manifestation of underlying pathological
processes with specific characteristics, as defined by SOMANZ.! However, while the features
of women fit within the diagnostic criteria, the exact underlaying pathophysiology may vary
significantly. The maternal endothelial dysfunction characteristic of preeclampsia is thought to
arise from placental production of antiangiogenic compounds to a degree that overwhelms the
maternal vasculature leading to blood vessel irritation, vasoconstriction and endothelial cell
activation triggering systemic inflammatory cascades!®. In women with placentally driven
disease this is likely due to overwhelming placental production of anti-angiogenic factors in a
stress response to repeated hypoxic-reperfusion injury!3~1>, far in excess of what an even
previously health vasculature can tolerate. Alternatively, the syndrome of preeclampsia may
manifest in women with healthy placentae but whose vasculature is already irritated and cannot
tolerate normal pregnancy production of antiangiogenic compounds. In even healthy
pregnancies, women will have increasing levels of antiangiogenic factors as the placenta
ages'S. However, for women with a previously healthy vasculature, this does not manifest as a
disease state. Women who have pre-existing or underlaying vascular dysfunction will develop
endothelial irritation and present with preeclampsia despite levels of antiangiogenic

compounds that would not cause issue in women with baseline healthy vasculature.

In reality, these pathological processes of vascular and placental disease are likely not discrete
with varying degrees of contribution of each. It is likely however, that the contribution of each
process relates to the timing of presentation. In general women in whom disease is driven by

placental insufficiency likely present earlier than those whose disease is largely of vascular
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origin. As such, the term “early onset preeclampsia” is often used to explain women with
placental insufficiency, while “late onset preeclampsia” is used to describe women with
vascular disease. It must be noted however this is only an association and this stratification of
women is not based on pathology. Because clinical outcomes are generally worse with earlier
presentations, given the progressive nature of the disease, and because, though both currently
termed “preeclampsia” these pathologies are in essence different diseases, this thesis will focus

on disease of placental insufficiency, or “early onset” preeclampsia?.

In a normal pregnancy, spiral arteries, the vessels responsible for placental vascularisation, are
remodelled to become wide diameter, low calibre vessels, to facilitate placental oxygenation

across pregnancy in accordance with increasing fetal demand!”-!8

. In women who subsequently
develop early onset, or placentally driven preeclampsia, shallow remodelling and persistently
vasoactive spiral arteries means the placenta is exposed to repeated hypoxic-reperfusion
injury!®?’. Hypoxic-reperfusion injury impairs mitochondrial electron transport and results in

reactive oxygen species (ROS) build up?!~23

, inducing oxidative stress as endogenous
protective antioxidant mechanisms are progressively overwhelmed. This cellular oxidative
stress is evidenced by superoxide formation, lipid peroxidation and cellular destruction as well
as activation of immune cells?*?>. Supercharged oxygen species damage DNA and alter gene
transcription. In turn, these induce cellular dysfunction including alternate splicing of mRNA,
abnormal protein production and excessive release of various anti-angiogenic factors, such as
the soluble forms of membrane receptors; soluble fms-like tyrosine kinase-1 (sFlt-1), soluble
endoglin (sEng), and activin, with a corresponding reduction in proangiogenic factor placental
growth factor (PIGF) 26-2%, sFlt-1 competitively binds vascular endothelial growth factor
(VEGF), reducing nitric oxide (NO) production and impairing endothelial health**-°, Without

adequate PIGF to support endothelial function, widespread microvascular endothelial

dysfunction follows. Similarly, activin A is a proinflammatory cytokine that triggers a body
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wide inflammatory response. In addition, recurrent and progressive trophoblast injury disrupts
syncytialisation leading to increased shedding of trophoblast debris into the maternal
circulation®!*2, These trophoblast micro emboli activate the maternal inflammatory scavenger
system?* and further add to endothelial dysfunction. Endothelial dysfunction together with
systemic inflammation promotes vascular smooth muscle contraction, which manifests as
hypertension and maternal organ dysfunction; the maternal syndrome of preeclampsia!?-19-33-34,
The role for oxidative stress in the mitochondria, in the placenta and on the maternal

vasculature suggests that antioxidants, particularly those targeting key pathways, offer an

appealing therapeutic option to delay disease progression.

The overarching aim of this PhD was to investigate sulforaphane as a potential adjuvant therapy
for preeclampsia, to be used alongside antihypertensives in women with established disease.
At the outset of these studies, a series of integrated in vitro, ex vivo and clinical studies were
designed to first assess whether sulforaphane offered any protective effects in the placenta
and/or vasculature, to explore mechanisms by which sulforaphane may mediate any such
protection, and to determine the dose of sulforaphane likely required as a therapy. All in aid of
informing the design of a clinical trial to determine the efficacy of a broccoli extract rich in

sulforaphane as an adjuvant therapy for preeclampsia.

By way of introduction to my experimental chapters this thesis includes two reviews. In the
first of these, Chapter one, the literature surrounding the current and future therapeutics
available for the management of preeclampsia is summarised, to better understand the need for
novel and targeted therapies. Chapter two looks at the in vitro, ex vivo and in vivo literature
supporting a role for the antioxidant melatonin as a therapeutic for preeclampsia. From here,
this thesis outlines investigations of the ability of sulforaphane to protect endothelial and

placental cells from preeclamptic-like injury, as shown in Chapter three. This thesis then
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describes further mechanistic investigations, exploring whether sulforaphane can prevent the
damaging effect of hypoxia and superoxides on placental mitochondrial function. These studies
form Chapter four. The experiments of this thesis used in vitro techniques, outlined in Chapter
five, to assess the effect of sulforaphane on the systemic vasculature. Chapter six marked the
beginnings of the clinical translation of this experimental work, through development of a high
throughput method to quantify plasma levels of sulforaphane and active metabolites — a
technique needed for clinical trials of sulforaphane. In the experiments in Chapter seven these
methods are used to evaluate the bioavailability of sulforaphane and metabolites after
administration of two broccoli extract preparations in non-pregnant women and for a limited
dose escalation study in women with hypertensive disorders of pregnancy. Chapter eight
presents a protocol for a phase III randomised control trial administering broccoli extract or

placebo to women with early onset preeclampsia.

Chapter nine of this thesis reflects on the strengths and limitations of the experiments, sharing
insights that are not possible within the word limits of published manuscripts. Finally, this

thesis provides considerations of likely future directions of this and related research.
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Chapter one

Current and emerging pharmacotherapy for emergency management of

preeclampsia

Before outlining experimental studies for an adjuvant therapy for preeclampsia, this thesis
summarises the literature on the current management of preeclampsia, particularly acute
management. The closing paragraphs of this review foreshadow future therapies, including
some of the work this thesis would subsequently include. This review did not detail efforts

made to prevent preeclampsia.

From this review it became apparent that, beyond optimising blood pressure, treatment options
for established preeclampsia remain limited!?. Managing hypertension is important to reduce
stroke risk. However, it largely neglects the underlying pathological processes of the disease
and carries fetal risks by reducing blood flow to an already under-perfused placenta!?*3.
Indeed, there remains much debate about which antihypertensive is most suitable for the
management of preeclampsia'?. Of the four most commonly used antihypertensives, labetalol,
methyldopa, nifidepine and hydralazine, labetalol perhaps generates the most controversy and
debate about possible adverse fetal outcomes associated with use***. Methyldopa, though
safe, has lower efficacy, and hydralazine is generally accepted as only used in emergency
situations with risks of significant fetal effects associated with dramatic reductions in blood
pressure! 244! While optimising blood pressure will always play an essential role in the
management of preeclampsia, and has served the field well in greatly reducing maternal and

perinatal mortality and morbidity, there is a need for disease targeted treatments to address the

underlying placental and vascular oxidative stress of the condition!!.
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This review covers the current management options used for the emergency control of

preeclampsia and cast light on those therapies emerging as potential novel treatments.

The following information was not included in the review however warrants mention in this
thesis. The serotonin 2 receptor antagonist ketanserin may offer benefit in the preeclamptic
population with evidence of a better safety profile, lower rates of HELLP and lower rates of
abruption*? compared to hydralazine. Contention in the evidence surrounding the efficacy of
ketanserin as an antihypertensive may relate to discrepancies in dosing**~#°. It might be that
studies disputing antihypertensive efficacy of ketanserin use inadequate doses, highlighting the
importance of dose-finding before clinical trial**~*°. Ketanserin may offer benefits that extend
beyond diagnosed preeclampsia with reduced rates of preeclampsia in at risk women on oral
ketanserin, compared to placebo in studies of prevention*®. Similarly, no benefits in preventing
preeclampsia have been identified from metformin, also attributed to insufficient doses*’#°.
The gastrointestinal side effects of higher doses of metformin limit clinical utility and capacity

for further dose escalation. Further dose finding may elucidate clinical importance of both

ketanserin and metformin in the prevention and management of preeclampsia.
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ABSTRACT ARTICLE HISTORY
Introduction: Preeclampsia is a disease specific to pregnancy characterised by new onset hypertension Received 19 September 2018
with maternal organ dysfunction and/or fetal growth restriction. It remains a major cause of maternal Accepted 11 January 2019

and perinatal morbidity and mortality. For fifty years, antihypertensives have been the mainstay of KEYWORDS
treating preeclampsia, reducing maternal morbidity and mortality. With increased knowledge of the Preeclampsia;
mechanisms underlying the disease has come opportunities for novel therapies that complement antihypertensives;
antihypertensives by protecting the maternal vasculature. eclampsia; mortality;
Areas covered: In this review, the authors consider, in detail, the antihypertensives commonly used pregnancy
today in the emergency care of women with severe preeclampsia. They also review less common anti-

hypertensive agents and discuss the role of magnesium sulphate in the management of preeclampsia

and the prevention of eclampsia. Finally, they explore novel therapeutics for the acute management of

preeclampsia.

Expert opinion: The rapid control of maternal hypertension will, and must, remain the mainstay of

emergency treatment for women with severe preeclampsia. The role of magnesium sulphate as

a primary prevention for eclampsia is context dependant and should not displace a focus on correcting

blood pressure safely. The exploration of novel adjuvant therapies will likely allow us to prolong

pregnancy longer and improve perinatal outcomes safely for the mother.

1. Introduction Preeclampsia complicates 2-8% of pregnancies. While rates
vary slightly across nations this is mostly due to variable
detection and reporting rather than actual variance in inci-
dence. In all countries, preeclampsia remains a leading cause
of perinatal morbidity and mortality, largely due to iatrogenic
prematurity [5]. While management of hypertension is essen-
tial in reducing maternal morbidity and mortality, ultimately,
delivery of the placenta is the only cure for preeclampsia. The
timing of delivery requires a balance between prolonging
pregnancy to gain sufficient fetal maturity and delivering in
time to prevent serious maternal complications [5]. Despite
this, targeted management options for preeclampsia, to safely
prolong pregnancy, are largely lacking. In essence, treatment
is restricted to the optimisation of maternal blood pressure
[3,6]. This focus on hypertension neglects the underlying
pathological processes of the disease and may increase fetal
risks by reducing blood flow to an already under-perfused
placenta [5]. As such, the stringency of blood pressure control
in preeclampsia has been under debate [7]. Reassuringly, as
will be discussed in detail later, for women with mild-
moderate preeclampsia tight blood pressure control has
been shown to reduce risks of severe disease without increas-
ing the risks of fetal compromise [7,8].

However, while an essential component of manage-
ment, whether blood pressure should be the sole target
for treatment remains debatable. Hypertension, like renal

The term ‘eclampsia’ is derived from the Greek word ‘light-
ening’. It is thought to have been first used by the 2nd-century
Greek philosopher Celsus to describe a seizure disorder
unique to pregnant women that had a strikingly sudden
onset and was associated with disastrous maternal and fetal
consequences [1]. It wasn’t until the mid 19th century that
oedema and proteinuria were identified as preceding the
development of seizures, giving rise to the concept of
a prodromal condition and the introduction of the term ‘pre-
eclampsia’, literally, ‘before the eclampsia’ [2]. Another fifty
years passed before hypertension was recognised as part of
preeclampsia. To this day, it is the hypertension that remains
the key treatment target [2,3], particularly in the emergency
setting. Indeed, until only very recently preeclampsia was
understood to be a disease defined by hypertension and
proteinuria, accompanied by maternal organ dysfunction in
severe disease. However, the recognition that preeclampsia
arises from a dysfunctional placenta and so was frequently
associated with fetal growth restriction, particularly in early-
onset disease, recently led to the inclusion of fetal disease into
the definition. Today, preeclampsia is defined by new onset
hypertension occurring after 20 weeks gestation with asso-
ciated maternal organ dysfunction and/or fetal growth restric-
tion [4].

CONTACT Euan M. Wallace @ euan.wallace@monash.edu @ Department of Obstetrics and Gynaecology, Level 5, Monash Medical Centre, Monash University,
246 Clayton Road, Clayton, Victoria 3168, Australia
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Article highlights

e Tight and rapid blood pressure control remains the mainstay of
emergency management of severe preeclampsia.

o Oral nifedipine and intravenous labetalol are the first line agents of
choice to control blood pressure.

e Magnesium sulphate is the sole agent of choice for the prevention of
eclampsia but blood pressure control is more important.

o Predictive modelling can accurately identify which women require
escalated care.

o Future improvements in care will come from therapies directly tar-
geting endothelial damage

This box summarizes key points contained in the article.

disease or neurological excitability, is merely a reflection of
the underlying organ damage. Specifically, it arises from
maternal endothelial dysfunction secondary to systemic
oxidative stress and excessive release of antiangiogenic
factors, such as soluble fms-like tyrosine kinase 1 (sFlt-1),
activin, and soluble endoglin (sEng), from a chronically and
progressively ischaemic placenta [2]. New insights gleaned
over the past decade have identified the fundamental
mechanisms that underlie preeclampsia, opening a variety
of avenues for novel treatments [3]. It is now accepted that
addressing the pathophysiology behind the disease, rather
than simply controlling blood pressure alone, is integral to
improving maternal and perinatal outcomes [5,9].

In this review we will examine the current use of antihyper-
tensives in the emergency management of preeclampsia and
detail emerging pharmacological interventions that promise to
further reduce the disease burden of the condition. While there
have been important advances in the prevention of preeclamp-
sia, for example through aspirin [10,11] and calcium supplemen-
tation [12], in this review we focus on the pharmacotherapy
available for managing women with established disease.

2. Antihypertensive medications

It is principally the need to reduce the risk of stroke, and the related
morbidity and mortality, that necessitates the urgent use of anti-
hypertensives to treat preeclampsia, particularly in the setting of
severe, uncontrolled hypertension [13-15]. However, blood pres-
sure targets must be balanced with the risk of acute fetal compro-
mise, typically arising in the emergency setting of sudden
reduction in extreme hypertension and fetal growth restriction,
that may accompany over-zealous control of maternal blood pres-
sure. Managing this balance has sparked debate regarding how
aggressively blood pressure should be controlled and which anti-
hypertensive agents should be preferred. At present, the majority
of expert clinical practice guidelines support the use of nifedipine,
labetalol, methyldopa, or hydralazine as first and second line anti-
hypertensives [4,5,16]. Mechanisms of action, and the benefits and
risk of each of these therapeutics will be explored in this
review [17].

2.1. Methyldopa

Discovered in 1960, methyldopa exerts antihypertensive effects
by two central mechanisms that both decrease sympathetic

nervous system drive. First, methyldopa is metabolised to
alpha-methylnoradrenaline, an agonist for centrally (brainstem)
located inhibitory alpha-adrenergic receptors. Activation of
these inhibitory receptors reduces sympathetic drive and lowers
blood pressure. Second, methyldopa is also a competitive inhi-
bitor of aromatic L-amino acid decarboxylase, the enzyme
necessary to convert L-DOPA to dopamine. By reducing the
production of dopamine, the precursor of noradrenaline and
thence adrenaline, methyldopa further reduces sympathetic
drive and lowers blood pressure [17]. Though effective in redu-
cing blood pressure, the central action of methyldopa has
a slight delay in the onset of antihypertensive effects,
typically becoming apparent only some 24 hours after starting
treatment [17]. For this reason, while commonly used in mild to
moderate disease, methyldopa is not an ideal agent for acute or
emergency management of hypertensive crises.

At high doses the mood altering side effects of methyldopa
also limit acceptability, particularly in women with a history of
mood disorders [18]. These limitations can be mitigated by
combining it with another antihypertensive to attain the desired
blood pressure targets at lower doses [17]. Reassuringly, there is
no evidence that methyldopa increases the likelihood of post-
natal depression [19].

The fetal safety profile of methyldopa is well documented.
Indeed, methyldopa was introduced as an antihypertensive sui-
table for pregnancy when Chris Redman, working with John
Bonnar, first reported that its use in 242 hypertensive women
was associated with improved pregnancy outcomes [20]. This
safety profile was subsequently confirmed by a randomised con-
trolled trial of methyldopa in pregnant women with chronic
hypertension, reducing the risks of superimposed preeclampsia
with no apparent maternal or fetal adverse effects [21], and by
longer term follow up of children [22]. So, while not particularly
suitable as an emergency antihypertensive agent, methyldopa
has rightly earned its place as a mainstay therapy for more
chronic treatment.

2.2. Labetalol

Labetalol is an a,f1,82-adrenergic receptor antagonist. It was
specifically created to combine both a- and -adrenergic recep-
tor blocking properties and was the first drug to do so.
Reflecting that dual purpose, labetalol exerts antihypertensive
effects both peripherally, through a -adrenergic blocking, and
centrally at the heart via B1, $2-adrenergic receptor blocking
[17]. The relative balance of these two mechanisms is largely
dependant on treatment duration and mode of administration,
either oral or intravenous (IV). Oral labetalol principally drives
alpha blockade, having a more profound effect on peripheral
vascular resistance [17]. In contrast, IV labetalol equally effects
alpha and beta-receptors influencing peripheral resistance as
well as heart rate and stroke volume [17]. Acute, short term use
induces mainly alpha blockade while chronic exposure is more
likely to impact cardiac contractility and stroke volume via (3-
blockade [17]. An understanding of these differential effects of
route of administration and duration of therapy are important
for the optimum management of a haemodynamically unstable
preeclamptic woman and for an awareness of her risks of
cardiac compromise with sustained high dose treatment.



However, both oral and IV labetalol are commonly used for
blood pressure control in preeclampsia [23]. The availability of
oral and intravenous preparations allows for a two-tiered
approach to the use of labetalol in preeclampsia. Acute hyper-
tensive crises demand IV labetalol for rapid blood pressure
control while oral formulations are ideal for use in chronic
management and milder cases.

In acute hypertensive crises labetalol has been shown to act
significantly faster and be more effective than oral methyldopa
in reducing blood pressure, and was associated with fewer
caesarean sections [24]. Not surprisingly, intravenous labetalol
is ranked highly by clinicians for the management of hyperten-
sion in pregnancy, likely due the perception that intravenous
administration affords faster attainment of the blood pressure
target [23-25]. However, while intravenous labetalol certainly
has a more rapid onset of action that methyldopa, oral nifed-
pine may be just as rapid and easier to deliver [26]. Intravenous
labetalol is also much less likely to impair uterine perfusion and
cause acute fetal compromise that the other commonly used
intravenous antihypertensive, hydralazine [27,28]. That is not to
say that intravenous labetalol is without fetal-neonatal effects.
Neonatal hypotension and bradycardia, secondary to fetal car-
diac beta blockade, can occur even with acute maternal treat-
ment with labetalol [29], albeit these are less common that
acute hypotension caused by hydralazine.

Regarding longer term maintenance of blood pressure con-
trol following management of an acute crisis, oral labetalol is
broadly equivalent to methyldopa [24,30]. However, at least one
group has reported better perinatal outcomes in women treated
with methyldopa [31] compared to beta blockers, including
a lower risk of stillbirth [31]. As with all antihypertensives, labe-
talol should be used cautiously, particularly in the setting of fetal
compromise [32]. Perhaps the most important consideration
regarding labetalol, particularly in the maintenance setting, is
the potential effect on fetal growth. Impaired fetal growth has
been associated with both oral and intravenous labetalol.
Undoubtedly, some of the fetal growth impairment is due to
the placental dysfunction that underlies the preeclampsia but,
when compared to methyldopa, the majority, but not all [33,34],
of studies suggest labetalol increases the risk of fetal growth
restriction [31,32,35,36].

In summary, labetalol has been a favoured antihypertensive
in the management of preeclampsia for over thirty years
[33,34,37,38]. Availability in both intravenous and oral prepara-
tions allows its use in both the emergency and maintenance
management of preeclampsia with lower risks of acute fetal
compromise than hydralazine. An awareness of the need to
monitor fetal growth and wellbeing following acute manage-
ment will ensure good perinatal outcomes.

2.3. Nifedipine

Nifedipine is a dihydropyradine calcium channel blocker that
acts on L-type calcium channels. The first clinical trial reporting
its use as a therapy in preeclampsia was in 1993 [39]. Unlike
other calcium channel blockers, nifedipine is relatively selec-
tive for peripheral smooth muscle and therefore does not
greatly affect cardiac muscle contractility [40]. In this regard
it is also quite different to the beta-blockade actions of
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labetalol. Extensive clinical experience with nifedipine over
the past 20 years has shown it to be a both safe and effective
antihypertensive, particularly in the acute crisis setting [26,41].
Indeed, compared to intravenous labetalol, oral nifedipine
is at least as effective at controlling blood pressure in
a hypertensive crisis [26,42], requiring fewer doses to
achieve desired pressures [26]. While labetalol is associated
with negative ionotropic effects, this is not observed with
nifedipine [26]. Given that severe preeclampsia is
associated with impaired myocardial and endomyocardial
function [43-45] this cardio-protectant property of nifedipine
may be beneficial. Specifically, a lack of a negative ionotropic
effect on an already compromised myocardium may reduce
the risk of pulmonary oedema [46], an important cause of
maternal death [13]. Regarding acute fetal effects, oral nifedi-
pine appears at least as effective [47] and perhaps better [25]
than intravenous labetalol in reducing blood pressure. While
hypotension and excessively rapid reductions in blood pres-
sure have been associated with capsule formulations of nife-
dipine, these are no longer commercially available [48].
Nifedipine has also proven safe and effective in maintaining
normal blood pressure longer term without the higher rates of
fetal growth restriction associated with labetalol [49]. Not
surprisingly, nifedipine has emerged as preferred agent for
both acute and chronic management of preeclampsia.

That is not to say that nifedipine treatment is wholly without
risk. Case reports outline hypocalcaemia [50] and an admission
to intensive care in the context of acute hypoxia — likely related
to respiratory depression — when nifedipine was used for toco-
lysis in threatened preterm delivery [51]. Perhaps most concern-
ing are reports of neuromuscular blockade [52,53] and severe
hypotension when nifedipine was used concurrently with mag-
nesium sulphate (MgSQO,) [40]. However, these risks are gener-
ally associated with underlying pathology and, with the risk at
<1%, are not considered a significant concern at a population
level [54]. The use of nifedipine is certainly not contraindicated
in the setting of MgSQ,, or vice versa [54].

2.4. Hydralazine

Hydralazine is a hydrazinophthalazine. It acts to directly dilate
resistance vessels by inducing smooth muscle relaxation,
thereby reducing peripheral resistance [17]. Hydralazine is par-
ticularly effective in rapidly lowering blood pressure and has
long been a favoured therapy for the acute management of
hypertensive crises, including severe preeclampsia. However,
this sudden reduction in peripheral vascular resistance does
carry risks of profound, acute hypotension that can be difficult
to correct [55]. A meta-analysis by Magee and colleagues
showed consistently higher rates of maternal hypotension
with hydralazine than with either nifedipine or labetalol [55].
In an antenatal setting this is important because such sudden
maternal hypotension is associated with acute changes in uter-
ine perfusion and so in fetal oxygenation and wellbeing. A not
uncommon effect of over-zealous use of hydralazine is acute
fetal compromise, as evidenced by sudden changes in the
cardiotocograph (CTG), requiring urgent delivery; not what is
usually intended [55]. Much of the risk of maternal hypotension
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can be offset by a rapid fluid preload, to fill the vascular space
prior to vasodilatation [56]. Typically, 500mL acute crystalloid
can be given safely to preload ahead of hydralazine adminis-
tration [56]. The acute volume delivery itself may also induce
transient vasodilatation allowing for a reduced dose of hydra-
lazine [57]. However, as discussed previously, both labetalol and
nifedipine are equally effective as hydralazine in the acute
setting and are much less likely to cause acute profound hypo-
tension [58]. Indeed, nifedipine has a shorter time to target
blood pressure and requires less dose escalation than intrave-
nous hydralazine [59-61]. Some of the side effects of hydrala-
zine also mimic worsening preeclampsia. This can make it more
difficult for the attending clinician to discern deterioration. For
these reasons, hydralazine has lost favour as the first-line agent
for managing acute hypertension in many centres. However,
hydralazine is an effective therapy for resistant hypertension,
poorly responsive to either nifedipine or labetalol.

It also appears that maternal and perinatal outcomes are
better following treatment with nifedipine than with hydrala-
zine [60]. Women given nifedipine required fewer doses, had
greater urinary output before and after delivery, and had
a significantly longer interval between treatment and
a consecutive hypertensive crisis [60]. Sublingual nifedipine is
no longer used clinically, but when it was it was associated
with higher Apgar scores than hydralazine with similar time to
target blood pressure [61].

2.5. Other antihypertensive agents

While labetalol, nifedipine and hydralazine are the most
commonly used first and second line agents in the manage-
ment of acute severe preeclampsia, a number of other anti-
hypertensives have been assessed for the treatment of
preeclampsia. However, a combination of safety concerns,
limited evidence and impracticalities in modality of treat-
ment mean they are not widely incorporated into current
treatment guidelines. Ketanserin initially appeared effective
reducing blood pressure [62-64] but was shown to be
inferior to methyldopa, more likely to be associated with
persistent hypertension and was unsafe in pregnancy [65].
Diazoxide appeared to have comparable efficacy to hydrala-
zine [66] but was less safe than labetalol due to larger and
less predictable reductions in blood pressure [67], a dose-
response effect that precluded use at therapeutic doses [67].
Prazosin, more commonly employed as a second lime agent,
proved much less effective than nifedipine and so has not
been widely adopted [68]. While a small study comparing
urapidil and niccardipine found unacceptable levels of side
effects in women taking the nicardapine [69], it was shown to
be more effective in lowering blood pressure than metopro-
lol [70], lending growing support to the use of calcium
channel blockers per se in women with preeclampsia in pre-
ference to beta blockers. In that regard, small studies have
found isradipine to be similarly effective in hypertensive
crises to methyldopa [71] and hydralazine [72]. However,
the evidence for these newer calcium channel blockers
remains limited and the successful use of nifedipine makes
it unnecessary to assess them further.

Aerosol isosorbide mononitrate, given as a sublingual spray,
was an attractive prospect as an emergency therapy for acute
severe preeclampsia. However, it was unable to adequately
control blood pressure [73] and its delivery was associated
with significant reductions in both maternal and fetal heart
rates [73]. Nitroglycerine infusion, while not been extensively
studied, appeared to have a similar safety profile to the no
longer available sublingual nifedipine [74]. Angiotensin convert-
ing enzyme (ACE) and angiotensin Il inhibitors, though highly
effective in reducing blood pressure, have not been adequately
assessed in the setting of hypertensive crises of preeclampsia.
This is because ACEi and ATIli have been associated with an
increased risk of fetal malformation when taken early in preg-
nancy [75-78]. As such they have been deemed unsafe in
pregnancy and not recommended for the treatment of pree-
clampsia [4,5,16]. Given the success of labetalol, it is not surpris-
ing that other beta-blockers have been assessed. Small studies
of oxprenolol [79,80], propranolol [81] and metoprolol [82,83]
suggest that they are safe to use in pregnancy but their relative
effectiveness, that is are they better than labetalol? has not
been adequately explored. While an early report of atenolol
suggested that it was both safe and effective in reducing
maternal blood pressure [83], it has since been associated
with adverse fetal growth [84], not dissimilar to labetalol.
Similarly, pindolol is an effective antihypertensive [85], but at
the cost of significant fetal growth restriction [86].

2.6. Antihypertensive selection by disease severity

As will be apparent, some agents are more suitable than
others for the management of severe preeclampsia and others
for either maintenance therapy or in a non-severe setting.

2.6.1. Severe preeclampsia

Intravenous labetalol and oral nifedipine form the mainstay of
treatment for severe hypertension, with hydralazine reserved
as second line treatment for resistant hypertension. Though IV
routes of administration are often considered more rapid, oral
nifedipine appears to have equal or better time to target blood
pressure than IV labetalol [26,42,47] without the negative iono-
tropic risks [26]. In turn, IV labetalol is much less likely than
hydralazine to cause acute, profound hypertension, a side effect
important to avoid if the fetus is still in utero [27,28,55].

2.6.2. Non-severe preeclampsia and maintenance therapy
The impressive safety profile of methyldopa [20,21,22] explains
why it remains a popular agent for maintenance and non-
severe preeclampsia. High doses of methyldopa may carry
risks of mood derangement [18] but these can be avoided
by safely combining with either oral labetalol or oral nifedi-
pine; agents commonly used in maintenance and therapy of
non-severe disease [17]. The slower onset of methyoldopa
complements action of the more rapid oral nifedipine [41] to
act in concert for maintenance control. Maintenance therapy
and chronic treatment with oral labetalol may affect fetal
growth [31,35,36], though these findings remain controversial
[33,34].



3. Magnesium sulphate

While blood pressure control is the first priority in emergency
management of severe preeclampsia, the care of the woman
with severe preeclampsia extends beyond blood pressure. In
particular, acute management requires the assessment and
prevention of seizures — eclampsia. The challenge facing the
clinician caring for the woman with severe preeclampsia is not
which agent to give to prevent eclampsia — unlike the choice of
different antihypertensive agents, the only agent suitable for
the prevention and treatment of eclampsia is magnesium sul-
phate (MgSO,) [87] - it is whether to give magnesium sulphate
at all. With a prevalence of eclampsia of only 1 in 10,000
pregnancies in a high-income setting, and with the majority
of eclamptic seizures taking place prior to admission to hospital,
on average a clinician will need to treat over 300 women to
prevent one eclamptic event [6,88,89]. The question is whether
this is merited or not. Useful guidance can be found in expert
clinical guidelines [90,91]. These suggest that MgSO, should
certainly not be administered universally but should be
reserved for women with severe hypertension, headaches/
visual disturbance, right upper quadrant pain, platelet count
<100,000 10°/L, progressive renal insufficiency and/or elevated
liver enzymes. It can be safely given antenatally, intrapartum or
postpartum. Unfortunately, there are no sensitive tools to pre-
dict which women with severe preeclampsia will progress to
eclampsia and which will not [6,88,89]. There also appears to be
no significant improvements in maternal outcome afforded by
MgSQO, seizure prophylaxis in high-income countries - quite
different from low and middle-income settings. The use of
MgSO, prophylactically certainly halves the risk of eclampsia
[92]. However, timing the drug delivery and selecting women
who will progress to eclampsia, limits the value of this inter-
vention [6,88,89]. In fact, the majority of eclamptic fits are self-
limiting and occur in isolation. Further, these convulsions lar-
gely have no lasting consequences on perinatal or maternal
wellbeing. There are no significant differences in 2-year death
or morbidity between women given MgSO, prophylactically
and those not [93]. While there are no adverse outcomes from
MgSO, administration in infants at 18 months and women at
2 years [94,95], there are also no benefits. If the purpose of
giving MgSO, prophylactically is to decrease important morbid-
ity and/or mortality, whether maternal or perinatal, then, at
least in a high-income setting, it does not do that. Indeed,
maternal mortality from preeclampsia in a high income setting
typically relates to complications of preeclampsia, not eclamp-
sia [11,93]. The key to preventing maternal death is better and
more rapid blood pressure control.

Nonetheless, it is important that clinicians are comfortable
with MgSO, administration and are aware that it is not with-
out some risk. MgSQ, significantly increases the risk of side
effects including severe hypotension (4-fold increase) and
respiratory depression (doubled) [92]. For every five women
treated with MgSQO,, one will experience an adverse reaction.
While relatively inexpensive, there are also financial costs
incurred from MgSO, use. With a number needed to treat of
324, the estimated cost of MgSO, to prevent one case of
eclampsia is about $21,000 [87]. However, while given primar-
ily to prevent eclampsia, MgSO, may have neuroprotective
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effects for the very preterm fetus [97] and reduce the risk of
cerebral palsy for babies born under 30 weeks [98]. In the
management of the woman with severe preeclampsia at
such early gestations the longer term benefits, and associated
health economics, are likely to be significantly greater.

4. Beyond lowering blood pressure: newer
approaches to management

The impressive decline in maternal morbidity associated with
antenatal monitoring of blood pressure has been attributed
largely to antihypertensives and the acute reduction in life
threatening blood pressure [13]. However aggressively mana-
ging blood pressure must be balanced with potential effects
on the fetus with a view to prolonging pregnancy for as long
as is maternally safe [7,97-101].

While there has long been debate about whether blood
pressure should be aggressively controlled or not, it is now
clear that maintaining tight blood pressure targets (diastolic
blood pressure 85 mmHg) significantly reduces the likelihood
of severe preeclampsia compared to accepting less tight blood
pressure control (diastolic blood pressure 100 mmHg), without
any adverse effects on fetal wellbeing [97]. However, while
episodes of severe hypertension certainly place women at risk
of adverse outcomes [8], high blood pressure itself is not parti-
cularly predictive of all serious adverse outcomes [7]. Even
cerebrovascular disease, a phenomenon generally attributed
to hypertensive crises, does not always coincide with hyperten-
sion [14]. Eclampsia in particular, and the corresponding cere-
bral oedema, is more closely linked with markers of endothelial
dysfunction than hypertension [102]. Given that preeclampsia is
a complex syndrome where hypertension is only one of many
involved organ systems, it is not surprising that blood pressure
is not an all encompassing prognostic marker of disease pro-
gression. Indeed, accurately identifying which women merit
earlier delivery and additional care, such as magnesium sul-
phate or antenatal corticosteroids, has historically been very
challenging. The recent development and validation of predic-
tive tools, such as the fullPIERS predictive model [103,104] has
begun to change this. The fullPIERS uses key maternal variables
(gestational age, chest pain or dyspnoea, oxygen saturation,
platelet count, creatinine, and aspartate transaminase) — note
not blood pressure - to predict those women who will develop
deteriorating preeclampsia requiring early delivery [103,104].
The level of predictive accuracy is good with 75% of women
needing early intervention correctly identified. It is interesting
to reflect that the predictive variables in the model reflect
outcome related to endothelial dysfunction — pulmonary vas-
cular leakage, platelet activation, hepatic and renal injury. This
highlights that advances in the management of preeclampsia
are likely to come from targeting the endothelium rather than
just blood pressure [8].

Indeed, with an improved understanding of the underlying
pathophysiology of preeclampsia over the past decade or
more, new opportunities for more effective therapies beyond
simple blood pressure control are becoming realistic pro-
spects. These therapeutic developments are important
because they may be able to both prevent and mitigate
severe, early-onset preeclampsia, avoiding the need for ‘crisis’
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management in the future. In particular, in the setting of
women presenting with severe preeclampsia, those with
a high fullPIERS score, there is growing evidence that endothe-
lial targeted adjuvant treatments can prolong pregnancy
safely for both mother and baby [9,105], improving the out-
comes for the baby. In the future, the emergency manage-
ment of severe preeclampsia will not simply be about
controlling blood pressure and preventing eclamptic seizures.
Improving blood vessel function to allow safe prolongation of
pregnancy and better perinatal outcomes will become a major
focus. The benefits of such targeted therapy are also likely to
extend well beyond the acute emergency that is severe pre-
eclampsia. While the acute syndrome of preeclampsia is con-
sidered ‘cured’ after delivery of the placenta, maternal
cardiovascular and renal consequences of this disease con-
tinue to manifest over time [106]. About one in five women
who have preeclampsia will develop chronic hypertension in
less than a decade [107]. Indeed, preeclampsia is recognised
as a key lifetime risk factor for future cardiovascular [108] and
cerebrovascular disease [109], even in otherwise previously
healthy women [109-111].

Accordingly, while in this review we are principally focused
on the emergency management of severe preeclampsia, the
near future importance of these emerging therapies is such
that some mention here of what that future is likely to involve
is worthwhile. In essence, the adjuvant therapies under cur-
rent evaluation are predicated on the understanding that
preeclampsia is a disease arising from maternal endothelial
dysfunction. This dysfunction is secondary to excessive oxida-
tive stress and inflammation driven by the placental produc-
tion of anti-angiogenic and inflammatory compounds [112].
As such, the novel therapeutics have two main targets: direct
vasodilators to mitigate vessel constriction and antioxidant
compounds to reduce placental and endothelial oxidative
stress. Here, we will only discuss those agents that have
already progressed to clinical trial.

4.1. Targeting the vasculature

Sildenafil citrate acts directly on vessel endothelium, inhibiting
the action of phosphodiesterase type 5 (PDE5) thereby pre-
venting degradation of cyclic guanosine monophosphate
(cGMP). The resulting increased levels of cGMP induce loca-
lised vessel relaxation. Several case reports suggested that
sildenafil increases uterine artery pulsation [113,114], leading
to the hypothesis that it may increase placental flow and
improve fetal wellbeing in growth restricted infants. It has
since been investigated in a preeclamptic cohort, for both
maternal and perinatal outcomes. In a randomised trial of
100 women with severe preeclampsia, presenting at 24 to
33 weeks, 50 mg of sildenafil was given every 8 hours [113].
Women taking sildenafil had a longer interval between diag-
nosis and delivery, of about 4 days, than the women taking
the placebo. The women taking sildenafil also had better
acute blood pressure control, with less need for escalation of
antihypertensive treatment. While the lower resistance in uter-
ine and umbilical arteries in the women taking sildenafil group
hinted at improved uterine perfusion no difference in neonatal

outcomes were observed. The dose of sildenafil is likely to be
important because in a dose escalation trial, starting at 20mg
three times a day (TDS) rising to 80mg TDS, while blood
pressure was better controlled there was no significant pro-
longation of pregnancy [115]. The women in the latter study
were also treated at a more advanced gestation and so the
lack of pregnancy prolongation may have related to a lower
threshold for delivery.

The biggest concern with sildenafil as an adjuvant therapy is
its effect on the fetus. In addition to being assessed as a therapy
for preeclampsia it has been recently evaluated as a therapy for
fetal growth restriction. A series of randomised trials, specifically
planned and designed to be run separately but to share outcome
data collectively, called STRIDER have been reporting [116].
Neither the UK nor the Australian and New Zealand STRIDER
trials found that sildenafil was at all beneficial in improving
perinatal outcomes. Nor did they observe any reduction in rate
of preeclampsia in women with fetal growth restriction rando-
mised to sildenafil. However, most recently the Dutch STRIDER
was stopped early because an interim safety analysis revealed
a higher rate of fetal deaths in the treatment arm. The Canadian
trial was stopped in response to the Dutch findings [117].
Interestingly, a large animal study of sildenafil in fetal growth
restriction had raised concerns of fetal harm [118]. Despite the
apparent safety in the UK and New Zealand trial, albeit with no
beneficial effects, it is now most unlikely that clinicians will have
the appetite to continue exploring sildenafil as an adjuvant
therapy, whether for preeclampsia or fetal growth restriction.

L-arginine, is a direct vasodilator that acts as an early sub-
strate in the formation of endothelial NO, thereby inducing
vessel relaxation. While it has been shown to reduce blood
pressure in women with early-onset preeclampsia it did not
appear to prolong pregnancy or improve either maternal or
fetal outcomes [119,120]. Perhaps L-arginine will find a more
effective role in the primary prevention of preeclampsia, like
aspirin [11]. When taken as a nutritional supplement from early
pregnancy onwards by women at high risk of preeclampsia the
incidence of preeclampsia was significantly reduced [121].

Metformin, an oral hypoglycaemic agent, primarily used as
a treatment of type-ll diabetes or gestational diabetes [122], has
attracted attention as a potential therapy for preeclampsia [123].
Though metformin may have preventative utility [124] it has yet
to be investigated as an adjuvant to the acute management of
preeclampsia.

4.2. Targeting oxidative stress

Following the observation that oxidative stress was a likely com-
mon pathway underlying the maternal endothelial dysfunction
of preeclampsia [112,125,126] there was much interest in the
therapeutic potential of antioxidants [127-129]. While the results
of a small pilot study of vitamin C and E were promising [127],
excitement was soon abated by larger trials that were profoundly
negative [130,131] . Indeed, the lack of benefit of vitamin C and
E as preventative therapies — not adjuvant therapies for estab-
lished preeclampsia — largely turned attention away for anti-
oxidant therapies and has stalled progress. Nonetheless, there
are other promising adjuvant therapies that primarily act as anti-
oxidants.



It has been long known that women with established pre-
eclampsia are, on average, relatively selenium deficient [132].
A selenium deficient rat model expresses a preeclamptic pheno-
type [133] and selenium supplementation reduces cardiovascu-
lar oxidative stress implicated in hypertension [134]. Amongst
other biological roles, such as thyroid hormone production,
selenium is a sulphur analogue that reduces production of reac-
tive oxygen species. It is a key component of glutathione perox-
idase, and other ROS scavenging peroxidases and is essential to
cellular and vascular health [135]. Promisingly, selenium given to
women at increased risk of preeclampsia decreased circulating
placental derived sFlt-1 [136], an antiangiogenic compound
gaining recognition as a potential marker, and possible cause,
of preeclampsia [137]. When given from early pregnancy, in
a preventative manner, selenium supplementation can reduce
the incidence of preeclampsia and pregnancy induced hyperten-
sion [138,139]. Whether selenium is useful in the acute setting, as
an adjuvant therapy, has not yet been assessed. Excessive sele-
nium can, however, cause toxicity (hepatotoxicity, gastrointest-
inal disturbance, hair and nail loss, fatigue, and mood
disturbance) [135,140,141], may be teratogenic [140,142] and
can impair neurological function [143].

Naturally occurring phytonutrients are gaining increasing
attention for their antioxidant capacity and as safe treatment
options for preeclampsia [144]. Unlike the ‘passive’ antioxidants
vitamin C and E, phytonutrients act by enhancing endogenous
antioxidant systems, recruiting numerous pathways and enabling
gene amplification. For example, resveratrol, a natural polyphenol,
is a potent inducer of antioxidant-coding genes, specifically the
nuclear factor erythroid-like factor 2 antioxidant response element
(NRF2/ARE), thereby enabling transcription and production of
intracellular antioxidant and phase Il enzymes [145,146]. When
taken in addition to nifedipine by women with early onset pre-
eclampsia, resveratrol afforded better blood pressure control,
reduced the need for antihypertensive escalation and increased
the interval between hypertensive crises [145]. While not designed
to assess safety in detail, there were no adverse maternal or
neonatal effects attributable to resveratrol in this study [145].
These early data certainly merit further assessment of resveratrol
as an adjuvant therapy.

Similarly, melatonin, best known for its role in regulating
circadian rhythm [147], has antioxidant properties through
NRF2/ARE activation, mechanisms that mimic resveratrol [105].
By activating antioxidant regulatory genes, melatonin enhances
expression of antioxidant response enzymes [148] and decreases
placental and vascular inflammation [149,150], reducing high
blood pressure [151]. Most recently, melatonin, as an adjuvant
therapy, appeared effective in safely prolonging pregnancy for
women in the acute setting of preeclampsia [105]. Importantly,
adjuvant use of melatonin reduced maternal blood pressure,
reduced the need for escalation of antihypertensive therapy
and increased the diagnosis to delivery interval by a mean of
six days [105]. Though modest, this prolongation of pregnancy
provides support for antioxidant adjuvant therapy in the emer-
gency management of preeclampsia.

Esomeprazole is a proton-pump inhibitor that has an exten-
sive safety track record in pregnancy [152,153]. Serendipitously,
it was observed that esomeprazole can reduce placental pro-
duction of antiangiogenic compounds, such as sFlt-1, and
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afford endothelial protection in vitro through anti-oxidant path-
ways, resulting in vasodilation and lower blood pressure in vivo
in @ mouse model of preeclampsia [154]. As with other proton-
pump inhibitors, the antioxidant effect of esomeprazole likely
relates to endogenous activation of antioxidant pathways, spe-
cifically the NRF2/ARE system, and production of downstream
antioxidants [155]. It was rapidly translated to a clinical trial
as an adjuvant therapy in women with early onset preeclamp-
sia [156]. While esomeprazole appeared to be associated with
a decreased risk of placental abruption, it did not alter maternal
circulating levels of antiangiogenic factors nor did it prolong
pregnancy [157]. In the absence of dose escalation trials, the
authors suggested a lack of clinical effect may relate to inade-
quate circulating levels of esomeprazole [157]. Given the pro-
mising in vitro work, further dose-response studies may be of
value in investigating the efficacy and effectiveness of esome-
prazole as an adjuvant therapy for preeclampsia.

5. Conclusion

Antihypertensive therapy is, and will remain, the central compo-
nent in the emergency management of severe preeclampsia,
reducing maternal morbidity and mortality. Magnesium sulphate
is the sole drug of choice in the prevention and treatment of
eclampsia. In the low resource setting magnesium sulphate is
particularly valuable, being safe and effective. In the high
resource setting, where, because of better access to care and
better disease surveillance, the risk of eclampsia is much less
there are opportunities to better rationalise the use of magne-
sium sulphate, limiting its use to only the most severe cases and
to those women who have already fitted. The role of novel
therapies to enable a targeted and disease specific approach to
management will likely be the focus of future research into
improving maternal and perinatal outcomes in preeclampsia.

6. Expert opinion

Genuine advances in the field of preeclampsia research are
beginning to deliver meaningful improvements in maternal
and perinatal outcomes the first time in decades. Importantly,
these advances have been based on a better understanding of
the pathogenesis of preeclampsia, specifically the role of pla-
cental dysfunction underlying the excessive release of angio-
genic agents that induce maternal endothelial dysfunction and
end-organ failure. In turn, these insights have led to (i) better
prediction, (i) improved prevention, (iii) better diagnosis and
management, and (iv) the promise of future therapies.

6.1. Better prediction

A large body of research has been undertaken to develop
sensitive and specific predictive algorithms that can be offered
to all women in early pregnancy to identify those at high risk
of developing preeclampsia. These algorithms have been par-
ticularly effective at the prediction of early-onset or severe
preeclampsia [10,158,159] and now offer sufficient accuracy
to be the basis of offering preventative therapy such as
aspirin. However, routine screening of all women in early
pregnancy is yet to be endorsed by learned Colleges and
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government. This lag in policy is likely to cost lives through
the lack of provision of preventative therapy.

6.2. Better prevention

The World Health Organisation endorses three approaches to
prevent preeclampsia: low dose aspirin, calcium supplementa-
tion for those who are deficient, and tight blood pressure
control for women with hypertension [5]. If started early in
pregnancy, before 16 weeks gestation, low dose aspirin reduces
the rate of early-onset preeclampsia by about 60%. Whether the
addition of other agents, such as metformin [119,120], to low
dose aspirin improves this further remains the focus of eagerly
awaited on-going clinical trials. The prospect of eradicating
early-onset preeclampsia through screening-targeted preven-
tion is, finally, a realistic one.

6.3. Better diagnosis and management

In addition to sensitive and specific screening in early preg-
nancy, the ability to determine which women presenting with
hypertension in later pregnancy will progress to severe disease
has remained a challenge. Again, informed by an improved
understanding of the role of angiogenic factors in the progres-
sion of the disease, improved triaging of those women at risk of
severe disease is now a reality [156,159-162]. Specifically, an
increased ratio of soluble FMS-like tyrosine kinase-1: placental
growth factor (sFlt-1:PIGF) is used to identify the women most
likely to progress to severe disease. This will allow more timely
management with the appropriate antihypertensives — usually
labetalol or nifedipine — and consideration of the need for
escalated care. Such triaging offers the promise of better tar-
geted care, and so better outcomes, an and significant cost
savings [160]. Indeed, the routine use of sFIt-PIGF as a triaging
tool in women presenting with possible preeclampsia is now
recommended standard care in a number of countries including
Germany and the UK [163]. Despite this, there is yet to be
widespread uptake. As with early pregnancy screening, policy
is significantly lagging evidence of best practice.

There are also likely to be opportunities to further improve
the performance of biomarker triaging in women presenting
with hypertension in pregnancy. Circulating levels of other
angiogenic factors, such as activin and follistatin, are altered
in women with preeclampsia [164] and these factors are
known to play a central role in the resultant maternal
endothelial damage [165-167]. Future studies should address
the potential of these markers to add to the screening perfor-
mance of sFlt-1 and PIGF.

6.4. The promise of future therapies

The future of the management of preeclampsia is focussed on
safely prolonging pregnancy to improve maternal and perinatal
outcomes. In this, it is likely that antihypertensive therapy has
taken us as far as it can. Excitingly, the advances in our under-
standing of the pathological progression of preeclampsia now
allow the development of disease pathway specific therapeu-
tics. It is increasingly accepted that only by moving beyond

solely controlling blood pressure to protect the maternal
endothelium and organ function can we slow disease progres-
sion and safely prolong pregnancy [9]. Such an approach pro-
mises to afford improved fetal maturation and reduced
morbidity associated with premature delivery [5]. Perhaps by
adopting this upstream approach we can even reduce the long
term cardiovascular and renal morbidity associated with pree-
clampsia. Of particular interest is the role of antioxidants in
the management of preeclampsia. While endeavours to inves-
tigate targeted therapies and antioxidants have yet to yield
practice-changing improvements in maternal and perinatal out-
comes, there are many promising therapies on the near hor-
izon [145,146,148]. Of particular interest will be compounds
derived from plants such as green vegetables [144-146] and
pomegranate [168]. What will be important to the timely eva-
luation of these new therapies will be to ensure that the
pharmacokinetics are undertaken in pregnant women.
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Chapter two

Melatonin for the management of preeclampsia: a review

In the closing paragraphs of my first literature review I summarised the landscape of literature
on future therapies for preeclampsia. From this, antioxidants stood out as one of the most
promising approaches for disease specific and targeted treatment of preeclampsia. With an
increased understanding of the role of oxidative injury in the placenta and consequently in
maternal organs and blood vessels over the last twenty years, research has turned towards
antioxidants as a possible therapy for preeclampsia. Though vitamin C and E proved to be
unsuccessful therapies 3*°!, scope remains for novel and alternate mechanisms of antioxidant
therapy®'*2. In particular, inducers of the nuclear factor E2-like related factor 2 (NFE2L2)

antioxidant pathway have shown some, though limited results>->3.

56,57 In

Nuclear factor E2-related factor 2 is an endogenous inducer of cellular antioxidants
physiological conditions, bioavailable levels of NFE2L2 remain consistent through cytosolic
binding from KEAP-1, which prevents rapid proteasome degradation of NFE2L2%%%.
Exposure to oxidative stress induces cysteine modifications within KEAP-1, allowing NFE2L.2
to translocate to the nucleus®®’, By combining with small maf-proteins in the promoter region
of antioxidant “safeguarding” genes, NFE2L2 stimulates the antioxidant response element
(ARE) resulting in transcription of mRNA for a number of cellular antioxidants and phase two
enzymes>®. Namely, NADPH dehydrogenase (quinone) 1 (NQOL1), glutathione S-transferase
(GST) and the antioxidant heme oxygenase-1 (HO-1), rise in response to artificial
administration of NFE2L2. Numerous studies have shown therapeutic benefits from NFE2L.2

stimulation in maintaining endothelial health33-7-%! and in the placenta3:6%63,
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At the time these PhD studies began, melatonin was under investigation by our group as a
promising adjuvant therapeutic for preeclampsia. Best known for its role in modulating
circadian rhythm, melatonin also has potent antioxidant activity via NFE2L2 activation.
Melatonin reduces placental and endothelial dysfunction in vitro and, in a pilot study, clinically
prolonged the diagnosis to delivery interval in women with preeclampsia®*-%¢. Melatonin, and
similar antioxidants, offer exciting possibilities for novel targets for the management of
preeclampsia®>7. For this reason, and because prior to these studies there was no literature on
sulforaphane in preeclampsia, this thesis includes a review the existing literature surrounding
melatonin as a possible therapy for preeclampsia. Towards the end of the review opportunities
to explore other antioxidants such as sulforaphane are raised, foreshadowing the work that,

over three years of experimentation, form this thesis.
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Abstract: Preeclampsia is a disease specific to pregnancy characterised by new-onset hypertension
with maternal organ dysfunction and/or fetal growth restriction. It remains a major cause of maternal
and perinatal morbidity and mortality. For sixty years, antihypertensives have been the mainstay of
treating preeclampsia and only recently have insights into the pathogenesis of the disease opened
new avenues for novel therapies. Melatonin is one such option, an endogenous and safe antioxidant,
that may improve the maternal condition in preeclampsia while protecting the fetus from a hostile
intrauterine environment. Here we review the evidence for melatonin as a possible adjuvant therapy
for preeclampsia, including in vitro evidence supporting a role for melatonin in protecting the human
placenta, preclinical models, vascular studies, and clinical studies in hypertension and pregnancy.

Keywords: preeclampsia; melatonin; antioxidant; placental biology; mitochondrial function

check for
updates
Citation: Langston-Cox, A,;
Marshall, S.A.; Lu, D.; Palmer, K.R.; 1. Introduction
Wallace, E.M. Melatonin for the Preeclampsia is a systemic maternal-fetal disorder specific to human pregnancy. It
Management of Preeclampsia: A is characterised by new-onset hypertension after twenty weeks gestation and other end-

Review. Antioxidants 2021, 10, 376.
https:/ /doi.org/10.3390/
antiox10030376

organ damage, such as renal or liver impairment, haematological involvement, neurological
excitability and/or fetal growth restriction. Preeclampsia is the leading cause of preterm de-
livery and is often accompanied by fetal compromise, in particular impaired fetal growth [1].
In addition to this, the knowledge that underlying preeclampsia is a dysfunctional placenta
is why fetal growth restriction is increasingly included in definitions of preeclampsia [1].
Regarding placental dysfunction, impaired placental perfusion causes chronic and
worsening hypoxic-reperfusion injury to the placenta across pregnancy. This injury under-
lies the excessive release of antiangiogenic factors into the maternal circulation [2,3]. In turn,
these factors cause widespread maternal endothelial dysfunction that leads progressively
to increased maternal systemic vascular resistance and activation of the maternal coagu-
lation and immune systems [4,5]. If left untreated, this progressive vascular dysfunction
leads to dangerously high blood pressures and stroke, systemic organ failure, and cerebral
oedema and seizures. While many women who develop preeclampsia, particularly in the
setting of late-onset disease, will have good outcomes, this condition remains the leading
cause of maternal death and morbidity and a major cause of preterm birth that accounts
for significant perinatal mortality and mortality worldwide [6-8]. Globally, preeclampsia
accounts for nearly 75,000 maternal deaths and 700,000 neonatal deaths annually. Even in
high-resource settings, preeclampsia accounts for upward of 15% of maternal deaths [6-8].
After delivery, the burden of disease for preeclamptic mothers continues. Women who
have suffered preeclampsia during their pregnancy have an increased chance of developing
conditions of the Creative Commons  cardiovascular compromise and ongoing related morbidity throughout their lives. This is
Attribution (CC BY) license (https://  likely due to, at least in part, residual endothelial dysfunction from significant vascular
creativecommons.org/licenses /by / stress during the pregnancy period [9,10]. Similarly, the effects of preeclampsia on the fetus
40/). may be much more pronounced than those attributed to preterm delivery and growth
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restriction. Epigenetic priming means that babies born to preeclamptic mothers are at an
increased risk of a host of metabolic conditions throughout their lives [11,12]. So, while
generally considered a maternal disease, preeclampsia at its core is a placental disease that
imposes disease burden on both mother and fetus. Therapies targeting preeclampsia need
to consider both patients.

In that regard, the management of preeclampsia depends on the gestation at onset, the
severity—both maternal and fetal—and the rate of progression [1]. However, the ultimate
treatment of preeclampsia is removal of the offending organ—the placenta. This is why
preeclampsia remains a leading cause of prematurity because delivery of the placenta
requires, of course, delivery of the fetus. Timing delivery is then a balance between
the interests of the mother and the interests of the fetus. The interests of the woman
with preeclampsia are always best served by delivery. Delivery prevents worsening
hypertension and thereby avoids related complications including stroke, liver failure and
kidney failure. However, early delivery may not best serve the baby, particularly if very
preterm. Beyond neonatal demise, preterm delivery is a risk factor for a host of conditions
that will affect a baby well into their adult life, including cerebral palsy, visual and hearing
problems, respiratory difficulties, cardiovascular compromise, renal impairment, and
learning and behavioural problems [13]. Even late preterm delivery (<37 weeks) increases
the risk of lifelong cardiovascular and renal complications [14,15]. In this way, iatrogenic
premature birth, though often necessary to save the life of the mother, also may come at
significant cost to the baby [13]. So, at very early gestations, to offset those fetal risks, the
maternal health risks are mitigated by controlling blood pressure with antihypertensives.
This allows safer (for the mother) prolongation of the pregnancy to improve fetal maturity
and reduce risks of neonatal mortality and morbidity [16].

Thus, antihypertensive treatment manages the high blood pressure to reduce maternal
risks, particularly of stroke. This has been very successful. The use of antihypertensives
in women with preeclampsia has greatly reduced rates of both maternal morbidity and
mortality worldwide. However, antihypertensive treatment does not treat the underlying
disease. Nor does it slow disease progression, although there is some debate about that.
Its effect is very much limited to managing high blood pressure to reduce attendant
maternal risks. That is not to say that antihypertensive treatment is without complication
for both mother and baby, and the antihypertensive of choice remains contentious. Indeed,
improvements over recent decades in maternal and perinatal outcomes in pregnancies
complicated by preeclampsia have come mostly from the ability to deliver earlier than was
previously possible, safe in the knowledge that better neonatal care has resulted in better
outcomes for the preterm infant. Antenatal corticosteroids aside, there have been no real
advances in the obstetric care of the woman with preeclampsia since the introduction of
antihypertensives in the 1950s. Pharmacologically, the management of preeclampsia has
been largely “treading water” [17].

However, this may be all set to change. Recent insights into the mechanisms underly-
ing the maternal aspects of preeclampsia have offered the long-awaited promise of new
treatments [17]. In particular, the recognition that maternal endothelial dysfunction due
to placental vasoactive peptides [2,18] is a central feature of the disease has offered the
promise of new, targeted therapies that might address the central causes of the hyperten-
sion rather than the hypertension per se [16,17]. Pathogenic mechanistic insights have led
to the recognition that we must look to therapeutic approaches beyond antihypertensives
if we wish to tackle the underlying disease processes that drive preeclampsia. Such de-
velopments have revolutionised research for preeclampsia and, for the first time in sixty
years, soon we may be able to offer novel medical management to pregnant women with
preeclampsia and their babies.

2. The Search for Novel Therapies

In 1989, Jim Roberts and colleagues suggested that preeclampsia might be due to
widespread maternal endothelial dysfunction [19]. For the first time, a mechanism that
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might explain the majority of the clinical features of the syndrome, not just the hyperten-
sion, had been proposed. In essence, Roberts suggested that disturbed vascular function,
including altered tone and permeability, was the cause of hypertension, peripheral and
cerebral oedema, and proteinuria [19,20]. The other features of preeclampsia such as
liver injury, renal injury, thrombocytopenia and, ultimately, eclampsia itself were also
thought to reflect progressive endothelial dysfunction across diverse target organs [19]
(Figure 1). While our understanding of preeclampsia has evolved somewhat since then,
Roberts” hypothesis was important because the recognition that endothelial dysfunction
was a key mechanism underlying preeclampsia triggered the need to identify the cause(s)
of that endothelial disturbance. It gave rise to the concept that preeclampsia is a two-step
process: impaired placentation leading to progressive placental ischemia-reperfusion and
oxidative injury, in turn causing the excessive release of vasoactive factors into the maternal
circulation that induced endothelial dysfunction [4]. While not explaining all aspects of
preeclampsia, it remains generally accepted that the maternal syndrome of preeclampsia is
due, by and large, to widespread vascular endothelial dysfunction [20], and that the en-
dothelial dysfunction was caused by substances released by a chronically injured placenta.
The next significant advance was the identification of the candidate vasoactive substances
that were causing the dysfunction. Three antiangiogenic agents have been proposed as
major contributors—the soluble splice variant of the fms-like tyrosine kinase receptor-1
(sFlt1), the soluble cleavage product of the transforming growth factor (TGF-31) coreceptor
endoglin (sEng) and the proinflammatory cytokine member of the TGF-f super family
activin A [2,5,21-23].

Reduced vasoconstriction

&
Melatonin reduces cellular oxidative stress 1
P . P

Capillary leaking & oedema W‘,

Reduced capillary leaking & oedema

Figure 1. Preeclampsia involves widespread vascular dysfunction resulting in peripheral vasoconstriction which manifests

as maternal hypertension. Capillary leakage results in oedema and impaired placental oxygenation results in placental

dysfunction and fetal distress with, or without, fetal growth restriction. Melatonin is an antioxidant that reduces oxidative
stress within the cells of the placenta and vasculature. Melatonin releases Nrf2 from intracellular binding by KEAP-1
allowing it to translocate to the nucleus of the cell. Here, N1f2 activates the antioxidant response element of “safeguarding

genes” resulting in transcription and translation of a number of antioxidant proteins. These proteins induce redox reactions

to neutralise excessive intracellular reactive oxygen species that would otherwise cause damage to DNA and protein

production essential for cell function. This allows melatonin to improve vascular function reducing vasoconstriction, reduce

capillary leakage and improve placental function. Melatonin may also directly protect the developing fetal brain.

Circulating levels of both sFltl and sEng are many fold higher in women with
preeclampsia than in those with a healthy pregnancy and levels correlate with disease
severity [22,24]. Further, experimentally the administration of either, or both, sFltl and
sEng to rodents induces many features of human preeclampsia including maternal hy-
pertension, proteinuria, glomerular endotheliosis, thrombocytopenia, and elevated liver
enzymes [22,25-27], as does activin [23]. Removal of sFltl by plasmapheresis also tem-
porarily moderates the severity of hypertension in women with preeclampsia [28]. Hypoxic
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insult induces post-transcriptional alternate splicing of mRNA for the membrane receptor
Flt-1, to lose the transmembrane and intracellular signaling components of Flt-1 while
preserving the extracellular ligand binding site [29]. In contrast, hypoxia directly triggers
post-translational cleavage of the endoglin protein membrane receptor into its soluble
form [22], which competitively binds TGF-31. It is thought that sFltl and sEng induce
endothelial dysfunction by either sequestering or antagonising pro-angiogenic factors that
are vital for normal endothelial health such as vascular endothelial growth factor (VEGF)
and placental growth factor (PIGF) and TGF-f3 respectively. These three key proangiogenic
compounds are essential for maintaining blood vessel integrity by inducing phosphoryla-
tion, and hence activation of nitric oxide (NO), a potent vasodilator essential in facilitating
endothelial relaxation [30]. When competitive binding by sFlt-1 and sEng makes VEGF,
PIGF and TGF-f1 unavailable, progressively worsening vascular dysfunction characteristic
of preeclampsia ensues.

Similarly, circulating maternal levels of activin are 10-20-fold higher in women with
preeclampsia compared to those with a healthy pregnancy, secondary to increased pla-
cental production driven by oxidative stress [31-33]. Much like sFlt and sEng, activin is
antiangiogenic [34] and has been shown to inhibit endothelial proliferation and disrupt
endothelial integrity in vitro [35,36]. Activin A binds to activin receptor II (ARII), which
combines with type-1 activin receptor like kinase-4 (ALK-4) resulting in phosphorylation
and nuclear translocation of post-receptor transcription factor Smad2/3 [23,36,37]. Excess
activation of this pathway induces NADPH Oxidase 2 (Nox2) signaling and results in
cellular accumulation of superoxide species and adhesive molecules. As with sFlt and
sEng, the increased levels of activin in a preeclamptic woman lead to further vascular
dysfunction, permeability and oedema, exacerbating the clinical syndrome of preeclamp-
sia [23,31,38,39]. Activin also stimulates the release of endothelin, a potent vasoconstrictor,
from the endothelium [40], consistent with it being able to cause hypertension. As would be
required for activin to have direct effects on the endothelium, endothelial cells express both
type I and II activin receptors and in late pregnancy activin itself can be immunolocalized
to both the maternal and fetal vascular endothelium [41,42]. The likely cause of these
increased activin levels in preeclampsia is placental oxidative stress, a key feature of the
disease [23,32]. Of course, increased levels of activin in women with preeclampsia and
possible placental mechanisms underlying those increased levels do not, by themselves,
tease apart cause and effect. However, circumstantial evidence that excess circulating
activin may indeed have a causative role is offered by the observation that in women who
subsequently develop preeclampsia levels of activin are significantly increased as early as
8-13 weeks of pregnancy, many months before the clinical onset of hypertension [43]. It
is also intriguing that levels of activin are increased in women with gestational diabetes,
a condition with an increased incidence of preeclampsia [44]. In short, the result of the
imbalance between these three antiangiogenic and pro-angiogenic factors such as PIGF and
follistatin is increased endothelial oxidative stress—the likely final pathway underlying
the systemic maternal endothelial dysfunction.

Not surprisingly, attention has now turned to therapies that might prevent the release
of sFltl, sEng or activin A, or perhaps more importantly, antagonize their antiangiogenic
effects. Given that oxidative stress both increases the release of these antiangiogenic
factors [32,40,45,46] and is a major mechanism by which they exert their damaging effects
on vascular endothelium suggests that targeting oxidative stress, both within the placenta
and in the maternal endothelium, may be an effective therapeutic approach [47-49]. In
this regard, melatonin, an endogenous hormone, known to be safe in pregnancy and with
potent antioxidant capacity is a promising agent [50].

3. Melatonin in Normal Pregnancy and Preeclampsia

Melatonin (5-methoxy-N-acetyltryptamine) is produced primarily by the pineal gland,
providing circadian and seasonal timing cues. It is synthesized from serotonin through
sequential acetyl transferase, to form N-acetylserotonin, and methylation to form mela-
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tonin [51]. In addition to cueing the body clock, melatonin is also a powerful antioxidant,
acting both directly as a highly effective scavenger of reactive oxygen and nitrogen species
itself [52] and indirectly by stimulating a cassette of endogenous antioxidant enzymes
including, but not limited to, glutathione peroxidase, glutathione reductase, superoxide
dismutase, and catalase [52,53].

In human pregnancy, night time, but not daytime, maternal melatonin levels increase
with advancing gestation, falling again postpartum [52]. The increasing levels at the end
of pregnancy are thought to be important in the diurnal “training” of fetal physiology
and behaviour. This sequential rise in melatonin across pregnancy may also play a role
in stimulating labour, and melatonin has been proposed as a therapeutic adjuvant for
induction of labour [54]. Intriguingly, night time levels of melatonin are lower in women
with severe preeclampsia than in those with a healthy pregnancy [55]. In fact, the degree
of night time melatonin deficiency correlates with preeclampsia disease severity [56]. The
majority of circulating melatonin in pregnancy is thought to be of maternal pineal ori-
gin [51], much as it is outside of pregnancy. However, recent studies have identified that the
expression of the two melatonin-synthesizing enzymes, aralkylamine N-acetyltransferase
and hydroxyindole O-methyltransferase, and the two melatonin receptors, MT; and MT5,
are reduced in the preeclamptic placenta compared to healthy placentae from normotensive
women [51]. As such, impaired placental production may underlie the reduced mater-
nal levels of melatonin in women with preeclampsia and the normal biological effects
of melatonin within the placenta may be reduced in preeclampsia. It is plausible that
impaired melatonin activity, and therefore impaired endogenous antioxidant defenses, in
the preeclamptic placenta contributes to the oxidative stress central to this disease. As such
administration of melatonin to women with preeclampsia may reduce placental oxidative
stress, reduce the production of sFlt1, sEng and activin, and improve placental function.
Melatonin may also improve maternal endothelial function both directly, via endothelial
melatonin receptors [57], and indirectly by reducing circulating levels of sFltl, sEng, and
activin A.

The antioxidant effects of melatonin have historically been attributed to activation of
nuclear factor erythroid-like factor-2 (Nrf2), an endogenous inducer of cellular antioxidants.
During homeostatic conditions the Nrf2 protein is bound to Kelch-like ECH associated
protein 1 (KEAP-1) within the cytosol of the cell [58]. This process prevents proteoso-
mal degradation of Nrf2 to ensure abundant Nrf2 remains ready to translocate to the
nucleus of the cell during times of increased cellular oxidative stress. Oxidative stress
triggers ubiquitination of KEAP-1 through directly modifying cysteine components of
the protein structure, releasing Nrf2 into the cytosol of the cell [59]. In the nucleus Nrf2
binds small maf-proteins in the promotor region of the antioxidant response element of
so-called safeguarding genes within the cell nucleus [59]. This stimulates increased tran-
scription and translation of a host of antioxidant enzymes and phase two enzymes, namely
NADPH dehydrogenase (quinone) 1 and glutathione S-transferase and the antioxidant
heme oxygenase-1 [59]. These enzymes then undergo a series of redox reactions within
the cytosol of the cell to neutralise, or “scavenge”, damaging oxygen free radicals [60].
When the amount of damaging reactive oxidative species (ROS) overwhelm the capacity
of this inbuilt antioxidant rescue mechanism, oxygen free radicals directly alter protein
structure and damage cellular DNA, producing abnormal spliced proteins such as sEng
and sFlt-1 and triggering inflammatory cascades to release cytokines such as activin A [60].
For good reason, stimulators of the Nrf2 pathway, such as resveratrol and sulforaphane,
have received much attention for their impressive antioxidant capacity, and ability to both
maintain endothelial health [49,61-63] and protect the placenta [48,49,64]. In fact, further
evidence supports a role for the KEAP-1-Nrf2 pathway in protecting the fetus against com-
plications from epigenetic priming that arise from a pregnancy overwhelmed by oxidative
stress [11,12,65].

Not surprisingly given its antioxidant properties, melatonin has been shown to reduce
placental production of antiangiogenic compounds from term placentae in vitro [47,66,67].
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Melatonin also reduces trophoblastic debris from early trimester placentae exposed to
preeclamptic serum [68]. In placental explants, melatonin reduced markers of oxidative
stress induced by the superoxide generator xanthine/xanthine oxidase and increased
production of Nrf2 and the downstream antioxidant enzyme heme oxygenase-1, suggesting
the Nrf2 pathway was, at least in part, responsible for this effect [47]. Although melatonin
did not alter cell production of markers of endothelial activation in endothelial cells, it did
prevent disruption to the cell monolayer [47]. In isolated trophoblast cells, melatonin
significantly decreased secretion of sFlt-1 [67]. While these studies did not identify a
reduction in antiangiogenic compounds from placental explant tissue, the dose of melatonin
used was equivalent to that in cell culture experiments. It is likely that higher doses are
needed to penetrate explant tissue and induce a measurable effect. Further evidence of the
endothelial protective capacity of melatonin was identified when melatonin prevented a
rise in intracellular cell adhesion molecule-1 (ICAM-1) from endothelial cells exposed to
trophoblast debris serum [66]. Melatonin also prevented a rise in nitrotyrosine in these
placental explants exposed to preeclamptic serum [66].

An additional pathway by which melatonin mitigates placental oxidative stress may
well begin in the organelles most reliant on oxygen supply and thus most affected by
hypoxia: the mitochondria [69,70]. A role for disturbed mitochondrial dysfunction in
preeclampsia was first recognised in the 1990s [71]. Mitochondrial dysfunction after
hypoxic reperfusion injury is now accepted as the driver for ROS build-up in severe dis-
ease [72-76]. Mitochondria are responsible for multiple functions, including respiration
and production of cellular energy, homeostatic regulation of ROS and the intrinsic pathway
of apoptosis. Mitochondria form a dynamic network within the cell and constantly undergo
repeated fission and fusion events whereby multiple mitochondria fuse to a large single
mitochondria (fusion) or split into multiple smaller mitochondria (fission) [77-79]. The
balance of this process is essential for cellular homeostasis and ensures maintenance of
healthy mitochondrial structure with stability of the matrix membrane which hosts the five
complexes of the electron transport chain [78]. Low oxygen tensions, as in preeclampsia,
induce abnormal fission and fusion dynamics, generating small mitochondria with low
motility [80]. Hypoxic insult induces mitochondrial permeabilization and breakdown and,
when extensive, can initiate pathways of mitophagy and intrinsic cellular apoptosis [75].
The mitochondrial electron transport chain, essential for production of ATP for cellular
energy, is reliant on the presence of oxygen for oxidative phosphorylation of ADP into
ATP [81]. During respiration, electrons move through a series of complexes, allowing the
formation of a proton gradient in the intermembrane space which then allows passive
diffusion of hydrogen ions through the final complex ATP synthase where ADP is phos-
phorylated into ATP [80,81]. Without oxygen to act as an electron accepter, as occurs in an
oxygen starved-preeclamptic placenta, electrons are unable to flow along the electron trans-
port chain and instead leak into the matrix space [82]. Here, electrons react with oxygen to
form charged superoxide species: the damaging ROS of preeclampsia. To a degree, this
process occurs even in the presence of oxygen to allow homeostatic regulation of the ROS
necessary for physiological cellular processes [82]. However, when ROS formation exceeds
antioxidant enzyme production, the electron transport chain becomes a source of the very
ROS that drive placental antiangiogenic protein formation in preeclampsia [82]. Indeed,
mitochondprial function is disturbed in preeclampsia [71,72,83] suggesting that targeting
the mitochondria offers an attractive therapeutic option to reduce oxidative stress in this
disease. Again, melatonin appears a suitable candidate for that therapy [70,84,85].

Melatonin is highly expressed in the mitochondria of placental trophoblasts [86,87]
and is responsible for the production of key antioxidant enzymes in this organelle [70].
Indeed, melatonin is known to protect mitochondrial function [88], reduce electron leakage
and ameliorate ROS production of the electron transport chain [89,90], particularly in the
face of hypoxic-reperfusion injury [84,91,92]. In the placenta of obese women, placentae
characterised by trophoblastic ROS production similar to that of preeclampsia, melatonin
significantly improves the function of the electron transport chain [93]. Specifically, in the
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term placental syncytiotrophoblast of obese women, melatonin improves the spare respira-
tory capacity, a marker of cellular reserve, an important feature for placentae exposed to
oxygen deficient environments [93]. Melatonin also increases the maximal respiration and
correspondingly reduces the placental production of superoxides. These findings indicate
that melatonin may act as a protective buffer for the placental mitochondrial electron trans-
port chain against the damaging effects of hypoxic-ischaemic reperfusion injury and the
resultant superoxides. Whether melatonin exerts this action via antioxidant effects, such as
activation of the Nrf2 antioxidant response element pathway, or by directly modulating
the components of the electron transport chain remains unclear. This is certainly worthy
of study. However, a similar compound to melatonin, sulforaphane, has action at the
level of the mitochondria and this appears to be via potent Nrf2 antioxidant activity as
well as by modulating mitochondrial fission and fusion and the complexes of the electron
transport chain [94]. It would be worth investigating the capacity and mechanisms of
action of melatonin in improving mitochondrial function in preeclamptic placentae or
suitable in vitro hypoxic-reperfusion models of injury.

In addition to its beneficial effects in the placenta, melatonin also has reparative actions
on the endothelium. Studies of melatonin on vascular cells have primarily focussed on
human umbilical vein endothelial cells (HUVECs). In these cells, a microarray analysis
demonstrated that melatonin significantly modulates expression of genes involved in
apoptosis, cell differentiation and proliferation [95]. In an in vitro hypoxia-reoxygenation
model in endothelial cells, melatonin treatment prevented hypoxic—reperfusion injury by
preventing a rise in ROS and corresponding impaired cell migration and proliferation in
a dose-dependent manner, without negatively affecting cell viability [96]. More recently,
melatonin has been shown to have anti-ROS activity in toxic environments of oxidative
stress and hypoxia, with reduced endothelial cell proliferation and tube formation [97].
These studies provide supporting evidence that melatonin displays antiangiogenic effects
by suppressing the proliferation of endothelial cells, an effect achieved by the downregula-
tion of hypoxia inducible factor 1« (HIF-1x), ROS and vascular endothelial growth factor.
Suppressing these pathways is an important step in ameliorating the excessive production
of the sEng and sFlt-1 seen in the preeclamptic placenta.

Though melatonin certainly freely crosses the placenta, this is not a concern. In fact,
melatonin has also showed promise for the management of fetal growth restriction (FGR),
a condition that goes hand in hand with preeclampsia and can be, broadly, viewed as
the fetal manifestation of placental insufficiency, much as preeclampsia is the maternal
manifestation. Evidence from animal models of impaired placentation and FGR support
a role for melatonin in improving placental function and fetal outcomes. For example,
following early pregnancy nutritional restriction in the sheep, oral maternal administration
of melatonin improved uteroplacental blood flow—both uterine and umbilical—and fetal
weight [98]. Melatonin is also able to protect the fetal brain and normalize early neurodevel-
opment in a fetal sheep model of FGR using umbilical cord occlusion [99]. Improved fetal
growth was also afforded by maternal melatonin in both a nutritionally restricted rat model
of FGR [100] and in a rat model where FGR was imposed by transient occlusion of the
utero-ovarian arteries in mid-pregnancy [92]. In each of these models the administration of
melatonin was associated with decreased placental oxidative stress and increased antioxi-
dant enzymes [65,98,100]. Studies of melatonin for FGR have shown that oral melatonin
taken by women during pregnancy crosses the placenta into the fetal circulation where it
may protect the fetal brain from the harmful effects of oxidative stress [101]. In a pilot FGR
trial where 8 mg melatonin per day was given to 12 women with severe FGR, a 200-fold
increase in both maternal and fetal melatonin levels without maternal or fetal adverse
effects was seen [102]. The clinical utility of melatonin as a neuroprotective therapy to
improve neonatal outcomes in the setting of FGR is under ongoing investigation [103]. This
neuroprotective feature is an appealing feature of melatonin for conditions of placental
oxidative stress such as FGR and preeclampsia, killing two birds with one stone as it were.
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In summary, melatonin has beneficial effects both within the placenta and on the
maternal endothelium. It improves endothelial cell health by reducing inflammatory
activation and antiangiogenic factor secretion [66], most likely through improved mito-
chondrial function, and increases expression of antioxidant enzymes in trophoblasts [67].
So what is the evidence for melatonin as an antihypertensive?

4. Melatonin as an Antihypertensive

Melatonin is an antihypertensive, reducing blood pressure in experimental animal
models of hypertension, in healthy individuals, and in patients with established hyperten-
sion [7,57,104-106]. In fact in early animal studies, removal of the pineal gland, responsible
for endogenous melatonin production, resulted in hypertension [107,108] with exogenous
administration of melatonin reversing this vasoactive effect [109]. These initial studies pro-
vided evidence that melatonin was involved in cardiovascular regulation and prompted
further investigation. Since then, a number of studies have identified that exogenous
melatonin modifies blood flow, with effects varying depending on the vasculature.

The mechanisms underlying melatonin’s antihypertensive actions remain to be fully
elucidated [57], but are likely to involve some or all of: central effects, systemic anti-
inflammatory, antioxidant, and lipid lowering effects, direct effects on the myocardium and
direct effects on the vascular endothelium [57]. In pregnancy melatonin increases umbilical
blood flow in sheep [110], uterine artery blood flow in cows [111] and decreases cerebral
blood flow in young rats [112]. These observations are consistent with improved placental
function. Interestingly, in a chronic nitric oxide (NO) inhibited rat model of hypertension,
melatonin treatment for 5 days significantly reduced basal mean arterial pressure [113].
A chronic intermittent hypoxic rat model induced endothelial dysfunction in the aorta
by decreasing relaxation when exposed to the endothelium-dependent vasodilator acetyl-
choline [114]. This was mitigated by melatonin. Such findings were attributed to an
increase in NO availability and increased protein expression of endothelial NO synthase
(eNOS) in the aorta [114]. In this study, melatonin also decreased mRNA expression in
the aorta of endothelial dysfunction markers including vascular cell adhesion molecule-1
(VCAM-1), ICAM-1 and E-selectin. While useful in understanding the effect of melatonin
on the ca