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ARTICLE INFO ABSTRACT

Keywords: Preeclampsia is a relatively common pregnancy complication and constitutes a major cause of
Preeclampsia morbidity and mortality for mothers and children worldwide. It disproportionally affects low-
Prevention

resource countries. Appropriate identification of individuals at increased risk and prevention of

i’s(;:i]ze the disease and its complications remain healthcare and research priorities, and the investigation
Calcium of potential interventions to prevent preeclampsia has driven much of the obstetric research in
Heparin recent decades. In this article, we review the scientific literature on the topic, highlighting
Metformin established benefits and remaining questions regarding different non-pharmacological and
Pravastatin pharmacological strategies, including exercise, the timing of birth, aspirin and calcium use,
Vitamins among others, as well as potential novel therapies under investigation.
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1. Introduction

Preeclampsia is an important public health issue that affects 2-5% of all pregnant women and is associated with approximately
46,000 maternal and 500,000 perinatal deaths annually [1,2]. It is also the primary cause of one-sixth of all preterm births, and women
who suffered from preeclampsia have significantly increased risks of hypertension and cardiovascular disease later in life [3]. Pre-
vention of this disease is, therefore, a healthcare priority. While many different interventions have been studied for the prevention of
preeclampsia, the quality of the evidence is variable, and most such interventions appear ineffective. In this article, we review the
medical literature to explore the most well-studied interventions and potential new treatments to prevent preeclampsia.

1.1. Lifestyle and modifiable risk factors

The risk of preeclampsia exhibits a J-shaped relationship with maternal age, being higher at the extremes of reproductive age [4].
Preeclampsia is also more common in nulliparous women, those who conceive by in vitro fertilisation (IVF), and multiparous women
who experienced preeclampsia in a previous pregnancy [4]. The rates of preeclampsia are three to four times higher in women carrying
twin pregnancies, although this seems to be an underestimate given that twins tend to be delivered earlier than singletons, with
previous studies suggesting that mothers carrying twins are nine times more likely to experience preeclampsia than those carrying

* Corresponding author. Department of Obstetrics and Gynaecology, Monash University, Melbourne, 246, Clayton Road, Clayton, Victoria, 3168,
Australia.
E-mail address: daniel.rolnik@monash.edu (D.L. Rolnik).

https://doi.org/10.1016/j.bpobgyn.2024.102481

Received 5 June 2023; Received in revised form 19 August 2023; Accepted 5 February 2024

Available online 15 February 2024

1521-6934/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).


mailto:daniel.rolnik@monash.edu
www.sciencedirect.com/science/journal/15216934
https://www.elsevier.com/locate/bpobgyn
https://doi.org/10.1016/j.bpobgyn.2024.102481
https://doi.org/10.1016/j.bpobgyn.2024.102481
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpobgyn.2024.102481&domain=pdf
https://doi.org/10.1016/j.bpobgyn.2024.102481
http://creativecommons.org/licenses/by/4.0/

F. Brownfoot and D.L. Rolnik Best Practice & Research Clinical Obstetrics & Gynaecology 93 (2024) 102481

singleton pregnancies at the same gestational age [5]. From this perspective, prioritising single embryo transfer in IVF cycles seems to
be an important strategy to minimise the rates of multiple pregnancies and hence reduce the overall rates of preeclampsia [6]. Other
risk factors for preeclampsia include maternal obesity, a history of chronic hypertension, pre-existing type 1 or type 2 diabetes mellitus,
systemic lupus erythematosus or antiphospholipid syndrome [4]. While the rates of preeclampsia seem lower among smokers
compared to non-smoking mothers [7], it has been suggested that this paradoxical observation is likely due to a statistical artifact
arising from selection and collider-stratification biases [8].

Regarding lifestyle, current evidence does not support bed rest in the prevention of preeclampsia [9,10]. Excessive weight gain in
pregnancy should be avoided, and a meta-analysis of 15 randomised trials and 3322 demonstrated that moderate-intensity exercise (at
least 140 min per week and sufficient to increase the heart rate) during pregnancy had no significant adverse fetal effects and
significantly reduced the odds of developing preeclampsia overall (odds ratio (OR) for preeclampsia at any gestational age 0.59, 95%
confidence interval (CI) 0.37-0.90) [11].

Prediction and prevention of term disease, which corresponds to two-thirds of the cases and hence is responsible for significant
morbidity, remain deceptive. A 2018 multicentre trial of 6106 low-risk, nulliparous women has shown that labour induction at 39
weeks-39 weeks and 4 days of gestational age, compared to expectant care, reduced the rate of hypertensive disorders in pregnancy by
36% (relative risk (RR) 0.64, 95% CI 0.56-0.74, p < 0.001) [12]. It has since been suggested that delivery timing based on risk
stratification using a prediction model that combines maternal factors and biomarkers at 36 weeks’ gestation may more than halve the
risk of term preeclampsia [13].

2. Pharmacological prophylaxis

Established and proposed medications to prevent preeclampsia, alongside their suggested mechanisms of action, are summarised in
Fig. 1.

2.1. Aspirin

The active ingredient of aspirin is derived from the willow tree and has been utilised in medicine for over 3000 years [14]. Evidence
from the Ebers papyrus indicates that extracts from the willow tree bark were used by doctors to treat headaches and pain in ancient
Egypt. In 400 B.C., the Greek physicians Galen and Hippocrates also described the analgesic effects of the willow bark [15]. It was not
until 1853, however, that salicylic acid was created in a laboratory, with its first documented use to treat rheumatism published in
1876 [16]. The compound was then modified to acetylsalicylic acid in 1897 and named aspirin, and its use became popular in the 1918
flu pandemic [15,17]. In 1982, Vane, Samuelsson and Bérgstrom were awarded a Nobel prize for elucidating the mechanism of action
of aspirin [18].

The first possible link between the use of aspirin and the prevention of preeclampsia was suggested by a case report published in
1978, describing better outcomes with daily use of aspirin from the mid-trimester in the third pregnancy of a woman with two previous
pregnancies severely affected by preeclampsia and fetal growth restriction. The observation that the development of preeclampsia was
accompanied by a pro-thrombotic state with increased thromboxane A, and decreased prostacyclin levels further strengthened this
hypothesis [19].

The first randomised controlled trial (RCT) of aspirin for the prevention of pregnancy complications was published in 1985 in The
Lancet [20]. In that study, 102 women with a history of preeclampsia or fetal growth restriction in a previous pregnancy were
randomly allocated to treatment with 300 mg dipyridamole and 150 mg aspirin daily or to receive standard care with no antiplatelet
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Fig. 1. Proposed mechanism of action of different medications utilised or studied in the prevention or treatment of preeclampsia.
NOS: Nitric oxide; O5: Oxygen.
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treatment from 12 weeks’ gestation. Preeclampsia occurred in six patients, and fetal death or severe growth restriction in nine patients
in the control group, and none in the treatment group [20]. Following this trial, numerous other randomised trials have been con-
ducted to investigate the possible beneficial effects of aspirin in the prevention of placental-mediated complications [21-23]. Such
trials reached conflicting conclusions but were highly heterogeneous regarding the selection of participants, the dose of aspirin given,
the time of treatment initiation and the preeclampsia definitions used [24].

In 2007, Askie et al. published an individual participant data (IPD) meta-analysis on the effect of antiplatelet agents (including 24
randomised controlled trials comparing aspirin alone to no treatment or placebo) on the incidence of preeclampsia. A modest 10% risk
reduction (RR 0.90, 95% CI 0.84-0.97) was observed [25]. Although this was seen as disappointing at the time, it is important to note
that this meta-analysis investigated the effect of aspirin given at any dose (the median dose used in the primary studies was 75 mg),
initiated at any gestational age (most studies started treatment after 16 weeks’ gestation), and in the prevention of any preeclampsia.
Among the included studies, there were 15 different disease definitions.

Further meta-analyses published a few years later indicated that aspirin is most effective when initiated before 16 weeks’ gestation
in the prevention of severe and preterm preeclampsia [26,27]. In addition, when initiated before 16 weeks’ gestation, there is a clear
dose-response relationship that is not present when aspirin is initiated after 16 weeks’ gestation, and doses below 100 mg are unlikely
to be beneficial [28]. Such finding is also supported by a previous study of platelet function showing that 29% of pregnant women were
non-responders to aspirin at a daily dose of 81 mg, with less than 5% remaining non-responders when the dose was doubled to 162 mg
[29]. Similarly, an in vitro study suggested that treatment of human choriocarcinoma-derived BeWo trophoblast cell line with sera from
preeclamptic pregnancies and with aspirin in doses that reflect the optimal dose in vivo (150 mg) modulates the production of cytokines
and placental growth factor (PIGF), reduces apoptosis, and improves trophoblastic function [30].

The aforementioned series of meta-analyses also suggested that when started before 16 weeks’ gestation, aspirin may also lower the
rates of perinatal death (RR 0.41, 95% CI 0.19-0.92), fetal growth restriction (RR 0.46, 95% CI 0.33-0.64), and preterm birth (RR 0.35,
95% CI 0.22-0.57) [27].

In view of the discrepancies in previous literature, and because aggregate-data meta-analyses may overestimate treatment effects,
the Aspirin for Evidence-Based Preeclampsia Prevention (ASPRE) trial, a multinational double-blind, placebo-controlled trial was
designed to investigate the effect of aspirin 150 mg daily initiated in the first trimester on the rate of preterm preeclampsia (with
delivery before 37 weeks) [31,32]. Innovatively, the multimarker Fetal Medicine Foundation (FMF) competing risks algorithm for
preeclampsia prediction at 11-14 weeks’ gestation, which takes into account maternal characteristics, medical and obstetric history,
mean arterial blood pressure, uterine artery Doppler on ultrasound and serum biomarkers was used to calculate each woman’s risk of
preterm preeclampsia in 13 hospitals across six countries. This screening approach detects significantly more women destined to
develop preeclampsia than the traditional risk-factor-based screening that detects only 40% of women affected by preterm pre-
eclampsia later in pregnancy and is associated with low compliance with aspirin prophylaxis [33,34]. After screening 26,941 women,
1776 high-risk participants (risk of preterm preeclampsia >1 in 100) were randomly allocated in a double-blind fashion to receive
treatment with aspirin 150 mg daily, at night (due to previous chronotherapy studies suggesting better effects with aspirin intake at
night) [35], or matching placebo, from 11-14 weeks to 36 weeks or delivery, whichever came first. A total of 152 women (8%)
withdrew consent during the study, four (0.2%) were lost-to-follow-up, and the remaining 1620 participants were included in the
intention-to-treat analysis. Preeclampsia was defined according to the International Society for the Study of Hypertension in Pregnancy
(ISSHP) 2001 guidelines [36]. The primary outcome was preeclampsia with delivery before 37 weeks’ gestation, which was reduced by
62% in the aspirin group compared to the placebo group (1.6% versus 4.3%, OR adjusted for site and estimated risk 0.38, 95% CI
0.20-0.74, p = 0.004) [31].

Further analyses of the ASPRE trial data demonstrated that the treatment effect is strongly influenced by compliance [37]; aspirin
may not effectively reduce the rates of preeclampsia in women with chronic hypertension [38]; and in high-risk populations, aspirin
reduces the length of stay in the neonatal intensive care unit (NICU) by about 68% (on average, 20 days less in NICU per admitted

Table 1
Estimates of relative risks for different adverse pregnancy outcomes and respective numbers needed to treat (NNT) with aspirin to avoid
one case.
Outcome Relative risk (95% CI) Number needed to treat
Preeclampsia >37 weeks” 0.95 (0.57-1.57) 187
Preeclampsia <37 weeks® 0.38 (0.20-0.72) 38
Preeclampsia <34 weeks” 0.20 (0.06-0.71) 69
Birthweight <10th percentile” 0.77 (0.65-0.91) 16
Birthweight <5th percentile” 0.73 (0.59-0.91) 19
Birthweight <3rd percentile" 0.77 (0.59-0.99) 30
Neonatal intensive care unit >14 daysb 0.34 (0.15-0.75) 51
Stillbirth or neonatal death 0.26 (0.11-0.60) 34

CIL: Confidence interval.

@ Estimates calculated based on the Aspirin for Evidence-Based Preeclampsia Prevention (ASPRE) trial.

b Estimates based on secondary analysis of data from the Aspirin for Evidence-Based Preeclampsia Prevention (ASPRE) trial and the
Screening Program for Preeclampsia (SPREE) study [31,34].

¢ Estimates calculated based on reported numbers in random effects meta-analysis of aspirin use initiated before 16 weeks’ gestation
[27].
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child) [39]. Aspirin also seems to lead to a more pronounced reduction in uterine artery resistance, particularly in the first half of the
pregnancy, but does not modify mean arterial pressure [40] or serum biomarker trajectories (unpublished data).

Estimates of relative risks for different adverse pregnancy outcomes from previous literature and respective numbers needed to
treat (NNT) with aspirin to avoid one case of each adverse outcome are listed in Table 1.

A 2022 randomised trial of aspirin 100 mg daily initiated between 12 and 20 weeks’ gestation conducted in 13 Chinese centres and
including 898 participants with risk factors for preeclampsia demonstrated no significant difference in the incidence of (overall)
preeclampsia between the aspirin and placebo groups (16.8% versus 17.1%, RR 0.99, 95% CI 0.74-1.32; p = 0.924) [41]. The lack of
differences in this study may be due to the inaccuracy of screening by risk factors alone [34], the use of 100 mg instead of 150 mg,
treatment initiation after 16 weeks for some participants, and the fact that two-thirds of the preeclampsia cases occur at term and these
are not prevented by aspirin [31].

Another recent randomised trial evaluating universal treatment of 11,976 women with aspirin 81 mg daily in low-resource settings
demonstrated an 11% reduction in the primary outcome of preterm birth (RR 0.89, 95% CI 0.81-0.98, p = 0.012), as well as a before
34 weeks with hypertensive disorders of pregnancy (RR 0.38, 95% CI 0.17-0.85, p = 0.015) [42]. The authors did not report whether
preterm births were spontaneous or medically indicated. Despite these favourable results, a policy of universal treatment should be
approached with caution, as it may lead to low compliance and increased rates of side effects and haemorrhagic complications [43,44].
Previous observational studies and randomised trials of universal aspirin treatment in pregnant and non-pregnant healthy individuals
suggest low compliance [22,23], lower efficacy, and higher rates of bleeding episodes, intrapartum and postpartum haemorrhage [22,
44], and gastrointestinal symptoms and bleeding or stroke with long-term use [45,46].

Aspirin is, therefore, best indicated in women at high risk of preterm preeclampsia identified by reliable methods such as multi-
marker algorithms, at a daily dose >100 mg (ideally 150 mg), at night, initiated before 16 weeks’ gestation, and maintained until 36
weeks’ gestation or birth.

2.2. Calcium

Calcium as a prevention for preeclampsia was first proposed in the 1980s following the observation that Mayan Indians in
Guatemala, who have a high calcium intake, had a reduced incidence of preeclampsia [47]. Epidemiological and clinical studies that
followed supported the potential for calcium to prevent preeclampsia [48-50]. Of note, these studies were predominantly performed in
countries with low dietary calcium intake. There is biological plausibility for the use of calcium to reduce preeclampsia risk: it is
possible that low calcium levels may cause hypertension by stimulating parathyroid hormone release, leading to intracellular calcium
release from smooth muscle in blood vessels, causing vasoconstriction?.

These initial observations led to a large RCT in the United States to assess the effect of calcium supplementation in a population
with adequate dietary calcium intake. 4589 nulliparous women between 13 and 21 weeks’ gestation, were randomly assigned to 2 g of
calcium daily or placebo in the Calcium to Prevent PreEclampsia (CPEP) study [51]. Disappointingly, calcium supplementation did not
reduce the incidence of preeclampsia, which was 6.9% in the intervention group compared to 7.3% in the placebo group. There were
no significant differences in the development of hypertensive disorders or other perinatal adverse outcomes.

The World Health Organization (WHO) conducted a large RCT in areas of calcium deficiency and demonstrated a reduction in
hypertensive disorders of pregnancy [52]. They randomised 8325 nulliparous women from regions known to have daily calcium intake
<600 mg at less than 20 weeks’ gestation to 1.5 g calcium daily or placebo. Calcium supplementation was associated with a small, but
not statistically significant reduction in preeclampsia risk (4.1% in the treatment group compared to 4.5% in the placebo group). The
most serious complications of preeclampsia, however, were significantly reduced by calcium supplementation including a 25%
reduction in eclampsia, severe gestational hypertension and neonatal mortality [52].

A Cochrane review has combined data from 14 studies involving 15,730 women, the majority of whom are from calcium deficient
populations (10,678 women), and has concluded there is a reduction in the risk of preeclampsia with high dose (>1 g) calcium
supplementation by 55% (95% CI 35%-69%) [53]. The greatest risk reduction (64%) was observed among women at highest risk of
preeclampsia, and in women with low dietary calcium intake. The composite outcome of maternal death or serious morbidity was
reduced in the intervention group by 20% with a 24% reduction in preterm birth and a birthweight less than 2500 g. Interestingly,
there was an unexpected increase in HELLP syndrome risk in the treatment group in two trials involving 12,901 women. Despite this,
the reduction in preeclampsia risk and associated morbidity was deemed to outweigh the risk of HELLP syndrome and calcium sup-
plementation among calcium deficient populations is recommended [53,54].

Calcium supplementation of 1.5-2 g per day is recommended by the WHO [54] and the American College of Obstetrics and Gy-
necology [55] to reduce the incidence of preeclampsia and maternal mortality and serious morbidity in those with low calcium dietary
intake.

2.3. Heparin

Results of randomised trials on the possible preventive effects of low-molecular-weight heparin (LMWH) to date have been con-
flicting. Despite some initial trials suggesting that LMWH, alone or in combination with aspirin, may reduce the incidence of pre-
eclampsia, birthweight <5th percentile, placental abruption and stillbirth [56-58], other trials have demonstrated no beneficial effect
with LMWH in women with previous pregnancy complications [59] or in women with thrombophilia such as antiphospholipid syn-
drome [60]. More recently, the HEPEPE and EPPI trials reported that enoxaparin with aspirin does not significantly reduce pla-
cental-mediated complications, including preeclampsia, when compared to aspirin alone [61,62].
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Systematic reviews and meta-analyses have also been inconclusive. A recent meta-analysis of 15 studies by Lemini et al. demon-
strated a beneficial effect of LMWH, with or without aspirin, on the prevention of preeclampsia [63]; however, uncertainty was high,
and the quality of the included studies was deemed low to moderate. Conversely, a previous individual participant data meta-analysis
including 963 concluded that LMWH did not significantly reduce the risk of recurrent placental-mediated complications of pregnancy,
as compared to no LMWH (14% vs. 22%; RR 0.64 95 CI 0.36-1.11, p = 0.11), reporting significant statistical heterogeneity.

It is possible that the beneficial effects of LMWH are restricted to certain subgroups of patients, such as women with thrombophilia,
and its use is not currently recommended in women at increased risk of preeclampsia [64].

2.4. Other pharmacological and non-pharmacological agents

A 2019 Cochrane review of 30 trials and over 7000 women concluded that supplementing unselected pregnant women with
vitamin D, with or without calcium, probably reduces the risk of pre-eclampsia (RR 0.48, 95% CI 0.30-0.79; four trials, 499 women,
moderate-certainty evidence), but suggested that additional rigorous high-quality and larger randomised trials are needed to evaluate
the effects of vitamin D supplementation in pregnancy, particularly in relation to the risk of maternal adverse events [65]. On the other
hand, supplementation with omega 3 or antioxidants such as vitamin C, vitamin E, or selenium does not seem to prevent preeclampsia
and is not currently supported by evidence [66-68]. Folic acid is an antioxidant and has also shown promise in reducing the risk of
preeclampsia in observational studies [69,70]. Disappointingly, an RCT that enrolled 2464 participants with at least one risk factor for
preeclampsia to receive 4 mg folic acid supplementation or placebo demonstrated no difference between the groups.

A recent network meta-analysis of 130 randomised trials, possibly hampered by substantial between-study heterogeneity, sug-
gested that LMWH (RR 0.60; 95% CI 0.42-0.87), aspirin (RR 0.79, 95% CI 0.72-0.86), vitamin D (RR 0.65, 95% CI 0.45-0.95), calcium
(RR 0.71, 95% CI 0.62-0.82) and exercise (RR 0.68, 95% CI 0.50-0.92) were similarly effective in the prevention of (overall) pre-
eclampsia or pregnancy-induced hypertension [71].

2.5. Novel therapies

Our field has focused on repurposing medications that target aspects of placental hypoxia, oxidative stress and endothelial
dysfunction to prevent preeclampsia. The available evidence for the use of statins, metformin, proton pump inhibitors, r-arginine and
immunomodulators as preventions for preeclampsia has been examined.

2.5.1. Statins

Statins have been found to improve cardiovascular outcomes independent of their effect on cholesterol levels [72,73]. This led to an
interest in their mechanism of action and Grosser et al. [74] discovered that simvastatin and lovastatin increased heme-oxygenase 1
(HO-1) mRNA expression and protein in human umbilical vein endothelial cells, which they concluded may be responsible for their
anti-inflammatory effect and cardiovascular protective properties.

Cudmore et al. [75] first reported statins reduced soluble fms-like tyrosine kinase-1 (sFlt-1) secretion, an antiangiogenic protein
up-regulated in preeclampsia. Firstly, they demonstrated that statins up-regulated HO-1 in human umbilical vein endothelial cells in
vitro and simvastatin also up-regulated the protein in placental explants [75]. They showed statins reduced sFlt-1 secretion from
human umbilical endothelial cells and placental explants. These results raise the possibility that statins may be a potential prevention
or treatment for preeclampsia. However, there were concerns regarding its safety in pregnancy. These concerns stemmed from the
retrospective observational study performed by Edison and Muenke [76] reporting a possible increase in limb defects in fetuses
exposed to simvastatin in the first trimester. They concluded that lipophilic statins readily cross the placenta and are teratogenic [76]
and this led to the recommendation by the United States Food and Drug Administration (FDA) that statins should not be used in
pregnancy and followed with the categorisation of all statins as Category X (Studies in animals or humans have demonstrated fetal
abnormalities and it should be avoided in pregnancy), and a Category D rating in Australia [77,78]. Researchers in the field then
turned to hydrophilic statins, which have not been shown to cause fetal harm [77], as possible treatments or prevention for pre-
eclampsia and this resulted in an interest in using pravastatin [77,79].

We demonstrated that pravastatin reduced sFlt-1 secretion from primary human trophoblasts and placental explants [80]. Other
groups have demonstrated that pravastatin can ameliorate preeclampsia in different mouse and rat models of the disease [81-83].
Using the reduced uterine perfusion pressure (RUPP) model [83], or lentiviral vector placental specific overexpression of sFlt-1 [84]
and adenoviral sFlt-1 injection into the mother [81], these studies showed that pravastatin reduced hypertension [83,84], enhanced
vascular relaxation [83], decreased proteinuria and reduced glomerular endotheliosis [84]. Pravastatin also reduced key patho-
physiological features of preeclampsia leading to a reduction in serum sFlt-1 [83,84], increased PIGF [84] and increased vascular
endothelial growth factor (VEGF) [83]. Pravastatin improved oxidative stress (plasma thiobarbituric acid) and restored plasma
antioxidant status (trolox antioxidant capacity) [83], increased HO-1 expression in the kidney and increased eNOS expression in the
aorta [84]. Pravastatin also increased placental size and fetal weights [83,84].

Initial studies in humans were promising. Pharmacokinetic and safety analysis by Costantine et al. demonstrated in 20 women (10
assigned to 10 mg pravastatin, 10 controls) there was no difference in side effects, congenital anomalies or other serious or adverse
effects. Promisingly, no participants in the treatment group developed preeclampsia compared to four in the control group, although
the numbers are too small to be definitive. They are continuing this RCT to determine the safety of pravastatin at different doses (10
mg, 20 mg or 40 mg), aiming to recruit 48 participants.

Despite these initial promising results, the STATIN study, an RCT conducted by the FMF found no effect in preventing preeclampsia.
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They randomised 1120 participants at high risk of developing late preeclampsia to 20 mg pravastatin from 35 to 37 weeks until
delivery. Preeclampsia occurred in 14.6% and 13.6% of participants in the treatment and placebo groups, respectively [85]. The
INOVASIA study, a smaller open-label RCT of 80 women, showed a non-significant reduction in preeclampsia when pravastatin was
administered to a high-risk cohort from 10 to 20 weeks to delivery (17.5% in the treatment group compared to 35% of controls) [86].
There is a large RCT in the US aiming to recruit 1550 participants with a history of preterm preeclampsia to receive 20 mg daily or
placebo (NCT03944512). This will assist with determining the efficacy of pravastatin as a prevention for preeclampsia.

2.5.2. Metformin

A derivative of this drug, galega officinalis (originating from the French lilac plant), was first prescribed in the medieval era to
relieve a well-recognised symptom of diabetes, ‘intense urination’ [87]. Metformin was ‘re-discovered’ in Paris in 1957 by Jean Sterne,
a physician specialising in diabetes [88]. He was interested in developing an oral alternative to insulin and on reading papers on the
blood sugar-lowering effect of biguanide drugs, he decided to further develop metformin.

Metformin is commonly used to treat type 2 diabetes [89] and is known to reduce all-cause mortality, myocardial infarction
hospitalisation and stroke [90]. It is also used in obstetrics to treat gestational diabetes [91] and in gynaecology to treat patients with
polycystic ovarian syndrome [92], to improve insulin resistance associated with metabolic abnormalities, and also overcome
subfertility.

Metformin has recently been found to have pleiotropic effects, reduce cardiovascular mortality and increase survival in obese
patients with diabetes in excess of its effect on glycaemic control [93,94]. Furthermore, it has been found to reduce breast [95,96] and
prostate [97] cancer metastasis. This has renewed interest in exploring its mechanisms of action and led to the discovery that met-
formin can block the expression of HIF1a by inhibiting one of the complexes (complex I) of the mitochondrial electron transport chain
[96,98,99]. This then prompted our investigation of metformin as a potential prevention and treatment for preeclampsia. We
demonstrated that metformin reduced sFlt-1 and soluble endoglin (SENG) secretion from placental trophoblast and explants [100].
Furthermore, it reduced makers of endothelial dysfunction and promoted whole omental blood vessel relaxation. It also has angiogenic
properties, promoting vessel growth from omental rings in the presence of the antiangiogenic factor sFlt-1. In an RCT in South Africa,
Cluver et al. have demonstrated a non-statistically significant median 7.6-day prolongation of pregnancy (p = 0.057) in participants
with preterm preeclampsia (randomised from 26 weeks’ to 31 + 6 weeks’ gestation. In those that took the medication at any dose, the
median prolongation of pregnancy was 9.6 days and in those taking the full dose of the medication the median prolongation of
gestation was 11.5 days [101].

Regarding metformin as a prevention, an RCT by Syngelaki et al. examined the effect of metformin to reduce neonatal birth weight
in obese participants (body mass index >35 kg/m?), and found a remarkable 76% risk reduction in the secondary outcome of pre-
eclampsia (OR 0.24, 95% CI 0.10-0.61, p < 0.001) in the treatment group [102]. A meta-analysis examining the incidence of pre-
eclampsia where participants were randomised to metformin compared to insulin demonstrated a 32% reduction (RR 0.68, 95% CI
0.48-0.95, p = 0.02) [103]. There was no significant difference in the risk of preeclampsia in trials comparing metformin treatment
with placebo (RR 0.86, 95% CI 0.33-2.26, p = 0.76) [103]. It is important to note that none of the studies had prevention of pre-
eclampsia as a primary outcome. A trial examining prevention of preeclampsia with metformin has been registered in Qatar
(NCT04855513).

2.5.3. Esomeprazole/proton pump inhibitors (PPIs)

Proton pump inhibitors are widely used to treat gastro-oesophageal reflux disease and have been found to have antioxidant
properties which prompted their investigation to see whether they might prevent or treat preeclampsia. Utilising a similar pipeline of
assays as those used to explore metformin, esomeprazole was found to reduce antiangiogenic factor secretion from primary tropho-
blasts and placental explants. It was also found to reverse endothelial dysfunction by reducing VCAM-1 and ET-1 expression, reducing
leucocyte adhesion and enhancing endothelial cell proliferation and endothelial tube formation. Furthermore, it vasodilates human
omental blood vessels in vitro [104]. Epidemiological evidence from a Swedish registry-based cohort of 157,720 pregnancies
demonstrated opposing results with PPI use in pregnancy (defined as the use of any PPI at least once at any point in pregnancy) with an
increase in preeclampsia (adjusted odds ratio (aOR) 1.17, 95% CI 1.04-1.32); however, there was a reduction in preterm preeclampsia
risk (aOR 0.63, 95% CI 0.41-0.96) [105]. There are RCTs examining whether 40 mg esomeprazole may prevent preeclampsia. A trial in
Australia is randomising 480 participants identified to be at increased risk of preeclampsia from the FMF first-trimester screening
algorithm to aspirin and esomeprazole or aspirin and placebo from 11 to 14 weeks’ gestation and has a primary outcome of a difference
in blood pressure at 36 weeks’ gestation (ANZCTR12618001755224). A trial in Egypt is randomising 1000 participants and assessing
the incidence of preterm preeclampsia in groups before 34 weeks’ gestation (NCT03717740).

2.5.4. 1-arginine

Endothelial dysfunction from preeclampsia results in impaired vasodilation, contributing to hypertension. Nitric oxide is a potent
vasodilator and r-Arginine is the sole precursor of nitric oxide. An RCT enrolling 672 participants with a history of preeclampsia or
family history of preeclampsia to receive r-arginine (3.3 g) with antioxidants, antioxidants alone or placebo from 14 to 32 weeks’
gestation demonstrated edible L-arginine bars and antioxidants reduced the recurrence of preeclampsia (absolute risk reduction 0.17,
95% CI 0.12-0.21, p < 0.001) [106]. Furthermore, a study randomising 96 participants with risk factors for the development of
preeclampsia to L-arginine 3 g/day (n = 49) or placebo (n = 47) from 19 to 20 weeks’ gestation found reduced preeclampsia rates in the
treatment group (6.1% versus 23.4%, p = 0.016) [107]. Despite these encouraging results, trials are generally small and there does not
appear to be any large RCT currently recruiting, and further studies are needed before recommending r-arginine supplementation for
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preeclampsia prevention in clinical practice. A meta-analysis including seven RCTs using 3-14 g/day r-arginine and a combined
sample of 884 women at increased risk of preeclampsia or with established hypertensive disease has demonstrated a reduction in the
risk of developing preeclampsia (RR 0.34, 95% CI 0.21-0.55) [108]. However, this estimate was obtained from a single RCT on
prevention [106], as the other six included trials recruited women already with hypertensive disorders.

2.5.5. Immunomodulators

Our field has focused on developing treatments that target each step of the inflammatory cascade. Medications that block in-
flammatory cytokine up-regulation including protein inhibitors of the inflammatory transcription factor NFkB and drugs that block the
complement cascade including eculizumab have all been trialled. Medications that modulate the adaptive immune response, including
tacrolimus, inhibit the AT1-AA and specific cytokine inhibitors including the TNFa inhibitor etanercept have also been assessed.

Eculizumab is a C5 inhibitor that inhibits activation of the innate immune system and is currently used to treat paroxysmal
nocturnal hemoglobinuria and atypical haemolytic uremic syndrome and may be safe for use in pregnancy [109]. In some case reports,
it has been shown to potentially lead to prolongation of pregnancy and improvement in sFlt-1 levels in patients with severe pre-
eclampsia [110].

Sulfasalazine is an anti-inflammatory and immune-modulating medication known to treat inflammatory diseases. It also has
antioxidant properties and has been shown to up-regulate HO-1. We explored its effect on antiangiogenic molecules and demonstrated
a reduction in sFlt-1 secretion. Sulfasalazine potently up-regulated the angiogenic molecule PIGF. It also had endothelial protective
properties and resulted in omental artery vasodilation [111]. We are currently performing a pharmacokinetics study on patients with
preterm preeclampsia (ACTRN12617000226303). To our knowledge, no other in vivo human clinical studies have been conducted to
date on the use of sulfasalazine for the prevention or treatment of preeclampsia.

TNFa is an up-regulated cytokine in preeclampsia, known to cause endothelial dysfunction. TNFa inhibitors now form a large group
of monoclonal antibodies and fusion proteins including etanercept and are now widely used to treat inflammatory conditions [112,
113]. Whilst they have shown promise as a treatment for preeclampsia in a rat RUPP model [114,115], they have not been investigated
as a possible preventative strategy.

Angiotensin 1 auto-antibodies are increased in patients with preeclampsia [116] and cause the preeclampsia phenotype when
infused into mouse and rat models [117,118]. Molecules reducing their production or blocking their action are being developed as a
possible treatment for preeclampsia; including the monoclonal antibody, rituximab [119], and the angiotensin-converting enzyme
inhibitor losartan. Whilst animal studies have been promising, prevention studies have not been performed.

3. Conclusions

Prevention of preeclampsia remains a priority in healthcare. Of the multiple interventions studied, aspirin and calcium have been
shown to be effective in high-risk populations. Moderate exercise and novel therapies, such as metformin and r-arginine, need further
evaluation. Identifying novel preventative medications and strategies remains a priority in order to reduce the burden of preeclampsia
on mothers and babies.
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Practice points

e Aspirin prophylaxis has been shown to reduce the risk of preeclampsia, particularly preterm preeclampsia in high-risk women. The
ideal dose is likely 100-150 mg, and initiation is recommended before 16 weeks’ gestation.

While bed rest is not effective in the prevention of preeclampsia, moderate exercise during pregnancy and avoidance of excessive
weight gain seem to be harmless and potentially useful strategies to prevent preeclampsia.

Calcium supplementation (>1 g) is also effective in preventing preeclampsia, particularly among high-risk women with low dietary
calcium intake.

Pharmacological prophylaxis should target high-risk women. Universal prophylaxis has not been well-studied and may lead to
increased rates of adverse events.

The beneficial effects of other agents such as vitamin D, heparin and 1-arginine, as well as promising new preventative strategies
such as metformin, esomeprazole and pravastatin remain unclear. Studies are mainly pre-clinical or small RCTs, and further
research with large, randomised trials is required.

Term preeclampsia, although often less severe, is responsible for two thirds of the cases and significant morbidity.

Timed delivery in women at increased risk of term preeclampsia is likely to reduce the rates of this pregnancy complication.

Research agenda

e Head-to-head comparisons of different doses of aspirin are currently lacking and are warranted to confirm the ideal prophylactic
dose.
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o In vivo studies and RCTs of novel potential preventative interventions, including metformin, r-arginine, esomeprazole and pra-
vastatin are needed to investigate their possible effects on the prevention of preeclampsia.

e The effects of induction of labour and delivery on the rates of term preeclampsia according to risk stratification in the third
trimester should be further investigated.
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