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Abstract

Background: Pre-eclampsia is a leading cause of maternal mortality and morbidity that involves pregnancy-related
stressors on the maternal cardiovascular and metabolic systems. As nutrition is important to support optimal devel-
opment of the placenta and for the developing fetus, maternal diets may play a role in preventing pre-eclampsia.
The purpose of this scoping review is to map the maternal nutritional deficiencies and imbalances associated with
pre-eclampsia incidence and discuss evidence consistency and linkages with current understandings of the etiology
of pre-eclampsia.

Methods: A narrative scoping review was conducted to provide a descriptive account of available research, summa
rize research findings and identify gaps in the evidence base. Relevant observational studies and reviews of observa-
tional studies were identified in an iterative two-stage process first involving electronic database searches then more
sensitive searches as familiarity with the literature increased. Results were considered in terms of their consistency of
evidence, effect sizes and biological plausibility.

Results: The review found evidence for associations between nutritional inadequacies and a greater risk of pre-
eclampsia. These associations were most likely mediated through oxidative stress, inflammation, maternal endothe-
lial dysfunction and blood pressure in the pathophysiology of pre-eclampsia. Maternal nutritional risk factors for
pre-eclampsia incidence with the strongest consistency, effect and biological plausibility include vitamin C and its
potential relationship with iron status, vitamin D (both on its own and combined with calcium and magnesium), and
healthy dietary patterns featuring high consumption of fruits, vegetables, whole grains, fish, seafood and mono-
unsaturated vegetable oils. Foods high in added sugar, such as sugary drinks, were associated with increased risk of
pre-eclampsia incidence.

Conclusion: A growing body of literature highlights the involvement of maternal dietary factors in the development
of pre-eclampsia. Our review findings support the need for further investigation into potential interactions between
dietary factors and consideration of nutritional homeostasis and healthy dietary patterns. Further research is recom-
mended to explore gestational age, potential non-linear relationships, dietary diversity and social, cultural contexts of
food and meals.
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Plain language summary

Pre-eclampsia is a condition of high blood pressure during the second half of pregnancy with signs of damage to
another organ system, often the liver and kidneys. It is a serious and potentially deadly disease and is the second top
cause of deaths related to pregnancy and childbirth globally. Though the exact cause of pre-eclampsia is unclear,
researchers have discovered that pre-eclampsia develops through abnormal development of the placenta, which is
the interface between the growing baby and the mother in the womb. The placenta helps to transfer nutrients, oxy-
gen and waste between the mother and fetus. Nutrition has important roles to play in the development of the pla-
centa and certain vitamins and minerals have clinical properties that may help prevent pre-eclampsia. We conducted
a review to summarize observational studies on maternal nutritional risk factors associated with the development of
pre-eclampsia. Promising maternal dietary factors that fit with current understandings of how pre-eclampsia develops
include vitamin C and its potential relationship with iron, calcium and vitamin D. Healthy dietary patterns with high
consumption of fruits, vegetables, whole grains, fish and seafood and monounsaturated vegetable oils are likely ben-
eficial. Foods high in added sugar, such as sugary drinks, may be linked to higher rates of developing pre-eclampsia.
Instead of focusing on single nutrient deficiencies, our findings support a broader approach to explore interrelation-

ships between dietary factors and balanced healthy dietary intake for the prevention of pre-eclampsia.

Introduction

Pre-eclampsia is the most serious of the hypertensive dis-
orders of pregnancy (HDP), which are the second lead-
ing direct cause of maternal and infant deaths associated
with over 46,000 maternal deaths, 416,000 stillbirths
and 1.5-2 million neonatal deaths annually [1, 2]. Pre-
eclampsia is characterized by new onset hypertension
after 20 weeks gestation with proteinuria and/or signs
of organ damage, most commonly the liver and kidneys
[2—-4]. HDPs complicates 5-10% of pregnancies, includ-
ing 2-4% with pre-eclampsia, according to global esti-
mates [4, 5]. Pre-eclampsia is estimated to contribute
up to a third of all cases of serious maternal morbidity,
with approximately 5% of women with pre-eclampsia
requiring admission to intensive care, and associated
with development of non-communicable diseases such as
cardiovascular disease, type II diabetes and renal impair-
ment in the long-term [1, 6]. Pre-eclampsia is closely
associated with low birthweight (<2500 g), documented
as a contributing factor in 12% of infants born with
intrauterine growth restriction and 19% of preterm birth
[6-9].

Although not fully understood, a growing body of evi-
dence finds that pre-eclampsia is a pregnancy-specific
inflammatory disorder with two major pathways of
pathophysiology [3]. Placental pre-eclampsia, gener-
ally developing before 34 weeks gestation, arises from
abnormal vascular development of the placenta and inad-
equate transformation of the maternal spiral arteries to
adequately supply nutrients to the placenta and fetus
[3, 10]. Maternal pre-eclampsia, generally developing
after 34 weeks and postpartum, arises from interactions
between a normal placenta and maternal cardiovascular
risk factors such as hypertension, renal disease, over-
weight, and diabetes [3]. Pre-eclampsia of maternal or

placental origin are not mutually exclusive and there is an
overlap in influencing factors [3]. Certain micronutrients
have antioxidant and anti-inflammatory properties, and
dietary deficiencies may contribute to poor placentation.
Adaptive responses to maternal malnutrition include the
regulation of specific nutrient transporters and blood
flow, and thus maternal nutrition is hypothesized to be
associated with the development of pre-eclampsia [6, 7,
10, 11].

While a proposed role for diet in the origins of pre-
eclampsia is well-established [10-12], evidence from
nutritional supplementation trials remains elusive [10,
12]. Although micronutrients are good candidates for
pre-eclampsia prevention due to their antioxidant, anti-
inflammatory or vasoactive proprieties, current evidence
does not support routine supplementation of vitamins C,
D or E for the prevention or treatment of pre-eclampsia
[10]. High-dose calcium (i.e., at least 1 g/day) may reduce
the risk of pre-eclampsia in women with low dietary cal-
cium intake [10]. While supplementation in the latter
half of pregnancy may reduce high blood pressure, this
timing may be too late to influence placental develop-
ment largely occurring in early gestation [13]. A multi-
country placebo-controlled trial evaluating low-dose
calcium replacement (500 mg/day) given preconception
and in early pregnancy to women with a history of severe
pre-eclampsia and low dietary intake (women in both
arms receiving open label 1500 mg/day from 20 weeks)
observed a marginal effect on the incidence of pre-
eclampsia in a subsequent pregnancy amongst women
who were compliant with the intervention [14]. However,
the efficacy of supplementation is conceptually a differ-
ent research question than understanding the association
between nutritional deficiencies and risk of pre-eclamp-
sia; the first emphasizes modifiability of specific dietary
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components related to the condition and involves consid-
eration of the intervention implementation process, while
the latter focuses on underlying nutritional deficiencies
observed in populations. A 2014 review of dietary factors
in the prevention of HDP that excluded purely supple-
ment-based studies yielded more promising results [15].
Higher total energy and lower magnesium and calcium
intake during pregnancy were associated with HDP inci-
dence, while maternal diets rich in fruits and vegetables
may be beneficial in reducing pre-eclampsia [15]. An
updated review is needed, particularly a scoping review
of observational studies separated from intervention tri-
als evaluated through the lens of consistency in associa-
tions and etiology.

Conventional systematic reviews that value rand-
omized controlled trials (RCTs) as the gold standard of
study design and a rigorous criteria for evaluating evi-
dence may not always capture the bigger picture in nutri-
tional epidemiology [16]. This is because diet-related
diseases may take time to develop and manifest chronic
symptoms, RCTs may not be ethically feasible with die-
tary deficiencies known to have adverse effects on human
health, and dietary modification involves behavioural
change inadequately detected in trials with insufficient
follow-up time [16]. Therefore, in nutritional epidemiol-
ogy, it is important to triangulate (a) biological plausibil-
ity in association with literature related to physiological
mechanisms, (b) consistency of the evidence across study
designs and populations, and (c) consideration that small
effects for individuals may have a large impact on popula-
tions [16].

We performed a scoping review according to the meth-
ods described by Arksey and O’Malley [17] to address the
research question: What is known from the existing liter-
ature about the interaction between maternal nutritional
deficiencies and risk of developing pre-eclampsia?

Methodology

The review is reported according to Preferred Reporting
Items for Systematic reviews and Meta-Analyses exten-
sion for Scoping Reviews (PRISMA-ScR; Additional
file 1) [18] and took an pragmatic approach, as recom-
mended for scoping reviews [17, 19]. Relevant studies
were identified in an iterative two-stage process con-
ducted from database inception to January 2021. First,
electronic database searches were conducted on Med-
line Ovid, EMBASE, Cumulative Index to Nursing &
Allied Health Literature, Web of Science, JBI Database
of Systematic Reviews and Implementation Reports,
Database of Abstracts of Reviews of Effects and EBM
reviews. EBM reviews includes the Cochrane Database
of Systematic Reviews, ACP Journal Club, Clinical Evi-
dence, Evidence-based Mental Health, Evidence-based
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Nursing, Evidence report/Technology assessment. Regis-
ters, including PROSPERO, Cochrane Central Register of
Controlled Trials, ClinicalTrials.gov and ICTRP Search
Portal of the World Health Organization were also
scanned. Two reviewers (MWK and SO) independently
reviewed titles, abstracts and full texts with reflexive dis-
cussion with a third independent reviewer (KS) at each
phase to resolve any disagreements. Existing reviews
were prioritized where available and studies were con-
sidered if they investigated maternal nutrition and diets,
if they examined underlying nutritional status and defi-
ciencies and/or discussions of biological plausibility that
linked nutritional deficiencies with hypotheses of the
etiology of pre-eclampsia. Nutritional supplementation
trials raise questions about compliance and adherence
to the intervention protocol as well as duration, dosage
and timing of intervention delivery, factors that would
be more appropriately evaluated in a systematic review.
This scoping review seeks more broadly to understand
maternal nutritional status and nutritional deficiencies
as exposures on the outcome of pre-eclampsia and other
hypertensive disorders of pregnancy. Consequently, our
scoping review focused on observational studies and
reviews of observational studies. In the second stage of
the search process, the first reviewer (MWK) reviewed
the studies compiled, reviewed reference lists, snowball
searched related articles on Google Scholar and Pub-
Med, and consulted with experts in the field. Over the
two stages of this process, search terms broadly included
pregnancy hypertension, pregnancy-induced hyperten-
sion, gestational hypertension, pre-eclampsia, eclampsia,
HELLP syndrome, pregnancy complications, micronu-
trients, vitamins, minerals, macronutrients, nutritional
deficiencies and serum levels (Additional file 2). Catego-
ries of nutritional deficiencies were explored with more
sensitive searches in the expanded second stage (e.g., low
calcium levels, serum calcium, calcium deficiency and
Mediterranean diet), as- familiarity with the literature
increased.

Data were charted by sifting, sorting and extracting
material according to key issues and themes [17]. The
first reviewer (MWK) completed primary data chart-
ing and collated summaries of findings, which were then
discussed iteratively with the reviewer team (SO, KS, RE,
SM, LM, PvD) to review results, identify gaps and con-
solidate interpretation in reporting until consensus was
achieved. Results were considered in terms of their bio-
logical plausibility, consistency of evidence and effect
sizes as recommended [16, 20]. Biological plausibility
refers to the potential biological role the nutrient has in
the pathophysiology of pre-eclampsia. Consistency of
evidence in nutritional epidemiology considers the direc-
tion of association across populations, study designs and
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statistical methods, recommended to be at least a major-
ity of the high quality studies [20]. Effect sizes in nutri-
tional epidemiology are frequently smaller at around
0.8-1.2, but these may still have large public health
effects at a population level. Strong associations over 4.0
are viewed with caution unless corroborated by other
studies [20].

Results

Results are presented according to the following com-
ponents in the development of pre-eclampsia where lit-
erature found that maternal nutritional inadequacies may
contribute: proper placentation, regulation of placen-
tal inflammation and immune system, oxidative stress
maternal endothelial dysfunction and high blood pres-
sure (Table 1; Additional file 3). Within each section, key
themes from the reviewed material are presented.

Poor placentation, immune response and inflammation
Poor placentation is characteristic in the pre-clinical
stage of early-onset/placental pre-eclampsia where
shallow cytotrophoblast invasion results in defective
remodelling of the maternal spiral arteries [3, 10]. The
under-perfused placenta creates angiogenic imbalance in
the maternal blood stream and activates maternal inflam-
matory response [4, 10, 13].

Vitamin D is a fat-soluble vitamin with two major
physiological forms, ergocalciferol (D2), which is mainly
obtained from plant and vegetable sources, and cholecal-
ciferol (D3), which is mainly synthesized in the skin from
seven dehydrocholesterol with exposure to UVB radia-
tion from sunlight [21]. Vitamins D2 and D3 are prohor-
mones first hydroxylated in the liver to produce calcidiol
(25-hydroxycholecalciferol, 250HD), which is frequently
used as the best stable and circulating biomarker for vita-
min D status [22-24]. 250HD is further hydroxylated
in the kidneys to produce calcitriol (1,25 dihydroxy-
cholecalciferol), which is the active form of the hormone
used by the body [21]. Calcitriol synthesis has also been
demonstrated in decidua and placenta, and calcitriol has
important roles in hormonogenesis and overall placental
physiology including stimulating endometrial decidu-
alization and synthesis of vital hormones (estradiol,
progesterone, human chorionic gonadotrophin, human
placental lactogen) in pregnancy [21, 25]. Calcitriol
regulates placental immune response and inflammation
in maternal uterine natural killer (uNK) cells by inhibit-
ing inflammatory cytokines (TNF-«, IL-6) produced by
trophoblast cells to reduce inflammation and produced
by decidual cells in the maternal endometrium for immu-
nosuppression as well as promoting the release of anti-
microbial peptides (hCTD, HBD2, HBD3) to restrain
infection [21]. uNK cells in turn regulate extravillous
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trophoblast invasion of the decidua and maternal spi-
ral arteries that is characteristic of poor placentation in
pre-eclampsia [21, 26, 27]. In addition, in vitro studies
have demonstrated a direct pro-invasive effect of cal-
citriol on the extravillous trophoblast [26]. Calcitriol is
also involved in regulating angiogenesis through stimu-
lating the expression of pro-angiogenic signaling protein,
VEGTF, in vascular smooth muscle cells [28, 29].

Women with pre-eclampsia had significantly lower
250HD serum concentrations in comparison with nor-
motensive pregnant women [30, 31]. Most meta-analyses
on vitamin D insufficiency (250HD <75 nmol/L) and
deficiency (250HD <50 nmol/L) reported significantly
increased odds of pre-eclampsia (insufficiency: OR 2.11,
95% CI 1.36-3.27, I> 0%, 5 studies [30]/deficiency: OR
1.27, 95% CI 0.67-2.42, I* 0%, 2 studies [30]; OR 1.54,
12 58%, other information not reported [31]; OR 1.62,
95% CI 1.36—1.94, 12 50%, 21 studies [32]). However, a
recent meta-analysis found that associations were not
significant under a random effects model (insufficiency:
OR 1.26, 95% CI 0.97-1.82, I> 78%, 11 studies/vitamin D
deficiency: OR 1.42, 95% CI 0.99-2.04, I* 83%, 11 stud-
ies) highlighting high heterogeneity due to differences
in study design and gestational age at time of sampling
[33]. A European nested case—controlled study in 83
women with pre-eclampsia matched with 319 normo-
tensive controls found that adequate plasma vitamin D
concentration in the third trimester was significantly pro-
tective while not significant in first trimester alone [34].
The strongest effect was among women with sufficient
vitamin D in both first and third trimesters, which was
related to 66% lower odds of pre-eclampsia compared
with women who had low vitamin D in the same periods
(OR 0.34, 95% CI 0.13-0.86, p=0.02) [34]. This may sug-
gest that while vitamin D is involved in proper placenta-
tion, a further role of vitamin D in calcium homeostasis
may be for blood pressure regulation in late gestation,
which may play a major part in the linkage between its
deficiency and increased risk of pre-eclampsia. This is
further discussed below.

In addition to its essential roles in nucleotide synthesis,
cell growth and proliferation, and DNA methylation dur-
ing pregnancy [35], folate/folic acid and vitamin B12 are
regulators of plasma homocysteine concentrations [10,
36]. Elevated homocysteine concentrations may cause
direct damage to endothelial cells and increase cellular
destruction (apoptosis) of trophoblast cells leading to
poor placentation [36, 37]. A meta-analysis did not find a
significant association between maternal folate deficien-
cies and pre-eclampsia incidence [38]; however, two large
studies with over 1000 participants each (China [36],
the Netherlands [37]) highlighted that low plasma folate
and high homocysteine concentrations were particularly
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Table 1 Role of maternal dietary components in the development of pre-eclampsia

Pathophysiology of pre-eclampsia

Dietary components and mechanism

Poor placentation
1

Oxidative stress

response

B e B e e L

Defective trophoblast invasion leading to reduced
utero-placental blood flow and inflammatory response

Endothelial dysfunction and systemic inflammatory

Vitamin D

« Regulates inflammation in maternal uterine natural killer
cells, which supports extravillous trophoblast invasion

« Regulates angiogenesis through stimulating VEGF

Vitamin B9 (folate) and B12

« Regulates homocysteine concentrations, which
damages endothelial cells and increases trophoblast
apoptosis

Vitamin Cand E

« Important antioxidants that scavenges oxygen radicals
in agueous phase (C) and in cell membranes (E)

- Vitamin C involved in uptake of free iron in plasma

Essential trace elements

« Zinc, copper and selenium as components of important
antioxidants (superoxide dismutase and glutathione
peroxidase)

+Free iron and copper in plasma are pro-oxidative transi-
tion metals

Omega 3 long-chain polyunsaturated fatty acids

« Regulates oxidative stress, inflammation and lowers tri-
glyceride concentrations by reducing free fatty acid avail-
ability, increasing phospholipid synthesis and decreasing
triglyceride-synthesizing enzyme activity

«Increased concentration of circulating lipids accumulate
in endothelial cells, which decreases release of prostacy-
clin (an endothelium-derived vasodilator) and results in
endothelial dysfunction

Maternal syndrome with clinical signs of pre-eclampsia

High blood pressure

Healthy dietary patterns

+ Maternal metabolic or insulin resistance syndromes
associated with endothelial dysfunction or sensitivity

- Diets characterized by high consumption of fruits,
vegetables and whole grains, fish and seafood high in
omega-3 fatty acids, monounsaturated vegetable oils,
and low in added sugar are protective against cardiovas-
cular diseases and metabolic syndromes

Vitamin D and calcium

« Low serum calcium triggers increased secretion of para-
thyroid hormone (PTH), which stimulates release calcium
stores from bone reservoirs, opens calcium channels to
increase intracellular calcium, which leads to vasocon-
striction and high blood pressure

« PTH stimulates calcitriol production and calcitriol
increases calcium absorption from the intestine

« PTH activates the renin-angiotensin-aldosterone
signalling pathway, which increases the vascular volume
though sodium and water reabsorption

associated with incidence of pre-eclampsia during early
pregnancy when measured around 11-13 weeks gesta-
tion [36, 37]. Both studies found strong effect sizes com-
paring women with the lowest folate concentrations to
highest concentrations on pre-eclampsia incidence (Q1
vs Q4 OR 2.27, 95% CI 1.56-3.33, p<0.001 [36]; Q1 vs
Q5 adjusted OR 2.10, 95% CI 1.05-4.20, p=0.04 [37]).

Oxidative stress

Poor placentation in the pre-clinical stage progresses
to the clinical symptoms of the syndrome in the sec-
ond stage [3, 7, 11]. However, reduced placental per-
fusion alone is not considered sufficient to explain

pre-eclampsia since other conditions such as intrauterine
growth restriction and preterm birth are also associated
with poor placental development. Increased oxidative
stress resulting from an under-perfused placenta has
been proposed as the linkage between the two stages of
pre-eclampsia [7, 11]. Oxidative stress occurs when there
is an accumulation of free radicals (substances with one
or more unpaired electrons) that exceeds the capacity
of antioxidant defense mechanisms to mitigate against
the harmful effects of free radicals, including damage of
cells, lipids and proteins [7, 11, 39-41]. An imbalance
between the production of free radicals and antioxidants
triggers oxidative stress, which contributes to maternal
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endothelial cell activation, destruction of trophoblast
cells and vasoconstriction that are characteristic of pre-
eclampsia [7, 39, 41]. An increased rate of destruction
(aponecrosis) of syncytiotrophoblast leads to higher con-
centration of trophoblast debris in maternal circulation,
which subsequently increases systemic inflammatory
responses [7, 42, 43].

Vitamin C and E are important antioxidants in humans
obtained through dietary intake that help protect against
oxidative stress [10, 40, 44]. Vitamin C (ascorbic acid,
ascorbate) is an essential hydrophilic micronutrient
that scavenges oxygen radicals in the aqueous phase,
while vitamin E is the major lipid-soluble micronutri-
ent (tocopherols and tocotrienols) that scavenges oxy-
gen radicals within cell membranes [11, 40, 45]. Vitamin
C is considered the “linchpin” antioxidant in humans
to replenishes vitamin E and is proposed to be the first
antioxidant defense mechanism damaged in women with
pre-eclampsia as no other antioxidants are reduced prior
to vitamin C being depleted [11, 40, 45]. A meta-analysis
found that women with pre-eclampsia had significantly
lower third trimester concentrations of vitamin C and E
in comparison with normotensive pregnancies (vitamin
C SMD — 0.56, 95% CI — 0.83 to — 0.28, I* 91%, 29 stud-
ies; vitamin E SMD — 0.42, 95% CI — 0.72 to — 0.13, I?
93%, 34 studies) [46]. While the meta-analysis reported
high heterogeneity, there was a consistent direction of
effect in the high quality studies (studies with sample
sizes over 50 participants), especially with vitamin C [46].
Of the six high quality studies, five case—control studies
in Spain [47], Nigeria [48], Uganda [49], Peru [50], and
United States [44] found that pre-eclampsia was associ-
ated with significant reductions of vitamin C and/or E.
Both low dietary intake of vitamin C and low plasma vita-
min C concentration were associated with over two-fold
higher odds of pre-eclampsia incidence in comparison
with pregnant women with adequate vitamin C (dietary
intake <85 mg/day OR 2.1, 95% CI 1.1-3.9 [44]; vitamin
C concentration <2.0 x 10° pg/L OR 2.9, 95% CI 1.56—
5.44 [49]). A Bangladeshi case—controlled study with
150 pre-eclampsia cases and 174 healthy pregnant con-
trols found significantly lower concentrations of serum
vitamin C among cases combined with elevated levels of
lipid peroxidation (p<0.05) [51]. Another recent Cana-
dian nested case—controlled study with 111 pre-eclamp-
sia cases and 441 normotensive controls observed that
antioxidants have potentially stronger associations for
early-onset (generally placental) rather than late-onset
(generally maternal) pre-eclampsia suggesting the role of
oxidative stress in the pathophysiology of placental pre-
eclampsia [52].

Essential trace elements including zinc, copper
and selenium are vital components for antioxidants
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synthesized in the body. Zinc and copper are essential
components for superoxide dismutase (SOD), while sele-
nium is vital for proper functioning of selenoenzymes,
such as glutathione peroxidase (GPx) [10, 53-56]. SOD
and GPx are both considered “first line” antioxidants and
indispensable to the body’s defense against oxygen radi-
cals [57]. Two meta-analyses found that women with pre-
eclampsia had significantly lower concentration of serum
zinc (SMD — 0.587, 95% CI — 0.963 to — 0.21 I* 88%,
14 studies [58]; SMD —0.61, 95% CI —0.74 to —0.48, I*
88.5%, 3 studies [59]). A third review found evidence sup-
porting an association between low maternal dietary zinc
intake and low birthweight infants (10 out of 16 studies)
and severe pre-eclampsia (16 out of 33 studies), but not
preterm birth and gestational diabetes [53]. However,
there were high rates of heterogeneity among three sys-
tematic reviews investigating association between mater-
nal zinc concentrations and pre-eclampsia [53, 58, 59],
which may be driven by gestational age of measurement
[60]. Evidence for selenium was limited; a UK study indi-
cated mixed results [61] and an Iranian study reported a
strong effect between women with low selenium concen-
tration and pre-eclampsia compared to women with high
concentration (OR 9.14, 95% CI 2.25-37.01) [56]. Such
findings from single trials, however, require further cor-
roboration. A meta-analysis found significantly higher
serum copper concentrations among women with pre-
eclampsia in comparison to normotensive controls (SMD
0.69, 95% CI 0.54-0.8, I> 97%, 12 studies) [54], likely
because free copper in the plasma is pro-oxidant [55].

In addition, vitamin C is actively involved in the uptake
of free iron in the plasma (non-transferrin bound iron)
and is consequently important for iron homeostasis [62].
While the reactive oxygen species are insufficient to initi-
ate cellular damage directly, transitional metal ions (e.g.,
free iron) in plasma in particular are a necessary co-
factor in the production of the highly reactive hydroxyl
radicals that may initiate the process of lipid peroxidation
and subsequent endothelial cell damage [63-65]. In the
current review, iron was a dietary factor with significant
heterogeneity across studies in part due to the number of
different indicators associated with iron status, includ-
ing serum iron concentration but also maternal anaemia
measured as low hemoglobin concentrations. Two meta-
analyses found that women with pre-eclampsia had sig-
nificantly higher serum iron concentrations (SMD 0.28,
95% CI 0.11-0.44 [66]; SMD 1.27, 95% CI 0.76-1.78
[67]). Another meta-analysis found a significant associa-
tion between maternal anaemia (hemoglobin<11 g/dL)
and pre-eclampsia incidence in the first (OR 1.55, 95% CI
1.15-2.10) but not in the second or third trimesters [68].
Another meta-analysis found a dose—response with both
low maternal hemoglobin (<110 g/L) and high maternal
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hemoglobin (>130 g/L) significantly associated with
higher PE incidence (low Hb OR 1.84, 95% CI 1.31-2.59,
high Hb OR 1.48, 95% CI 1.10-2.01) [69].

Maternal endothelial dysfunction

The stressed placenta triggers endothelial dysfunction
and increases systemic inflammatory responses [70].
Dietary components may also contribute. Increased con-
centrations of circulating lipids may accumulate within
endothelial cells, which triggers a decreased release of
prostaglandins, specifically prostacyclin [71-73]. Pros-
tacyclin is an effective vasodilator and inhibits plate-
let aggregation. Reduced prostacyclin levels results in
endothelial dysfunction with exacerbated oxidative stress
and maternal inflammation [72-74]. While maternal
metabolism changes during normal uncomplicated preg-
nancies, especially in late gestation to meet the needs of
the growing fetus [73-76], women with pre-eclampsia a
tend to experience greater changes in lipid metabolism.
Three meta-analyses [72, 76, 77] found that women with
pre-eclampsia have consistently higher serum triglycer-
ides concentrations, compared with normotensive preg-
nant controls, even after adjusting for maternal BMI [72].
Triglycerides were significantly elevated in first and sec-
ond trimesters before onset of pre-eclampsia in women
who developed the condition [72, 76]. Long chain poly-
unsaturated fatty acids (PUFA) are significantly associ-
ated with lower triglyceride concentrations [78]. For
example, omega-3 fatty acids can help reduce triglycer-
ide concentration by reducing free fatty acid availability,
increasing phospholipid synthesis and decreasing tri-
glyceride-synthesizing enzyme activity [79]. Omega-3
fatty acids must be obtained from the diet, mainly from
fish and marine sources or as a-linolenic acid from veg-
etable oils [80]. However, the evidence on the association
between omega-3 dietary intake and lower risk of preg-
nancy hypertension from observational studies is incon-
sistent, with studies in populations with traditionally
higher omega-3 intakes reporting significant associations
[81-83], but not among populations with low intakes [84,
85]. An observational study from Iceland also cautioned
that supplementation alongside traditional fish and cod-
liver oil consumption may result in overly high intake
of omega-3, with increased the risk of developing HDPs
[86].

Pregnancy places stress on maternal cardiovascular
and metabolic systems and there is a decrease in insu-
lin sensitivity during gestation to allow the maternal
metabolism to meet fetal demands for glucose [87, 88].
Pregnancy may be considered a metabolic and vascular
“stress test” [7]. Maternal metabolic or insulin resistance
syndromes such as chronic hypertension, dyslipidemia,
insulin resistance, diabetes, adiposity, and hemostatic
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disturbances are associated with endothelial cell dys-
function, which increases sensitivity to placental factors
and increases the risk of developing pre-eclampsia [89].
A case—controlled study with 259 women with pre-
eclampsia and 297 normotensive controls in the United
States found that women with a higher metabolic score
based on the World Health Organization (WHO) and
the National Cholesterol Education Program (NCEP-
ATP III) diagnostic criteria was independently associated
with developing pre-eclampsia [90]. Healthy dietary pat-
terns emphasizing high consumption of fruits, vegeta-
bles, whole grains, and limited consumption of saturated
fats, sodium, red meat, and sweets, such as the Mediter-
ranean, Nordic and Dietary Approaches to Stop Hyper-
tension (DASH) diets, have been shown to be protective
against cardiovascular diseases and metabolic syndromes
[91-96]. Olive oil is traditional to the Mediterranean
region and a staple component of the Mediterranean
diet, while the Nordic diet emphasizes locally sourced
foods in modern-day Scandinavia and includes rapeseed
(canola) oil [95]. Mediterranean and Nordic diets are
recommended by the WHO for their protective benefits
against cardiovascular diseases and type 2 diabetes [95].

Cohort studies in Greece [97], Netherlands [98] and
Australia [99] found that high adherence to a Mediter-
ranean type diet was protective against HDPs. The Gen-
eration R cohort study with 3187 pregnant women found
that low adherence to a Mediterranean dietary pattern
was associated with higher systolic and diastolic blood
pressure in pregnancy, though not significantly associ-
ated with gestational hypertension or pre-eclampsia
incidence [98]. A 9 year follow-up of 3582 women in the
Australian Longitudinal Study on Women’s Health found
that high adherence to a Mediterranean dietary pattern
was significantly associated 42% reduced risk (RR 0.58,
95% CI 0.42-0.81) of developing HDPs in comparison
with those with low adherence [99]. The association may
be stronger among high-risk women. A cohort of 82
women with early preterm singleton births (< 34 weeks)
found that low adherence to a Mediterranean diet was
associated with an almost four-fold increased odds (OR
3.8, 95% CI 1.3—11.4) of developing gestational hyperten-
sion or pre-eclampsia [97]. High adherence to the Nor-
dic diet was significantly associated with 14% reduced
odds of any pre-eclampsia (OR 0.86, 95% CI 0.78-0.95)
and 29% reduced odds of early onset pre-eclampsia (OR
0.71; 95% CI 0.52-0.96) in comparison to low adherence
among the 72,072 women from the Norwegian Mother
and Child Cohort Study (MoBa) [100]. In contrast, two
large cohort studies from the United States (Project
Viva) and Denmark (Danish National Birth Cohort) did
not find an association between the DASH diet and pre-
eclampsia incidence [101, 102].
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The protective benefit of Mediterranean and Nordic
diets, which both feature low intake of foods with added
sugar, corroborates with findings from two Norwegian
cohort studies that reported associations with high con-
sumption of sugary drinks with increased risk of pre-
eclampsia incidence [89, 103]. Women who drank 125 ml
or more a day of sugar-sweetened carbonated and non-
carbonated beverages had 27% higher odds of developing
pre-eclampsia (adjusted OR 1.27, 95% CI 1.05-1.54), in
comparison to women with no intake after controlling
for potential confounders [103]. However, high intake
of fruit, though high in natural sugars, was protective
against pre-eclampsia [103].

High blood pressure

Vitamin D supports calcium homeostasis. Concentra-
tions of maternal plasma calcitriol, a vitamin D metab-
olite, almost double by the end of the third trimester
as calcium absorption and placental calcium transport
needs intensify for adequate fetal bone mineralization
[10, 21]. Calcium was identified early as a potential
nutrients in relation to pre-eclampsia as Belizan and
Villar observed an inverse relationship between low
calcium intake with higher rate of eclampsia incidence
in the 1980s [104]. They observed low pre-eclampsia
and eclampsia rates among groups in low- and middle-
income countries (LMICs) with traditional diets rich
in calcium, such as among populations in Ethiopia and
among Mayan Indians in Guatemala who tradition-
ally soak their corn in lime prior to cooking and sug-
gested that the association could not be wholly driven
by socio-economic factors [104]. Calcium plays an
important role in muscle contraction and regulation of
water balance in cells in the regulation of blood pres-
sure [10, 105, 106]. Low serum calcium concentrations
trigger increases in the secretion of parathyroid hor-
mone (PTH) by the parathyroid gland, which stimulates
the release of calcium stores in bone reservoirs into
the bloodstream and increases intracellular calcium in
vascular smooth muscle cells by opening calcium chan-
nels [106—112]. Increases in intracellular calcium can
directly contribute to vasoconstriction and subsequent
high blood pressure. PTH also stimulates the produc-
tion of lalpha-hydroxylase, which catalyzes the synthe-
sis of calcitriol that increases calcium absorption from
the intestine [108, 112]. PTH indirectly contributes to
high blood volume by activation of the renin—angio-
tensin—aldosterone signalling pathway, increasing vas-
cular volume though sodium and water reabsorption
[106, 107, 112]. Calcitriol decreases renin activity and
PTH secretion through negative feedback [112, 113].
Adequate serum calcium concentrations serve as a
negative-feedback loop signalling decreased secretion
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of PTH, stabilizes vascular cell membranes and reduces
vasoconstriction [108, 110, 112].

Perhaps because calcium was identified early in the
prevention of pre-eclampsia and supplementation trials
commenced early, there is less attention to epidemiologi-
cal studies investigating the association between calcium
deficiencies and pre-eclampsia incidence. In contrast
to numerous systematic reviews of observational stud-
ies with vitamin D on the topic, there was one meta-
analysis found for calcium, which found a significant
protective effect with an OR of 0.63 (95% CI 0.41-0.97,
> 0%, 7 studies) for high calcium intake during preg-
nancy (>1600 mg/day) in comparison with insufficient
intake (<1000 mg/day) on gestational hypertension [15].
While the meta-analysis noted a consistent direction of
higher calcium intake as protective [15], two subsequent
cross-sectional studies from Haryana, India did not find
a significant association between pre-eclampsia and
hypocalcemia (serum calcium<9 mg/day) [114, 115].
However, the authors noted that while the majority of
pregnant women had inadequate dietary calcium intakes,
dietary intakes did not correspond with serum calcium
concentration. This was perhaps due to higher sun expo-
sure among the rural women in the study as vitamin D
formation may increase calcium serum concentration
[114, 115].

Instead of investigating calcium concentrations in iso-
lation, epidemiological studies more frequently exam-
ined calcium and magnesium concentrations together.
Magnesium is a calcium channel blocker that reduces
intracellular calcium and thus results in vasodilation
and reduced blood pressure [110, 116, 117]. While a
meta-analysis found that women with HDP had signifi-
cantly lower concentrations of magnesium (— 8.0, 95% CI
— 13.99 to — 1.38, I 0%, 7 studies) [15], the consistency
of evidence was mixed. There was higher consistency in
case—controlled studies with more than 100 participants
[118-121] and less consistency in case—controlled stud-
ies with 100 participants or less [110, 116, 117, 122, 123].

Discussion

The purpose of this narrative scoping review was to
map current evidence of maternal nutritional deficien-
cies and imbalances associated with the development of
pre-eclampsia from observational studies and reviews
of observational studies. There were a number of prom-
ising maternal dietary factors associated with risk of
pre-eclampsia incidence that aligned with current under-
standings of biological mechanisms, including vitamin C
as an essential antioxidant and its relationship with iron
status, and vitamin D for its roles in placental develop-
ment and together with calcium for blood pressure regu-
lation. While evidence on omega-3 long-chain PUFAs
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seemed inconsistent, diets protective against cardiovas-
cular and metabolic syndromes were more promising,
particularly when characterized by high consumption
of fruits, vegetables and whole grains as well as fish and
seafood high in omega-3 fatty acids and monounsatu-
rated vegetable oils. Associations between added sugar
intake and pre-eclampsia incidence may also be an area
to further explore as evidence is limited, though reported
associations are strong. In addition to added sugar, other
current gaps include limited literature regarding B vita-
mins, zinc and other essential trace elements, dietary
diversity and recent studies on dietary calcium.

With the exception of calcium, where decades of inter-
vention trials corroborate with early epidemiological
observations and understandings of biological mecha-
nisms on evidence of a protective effect against pre-
eclampsia, many potential maternal dietary factors are
not supported by results of supplementation trials [124].
For example, though maternal serum vitamin C [52],
zinc [58] and iron [67] have strong associations with
the development of pre-eclampsia and make biological
sense, supplementation resulted in non-significant effects
[124-127]. Findings from this scoping review may help
to shed light on the discrepancy. First, the relationship
between dietary factors and maternal conditions may
not be linear for certain nutrients. This was most clearly
described with iron as both high and low hemoglobin
levels were associated with higher risk of developing pre-
eclampsia [69] but also hinted with omega-3 fatty acids
[86]. Consequently, heterogeneity of results may in part
be due a focus on nutritional deficiencies rather than
also when concentrations are too high. Secondly, gesta-
tional age is an important modifying factor because die-
tary components may be involved in different processes
and demands over the course of the pregnancy. Studies
with iron and vitamin D demonstrate that effects may
be time-dependent [34, 68]. Periconceptual nutrition
from 14 weeks before conception to 10-12 weeks gesta-
tion when women may not be aware of their pregnancy
status may be particularly important for placentation
[128-130], though there remains a gap on understanding
dietary components for that phase of disease develop-
ment [11]. Furthermore, interrelationships between die-
tary factors complicate the direct linkage between dietary
intake and its metabolism. For example, the Indian stud-
ies did not find a correlation between dietary intake and
serum calcium concentration perhaps due to unreliable
methods in accessing dietary intake or because their rural
study population had more exposure to sunlight and sub-
sequent synthesis of vitamin D [114, 115]. Potential syn-
ergies of dietary factors, such as vitamin C and iron for
oxidative stress and vitamin D, calcium and magnesium
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for regulation of blood pressure, may shed light onto why
single supplement trials may not have been as effective
as desired in pre-eclampsia prevention. Further research
is recommended to investigate gestational age, potential
non-linear relationships and interactions between dietary
factors.

A broader approach to explore interrelationships
between dietary factors and considering balanced dietary
intake supports the potential for healthy dietary pat-
terns in the prevention of pre-eclampsia, as previously
suggested and further strengthened in this review. The
review by Schoenaker et al. found a non-significant trend
towards the protective effect of healthy dietary patterns
high in fruits and vegetables [15]. Since the 2014 Sch-
oenaker et al. review, there has been further evidence in
cohort studies of the protective effect of Mediterranean
and Nordic diets on lowering risk of pre-eclampsia inci-
dence [97, 99, 100]. However, two recent large cohort
studies did not find a significant association between
the DASH diet and risk of pre-eclampsia incidence [101,
102]. This suggests that healthy diets comprise of more
than high intake of fruits, vegetables and whole grains,
which the three diets have in common. The DASH diet
aims to be low in total fat while Mediterranean and Nor-
dic diets include fish and seafood (high in omega-3 long-
chain PUFAs) as well as olive oil in the Mediterranean
diet and rapeseed (canola) oil in the Nordic diet (both
monounsaturated fats). Unlike the DASH diet, the Medi-
terranean and Nordic diets also emphasizes the cultural
significance of these diets, including their linkages to
identity, local food systems, and sociality of shared meals
together with family and friends [95]. Further research
into the social and cultural contexts of meals and eating
may complement our understandings of maternal die-
tary patterns and their associated maternal health risks.
Additionally, more research is needed to understand food
groups and their combinations in association with pre-
eclampsia incidence rates, particularly in LMICs. Cohort
studies examining maternal dietary patterns are largely
conducted in high-income countries and less is known in
resource-limited settings.

In contrast to other systematic reviews, the focus of
this review is less on evaluation of effect sizes. A limita-
tion is that this is not a systematic review and does not
provide evidence towards clinical practice. Rather, the
emphasis of this scoping review was to map the land-
scape of the epidemiological evidence. Significant results
within diverse populations was emphasized as a strength.
A strength of this review is its extensive and iterative
search strategy that adapted to knowledge gained in the
process.
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Conclusion

The review finds a growing body of literature describ-
ing the associations between nutritional inadequacies
and higher risk of pre-eclampsia potentially through
oxidative stress, inflammation, maternal endothelial dys-
function and blood pressure in the pathophysiology of
pre-eclampsia. On the one hand, these findings confirm
our understandings of oxidative stress, inflammation,
maternal endothelial dysfunction and blood pressure
in the development of pre-eclampsia while on the other
hand, reinforce the potential role of maternal dietary fac-
tors. Rather than examining individual macro- or micro-
nutrients in isolation, findings from the review suggests
looking broader to interactions between dietary factors,
and shifting from a narrow focus on nutritional deficien-
cies to wider discussions of nutritional homeostasis and
healthy dietary patterns to reduce risk of HDPs.
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