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Jenny E. Myers a, b, *
a
Maternal & Fetal Health Research Centre, Division of Developmental Biology and Medicine, School of Medical Sciences, Faculty of Biology, Medicine and
Health, University of Manchester, Manchester Academic Health Science Centre, UK
b
St Mary's Hospital, Central Manchester Foundation Trust, Manchester Academic Health Science Centre, Manchester, M13 9PL, UK

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 12 March 2017
Received in revised form
28 July 2017
Accepted 22 August 2017

Several maternal and pregnancy characteristics have been associated with an increased risk of preeclampsia in epidemiological studies. This review discusses metabolic risk factors in particular and their
interaction with other maternal and/or pregnancy characteristics. Examples of research studies that have
used data from women with speciﬁc characteristics or explored the interaction between risk factors are
discussed. Suggestions for future research using large data sets and incorporating knowledge of cardiovascular disease and other metabolic diseases are also highlighted.
© 2017 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction
Pre-eclampsia continues to be a leading cause of maternal and
neonatal mortality and morbidity affecting 3-8% of pregnancies
worldwide. Exact information on the worldwide incidence of the
condition and temporal changes in incidence are not available from
many countries. However, data from the USA has suggested that
rates have increased in recent years; 2.4% between 1987-8 to 2.9%
in 2003-4 [1]. An increase was also reported in a Norwegian data
set which documented rates of 3.7% between 1988 and 1992 and
4.4% between 1998 and 2002 [2]. There are many risk factors for the
development of preeclampsia described in the literature, these
include a prior history of gestational hypertensive disease, nulliparity, family history, obesity, pre-existing medical disease, primipaternity, assisted reproduction and short duration of sperm
exposure and extremes of maternal age [3]. The metabolic health of
women of reproductive age has changed over the last few decades,
such that obesity is now one of the most important risk factors for
the development of preeclampsia. Moreover, assisted reproductive
techniques have advanced dramatically over the same time period.
This review will focus on the metabolic risk factors associated with
preeclampsia and discuss what is already known and suggest potential avenues for future research.
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There are many cohort studies which have quantiﬁed the risk
associated with the development of preeclampsia and these have
recently been synthesised by Bartsch et al. [4] in a recent meta
analysis in which 25,356,688 women from 40 studies in Europe and
30 studies in North America. Previous gestational hypertensive
disease, chronic hypertension and antiphospholipid syndrome
were demonstrated to be associated with the highest absolute risk.
However, in terms of population attributable risk, obesity and
nulliparity accounted for the largest population risk. Similar data
have also been collated from low and middle income settings with
data from 276,388 mothers and their infants analysed by investigators at the World Health Organisation [5]. The prevalence of
preeclampsia/eclampsia in this study population was 4% and the
odds ratio for development of the condition associated with
BMI  35, nulliparity and chronic hypertension were 3.90
[3.52e4.33], 2.04 [1.92e2.16] and 7.75 [6.77e8.87], respectively.
This study conﬁrms that across disparate geographical locations
these risk factors appear to have the greatest impact on the risk of
preeclampsia.
The potential interplay between several risk factors and preeclampsia is illustrated in Fig. 1. Whilst the identiﬁcation of risk
factors for pre-eclampsia has led to numerous avenues of research
and hypothesis generation, it is frustrating that these epidemiological observations, which have been very consistently reported,
have not led to major breakthroughs in our understanding of the
condition. Despite the consistent associations between the risk
factors and the development of preeclampsia, speciﬁc causative
associations remain poorly understood. The absence of a deﬁnitive
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Fig. 1. Metabolic precursors for preeclampsia and their interactions. This ﬁgure illustrates the interaction between the metabolic precursors to preeclampsia and their interaction
with other components of the causative pathway. The ﬁgure is not intended to be comprehensive and includes only some of the major interactions.

causative link is attributable, in part, to the fact that the number of
women with any given risk factor not affected by the condition will
always outweigh the number who will be affected. This was
exempliﬁed in the SCOPE cohort in which 5690 healthy nulliparous
women were recruited [6]. Women with a BMI 30 kg/m2 were
twice as likely to develop preeclampsia, however the number of
women with a BMI 30 kg/m2 who did not develop preeclampsia
outweighed those with the disease by 10:1. In addition, estimating
an individual woman's risk from the epidemiological data is
currently not possible from the cohort data available, as despite
their frequent coexistence in clinical practice, the potential multiplicative effect of several risk factors has rarely been considered in
cohort studies [4]. What can be learnt from these epidemiological
risk factors, which might progress our understanding of the origins
of this heterogeneous syndrome?
2. Obesity
Of the factors associated with preeclampsia obesity has been the
most thoroughly studied with at least some attention to potential
mechanisms. In this review it will serve as a model for the approach
to understand the mechanisms associated with other risk factors.
2.1. Epidemiological considerations
The burden of obesity is increasing globally with many countries
now having more than a third of adults and a ﬁfth of adolescents
classiﬁed as obese. Obesity is the leading attributable risk factor for
the development of preeclampsia and appears to incur a dosedependent relationship with the risk of developing preeclampsia
with a continued increase in risk with higher categories of BMI [7].
In a large population study in Missouri, there was an incremental
increase in the risk of preeclampsia with increasing BMI [8]. Whilst
there was an increased risk of both early and late preeclampsia, the

association between obesity and late preeclampsia was stronger.
Different risks in women with equivalent BMIs have also been reported in women of different ethnicities [7].
2.2. Interaction between obesity and other biomarkers
Obesity is a risk factor for both cardiovascular disease and preeclampsia [9] and it is likely that the common risk features include
components of the metabolic syndrome: hypertension, insulin
resistance and dyslipidaemia [10]. In addition, obesity is likely to
contribute to the pathophysiology of preeclampsia through altered
inﬂammatory proﬁles [11]. It is has been estimated that around 30%
of the association between preeclampsia and obesity is mediated
through abnormal inﬂammatory proﬁles signiﬁed by elevated Creactive protein (CRP) levels, an inﬂammatory mediator produced
by the liver as well as adipocytes and implicated in cardiovascular
morbidity [11,12]. Research studies such as the study by Bodnar
et al. [11], which aimed to dissect out the key pathways relevant for
the development of preeclampsia in obese women may progress
the research ﬁeld more quickly than studies which include women
with a multitude of different risk factors. Another example of such a
study was performed within the SCOPE cohort and interrogated
biomarker proﬁles in obese women who subsequently developed
preeclampsia compared to normal weight individuals [13]. A
number of predictors were different between women in the
different BMI groups. For example, blood pressure in early pregnancy was more strongly associated with preeclampsia in women
with normal BMI than in those with obesity, in whom it was
consistently raised independent of pregnancy outcome. Another
key ﬁnding was that Placental growth factor (PlGF), a member of
the vascular endothelial growth factor (VEGF) family, was more
strongly predictive of preeclampsia in obese women who developed preeclampsia than their normal weight counterparts. In the
full SCOPE cohort, low PlGF was a predictor for preeclampsia but
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only in women with preterm disease [6]. The stronger association
between low PlGF in early pregnancy and preeclampsia in obese
women is particularly intriguing as the majority of cases of preeclampsia among women with obesity were near term [14]. One
possible explanation for this observation is that low PlGF in women
with obesity may be a feature of adiposity, rather than placental
function, and attributable to the effects of adipokines on extraplacental sites of synthesis [15] such as the vascular endothelium.
Other studies have also identiﬁed abnormal angiogenic proﬁles in
obese women. Lower levels of sFlt-1 and PlGF [16], lower levels of
PlGF [17] and higher a sFlt-1/PGF ratio [18] have all been reported in
the context of obesity and preeclampsia, indicating an antiangiogenic milieu even in early pregnancy. Abnormal levels of the
adipokines, leptin and adiponectin have also been implicated in
cardiovascular disease, obesity [19] and preeclampsia [20] [21].
Furthermore, abnormal angiotensinogen production from adipocytes may contribute to abnormal vascular function in obese
women through activation of the renin-angiotensin system [22]
and increased production of free fatty acids may contribute to
increased oxidative stress. Abnormal adipocyte function therefore
offers a plausible component of the link between obesity and
preeclampsia risk and further research in this area is essential.
Increased oxidative stress has long been linked to obesity and
preeclampsia and lower levels of circulating antioxidants have been
demonstrated in obese individuals who are not pregnant [23].
Whilst trials of antioxidants have not yielded positive results for the
prevention of preeclampsia, evidence of increased oxidative stress
both within the maternal vasculature and within the placenta are
still thought to contribute the pathophysiology of preeclampsia
[24,25]. Another key pathway linking abnormal vascular function
and obesity [26], and therefore potentially preeclampsia, is nitric
oxide (NO) bioavailability (see Box 1). Increased concentrations of
asymmetric dimethylarginine (ADMA), an endogenous inhibitor of
nitric oxide (NO) synthase, is a risk factor for cardiovascular disease
and is associated with inﬂammation, insulin resistance and dyslipidaemia [26]. Furthermore, circulating ADMA has been shown to
decrease with weight loss [27,28]. ADMA is higher in women with
hypertension [29], obesity and pre-eclampsia [23,30] [31,32]. Supplementation with arginine or L-citrulline (which is metabolised to
arginine) improves vascular function by increasing the arginine/
ADMA ratio thereby increasing NO availability [33]. A recent systematic review [34] reported encouraging beneﬁts of L-arginine
supplementation in pregnant women with established hypertensive disease. More recently, L-Citrulline treatment in mid pregnancy
has also been associated with improved vascular and angiogenic

Box 1
Mechanisms linking obesity and preeclampsia
 Insulin resistance
 [Leptin which correlates with insulin resistance but also
has cytokine functions and activates monocytes
 YAdiponectin with reduced insulin sensitivity and
reduced fatty acid oxidation
 Altered lipids and FFA
 Pro-oxidant state
 Altered adipose tissue response to the metabolic challenge of pregnancy
 Altered baseline angiogenic state (outside pregnancy)
 Chronic low level inflammation e subtle increase in CRP
 [ADMA levels

proﬁles in obese pregnant women [35].
2.3. Obesity and other cardiovascular disease - potential clues to
mechanism?
As highlighted above, there is obviously considerable overlap in
the metabolic features associated with obesity and the risk of
preeclampsia and cardiovascular disease; it would therefore seem
reasonable to interrogate the cardiovascular and metabolic syndrome literature to identify possible pathophysiological mechanisms which link obesity to preeclampsia risk. One such example is
a study by Fabbrini et al. [36] in which obese individuals with either
normal or abnormal metabolic proﬁles, deﬁned by intra hepatic
triglyceride (IHTG) content, were subjected to a metabolic challenge in the form of weight gain. The hypothesis was that obese
individuals, with a normal metabolic proﬁle, would be resistant to a
weight gain challenge and there would be a difference in the adipose tissue response between the groups. In the metabolically
abnormal group moderate weight gain exacerbated several metabolic risk factors for cardiovascular disease, including increased
blood pressure, plasma triglyceride levels and VLDL apoB100, and
decreased plasma adiponectin concentrations and insulin sensitivity in the liver, skeletal muscle and adipose tissues. It therefore
seems plausible that obese women with abnormal metabolic health
at the beginning of pregnancy are most likely to develop preeclampsia. Efforts to identify metabolic ill health using available
markers [37] and biophysical characteristics may progress our
understanding of the relationship between obesity and
preeclampsia.
3. Chronic hypertension
In a systematic review examining pregnancy outcomes amongst
women with chronic hypertension, the incidence of preeclampsia
was 26% [38]. In absolute terms this makes chronic hypertension
the strongest risk factor for preeclampsia. Conversely, it is also the
risk factor least well studied; a result of the fact that several
different underlying conditions contribute to a diagnosis of prepregnancy hypertension, which may independently contribute to
the risk of preeclampsia through different underlying mechanisms.
In a prospective study by Chappell et al. the risk factors identiﬁed as
being associated with preeclampsia amongst women with chronic
hypertension were black ethnicity, obesity and smoking [39].
Women with chronic hypertension appear to be at particularly high
risk of developing preterm preeclampsia, commonly associated
with fetal growth restriction (FGR). This observation would suggest
that in women with chronic hypertension early placentation is
often abnormal, possibly as a result of chronic changes in the
maternal vascular endothelium including altered levels of inﬂammation and oxidative stress. Alternatively, increased resistance
within the small vessels, reﬂective of increased systemic pressure,
may cause damage to the developing placenta and increase the risk
of preeclampsia and FGR. This hypothesis, however, is very difﬁcult
to test and can only be inferred by indirect evidence that elevated
blood pressure in the ﬁrst trimester in women with chronic hypertension is a consistent risk factor [39]. Given the very high risk of
preeclampsia in women with chronic hypertension, its increasing
prevalence and the overlap with older maternal age, obesity and
the metabolic syndrome, further research investigating the underlying mechanisms that lead to preeclampsia in this group
should be a high priority. In keeping with our increased knowledge
of the heterogeneity of preeclampsia, attention to the different
mechanistic pathways leading to hypertension may reveal important pathways relevant to the development of preeclampsia.
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4. Maternal age
A recent meta analysis of 38 studies investigating the impact of
advanced maternal age on pregnancy outcome included data from
over 10 million women with an overall preeclampsia rate of 3.2%
[40]. There was a large degree of heterogeneity between the
studies, but a consistent increase in risk with increasing age was
demonstrated with an overall OR for >35 years of 1.99 (95% CI
1.66e2.36). The mechanism by which older maternal age contributes to an increased risk of preeclampsia is poorly understood and
most importantly the independent effect of age over the presence
of other comorbidities more frequent in older women, has not been
satisfactorily explored. Future research which is able to dissect out
the factors associated with advanced maternal age that directly
contribute to the risk of preeclampsia, over and above obesity and
hypertension, would provide another signiﬁcant advance.
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recurrent disease and BMI has been investigated and in one study
using registry data in Utah, obesity appeared to have a stronger
association with incident preeclampsia in ﬁrst or second pregnancies but was less strongly associated with recurrent preeclampsia [46]. This suggests that the pathophysiology of recurrent
preeclampsia may be different to isolated cases occurring in the
presence of risk factors such as obesity.
In summary it is clear that obesity, poor metabolic and vascular
health have a strong associations with the development of preeclampsia. These risk factors are potentially ampliﬁed by assisted
reproductive techniques and other risk factors such as ethnicity and
maternal age. These risk factors have been consistently reported
and now future epidemiological and mechanistic studies need to
focus on studying potential mechanisms within at risk groups (e.g.
poor metabolic health amongst obese women) and the interaction
between risk factor (e.g. IVF in high risk groups) to further progress
our understanding of the pathophysiology of this condition.

5. ART/nulliparity
Funding
Nulliparity is the largest population attributable risk factor for
preeclampsia [4] and several theories have suggested causal links,
many of which relate to an immunological mechanism [41]. More
recently, data have emerged from the assisted reproduction literature providing additional epidemiological conﬁrmation that
perhaps ‘foreign’ antigen increases the risk of preeclampsia, with
the incidence of preeclampsia being higher in women conceiving
after oocyte donation compared to women conceiving with other
assisted reproductive techniques [42]. The techniques associated
with in vitro fertilisation may also inﬂuence risk. For example, in a
study of over 300,000 pregnancies from the CoNARTS cohort across
Sweden, Denmark and Norway there was a modest increase in the
number of pregnancies complicated by hypertensive disease
(4.7e5.9%) [43] following IVF treatment. The risk was further
modiﬁed by the use of a fresh embryo transfer in comparison to a
cycle using a frozen embryo. In repeated cycles, frozen-frozen was
associated with no change in risk, but in women receiving a frozen
embryo followed by fresh embryo there was a signiﬁcant reduction
in the risk of preeclampsia, which was reversed in women who had
a fresh cycle followed by frozen embryo transfer. These data suggest
that very early events related either to the embryo, the intrauterine
environment and/or hormonal status inﬂuence the risk of developing preeclampsia. In concordance with older maternal age and
chronic hypertension, the risk of preeclampsia associated with
assisted reproduction appears to be ampliﬁed by maternal obesity.
In a study of over 10,000 pregnancies (348 with IVF) [44], the risk of
preeclampsia was signiﬁcantly higher in obese women following
IVF. In interaction analysis, there was evidence of departure from
multiplicativity which suggests that a high BMI interacts with IVF,
although an additive effect of modiﬁcation was not conﬁrmed.
Using detailed data from assisted reproduction datasets and
exploring the interactions between maternal factors, and assisted
reproduction techniques has the potential to identify important
mechanistic links for the development of preeclampsia.
6. Interaction and causality
One of the unanswered questions regarding the epidemiology of
preeclampsia is an explanation for the discrepancy in risk of
recurrence in subsequent pregnancies. Whilst a history of preeclampsia is a strong risk factor and the risk of recurrence is around
25% [45], more women do not develop preeclampsia in a subsequent pregnancy than do. This is despite many of the traditional
risk factors becoming more prevalent in subsequent pregnancies,
including older age, increasing BMI and worsening hypertension
resulting in worse metabolic health. The interaction between
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