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Abstract Preeclampsia remains a significant obstetric risk
worldwide. The pathophysiology of preeclampsia is complex,
with multiple stages involving maladaptations in both placen-
tal and maternal physiology. The placenta links the pre-
clinical stage of impaired remodeling of the uterine vascula-
ture, occurring in early pregnancy, to the later clinical stages
characterised by the maternal syndrome of hypertension and
proteinuria. This review focuses on some of the recent candi-
dates for the missing links in this process.
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Introduction

Preeclampsia (PE) occurs only during pregnancy or in the
early postpartum period and is generally defined as new
hypertension (diastolic blood pressure of >90 mm Hg or
systolic blood pressure of >140mm Hg) and substantial pro-
teinuria (≥300mg in 24 h) at or after 20weeks of gestation [1].
It affects approximately 2–8 % of pregnancies worldwide,
disproportionately affecting women in developing countries
[2, 3]. Despite decades of research, the mechanisms underly-
ing the cause and progression of PE remain poorly under-
stood. Risk factors include maternal and paternal family his-
tory of PE, nulliparity, ethnicity and existing disorders that

feature vascular dysfunction, hypertension or inflammation
such as diabetes, chronic hypertension, obesity, kidney dis-
ease, systemic lupus erythematosus and antiphospholipid syn-
drome [4]. Due to a lack of predictive biomarkers and effec-
tive pharmaceutical interventions, PE continues to be a serious
obstetric complication causing increased maternal and fetal
morbidity and mortality.

As PE is a syndrome, defined only by the presence of
clinical symptoms, diagnosis is not robust and prediction, as
yet, is not possible. Women present with a spectrum of symp-
toms that can be used to broadly classify disease severity from
mild to severe or late to early onset. Women with severe PE
may also develop HELLP syndrome (haemolysis, elevated
liver enzymes, low platelets), which reflects disorders of the
liver and the clotting system. Complications of PE that can
lead to maternal death include placental abruption, hepatic
rupture, pulmonary oedema and acute renal failure [5]. When
the vascular dysfunction, which is one component responsible
for the maternal symptoms (see Maternal pathology section),
includes the vasculature of the brain, then eclampsia can
develop, characterised by seizures. Here, stroke and cerebral
hemorrhage can occur and are the major cause of eclampsia-
related deaths [6]. Throughout the world, monitoring of blood
pressure and proteinuria are used to screen for PE. Therefore,
at present, the most effective control of PE comes from good
intrapartum care [7, 8].

The placenta is central to the development of PE. Its
removal remains the only effective treatment to halt disease
progression. The foundations for severe disease are laid down
early in pregnancy with maladaptation of the uterine vascula-
ture to the ensuing pregnancy leading to altered placental
function and, in severe cases, damage (see Placental pathology
section). Preeclampsia can, however, occur without placental
pathology and vice versa, illustrating the complex etiology of
PE due to the involvement of two genomes (mother and fetus)
influenced both by each other and external factors.
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This review focuses on the pathophysiology of PE and
some of the recent placental and maternal factors implicated
in critical stages of development of the maternal syndrome.

Placental Pathology

Preeclampsia is believed to begin during the first trimester of
pregnancy with inadequate remodeling of the distal portion of
the uterine spiral arteries [9]. Successful invasion and remod-
eling of the spiral arteries requires accumulation of specialised
uterine natural killer cells (uNK) and macrophages close to
spiral arteries, which begins the process of disruption of the
vascular smooth muscle and endothelium [10]. Invasive
extravillous cytotrophoblasts (EVC) then infiltrate through
the decidua into the myometrium and line the lumen of the
vessel to form a pseudoendothelium. This completes the spiral
artery transformation from narrow vasoreactive vessels into
high-capacity, low-resistance vessels able to carry a continu-
ous flow of maternal blood under low pressure to the placenta
surface (reviewed in [11]). In PE, the failure of EVC to invade
adequately is associated with incomplete remodelling of the
spiral arteries, and as a consequence, the retention of the
highly contractile distal portion of the vessels. This increases
the incidence of interrupted blood flow and the risk of
ischaemia/reperfusion insult, which are strong stimuli for
oxidative stress [9]. The immunological processes involved
in this have been extensively reviewed elsewhere [12].

The consequences of impaired uteroplacental blood flow
are evident in the placentas from PE pregnancies. Intermittent
blood flow can alter placental development in severe cases, as
seen by reduced terminal villi volume and surface area [13]. It
also leads to ischaemia/reperfusion injury. If the resultant
endoplasmic reticulum stress response is unable to restore
cellular homeostasis and prevent oxidative and inflammatory
stress, apoptosis/necrosis of the syncytiotrophoblast layer oc-
curs [9, 14]. Gross pathological changes, such as acute
atherosis and infarction, are most evident, but not exclusive
to severe PE occurring preterm [15].

With placental dysfunction comes the impairment of fetal
development. Preeclampsia is a major cause of fetal malnutri-
tion, morbidity and mortality. Fetal growth restriction and
premature delivery also have lifelong consequences for the
children born to PE mothers, including an increased risk of
cardiovascular disease [16].

Maternal Pathology

Systemic inflammation, endothelial dysfunction and
hypercoagulation underlie the maternal symptoms of hyper-
tension, proteinuria and disordered clotting. Multiple cellular
compartments of the vasculature are affected, including

endothelium, inflammatory leucocytes and platelets [17].
The systemic nature of the maternal response means that
in severe cases, multiple organs including liver, kidney and
brain can be adversely affected. Preeclampsia also leaves a
lasting legacy of increased future cardiovascular risk for the
women affected [16]. Prolonged endothelial dysfunction is a
strong pro-atherogenic risk factor. However, whether it is
endothelial injury sustained during a PE pregnancy, or
preexisting endothelial dysfunction that predisposes to both
PE and subsequent cardiovascular risk is not clear.

In normal pregnancy, maternal innate immune responses
are activated to bring about an inflammatory state. This may
play a beneficial role throughout pregnancy, as inflammatory
cytokines are involved in the processes of implantation and
placentation, and may also help the mother to fight infection
due to suppression of her T and NK cell-mediated immune
responses [17]. However, in PE, the activation of the innate
immune response is more extreme [18], and the same is true
for the complement system [19].

Maternal hypertension in PE is characterised by peripheral
vasoconstriction and reduced arterial compliance [20–24].
Biochemical markers of endothelial activation are elevated
in PE [16], with evidence of endothelial dysfunction in con-
duit vessels before the onset of clinical disease [21], persisting
long after the PE pregnancy [25, 26]. Fenestrated endothelia,
which are densely perforated with transcellular fenestrae that
allow rapid movement of water and small solutes, are partic-
ularly affected. Proteinuria reflects the PE specific renal lesion
glomerular endotheliosis, characterised by swelling of the
glomerular endothelial cells and loss of their fenestrations
[27]. Podocytes (glomerular epithelial cells) can also detach
and are found in the urine (podocyturia) of PE women prior to
the onset of clinical symptoms [28•].

Normal pregnancy is a procoagulant state, characterised
by an increase in many procoagulant factors and markers
of thrombin generation [29]. In PE, this physiological activa-
tion of coagulation is exaggerated and includes excessive
platelet activation, increased fibrin degradation products, and
intervillous fibrin deposition in the placenta [30]. Clinically,
women can present with a spectrum of procoagulant pheno-
types, from the subtle changes seen in mild PE to the dissem-
inated intravascular coagulation seen in severe cases. Platelets
isolated fromwomen prior to developing clinical symptoms of
PE also show signs of activation [31], suggestive of platelet
hyper-responsiveness in women who subsequently develop
PE.

Missing Links?

The placenta is key to the pathogenesis of PE. This is
evidenced by the removal of the placenta abating the maternal
symptoms, and the occurrence of PE in molar pregnancies,
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demonstrating the requirement for the placenta and not the
fetus for disease development. The risk of developing PE also
rises with increases in the mass of placental tissue, such as
with multiple pregnancies.

Poor placental perfusion due to failure of adequate adapta-
tion of the uterine vasculature provokes the release of a factor
or multiple factors by the placenta into the maternal circula-
tion, linking the placenta with maternal systemic inflamma-
tion, endothelial dysfunction and activation of the clotting
system (Figure 1). Several placental and maternal factors

recently implicated in the pathophysiology of PE are outlined
below. This is by no means an exhaustive list, as new factors
are continuously reported.

Maternal Consequences of Placental and Systemic
Oxidative Stress

Both placental and systemic oxidative types of stress are
increased in PE [14]. This is a consequence of poor placental
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perfusion, increased inflammation and endothelial cell
activation. Oxidative stress modifies both proteins and lipids,
bestowing harmful biological activities. Oxidatively-modified
proteins are present in normal placentas, but significantly
increased in PE placentas [32]. On the maternal side, circulat-
ing low-density lipoprotein (LDL) can also be converted
to oxidised LDL, which binds to Lectin like oxidised LDL
receptor-1 (LOX-1), a cell-surface receptor involved in endo-
thelial dysfunction, and stimulation of increased oxidative stress.
Expression of LOX-1 is increased in the syncytiotrophoblast
and systemic vasculature in PE, suggesting a contribution to
both placental and systemic oxidative stress (Fig 1) [33, 34].

Small Signaling Molecules H2S, CO, NO

Endogenously generated small signaling molecules or
‘gasotransmitters’, such as nitric oxide (NO), carbon monox-
ide (CO) and hydrogen sulphide (H2S), have been implicated
in the pathophysiology of PE. All three molecules are short-
lived, locally acting regulators of multiple physiological func-
tions. Evidence suggests that a reduction in their cellular levels
plays a role in multiple pathologies, including ischemia/
reperfusion injury, hypertension and inflammation [35].

Nitric oxide, CO and H2S are produced in the placenta and
systemically through the activities of nitric oxide synthases
(NOS), heme oxygenases (HO) and cystathionine γ-lyase
(CSE), respectively [36]. Nitric oxide is a major signalling
molecule for endothelium-dependent regulation of vascular
tone through its production by the endothelial NOS (eNOS)
isozyme. It also has other important functions, including an-
tioxidant and anticoagulant activity [37, 38]. In normal preg-
nancy, NO contributes to the decrease in vascular resistance
[37] and actively participates in trophoblast invasion and
placental development [39]. Smoking during pregnancy is
one of the few factors that protects against PE [40]. One
explanation for this is that smokers have higher circulating
levels of the small signaling molecule CO [41]. Carbon mon-
oxide protects against ischemia/reperfusion injury through its
anti-inflammatory and anti-apoptotic activity [42].

In PE, placental and maternal production of NO, CO and
H2S are decreased [43–45, 46••]. For NO, the situation is
exacerbated by increased circulating levels of asymmetric
dimethylarginine (ADMA), an endogenous eNOS inhibitor,
and by the uncoupling of NOS, leading to the generation of
harmful superoxides if the substrate L-arginine or the cofactor
tetrahydrobiopterin are deficient [47, 48].

Given that CO, NO and H2S, are produced by the placenta
and the maternal vasculature, these molecules may play a role
in key stages of both the placental and maternal pathophysiol-
ogy of PE (Fig 1). A better understanding of whether reduced
expression and activity of the gasotransmitter generating en-
zymes is intrinsic to the placental and maternal tissues, or is a

consequence of poor placental perfusion and the resultant
release and systemic effects of harmful placental factors, will
improve strategies for their use as therapeutic targets.
However, direct delivery of these gasotransmitters is problem-
atic, as they are highly unstable and in certain situations can
also be toxic. The race is therefore on to find appropriate
delivery systems that allow their targeted and controlled re-
lease [35].

Pro-inflammatory Mediators

Many of the harmful factors released by the placenta in PE
can be considered to be damage-associated molecular pattern
molecules (DAMPs or alarmins). These are intracellular mole-
cules that, when released after cell stress or injury, are intensely
pro-inflammatory. Alarmins include high-mobility group box
protein 1 (HMGB1), heat shock protein 70 (HSP70), S100B,
proteins modified by nonenzymatic glycation and oxidation in
chronic inflammation to form “advanced glycation end products”
(AGEs) and cell free ATP, actin, haemoglobin, and fetal
DNA [49–54]. They all recruit and activate innate immune
cells through interaction with receptors, such as toll-like re-
ceptors (TLRs) and the receptor for advanced glycation end
products (RAGE) [52].

Several alarmins (including HSP70, s100B, ATP and actin)
have been shown to be expressed by the syncytiotrophoblast
and to circulate at raised levels in PE [53, 55]. One action of
ATP is to inhibit the activity of hemopexin, an acute-phase
protein that scavenges heme and blocks its pro-oxidant activity
[56], implicating ATP in the reduced antioxidant capacity in
PE. Infusion of globular actin into rats, to replicate release from
damaged tissues, induces intravascular coagulation and multiple
organ dysfunction, as occurs in severe PE [57]. Increases in the
levels of circulating cell-free fetal DNA have also been demon-
strated in PE, showing a correlation with the severity of the
disease, elevated circulating levels prior to the onset of maternal
symptoms and a rapid fall following delivery of the placenta
[58–60]. Its pro-inflammatory effects have been demonstrated in
human peripheral blood mononuclear cells (PBMCs) and mice,
where it binds to TLR9 and induces IL-6 secretion [61•].

In PE, fetal haemoglobin mRNA and protein are signifi-
cantly increased in the placenta [62]. When released into the
maternal circulation, fetal haemoglobin becomes a redox-
reactive alarmin and a strong candidate for involvement in
inflammation and oxidative damage in the maternal syndrome
[63, 64]. Accumulation in the intervillous space also impli-
cates free fetal haemoglobin in the oxidative stress and dam-
age to the blood-placenta barrier associated with PE [65]. It
also binds and inactivates NO, with subsequent induction of
vasoconstriction [66].

Based on these findings, it is easy to envisage a degenerating
syncytiotrophoblast releasing a toxic mix of pro-inflammatory
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material directly into the maternal circulation. Alarmins
are therefore an important link between the placenta and
maternal syndrome, contributing to the systemic inflammation
and subsequent endothelial damage that are characteristic of
PE (Fig 1).

Anti-angiogenic Factors

Since the first reports of the possible involvement of elevated
soluble VEGF receptor, soluble FMS-like tyrosine kinase-1
(sFlt-1) and the soluble form of the transforming growth
factorβ (TGFβ) co-receptor endoglin (sEng) in the pathobi-
ology of PE [44, 67], further studies have strengthened the
view of a central role of these placentally-derived anti-
angiogenic factors in the endothelial dysfunction apparent in
PE (reviewed in [68]). Soluble Flt-1 binds and neutralises
vascular endothelial growth factor (VEGF) and placental
growth factor (PlGF), which are required for the maintenance
and integrity of vascular endothelium, in particular the fenes-
trated endothelium found in organs such as kidneys, liver and
brain [69]. These organs are adversely affected in PE. Soluble
Eng antagonises the biological effects of TGFβ, including
maintenance of vascular endothelium, as illustrated by a preg-
nant rat model in which the co-administration of sEng with
sFlt-1 increased severity of the PE-like symptoms, induced by
raised sFlt-1 alone, to include the HELLP syndrome [44].
Antagonism of VEGF signaling by sFlt-1 in vitro also
sensitised endothelial cells to pro-inflammatory cytokines,
implicating sFlt-1 in the exaggerated maternal systemic in-
flammatory response [70].

As with sFlt-1 and sEng, circulating PlGF levels correlate
with disease severity, with very low levels found in PE due to
sequestering by sFlt-1. Indeed, sFlt-1/PlGF ratio improves the
predictive value of adverse outcomes in women developing
PE prior to 34 weeks of gestation compared to sFlt-1 alone
[71]. Intriguingly, not all PE women have a high sFlt-1/PlGF
ratio. These two different forms of PE have been termed
angiogenic (high sFlt-1/PlGF) and non-angiogenic (low
sFlt-1/PlGF), with only the former associated with adverse
neonatal and maternal outcomes [72••]. This may also reflect
what has previously been termed placental PE and maternal
PE, to distinguish PE triggered predominantly by placental
damage rather than maternal hypersensitivity to placental
factors [73, 74].

Soluble Flt-1 and sEng are important contributors to the
maternal syndrome. However, given that not all PE women
have raised sFlt-1 and sEng levels, there must be subcate-
gories of PE with different degrees of placental pathology and
immune/endothelial dysfunction. Further analysis of the sig-
nificance of elevated sFlt-1 and sEng is required to fully
understand their role in the development of PE and their
usefulness as biomarkers.

Procoagulant Factors

In PE, maternal plasma and placental levels of thrombomodulin,
type 1 plasminogen activator inhibitor, tissue factor activity
and procoagulant phospholipid levels are elevated compared
to normal pregnancy, suggesting increased procoagulant po-
tential both systemically and locally to the placenta, and a role
in the increased thrombin formation and fibrin deposition
apparent in PE [75–77].

Syncytiotrophoblast-derived Microvesicles and Exosomes

The numerous placental factors released into the maternal circu-
lation in PE have previously been assumed to be soluble factors.
However, it is now apparent that the syncytiotrophoblast releases
an array of extracellular vesicles into the maternal circulation
throughout pregnancy, which carry pro-inflammatory, anti-
angiogenic and procoagulant factors including proteins, lipids
and oxidised lipids and delivers them to target cells (leucocytes,
endothelial cells and platelets) in the mother, altering their
function (Fig 1). Levels of circulating placental vesicles
increase with advancing pregnancy and labour, and are
undetectable by ~48 hours post-delivery [60, 78]. Significantly
more of these vesicles are found in the circulation of PE com-
pared to normal pregnant women. They range in size from
exosomes (30–100nm) to microvesicles (100–1μm) and apo-
ptotic vesicles (1–5μm), together with necrotic debris. In PE,
increased intracellular calcium, due to ER stress and oxidative
stress, is a strong stimulus for microvesicle and apoptotic body
release, while exosomes are secreted constitutively from intra-
cellular multivesicular bodies that fuse with the plasma mem-
brane as part of the endocytic pathway [79–81]. The composi-
tion of shed placental material may have an important bearing
on their functional characteristics. Placental exosomes show
immunosuppressive properties [82], while microvesicles are
more pro-inflammatory [83] (Fig 2). Due to a lack of specific
markers and sensitive detection systems, it is not yet
possible to determine the pattern of release of individual
vesicle types throughout pregnancy. However, increased
modal size of vesicles prepared by perfusion of PE and
normal placentas suggests increased release of larger
pro-inflammatory microvesicles compared to immunoreg-
ulatory exosomes in PE [84•].

Evidence that placental vesicles play a role in the maternal
inflammatory response, endothelial dysfunction and activa-
tion of coagulation of PE continues to grow. They are rapidly
taken up by monocytes in vitro [78, 85–87]. Increased pro-
duction of several cytokines, chemokines and superoxides by
PBMCs [88•] and neutrophils [89] has been shown. Placental
vesicles also affect the function of endothelial cells, inhibiting
proliferation in vitro [90–92] and relaxation of pre-constricted
blood vessels ex vivo [90, 92, 93]. Furthermore, the
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conditioned media from placental vesicle-treated endothelial
cells activates neutrophils, demonstrating the potential for a
vicious cycle of inflammatory activation [94]. Finally, our
recent work has also shown that vesicles prepared from PE
placentas stimulate significantly higher levels of thrombin
generation than those from normal placentas [95].

The challenge now is to identify the factors carried by these
syncytiotrophoblast vesicles responsible for their functional
effects. Prime candidates for pro-inflammatory molecules are
alarmins, such as HSP70, HMGB1 and fetal DNA, [96, 97],
together with syncytin 1, which stimulates the production of
IL-1α and other pro-inflammatory cytokines by PBMCs [98].
We and others have shown that vesicles express both sFlt-1
and endoglin, which could contribute to endothelial dysfunc-
tion [84•, 97]. Plasminogen activator inhibitors (PAI-1/PAI-2),
which regulate fibrinolysis, were also found, and could be
responsible for the very high levels of fibrin deposition in the
intervillous space and the placental infarction observed in
these pregnancies [97]. We have also shown that the increased
thrombin generation activity of PE placental vesicles is due
to higher levels of functional tissue factor than those from
normal placentas, which may account for the excessive acti-
vation of the clotting system seen in this disorder [95, 99].
Oxidation in the PE placenta may also amplify the inflamma-
tory burden of the vesicles by modifying syncytiotrophoblast
proteins and lipids that are not ordinarily pro-inflammatory
[100]. Finally, the placenta is a rich source of microRNAs
(miRNA)—small RNA species that regulate gene expres-
sion post-transcriptionally and are implicated in a growing
number of diseases (reviewed in [101]). Trophoblasts release
exosomes that contain miRNAs with functions relevant to
PE pathobiology. Altered levels of placental miRNAs are also
seen in PE, raising interest in their use as biomarkers
(reviewed in [102]).

Conclusions

The factors highlighted in this review illustrate the multi-
faceted pathophysiology of PE and the diverse molecule types

that underlie the maternal symptoms. They also illustrate
maladaptations throughout the course of disease progression
and the interplay between the different affected cellular com-
partments. Preeclampsia is a complicated disease. Trying to
unravel the etiology, as well as treat the disease, is confounded
by its heterogeneity. Therefore, clarification of the different
types of PE is a major challenge for researchers and clinicians.
The use of circulating angiogenic factors to establish the
degree of endothelial dysfunction is beginning to help identify
those women at higher risk of complications and therefore
requiring earlier interventions [103••].

At the heart of PE lies a compromised placenta.
Understanding the response of the placenta to an adverse uterine
environment is key to identifying the causative agent(s).
Oxidative and inflammatory stresses are powerful stimuli for
altered protein expression. As PE is specific to pregnancy, this
suggests that the response of the placenta to an ischaemia/
reperfusion insult is also unique.More comparisons of the effects
of oxidative and inflammatory stress on placentae and other
tissues may help to reveal the placenta-specific factors that are
released into the maternal circulation. Results of a recent in vivo
mouse study suggest that the timing of the placental insult may
also alter the placental response to an ischemic insult [104].

A better understanding of the etiology of this multifactorial
disease will allow the development of novel biomarkers for
prediction and diagnosis, and potential treatments targeting
key aspects of the pathophysiology. However, certain facets of
the disease such as genetic predisposition and immune factors
may prove difficult to overcome. Although treatment with
antioxidant vitamins to ameliorate oxidative stress and prevent
PE has shown no benefit in multiple trials, targeted used in
subgroups of women with poor nutritional status may prove
beneficial [105]. Alternative strategies such as the use of
α1-microglobulin to counteract the damaging effects of free
fetal haemoglobin have yet to be tried [66•]. We also await
the results of trials into the use of statins (which, amongst
other functions, upregulate heme-oxygenase-1) to ameliorate
maternal symptoms, thereby prolonging pregnancy and reduc-
ing the incidence of fetal prematurity-associated disorders.
If statin treatment works, it may well be due to multiple

Fig 2 Proposed role of
syncytiotrophoblast vesicles in
the maternal syndrome of
preeclampsia. ER = endoplasmic
reticulum.
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actions targeting the different pathologies involved in PE.
Alternatively, a combination of treatments may also be more
effective at targeting the different elements of the disease. In
an animal model of vascular damage induced by diabetes,
statins and antioxidant vitamins worked together to induce
therapeutic angiogenesis [106]. Finally the removal of harm-
ful placental factors from the circulation using apheresis has
been investigated. In a pilot study, dextran sulphate cellulose
apheresis columns were used to lower circulating sFlt-1 levels
in women with early onset PE, with a resultant reduction in
proteinuria, stabilization of blood pressure and prolonging of
pregnancy with evidence of fetal growth [107••].

The outlook for the future impact of PE is poor. The rise in
risk factors such as obesity and diabetes in the general population
will fuel a continued increase in gestational complications such
as PE, with increased healthcare expenditures and long-term
health implications for both mother and offspring. In the short
term, better triaging of presenting women based on risk factors
and levels of circulating biomarkers of endothelial dysfunction
will aid timely intervention. In the future, with advances in
biomarkers, therapeutics and genetic profiling, an individualised
treatment regime may be more effective at improving immediate
and long-term outcomes for both mother and child.
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