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Abstract
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Pre-eclampsiais a serious complication of pregnancy that contributes
to maternal and neonatal morbidity and mortality. Maternal endothelial
dysfunction, particularly in the kidney, liver and cerebral vascular beds,
causes the key clinical features of hypertension and proteinuria as well
as the potentially fatal complications of eclampsia: stroke, acute kidney
injury and liver dysfunction. The placenta has akey role in moderating
these systemic maternal responses and potentially also changesin

fetal growth. As pre-eclampsia progresses, the dysfunctional placenta
produces toxins that contribute to maternal endothelial dysfunction
and disease development. These toxins, including the anti-angiogenic
factor soluble fms-like tyrosine kinase-1(sFLT1), can be utilized as
biomarkers. Other pathophysiological contributions to placental
dysfunction, including ischaemia, inflammation and senescence, as well
asrisk factors such as older maternal age, obesity, diabetes mellitus,
chronic hypertension or multifetal gestation, may help to explain
differencesin disease presentation. Chronic kidney disease is a risk
factor for the development of pre-eclampsia during early pregnancy,
and early pre-eclampsia may reflect undiagnosed underlying kidney
disease in some patients. Furthermore, pre-eclampsiais a risk factor

for kidney and cardiovascular disease in the mother and baby in later
life. Understanding the pathways that contribute to pre-eclampsia
facilitates the development of potential prevention strategies and
treatments for early-presenting disease with severe features.
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Key points

o Pre-eclampsia is defined as hypertension with associated maternal
organ dysfunction or fetal features suggesting placental dysfunction;
diagnosis of hypertension in pregnancy must be based on accurate
readings at home and/or in the clinic as well as any previous history
of hypertension.

o The features of pre-eclampsia are best explained by widespread
maternal endothelial dysfunction, which is the underlying mechanism
of hypertension and the cause of proteinuria and likely also
complications such as liver and brain dysfunction.

o In early pregnancy, placental structural and functional differences
can lead to inflammation, the release of anti-angiogenic factors and the
development of pre-eclampsia.

o As pregnancy advances, anti-angiogenic proteins such as soluble
fms-like tyrosine kinase-1 (sFLT1) and placental growth factor are useful
biomarkers for detecting and tracking placental dysfunction; these
proteins are also potential targets for therapies to improve placental
function in pre-eclampsia.

o Kidney disease is a risk factor for the development of pre-eclampsia
during early pregnancy, and early pre-eclampsia may reflect
undiagnosed kidney disease in some patients.

o Pre-eclampsia at any stage of gestation is a risk factor for kidney and
cardiovascular disease in the mother and baby in later life and should
be included in the clinical assessment of future cardiovascular risk in
women.

Introduction

Pre-eclampsia is a major contributor to maternal mortality' and
intrauterine and neonatal death. The cardinal feature is hypertension?
with associated new-onset organ dysfunction, usually proteinuria®.
Pre-eclampsiais associated with dysfunction of critical vascular beds
inthe liver, kidneys and brain. In addition to these maternal systemic
vascular responses, the disease is characterized by profound changes
in the placenta and uterine vascular bed*, which are associated with
maternal complications and fetal growth changes’. The identification of
placental ‘toxins’ that can be used as biomarkers of both early (first tri-
mester) and later placental dysfunction, such as soluble fms-like tyros-
ine kinase-1(sFLT1) and placental growth factor (PIGF), has enabled the
development of predictive and diagnostic tests for pre-eclampsia that
are now being translated into clinical practice®.

Various maternal and obstetric risk factors for pre-eclampsia have
also been identified. These risk factors may indicate the involvement
of different pathophysiological pathways as well as potential preven-
tion approaches. Similarly, a greater understanding of the causes
or associations of different vascular complications may determine
potential treatment strategies. Pre-eclampsia can potentially also
“unmask” anunderlyingrisk factor that was not previously identified,
such as chronic kidney disease (CKD), and contribute to the future
development of kidney or cardiovascular disease.

Maternal deaths caused by pre-eclampsia result from organ
rupture, acute pulmonary oedema, haemorrhage, stroke or seizure’.

Well-conducted clinical trials have also reported increased risk of
death owing to sepsis and acute pulmonary thromboembolism
among women with pre-eclampsia who required intervention’. As
pre-eclampsia increases the risk of post-partum haemorrhage, dis-
tinguishing between pre-eclampsia and post-partum haemorrhage
as a cause of death can be difficult®’. The rates of maternal death
due to pre-eclampsia have decreased over the past 50 years'. This
improvement canbe attributed to safer delivery of pregnancies earlier
in gestation owing to advances in premature neonatal care', use of
seizure-prevention medication (parenteral magnesium sulphate)’,
blood-pressure control with more effective agents", early and accu-
rate diagnosis of disseminated intravascular coagulation (DIC) with
intervention®, and prevention of sepsis® or thrombosis caused by
surgical intervention™. Prevention of pre-eclampsia with early preg-
nancy screening and timely commencement of low-dose aspirin™'¢,
aswellasregular directed antenatal care, have further decreased rates
of morbidity and mortality. Some countries such as Belarus, Norway,
Poland, Israel and Australia have achieved maternal mortality ratios
0f2in 100,000, indicating that extremely low rates of pre-eclampsia
deaths can be achieved".

Neonatal mortality has also somewhat decreased in the past
50 years but remained at aglobal rate of 37in1,000 deliveries in 2022
(ref.18). Therates of perinatal mortality in2022 were greatest in Africa
(70 deaths per1,000 deliveries), Southeast Asia and the Eastern Medi-
terranean (43 and 28 per 1,000 deliveries, respectively), which also
have the highest rates of pre-eclampsia’. A 2013 study of data from
New South Wales, Australia, reported a rate of stillbirths of 3.45in
1,000 deliveries, with a peak of 3in 1,000 deliveries after 37 weeks’
gestation’’, commensurate with the peak time for pre-eclampsia-
related morbidity. Pre-eclampsia contributes to neonatal morbidity
and mortality owing to low-birthweight and preterm birth, as well as
sudden death or asphyxia from placental abruption caused by severe
hypertension and DIC*.

Inthis Review, we discuss pathways that have been linked to and/or
shownto cause pre-eclampsia and potential targets for treatment that
could potentially reduce maternal and perinatal mortality. We also
discuss the utility of testing to predict diagnosis of pre-eclampsia and
complications such as post-partum haemorrhage or growth restric-
tion, as well as the pathogenesis of cardiovascular disease following
pre-eclamptic pregnancy. We use the term womento refer to cisgender
women, as most research on pre-eclampsia has been conducted in
cisgender cohorts. However, we recognize that not all people with or
atrisk of pre-eclampsia identify as women.

Definition of pre-eclampsia

Pre-eclampsiais defined as hypertension occurring after 20 weeks of
gestation with associated new organ dysfunction (classified according
to maternal and fetal features). The terms mild or severe pre-eclampsia
arenolongeraccepted because the disease can always be fataland itis
thefeaturethatissevere (for example, severe hypertensionis defined
as >160 mmHg systolicblood pressure (SBP) and/or >110 mmHg dias-
tolicblood pressure (DBP)®. Maternal organ dysfunction can be hepatic,
renal, cardiac, cerebral, optical, cerebrovascular and/or haematologi-
cal, whereas fetal and neonatal features include growth restriction or
placental abruption (Fig. 1).

Diagnosis of hypertensionis not straightforward. A sphygmoma-
nometer can be used for “cheap and easy” indirect measurement of
blood pressure but aproper technique and well-calibrated equipment
are required to obtain accurate and reliable readings. Hypertension
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before 20 weeks of gestation is defined as chronic hypertension®,
whereas hypertension from 20 weeks onwards is classed as gesta-
tional specific (either gestational hypertension or pre-eclampsia).
Blood-pressure measurements are influenced by maternal disposition
and posture”, time of day** and by setting (clinic or home)®. In most
jurisdictions, clinic or hospital blood pressure readings of 2140 mmHg
SBP and/or 290 mmHg DBP are considered to indicate hypertension®.
However, inthe USA the thresholds for diagnosis of hypertension were
lowered in 2017 to 2130 mmHg SBP and/or >80 mmHg DBP”, whereas
these levels are classed as high normal blood pressure elsewhere?.
Giventhatblood pressure is acontinuum, this change is not surprising,
but revised definitions have major implications for service provision
and comparison of outcomes over time”. For diagnosis of hyperten-
sion in pregnancy, the elevated blood pressure reading needs to be
sustained over more than4 h. Hypertension also needs to be completely
resolved by 3months post-partumto be classed as a pregnancy-specific
finding as in gestational hypertension and pre-eclampsia. Outside of
these definitions, high blood pressure is classed as chronic and may
be primary (with nosingle identifiable cause) or secondary (predomi-
nantly caused by endocrine disorders such as phaeochromocytoma,
hyperaldosteronism or thyroid disease)*.

Blood pressure taken at home has alower threshold for the detec-
tion of hypertension than clinic or hospital blood pressure: 2135 mmHg
SBP and >85 mmHg DBP. Elevationsinblood pressure that occur only at
home (masked hypertension)* or only in the clinic (white coat hyper-
tension)* have importantimplications for pregnancy outcome as they
areassociated with anincreased risk of superimposed pre-eclampsia®.
Blood-pressure averages obtained using ambulatory blood-pressure
monitoring uses the same blood-pressure thresholds for the detection
of hypertension as home readings®*. However, ambulatory measure-
ments also provide additional information regarding blood pressure
load (the percentage of ambulatory blood pressure readings that
exceed adefined threshold such as crucially elevated SBP >160 mmHg,
or elevated SBP >140 mmHg)™*. Further analysis of blood-pressure vari-
ability, blood-pressure load and even chaos patterns®® would provide
greaterinsightsinto therisks of blood-pressure elevations and patterns
in pregnancy, and the mechanisms and impacts of sustained critically
high readings on pregnancy outcomes.

Gestation-dependent classification of pre-eclampsia assists in
comparing outcomes. Patients with pre-eclampsiaare generally divided
into those withadiagnosis or delivery before 34 weeks’ gestation (early
pretermbirth or pre-eclampsia), delivery between 34 and 37 weeks (late
preterm pre-eclampsia), and with onset and/or delivery after 37 weeks
gestation (term pre-eclampsia)”. Fetal birthweight below the 10th
centile is defined as small for gestational age (SGA), and that below
the3rd centile is defined as intrauterine growth restriction (IUGR)*.

The levels of angiogenic biomarkers of placental dysfunction,
sFLT1, PIGF and their ratio (sFLT1:PIGF), can be used as an objective
laboratory test for pre-eclampsia®*. These tests cannot be used alone
for diagnosis but are being tested for their usefulness for ruling out
pre-eclampsia (with differing cut-offs depending on the stage of ges-
tation), clarifying symptoms in suspected pre-eclampsia, tracking
progression and predicting the likely timing of birth with varying
results™,

New-onset hypertension in the post-partum period also fulfils
standard definitions of pre-eclampsia. Additional factors that con-
tribute to disease at this stage potentially include fluid shifts, the use
of NSAIDS for birth-related pain management in some women, and late

resolution of cardiac maladaptation during pregnancy>*.
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Fig.1|Defining features of pre-eclampsia. Pre-eclampsiais characterized
by hypertension and associated new organ involvement, which may include
proteinuria, acute kidney injury, elevated levels of liver enzymes (aspartate
transaminase, alanine transaminase or y-glutamyl transferase), tender or
enlarged liver, liver rupture, acute pulmonary oedema, headache, seizure,
papilloedema, altered visual fields or vision, risk of retinal haemorrhage,
reduced platelet count (>30% from baseline) or absolute platelet

count <100 x 10%/I.

Maternal endothelial dysfunction

The concept of maternal endothelial dysfunction as the mechanism
of hypertension and the cause of associated morbidity, particularly
proteinuria, in pre-eclampsia was initially proposed in the 1980s**?
(Fig.2). This hypothesisis supported by direct evidence of endothelial
disease, particularly endotheliosis lesions in the glomerulus, in patients
and animal models with pre-eclampsia**** (Fig. 3) and elevated levels of
endothelial cell markers (such as von Willebrand factor and fibronec-
tin) in the serum of patients*>**, as well as by physiological studies of
endothelium-dependent forearmblood flow using plethysmography*.
Therenal endotheliosis lesionis largely responsible for the oligo-anuric
renalinjury thatis seenin pre-eclampsiaand may necessitate dialysis.
This lesion is also accompanied by thrombotic microangiopathy?’,
podocyte damage and kidney dysfunction*®*,

Blood vessels from women with pre-eclampsia, including omen-
tal vessels, show a significant increase in vasoconstrictive capacity
compared with those from women with healthy pregnancies, as well
as increased sensitivity to angiotensin Il and neutrophil infiltration,
which leads to the release of reactive oxygen species and subsequent
activation of the RhoA kinase pathway, which has been implicated in
vascular spasm and injury*°. These mechanisms do not seem to differ
with gestational age of the pregnancy, although some studies have only
examined placentas obtained before 34 weeks’'.
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Increases in vasoreactivity to known vasoconstrictors including
endothelin (in animal models)*, angiotensin II** and adrenaline**
(in humans) also suggest endothelial mechanisms for vasoconstric-
tionand hypertension. Most, but notall, studies have shownanincrease
in systematic vascular resistance (SVR) in pre-eclampsia®. However,
those that did not show anincrease generally derived SVR from echo-
cardiography studies rather than measuring it directly via cardiac
catheterization®. Theories suggesting cardiac origins for increases
in SVR are based on sequential cardiac studies and resultant cardiac
damage®, and are less clear about the origins of the cardiac changes
orthe mechanismfor theinability of the heart to adapt toapregnancy,
especially in the case of a first pregnancy®®.

Other postulated mechanisms for the increase in blood pres-
sureinpre-eclampsiarelate toincreased sympathetic nervous system
activation®’, renin angiotensin system activation® and blood volume
effects®. Inaddition, generation of kallikrein, which has animportant
roleinblood pressure control, hasbeen shown tobe downregulatedin
pre-eclampsia compared with normal pregnancy®. These mechanisms
formthe basis for various models of hypertensionin pregnancy, includ-
ing rodent models using knock-in of human RAS genes®, salt loading®*
or infusion of vasoconstrictors such as arginine vasopressin®.

Immune system modulation during pregnancy, including changes
in T cellsand effector cytokines, also contributes to hypertension and
leads to endothelial changes inanimal models. Insome models, these
changes persist beyond the pregnancy, resulting in highblood pressure
inthe longer-term®® 5,

Thevascularbedresponseintheliverin pre-eclampsia manifests
clinically as elevated transaminase levels, liver enlargement and poten-
tial rupture. Liver involvement s likely explained by cytotoxic oedema
related to endothelial dysfunction as well asto an additional contribu-
tion of DIC®”°, Haemolysis, elevated liver enzymes and low platelets

Placenta

« Soluble endoglin
o sFLT1

Fig. 2| Maternal endothelial dysfunctionin pre-eclampsia. The blood vessels
of women with pre-eclampsia, including the omental vessels, show a significant
increase in vasoconstrictive capacity compared with those from women with
healthy pregnancies. Endothelial dysfunction and aberrant vasoreactivity have
been proposed as the underlying mechanisms that lead to the development of
hypertension and proteinuria. In pre-eclampsia, increased sensitivity of blood
vessels to angiotensin I, adrenaline, endothelin and neutrophil infiltration

lead to the generation of reactive oxygen species (ROS) and activation of

(HELLP) syndrome comprises a constellation of the most severe mani-
festations of pre-eclampsia, with markers of endothelial dysfunction
in multiple organs, including elevated von Willebrand factor, low or
normal A-disintegrin and metalloproteinase with thrombospondin
motifs 13 (ADAMTSI13), increased excretion of complement complex
C5-9, and increased activation of the transforming growth factor 3
(TGFp) and endoglin pathway”".

In the cerebral circulation the vascular bed response manifests
clinically as headaches and scotomata and worsens as eclampsia
(seizures) or stroke. The pathophysiological indices for these clinical
manifestations include papilloedema as a sign of raised intracranial
pressure’’. Changes in cerebral blood flow autoregulation manifest
asincreasesinbrain volume and the resultant clinical signs of hyper-
reflexiaand clonus, preceding a seizure. Whether these changesarea
direct consequence of the elevated blood pressure or of the primary
endothelial injury is not clear, but the constellation happens as the
blood-brain barrier deteriorates” and cerebral oedema ensues™.
Increased concentrations of biomarkers of cerebral injury such as neu-
rofilament light, tau, neuron-specific enolase and S100B in the plasma
of women with pre-eclampsia indicate a breach of the blood-brain
barrier”. Cerebrovascular resistance (calculated using direct meas-
urements of transcranial Doppler blood velocity) is increased, sug-
gesting some early preservation of cerebral autoregulation. The
resulting increase in cerebral perfusion pressure” is associated with
posterior reversible encephalopathy syndrome (PRES) and is also
likely to explain the occurrence of eclampsia, which is sometimes
fatal. Intracranial vasospasm leads to PRES, which is characterized
by altered mentation, seizures, altered vision, headache and char-
acteristic changes on MRI”®. Endothelial dysfunction and hyperten-
sionare important contributors to PRES’. Resolution of the cerebral
vascular changes post-partum and with resolution of hypertension
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the RhoA kinase pathway, which has been implicated in vascular spasm and
injury. Increased levels of thromboxane and reduced levels of prostacyclin are
associated with increased platelet aggregation and vasoconstriction. Endothelial
dysfunctionalso leads to cytotoxic oedema, aberrant vascular bed responses and
changes to blood flow in various organs (including the liver, brain and uterus),
aswellas activation of the sympathetic nervous system, which contributes to
disease development.
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differentiates PRES from other cerebral complications such as
intracerebral haemorrhage.

Inmany countries, vascular changesin the uterine circulation are
measured as part of routine clinical assessment in early pregnancy””.
Normal changesinclude decreased uterine artery resistance as meas-
ured using Doppler ultrasound and pulsatility index or resistance
index’®. The decrease in resistance is related to trophoblast invasion of
the maternal spiral arterioles, whichleads to a high-flow, low-resistance
state in the placental bed”. A higher resistance measure in early preg-
nancy can predict pre-eclampsia, especially early onset pre-eclampsia.
A combination of ultrasound measures, clinical measures, maternal
history and blood tests improve the accuracy of prediction”. Which
placental event occurs first in pre-eclampsia, shallow trophoblast
invasion or poor arterial recruitment, is not clear and s likely to depend
onthesetting. For example, in women with altered vascular anatomy,
suchasthatseeninchronichypertension, theinitiating factor is likely
the poor arterial environment in which trophoblast invasion needs
to occur®. By contrast, evidence from primary trophoblast invasion
abnormalities such as shallow invasion, and the fact that pre-eclampsia
is more likely with the first pregnancy with a new partner”, support the
theory that the trophoblast and/or the inflammatory response to the
trophoblast can be the initiating event®.

Blood-flow analysis is also useful in the second half of the preg-
nancy when uterine-artery notching, a measure of heightened resist-
ance, predicts poorer outcomes®. This evidence of poor placental
blood flow is mimicked by animal models of uteroplacental ischaemia
inwhich uterine-artery notching occurs after the induction of ischae-
mia. These models are useful for the testing of therapeutics for use in
pregnancy®®, Some of the earliest studies of the role of the placentain
pre-eclampsiareproduced the systemic features of the disease (hyper-
tensionand proteinuria) by decreasing uterine blood flow in rodents®®,
dogs® and primates® %% In rodent models, total occlusion of all
feeder arteries produced a profound increase in blood pressure®®,
whereas partial occlusion resulted in a smaller increase®. Establish-
ment of proteinuria is a key feature of models that represent human
pre-eclampsia. However, not all models are associated with IUGR. As
therate of SGAin human pre-eclampsiais -25%%*, both types of model
are helpful for understanding the pathophysiological pathways.

Placental pathology

Theplacentahasakey roleinthe pathophysiology of pre-eclampsia, as
demonstrated by the association betweenincreased placental massin
twin pregnancies and increased risk”, the occurrence of pre-eclampsia
evenin the absence of a fetus (in molar pregnancy)®*and the fact that
pre-eclampsia can be “cured” by delivery®?. Pre-eclampsiais related to
shallow trophoblast invasion of the uterus and maternal vasculature*
in early pregnancy (Fig. 4) and an apparent reduction in perfusion
and resultant ischaemic response in later pregnancy. Pre-eclampsia
owing to shallow trophoblast invasion in early pregnancy is increas-
ing termed typeland pre-eclampsia owingto areductionin placental
perfusioninlater pregnancyistermedtype 2, but the overlap between
these pathological entities makes this distinction somewhat difficult™.
Another framework commonly defines phase1as the placental malde-
velopment phase and phase 2 as the maternal response”. A five-stage
model has also been proposed, beginning with placental events of
immune response and inflammation, followed by shallow invasion of
trophoblasts, which leads to oxidative and inflammatory stress, clini-
cal manifestation of pre-eclampsia and ultimately the development
of atherosis lesions that are seen almost exclusively in dysfunctional
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Fig. 3| Glomerular endotheliosis in pre-eclampsia. Electron micrograph
showing glomerular endotheliosis in a pregnant woman with pre-eclampsia.
This glomerular endothelial damage is unique to pre-eclampsia and accounts
for proteinuria and acute kidney injury in severe cases. Original magni-
fication x8,000. Image courtesy of I. Stillman, Ican School of Medicine at
Mount Sinai, USA.

placentas®. This schema is not specific to a gestation-dependent
clinical presentation.

Early placental formation requires trophoblast cells toinvade and
remodel maternal blood vessels to enable low-resistance, high-volume
flow of maternal blood over the placental surface. This flow enables
transfer of nutrients and oxygen to the fetal circulation, which s con-
tained within the cotyledons and villi of the placental mass®*. The
extravillous trophoblast cellsin turninvade and integrateinto the walls
of the maternal blood vessels®, which now have a greatly increased
diameter owing to loss of the endothelium and vascular smooth
muscle, a process called spiral-artery remodelling®®. In women with
non-pre-eclamptic pregnancy, 100-120 blood vessels are invaded”.

Interstitial extravillous trophoblast cells in extravascular positions
inthe endometrium and myometrium are abundant in pre-eclampsia
with reduced endovascular trophoblast inclusion, but the roles of
these cells have not yet been defined’®*’. Inwomen with hypertension
during pregnancy, including chronic hypertension, the vessels are not
as deeply invaded as those of women who are normotensive during
pregnancy'®. These early events increase the possibility that the pla-
centa will not be provided with adequate metabolic supply to last the
duration of the pregnancy®’ given the increasing demands of the fetus
withincreased growth and the release of anti-angiogenic compounds
such assFLT1fromthe placentain response to hypoxia®'®". sFLT1binds
vascular endothelial growth factor (VEGF), and its heterodimer PIGF,
and thusinhibits angiogenicsignalling. Uterine spiral artery remodel-
ling studies inbaboons (which have haemomonochorial placentas like
those of humans) have linked early placenta events and VEGF activity
to successful uterine-artery remodelling'®>'°*, Excess oestradiol and
sFLT1reduce remodelling, which leads to increased systemic vascular
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Fig. 4| Putative blood-vessel changes in preeclampsia compared with normal
pregnancy. a, Early placental formation requires trophoblast cells from the
surface of the placenta to invade the maternal blood vessels. This process results
inlow-resistance, high-volume flow of maternal blood over the surface of the
villous trophoblast, which enables transfer of nutrients and oxygen to the fetal
circulation. The extra-villous trophoblast cells in turninvade and integrate into

Spiral artery

b Placentain pre-eclampsia

Shallow invasion of trophoblast cells into
maternal blood vessels resulting in poor spiral

artery remodelling

the walls of the maternal blood vessels*, which now have a greatly increased
diameter owing to loss of vascular smooth muscle and endothelial cells. This
processis called spiral-artery remodelling. In a healthy placenta, approximately
100-120 maternal blood vessels are invaded by trophoblasts. b, In pre-eclampsia,
shallow and inadequate trophoblast invasion of the maternal uterus vasculature
resultsin poor placentation.

resistance in later pregnancy'®*. Disruption of spiral-artery remodel-

ling owing to elevated sFLT1 levels in later pregnancy has also been
described in mice'®.

Measures of placental function, including maternal arterial
pressure, Doppler-determined uterine artery flow and the levels of
glycoprotein pregnancy associated plasma protein A (PAPPA) and
PIGF, are now included in early pregnancy testing for prediction of
pre-eclampsia'®. PAPPA is produced by placental syncytiotropho-
blasts and cleaves insulin-like growth factor-Iand Il (IGF-1 and IGF-II),
which have key roles in the regulation of trophoblast invasion'”.
A transcriptomic study showed that PAPPA2 expression could differ-
entiate placental-type early onset pre-eclampsia, from immune-type
late-onset disease pre-eclampsia'®®, The activation of placental genes
(PAPPA2, KISS1, XAGE2 and ADAM12) implicated trophoblast cells in
the origin of placenta-type disease, whereas immune-cell expression
of CD163 and VSIG4 was implicated inimmune-type disease. Interest-
ingly, considerable overlap was reported in the production of placen-
tal and immune-cell transcripts. The correlation of placental-type
pre-eclampsiawith standard clinical risk factors (chronic hypertension,
pre-eclampsia in prior pregnancy, diabetes mellitus, CKD, systemic
lupus erythematosus and antiphospholipid antibody syndrome) was
not as strong as with the immune subtype of the disease. Decreased

levels of PIGF lead toincreased levels of IGFs, which are associated with
SGA and pre-eclampsia'®"'°, as well as reduced activation of the VEGF
receptor, whichleadsto adecrease in placentablood-vessel formation,
with reduced branching and lacunarity™.

Other maternal challenges that canlead to hypertension and pro-
teinuria during pregnancy inanimal models include cytokine infusion
or blockade"*'", and endothelial activation caused by inflammatory
toxins (for example, lipopolysaccharide infusion)™. These systemic
inflammation models can lead to renal inflammation (glomerular
and or interstitial), suggesting a different mechanism from de novo
human pre-eclampsia, in which renal inflammation does not feature.
The risk of pre-eclampsia attributable to underlying renal disease,
including glomerulonephritis, canbe accounted for by hypertension,
whichisasecondary consequence of renal disease'”, but activation of
inflammatory pathways could be contributory.

Other placental changes seen in women with pre-eclampsia
include senescence, apoptosis''®, autophagy'” and necrosis"®. One
study demonstrated activation of placental senescence pathways
in pre-eclampsia that might be useful both as a biomarker and as a
potential target for treatment'. This study also identified a path-
way that could link placental senescence with pregnancy-associated
cardiac dysfunction. Placental villitis and changes in immune-cell

Nature Reviews Nephrology


http://www.nature.com/nrneph

Review article

infiltration have alsobeenreportedin pre-eclampsia, but whether these
findings have a causal role in the condition has not been definitively
established*. Analysis of placentas from women and animal models with
pre-eclampsia showed ischaemia, inflammation, hypoxia'*° and oxida-
tive stress'”, indicating that all of these pathways are often activated
by the time that clinical disease is established and the placenta can be
recovered and examined.

Aproteomics study identified three distinct molecular subgroups
of human pre-eclampsia based on the expression patterns of tropho-
blast-enriched proteins'®. In particular, guanine nucleotide-binding
protein subunit a12 (GNA12) was overexpressed in patients with pre-
eclampsia and chronic hypertension. The functional significance of
this finding is not yet known'>. The unique mixture of trophoblast and
endothelial cells in placenta samples means that patterns adjacent
to the maternal-blood interface need to be differentiated from those
thatare associated with fetal endothelial cells. The researchers found
various patterns of placental response in early pre-eclampsia with
molecular subgroups that did not always overlap, for example, MAPK
signalling, angiogenesis and changes in hormone biosynthesis and
metabolism, involving proteinsincluding ADAM12, CHD7, HMGAAland
FOXH1 (refs.120,121). A single-cell transcriptomics study contributed
to the understanding that early pre-eclampsia (before 34 weeks) has
distinct gene expression patterns thatindicate activation of angiogenic
pathways, stress responses, inflammation pathways and immune-cell
interactions involving macrophages and Hofbauer cells as well as
regulatory T (T,g) cells”, particularly CD4" T cells'**'>. These differ-
ent pathways may help to explain why different risk pathways result
in pre-eclampsia and why the disease can occur at different stages of
the pregnancy. Considerable overlap exists, and the identification
of a common target that could change the trajectory of the disease
remains aresearch goal.

Other causes of impaired placental perfusion
Inwomen with secondary hypertension, especially those with kidney
disease'>"**'» or renal artery stenosis'*®, substantial increases in blood
pressure occur during pregnancy. Women with secondary hyperten-
sion are at a very high risk (30%) of superimposed pre-eclampsia®?*.
Those with advanced renal disease, including those on dialysis, are
atan even higher risk of superimposed pre-eclampsia and adverse
pregnancy outcomes'”.

The high rate of superimposed pre-eclampsia in women with
chronic hypertension, especially those with CKD, suggests a role of
chronic blood-vessel changes**'?%. The placental structure is altered
inthese pregnancies, with placental calcification, decreased placental
weight and reduced recruitment of maternal uterine blood vessels.
In CKD, secondary hyper-reninismiis likely to have a role in the devel-
opment of hypertension**® (Fig. 5). The rates of pre-eclampsia vary
between glomerular conditions', suggesting differing importance
of factors such as immune activation and complement pathways in
the causal pathways. Among women with IgA nephropathy, the rate
of pre-eclampsia is ~9%'". Focal segmental glomerulosclerosis, inde-
pendent of the extent of decrease in glomerular filtration rate, is more
strongly associated with pre-eclampsia than other glomerular diseases
(for which there are limited data)'®’, suggesting a potential link between
serum markers of podocyteinjury and pathways that underlie placental
dysfunction and resultant pre-eclampsia. Hypertensionis also astrong
risk factor for pre-eclampsia in these patients.

The potential contribution of cardiac dysfunction and limited
cardiac reserve to the initiating events of pre-eclampsia should be

carefully explored®™’. Detailed assessment of cardiac structure and
function in pregnant women showed alterations in those who had or
went on to develop pre-eclampsia®. The theory that pre-eclampsia
occursinasetting of underlying cardiovascular maladaptation does
not sit neatly with the long-proven association with primiparity'*
given that no clear explanation exists as to why such maladaptation
would more commonly occur in a first pregnancy. In the future, fur-
ther insightsinto the interaction of the placenta with cardiovascular
function and fetal factors are likely to improve our understanding of
the syndrome™.

Diabetes, including gestational diabetes, is associated with a
significantly increased risk of pre-eclampsia'*. Patients with type
1diabetes mellitus have a fivefold increased risk of pre-eclampsia
compared with the general population; this risk may be even higher
among those with diabetic kidney disease'”. Type 2 diabetes mellitus
is also associated with pre-eclampsia, with risk factors including
obesity, proteinuriaand chronic hypertension®®. Studies have shown
that dietary control of gestational diabetes improves fetal outcomes
but does not reduce the incidence of pre-eclampsia®”**, suggesting
that factors other than glycaemic control contribute to placental
dysfunction.

Other causes of shallow placental invasion might be related to
thrombotic complications such as antiphospholipid syndrome and sys-
temic lupus erythematosus, which are associated with very high rates
of pregnancy loss and an increased risk of recurrent miscarriage"*'*°.
Women with lupus should be monitored for a pro-coagulant state,
which is associated with antiphospholipid syndrome and placental
thrombosis'. If a pro-coagulant state is identified, treatment with
anticoagulants,immunosuppression (steroids) and disease-modifying
therapies™*'*?, such as hydroxychloroquine, should be initiated
to reduce the risk of early onset pre-eclampsia and improve preg-
nancy outcomes. Other forms of thrombophilia (such as protein S
or C deficiency) have been associated with pre-eclampsia in some
populations™**'* and not others'. The crossover of clinical features
between atypical haemolytic uraemic syndrome and pre-eclampsia
makes distinguishing between these conditions more difficult, but
cases of pregnancy-associated atypical haemolytic uraemic syndrome
can be identified by appropriate testing and targeted treatment can
beinitiated’.

Although rare and not included in standard risk classifications,
congenital heart disease may also have a causal relationship with
pre-eclampsia™®. Heart defects that cause substantial dynamic
shunting, resulting in altered oxygen delivery patterns, may lead to
a process of chronic hypoxia and placental stress responses®. The
association between congenital heart disease and pre-eclampsia
supportsarole of heart disease or cardiovascular changes as a cause
of pre-eclampsia®.

Use of sFLT1and PLGF as biomarkers

of pre-eclampsia

The link between placental ischaemia (and reperfusion) and sFLT1
production provides further proof of the concept of a placental cause
of pre-eclampsia®. Infusion of sFLT1 in pregnant or non-pregnant
rats causes the typical endothelial damage and hypertension seenin
human pre-eclampsia'®’. The endogenous production of SFLT1from an
ischaemicplacenta enables testing of strategies that reduce free sFLT1
levels. In a non-human primate model of uteroplacental ischaemia,
we demonstrated that infusion of PIGF* resulted in control of hyper-
tension and proteinuria and enabled continuation of the pregnancy
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Fig. 5| Therelationship between chronic kidney
disease and pre-eclampsia. a, Renal adaptationsin
healthy pregnancy include increases in renal blood flow,
erythropoietin and renin-angiotensin-aldosterone
system (RAAS) activity, glomerular filtration rate,
glomerular basement membrane (GBM) pore size and
tubular absorption of sodium (Na). b, Both chronic
kidney disease (CKD) and pre-eclampsia can present
with hypertension, proteinuria and worsening of

kidney function or acute kidney injury. These diseases
have ashared phenotype of endothelial dysfunction,
podocyteinjury and excessive activation of the RAAS and
complement cascade, suggesting common underlying
pathophysiological mechanisms. In pre-eclampsia,
excessive production of sFLT1inhibits binding of vascular
endothelial growth factor (VEGF) to its receptors on
endothelial cells and podocytes. This inhibition results in

CKD or glomerulonephritis

Podocyte loss

Impaired glomerular
filtration barrier function

{ Free VEGF

=

Pre-eclampsia

impairment of glomerular filtration barrier function with
subsequent ballooning of endothelial cells, occlusion of
capillary lumens and podocyte loss and/or swelling.

Endothelial dysfunction e DRAAS activity -
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with alive baby outcome. Treatment with PIGF also ameliorated sFLT1-
induced hypertension, but not proteinuria, inamouse model™°. How-
ever, pre-emptive treatment of mice with PIGF before the induction
of placenta ischaemia®* did not have any effect on blood pressure or
proteinuria.

The discovery of a pattern of increases in human sFLT1and
decreases in PIGF as pre-eclampsia develops™, even before a clini-
cal diagnosis, led to the development of a laboratory test for these
angiogenic markers that has reached clinical practice®”®, Normal lev-
els of PIGF and sFLT1 or their ratio can be used to rule out placental
dysfunction when pre-eclampsia is suspected, owing to a new onset
of symptoms or anincrease in blood pressure®.

Thecurrentapproachto prediction of pre-eclampsiafromearly in
pregnancy uses acombination of trophoblast function tests, including
biomarkers, maternal history and ultrasound measures. Angiogenesis
markerssuchasreduced PIGF levels have beenincludedinsuchtesting
since 2016 (ref. 150). Inclusion of these biomarkers, particularly PIGF,
has increased the sensitivity of testing for early-onset pre-eclampsia
to 0.72 (ref. 152) with a specificity of 0.89 when interpreted in combi-
nation with reduced PAPPA concentration and maternal mean arterial

pressure. The inclusion of biomarkers of placental function have less
impact on the specificity and sensitivity of pre-eclampsia prediction
inlater pregnancy®.

As these angiogenic tests measure placental function directly, they
could potentially be used to differentiate between pre-eclampsia and
increasing blood pressure in chronic hypertension>'>*, Real-world
studies have shown clear benefits of third-trimester testing of the
SFLT1:PIGF ratio to assess risk of pre-eclampsia and enable prolon-
gation of pregnancy, which is associated with improved neonatal
outcomes™¢ Such testing may also improve maternal outcomes by
enabling earlier diagnosis of pre-eclampsia* and may resultin shorter
hospitalizations™’. These markers are proving particularly useful in aid-
ing the diagnosis of pre-eclampsiain patients with CKD**® and lupus™’,
in whom pre-existing hypertension and proteinuria may confuse the
clinical scenario early in disease progression.

Associations of fetal phenotypes with

placental abnormalities

Altered measures of anti-angiogenic pathways are associated with
IUGR**"! even in the absence of maternal clinical signs or symptoms.
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Other factors thatare associated with IUGR include changes in comple-
ment, coagulationandinflammation, particularly IL-10 (refs. 5,162-164).
Pathways that are associated with IUGR overlap with those that are
associated with pre-eclampsia such that the phenotypic difference
is largely a clinical one. The need for early delivery may well be pre-
dicted based on clinical assessment and the concentration of PIGF in
maternal blood"". The decrease in PIGF levels that is seeninboth IUGR
and pre-eclampsia may help to explain the overlap of these condi-
tions as a consequence of placental dysfunction'. Other hormones
that have been investigated as potential predictors of SGA babies
include human placental lactogen (hPL; also known as chorionic soma-
tomammotropin), which is produced by healthy trophoblast cells.
Among women carrying male fetuses, those who went on to have SGA
babies had lower concentrations of hPL at 20 weeks of gestation'®.
Although some studies have reported elevated concentrations of hPL
in pre-eclampsia, this hormone has not been implicated as a causal
molecule in the disease’*®.

Early pregnancy assessment for the prediction of both IUGR and
pre-eclampsia, with a combined score based on ultrasound meas-
urements, serum tests, PIGF and maternal medical and obstetric his-
tory, is increasingly being used to identify women who are eligible
for preventative treatment with low-dose aspirin and/or calcium sup-
plements from 12-36 weeks of gestation®*, The mechanism of the
beneficial effect of calcium is not fully understood. One hypothesis is
thatincreased calcium levels lead to areductionin the contraction of
vascular smooth muscle cells, resulting inareductionin vascular con-
striction. The association between alow calcium diet and pre-eclampsia
is well established'® as is the association between reduced urinary
calcium excretionand pre-eclampsia'®®. The beneficial effects of aspirin
may relate not only toits anticoagulant properties but potentially also
to its anti-inflammatory effects'®’. Other off-target cell responses to
aspirin, such as metabolic effects or changes in oxidative stress, may
also beimportant’®"°,

Monitoring of fetal growth via ultrasound measuresis often done
withincreased frequencyinwomenwho are atincreased risk of adverse
outcomessuchasIUGR, including those with maternal risk factors such
asage >40years, BMI >35 kg/m?, comorbidities such as obesity, hyper-
tension or diabetes, parity, and history of previous pre-eclampsia'.
Diabetes and obesity are also associated with macrosomia'’>. However,

such an association has not been shownin all populations'”.

Potential targets for treatment

Globally, current treatment for pre-eclampsia is symptomatic only,
including antihypertensive treatment, fetal lung maturation strategies
and the use of magnesium sulphate for the prevention of seizures®*.
DIC is treated with blood products” and tranexamic acid is widely
available for bleeding control”. Non-direct strategies to control inflam-
mation such as treatment with steroids'® or tumour necrosis factor
(TNF) inhibitors"”” have not been successful either. Treatment strate-
gies to support premature babies enable earlier delivery before the
progression of the potentially fatal complications of pre-eclampsia'’®.
The use of lung maturity treatments”’, pre-delivery steroids and mag-
nesium sulphate for fetal cerebroprotection hasimproved outcomes
for newborns, including those who are premature®’.

Standard treatments for pre-eclampsia do not target the underly-
ing placental abnormalities described above. The use of angiogenic
factorssuchassFLT1as abiomarker of placental function and the devel-
opment of treatments that target sFLT1are examples of direct transla-
tion into clinical practice. A pilot study in 11 women with early-onset

pre-eclampsia (23-32 weeks&’ gestation)'' showed that removal of
sFLT1from serum using apheresis was possible, led to improvements
inproteinuriaand enabled pregnancy to be safely prolonged compared
with a group that received standard care. This strategy remains to be
tested in clinical trials. An alternative approach is to target placental
SFLT-1 production using short interfering RNA (siRNA). In ababoon
pre-eclampsia model, treatment with siRNAs that selectively silence
sFLT1but not full-length FLT1, reduced circulating sFLT1levels, hyper-
tension and proteinuria’ without any serious adverse effects. These
preliminary findings suggest that siRNA therapy might be a safe option
for controlling placental sFlt-1release and enabling the prolongation
of pregnancy.

Drugs that selectively target inflammatory and nitric oxide
pathways are also being investigated as potential therapies for
pre-eclampsia. These therapies include sildenafil, a phosphodies-
terase 5 inhibitor that enhances nitric oxide signalling and thereby
induces vasodilation'*?**>, However, studies of sildenafil and other
vasodilator strategies such as hydralazine have been complicated
by adverse effects such as intense headaches'* that confuse the
clinical picture (headache is a common feature of pre-eclampsia
progression). Other studies such as the STRIDER trial of sildenafil
have been abandoned'®* owing to deterioration in indices of fetal
well-being. Other potential treatment approaches to pre-eclampsia
that arein clinical trials include repurposing of medications such as
pravastatin and metformin to target endothelial dysfunction and
reduce secretion of sFLT1 (refs. 178,179,185). Targeted treatment of
post-partum hypertension hasincluded close scrutiny of the potential
detrimental effect of NSAIDs on renal function and blood-pressure
management’®®,

The pathogenesis of cardiovascular disease
after pre-eclampsia
Pre-eclampsia is associated with an increased risk of cardiovascular
and renal disease for the mother and baby in later life'¥ % Risk factors
for both pre-eclampsia and cardiovascular disease include diabetes,
obesity, hypertension and hypercholesterolaemia. Pre-eclampsiais an
independentrisk factor for cardiovascular disease that equals the mag-
nitude of additional risk from smoking"°. Whether this cardiovascular
risk arises from ongoing endothelial dysfunction™’, renal damage'° or
changes in cardiac structure and function'” that have been reported
in some studies of women with previous pre-eclampsia is unknown.
Hypertension is the most common risk factor for cardiovascular dis-
ease following pre-eclampsia’*®. However, women with a history of
pre-eclampsia are also at an increased risk of developing diabetes'”.
Theimportance of recognizing undiagnosed underlying renal disease
asamajor contributor to future cardiovascular risk cannot be underesti-
mated, and any persistent or early-onset proteinuria (prior to 20 weeks’
gestation) should be fully investigated to exclude such disease'” ™,
Theincreased cardiovascular risk of the offspring of pre-eclamptic
pregnancies may be related to factors including vascular structural
changes that accompany prematurity'® as well as an increased risk
of hypertension'””. The mechanism of these changes is postulated to
relate to vascular damage, cardiac damage, and escalation of lifestyle
risksinlater childhood includinglipids, obesity and diabetes'®. Arenal
adaptiveresponsetosalt, resultinginincreased salt-sensitivity of blood
pressure, may also have a role'”. Pre-eclampsia and prematurity are
also associated with an increased risk of childhood kidney disease®®,
whichis suspected to result from changes in vascular responsiveness
and hypertension.
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The Lancet Commission on women and cardiovascular disease
clearly indicates that reproduction histories should be included as
a critical component when assessing risk of future cardiovascular
disease”. This assessment should include consideration of premature
menopause, gestational diabetes, hypertensive disorders of preg-
nancy, pre-term delivery, polycystic ovary syndrome and systemic
inflammatory and autoimmune disorders.

Conclusions

Advances in approaches to the prevention and early detection of
pre-eclampsia, together with safer delivery of early pregnancies owing
toadvancesin premature neonatal care, haveled toreductionsinglobal
maternal mortality. However, current treatment of pre-eclampsiais symp-
tomatic only and substantial risk of both maternal and neonatal mortality
remains. Furthermore, pre-eclampsia is associated with increased risk
of cardiovascular and kidney disease in the mother and baby inlater life.
Theplacentahasakeyroleinthe development of pre-eclampsia. Shallow
trophoblastinvasion, inflammation and the production of anti-angiogenic
proteins contribute to maternal endothelial dysfunction, which underlies
thedevelopment of hypertensionandassociated morbidity, including pro-
teinuria. This knowledge hasled to the clinical application of angiogenic
and anti-angiogenic factors as biomarkers for the prediction and early
diagnosis of pre-eclampsia. Whether these biomarkers are also poten-
tial therapeutic targets for preventing and treating early-pre-eclampsia
and improving clinical outcomes remains to be determined.
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