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Abstract:

The repeated demonstration of biomarkers of endothelial cell and leukocyte activation has suggested that the maternal syndrome of

pre-eclampsia arises from a generalised maternal inflammatory systemic response incorporating a substantive component of

endothelial cell dysfunction. Reports of reduced endothelium dependent dilatation in isolated resistance arteries and from non

invasive methods in vivo indicate a major contribution to the systemic vasoconstriction, characteristic of the syndrome. The recent

discovery of raised concentrations of soluble fms-like tyrosine kinase1(sFlt1) and the soluble transforming growth factor � (TGF-�)

coreceptor (sEng) sEng which indirectly may compromise endothelial function, adds to the growing list of potential origins of

endothelial disturbance. Most are proposed to originate from placental underperfusion and associated placental oxidative stress,

although it is clear that not all women with pre-eclampsia have reduced utero-placental blood flow, and other precipitating factors,

including dyslipidaemia and hyperglycaemia are likely to contribute. Endothelial dysfunction, unlike pre-eclampsia, does not

resolve post-partum, and persistence of the defect may underpin the increased risk of cardiovascular disease in later life.
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Introduction

Pre-eclampsia is a potentially serious condition which

occurs in 2–7% of all pregnancies [38] and can be life

threatening for both the mother and child. It is defined

as new onset, persistent hypertension after 20 weeks

of gestation in association with significant proteinuria

[8] but this simple clinical definition gives little idea

of the complexity of the disorder. Pre-eclampsia can

present as asymptomatic hypertension and proteinuria

at one end of the spectrum to multi-organ failure at

the other. The precise origins of the disease remain

enigmatic, but the placenta undoubtedly plays a role

since delivery inevitably lead to rapid recovery. Pre-

eclampsia can occur from anytime after approxi-

mately 23 weeks of gestation, and because delivery is

the only cure, this common complication of preg-

nancy is a major cause of premature delivery.

The role of the placenta

The focus on the placental origin of pre-eclampsia led

to the discovery that defective placentation is a likely

predisposing factor in the evolution of the maternal

syndrome. Placentation is the process by which the

placental trophoblast invades the uterine wall; this oc-

curs by cytotrophoblast invasion of the decidua and

myometrium and, notably, of the maternal spiral arter-

ies therein. This process has been found to be at fault

in women with pre-eclampsia, as shown by histologi-
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cal examination of the placental bed which has dem-

onstrated partial failure of trophoblast invasion [19].

Because the invading trophoblast normally effects

thinning of the vascular wall and thereby reduces

utero-placental vascular resistance, poor invasion of

the spiral arteries will reduce blood flow to the pla-

centa. Pregnant women at risk of pre-eclampsia often

(but not always) demonstrate decreased blood flow in

the uterine artery when assessed by analysis of the

uterine artery Doppler waveform [6], which provides

an indirect demonstration of the high resistance in the

spiral arteries. It has long been hypothesized that poor

placental blood flow sets up a chain of events which

culminates in the development of pre-eclampsia in

a woman susceptible to the disease. This has given

rise to the ‘2-stage theory of pre-eclampsia’; the first

stage being reduced placental blood flow and the sec-

ond being the subsequent development of the mater-

nal syndrome [33].

The maternal endothelium – the target cell?

The maternal disease is characterised by intense vaso-

constriction, often accompanied by oedema [4]. Early

evidence of enhanced constrictor responsiveness in

affected women suggested upregulation of the con-

strictor pathways, but it gradually became clear that

failure of dilator function was an equally likely addi-

tional contributing factor. Central to this was the

clearly emerging role of the endothelial cell layer.

Pre-eclampsia had for many years been recognised to

be associated with a disease specific renal lesion,

glomerular capillary endotheliosis, in which the cellu-

lar organelles of the endothelial cells undergo enlarge-

ment and marked vacuolisation, and the glomerular

capillary lumen is diminished in size [14]. The earli-

est indication of systemic endothelial dysfunction in

pre-eclampsia came from measurement of plasma

biomarkers of endothelial cell activation including

von Willebrand factor [5], plasma cellular fibronectin

[13], thrombomodulin [3], and endothelin-1 (ET-1)

[37]. Plasma concentrations of soluble cell adhesion

molecules e.g. VCAM-1 were also increased [15]. The

observation that concentrations of these markers

sometimes predated the onset of the disease was an

indication that endothelial function could be involved

in the aetiology of the disease, rather than being a sec-

ondary phenomenon. It was becoming apparent that

pre-eclampsia, in common with many other vascular

disorders, was a state of endothelial cell activation

[34]. Similarly to many vascular diseases, pre-eclampsia

is also characterised by neutrophil activation and it now

appears that the endothelial cell activation is reflective

of a generally enhanced inflammatory state [32].

Later studies revealed that endothelium dependent

dilator function is also compromised in women with

pre-eclampsia. In our laboratory we investigated en-

dothelial function in small isolated arteries. These

were obtained from normal and pre-eclamptic women

from biopsies of sub-cutaneous fat taken with consent

during caesarean section, and were mounted on

a small vessel myograph for determination of con-

strictor and dilator function. In arteries preconstricted

with noradrenaline, dilator responses to acetylcholine

and bradykinin were blunted compared to controls

[20, 25]; others have shown reduced endothelial re-

sponsiveness in myometrial small arteries [2]. Physio-

logically, these endothelium dependent dilator ago-

nists are probably less relevant than the stimulus of

shear stress, the force generated as blood flows passed

the artery wall. The dilator response to flow was

therefore assessed in vitro, using a perfusion myog-

raph system, and also found to be abnormal; indeed

we reported a complete absence of flow mediated

dilatation in small subcutaneous arteries from affected

women [7]. Kublickiene et al. [21] reported a similar

absence of dilatation in small myometrial arteries.

The relative roles of nitric oxide (NO) and endothe-

lium derived hyperpolarizing factor (EDHF) in endo-

thelium dependent relaxation in these resistance ves-

sels is variable and although some studies reported

that the defect in dilator responses was entirely NO

dependent [7, 21], the relative roles of each in the fail-

ure of the relaxation responses is not entirely clear.

One recent report has also provided evidence for abnor-

mally low prostacyclin synthesis in small omental arteries

from women with the disease, as estimated by the meas-

urement of a metabolite of prostacyclin in vitro [39].

The demonstration in vitro of poor endothelium de-

pendent dilation was followed by investigation with

non-invasive techniques of endothelial function in

women with pre-eclampsia and in normotensive con-

trols. This has generally been achieved by ultrasound

monitoring of flow mediated dilatation in the brachial

artery after stimulation of intraluminal flow by reac-

tive hyperaemia (following forearm cuff occlusion).

Yoshida et al. [43] reported a linear increase in flow
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mediated dilatation with gestation in normal pregnan-

cies which was severely reduced in women with pre-

eclampsia, and Yamamato et al. [42] observed a simi-

lar abnormality. Yamamato et al. also assessed the

cGMP response to sodium nitroprusside (an NO do-

nor) in platelets and, as this was reduced in the

women with pre-eclampsia, suggested that a blunted

responsiveness to NO, rather than a reduced synthe-

sis/availability of NO might explain the poor response

to flow. This is not borne out, however, by the major-

ity of the studies in isolated resistance arteries which

have shown that the response to sodium nitroprusside

is unaffected. In common with the evidence from

studies of biomarkers, others blunted flow mediated

dilatation seems to precede the development of the

disease [40].

There seems little doubt that the syndrome of pre-

eclampsia in pregnant women is an endothelial dis-

ease. The endothelial defect in the kidney is likely to

be the cause of proteinuria and failure of endothelium

dependent dilatation could contribute to the develop-

ment of hypertension and intense vasoconstriction in

different organs leading to hypoperfusion. Endothelial

cell activation is also a probable cause, through in-

creased small vessel permeability, of oedema. Aside

from the biochemical evidence, we know that women

with a number of pre-existing disorders are predis-

posed to pre-eclampsia, including diabetes, obesity

and essential hypertension [11]. Endothelial dysfunc-

tion is common to all of these, adding support for

a central role in the disease process.

One cause or many?

The question constantly asked is whether there is

a predominant factor which precipitates endothelial

activation and dilator dysfunction. However, in com-

mon with the heterogeneity of the disorder, it would

seem that endothelial dysfunction in pre-eclampsia is

likely to be of diverse origin. Following the supposi-

tion that placental underperfusion is the ‘first stage’ in

pre-eclampsia, focus has been placed on identifying

factors of placental origin which may gain access to

the maternal circulation in response to placental un-

derperfusion, and which in turn be detrimental to the

endothelium, either directly or indirectly.

Trophoblast microparticles

The placenta is in a continuously dynamic state of

growth and apoptosis, and placentally derived syn-

cytiotrophoblast microparticles are found in the blood

of normal pregnant women. Redman’s laboratory

have shown that the density of these particles in the

blood increases in women with pre-eclampsia, and

that in vitro they activate neutrophils and reduce endo-

thelium dependent dilatation i.e. these particles could

contribute to the systemic inflammatory response [36].

Oxidative stress

Others propose that endothelial dysfunction could

originate from oxidative stress in the placenta, for

which there is strong evidence [27], and which is

likely to arise from hypoxia, or hypoxia/ reperfusion,

both of which may occur because of failure of

myometrial small artery remodelling. Indeed an ele-

gant in vitro study of normal placenta has shown oxi-

dative damage in syncytiotrophoblast after hy-

poxia/reoxygenation [17]. The oxidative stress and

microparticle hypotheses are not mutually exclusive

as oxidative stress has been shown to increase apopto-

sis and thereby may lead to microparticle release [18].

Placental hypoxia and reoxygenation, through oxida-

tive stress may also stimulate placental synthesis of

cytokines e.g. TNF-� [16], and could lead to peroxi-

dation of maternal plasma lipids during passage of

maternal blood through the placenta and activation of

maternal neutrophils; all of which could contribute to

maternal endothelial cell activation. Recent in vitro

evidence has also suggested that the high concentra-

tions of plasma endothelin-1 (ET-1) in women with

pre-eclampsia could act as a trigger for oxidative

stress in the placenta [12]. This was shown after in vitro

exposure to ET-1 in normal placental explants by in-

creased levels of malondialdehyde (MDA), a marker

of lipid peroxidation, and lowered expression of anti-

oxidant defence molecules including glutathione and

ascorbic acid. Another likely source of oxidative

stress is increased superoxide generation, through ac-

tivation of the enzyme NADPH oxidase; indeed we

have shown an increase in activity of this enzyme in

placental tissue from women with early compared to

late onset pre-eclampsia as assessed using luminome-

try (with lucigenin) to detect superoxide generation,

and by employing pharmacological inhibitors of

NADPH oxidase to delineate the contribution from
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the enzyme [28]. Others have shown upregulation of

NADPH oxidase using immunohistochemical meth-

ods [10]. Angiotensin is a potent agonist of NADPH

oxidase and it has been proposed that NADPH oxi-

dase activation could occur through synthesis of

a stimulating antibody to the angiotensin receptor,

which has been described by several groups in the

plasma of women with pre-eclampsia [9]. In view of

this literature we, and others proposed that antioxi-

dants might be effective in prevention of pre-

eclampsia. We undertook a randomised placebo con-

trolled trial of vitamin C (1 gm/day) and vitamin E

(400 IU/day) in 2404 women at risk of pre-eclampsia

on the basis of their clinical history. However, the in-

cidence of pre-eclampsia was the same in both arms

of the study [26], an observation repeated in another

study from Australia in 2000 low risk women [35]. It

is hoped that ongoing studies using a large biobank of

plasma samples from participating women in the

high-risk study will shed some light on the reasons

why antioxidant prophylaxis was ineffective.

Angiogenic factors

Recently, a novel potential mechanism underlying en-

dothelial dysfunction has been proposed, arising from

studies showing remarkably high concentrations of

placental soluble fms-like tyrosine kinase 1 (sFlt1) in

the plasma of women with pre-eclampsia [24]. sFlt1

binds to two angiogenic factors- vascular endothelial

growth factor (VEGF) and placental growth factor

(PlGF), and synthesis increases in placental tropho-

blast in vitro in response to hypoxia, and in associa-

tion with oxidative stress [23]. Raised circulating lev-

els of sFlt1 in pre-eclampsia are, as might be antici-

pated, associated with reduced free concentrations of

VEGF and PlGF. VEGF is an endothelium dependent

vasodilator and Maynard et al. [24] showed that

VEGF induced relaxation of rat renal arterioles was

inhibited by sFlt1. Furthermore administration of

sFlt-1 to pregnant rats induced hypertension, protein-

uria and a lesion similar to glomerular endotheliosis.

sFlt1 increases very rapidly with disease onset and

concentrations are only moderately raised in early ges-

tation in women destined to develop pre-eclampsia.

The relative role of sFLT1 compared with other possi-

ble causes of endothelial dilator dysfunction is not

known. This is partly because the physiological role

played by VEGF in vasodilatation in the arteries of

normal pregnant women is unquantified. The same

group has now also described elevated concentrations

of endoglin, a novel placental derived soluble TGF-�

coreceptor (sEng) [41]. Endoglin enhances vascular

permeability and the authors also proposed that ‘dow-

nstream’ effects of endoglin through altered TGF-�

signalling could lead to effects on NO synthesis and

dilatation so contributing to the disease process.

Inflammatory mediators

Normal pregnancy is a mild inflammatory state and

pre-eclampsia seems to be an exaggeration of the

norm. This enhanced inflammatory state is associated

with maternal leucocyte activation, cytokine release

and leucocyte/endothelial interaction [32]; indeed en-

dothelial cell activation is an integral part of the in-

flammatory response and would be anticipated as

a result of maternal neutrophil and lymphocyte activa-

tion. Inflammatory mediators are also associated with

obesity. The incidence of pre-eclampsia is more than

doubled in clinically obese women [11]. In one study,

endothelial function in obese pregnant women was as-

sessed by topical application of acetylcholine, fol-

lowed by permeation through the skin by iontophore-

sis and measurement of increased blood flow by laser

Doppler imaging [29]. As well as demonstrating re-

duced flow responses to acetylcholine, the obese

women had higher than normal concentrations of tri-

glycerides and inflammatory mediators (interleukin-6,

C reactive protein). Thus in obese women who de-

velop pre-eclampsia inflammatory mediators may be

a more predominant cause of endothelial function

than in lean women. Obese women are also more

likely to develop insulin resistance and gestational

diabetes in pregnancy, and raised blood glucose and

lipids could exacerbate their endothelial dysfunction.

Early and late onset pre-eclampsia

There has been much discussion whether early and

late onset pre-eclampsia are similar or different disor-

ders. Some suggest that in those women suffering

from early onset severe disease, underperfusion of the

placenta may be the predominant precipitating influ-

ence and that in late onset pre-eclampsia, when utero-

placental perfusion often appears quite normal, the

predominant influence is the maternal inflammatory
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state, with a lesser, albeit still important contribution

from the placenta. Perhaps this is related to increased

trophoblast deportation which is more a function size

and volume of the term placenta than underperfusion

[32]. Thus although the end point-endothelial cell ac-

tivation and dilator dysfunction is common to all

women with the disorder, the contributory pathways

are likely to differ.

Pre-eclampsia and later cardiovascular

disease

Women who have experienced pre-eclampsia are

more likely to develop cardiovascular disease in later

life [31]. It is debatable whether pre-eclampsia itself

is a predisposing risk factor or whether, as is the fa-

voured view, that women who develop pre-eclampsia

without obvious pre-existing cardiovascular disease/

risk already have underlying unrecognised risk. Per-

haps unsurprisingly therefore, several groups have

shown that non-pregnant women who have had pre-

eclampsia previously have abnormal endothelial func-

tion. Ramsay et al. [30] have shown evidence of

microvascular endothelial dysfunction by laser imag-

ing 15–25 years following a pregnancy complicated

by pre-eclampsia. Others have shown a reduction in

blood flow in the forearm in response to mental stress

6–12 months after a pre-eclamptic pregnancy as meas-

ured by venous occlusion plethysmography [1]; this is

a stimulus known to induce endothelium dependent di-

lation. Forearm blood flow responsiveness to acetylcho-

line and sodium nitroprusside has also been shown to be

abnormally low in non-pregnant women who had pre-

eclampsia several years previously [22].

Conclusions

In summary, there is sound evidence for endothelial

dysfunction in women with pre-eclampsia; but al-

though inextricably linked to the maternal syndrome

a causative role in the maternal disease has yet to be

finally proven. Proof would require a targeted inter-

vention which also prevented the disease. The antici-

pated benefit of antioxidants which would be ex-

pected to protect the endothelium has not been real-

ised. The exciting possibility that anti-angiogenic

factors could contribute has led to the consideration of

novel therapies for increasing VEGF and PlGF as an

antidote to the excessive concentrations of the binding

protein. Whilst delivery still remains the only cure,

significant advances are being made in our under-

standing of this disorder which may lead to strategies

for endothelial protection and thereby to prevention.
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