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Pathophysiology 1

2                  PATHOPHYSIOLOGY

OF HYPERTENSIVE DISORDERS
OF PREGNANCY

2.1 MALADAPTATION OF THE UTEROPLACENTAL VASCULATURE

Anatomy of the uterine vasculature

The uterus derives its blood supply from the left and right uterine arteries, and to a

small extent also from the ovarian arteries. The uterine arteries branch in the

parametrium into the arcuate arteries, which in turn branch into the radial arteries.

These radial arteries cross the myometrium; at the myometrial-endometrial

junction, they give off the spiral arteries, which are muscular arteries with a

diameter of 200-300 microns in the non-pregnant state. The total number of spiral

arteries is approximately 100-150. They terminate in the basal endometrium. The

radial arteries also give off branches, which do not cross the endometrium, termed

basal arteries; their role is not quite clear1.
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Figure 2.1  The blood supply of the placenta1.

Normal adaptation of the uteroplacental vasculature in pregnancy

As early as several weeks into pregnancy, cytotrophoblast cells from the conceptus

invade the basal decidua and the decidual portion of the spiral arteries2,3. At this

stage, cytotrophoblast can be divided into two different types: interstitial

trophoblast, which penetrates the basal decidua, and endovascular trophoblast. This

latter type fills the spiral artery lumen; these cells also replace the maternal

endothelium and induce dramatic changes in the vessel wall structure. The

muscular media disappears entirely and is replaced by fibrinoid tissue which leaves

the arterial wall distended and unable to respond to vasomotor influences.  This

phenomenon raises an important question. In theory, the invasion of trophoblastic

cells should induce a rapid immunological response from the mother’s side, similar

to allograft rejection.  Why does this not occur in normal pregnancy? This question

has been partly answered by Zhou and colleagues who reported on the
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transformation of invasive cytotrophoblast cells4. In normal pregnancy, these cells

change their adhesion receptor phenotype to mimic the maternal endothelial cells

they replace; this transformation appears to be a prerequisite for normal

placentation.

Between 10 to 12 weeks of pregnancy, the interstitial trophoblast first migrates

retrogradely to colonise the myometrium. Some time later, between 12 and 16

weeks, endovascular trophoblast invades the myometrial portions of the spiral

arteries, again replacing the endothelium and disrupting the muscular vessel wall.

Eventually, the spiral arteries from the myometrium to the intervillous space are

replaced with distended fibrinoid tubes incapable of vasoconstriction; the result is a

low resistance, high capacity vascular system, facilitating adequate maternal blood

supply to the growing fetus. (Figure 2.2).

Proximal to the spiral arteries, the uterine and arcuate arteries also undergo

important changes. Their length increases, as do lumen diameter and distensibility5.

These changes are not initiated by trophoblast invasion, which does not extend this

far. It is likely that shear stress plays a role in these changes. Shear stress is the

force acting on the vessel wall due to laminar blood flow; it is mainly dependent on

vessel radius, blood flow and viscosity. The effects of shear stress on cells, and

especially endothelial cells, have been extensively studied in the past6,7,8. There is

an acute response to increased shear stress, characterised by relaxation of smooth

muscle cells; and also a response to chronically elevated shear stress, characterised

by the reorganisation of vascular wall cellular and extracellular components. These

responses are dependent on normally functioning endothelium. The changes found

in arterioles in normal pregnancy5 are consistent with this theory. Apart from

changes in dimensions, a reduced response to vasoconstrictors and an enhanced

response to vasodilators have also been reported in pregnant rats9 and humans10.
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Figure 2.2. Normal physiologic changes in spiral artery. The media has been

replaced by fibrinoid tissue; trophoblastic cells are visible in the vessel wall

(arrows). (PAS x100).

Uterine vascular pathology in hypertensive disorders of pregnancy and FGR

The association between hypertensive disorders of pregnancy and extensive

placental infarction has been acknowledged since the 1950s11 . In later years, more

sophisticated microscopic techniques and increasing knowledge of the normal

physiological adaptation of the arteries of the placental bed has led to a better

understanding of the pathogenesis of hypertensive disorders of pregnancy as well

as FGR. Two distinct abnormalities are found in the uteroplacental circulation.

Firstly, the normal physiological adaptation of pregnancy is impaired or absent in

hypertensive disorders of pregnancy. Secondly, a distinctive vaso-occlusive lesion

termed "acute atherosis" is found. These abnormalities impair maternal blood flow,

resulting in placental insufficiency. Surprisingly, although they are clinically
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separate entities, the abnormalities of the placental bed in hypertensive disorders of

pregnancy and FGR resemble each other to a great extent.

Impaired physiological adaptation of spiral arteries in hypertensive disorders of

pregnancy was reported by several authors in the mid-seventies12-14. In patients

with severe pre-eclampsia12-14,16,17 and fetal growth restriction15,16  physiological

changes are limited to the endometrial segments of the spiral arteries, whereas the

myometrial segments were unchanged. It was also noted that trophoblast cells were

not present in the vessel wall of spiral arteries that had failed to undergo

physiological changes12. Khong17 reported that the extent of endovascular

trophoblast invasion and physiological changes varies between spiral arteries, with

some arteries showing absence of physiological changes along their entire length.

In more recent years, the association between impaired adaptation of spiral arteries

and hypertensive disorders of pregnancy as well as fetal growth restriction has been

confirmed18-20. However, it has also become clear that endovascular trophoblast

invasion is not an all-or-none phenomenon18 and that there is a gradient in the

extent of trophoblast invasion of decidual and myometrial arteries in both normal

pregnancy and pre-eclampsia. Uteroplacental vascular pathology has also been

related to spontaneous prematurity20 and placental abruption in addition to being

present in a percentage of normal pregnancies19.

Acute atherosis has been related to pre-eclampsia12-14,18-21 and fetal growth

restriction13,15,21. The lesion (figure 2.3) is characterised by an atheromatous

infiltrate consisting of lipid-laden "foam cells" originating from myocytes or

macrophages, fibrin, and mononuclear cells. In addition, there is extensive

deposition of fibrin in the intima and media21. Earlier stages of the lesion have been

described as fibrinoid necrosis and macrophage infiltration. Most authors agree that

acute atherosis only occurs in spiral arteries which have failed to undergo

physiological changes, but more recent work18 suggests that it can also occur in

physiologically adapted spiral arteries.
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Fig. 2.3. Acute atherosis: fibrinoid necrosis of the media and obliteration of the

lumen (PAS x 100).

The cause of impaired trophoblast invasion and (subsequent?) acute atherosis

remains unclear. The absence of trophoblast cells in the vessel wall of unchanged

spiral arteries suggests a specific defect in the invasion of the endovascular type of

trophoblast. The failure of endovascular trophoblast to express vascular adhesion

phenotype molecules22, as recently reported, could play a role by impairing

adhesion to the vessel wall. Recent studies have reported an increased number of

activated macrophages in the placental bed of patients with pre-clampsia23 and

widespread apoptosis of placental cytotrophoblast cells24. These findings suggest a

maternal immunological response against endovascular trophoblast, perhaps

triggered by the deficiency in the expression of vascular adhesion molecules. In

addition, a deficiency of angiogenic growth factors such as vascular endothelial

growth factor (VEGF)25,26 and placental growth factor (PIGF)26,27 has been recently

reported in patients with pre-eclampsia. The precise meaning of these findings

requires further investigation.
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2.2 EVIDENCE FOR ENDOTHELIAL DYSFUNCTION IN THE

PATHOGENESIS OF HYPERTENSIVE DISORDERS OF

PREGNANCY.

In recent years, researchers have focused on endothelial damage as the link

between decreased placental perfusion and systemic disease. The endothelium

plays a pivotal role in maintaining homeostasis in a normal vessel by generating

several substances that modulate vascular smooth muscle tone, coagulation and

platelet function. In pre-eclampsia, general vasoconstriction and coagulation

abnormalities are essential to the systemic disorder; in addition, response to the

vasopressor angiotensin is increased28. This implicates an impairment of the

endothelial compensatory mechanism to produce factors, which relax vascular

smooth muscle in the situation of inappropriate vasoconstriction. This chapter

reviews the various reports, which have eventually led to substantial support for the

central role of endothelial dysfunction in the pathogenesis of pre-eclampsia.

An altered thrombotic state in hypertensive disorders of pregnancy.

In the 80s, the recognition of an imbalance between prostacyclin and thromboxane

A2 production was a breakthrough in the discussion regarding the etiology of

hypertensive disorders of pregnancy. The hypothesis that pre-eclampsia was

primarily caused by increased thromboxane A2 / prostacyclin ratio was simple and

provided options for therapy and even prophylaxis. Later studies, however, and

especially the failure of aspirin prophylaxis in large scale studies have dampened

this initial enthusiasm.

Thromboxane A2 is produced by (activated) platelets from arachidonic acid by the

enzyme cyclo-oxygenase. It is a potent vasoconstrictor and stimulates platelet

aggregation. The production of thromboxane A2 in platelets is stimulated by

endothelial damage, platelet aggregation and factors like cytokines and free oxygen
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radicals. Aspirin, even in low doses, inhibits thromboxane A2 production in

platelets. The actions of thromboxane A2 are opposed by the actions of another

autacoid, prostacyclin, derived from normal endothelial cells. Prostacyclin is also a

product of arachidonic acid. Its actions are relaxation of vascular musculature

causing vasodilatation, and inhibition of platelet aggregation. In pre-eclampsia, an

imbalance has been reported between thromboxane A2 and prostacyclin29. In

normal pregnancy, thromboxane A2 and prostacyclin are present in the placenta in

approximately equivalent amounts, providing a balanced effect on vascular tone

and platelet aggregation; in pre-eclampsia, however, prostacyclin production in the

placenta is decreased and thromboxane A2 production is increased; the placenta

produces seven times more thromboxane A2 than prostacyclin, favouring

vasoconstriction and platelet aggregation. Increased thromboxane A2 levels have

not only been reported in placental tissues, but also in urine30 and circulation31 of

women with hypertensive disorders of pregnancy, suggesting that it may have a

systemic prothrombotic effect as well as a local effect on the placenta.

Further evidence of a systemic prothrombotic state in hypertensive disorders of

pregnancy has been put forward by de Boer et al32. They reported increased

circulating thrombin-antithrombin III complexes and reduced antithrombin III and

protein C levels, consistent with activated blood coagulation in the systemic

circulation. Factor VIII, a component of the coagulation cascade, is also increased

in pre-eclampsia33. However, more recent research work suggests that these

abnormalities probably are not only related to activated coagulation in the clinical

phase, but could also reflect pre-existent maternal coagulation disorders. The

association between hypertensive disorders of pregnancy and underlying maternal

coagulation disorders has been extensively studied in the past years. A number of

coagulation disorders, such as protein C and S deficiency, factor V Leiden

deficiency, antithrombin III and anticardiolipin antibodies, as well as

hyperhomocysteinemia are found at increased incidence in women with

hypertensive disorders of pregnancy34-36.
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The evidence of activated coagulation and thromboxane A2 / prostacyclin

imbalance provided the rationale for aspirin therapy in pre-eclampsia; indeed, low-

dose aspirin reduces the thromboxane A2 level in pre-eclamptic women37. The first

reports on aspirin therapy were very optimistic indeed; for example, in healthy

nulliparous pregnant subjects, a reduction of thromboxane A2 after aspirin therapy

was associated with a lower risk of pre-eclampsia, prematurity, and small-for-

gestational-age babies38. However, multi-center placebo-controlled aspirin

studies39-42 could not reproduce a significant reduction in pre-eclampsia or FGR.

Fish oil, which has a high content of omega-3 polyunsaturated fatty acids, is often

advocated in disease states where an altered prostanoid profile is thought to play a

role43. A number of multi-center trials investigating the use of fish oil in pregnancy

to prevent preterm delivery, FGR as well as hypertensive disorders of pregnancy

has recently been described44. Although fish oil did reduce the recurrence risk of

preterm delivery in these trials, there was no effect on the incidence of

hypertensive disorders of pregnancy.

In retrospect, the assumption of a central role for prostanoids in hypertensive

disorders of pregnancy is a rather simplified vision of reality. Later studies have

shown45,46 that prostanoid synthesis and balance in pregnancy is much more

complicated than previously thought.

Another factor that has attracted the attention of researchers is fibronectin, a

glycoprotein produced by endothelial cells, macrophages, fibroblasts and platelets.

Its actions remain largely elusive but involve modulation of coagulation and

endothelial activation47. Interestingly, levels of fibronectin are increased weeks

before the onset of symptoms in the serum of pregnant women who later develop

pre-eclampsia, and serum fibronectin has therefore been evaluated as a predictive

test48-50 . Increased fibronectin levels in pregnancy appear to be specific to pre-

eclampsia; patients with pregnancy-induced hypertension without proteinuria have

normal fibronectin levels51. In non-hypertensive FGR, fibronectin levels are also

increased, although they are significantly lower than in pre-eclampsia52.
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Direct evidence of endothelial activation.

When an increasing amount of evidence was accumulating indicating involvement

of various factors in hypertensive disorders of pregnancy that all share the

association with endothelial dysfunction, what was needed was direct evidence of

endothelial involvement. In 1988, Rodgers53 reported that serum from pre-

eclamptic women injures human endothelial cells; Roberts54 also exposed human

umbilical vein endothelial cells to serum from patients but found the effect was

more consistent with endothelial activation than injury. An increased secretion of

mitogenic factors from endothelial cells has also been reported55. These mitogens

are expressed at high levels by endothelial cells in response to thrombin and

endotoxin, and thus indicate endothelial injury or activation.  These first

observations of a direct role of endothelium set the trend for research in the years

that followed. Rappaport56 reported the presence of anti-vascular endothelial

antibodies in patients with pre-eclampsia. A histological study showed evidence of

endothelial disruption in the placentas of patients57. Interestingly, focal disruption

of endothelium was seen in association with persistent intraluminal trophoblast,

which is not normally present in the third trimester of pregnancy58. Cockell59

reported on impaired endothelial function in small arteries exposed to

syncytiotrophoblast microvillous membranes. Such exposure would be aggravated

in hypertensive pregnancy compared to normal pregnancy, as a hypoxic placenta

releases more fragments into the circulation60. Vascular adhesion molecules,

expressed by activated endothelial cells, are also increased in pre-eclampsia61 but

not in pregnancy-induced hypertension62,63.  Human umbilical vein endothelial

cells exposed to serum from patients were reported to have increased cell

permeability, probably associated with increased protein kinase C activation64. This

is a very interesting finding, as widespread increased endothelial permeability

could be an explanation for a number of the classic features of pre-eclampsia, such

as increased hematocrit, oedema, and proteinuria.
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From local injury to systemic disease: vaso-active mediators

The acknowledgement of the central role of endothelial injury in hypertensive

disorders of pregnancy has led to the search for endothelial factors that might form

the link between local disruption of endothelium in the uteroplacental vasculature

and the systemic manifestations. The finding of Bearchell et al65 that sera from

patients with hypertensive disorders of pregnancy stimulate vascular smooth

muscle cell activity supports the existence of such a factor. The thromboxane A2 /

prostacyclin imbalance is thought to play an important role. However, the clinical

picture can not be explained solely by the effect of increased thromboxane A2

production, as indicated by the failure of aspirin prophylaxis. Therefore, other

factors have been implicated as mediators.

Endothelin, an endothelium-derived peptide, has been shown a very potent

vasoconstrictor, and its involvement has been suggested in a number of diseases

where endothelial dysfunction is implicated, for instance the metabolic syndrome

(Insulin Resistance Syndrome/Syndrome X)66 and coronary artery disease67.

Endothelin levels in hypertensive disorders of pregnancy are increased; also, there

is a correlation between plasma levels of endothelin and severity of the disease68-72.

In a rat model of pre-eclampsia, a specific endothelin antagonist reversed the

clinical picture73. The hypothesis of endothelin as the crucial factor however

remains controversial. Benigni74 found no evidence of increased endothelin

production in placentas of pre-eclamptic women, and Paarlberg75 found no

increased endothelin levels in blood and urine of patients. The increased levels of

endothelin found by some authors might be secondary to extensive endothelial

damage. Thus, although its role in atherosclerosis is firmly established, there is no

conclusive evidence that endothelin plays a causal role in hypertensive disorders of

pregnancy.

Other factors that might induce systemic vasoconstriction as a result of local

endothelial injury have also been suggested. Plasma noradrenaline is increased in

hypertensive disorders of pregnancy76,77. In addition, the increased production of
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noradrenaline appears to be of placental origin, as indicated by increased activity of

the rate-limiting enzyme in placental tissue76. The role of atrial natriuretic peptide

(ANP), renin, and aldosterone remains unclear72,77.

Just as endothelin is a potent endothelium-derived vasoconstrictor, there is also an

endothelium-derived relaxing factor, which is generally believed to be nitric oxide

(NO). NO lately has received a great deal of attention in cardiovascular medicine

for its strong vasodilator activity. Impaired NO production is associated with a

variety of vascular diseases78. NO is produced by intact endothelial cells to

counteract local vasoconstrictor factors such as endothelin. The main problem in

evaluation of nitric oxide in clinical situations is its quick metabolisation that

makes it hard to study. Study results concerning the direct measurement of NO

activity in normal and complicated pregnancies are controversial. Seligman79 found

a significantly decreased level of urinary nitrite, a metabolite of NO, in

hypertensive pregnancy compared to normal pregnancy. In an other study80 no

difference was found between serum nitrite levels in hypertensive and normal

pregnancies; however, higher nitrite concentrations were found in the umbilical

veins in hypertensive pregnancies. Two other studies81,82  again found no difference

in serum nitrite and nitrate levels. In addition, Silver reports that serum from pre-

eclamptic women does not suppress NO synthesis in cultured endothelial cells.

Thus, a role for NO in hypertensive disorders of pregnancy has not been

convincingly established by direct measurement methods. There is however strong

indirect evidence that NO plays an important role in the cause of hypertensive

disorders of pregnancy. Normal blood vessels show relaxation to bradykinin, an

effect mediated through NO production by endothelial cells. In hypertensive

pregnancy, myometrial resistance arteries show an abnormal response to

bradykinin, resulting in reduced relaxation compared to normotensive controls83.

Another vital vascular adaptive mechanism dependent on normally functioning

endothelium is relaxation in the presence of increasing shear stress. This

mechanism is enhanced in normal pregnancy and appears to play an important role

in increasing the capacity of the uteroplacental circulation84. NO is the most
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important mediator for this response. In hypertensive pregnancies, however, this

response is blunted, indicating that the uteroplacental vasculature fails to adapt to

an increasing volume load10.

Inhibition of NO synthesis in pregnant rats by administration of NG-nitro-L-

arginine methyl esther (L-NAME) results in a condition similar to pre-eclampsia,

with hypertension, proteinuria and FGR85 . In addition, these symptoms can be

reversed by the administration of L-arginine, a NO donor86. In rats treated with L-

NAME on day 10 of pregnancy, blood pressure increased from 115 mmHg systolic

pressure to 150 mmHg systolic pressure on day 16, pup weight was significantly

decreased and there was a marked increase in glomerular endothelial lesions. The

glomerular lesions found are remarkably similar to those characteristic to human

pre-eclampsia. The administration of L-arginine on day 16 effectively reversed

those changes; at delivery, blood pressure, pup weight, and the number of injured

glomeruli in this group were comparable to normal pregnant controls.

These findings suggest that impaired NO synthesis is an important factor in the

pathogenesis of hypertensive disorders of pregnancy and lend support to the

potential use of NO donors to reverse the symptoms in humans. In a number of

clinical trials, short-term treatment with NO donors such as transdermal

nitroglycerin lowered blood pressure and improved uterine and umbilical Doppler

signals87-94. In a case report, a NO donor (S-nitrosoglutathione) given to a patient

with post-partum severe HELLP-syndrome led to marked hemodynamical,

biochemical and clinical inprovement95. However, no trials have yet been

conducted using double-blind, randomised long-term treatment with pregnancy

outcome as the main outcome variable. Until such data are available, the role of

NO donors in the treatment of pre-eclampsia remains to be proven.
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2.3 THE ROLE OF THE IMMUNE SYSTEM

The role of the immune system in pregnancy has always been mysterious. The

mother shares only half of her genetic material with the conceptus, yet rejection

does not occur. Somehow, the mother’s immune system adapts, protecting fetus

and placenta. Failure of this normal adaptation, resulting in an inappropriate

immunological reaction to the fetus or placenta has been implicated in recurrent

spontaneous abortion and also in hypertensive disorders of pregnancy. The notion

of hypertensive disorders of pregnancy as a decreased immunological tolerance

towards the conceptus has been proposed early in the 20th century. In more recent

years, the attention has shifted to placental insufficiency and endothelial

dysfunction, but the current theories regarding the pathogenesis of hypertensive

disorders of pregnancy do not exclude an underlying immunologic problem96,97.

Recently, the discovery that invading cytotrophoblast mimics maternal endothelial

cells4 but fails to do so in hypertensive pregnancies22 has supported the importance

of immunological factors.

Epidemiological considerations

Several epidemiological observations can not be explained if endothelial

dysfunction were the primary factor in the pathogenesis of hypertensive disorders

of pregnancy, but support the hypothesis that the immune system is primarily

involved98. Hypertensive disorders of pregnancy occur primarily in nulliparous

women, whereas subsequent pregnancies tend to be protected unless there is a

change in paternity. Prolonged exposure, both vaginal and oral, to paternal antigens

previous to the pregnancy is also a protective factor99-101. A high trophoblastic

mass, such as in molar pregnancy and multiple pregnancies, increases the risk of

hypertensive disorders of pregnancy102. Donor insemination and especially oocyte

donation are associated with a high incidence, up to 50%, of pre-eclampsia103-105.
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There is also a genetic factor; the occurrence in families has been extensively

reviewed by Sutherland106 and Arngrimsson107. The incidence of severe pre-

eclampsia in mothers and daughters of pre-eclamptic patients is significantly higher

than the incidence in mothers- and daughters-in-law, suggesting a maternal genetic

component. However, these data can not distinguish between a single recessive

gene trait and a multifactorial inheritance. Interestingly, both studies found a

marked difference in genetic predisposition between pregnancy-induced

hypertension and pre-eclampsia; in contrast to pre-eclampsia, pregnancy-induced

hypertension shows no familial tendency at all.

Activation of the immune system

There are several studies describing the various changes in lymphocytes and

immunoglobulins in normal and hypertensive pregnancy, but their findings are

confusing and contradictory102,108. This is partly due to the elusiveness of the

immune system to laboratory testing; immunologic activation can only be

measured indirectly, and there is a great variety of tests, the mechanisms of which

are incomparable. The number of circulating immune complexes is increased in

hypertensive pregnancy compared to normal pregnancy109; in addition, deposits in

blood vessels of immune complexes and complement components are found in

66% of (severely) pre-eclamptic patients and in none of the control

pregnanies110,111. There is a strong relationship between severe pre-eclampsia and

auto-antibodies, especially anti-phospholipid antibodies such as anticardiolipine

and lupus anticoagulans112-114   but their role remains unclear.

In conclusion, even though various changes in the humoral and cellular immune

system have been reported, the findings are conflicting and the meaning of these

observations still defies understanding.
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2.4 MATERNAL UNDERLYING DISORDERS AND OXIDATIVE

STRESS

A number of maternal disorders have been associated with an increased risk of

hypertensive disorders of pregnancy. Women suffering from essential hypertension

significantly more often develop (superimposed) pre-eclampsia compared to

normotensive women115,116. Obesity is also a risk factor116,117,118.  Type I diabetes

mellitus is associated with a four- to fivefold increase in risk of hypertensive

disorders of pregnancy117,119 whereas gestational diabetes increases the risk

twofold120. Dyslipidemias such as hypercholesterolemia118,121 and

hypertriglyceridemia122,123 are significantly more often present in hypertensive

disorders of pregnancy compared to normal pregnant controls, as well as

hyperhomocysteinemia124,125. The association of essential hypertension with

obesity, insulin resistance and dyslipidemia (especially hypertriglyceridemia) is

now recognised as the metabolic syndrome (previously termed Syndrome X or the

Insulin Resistance Syndrome)126,127. Its role in the pathogenesis of hypertension128

as well as atherosclerosis129 is now firmly established. Endothelin, which is also

associated with hypertensive disorders of pregnancy, has been implicated as an

important factor in this syndrome66. Therefore, it is not surprising that a link has

been proposed between hypertensive disorders of pregnancy and the metabolic

syndrome130,131. Several authors have found evidence of increased insulin resistance

in hypertensive pregnancies121,123,132. One author123 found characteristics of the

metabolic syndrome in patients with pregnancy-induced hypertension, but not in

patients with pre-eclampsia. However, the association with the metabolic syndrome

is disputed by others133. Interestingly, characteristics of the metabolic syndrome are

not only found during hypertensive pregnancy, but remain present after delivery in

women who have suffered from hypertensive disorders of pregnancy134,135.



Pathophysiology 17

There is a remarkably high incidence of coagulation disorders such as protein C or

S deficiency and factor V Leiden mutation in patients suffering from pre-

eclampsia34,35, as well as an increased incidence of antiphospholipid antibodies136.

In general, these disorders strongly resemble risk factors for (cardio)vascular

disease. In cardiovascular medicine, the importance of the processes involving or

leading to oxidative stress in the pathogenesis of atherosclerosis is now generally

accepted137. Therefore, a similar process has been proposed to play an important

role in the etiology of uteroplacental vascular endothelial damage in hypertensive

disorders of pregnancy138-140. Oxidative processes such as lipid peroxidation, the

conversion of unsaturated fatty acids by free radicals to lipid peroxides, occur

normally at low levels in all cells and tissues. Control of the potentially self-

perpetuating lipid peroxidation chain is regulated through anti-oxidant systems

such as vitamin E and selenium. An imbalance between oxidative and anti-

oxidative systems leads to a steady state with high levels of free reactive oxygen

species and lipid peroxides; this imbalance is termed oxidative stress. It causes

disruptive membrane damage in surrounding tissues, especially endothelium. When

lipid peroxides appear in the circulation, further tissue damage distant to the initial

site can also occur139,140.

Evidence of oxidative stress in hypertensive disorders of pregnancy is presented by

several studies. Markers of oxidative stress such as glutathion peroxidase141,142 and

malondialdehyde122,142 are increased in hypertensive pregnancy compared to normal

pregnancy, although in another study143 these factors were found to be equally

increased in both normal and hypertensive pregnancies. The level of auto-

antibodies against oxidised LDL (Ox-LDL) is used as another marker of oxidative

stress137; this level is increased in hypertensive pregnancies144,145. On the other side

of the balance, serum anti-oxidant activity is decreased in hypertensive

pregnancies146. The origin of the circulating products of oxidative stress is thought

to be the placenta, as indicated by increased local activity of enzymes generating

reactive oxygen species147,148. Additional evidence is given by the elevated levels of

cytokines such as TNF-α and interleukines149-152. These cytokines are strong
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initiators of oxidative processes; they also reflect abnormal immunological

reactivity. Interestingly, serum TNF-α and interleukin-2 are already elevated in the

first trimester in the serum of pregnant women, who later develop hypertensive

disorders of pregnancy150. This suggests that activation of oxidative processes is a

causal factor rather than the result of widespread endothelial activation. It also

suggests a prominent involvement of the maternal immune response.

The recognition of the importance of the oxidant/anti-oxidant balance provides

therapeutic options. An intervention study investigating the use of anti-oxidants

(vitamin E and C) as a treatment option for patients with severe pre-eclampsia,

found no benefit in the antioxidant group compared to the placebo group153.

However, treatment was started relatively late. Chappell et al.154 investigated the

effect of vitamin E and C as a prophylactic (starting at 16-22 weeks) in a group of

283 women at increased risk. Their results were encouraging; pre-eclampsia

occurred in 17% of the women in the placebo group and 8% of the women in the

antioxidant group, resulting in an Odds Ratio of 0.39 (95% confidence interval

0.17-0.90, p=0.02).

2.5 THE LEADING HYPOTHESIS & NEW CONCEPTS CONCERNING

THE PATHOGENESIS OF HYPERTENSIVE DISORDERS OF

PREGNANCY

Even though in clinical practice hypertension is still the hallmark of pre-eclampsia,

an important change has taken place in recent years in the consensus regarding the

pathogenesis of hypertensive disorders of pregnancy. The first step was the

recognition of changes in patients weeks before the onset of clinical symptoms.

Histologic and biochemical evidence has since then accumulated characterising

hypertensive disorders of pregnancy as a systemic disease in which hypertension is

merely one of the clinically recognisable features.
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It has been widely acknowledged that hypertensive disorders of pregnancy are

primarily a placental disease. There is a strong association with uteroplacental

vascular pathology. This is characterised by impaired trophoblast invasion and

failure of physiological adaptation of the spiral arteries as well as vaso-occlusive

lesions such as acute atherosis, resulting in placental insufficiency. As to the cause

of impaired trophoblast invasion, activation of the immune system against invading

cytotrophoblast has been postulated as a primary event. It has been recently

established that normal placentation depends on the capability of cytotrophoblastic

cells to mimic endothelium. This mechanism appears to fail in hypertensive

disorders of pregnancy. There is increasing evidence that activation of the immune

system plays an important role in the failure of trophoblast invasion.

Although failure of physiological adaptation is foremost described as a feature of

hypertensive disorders of pregnancy, this is not found exclusively in hypertensive

pregnancies. The same abnormalities are seen in spontaneous prematurity, fetal

growth restriction and placental abruption but also in a percentage of normal

pregnancies. Apparently, failure of physiological adaptation only results in the

clinical syndrome of pre-eclampsia in a proportion of women who are susceptible.

In addition, the clinical syndrome of pre-eclampsia occurs in some women with

partial or complete physiological adaptation of spiral arteries.

Ness and Roberts155 incorporated this knowledge in a new hypothesis concerning

heterogeneous causes of hypertensive disorders of pregnancy. They propose a more

important role for maternal factors in the pathophysiology. Underlying maternal

disease resulting in susceptibility towards endothelial activation could explain why

some women are especially vulnerable to develop hypertensive disorders of

pregnancy. A number of maternal disorders have been associated with hypertensive

disorders of pregnancy, including coagulation disorders, essential hypertension,

diabetes, hypercholesterolemia, obesity and most recently the metabolic syndrome

(Insulin Resistance Syndrome /Syndrome X). These are factors generally

associated with increased cardiovascular risk. The proposed mechanism through

which these disorders enhance endothelial activation is oxidative stress. Oxidative
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stress has recently been identified as an important mediating factor of the clinical

syndrome of pre-eclampsia, and indicators of oxidative stress are elevated in an

early stage in the serum of pregnant women who later develop hypertensive

disorders of pregnancy.

In the hypothesis presented by Ness, these maternal factors and failure of

physiological adaptation can both cause the common end result of endothelial

activation, which in turn causes the clinical symptoms of hypertension, proteinuria

and oedema.

The important role of endothelial activation in hypertensive disorders of pregnancy

has been firmly established.  Markers of endothelial damage are increased

fibronectin levels, increased mitogenic activity of serum from patients, and the

presence of antivascular endothelial auto-antibodies. A most interesting feature of

hypertensive disorders of pregnancy is the exaggerated response to vasopressor

agents; a phenomenon which is generally associated with endothelial dysfunction.

In addition, the normal process of vascular remodelling induced by increased shear

stress in the vessels proximal to the spiral arteries has been shown to fail in

hypertensive pregnancy, thus compromising uteroplacental circulation even more.

Histologic evidence shows extensive disruption of endothelium in the myometrial

segments of spiral arteries, and increased endothelial cell permeability.

Local activation of endothelial cells eventually results in the clinical symptoms of

hypertension, proteinuria and oedema. The factor or factors responsible for the

systemic effect have not yet been identified. The imbalance between prostacyclin

and thromboxane A2 in pre-eclampsia has been implicated, as well as fibronectin.

Factors like endothelin and nitric oxide, produced by the endothelium, are potent

systemic vasoactive substances. The impaired production of nitric oxide by

damaged endothelium in the placenta is thought to be the crucial factor in the

induction of uteroplacental insufficiency. Animal studies support this theory.

Inhibition of nitric oxide synthesis in pregnant rats produces a syndrome very

similar to pre-eclampsia in humans. In addition, administration of a nitric oxide

donor to animals thus treated almost completely reversed the symptoms. These
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observations and the results of some preliminary clinical studies form the basis for

further investigation of the potential of nitric oxide donors as future treatment.

Products of oxidative stress originating in the placenta have lately been implied as

the link between placental insufficiency and the systemic syndrome.  Lipid

peroxidation products and factors such as TNF-α are elevated from an early stage

in hypertensive pregnancies. This presents therapeutic options for the use of anti-

oxidants, which have lately been investigated with promising results.
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