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Preeclampsia, which manifests itself as hypertension,
proteinuria, and edema in pregnancy, requires the pres-
ence of trophoblast tissue but not a fetus. It is charac-
terized by abnormal trophoblast invasion of the spiral
arteries of the decidua and myometrium leading to a
failure to establish an adequate uteroplacental blood
flow and, therefore, is thought to give rise to relatively
hypoxic trophoblast tissue. This, in turn, may promote
an exaggerated state of oxidative stress in the placenta.
This hypoxia/oxidative stress may then further attenu-
ate trophoblast invasion but also alters placental villous
angiogenesis leading to a poorly developed fetoplacen-
tal vasculature with abnormal reactivity. Oxidative stress
per se may also affect vascular reactivity, blood flow,
and oxygen and nutrient delivery to the fetus, which
ultimately may be compromised. The synthetic and trans-
port functions of the syncytiotrophoblast may also be
altered, and there is an increased rate of trophoblast
apoptosis. The linkage among abnormal trophoblast
invasion, trophoblast dysfunction, and the maternal
disease remains unidentified. The presumptive humo-
ral factor that is released by the preeclamptic placenta
to cause maternal disease remains elusive. Current ther-
apies to prevent preeclampsia aim toward preventing
the maternal syndrome, not preventing the primary
pathophysiology.
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Introduction

Preeclampsia is a disease of pregnancy, thought to be

unique to humans, that manifests itself as a clinical syn-

drome of hypertension, proteinuria, and edema after 20 wk

of gestation in a previously normotensive individual. The

syndrome resolves after delivery, a fact that points to a prime

role of the placenta in the etiology of the disease. Indeed,

the presence of a fetus is not necessary for preeclampsia to

develop—it occurs in molar pregnancy and removal of tro-

phoblast resolves the disease. Preeclampsia is the leading

cause of maternal morbidity and mortality in underdevel-

oped countries. However, in developed countries, such as the

United States, with access to advanced health-care facilities,

prompt delivery of women with preeclampsia limits mater-

nal morbidity and mortality. The morbidity and mortality

associated with preeclampsia in the United States is from

iatrogenic preterm delivery of the neonate of a woman with

preeclampsia.

Preeclampsia affects 7% of the low-risk nulliparous pop-

ulation (1) but rates of 15–20% are found in certain groups

of patients, including those with multifetal gestations, chronic

hypertension, pregestational diabetes, and previous pree-

clampsia (2). This gives some clues to the etiology of the

disease but also suggests that any individual’s risk of develop-

ing preeclampsia is contributed to placental and maternal

interactions (3). The presence of a placenta is necessary and

greater placental mass (multifetal gestations) increases risk,

but individuals with preexisting maternal vascular disease

(diabetes, previous preeclampsia, chronic hypertension) are

at greater risk. Indeed, while pregnancy per se is a stress test

for the maternal cardiovascular system, women who develop

severe preeclampsia in pregnancy are at greater risk of devel-

oping hypertensive disorders later in life (4).

Role of Placenta in Pregnancy

The placenta fulfills several critical roles in pregnancy.

For example, as the interface between the fetus and mother,

it serves to prevent rejection of the fetal allograft. In addi-

tion to its immune barrier function, the placenta, with its

specialized epithelium, functions to transport gases, nutri-

ents, and waste products. It also functions as a major synthe-

tic organ for a variety of peptide and steroid hormones that

regulate placental, fetal, and maternal systems. As stated,

the presence of the placenta is necessary to cause preeclamp-

sia. This suggests either that the placenta secretes a humo-

ral factor that causes the maternal syndrome of preeclampsia

(i.e., hypertension, proteinuria, and edema) or that maternal

adaptation to the placenta sometimes results in preeclamp-

sia. Dogma states that there is abnormal trophoblast inva-

sion of the decidual and myometrial spiral arteries in pre-

eclampsia that is directly related to the pathophysiology. The

cause of this abnormal trophoblast invasion is still under active

investigation. Correspondingly, this abnormal invasion may

have consequences to overall placental development.

What is the role of the placenta in preeclampsia? In this

review, I concentrate on first describing the events of nor-
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mal trophoblast invasion and villous vasculogenesis and then

the changes that are observed in preeclampsia, which may be

related to the pathophysiology. Finally, I discuss the effect

of these changes on placental function.

Trophoblast Invasion in Pregnancy

At the placental-maternal interface, villous cytotropho-

blast stem cells differentiate toward extravillous trophoblast

that invades the maternal decidua and myometrium (Fig. 1).

The extravillous cytotrophoblast is found within the lumen

of the spiral arteries (endovascular trophoblast), where it

replaces the endothelium; around vascular structures (peri-

vascular trophoblast); and throughout the decidua and myo-

metrium (interstitial trophoblast). The source of endovas-

cular trophoblast cells and route of invasion is disputed (5).

One view favors intravasation, in which spiral arteries are

infiltrated by interstitial and perivascular trophoblast. An

opposing view is of extravasation, in which endovascular tro-

phoblast enters the spiral arteries from the intervillous space

and migrates against the blood flow to displace the endothe-

lium and infiltrate the vessel wall. The net result of endovas-

cular invasion is conversion of the spiral arteries to flaccid

low-resistance uteroplacental arteries. In preeclamptic preg-

nancies, a defect in endovascular trophoblast invasion of the

spiral arteries has been clearly described (6–9) such that

some vessels are not invaded at all, with others being super-

ficially invaded, leading to a lack of the normal adaptation

or physiologic change of uteroplacental vessels and a cor-

responding lack of the normal increase in blood flow to the

intervillous space. However, interstitial trophoblast density

and the approach of noncritical vascular structures by perivas-

cular trophoblast has been found to be similar in preeclamp-

sia and normal pregnancy (10).

Regulation of Trophoblast Invasion

Invasion of the decidua and myometrium by extravillous

trophoblast occurs in a carefully choreographed manner in

which these cells express specific antigens defining their

stage in the differentiation process and their role in invasion,

including integrin cell–extracellular matrix (ECM) antigens

(11); matrix metalloproteinases (MMPs) (12); signal trans-

duction proteins such as focal adhesion kinase (13); trans-

forming growth factor-� 3 (TGF-�3) (14); vascular endo-

thelial growth factor (VEGF) and VEGF receptors (15);

and insulin like-growth factor-2 (IGF-2) (16), which inter-

acts with decidual IGF-binding protein-1. The critical role

of some of these molecules in the invasive process has been

demonstrated in vitro by manipulation, resulting in knock-

down or loss of function (11–13). These manipulations also

mimic the supposed placental defect in preeclampsia, that of

abnormal or shallow trophoblast invasion of the decidua, myo-

metrium, and spiral arteries, where alterations in expres-

sion of integrins (17,18) and overexpression of TGF-�3 (14)

have been found. This strongly suggests that defects in mech-

anisms regulating trophoblast differentiation/invasion are

critical to the etiology of preeclampsia.

Role of Integrins and Cell Adhesion Molecules

Extravillous trophoblast cells secrete large amounts of

heterogeneous ECM along the invasive pathway including

fibronectin isoforms, collagen IV, laminin, vitronectin, and

heparan sulfate. The extravillous trophoblast cells in this

ECM then express specific ECM receptors or integrins (19).

The integrins are heterodimers that act as receptors for ECM

molecules, and their critical role in invasion has mostly

been gleaned by loss-of-function experiments. Proliferat-

ing trophoblast expresses mainly �
6
�

1
 integrin, the recep-

tor for laminin, and is found in the proximal parts of cell

columns. Invasive trophoblast expresses �
5
�

1
, a fibronectin

receptor, and �
1
�

1
, a receptor for laminin and collagens I

and IV (20). The switch from �
6
�

4
 to �

5
�

1
 and �

1
�

1
 is

characteristic of the switch from proliferative to invasive

phenotype of extravillous trophoblast; it may be involved

in regulation of trophoblast invasion; and, if disturbed, it

may lead to abnormal trophoblast invasion (11).

Cell adhesion molecules (CAMs) are necessary for cell-

to-cell contact. E-cadherin is expressed by proliferative extra-

villous trophoblast in proximal cell columns but is turned

off with invasion (21). Neural CAM is responsible for cell-

to-cell contact and matrix adhesion. It is restricted to proxi-

mal proliferative extravillous trophoblast. No changes in

adhesion molecules, including intracellular CAM, vascu-

lar CAM, and R-, E-, or L-selectin, have been reported in the

placental bed in preeclampsia (22).

Role of Proteases

To invade the decidua and myometrium, the extravil-

lous trophoblast must degrade the ECM (23) by employing

proteases, particularly the MMPs (12,23), including MMP-1

(interstitial collagenase), MMP-2 (72-kDa type IV collage-

nase, gelatinase A), MMP-3 (stromelysin), MMP-7 (matri-

lysin), MMP-9 (92-kDa type IV collagenase, gelatinase B),

Fig. 1. Pathways of trophoblast differentiation.
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MMP-11 (stromelysin 3), MMP-14, and MMP-15. The activ-

ity of these metalloproteinases is regulated by their tissue

inhibitors (tissue inhibitors of metalloproteinases [TIMPs]),

of which TIMP-1, an inhibitor of all MMPs, and TIMP-2,

an inhibitor of MMP-2, have been found in both decidual

cells and extravillous trophoblast. TIMP-3, an inhibitor

of MMP-9, is also found in invasive trophoblast. In vitro

TIMP-1 and TIMP-2 will completely inhibit trophoblast

invasion (24).

Factors Regulating Trophoblast Invasion

As the repertoire of biochemical changes involved in tro-

phoblast differentiation/invasion has been elucidated, so

the search for factors that might stimulate or inhibit tropho-

blast invasion has grown. Oxygen obviously appears to be

a major regulatory factor. Hepatocyte growth factor (HGF)

has been shown to stimulate trophoblast invasion, possibly

via acting through the met receptor and induction of 92-kDa

collagenase (25). Trophoblast from preeclamptic placentas

produces less HGF than normal placentas, supporting a role

for HGF in trophoblast invasion. Anti-HGF antibody inhib-

ited the effect of HGF on trophoblast invasion in vitro (26).

The isoprostane 8-iso-PGF
2�

, which is a marker of oxi-

dative stress, is found in increased concentrations in pre-

eclamptic gestational tissue; 8-iso-PGF
2�

 reduced MMP-2,

MMP-9, and collagenase type IV activity in conditioned

medium from JAR cells and reduced their invasive capac-

ity (27). This finding provides evidence linking oxidative

stress to trophoblast invasion.

Apoptosis of Trophoblast and Preeclampsia

Differentiation of cytotrophoblast to syncytiotrophoblast

starts trophoblast down the apoptotic cascade (28,29). In-

creased apoptosis of villous trophoblast has been reported

in preeclampsia and/or intrauterine growth restriction, con-

sistent with increased cytotrophoblast proliferation and tro-

phoblast turnover (30–33). Prostanoids mediate cell differen-

tiation, and altered prostanoid metabolism from prostacyclin

toward thromboxane A
2
 inhibited biochemical and morpho-

logic differentiation of cultured trophoblast and increased

trophoblast apoptosis (34).

Apoptosis also occurs in the extravillous trophoblast in

preeclampsia in association with abnormal invasion. Little

apoptosis of trophoblast is seen in the placental bed of nor-

mal pregnancies (35,36), but 15–50% of cells were apoptotic

and failed to stain for the survival factor bcl-2 in preeclampsia.

The reduced trophoblast invasion into uteroplacental spiral

arteries is also associated with an excess of macrophages in

and around these arteries. In vitro these macrophages cause

apoptosis of extravillous trophoblast via tumor necrosis fac-

tor-� secretion and tryptophan depletion (37).

The microvilli of syncytiotrophoblast are shed into the

maternal circulation throughout gestation perhaps as a result

of apoptosis or necrosis of syncytiotrophoblast. The amount

of microvilli of syncytiotrophoblast shed is significantly

increased in preeclampsia (38). It is thought that microvilli

of syncytiotrophoblast may contribute to the maternal endo-

thelial dysfunction underlying preeclampsia (39,40) and

may provoke an inflammatory response in the mother (41).

Oxygenation of Intervillous

Circulation in Early Pregnancy

Until recently, it was assumed that maternal blood reached

the intervillous space and was in contact with villous tropho-

blast from early in the first trimester and throughout gesta-

tion. However, critical review of early work, coupled with

novel observations of the placental intervillous circulation

with color Doppler ultrasound imaging (42,43), has convinc-

ingly shown that before 12 wk of gestation the villous tis-

sue is separated from maternal blood by a continuous layer

of trophoblast cells. Hence, the villous placenta develops

by histiotrophic nutrition in a hypoxic environment in the

first trimester (44). At 10–12 wk, this trophoblastic shell is

disrupted and the maternal circulation is established into

the intervillous space (42). This increase in blood flow and

hence oxygen tension in the intervillous space at 10–12 wk

(45) of gestation subjects the placenta to oxidative stress

and the potential for complications (46) (discussed later).

This switch in oxygen tension at 10–12 wk also has impli-

cations for trophoblast invasion. Prior to 10–12 wk, the low

oxygen tension in the placenta appears to prevent tropho-

blast invasion toward the invasive extravillous trophoblast

cell type. Expression of HIF-1� and TGF-�3, an inhibitor

of trophoblast invasion, parallels the change in oxygen ten-

sion, being high in the first trimester and falling at 10–12

wk of gestation (47), when PO
2
 increases. It was found that

antisense inhibition of HIF-1� inhibited TGF-�3 expres-

sion and stimulated extravillous trophoblast outgrowth from

villous explants in vitro. Explants from preeclamptic pla-

centas (in which there is defective invasion) show increased

TGF-�3 expression, and antisense inhibition of TGF-�3 re-

stored the invasive capacity of these explants (14). In a mouse

model, the central role of HIF-mediated hypoxic responses

in determining placental cell differentiation has been clearly

shown (48). Animals with placentas null for Arnt, a HIF-

1 subunit, show reduced labyrinthe and spongiotrophoblast

layers but increased numbers of trophoblast giant cells.

The defective trophoblast invasion of preeclampsia is

also thought to give rise to a relatively hypoxic placenta.

Hence, hypoxia-inducible transcription factors have come

under scrutiny for their role in regulation of trophoblast inva-

sion. In placental tissues collected at term, protein expres-

sion of HIF-2�, but not HIF-1� or HIF-1�, was found to be

increased in the preeclamptic placenta (49). The relationship

of this finding to events earlier in pregnancy when tropho-

blast invasion is occurring is unclear. However, hypoxia is

reported to alter trophoblast differentiation/invasion in vitro

and mimic the changes seen in preeclampsia (50) (Fig. 2).
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Oxidative Stress in the Placenta

Oxidative stress is described as an imbalance in the pro-

duction of reactive oxygen species (ROS) and the ability of

antioxidant defenses to scavenge them. It can arise from

increased production of ROS and/or a decrease in antioxi-

dant capacity. The ROS superoxide can be synthesized by

several enzymatic routes in tissues including cyclooxygen-

ases, NADPH oxidases, and xanthine oxidase. Interestingly,

ischemia/reperfusion injury and hypoxia can lead to oxida-

tive stress (51). Pregnancy is characterized as a state of oxi-

dative stress in the maternal circulation and the placenta,

and this oxidative stress seems to be exacerbated in pre-

eclampsia. Evidence for oxidative stress in the placenta in

preeclampsia includes elevated concentrations of isopros-

tanes and malondialdehyde (52,53); lipid peroxides (54,55);

increased activity of xanthine oxidase in invasive cytotro-

phoblasts (51); increased protein carbonyls (56); and immu-

nostaining for nitrotyrosine residues, a marker for formation

and action of the powerful prooxidant peroxynitrite in vil-

lous tissue (57–59), and invasive cytotrophoblasts (51). Anti-

oxidant defenses are widespread in the placenta but enhanced

levels of protein thiol/disulfide oxidoreductases, which regen-

erate oxidatively damaged proteins and eliminate ROS, have

been described (60). Decreased superoxide dismutase mRNA

expression and enzyme activity is also seen in the preec-

lamptic placentas, suggesting reduced antioxidant defenses

(61). Whether the decrease in antioxidant levels is a primary

event leading to oxidative stress or is the result of consump-

tion in reducing ROS is unknown.

The concept of preeclampsia being a state of oxidative

stress has gained credence as a unifying hypothesis that may

explain the maternal vascular disease and provide a link to

placental dysfunction (62). It has also led to clinical trials

with antioxidants to prevent preeclampsia. Indeed, a small-

scale study of antioxidant therapy with vitamins C and E in

women at high risk of developing preeclampsia showed a

positive effect in reducing the incidence of maternal dis-

ease (63). Several large-scale trials are now under way or

about to commence.

Control of Villous Vascular Development

In addition to being a major regulator of extravillous tro-

phoblast invasion, oxygen is also perhaps the major regu-

lator of development of the villous vascular tree and villous

trophoblast proliferation. In all pathologic conditions in

which the placenta is hypoxic, the amount of villous cyto-

trophoblast is increased. By contrast, strong oxygenation

of villi reduces the rate of proliferation (64). The villous

vasculature also responds to hypoxia with hypercapillari-

zation (resulting from branching angiogenesis) (64) with

similar findings from placentas at high altitude and with

maternal anemia. The angiogenic factors that may mediate

the hypoxic signal include platelet-derived growth factor,

acidic and basic fibroblast growth factor, VEGF, placen-

tal growth factor (PLGF), and angiopoietin-1 (Ang-1) and

Ang-2. Knockout of the VEGF-R2 (KDR) in mice has high-

lighted the role of the VEGF system in formation of feto-

placental capillaries (65). VEGF is found in villous trophoblast

and macrophage (66,67), and PLGF is produced in villous

syncytiotrophoblast and the media of large villous vessels

(68,69). The receptors for both growth factors, VEGF-R1

(FLT) and VEGF-R2 (KDR), are found in villous endothe-

lium (70). VEGF acting via FLT-1 and KDR is thought

to be involved in branching angiogenesis (early pregnancy)

and PLGF acting via FLT-1 in nonbranching angiogenesis

(last trimester) (5).

Oxygen may regulate the balance between VEGF and

PLGF, with hypoxia upregulating expression of VEGF and

its receptors but downregulating PLGF (69), suggesting

that changing oxygen tissues throughout gestation controls

the switch from VEGF to PLGF effects.

The mRNAs for Ang-1 and Ang-2 and the endothelial

cell receptor Tie-2 are found in the placenta, with Ang-2

abundant on syncytiotrophoblast. Placentae from women

with preeclampsia had reduced Ang-2 mRNA with no dif-

ference in Ang-1. In vitro hypoxia has opposite effects on the

molecules, increasing Ang-2 mRNA but reducing the stabil-

ity of Ang-1 mRNA (71). This again highlights the potential

role of oxygen tension in regulating placental angiogene-

sis. In preeclampsia—either decreased (72), increased (73),

or no change (74)—placental VEGF mRNA with reduced

PLGF mRNA have been reported. These differences in find-

ings may represent the heterogeneity of fetoplacental angio-

genesis seen in preeclampsia (64). Similar discrepancies

have been reported among different studies of maternal serum

VEGF and PLGF levels in preeclampsia compared to normo-

tensive pregnancies (75–77). Indeed, there has been consid-

erable debate whether maternal PLGF can (78–80) or cannot

(81,82) predict the subsequent onset of preeclampsia.

Fig. 2. Efects of normoxia or hypoxia/oxidative stress on devel-

opment and function of villous and extravillous trophoblast and

on placental angiogenesis.
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Vascular Reactivity in Placenta

There is evidence for both abnormal placental vascular

structure and abnormal vascular reactivity in the placenta

in preeclampsia. Doppler ultrasound waveform analysis has

provided evidence for increased vascular resistance in the

fetoplacental circulation in preeclampsia (83,84). Recent

studies have shown an increase in elastic tissue fibers in

blood vessel walls of placental stem villi, and the number

of thick stem villous vessels was increased in preeclampsia

(85). Whether this is a response to placental hypoxia or an

adaptation to altered resistance or flow remains to be estab-

lished (Fig. 2).

In the absence of autonomic innervation, vascular resis-

tance in the fetoplacental circulation is controlled by auto-

crine/paracrine agents or humoral factors (86). There are

regional variations throughout the fetoplacental vascula-

ture (umbilical cord, chorionic plate vessels, and villous ves-

sels) in response to the different families of autocoids (86)

(Fig. 3). Important vascular regulators in the human pla-

centa include the renin-angiotensin system (87,88), endo-

thelin (89,90), nitric oxide (NO) (91–93), carbon monoxide

(94), histamine, serotonin (88,95,96), prostaglandins (81,82),

natriuretic peptides (97–99), parathyroid hormone (PTH),

PTHrp and calcitonin gene–related peptide (100), adreno-

medullin (101), urocortin (102), and corticotropin-releas-

ing hormone (CRH) (103,104). There is abundant evidence

that there are alterations in both production and response to

many of these factors in preeclampsia. It is now generally

Fig. 3. Regional actions of autacoids in umbilical placental circulation.

accepted that synthesis of the vasodilator NO in the pla-

centa is increased in preeclampsia, perhaps as an adaptive

response to increased vascular resistance (105–108). Car-

bon monoxide is a vasodilator in the placenta, being synthe-

sized by heme oxygenase (HO). There is little of the HO-1

isoform in the placenta (94,109–111), whereas HO-2 is found

in vascular endothelium as well as villous and extravillous

trophoblast. A reduction in HO-2 expression was found in

endothelial cells in preeclampsia (111). In vitro the vaso-

constrictive responses to serotonin but not histamine in umbil-

ical and placental vessels are reduced with preeclampsia

(95). While there are no significant differences in placen-

tal abundance of pro-atrial natriuretic peptide mRNA in pre-

eclampsia (112), the vasodilation response to ANP and uro-

cortin is reportedly greater in preeclampsia (113). Expression

of adrenomedullin, determined by immunohistochemistry,

was significantly lower in the syncytiotrophoblast of pre-

eclamptic placentas compared with normal controls (114).

However, there was no difference in relaxatory response to

adrenomedullin in stem villous arteries in vitro between

preeclampsia and control (101).

mRNA levels of endothelin-1 were not different in the

placentas of women with preeclampsia; however, mRNA for

the endothelin-A receptor, but not endothelin-B receptor,

was significantly reduced (115), suggesting that the vasocon-

trictor response to endothelin might be reduced. Real-time

polymerase chain reaction analysis has shown an upregu-
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lation of angiotensinogen mRNA, and angiotensin-1 (AT-1)

receptor mRNA was found in preeclamptic placentas (116).

Western blot analysis confirmed this upregulation of AT-1,

which was localized to syncytiotrophoblast and villous capil-

laries. This upregulation of AT-1 mRNA may be an adaptive

response to the reported downregulation of AT-1 ligand-

binding sites previously reported to occur in the placenta in

preeclampsia (117). The activity of angiotensin-converting

enzyme, together with protein and mRNA expression, was

high in the preeclamptic placenta (118), an effect thought to

be regulated by hypoxia.

Oxidative Stress and Placental Vascular Reactivity

While there is appreciable indirect evidence for oxidative

stress in the placenta in preeclampsia and, as stated earlier,

evidence for altered vascular reactivity, data or evidence that

shows a direct cause-and-effect relationship or mechanis-

tic link between the two (Fig. 2) is only just being accumu-

lated. A product of oxidative stress and lipid peroxidation,

8-iso-PGF
2�

 is a vasoconstrictor, albeit less potent than

thromoxane B
2
. The maximal vasoconstrictor effect to 8-

iso-PGF
2�

 was significantly reduced in placental resistance

arteries from pregnancies complicated by preeclampsia (119).

NO is an active vasodilator in the placenta. However,

under conditions of oxidative stress with increased produc-

tion of superoxide, superoxide and NO can interact to pro-

duce peroxynitrite, a powerful prooxidant that causes lipid

peroxidation and nitrates tyrosine residues on proteins, alter-

ing protein structure and function and disrupting tyrosine

kinase–mediated signal transduction pathways. My labora-

tory has provided evidence for increased peroxynitrite for-

mation and action in the preeclamptic placenta by immuno-

histochemical staining for nitrotyrosine residues (57,58).

To demonstrate a cause-and-effect relationship, we deter-

mined vascular reactivity of the placenta before and follow-

ing perfusion of the placenta with authentic peroxynitrite

(120). Peroxynitrite treatment, which resulted in formation

of nitrotyrosine residues, attenuated vascular responses to

both vasoconstrictors and vasodilators, resulting in reduced

vascular compliance. Interestingly, the vascular responses

seen following peroxynitrite treatment were similar to those

seen in placentas from pregnancies complicated by preec-

lampsia (120), i.e., attenuated responses to both vasoconstric-

tors and vasodilators. The search is now on to identify the

protein targets that are modified by nitration by peroxynitrite.

In addition to the effects of peroxynitrite on the placen-

tal vasculature in preeclampsia, peroxynitrite produced

in the placenta may act on other placental cells including

trophoblast, and thus affect placental functions including

transport (121).

Placental Peptide Expression in Preeclampsia

The placenta synthesizes and releases a wide variety of

peptide hormones during gestation mainly from the syncy-

tiotrophoblast. Therefore, alterations in the amount of syn-

cytiotrophoblast or its function as seen in preeclampsia may

be reflected in alterations in production of these peptide

hormones, which can then be measured in maternal serum

to potentially predict the disease. Activin and inhibin are

markers of the TGF-� superfamily, and both activin A and

inhibin A are produced by the placenta in increasing amounts

throughout gestation. Maternal serum concentrations of acti-

vin A and inhibin A are high in preeclamptic pregnancies

(122–125). Longitudinal studies are needed to determine

whether elevated activin or inhibin levels can be used to pre-

dict who may develop preeclampsia. In the placenta, increased

concentrations of activin A and the Alk-2 receptor protein,

but decreased amounts of the Act RIIB receptor were found

(123) although localization was not different. Inhibin-�- and

inhibin-�A-subunits were both localized to the cytoplasm

of syncytiotrophoblast with weak staining in intermediate

trophoblast (124). The intensity of staining for inhibin-� was

significantly greater in preeclampsia while the staining for

inhibin-�A, which was stronger than that of the �-subunit,

was also greater in preeclampsia. These data, together with

the measurements in maternal serum, are evidence for tro-

phoblast dysfunction in preeclampsia.

CRH is also synthesized in syncytiotrophoblast (126) and

may exert a paracrine vasodilator effect on the fetoplacental

vasculature (103,104,127) in addition to effects on adreno-

corticotropic hormone and glucocorticoid synthesis. Greater

CRH1–41 and pro-CRH125–151 immunoreactivity was found

in the preeclamptic placenta than in placenta from normal

pregnancies (128). Correspondingly, higher maternal serum

CRH1–41 levels were found in women with preeclampsia.

The syncytiotrophoblast is also the site of synthesis of neu-

rokinin B (NKB) (129,130), previously thought to be solely

a neuropeptide. Maternal NKB concentrations increase in

pregnancy and are significantly increased in preeclampsia.

The initial claim that excessive NKB was the cause of pre-

eclampsia (129) has not been substantiated, however, but

the data are additional evidence for trophoblast dysfunction

in preeclampsia.

Other Examples

of Trophoblast Dysfunction in Preeclampsia

As already reported, there is now abundant evidence

that villous trophoblast function is altered in preeclampsia.

Whether this is a cause or consequence, e.g., as a result of

hypoxia/oxidative stress (Fig. 2), remains to be proven.

Recently, the human endogenous defective retrovirus HERV-

W-derived protein syncytin has been shown to be highly

expressed in syncytiotrophoblast (131) and was demonstrated

to play a role in cytotrophoblast fusion and hence placental

morphogenesis. Subsequent evidence has been found (132,

133) for reduced expression of syncytin in the placenta in

preeclampsia. Morever, in preeclampsia, syncytin appears

to be localized at the apical microvillous membrane rather
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than the basal membrane of syncytiotrophoblast. Whether

this is a cause or consequence of abnormal trophoblast func-

tion remains to be determined, but syncytin is necessary for

syncytialization.

Expression of the very low-density or low-density lipo-

protein receptor mRNAs was found to be significantly lower

in third-trimester preeclamptic placenta compared with nor-

mal third-trimester placenta (134), perhaps leading to abnor-

mal fetomaternal lipid transport. By contrast, enhanced activ-

ity of villous trophoblast dypeptidyl peptidase IV (CD26)

activity was found in preeclampsia (135). The Ca–adeno-

sine triphosphatase activity of plasma membranes of tropho-

blast was reported to be decreased in preeclampsia (136).

The activity of the enzyme 11-� hydroxysteroid dehydroge-

nase, which is also localized in syncytiotrophoblast, was sig-

nificantly lower in the placenta of preeclamptic pregnancies

compared with normal (137) and corresponded to a higher

level of cortisol in umbilical cord blood. This may then have

an effect on fetal growth and on fetal blood pressure. The

overall or generalized nature of trophoblast dysfunction in

preeclampsia was also recently illustrated by a report that

mitogen-activated protein kinase signaling pathways were

downregulated in the placentas of women with preeclamp-

sia (138). Such an effect may potentially have effects in many

signal transduction pathways and cellular processes.

In preeclampsia, there is excessive fibrin deposition in

the placenta, particularly perivillous fibrinoid deposits, as

a result of an imbalance in placental coagulation vs fibrino-

lysis. In normal pregnancy, the plasminogen activators tPA

and uPA increase while the inhibitor PAI-1 increases (139).

An increase in PAI-1 is found in preeclampsia (139). Sim-

ilarly, PAI-2 has been found to be higher in the placenta

in preeclampsia (140), with a negative correlation between

PAI-2 and thrombomodulin. Thus, placental antifibrino-

lytic activity is increased in preeclampsia and may contrib-

ute to the prothrombotic state and increased perivillous fibrin

deposition that are seen. Expression of syndecan1, a cell-

surface heparan sulfate proteoglycan that binds growth fac-

tors and antithrombin III, is also severely reduced in the

placenta in preeclampsia (141).

Conclusion

Although it is clear that the presence of the placenta is

necessary to cause the maternal syndrome of preeclampsia,

the cause-and-effect relationship is still unclear. The fac-

tor(s) that are potentially released by the placenta (to give the

maternal effect) or the derangement of the normal maternal-

placental interaction is still not identified. There are many

indications that placental function is changed at the time

disease is manifest and that these changes have deleterious

effects on placental-fetal interactions and hence fetal well-

being. Again, whether these changes are a cause or a con-

sequence of the initiating pathologic event that occurs early

in gestation remains to be determined. There is a large weight

of evidence suggesting that abnormal trophoblast invasion

is occurring in the first trimester of pregnancy and that this

may contribute to a relative placental hypoxia and oxida-

tive stress that may further exacerbate placental pathology.

Although many data have recently gathered on the molecu-

lar control of trophoblast invasion, better model systems

(animal) are needed to test therapeutic approaches. Simi-

larly, empirical approaches to treating or preventing mater-

nal disease (low-dose aspirin, calcium, antioxidants) may

be treating the consequence and not the cause of the dis-

ease. Longitudinal studies measuring biochemical markers

of trophoblast invasion and trophoblast function, together

with markers for maternal vascular function, may give clues

as to the etiology of the disease.
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