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Pathophysiology and Maternal Biologic Markers of Preeclampsia
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Preeclampsia—increased blood pressure and protein-
uria appearing after the twentieth week of pregnancy
—is a major cause of materal and neonatal morbidity,
leading to iatrogenic prematurity. Several lines of evi-
dence suggest that the disorder is owing to diminished
invasion of spiral arteries by trophoblastic cells, fol-
lowed by reduced perfusion of the fetoplacental unitand
oxidative stress. These alterations, in the presence of
maternal predisposition, lead to endothelial dysfunction
and occurrence of the clinical syndrome of preeclamp-
sia (multisystemic lesions). Although the pathophysiol-
ogy of preeclampsia is still unknown, progress has been
made during the past 10 yr, and the early identification
of at-risk women with the use of biochemical; ultra-
sonographic; and, more recently, genetic susceptibil-
ity markers has been the subject of intense research. In
the present review, markers of maternal predisposition,
placental implantation, oxidative stress, vasomotor reg-
ulation, and endothelial dysfunction are investigated as
candidate markers in the early prediction of preeclamp-
sia. Unfortunately, at the present time, no marker has
been proven to have a clinically useful predictive perfor-
mance in the general pregnant population, and, there-
fore, more research in that area is warranted.
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Introduction

Pregnancy is characterized by adaptive physiologic changes
reflected in variations in the homeostasis of blood volume,
blood pressure, and immune response, among others. Dis-
eases presenting during pregnancy are associated with vari-
ous alterations in these physiologic responses. The various
mediators involved in these biologic mechanisms, and in
particular those detectable in maternal blood, either directly
or by way of more stable metabolites are logical candidates
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for the early detection of pregnancy pathologies, in the hope
of applying targeted preventive measures. To be clinically
useful, the candidate marker must be measurable in non-
invasively obtained specimens (usually maternal blood or
urine). The technology necessary for its measurement must
be widely available and relatively cheap to be applicable for
the general pregnant population. Abnormal levels must be
present before the development of clinically detectable dis-
ease (to still be considered a screening test and to allow the
implementation of preventive measures before full installa-
tion of the pathologic manisfestations). In populations with
low incidence of the disease, the marker must be relatively
specific to maintain an acceptable positive predictive value
(in particular if invasive, potentially harmful, or costly pre-
ventive measures are envisaged after a positive screening
test).

Preeclampsia is a disease limited to the female gender
during pregnancy. Its major manifestation is hypertension,
as well as variable involvement of various organs (kidney,
liver, brain), generally appearing after the twentieth week
of pregnancy (/-3). The disease’s prevalence using cur-
rent classifications (3,4) varies from 3 to 8% in developed
countries (5—9). It is a leading cause of maternal mortality
indeveloped countries and increases perinatal mortality five-
fold (10). The only definitive treatment of preeclampsia (117)
is delivery of the infant; thus, this disease is a major cause
of iatrogenic prematurity. It is estimated that 15% of pre-
term births are secondary to delivery for preeclampsia (72).
The goal of obstetricians caring for women with preeclamp-
sia is thus to control the disease as long as possible to dimin-
ish neonatal morbidity. The etiology of the syndrome is still
unknown and probably has many different origins (73). A
better knowledge of the pathophysiology of preeclampsia
would help to identify clinically useful markers of at-risk
women, to manage patients with established disease, and pos-
sibly to discover better-targeted preventive interventions.

Pathophysiology of Preeclampsia

The woman with overt preeclampsia is vasoconstricted,
has multiple organ dysfunction secondary to reduced per-
fusion, has evidence of activation of the coagulation cas-
cade, and has a loss of endothelial integrity. These profound
derangements make it difficult to discriminate pathophysio-
logic causes and effects in women with preeclampsia. Studies
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ofpathophysiologic changes before manifest disease are thus
especially pertinent to understanding the disorder. Increased
sensitivity to pressors (7,14,15), platelet activation and in-
creased turnover (16—19), reduced plasma volume (20),
increased atrial natriuretic factor (ANF) (217,22), and sev-
eral indicators of endothelial activation (23) are all evident
weeks to months prior to manifestation of preeclampsia.

The glomerular and pathophysiologic changes of pre-
eclampsia, especially those before clinically evident disease,
suggest that altered endothelial function is responsible
for many of the changes in the syndrome (23-29). This
hypothesis is supported by abundant evidence of endothe-
lial dysfunction in women with preeclampsia. Women with
preeclampsia show increased circulating markers of endo-
thelial activation von Willebrand factor (30-32), cellular
fibronectin (cFN) (33-35), thrombomodulin (36—40), endo-
thelin (27,41-44),and VCAM (45,46), and increased growth
factor activity (47,48). The endothelial prostanoid, prostacy-
clin (prostaglandinI), is reduced in women with preeclamp-
sia (49—51) whereas thromboxane, released from activated
platelets, is increased (52). Vessels removed from women
with preeclampsia manifest reduced endothelial-mediated
vasodilator function (53-57). Several in vitro assays indi-
cate that serum or plasma from women with preeclampsia
can alter endothelial function (23). These alterations include
increased release of cFN (58), prostanoid (59-62),and VCAM
(63); increase generation of nitric oxide (64,65); increase
uptake of fatty acids; and increase expression of platelet-
derived growth factor by endothelial cells incubated with
serum or plasma from women with preeclampia (66). Many
of'these activities are not only greater in the blood of women
with preeclampsia compared with healthy women, but, as
with the syndrome, disappear shortly after delivery (48,67).

Epidemiologic data support the possibility that immuno-
logic interaction between mother and fetus accounts for the
abnormal placental implantation in preeclampsia. These data
suggest that exposure to paternal antigen is protective against
preeclampsia (68). Preeclampsia is largely a disease of the
first full-term pregnancy, two thirds of cases occurring in first
pregnancies (10). Itis proposed that the normal fetal-maternal
transfusion associated with delivery exposes the mother to
products of the fetal (and hence paternal) genome, protect-
ing her in subsequent pregnancies. In keeping with this con-
cept, the protective effect of first pregnancy is partially lost
if a woman has a child with a new partner (69). Similarly,
the risk of preeclampsia is less as the duration of time the
woman has had sexual contact with the father of the baby
increases (70,71). In keeping with the protective effect of
exposure to the paternal genome through semen, barrier con-
traception prior to first pregnancy increases the risk of pre-
eclampsia (72). As would be predicted, women inseminated
with sperm that is not from their husband have an increased
risk of preeclampsia (73).

Since all pregnant women have placentas and only about
5% develop preeclampsia, there must be something differ-

ent about the placenta of women with the disorder. Sixty
years ago, Page (74) concluded that reduced perfusion was
the placental feature that led to the development of pre-
eclampsla. The abnormal implantation and reduced vas-
cular invasion characteristic of preeclampsia support this
hypothesis. Additionally, medical conditions associated with
microvascular disease such as diabetes (75), hypertension
(76), and collagen vascular diseases (77) all increase the risk
of preeclampsia. In addition to the increased trophoblastic
tissue present with hydatidiform mole, other conditions with
large placentas including multiple gestations increase the
risk of preeclampsia (78). The contribution of the large pla-
centa to the genesis of preeclampsia is posited to be secon-
dary to a relative reduction in placental perfusion. Normal
uterine blood flow is inadequate to perfuse the large pla-
centa. Direct measurements of intervillous blood flow in
preeclamptic women indicate that blood flow to the placenta
is reduced in preeclampsia (79). Finally, although animal
models of preeclampsia have been difficult and not repro-
ducible, there are several animal models in which reducing
uterine or placental blood flow produces a preeclampsia-
like syndrome (80—84). Thus, it is generally believed that
the first stage in the development of preeclampsia is the
reduction in placental blood flow, frequently because of
abnormal implantation.

The second stage of preeclampsia would be the transduc-
tion of reduced placental perfusion to systemic maternal
pathophysiology. Reduced placental perfusion results in the
production of mediators that can act systemically to alter
endothelial function and reduce organ perfusion (85). Many
years ago, Assali et al. (86) demonstrated that ganglionic
blockade had minimal effects on blood pressure in pre-
eclampsia, leading to the concept that humoral factors were
responsible for the increased vasoconstriction (and in more
recent models of endothelial dysfunction) of preeclampsia.
The search for this factor led to the identification of numer-
ous cytokines (45,87-91) and growth factors (48,92,93) that
are increased in the circulation of women with preeclamp-
sia. Additionally, factors associated with the ability of serum
or plasma to alter endothelial function in vitro have been
partially characterized (94).

The panoply of differences demonstrable in preeclamp-
tic women has prompted a more directed approach based
on clinical features of the disorder and the phenotype of the
preeclamptic woman. One of the first conclusions reached
with this approach is that reduced placental perfusion is not
sufficient to explain preeclampsia. Fetal growth restriction,
indicating reduced perfusion and delivery of nutrients, occurs
in many pregnancies without the systemic manifestations of
preeclampsia. Abnormal implantation is also not uniquely
associated with preeclampsia. Infants with intrauterine growth
restriction (95) and one third of infants with preterm birth
(96) manifest abnormal features of implantation identical
to those seen in preeclampsia. Interestingly, only one third
of infants of preeclamptic women are growth restricted (97).
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Furthermore, conditions associated with large infants such
as obesity (98—102) and gestational diabetes (/03—105) in-
crease the risk of preeclampsia. Thus, it appears that although
reduced placental perfusion may be necessary for preeclamp-
sia, it is certainly not sufficient. It is proposed that the abnor-
mal implantation must interact with maternal factors to
result in the preeclampsia syndrome. Thus, genetic, behav-
ioral, and environmental factors would predispose a woman
to preeclampsia. These “constitutional” factors, likely influ-
enced by the unique physiologic changes of pregnancy, inter-
act with fetal placental factors induced by reduced placental
perfusion to bring about the pathophysiologic changes of
preeclampsia (106).

Maternal-Fetal Interactions
in Genesis of Preeclampsia

Maternal Constitutional Factors

The concept that maternal factors contribute to the gen-
esis of preeclampsia intimates that the disorder is heteroge-
neous, not all women developing it for the same reason.
Studies of candidate genes support this concept. An angio-
tensinogen variant is associated with preeclampsia in Utah
and Japan (107,108) but not in Great Britain (/09). Simi-
larly, a variant of methylene tetrahydrofolate reductase, a
homocysteine-metabolizing enzyme, is associated with pre-
eclampsiain Japan (170) and Italy (111) butnot in the United
States (112).

Preeclampsia is a syndrome of increased vascular resis-
tance, and there have been studies of typical alterations
in uterine artery waveform and velocity measurements by
Doppler during the second trimester (173). Albaiges et al.
(114) studied the performance of early diastolic notch and
mean resistance index (RI) (unilateral notch RI > 0.65 or
bilateral notch RI > 0.55). With these criteria, they obtained
65% sensitivity at a false positive rate of 11%. In a prospec-
tive study of 1311 women, we assessed the performance of
four Doppler abnormalities of uterine artery waveform (pro-
todiastolic notch, peak systolic over protodiastolic veloci-
ties (A:Cratio > 2.5), peak systolic over diastolic velocities
(A:B ratio > 90th percentile), and RI (RI = 0.58) in predict-
ing preeclampsia, low birth weight, and prematurity (715).
The performance of Doppler measurements at 26 wk of preg-
nancy was better than for those performed at 18 wk, but even
if all Doppler abnormalities were associated with preeclamp-
sia, sensitivities (26-34%) and positive predictive values (7—
28%) were low, suggesting that they are not reliable screen-
ing tests for preeclampsia, at least in unselected popula-
tions. Itis now established that Doppler studies of the uterine
artery are not of sufficient diagnostic accuracy to predict
at-risk pregnant women from the general population (716).

Inspection of the risk factors for preeclampsia—hyper-
tension, diabetes, obesity (98—102), insulin resistance (/03—
105), African American race (100,117—119), and hyperhomo-
cysteinemia (120—123)—supports this diversity. Interestingly,

it also reveals risks identical to those for atherosclerosis.
This concept of common risk factors for the two disorders
is supported by the relationship of preeclampsia to cardio-
vascular disease later in life. The work of Chesley et al.
(124) and Sibai et al. (125) indicated that well-defined pre-
eclampsia, occurring only in first pregnancies, is not asso-
ciated with excess cardiovascular morbidity in later life
when women are compared with matched control subjects
with unknown pregnancy outcome. This is not the case if pre-
eclampsia occurs recurrently. With recurrent preeclampsia,
there is an excess of cardiovascular disease and mortality
in later life. This has been interpreted to indicate that pre-
eclampsia does not cause cardiovascular disease but, rather,
is caused by the same factors that contribute to cardiovascu-
lar disease later in life. Thus, women who have been pregnant
but never developed preeclampsia have a lower risk of car-
diovascular disease than the general female population (726).

In addition to common risk factors, there are striking
similarities in the pathophysiology of preeclampsia and ath-
erosclerosis. Endothelial cells are intimately involved in
the pathogenesis of both disorders (23,127,128). Oxida-
tive stress is proposed as a cause of the endothelial injury
of atherosclerosis (729). It has been postulated that the most
important consequence of the dyslipidermia associated with
atherosclerosis is the genesis of a variant of low-density
lipoprotein (LDL)—small, dense LDL—that has a greater
susceptibility to oxidative modification. Small, dense LDL
particles have preferential access and reside longer in the
subendothelial space, where they are sequestered from cir-
culating antioxidants. This sequestration, worsened by the
fact that the LDL variant is inherently more easily oxidized
(130), results in the accelerated formation of oxidized LDL
(ox-LDL). ox-LDL causes local endothelial dysfunction
and activates selectins, which recruit monocytes to the endo-
thelial surface. Monocytes move through the endothelium
to release free radicals and take up ox-LDL, eventually form-
ing foam cells. The form of dyslipidemia found in preeclamp-
sia is similar to that often associated with atherosclerosis.
Triglycerides are increased (731), high-density lipoprotein
(HDL) isreduced (7132); and there is an increased prevalence
of' small, dense LDL (733,134). In addition, as with athero-
sclerosis, there is evidence for oxidative stress in preeclamp-
siawith increased plasma (735—139) and tissue concentrations
(140,141) of markers of oxidative stress and increased anti-
bodies to ox-LDL (142,143).

This similarity to atherosclerosis is intriguing and raises
numerous questions, in particular because the risk factors
common to atherosclerosis and preeclampsia are present
before and after pregnancy. Why do the endothelial func-
tional abnormalities, which take years to develop in athero-
sclerosis, become rapidly manifest during pregnancy and
resolve soon after the termination of pregnancy? Pregnancy
is a time of major metabolic and physiologic modifications.
For many of the changes described, the differences between
nonpregnant and healthy women are more striking than the
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differences between healthy pregnant women and those with
preeclampsia. For example, insulin resistance is a recog-
nized feature of normal pregnancy and is only slightly more
prominent in preeclampsia. Furthermore, triglycerides dou-
ble in normal pregnancy and increase another 70-100% in
preeclampsia (131). Even small, dense LDL is a feature of
normal pregnancy (144).

It seems likely that normal pregnancy changes could inter-
act with the insults produced by abnormal placental perfu-
sion and maternal predisposing factors to produce endothelial
dysfunction and the preeclampsia syndrome. A recent obser-
vation supports this concept. Inflammatory markers were
quantified on the surface of circulating leukocytes from non-
pregnant women and from those with normal pregnancy,
preeclampsia, and septic conditions. Surface markers of acti-
vation were strikingly increased in normal pregnancy (simi-
lar to sepsis) with some of the markers minimally higher in
preeclampsia (145,146). It is possible that inflammatory
activation of the endothelium, occurring as a usual compo-
nent in pregnancy response, sensitizes endothelium to insults,
which would usually take years to cause injury. With the
removal of this sensitization at pregnancy termination, the
insult persists but the endothelium is no longer hypersensi-
tive and no clinically apparent manifestations are observed.

Oxidative stress provides a plausible explanation for the
endothelial dysfunction and subsequent pathophysiologic
changes of preeclampsia (7/47). The hypothesis proposes
that reduced placental perfusion results in the generation
of reactive oxygen species (ROS) (23,106,147). Placental
blood flow is known to be reduced by posture, activity, and
uterine contractions and to return to normal with the termi-
nation of these stimuli. It is suggested that adaptive mech-
anisms prevent this from resulting in perfusion-reperfusion-
mediated oxidative stress. Conversely, in the setting of the
reduced placental perfusion characteristic of preeclampsia,
these same stimuli are believed to reduce oxygen delivery
sufficiently to result in oxidative stress. Evidence for this
concept is the presence of stable metabolites generated by
oxidative stress in the placenta of women with preeclampsia
(148). Perhaps even more pertinent is that the induction of
xanthine oxidase activity and formation of nitrotyrosines are
direct evidence of local oxidative stress, in the placenta of
women with preeclampsia (749).

The impact of this postulated generation of oxidative stress
would be influenced by the maternal constitution that could
also directly generate oxidative stress. For example, Hubel
et al. (150) have recently demonstrated in their population
that 20% of women with first pregnancy preeclampsia have
a function-perturbing variant of lipoprotein lipase. Abnor-
malities of lipid metabolism could result in oxidative stress
by the generation of ox-LDL with consequent endothelial
injury. Alternatively, a diet deficient in antioxidants could
eliminate a protective effect while inadequate intake of folate
could increase circulating homocysteine, a contributor to

oxidative stress. Other genetic abnormalities or metabolic
factors could likewise contribute to the generation or ampli-
fication of oxidative stress. An important concept is that
these factors rarely act alone. Rather, it is the culmination
of varying degrees of reduced perfusion and maternal con-
stitutional factors that summate to produce the syndrome.

Several hypotheses are advanced to explain the linkage
of reduced placental perfusion to maternal systemic endo-
thelial injury. First, stable metabolites of lipid peroxidation
such as malondialdehyde are increased in the circulation of
women with preeclampsia (/47). These metabolites could
be produced in the placenta and injure the endothelium dis-
tally. Second, leukocytes from women with preeclampsia
release more ROS (751). This could occur by activation of
these cells by oxidative stress as they traverse the intervillous
space. The interaction of these activated leukocytes with
endothelium would then result in the release of ROS and
endothelial injury (752). Third, increased release of syncytio-
trophoblast microvillous fragments has been demonstrated
in preeclampsia (7153). These fragments can alter endothe-
lial function in vitro (154,155) and may contribute to the
endothelial dysfunction of preeclampsia. It is possible that
the increased release of these fragments is secondary to mem-
brane alterations by oxidative stress. Finally, other candi-
date molecules including cytokines are produced in response
to placental hypoxia. Thus, several hypotheses provide plaus-
ible mechanisms by which reduced placental perfusion could
result in endothelial dysfunction.

Preeclampsia and the Fetus

The effect of preeclampsia on the fetus may extend beyond
reduced placental perfusion and iatrogenic prematurity. There
is evidence of endothelial activation in fetuses of women
with preeclampsia (156). For example, cFN is increased in
the cord blood of these fetuses (7156). Furthermore, when
corrected for gestational age, fetal cFN is positively corre-
lated with ponderal index of the baby, suggesting that fetal
endothelial activation increases the adiposity of these neo-
nates (/57). One interpretation of these data would be that
preeclampsia is “good for babies.” This is consistent with
several observations that the risk of cerebral palsy and intra-
ventricular hemorrhage (7158) is reduced in infants of women
with preeclampsia when compared with control subjects
matched for either gestational age or weight (159-163).
Part of this protective effect may reflect the association of
spontaneous pre-term birth with subclinical infection (764)
and the postulated association of this infection with cere-
bral palsy in the fetus (765). Additionally, there is evidence
that magnesium, frequently used for the treatment of preec-
lampsia, has an independent effect to reduce cerebral palsy
(166). However, the striking reduction in risk of cerebral
palsy also raises the possibility of a fetal protective effect of
preeclampsia. Haig (167) has extensively explored the con-
cept that fetal adaptive responses may be evolutionarily



Vol. 19, No. 1

Biologic Markers of Preeclampsia / Massé et al. 117

appropriate, even if not in the maternal best interest. This
relationship could explain how preeclampsia, that has no
evident maternal survival value, persists as an inherited dis-
ease (168). A view of preeclampsia stimulated by this con-
ceptis thatitmay be aresult ofanormal fetal adaptive response
toreduced placental perfusion. Abnormal implantation could
result in preterm birth or intrauterine growth restriction.

Alternatively, the fetal-placental unit could launch a suc-
cessful response to alter maternal metabolism to increase
substrate delivery to overcome the unfavorable environ-
ment of reduced perfusion. In most cases, this would suc-
cessfully overcome the deficit and increase fetal growth.
On rare occasions, the maternal response to this addition
could result in preeclampsia. Recent data examining cord
and maternal leptin are consistent with this hypothesis. The
human placenta contains leptin mRNA (769). Leptin increases
in maternal blood during pregnancy and rapidly returns to
normal in the postpartum period (I 70—172). Under ordinary
circumstances, maternal and infant leptin are not corre-
lated (173). Rather, maternal leptin correlates with mater-
nal fat mass (771) and neonatal leptin with infant fat mass
(174). In preeclampsia, placental leptin mRNA is increased
as in circulating maternal blood while there are no changes
in the leptin levels in the infant (/72,175). In contrast to nor-
mal pregnancy, leptin concentrations in mothers with pre-
eclampsia and in their infants are strongly correlated (172).
One potential explanation is that placental leptin released
into the maternal compartment alters the mother’s metabo-
lism in a manner that increases lipolysis and glucose turn-
over to provide sufficient substrate to influence fetal fat
accrual. Since fetal leptin is driven by fetal fat mass, mater-
nal and fetal leptins are correlated. This would have obvious
implications regarding the therapeutic strategies to manage
the maternal syndrome. Any therapeutic intervention for pre-
eclampsia must take into consideration the fetal effects of
the therapy, both beneficial and adverse.

In summary, elucidation of the pathophysiology of pre-
eclampsia will help to develop early detection through the
identification of predictive markers, and to define preven-
tive and therapeutic interventions to achieve the most opti-
mal outcome for both the mother and her infant.

Biochemical Markers
of Pathophysiology of Preeclampsia

Maternal Predisposition Markers

As for atherosclerosis, preeclampsia has been shown
to be associated with insulin resistance (/76,177). Insulin
resistance in preeclampsia has been associated with a clus-
ter of anomalies including hypertension, unfavorable lipid
profile alterations, and obesity. This same combination of
anomalies is also observed, outside pregnancy, with athero-
sclerosis (syndrome X /178]). Normal pregnancy is char-
acterized by a state of insulin resistance (779) favoring the

utilization of glucose by the fetus while the mother increases
her reliance on lipolysis and protein catabolism as a source
of energy. The normal daily insulin requirement during
late pregnancy is increased by 30% in comparison with the
nonpregnant state. Pregnancy thus can be considered a “phys-
iologic stress test” of the pancreatic B-cell reserve. Most
women with gestational diabetes present an adequate insu-
lin sensitivity after delivery, if they do not gain weight (180).
However, the cumulative incidence rate for development
of diabetes type 11 is approx 50% after 5 yr (181,182). Obese
women (5,100,101,105) and women with gestational dia-
betes (105,183,184) present an increased incidence of pre-
eclampsia. Navajo Indians, who are at increased risk of hyper-
tension, obesity, and diabetes, are also predisposed to develop
preeclampsia (185), suggesting some common pathophysi-
ologic factors. Even for women with normal glucose toler-
ance in the third trimester, higher fasting and postload plasma
insulin levels are associated with the development of pre-
eclampsia (186). Women who presented with preeclampsia
show evidence of hyperinsulinemia at short- and long-term
follow-up (187—-189).

The lipid profile in preeclampsia is markedly different
from that in normal pregnancy; it is altered before the onset
of overt illness and is similar to the lipid profile predispos-
ing to atherosclerosis. Compared to normal pregnancies,
triglycerides in preeclampsia are increased up to twofold
(131,132,190,191); HDL cholesterol is reduced (134,192,
193); and free fatty acids are increased (190, 194—196) as well
as the concentration of small, dense LDL (793).

Homocysteine can promote vascular disease by several
mechanisms including direct cytotoxic effects on the endo-
thelium, increased adhesiveness of the platelets, and effects
on clotting factors (797). Elevated levels of homocysteine
have been linked to an increased risk of carotid stenosis
(198), vascular disease (199), myocardial infarction in young
women (200), and mortality among patients with coronary
disease (201). During normal pregnancy, homocysteine
levels decrease by about 50% (202). In arecent study (123),
women with preeclampsia were shown to have higher fast-
ing total homocysteine, and the levels were significantly
correlated to cFN, a marker of endothelial activation. In
another study (203), hyperhomocysteinemia was shown to
be inversely related to insulin sensitivity as measured by an
iv glucose tolerance test. Hyperhomocysteinemia in women
with preeclampsia has been corroborated by a number of
studies (120,122,204,205).

The most widely studied pathway for LDL oxidation
involves metal ions (206). Iron in micromolar concentra-
tions, in the presence of smooth muscle cells, increases LDL
oxidation (207). Although still controversial, higher serum
iron or body iron stores have been associated with an in-
creased risk of cardiovascular diseases (208-210). High
serum iron levels and transferrin saturation have been reported
in women with preeclampsia (271-213).
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Chesley et al. (214), using sisters-in-law as control sub-
jects, confirmed preliminary studies on heredity as a determi-
nantofpreeclampsia. Different genetic models of transmission
have been proposed, such as monogenic autosomal reces-
sive with or without the involvment of the fetus (215-217),
and autosomal dominant with incomplete penetrance or a
more complex genetic susceptibility (768). Twin studies
investigating the heritability of preeclampsia were incon-
clusive (218—220), but a recent large-scale study of 2000
twin pairs of women suggested a heritability estimate of
0.54 (220). As is the case for many multifactorial diseases
(e.g., hypertension, diabetes type 11, asthma, cancers, osteo-
porosis), genetic predisposition to preeclampsia probably
results from a combination of genetic and epigenetic fac-
tors (complex mode of inheritance) involving many genes
with modest effect, which is why linkage analysis studies
were often disappointing.

The potential role of human leukocyte antigen locus on
chromosome 6 has been the subject of many investigations,
but results are contradictory (22/—227), suggesting a modest,
if any, effect. Since Jeunemaitre et al. (228) found an asso-
ciation between the M235T polymorphism of the angioten-
sinogen (AGT) gene and hypertension, others have studied
the potential association between the M235T polymorphism
of the AGT gene and preeclampsia in different populations.
Some observed an association (107,108,229) whereas others
did not (237-233).

Because preeclampsia is associated with thrombophilic
complications, potential associations between factor V Leiden
(resistance to activated protein) (111,234—243) and the C677T
polymorphism of the methylenetetrahydrofolate reductase
(MTHFR) (110-112,237,241-249) gene and preeclampsia
have also been studied, but the results are contradictory.
Although factor V Leiden may be a good candidate in some
populations (111,234-236,240,241), the C677T polymor-
phism of the MTHFR gene is probably not a significant deter-
minant, at least individually, since the majority of studies
were unable to find any association (112,237,241-249).

Polymorphisms at other candidate genes have also been
studied, such as the angiotensin II type I receptor (250),
prothrombin (238,251-254), plasma activator inhibitor I
(255,256), nitric oxide synthase-3 (257,258), cytochrome
P-450 1A1 and glutathione S-transferase family (259),
tumor necrosis factor-a (260), apolipoprotein E (261,262),
and lipoprotein lipase (150,263) genes, but their contribu-
tion to the pathogenesis of preeclampsia is still undefined.

Discrepancies among studies on genetic susceptibility to
preeclampsia may be owing to artifactual associations or gen-
etic stratification in some populations, but they may also be
the result of differences in study design, as well as in differ-
ences in genetic and environmental backgrounds between
populations. In any case, in view of the expected, modest,
individual effect of predisposing genes, the study of genetic
susceptibility factors will need larger sample size to allow
adequate power to test complex gene-gene and gene-envi-

ronment interactions, and to study subgroups with extreme
phenotypes. In addition, the study of haplotypes instead of
individual single nucleotide polymorphisms (SNP) as well
as the investigation of paternal and fetal genetic contribu-
tion may allow a better assessment of genetic susceptibility
to preeclampsia.

Markers of Implantation

Human chorionic gonadotropin (hCG) is a glycoprotein
hormone secreted by the syncytiotrophoblast cells of the
placenta. Its blood concentration is related to placental mass
being increased in molar and twin pregnancies. Higher levels
have been found in preeclampsia (264—266). The increase
may be owing to abnormal placental invasion, abnormal pla-
cental immunity, or the trophoblastic response to hypoxia.
The availability of second-trimester hCG samples for pre-
natal Down syndrome screening has allowed the study of
hCG as a potential predictive marker of preeclampsia. If
studies agree that increased hCG is a predictive marker
of'the risk of preeclampsia, they disagree regarding its accu-
racy and its positive predictive value, which ranges from
1.9t015.1% (264,267-272). Differences among studies may
be explained, at least in part, by differences in gestational
age at the time of sampling, selection of cutoff levels, char-
acteristics of the study populations, and assay characteristics.
When the false positive rate is within clinically acceptable
limits (<1 0%), no more than a third of the cases of women
with preeclampsia would be identified by hCG measurement.

Activins are homo- and heterodimers of the inhibin [ -
and Bg-subunits, which form activin A, activin B, and acti-
vin AB (273). The principal source of activin A during
pregnancy is likely to be the fetoplacental unit. Activin A
is involved in the control of trophoblast cell differentiation
(274). It has been isolated from the placenta (275), and
higher concentrations are found in multiple pregnancies (276).
Higher concentrations have been found in preeclampsia
(277-281). Inhibin is a dimer of two subunits designated o
and B, of which the latter has two forms, B, and Bg. The
dimers are termed inhibin A and B (282). Higher concen-
trations of inhibin A have been reported by some groups
(277-281) but not by another (283). It seems that inhibin A
and activin A are increased secondary to increased placen-
tal production (284). Interestingly, activin A levels are
increased in women with preeclampsia but not in those with
chronic hypertension or pregnancy-induced hypertension
without proteinuria, suggesting that it may be a useful diag-
nostic and prognostic marker for the differential diagnosis
of preeclampsia in hypertensive pregnancies (277,279).
Larger studies showed that inhibin A is elevated several
weeks before the onset of preeclampsia (285-289). Aquilina
et al. (286) measured inhibin A levels between 15 and 19
wk of gestation in unselected women and found that those
with a multiple of the median (a mean allowing the com-
parison of maternal serum marker levels even if they vary
with gestational age /290]) >2 were at increased risk to
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deliver small-for- gestational- age babies, to have stillbirth,
and to develop preeclampsia. Inhibin A appears to be a better
predictor of early onset than later-onset preeclampsia (287),
particularly for the prediction of preeclampsia occurring
before 34 wk of gestation (288). Still, the value of activin
A and inhibin A is limited in the clinical setting (positive
predictive values in the 10-35% range); therefore, other
studies will be necessary to determine the utility of activin
A and inhibin A measurements, possibly in combination with
other markers, in the prediction of preeclampsia.
Another protein secreted by trophoblastic cells, plasma-
associated plasma protein A (PAPP-A), when measured
between 8 and 14 wk of gestation, has recently been reported
as being decreased in women who later developed preeclamp-
sia (291,292). PAPP-A has been identified as a protease of
insulin-like growth factor binding protein (IGFBP) (293).
Low levels of PAPP-A are thus expected to lead to higher
IGFBP levels and lower free IGF, thus affecting fetal growth
(294). However, the overlap with normal pregnancies is large,
indicating that PAPP-A is not a promising screening marker.

Oxidative Stress Markers

Malondialdehyde, ox-LDL, and copper-generated anti-
gen are generated during the oxidation of lipids. Since they
are produced by different mechanisms, the validity of an
observed difference would be strengthened if more than
one marker were abnormal. For example, malondialdehyde
is not specific of lipid peroxidation alone (295). The copper
ox-LDL antibody assay does not detect only one specific
antigenic epitope of ox-LDL, but, rather, it identifies a wide
range of different antigens produced during the process of
LDL oxidation (296). Isoprostanes are prostaglandin iso-
mers that are primarily generated from free-radical oxida-
tion of arachidonic acid (297). Levels of isoprostanes are
increased in human atherosclerotic lesions (298). High levels
have also been found in the blood of women with preeclam-
psia (299). Protein carbonyls are the product of protein oxi-
dation, and they also have been found in increased quantities
in atherosclerotic lesions (300). This marker has the advan-
tage of being more stable during storage. Higher levels have
been reported in the placenta and maternal blood of preg-
nancies associated with preeclampsia (3017,302).

Endothelial Activation Markers

Cellular fibronectins are large glycoproteins synthesized
by fibroblasts, endothelial cells, and other cells that are
involved in cell adhesion, migration, growth, and differen-
tiation (303). One variant (EDI+) is found predominantly
in large-vessel endothelial cells (304) and is soluble and
thus measurable in blood. Increased concentrations have
been reported in preeclampsia (34,35). VCAM-1 and intra-
cellular adhesion molecule-1 (ICAM-1) modulate the inflam-
matory response by allowing the adhesion of lymphocytes,
monocytes, and eosinophils to the activated endothellum
(305). They are expressed in the decidua (306). Several

studies have reported high blood levels of sVCAM-1 in pre-
eclampsia (307-311) but not of SICAM-I (31/1,312). How-
ever, since no differences in sVCAM-1 levels were found
during the second trimester of pregnancy (3171), it may not
be an adequate early predictive marker of preeclampsia.
Placental growth factor is another member of the endothe-
lial growth factor family. It is secreted solely by placental
tissue and endothelial cells. Decreased levels have been re-
ported in preeclamptic pregnancies (3/3—315), but other stud-
ies indicate that this decrease may appear only late in preg-
nancy, invalidating its use as a screening marker (3/6,317).

Markers of Vasomotor Regulation

Women with hypertensive pregnancies show increased
response to angiotensin II. Compared with matched con-
trol subjects, they show decreased concentrations of active
renin, angiotensin [, angiotensin I, aldosterone, and a lower
activity of angiotensin-converting enzyme (3/8). The angio-
tensin sensivity test was initially proposed to estimate vaso-
pressor activity in pregnant women, but the assay is cumber-
some and suffers from low sensitivity (3/9). It is possible,
however, to assess the activity of the renin-angiotensin sys-
tem by measuring platelet angiotensin II binding (platelet
angiotensin II binding density) during the second trimes-
ter of pregnancy. In a prospective study, we assessed the
binding capacity of platelet angiotensin II receptors from
nulliparous women during their second and third trimes-
ters, as well as from nonpregnant women and women in the
peripartum period (320). We did not find any difference in
the second or third trimester of pregnancy between normo-
tensive, transiently hypertensive, preeclampsia, and/or chron-
ically hypertensive women, and we could not demonstrate
an improvement in positive predictive values of 20% with
apower (1 -pB)of90% (320). We developed a method based
on the measurement of angiotensin Il binding using Scatchard
plot from suspensions of platelet concentrates. In a prospec-
tive study, we evaluated angiotensin II binding in 801 women
for each trimester, but this platelet angiotensin II receptor
method was also not a clinically useful predictive marker
of preeclampsia (35).

The atrial natriuretic peptide is a vasoactive peptide pro-
duced by the placenta and may be involved in preeclamp-
sia. During the third trimester of pregnancy, Pouta et al.
(271) found increased plasma levels of the N-terminal
peptide of proatrial natriuretic peptide in women with pre-
eclampsia compared with those with normal pregnancy. Fur-
thermore, pregnant women with severe preeclampsia and
Doppler abnormalities had higher levels than those with mild
preeclampsia (271), but these observations were, unfortu-
nately, not confirmed in the second trimester (321).

Other vasoactive molecules secreted by the placenta such
as endothelin-1 (322) neurokinin B (323), and kallikreins
(324) have been studied in preeclampsia to various extents,
but results are still too sparse or not convincing to be yet
considered as potential clinical predictive markers.
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Conclusion

Preeclampsia is a leading cause of iatrogenic prematur-
ity. No preventive or definitive therapeutic (except delivery)
intervention is available. Preterm delivery and the result-
ing low birth weight are associated with increased child-
hood morbidity, including respiratory illnesses, impaired
postnatal growth, and neurodevelopmental problems (325).
Fortunately, preeclampsia seems to confer a “protective
effect,” and the premature infants from these pregnancies
are less severely affected (326—329) than those born from
women with other pathologies. It is thus important to appro-
priately appraise preventive or therapeutic interventions.
Although they could be effective in diminishing some dis-
ease manifestations in the mother, they could also worsen
neonate outcomes by mitigating adaptive mechanisms that
normally protect the fetus.

A better knowledge of the pathophysiology of preeclamp-
sia would help in targeting the most effective interventions
that do not worsen fetal outcome. Biologic markers should
have adequate high sensitivity and specificity and show high
positive predictive values to identify at-risk women from
the general population or, alternately, high negative pre-
dictive values to eliminate the risk of preeclampsia among
pregnant women in high-risk subgroups. So far, none of the
biologic markers studied have been adequate to find clini-
cal application. Meanwhile, diagnosis and management of
preeclampsia still rely on blood pressure and urinary protein
measurements. Further studies on biologic markers based
on the pathophysiology of preeclampsia using specific study
designs allowing the evaluation of test performance regard-
ing early and late-onset preeclampsia and its complications,
and using serial measurements in both the general popula-
tion of pregnant women and in at-risk groups, are neces-
sary. Potential markers must be studied thoroughly, and new
ones must be seeked. The discovery of a predictive test (or
a combination of tests /330]) would help in the manage-
ment of the affected pregnancies by allowing earlier inter-
vention (even if it is limited to expectant management with
close monitoring of the mother and fetus /331]). It could
also help in the selection of women for future studies of pre-
ventive measures or to a better understanding of the patho-
physiology of the disease.
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