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Preface

Pre-eclampsia complicates 2—3% of primigravid
pregnancies and 5—7% of nulliparous women. It is
one of the leading causes of death and disability of
mothers and babies. Over four million women will
develop the disorder worldwide every year. This
book, written by scientists and clinicians who
are internationally recognized as experts in their
respective fields, focuses on both the scientific
basis of pre-eclampsia along with management.

The basic science section contains up-to-date
reviews and theories focused on the most exciting
research developments in pre-eclampsia. The
clinical chapters provide a comprehensive review
of the pertinent literature highlighting recent data
and work that suggest new ideas or changes
in current management. There is a section in
each chapter (when appropriate) that deals with
management on a practical level so that the
clinician (residents/registrars/consultants) will be
able to take away a formulated treatment plan that
they can implement directly.

The book will be of interest to scientists and
students interested in reproductive sciences as well
as medical students, obstetricians and physicians
with an interest in pre-eclampsia.
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Trophoblast invasion in pre-eclampsia and

other pregnancy disorders

Robert Pijnenborg, Lisbeth Vercruysse, Myriam Hanssens and F. André Van Assche

Trophoblast invasion is a major feature of hemo-
chorial placentation, notably in the human where
this invasion is exceptionally deep compared
with the few other primate species studied
so far (Ramsey et al, 1976). It is assumed that
pre-eclampsia/eclampsia, which occurs almost
exclusively in the human species, is in some
way associated with problems related to this
deep invasion. So far, only a few case reports
have been published suggesting a similar
complication in pregnant gorillas (Baird, 1981;
Thornton and Onwude, 1992). Unfortunately noth-
ing is known about trophoblast invasion in this
species.

It is now common knowledge that during
pregnancy extensive vascular alterations take
place in the spiral arteries which supply maternal
blood to the placenta. In this chapter we will first
sketch briefly the historical context of the discovery
of structural changes in placental bed spiral
arteries and the role of invading extravillous
trophoblast. The importance of this “physiological
change” of spiral arteries is highlighted by its
restricted occurrence in pre-eclampsia, and there-
fore we will discuss next the evidence for impaired
trophoblast invasion preceding the onset of clinical
symptoms of pre-eclampsia. In the third part the
structural features of invaded and non-invaded
spiral arteries will be described in some detail, and
finally we will evaluate the occurrence of physio-
logical changes and vascular lesions in other
disorders of pregnancy.

Impaired physiological change
in spiral arteries

Although pre-eclampsia/eclampsia has been
recognized for a long time in history as an
important pregnancy complication (Lindheimer
et al., 1999), a possible histopathological basis
for this condition was only identified in the
late 1960s. The idea that maternal perfusion of
the placenta is disturbed in pre-eclampsia is an
old one, and was based on the regular occurrence
of placental infarcts in such cases (reviewed by
Robertson et al, 1967). Searching for associated
vascular pathologies, atherosclerosis-like lesions
were described in spiral arteries of decidual
fragments attached to delivered placentae,
and the term “acute atherosis” was introduced
for the characteristic lesion of fibrinoid necrosis
and accumulated foam cells (Hertig, 1945; Zeek
and Assali, 1950). Following the suggestion that a
reduced uterine blood flow in primigravidae
predisposes to pre-eclampsia, attempts were
made to measure maternal placental flow in
normal and pre-eclamptic pregnancies, using a
variety of techniques (reviewed by MacGillivray,
1983). Of all the early placental flow studies, the
highest impact was made by the demonstration of
Browne and Veall (1953) of reduced maternal blood
flow in the placenta of hypertensive pregnancies.
This paper provided the primary inspiration
for histological work on the placental bed in
the hope of identifying a pathogenic basis for
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the disturbed flow. It was felt that restricting
oneself to vascular structures within decidual
fragments attached to delivered placentas was not
appropriate and therefore, for the first time,
placental bed biopsies including myometrium
and decidua were collected during Cesarean
section (Dixon and Robertson, 1958). While looking
for atherosclerotic lesions in these biopsies,
however, other vascular alterations were discov-
ered, and this was totally unexpected.

During the initial studies of placental bed
biopsies it soon became obvious that in uncom-
plicated pregnancies normal arteries were virtually
absent from both decidua and myometrium.
Instead, unusual structures were observed of
apparently vascular origin, which could be identi-
fied as spiral arteries only by tracing them to their
origin from the radial arteries deep in the myome-
trium (Brosens et al., 1967). In specimens from
normal pregnancies these vascular alterations,
referred to as ‘“‘physiological changes” to indicate
that they are not pathological, consisted of the
replacement of the smooth muscle wall by a
fibrinoid matrix material with embedded cells
(Figure 1.1a). Although the nature of the embedded
cells was unknown at that time, it was postulated
that they were derived from invasive trophoblast.
Surprisingly, however, in specimens obtained from
pre-eclamptic pregnancies recognizable arterial
structures could be found readily in the inner
myometrium, and it was speculated that in such
cases the restricted occurrence of physiological
changes was caused by inadequate trophoblast
invasion, confined to the decidual segments of the
spiral arteries (Brosens et al., 1972). These histo-
logical observations provided the structural
basis for a new insight in maternal flow regulation
to the placenta. Indeed, the physiological changes
involve a loss of the musculo-elastic vascular
components resulting in substantial dilatation,
thus allowing an uninterrupted maternal blood
supply to the placenta. It was postulated that,
in the absence of vascular smooth muscle,
such vessels can no longer respond to vasoactive
agents. In pre-eclampsia, on the other hand,

non-converted arteries remain muscular and
narrow, and maternal blood flow to the placenta
must therefore be reduced. Some of these
unchanged vessels may develop acute atherosis,
but an important conclusion of these studies was
that it is not the atherotic lesion, which occurs in
only a minority of spiral arteries (Khong and
Robertson, 1992), which is the main pathological
defect, but the absence of physiological changes.
Meanwhile, evidence was obtained to support
the hypothesis that embedded cells in physiologi-
cally changed spiral arteries are trophoblastic in
nature. The presence of endovascular cells
in lumina of spiral arteries had been reported
in occasional first-trimester pregnancy specimens
as early as 1870 by Friedldnder (quoted by Boyd
and Hamilton, 1970). Much later, a histological
continuity was demonstrated between endovascu-
lar cells and extravillous trophoblast (Hamilton and
Boyd, 1960; Harris and Ramsey, 1966). A more
extensive quantitative study of trophoblast inva-
sion in whole pregnant uteri from 8 to 18 weeks was
then undertaken, which highlighted the existence
of two spatial pathways, interstitial and endovas-
cular (Pijnenborg et al, 1980, 1981, 1983). The
process of interstitial trophoblast invasion of both
the decidua basalis and the inner myometrium
starts at the center of the implantation site and
spreads toward the placental bed margins. During
the early second trimester this invasion process
often results in a ring-like trophoblast distribution
with lower cell counts at the center of the placental
bed. The interstitial mononuclear trophoblastic
cells show progressive clustering and subsequently
fuse to multinuclear giant cells, which are thought
to be no longer invasive. Some of the interstitial
trophoblastic cells may surround spiral arteries and
take up a perivascular position. While during the
first few weeks of pregnancy mononuclear inter-
stitial trophoblast cells are likely to enter the spiral
artery lumina in the superficial decidual compart-
ment near the placental—decidual junction, there
is no direct evidence of a direct transmural
invasion of interstitial cells into the spiral arteries
deeper in the myometrial compartment. On the
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Figure 1.1 (a) Term placental bed biopsy showing spiral artery with physiological change near the decidual—myometrial junction,
characterized by replacement of the smooth muscle layer by fibrinoid (darkly stained) with embedded trophoblastic cells (T). PAS
staining (bar =100 um). (b) Same vessel. Cytokeratin immunostaining, revealing darkly stained trophoblast (T). (c) Same vessel. o-
Actin immunostaining, showing replacement of the original vascular smooth muscle by fibrinoid. Streaks of intima thickening (*)
stain for actin because of the presence of myofibroblasts. (d) Spiral artery with partial physiological change, showing intimal
thickening (*) at the side of trophoblast invasion. PAS staining (bar = 100 um).

contrary, histological continuity suggests an
endovascular migration pathway from decidual
to myometrial segments of spiral arteries, with
myometrial segments being invaded from 15 weeks
onwards. In the original studies a time interval
of at least 1 month was found between endovas-
cular trophoblast invasion of decidual and
myometrial segments, respectively (Pijnenborg
et al, 1983). Based on these observations the
existence of two successive waves of endovascular

invasion, with a temporary halt at the decid-
ual-myometrial  junction, was  postulated.
In recent years this two-wave hypothesis has
been criticized, mainly based on studies of first-
trimester placental bed biopsies (Robson et al.,
2001). Since biopsy material, in contrast to
complete hysterectomy specimens, does not allow
judgment of the actual depth of invasion and
associated changes, this question needs to be re-
examined.
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Figure 1.2 Diagrammatic representation of the different steps
in spiral artery remodeling. Step 1 shows endothelial (En)
vacuolization. Step 2 involves early media (Sm) disorganization
and weakening of the elastica (Es), which is associated with
beginning dilatation of the vessel. In step 3, endovascular
trophoblast (T) appears in the arterial lumen. The next two
steps are depicted as a partial physiological change. In step 4,
endovascular trophoblast becomes incorporated into the vessel
wall, a process associated with fibrinoid (Fb) deposition. The
original smooth muscle layer and elastica is replaced by this
fibrinoid material, while the embedded trophoblast acquires a
“spidery” shape. The final step (5) involves endothelial repair
and occasional intimal thickening (left).

In the myometrium as well as in the decidua,
interstitial invasion precedes endovascular
invasion. The associated spiral artery changes
involve a series of steps, summarized diagramma-
tically in Figure 1.2 (more extensively reviewed
by Pijnenborg et al., 2006). As a first step, early
changes, involving vacuolation of endothelium and
media, develop spontaneously, i.e. independent of

the presence of the trophoblast. This first step is
not restricted to the placental bed, and may
therefore be associated with the decidualization
process (decidua-associated early vascular remo-
deling). The second step leads to further media
disorganization as shown by a widening of inter-
cellular spaces resulting in a loosely structured and
disrupted muscle coat. This early vascular
remodeling is correlated with the presence of an
interstitial trophoblast, which therefore may
induce extracellular matrix changes by secretion
of  matrix-degrading  enzymes  (interstitial
trophoblast-associated early vascular remodeling).
As a third step, endovascular trophoblast appears
in the lumina of those vessels which have under-
gone the early remodeling. The fourth step involves
the mural incorporation of this luminal tropho-
blast, which must therefore penetrate the vascular
endothelium. It is often stated that at this stage the
trophoblast replaces the endothelium, but there
are indications that the latter is never completely
lost and that trophoblast may penetrate the
endothelium via intercellular gaps (J.N. Bulmer,
personal communication, 2003). On the other
hand, there is evidence that the trophoblast is
able to induce endothelial apoptosis, at least in an
in vitro explant model (Ashton et al., 2005). Mural
incorporation of the trophoblast is associated with
the deposition of fibrinoid material, which starts to
accumulate between trophoblastic cells while they
are still in a luminal position (Pijnenborg, 1996).
The fibrinoid with incorporated endovascular
trophoblast then effectively replaces the vascular
smooth muscle layer, as can be demonstrated by
the absence of elastica and actin immunostaining.
A remarkable feature of the fibrinoid-embedded
endovascular trophoblast is that it remains mono-
nuclear, in contrast to the interstitial trophoblast.
Furthermore, these trophoblasts also show a
characteristic ‘“‘spidery” shape because of the
presence of irregular cell extensions, which is
in marked contrast to the smooth outlines of the
non-fibrinoid-embedded interstitial trophoblast.
The fifth and final step in the development of the
“physiological changes” involves the repair of
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the maternal endothelium, which may be asso-
ciated with intimal thickening by proliferation of
myo-intimal cells of maternal origin. Since endo-
vascular trophoblast invasion only starts after the
second step of interstitial trophoblast-related initial
vascular remodeling, the full physiological changes
of steps four and five will develop first in the spiral
arteries at the center of the placental bed, gradually
moving to the more peripheral areas. Spiral artery
changes therefore follow the same spatial progres-
sion through the placental bed area as the inter-
stitial trophoblast invasion. The time course of the
successive steps in the physiological change of
individual spiral arteries is not known.

At the time of the first histological mapping of
trophoblast invasion, all the evidence had to be
derived from morphological continuities on serial
histological sections using standard staining tech-
niques such as hematoxylin and eosin (H&E) and
periodic acid Schiff (PAS), because appropriate
immunohistochemical technology was not yet
available. Later immunohistochemical studies on
early specimens largely confirmed the previously
described patterns of invasion (Bulmer et al., 1984;
Kam et al, 1999; Lyall, 2002; Robson et al., 2002).
Extrapolating to pre-eclampsia, it was assumed
that absence of physiological changes in spiral
arteries indicates a failure of the trophoblast to
properly invade the spiral arteries. This also
implied that, if impairment of trophoblast invasion
is indeed a primary cause of pre-eclampsia, the
disease must originate in early pregnancy.

Observations of restricted physiological conver-
sion of spiral arteries in pre-eclampsia have been
confirmed by many investigators over several years
(Frusca et al.,1989; Gerretsen et al., 1981; Hanssens
et al, 1998; Hustin et al., 1983; Khong et al., 1986;
Lyall et al.,, 2001b; Meekins et al., 1994a; Moodley
and Ramsaroop, 1989; Pijnenborg et al, 1991;
Sheppard and Bonnar, 1981). However, the origin-
ally proposed decidual/myometrial dichotomy,
thought to reflect the two time-related waves of
endovascular trophoblast invasion, was countered
by the observation that restricted physiological
change did not exclusively involve the myometrial

segments of the spiral arteries, but that also some
of the decidual segments might show defective
change (Khong et al., 1986). The actual location of
the spiral arteries in central or peripheral areas of
the placental bed is probably an important deter-
minant for the likelihood of failed conversion of
decidual segments (Brosens, 1988).

While searching for functional correlates of the
extensive vascular changes or their absence in
spiral arteries, maternal placental flow patterns
were studied using Doppler imaging techniques.
A correlation between the resistance index of the
uterine arterial circulation and the depth of
physiological changes in the placental bed was
indicated for the first time in a review article by
McParland and Pearce (1988), and has since then
been confirmed by other investigators (Aardema
et al, 2001; Lin et al., 1995; Olofsson, 1993; Sagol
et al., 1999; Voigt and Becker, 1992). Flow patterns
can also be obtained from individual spiral arteries.
Matijevic and colleagues (1995) evaluated blood
flow through central and lateral spiral arteries at
17—20 weeks, revealing lower resistance and pulsa-
tility indices in the central arteries known to
undergo physiological change at that period of
gestation (Pijnenborg et al, 1983). In the third
trimester, women with pre-eclampsia show signifi-
cantly higher impedance to flow in the spiral
arteries than normotensive controls (Matijevic
and Johnston, 1999). These findings therefore
provide a strong support for the original hypothesis
that defects in the uterine vasculature underlie
impaired maternal placental blood flow.

Evidence for impaired trophoblast invasion
in pre-eclampsia

Although the current understanding of trophoblast
invasion patterns would imply that defective
physiological change in pre-eclampsia must be
the consequence of failed invasion during the first
trimester, there is little direct evidence to support
this view. Indeed, the absence of a trophoblast in
third-trimester biopsies may result either from
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defective invasion, or from trophoblastic cell death
induced after normal invasion in the first trimester.
The fate of the two respective trophoblast invasion
pathways — interstitial and endovascular — has to
be reviewed separately.

Interstitial trophoblast invasion in the decidual
and myometrial stroma precedes the endovascular
migration into the spiral arteries. Although it is
often stated that pre-eclampsia is characterized by
an overall shallow invasion by trophoblast as a
consequence of a failed integrin shift in the cell
columns at the tips of the anchoring villi (Damsky
et al., 1992; Zhou et al., 1993), this idea is not really
consistent with placental bed histology. Indeed,
the cell columns generate precursors of both
interstitial and endovascular trophoblasts, and
high numbers of interstitial trophoblasts are regu-
larly seen in the myometrium of pre-eclamptic
patients in the third trimester. Therefore, whether
or not this interstitial invasion is disturbed in pre-
eclampsia is not immediately clear. Initial attempts
to quantify interstitial invasion by cell counts
in normal and pre-eclamptic pregnancies provided
highly variable results and did not reveal
a significant difference (Pijnenborg et al, 1998a).
A significantly decreased interstitial invasion of the
myometrium was demonstrated by application of
image analysis technology (Naicker et al., 2003).
Since the data did not indicate absence of
myometrial invasion, the term “impaired intersti-
tial invasion” should be preferred to ‘“‘shallow
invasion.” There are no data concerning more or
less impairment of interstitial invasion in periph-
eral or central areas of the placental bed, which
might indicate interference with the spatial
spreading of invasion.

We may wonder how far impaired interstitial
invasion has demonstrable effects on the invaded
maternal tissue. Theoretically, such a massive
invasion could have a major effect on both the
anatomical and the physiological coherence of the
myometrium, at least in early pregnancy when
millions of cells are invading this area. It is well
known now that an invasive trophoblast produces a
variety of proteolytic enzymes which may induce

major alterations in the extracellular matrix
composition of the surrounding tissue (Huppertz
et al., 1998). Furthermore, interstitial trophoblastic
cells also contain steroid-converting enzymes,
suggesting a local endocrine function which may
possibly influence myometrial tissue growth and
function (Brosens, 1977). We mentioned above that
interstitial trophoblast invasion in the myometrium
is related to early vascular remodeling of spiral
arteries, including disorganization of the vascular
smooth muscle layer, which precedes endovascular
invasion (Pijnenborg et al, 1981, 1983). It was
thereby postulated that early vascular disorganiza-
tion might provide an essential trigger for subse-
quent endovascular invasion. A possible hypothesis
is therefore that the early vascular remodeling
is inhibited in women destined to become pre-
eclamptic, and that failed or impaired interstitial
trophoblast invasion might be a likely cause of this
defect. However, smooth muscle disorganization is
regularly observed in third-trimester myometrial
spiral arteries in pre-eclampsia which had not
undergone physiological change. This finding
might imply that the early vascular remodeling,
which is related to interstitial trophoblast invasion,
may develop normally in pre-eclamptic women
even if this invasion is impaired, but we should
refrain from extrapolating too readily the observa-
tions in near-term placental bed biopsies to the
first trimester. Gerretsen and colleagues (1983)
reported that in pre-eclampsia spiral arteries
without physiological changes were regularly
surrounded by high numbers of multinucleated
giant cells, and postulated that these invading
trophoblasts had precociously differentiated to
giant cells and were thereby prevented from
traversing the vessel walls. Gerretsen therefore
believed that also in the myometrial compartment
all the endovascular trophoblast is derived from
perivascular interstitial trophoblast, and, as stated
earlier, in this we disagree (Pijnenborg et al., 2006).
Alternatively, one could postulate that in the
situation described by Gerretsen et al. the giant
cells lost their capacity to induce the early vascular
remodeling necessary to allow endovascular
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migration prematurely. In other studies, however,
perivascular giant cell clustering in pre-eclampsia
was not shown to be such a regular event, and
therefore the hypothesis of Gerretsen et al. has to
be treated with caution (Meekins et al., 1994a).

The endovascular invasion pathway is of highest
interest, since restriction in physiological changes
of spiral arteries with absence of a fibrinoid-
embedded endovascular trophoblast is the main
defect in pre-eclampsia. An intriguing finding was
that in the previously studied series of 8—18 weeks
pregnant hysterectomy specimens one post-
15weeks specimen did not show endovascular
trophoblast in the myometrial segments of spiral
arteries, while interstitial trophoblast invasion was
normal (Pijnenborg et al., 1983). Of course, retro-
spective prediction of the development of pre-
eclampsia if the pregnancy would have been
allowed to continue is pointless, and without
further information from other collections of first-
trimester specimens, one should refrain from
drawing definite conclusions from this single
aberrant case.

A different possible scenario is that of a normal
invasion during the first trimester, followed by the
destruction of the trophoblast at a later stage.
In occasional specimens endovascular tropho-
blast invasion is associated with marked infil-
tration by inflammatory cells (Figures 1.4a,b).
Increased apoptosis of extravillous trophoblast
has been reported in pre-eclampsia (DiFederico
et al, 1999), occurring mainly in the immediate
surroundings of blood vessels associated with
increased macrophage infiltrations (Reister et al.,
2001). These observations can also be related to the
occasional findings of trophoblastic cell remnants
in noninvaded atherotic spiral arteries in pre-
eclampsia (Hanssens et al., 1998; Meekins et al.,
1994a) (Figure 1.4d). A major inflammatory cyto-
kine produced by macrophages is tumor necrosis
factor (TNF-)a, which is potentially cytotoxic to
trophoblast, as demonstrated by in vitro experi-
ments (Yui et al., 1994). Histological observations
in near-term placental bed biopsies indicate higher
local expression of this cytokine in pre-eclamptic

patients, showing immunohistochemical localiza-
tion in inflammatory cells including the foam cells
of atherotic spiral arteries (Pijnenborg et al,
1998b). These findings may be related to the
elevated serum concentrations of TNF-o in pre-
eclampsia (Keith et al, 1995). Of course, it is to be
expected that cytotoxic cytokines may affect inter-
stitial as well as endovascular trophoblast. It is
clear that the question of trophoblastic cell killing
and the role of maternal cell-derived cytotoxic
cytokines will be an important research topic in
the coming years.

Histopathology of the spiral arteries
in pre-eclampsia

In the previous paragraphs spiral artery histology
near term, as resulting from trophoblast action on
the arterial wall, was presented as a black-and-
white picture: either a trophoblast had invaded the
arteries and these had undergone physiological
changes, or a trophoblast had not invaded and the
vessels had maintained their ‘“normal” vascular
architecture, except for the occasional develop-
ment of atherosis. Such black-and-white schemes
do not always represent the reality. To begin with,
physiological changes may not involve the whole
circumference and may be restricted to only a
limited sector of a vessel. Such a situation has been
referred to as “partial” change. Sometimes only a
few isolated trophoblastic cells can be seen in the
arterial wall. In vessels with partial invasion we can
obtain a good idea of the local effects of the
endovascular trophoblast on vessel wall structure.
In such cases the complete removal of media
smooth muscle and elastica and its replacement by
trophoblast and fibrinoid are immediately obvious,
in contrast to the non-invaded sectors of the
spiral artery (Figures 1.3a—d). The presence of
PAS-positive fibrinoid, which is associated with
endovascular invasion from early stages onwards,
is thereby very helpful for delineating the extent
of physiological change as induced by early
endovascular invasion.
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Figure 1.3 (a) Myometrial spiral artery near term showing partial physiological change. Trophoblast invasion and vascular
incorporation is restricted to the lower side of the vessel. Cytokeratin immunostaining (bar =100 um). (b) Same artery, showing
fibrinoid deposition at the lower side of the vessel. PAS staining. (c) Same artery, showing o-actin immunostaining. Smooth muscle
cells have disappeared from the invaded area of the vessel wall. (d) Same artery, showing elastica (Es) staining. No elastica is
present at the lower side of the vessel. Orcein staining.

As explained in a previous section, the invaded
spiral arteries of the third trimester show restora-
tion of the maternal endothelial layer, which must
have been penetrated by a trophoblastic cells
previously. In this matter there is confusion in the
recent literature, as it is often mentioned that the
endovascular trophoblast replaces the endothe-
lium, and it is then usually understood that this is
the case until the end of pregnancy. Because of the
histological features of physiologically changed
spiral arteries such “‘endothelial replacement’ can
at the most be a temporary situation, restricted to

the first or early second trimester. Another matter
of confusion is the claim that the trophoblast may
express endothelial cell markers during its endo-
vascular invasion (Zhou et al., 1997a), which may
thereby be an important factor in the so-called
endothelial replacement. Expression of vascular
endothelial markers by trophoblast could not
be confirmed by other investigators, however
(Lyall et al, 2001a; Pijnenborg et al, 1998a),
and also a possible defective expression in pre-
eclamptic women needs further confirmation
(Zhou et al., 1997Db).
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Figure 1.4 (a) Physiologically changed spiral artery, showing marked leukocytic infiltration. Cytokeratin immunostaining
(bar=100 um). (b) Same vessel, showing swelling of infiltrated leukoytes, which are probably being converted into foam cells
(“Fc”’) (bar =50 um). (c) Physiologically changed spiral artery near the basal plate. A few foam cells (Fc) are present between
intramural trophoblastic cells. Cytokeratin immunostaining (bar =100 um). (d) Spiral artery with acute atherosis, containing foam
cells (Fc) within a necrotic wall. Remnants of trophoblast (T) are present within the necrotic wall. Cytokeratin immunostaining
(bar=100 pm). (e) Myometrial spiral artery without physiological change, showing muscular hyperplasia. a-Actin immunostaining
(bar=100pum). (f) Same vessel. Perivascular trophoblastic cells are present, presumably derived from the interstitial pathway of
invasion. Cytokeratin immunostaining.
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The process of endothelial repair may be
associated with different degrees of intimal
thickening, which involves proliferation of fibro-
blasts and the appearance of myo-intimal cells.
Since the latter are immunopositive for «-actin,
the occurrence of such cells may confuse
inexperienced histologists who expect complete
disappearance of smooth muscle in physiolog-
ically changed spiral arteries (Figures 1.1a—c).
Physiologically changed vessels with thick intimal
cushions can be found in decidual and myometrial
spiral artery segments in normal pregnancies, but
also in decidual invaded arteries in pre-eclamptic
women. There is no evidence for a higher incidence
of intimal thickening in decidual spiral arteries in
pre-eclamptic compared to normal pregnancies,
precluding more extensive maternal repair
responses in pre-eclampsia (Hanssens et al,
1998). In some situations intimal thickening,
comprising the whole circumference of the vessel,
may be so intense, even in normal pregnancies,
that it leads to a narrowing of the vascular lumen,
giving the false impression of a pathological lesion.
A consistent observation is that with partial or
isolated physiological change, intimal cushions are
almost always overlying vascular sectors contain-
ing invaded trophoblast and fibrinoid (Figure 1.1d).

In the absence of trophoblast and physiological
changes, spiral arteries retain an essentially normal
architecture, in the sense that there is an intact
medial smooth muscle layer. Nevertheless, as
mentioned before, subtle changes have been
noted to occur in such vessels (Pijnenborg et al.,
1991). One such feature is the occurrence of
endothelial vacuolation. Furthermore, the media
often shows disorganization, resulting in a loosely
structured rather than a tightly packed muscle
layer. Occasionally, the media may even become
split into two layers, which may be separated by a
“hyaline” substance, which may reflect alterations
in the extracellular matrix. In addition, marked
medial hyperplasia may occur, which may lead to
extreme narrowing or even a virtual obliteration of
the arterial lumen (Figures 1.4e,f). It is not clear at
what gestational age these changes take place,

which are obviously not associated with the
trophoblast-related physiological change. As
suggested in the previous section, media disorga-
nization may reflect the early spiral artery remod-
eling preceding endovascular invasion in the first
trimester, which is related to the presence of an
interstitial trophoblast (Pijnenborg et al, 1983). It is
possible, but hard to prove, that completely
unaltered vessels at term are those that did not
respond to interstitial trophoblast in the first
trimester, but of course early changes may have
become reversed later in pregnancy. Media hyper-
plasia is usually thought to result from increased
blood pressure, and is therefore likely to occur
more frequently in chronic hypertensive women.
Endothelial vacuolation is a feature not exclusively
related to the placental bed, as it also occurs in
the decidua vera (Pijnenborg et al, 1983). It has
been argued recently that the decidualization
process, which forms a necessary prelude to a
well-developing pregnancy, should not be viewed
exclusively as a feature of the endometrial stroma,
but also involves vascular alterations such as
endothelial vacuolization or early media disorga-
nization in the inner myometrium. Indeed, there is
evidence that the inner myometrium differs struc-
turally and functionally from the outer myome-
trium, showing different responsiveness to steroid
hormones, and therefore rather forms a functional
unit with the decidua (Brosens et al., 2002). It has
been speculated that in some women early decid-
ual changes of the inner myometrium may be
defective from the very beginning, and thus
determine pregnancy outcome from the implanta-
tion period onwards. The observation that pre-
eclamptic women show a higher degree of
clustering of separate spiral arteries (Starzyk et al.,
1997) may indeed reflect defective decidualization
resulting from ineffective extracellular matrix
changes and/or disturbed myometrial growth
response to steroid hormones. It will not be easy,
however, to distinguish systemic steroid effects
from the local effects of interstitially invading
trophoblast.
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A completely different pathological event is the
development of acute atherosis. Atherosclerotic-like
fibrinoid necrosis with infiltration of lipid-laden
foam cells represents the histopathological char-
acteristics of this lesion, which in pregnancy-
induced hypertension develops over a shorter
time period than the typical hypertension-related
vasculopathies in non-pregnant women. Various
plasma proteins have been shown to accumulate
in atherotic spiral artery walls, suggesting excessive
vascular leakage. There is marked deposition of
fibrin, showing analogy with the ‘‘plasmatic vascu-
losis” described by Lendrum (1963) in diseased
kidneys. Other plasma protein accumulations
such as immunoglobulins, complement compo-
nents (Kitzmiller and Benirschke, 1973; Labarrere,
1988) and fibronectin (Pijnenborg et al., 1992) have
been detected in such vessels. Meekins and col-
leagues (1994b) pointed out that lipoprotein(A)
deposition is an early indicator of atherotic
change, but can also be found at low concentrations
in normal-looking physiologically changed spiral
arteries. The pathogenesis of acute atherosis is still
unknown, but an immunological element has often
been suspected. Robertson and colleagues (1967)
pointed out the histological resemblance of acute
atherosis to vascular lesions in rejected kidney
allografts, which would suggest some similarity
with a delayed maternal hypersensitivity response,
possibly directed to fetal antigens. Infiltration of
macrophage-derived foam cells sometimes occurs
in physiologically changed spiral arteries containing
mural trophoblasts (McFadyen et al., 1986; Meekins
et al., 1994a) (Figure 1.4c) and, vice versa, cytoker-
atin-positive cell remnants, doubtless of tropho-
blastic origin, are occasionally found in the wall of
atherotic arteries (Hanssens et al, 1998; Meekins
et al., 1994a) (Figure 1.4d). On the other hand, acute
atherosis also occurs in spiral arteries in the decidua
vera, thus in the absence of trophoblasts (Robertson
et al., 1986), and this will need further investigation.
Atherotic vessels in the placental bed are associated
with infarction in the overlying placental regions
(Brosens and Renaer, 1972). Extensive placental
infarction could seriously interfere with proper
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placental function. It is, however, important to
remember that acute atherosis only occurs in a
relatively small number of placental bed spiral
arteries (Khong and Robertson, 1992), and that
placental infarctions are usually restricted in extent,
so that the negative effects can normally be met
by the high reserve capacity of the placenta. In our
own collection of placental bed biopsies of pre-
eclamptic women the incidence of acute atherosis
in a biopsy containing at least one spiral artery is
on average 30% (Pijnenborg et al, unpublished
results). Another aspect of possible importance is
the depth of atherosis in the placental bed: in the
majority of cases this lesion is found within the
spiral arteries of the decidua basalis only, while an
extension to the myometrium seems to be indica-
tive for a more severe situation, as shown in the
next section.

Vascular defects in different disorders
of pregnancy

In the years immediately following the discovery
of failed physiological changes in pre-eclampsia, it
was assumed that this histopathological defect
could be considered as pathognomonic for the
disease. It was thereby thought that in other
hypertensive disorders, such as essential or chronic
hypertension, trophoblast occurred
normally, as long as no pre-eclampsia was super-
imposed on the pre-existing hypertension
(Brosens, 1977). The finding that the physiological
change of spiral arteries could also be impaired in
intrauterine growth restriction without hyperten-
sion, was initially somewhat of a surprise and led to
animated debates between different investigators
(Brosens et al., 1977; Robertson et al, 1986;
Sheppard and Bonnar, 1976, 1981). Especially the
occurrence of acute atherosis, another putative
pathognomonic feature, in non-hypertensive cases
of intrauterine growth restriction (IUGR) was under
discussion. One of the difficulties was how to
distinguish true foam cells from senescent tropho-
blasts with lipid changes, and in the long run this

invasion
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problem could only be solved after the introduc-
tion of immunohistochemical staining techniques.
Later reports confirmed restricted physiological
change in spiral arteries associated with non-
hypertensive ITUGR (Gerretsen et al, 1981; Khong
et al., 1986), with occasional occurrence of acute
atherosis (Hanssens et al., 1998; Khong, 1991).

An issue we always return to is the need for
properly defining the patient populations under
study, and particularly to distinguish the different
categories of pregnancy-associated hypertension.
Part of the problem is, of course, the ignorance
of the real nature and underlying causes of the
disease, and the uncertainty whether the
hypertension-related symptoms represented only
one or different diseases. Based upon a more
extensive classification system (Davey and
MacGillivray, 1988) a study on placental bed
biopsies from a wide range of patients was
performed (Pijnenborg et al, 1991). In this
series, acute atherosis was indeed limited to cases
of proteinuric hypertension (classical pre-
eclampsia as well as pre-eclampsia superimposed
on chronic hypertension), confirming previous
claims. Unexpectedly, in women with chronic
hypertension  (without  superimposed pre-
eclampsia) several cases with non-invaded spiral
arteries, i.e. without physiological changes, were
found. Various degrees of hyperplasia of the
vascular smooth muscle layer were observed in all
categories of hypertensive women. Unfortunately,
the group of non-proteinuric gestational hyperten-
sives was under-represented in this particular
study. In a different series it was shown later that
acute atherosis is not really restricted to pre-
eclampsia, and can also occur in non-proteinuric
pregnancy-induced hypertension (Hanssens et al,
1998). In a small series, Frusca and colleagues
(1989) found inadequate physiological change in
three out of five chronic hypertensive women, one
of them showing acute atherosis. A separate, more
recently defined category of hypertensive preg-
nancy is the so-called HELLP (hemolysis, elevated
liver enzymes and low platelets) syndrome. It is to
be expected that in such cases histopathological

findings overlap with observations in ‘“‘classical”
pre-eclampsia (Aardema et al, 2001). In our own
series, 7 out of 10 HELLP cases showed acute
atherosis, which is a much higher incidence than
observed in pre-eclampsia, and also the incidence
of atherosis in myometrial segments (5 out of
10 cases) was unexpectedly high, compared with
8% in the pre-eclamptic group (unpublished
results). These observations are compatible with
the concept that the HELLP syndrome forms part
of severe pre-eclampsia. It could be speculated that
extension of this lesion over a longer distance of
a vessel may compromise vascular function even
further, also leading to an increased release of
cytotoxic cytokines into the blood and surrounding
tissues.

Defects in placental bed development have
also been described in other groups of patients,
including women with antiphospholipid antibody
syndrome. Placentas of such cases may show
severe infarction, and acute atherosis was observed
in the attached decidual fragments (De Wolf et al.,
1982; Magid et al, 1998). However, the only
systematic study so far on placental bed biopsies
from this particular group of patients showed
higher concentrations of inflammatory cells, but
absence of atherosis (Stone et al., 2006). Recently,
disturbed invasion and defective physiological
changes were also found in cases of pre-term pre-
labor rupture of membranes, but less frequently
than in pre-eclampsia (Kim et al, 2002). In diabetic
women without hypertension, atherotic lesions
with foam cells were described by Emmrich and
colleagues (1975). In contrast, Bjork and colleagues
(1984) mentioned ““intramural fibrosis” as the only
placental bed lesion in diabetes without hyperten-
sion, but their illustrated case is clearly an example
of intimal thickening, described above as a normal
event. Also Pinkerton (1963) and Khong (1991)
failed to detect obvious placental bed defects in
such women. Also in a recent study, Jauniaux and
Burton (2006) only noted disturbed spiral artery
conversion in diabetic pregnancies which were
complicated by chronic hypertension or pre-
eclampsia. Finally, it has to be mentioned that
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also in some apparently normal pregnancies with
normal fetal growth, defective physiological
changes and pathologic lesions, even including
atherosis, have been observed (Aardema et al.,
2001; Hanssens et al., 1998).

In summary, the results of all these studies
indicate that the former black-and-white picture
has been replaced by the more subtle concept of
a spectrum of histopathological changes that
may occur throughout different disorders of
pregnancy. Such a concept is also more in line
with present ideas on the complexity of pregnancy-
associated diseases (Brown et al., 2000), which
may represent different patterns of maternal
pathophysiological response to early implantation
or placentation defects (Roberts and Lain, 2002).
In an extreme situation, when the mother cannot
cope with defective early placentation, sponta-
neous early miscarriage would occur. Indeed,
specimens of spontaneous miscarriage often show
defective trophoblast invasion and physiological
change in spiral arteries (Hustin et al, 1990; Khong
et al., 1987), and this has also been shown to be the
case for early pregnancy losses in women with
antiphospholipid syndrome (Sebire et al., 2002).

Conclusions

The discovery of physiological changes in spiral
arteries and its defect in pre-eclampsia provided
a major advance in the understanding of pre-
eclampsia and pregnancy-associated hypertension
in general. These findings highlighted the impor-
tance of trophoblast invasion, an aspect of placen-
tation which until then was merely regarded as a
curiosity without obvious meaning. Extensive clin-
ical studies led to the realization that pregnancy-
induced hypertension is a complex process,
which usually finds its cause in early pregnancy,
but may depend on different maternal physiolog-
ical responses. This may be reflected by the
variable patterns of histopathological change in
the placental bed, illustrating a spectrum of arterial
changes in different pregnancy complications,
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rather than a black-and-white picture of patho-
gnomonic well-defined lesions. Advance in the
field needs a double approach, requiring on the
one hand better clinical and physiological char-
acterization of patients, and on the other hand a
better understanding of the cellular aspects of
placentation and trophoblast invasion.
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Development of the utero-placental circulation:
purported mechanisms for cytotrophoblast invasion
in normal pregnancy and pre-eclampsia

Fiona Lyall

Introduction: the placental bed

The placental bed underlies the fetal placenta
and includes the decidua basalis and the under-
lying myometrium containing the uterine
spiral arteries. In order to establish human
hemochorial placentation and to provide a
progressive increase in blood supply to the
growing fetus, the placental bed spiral arteries
must undergo considerable alterations. These
physiological modifications are thought to be
brought about by the interaction of invasive
cytotrophoblast with the spiral artery vessel
wall. Failure of spiral artery transformation is
thought to play an important role in the sequence
of events which gives rise to pre-eclampsia.
The mechanisms that control human trophoblast
invasion in normal, let alone abnormal pregnancy,
are still poorly understood. This is partly due to
difficulties in obtaining ‘“true” placental bed
biopsies.

Much of the information on the early physio-
logical changes within the placental bed comes
from unique studies on intact hysterectomy
specimens (Pijnenborg et al, 1981) Details of
trophoblast invasion during late pregnancy and
in pregnancies complicated by pre-eclampsia
and fetal growth restriction is principally derived
from the study of placental bed biopsies taken
at the time of Cesarean section. Placental bed
biopsies may not be representative of the whole
placental bed. To help circumvent this problem,

multiple biopsies combined with large numbers
of cases should help to provide a more representa-
tive picture. The entire blood vessel will not be
present in a single biopsy, thus limiting our
interpretation of what is happening along its
full length. Great care must be taken in
distinguishing between veins and transformed
spiral arteries, and mistakes can easily be made.
The methods of sampling the placental bed along
with advantages, pitfalls and success rates have
recently been reviewed elsewhere (Lyall, 2002).
Due to the difficulties in obtaining placental
bed biopsies, many investigators have relied on
in vitro models of trophoblast invasion. While
in vitro models can be extremely useful in
dissecting out some of these processes, the invasive
process is no longer occurring in its natural
environment and may be open to artefacts.
Thus the interpretation of such studies must
be tempered with a degree of caution. The
mechanisms underlying normal and failed tro-
phoblast invasion appear to be complex.
Evidence to date suggests that these will
involve several factors. In this chapter the
mechanisms which control the invasion of tro-
phoblast into the decidua and myometrium are
reviewed. Along with this is a review of the
purported mechanisms underlying failed spiral
artery transformation. Particular emphasis has
been placed on topics which, in the author’s
opinion, have been where the most exciting
developments have been made.



Extravillous trophoblast

Extravillous trophoblast (EVT) is made up of all
trophoblasts found outside the villi. EVT are
primarily mononuclear cells, although syncytial or
multinucleated cells are also found, mainly in the
deeper parts of the junctional zone. EVT are found
in the chorionic plate, the smooth chorion, cell
islands, cell columns, the basal plate, the placental
septa and in the walls and lumen of uteroplacental
vessels. EVT is a highly migratory, proliferative and
invasive population of cells which emerge from
tips of anchoring villi. Trophoblast invasion of
the uterus involves attachment of the cells to the
extracellular matrix, degradation of the matrix
and subsequent migration. It is a tightly controlled
process regulated by decidual cells, the trophoblast
cells themselves and many diffusible factors
within the placental bed.

Trophoblast invasion during normal
pregnancy and pre-eclampsia

The basic changes that occur as cytotrophoblasts
invade the uterus has been covered in much
more detail in the chapter by Dr. Pijnenborg.
EVT proliferate from the tips of anchoring chori-
onic villi to form a shell lining the uterine cavity.
Two populations of EVT can be identified.
Interstitial cytotrophoblasts invade the decidual
stroma and superficial myometrium (Pijnenborg
et al, 1981, 1983). The second population of EVT
are endovascular cytotrophoblasts, which invade
the lumen of the spiral arteries (Robertson et al,
1986). This process of trophoblast invasion leads to
the transformation of the normally small muscular
arteries into distended flaccid vessels. Myometrial
arteries from women with pre-eclampsia often fail
to show evidence of physiological change (Brosens
et al, 1972; Pijnenborg et al, 1991). Decidual
arteries also often show abnormalities (Khong
et al, 1986; Meekins et al, 1994). The result of
these defective vascular changes is that blood flow
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into the intervillous space is dramatically reduced
in pre-eclampsia.

Markers of trophoblast

To study the mechanisms controlling trophoblast
invasion it is important to be able to identify
proliferating and/or extravillous trophoblast.
Proliferation markers used include Ki-67, MIB-1,
antibodies against proliferating cell nuclear antigen
(PCNA) or 3H-thymidine (Bulmer et al., 1988;
King and Blankenship, 1993; Kohnen et al., 1993;
Kosanke, 1994; Miihlhauser et al, 1993).
Cytokeratins are related to differentiation and
proliferation of epithelial cells and this appears
to include trophoblast cells. Thus cytokeratin
antibodies are often used to identify EVT
(Miihlhauser et al, 1993). These studies have
shown that trophoblasts express different cytoker-
atins according to their state of differentiation and
development.

Trophoblast invasion: the extracellular
matrix and cell adhesion molecules

Cell adhesion molecules (CAMs) expressed on the
surface of invasive cytotrophoblasts interact with
the extracellular matrix (ECM) in the decidua to
control invasion. The ECM of tissues is composed
of a variety of proteins and polysaccharides
assembled into an organized meshwork and are
mainly produced by cells within the matrix (Alberts
et al., 1994; Birk et al., 1991; Kreis and Vale, 1993).
In most connective tissues, matrix molecules are
secreted by fibroblasts or overlying epithelial
sheets. The two main classes of molecules that
make up the matrix are (i) polysaccharide chains of
the glycosaminoglycan (GAG) class and (ii) fibrous
proteins of two functional types: those which are
mainly structural, e.g. collagen and elastin, and
those which mainly play a role in attachment,
e.g. fibronectin and laminin.
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Cell adhesion molecules

The adhesion of cells to each other, to other
cell types and to the ECM relies on the expression
of CAMs and their ligands. At implantation,
the trophoectoderm attaches to the uterine
epithelial surface and CAMs play a major role.
Interstitial and intravascular invasion of maternal
tissue by trophoblast requires a new repertoire
of CAM expression. Understanding the part
played by adhesion molecules in pregnancy is
paramount because pre-eclampsia as well as
several pregnancy-associated disorders including
fetal growth restriction, miscarriage and infertility
problems have been linked to abnormalities in
expression of particular CAMs and/or their ligands
(Lyall, 1998). The majority of CAMs fall into one of
four families: the immunoglobulin superfamily,
the integrins, the selectins and the cadherins.

The cadherins include E-, N-, P-, R-, B- and
VE-cadherins. The integrins bind to extracellular
matrix proteins (fibronectin, fibrinogen, laminin,
collagen, thrombospondin, vitronectin and von
Willebrand factor) and to members of the immu-
noglobulin superfamily such as intercellular
adhesion molecule (ICAM)-1, 2 and 3, and vascular
cell adhesion molecule (VCAM). All integrins
are made up of two subunits, o and B. The off
pairing determines the binding specificities.
The immunoglobulin family can act as calcium-
independent intercellular adhesion molecules,
signal-transducing receptors, or both. This
family includes platelet endothelial cell adhesion
molecule (PECAM-1), VCAM-1 and ICAM-1, 2 and
3. Although interactions between identical and
non-identical family members are common
amongst members of the immunoglobulin super-
family, non-members have also been identified as
ligands. These include LFA-1 and Mac-1 which
bind ICAM-1 and VLA-4 and «4p7 which bind
VCAM-1. Additional receptors include components
of the ECM including collagen, heparin and
heparan sulfate. Selectins are a group of cell
adhesion molecules that bind to carbohydrates
expressed on cells. The three members of this

family, E, P and L-selectin, are involved in
leukocyte extravasation.

Cytotrophoblast invasion and
cell adhesion molecules

Cytotrophoblast invasion is analogous to tumor
progression. It is accompanied by a reduction in
proliferation as well as expression of specific
proteinases (Fisher et al, 1989; Vicovac and
Aplin, 1996). All highly invasive cells have
altered expression of CAM phenotypes and
matrix-degrading enzymes (Alexander and Werb,
1991). This is also the case for invasive
cytotrophoblast.

In vivo studies suggest cytotrophoblast
invasion is associated with switching
of integrins and altered extracellular
matrix expression

Much of the information on the mechanisms
of human trophoblast invasion has come from
studies on placental bed biopsies; these contain
basal decidua and underlying myometrium
with one or more uteroplacental (spiral) arteries.
Immunohistochemical approaches have been
used to study adhesion molecules and ECM
components on first-trimester implantation sites.
It is important to note that adhesion by integrins
can also be mediated by switching from high- to
low-affinity states without altered expression
(Mould et al, 1995). Such studies suggest that
marked changes in the expression of adhesion
molecules and ECM components occur in parallel
to the spatial distribution of cytotrophoblasts from
the chorionic villi through to the uterine wall;
however, the exact timing of these changes is
unknown.

In the villi, where cytotrophoblasts exist as an
epithelial monolayer anchored to the trophoblast
basement membrane, trophoblast cells express
integrin ECM receptors typical of many polarized



epithelia (Carter et al, 1990; Larjava et al., 1990).
a6/B4 is the major integrin expressed by cytotro-
phoblasts in villi (Aplin, 1993; Burrows et al., 1994;
Damsky et al.,, 1992, 1994; Korhonen et al., 1991),
while about a third of villous cytotrophoblasts
weakly express o3/p1. Within cell columns, where
cytotrophoblasts are no longer associated with
the basement membrane, fibronectin and
collagen 1V are no longer expressed. There is also
a selective down-regulation of laminin production
by cytotrophoblast (Church et al., 1997; Damsky
et al., 1992; Leivo et al, 1989). The o3 integrin is
no longer detectable; however, 06/pf4 remains
intensely expressed (Damsky et al, 1992).
Absence of proteins may also be due to the activity
of matrix-degrading enzymes.

In the distal regions of the columns, cellular
fibronectin (A*B*) and collagen IV expression
increases (Damsky et al, 1992), moreover, onco-
fetal fibronectin can be found (Feinberg and
Kliman, 1993). The source of these is probably
the cytotrophoblast. Matching the increase in
fibronectin is a marked increase in the o5/p1
subunits of the fibronectin receptor on cytotropho-
blast cells (MacCalman and Chen, 1998), while the
laminin receptor «6/p4 decreases (Aplin, 1993;
Damsky et al., 1992), although one study identified
o6 in at least some cytotrophoblasts infiltrating the
decidua (Aplin et al., 1990).

Within the placental bed cytotrophoblast cells
exist as single cells or clusters of cells. Here they
express o1/B1 and o5/f1 integrins (Damsky et al.,
1992). In this area, decidual cells express o1/f1 and
a6/Pf1 integrins (Damsky et al, 1992) and they
interact primarily with matrix associated with
maternal cells, i.e. fibronectin ATB™, collagen IV
and laminins A («1), B1 (B1), B2 (y1) and M (a2).
Different from the basal layer of stem cells,
secretion of the ECM is not polarized but appears
all over the surface of the cells (Castellucci et al.,
1991; Huppertz et al., 1996). The matrix is no longer
homogenous but shows a patchy mosaic pattern.
Collagen IV laminin, heparan sulfate, fibronectins
and vitronectins can be detected but not collagens
1, III, VI or fibrin.
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In vitro studies also suggest that invasion
is associated with switching of integrin
repertoires

Studies have been performed on cytotrophoblasts
isolated from first-trimester human placentas.
The cells are plated onto a porous filter coated
with a reconstituted basement membrane
material, matrigel. The isolated cytotrophoblasts
attach, migrate and form aggregates and then
penetrate the matrigel (Damsky et al, 1994).
Cytotrophoblasts within the matrigel produce
ECM molecules characteristic of those produced
by cells about to enter the uterine wall, i.e.
fibronectin, type IV collagen and laminins A (1),
Bl (B1) and B2 (y1). The integrin pattern also
generally matches that seen
strong immunostaining for f1, o1 and o5 subunits
while B4 and o6 immunostaining is markedly
reduced (Damsky et al., 1994).

Antibody perturbation studies suggest that
cytotrophoblast—fibronectin and  cytotropho-
blast—collagen/laminin interactions appear to
have opposing effects (Damsky et al, 1994;
Librach et al, 1991a). ol/B1-laminin/collagen
interactions promote
B1—fibronectin interactions restrain invasion. Late
gestation cytotrophoblasts, which have a greatly
decreased invasive capacity, are unable to upregu-

in vivo, i.e.

invasion whereas a5/

late o1/f1, providing further evidence that «1/f1,
is important for invasion. Studies to identify
the mechanisms involved in cytotrophoblast
invasion have also been performed using villous
tissue parietalis
(Vicovac et al, 1995). In this model, contact
with the decidua stimulates formation of columns.
The columns show similar alterations to those
seen in vivo, including induction of «5/f1
and loss of o6/p4. However, not all studies
agree; one study has shown that blocking «5/f31
inhibits trophoblast invasion in vitro (Irving
and Lala, 1995). Differences in findings may
reflect unknown differences
conditions.

co-cultured with decidua

in experimental
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Invading cytotrophoblast cells express
endothelial CAMs

More recent studies have suggested that cytotro-
phoblast cells that invade spiral arteries switch
their adhesion molecule repertoire so as to mimic
an endothelial phenotype (Zhou et al, 1997a).
Immunohistochemistry performed on chorionic
villi and placental bed biopsies demonstrated
the following: in second-trimester tissue, of
the av integrins, av/B5 was detected on cytotro-
phoblast on chorionic villi and av/p6 was detected
at sites of column formation and on the first
cell layers. However, ov/f3 expression was
enhanced on cytotrophoblasts that had invaded
the uterine wall and maternal vasculature but
was weak on villous cytotrophoblast or initial
layers of the cell columns.

E-cadherin expression is intense on cytotropho-
blasts in contact with one another and on syncy-
tiotrophoblasts. It is reduced on cytotrophoblasts
in cell columns near the uterine wall and on
cytotrophoblasts within the decidua or maternal
blood vessels (MacCalman et al., 1995; Winterhager
et al, 1996; Zhou et al., 1997a). Paradoxically,
E-cadherin expression is intense in cytotrophoblast
in all locations in term placentae, a time when
cytotrophoblast invasion is minimal. A marked
reduction in E-cadherin expression occurs during
synctialization (Coutifaris et al, 1991). Antibodies
against E-cadherin blocked formation of the
syncytium. VE-cadherin is present on endothelium
of fetal blood vessels, absent on villous cytotro-
phoblast but present on cytotrophoblasts on
cell columns and in the decidua and on unmodi-
(Zhou et al, 1997a).
in maternal blood vessels

fied maternal vessels
Cytotrophoblasts
express VE-cadherin strongly. Parallel in vitro
studies largely supported these findings.

Zhou et al. (1997a) reported that VCAM-1,
PECAM-1 and E-selectin are expressed during
cytotrophoblast invasion. Neither VCAM-1 or
PECAM-1 were expressed on villous cytotropho-
blasts but were expressed on cytotrophoblast
within the uterine wall, on endovascular

cytotrophoblasts and on maternal endothelium.
Studies by Coukos et al. (1998) have shown that
on first-trimester implantation sites only, intersti-
tial EVT and endovascular trophoblast immuno-
stain positively for PECAM-1. Cytotrophoblasts
in cell columns express the o4 subunit of the
VCAM-1 receptor and in vitro data support the
possibility that this pair could be involved in
cytotrophoblast—cytotrophoblast or cytotropho-
blast—endothelial interactions during endovascular
invasion (Zhou et al., 1997a). A number of papers
report different findings. Three studies (Divers
et al., 1995; Lyall et al, 2001a; Pijnenborg et al,
1998) found that while villous endothelial cells
and endothelial cells of spiral arteries were
PECAM-positive, all cytotrophoblast cells in
villous tissue and cytotrophoblast in the placental
bed and associated with spiral arteries were
PECAM-negative. ~Since spiral arteries are
re-endothelialized in the third trimester, one
possibility for these differences is that PECAM-
positive cells lining spiral arteries are being
mistaken for cytotrophoblast cells but may be
endothelial in origin. In early pregnancy NCAM-
positive EVT cells are abundant in all parts of the
basal plate, including intraluminal trophoblast
cells in the rhesus monkey (King and
Blankenship, 1995). These findings have been
confirmed in humans (King and Loke, 1988).
ICAM-1 is expressed on maternal endothelial
cells, large granular lymphocytes, macrophages,
interstitial trophoblast around uteroplacental
vessels and intravascular trophoblast (Burrows
et al., 1994).

Cytotrophoblast invasion, CAMs
and pre-eclampsia

Pre-eclampsia is associated with failed trophoblast
Immunocytochemical studies have
shown that pre-eclampsia is associated with
abnormal expression of integrins by invasive
cytotrophoblasts. Zhou et al. (1993) reported that
in pre-eclampsia cytotrophoblasts in floating villi,

invasion.



in contrast to normal pregnancy, failed to down-
regulate o6Bf4 and up-regulate ol1fl in distal
columns and in the uterine wall. Expression of
cytotrophoblast-associated ECM appeared to be
generally unaltered. In pre-eclampsia, cytotropho-
blasts were reported to not express the same
repertoire of endothelial CAMs as those from
normal pregnancies (Zhou et al, 1997a, 1997b).
Pre-eclampsia was associated with differences in
all three oV family members. In pre-eclampsia,
fewer villous cytotrophoblast cells were positive
for B5. In pre-eclampsia, ovp6 staining was
increased and extended beyond the columns
into the superficial decidua. In pre-eclampsia,
avfB3 immunostaining was absent. Also in pre-
eclampsia, cytotrophoblast E-cadherin expression
remained strong on invasive cytotrophoblast and
VE-cadherin was not detected on any cytotropho-
blast in the placental bed. Finally, this group have
studied CAMs associated with leukocyte migration
in pre-eclampsia cases. VCAM-1 was not expressed
by decidual cytotrophoblasts and PECAM-1 expres-
sion was not present in column or decidual
cytotrophoblasts. The expression of E-selectin in
pre-eclampsia was not reported.

Others have not been able to confirm all these
findings. Divers et al. (1995) reported no differ-
ences in integrin expression in the amniochorion
and the placental basal plate of women with pre-
eclampsia and normal pregnancies. Furthermore,
others (Lyall et al, 2001a; Pijnenborg et al., 1998)
failed to identify PECAM-1 on cytotrophoblasts
in placental bed biopsies taken from normal or
pre-eclampsia cases. Further studies are required
before this can be resolved unequivocally.

Labarrere and Faulk (1995) reported that endo-
vascular EVT of decidual vessels were ICAM-
1-negative in normal pregnancies. However, in
pre-eclampsia and fetal growth restriction in
spiral arteries which did contain endovascular
trophoblast, the cells were ICAM-1-positive. These
vessels were surrounded by numerous macro-
phages and T lymphocytes, suggesting ICAM-1
up-regulation may be mediated by -cytokines
released from the surrounding inflammatory cells.
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In a recent study of EVT in placental tissue
collected from normal pregnancies and pregnan-
cies complicated by fetal growth restriction,
VCAM-1, 21, «3B1 and o5B1 expression on
EVT were all reported to be reduced in the fetal
growth restriction group when compared with the
controls (Zygmunt et al, 1997). ICAM-3 was also
expressed on EVT and expression was upregulated
in the EVT of fetal growth restriction placentae.
No differences were noted for ICAM-1, ICAM-2,
04B1 and a6p1.

The nitric oxide synthase/nitric oxide
pathway and trophoblast invasion

Human placental syncytiotrophoblasts express
endothelial eNOS but not inducible iNOS. eNOS
is also expressed on villous endothelial cells
and NO produced from these cells is believed to
be an important vasodilator within the placental
vasculature (Lyall, 2003). Pijnenborg et al. (1983)
suggested that interstitial cytotrophoblast close to
spiral arteries may produce vasoactive mediators.
Nanaev et al. (1995) reported that guinea pig
interstitial trophoblast expressed eNOS and iNOS.
Their results suggested, at least in the guinea pig,
that local production of NO by invading cytotro-
phoblasts may be an important mediator of spiral
artery transformation. The studies of Lyall et al
(1999) on placental/decidual tissue revealed that
while syncytiotrophoblasts were eNOS-positive,
the cytotrophoblast cells of cell columns were
eNOS-negative. Examination of placental bed
specimens showed positive eNOS staining on the
spiral artery vessel endothelium but cytokeratin-
positive interstitial cytotrophoblast never showed
eNOS immunostaining. None of the trophoblast
cells within the vessels expressed eNOS. With
regard to iNOS, no expression was found either
on cytotrophoblasts within cytotrophoblast cell
columns, in cytotrophoblast cell islands, intersti-
tially or as they surrounded blood vessels. These
findings strongly suggest that cytotrophoblast-
derived NO is not responsible for dilatation of the
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spiral arteries during human placentation. Finally,
there were no differences in NOS expression on
invasive cytotrophoblasts within the placental bed
of cases complicated by pre-eclampsia or fetal
growth restriction. Direct comparison of the animal
studies with results in humans is difficult because
human placentation differs from the guinea pig
and cell columns do not exist in rodents.
Furthermore, the NOS isoforms expressed in the
guinea pig differ from humans.

The carbon monoxide/hemeoxygenase
pathway and trophoblast invasion

Carbon monoxide (CO) is produced by heme-
oxygenase (HO), an enzyme that cleaves heme, to
produce biliverdin and CO (Maines, 1988, 1993;
Zakhary et al., 1996). CO, like nitric oxide, produces
the second messenger cGMP. HO consists of three
homologous isoenzymes: HO-1 is inducible and
HO-2 is constitutive. HO-1 is expressed in the
spleen and liver, where it is responsible for the
destruction of heme from red blood cells. HO-1 can
be induced by numerous stimuli. The actions of
HO-1 rid cells of pro-oxidants. HO-2 is widely
distributed throughout the body. It has been
proposed that HO-2 and eNOS may have compli-
mentary and co-ordinated physiological roles
(Verma et al., 1993). HO-3 has little activity. CO
acts as a neurotransmitter, inhibits platelet aggre-
gation and is a vascular smooth muscle relaxant
(Maines 1988, 1993; Verma et al., 1993; Zakhary
et al., 1996). The similarities between NO and CO
effects led to investigations as to whether CO may
contribute to spiral artery dilatation or placental
blood flow (Lyall et al., 2000). In the first trimester,
HO-2 was primarily localized to the trophoblast
layer and only occasionally was light staining noted
on endothelial cells. Trophoblast immunostaining
was reduced in third-trimester samples compared
with both first- and second-trimester samples. In
contrast, endothelial immunostaining was greater
in second- compared to first-trimester samples and
greater in third- compared to second-trimester

samples. Functional studies where HO-2 activity
was blocked in the isolated perfumed placenta
showed that HO-2 inhibition increased placental
perfusion pressure.

HO-2 on syncytiotrophoblast may have similar
roles to those proposed for eNOS: NO produced by
syncytiotrophoblast has at least three physiological
targets: the intervillous space, autocrine effects on
trophoblast function, and paracrine interactions
with villous core components. Nitric oxide inhibits
platelet aggregation and leukocyte adhesion while
modulating the immune response. Similar effects
by CO produced by syncytiotrophoblast would
benefit both maternal blood flow through the
intervillous space and the avoidance of immune
recognition of the feto-placental allograft. The
same group subsequently reported that placental
endothelial HO-2 expression was significantly
reduced in pregnancies complicated by pre-
eclampsia and fetal growth restriction but HO-1
was unaffected (Barber et al, 2001). Thus the
reduction in HO-2 expression on endothelial cells
in pre-eclampsia and fetal growth restriction could
contribute to the reduction of blood flow. Within
the placental bed all EVT were positive for HO-2.
No differences in HO-2 or HO-1 immunostaining
on extravillous cytotrophoblast within the placen-
tal bed in pre-eclampsia or fetal growth restriction.
The expression of HO-2 by invasive cytotropho-
blasts opens the possibility that CO could be
produced from these cells and contribute to spiral
artery dilatation. The expression of HO-1 was very
low in all the cells in the placenta and placental
bed, supporting the notion that HO-1 is expressed
at low levels in the human placenta.

Matrix metalloproteinases and
their tissue inhibitors

Matrix metalloproteinases (MMPs) are a family
of proteolytic enzymes which play a pivotal role
in invasion processes by degrading basement
membranes and ECM components (Nawrocki
et al., 1997). The MMPs are secreted into the



ECM as inactive proforms and therefore must be
cleaved to be activated. There are four main groups
of MMPs (Hulboy et al, 1997). Collagenases
(e.g. MMP-1, MMP-8, MMP-13), which primarily
degrade fibrillar collagens I, II and III; gelatinases
(e.g. MMP-2, MMP-9), which primarily degrade
denatured collagens (gelatin) and collagen IV;
stromelysins (e.g. MMP-3, MMP-7, MMP-10,
MMP-11, MMP-12) have a much wider range of
substrates, including fibronectin, laminin, elastin,
proteoglycans and collagens III, IV, V and IX; and
membrane-type matrix metalloelastases (e.g.
MMP-14, MMP-15, MMP-16, MMP-17) are located
at cell surfaces and their substrate specificities
are unclear, although they appear to activate
progelatinase-A. Natural inhibitors of MMPs can
be divided into plasma (o macroglobulins) and
tissue inhibitors (TIMPs) (Hulboy et al, 1997).
There are four tissue inhibitors of MMPs (TIMPs):
TIMP-1 inhibits all activated MMPs and both
latent and activated MMP-9; TIMP-2 blocks activity
of all active MMPs. TIMPs-3 and 4 are less well-
characterized.

Human implantation requires that trophoblast
cells become highly invasive, a process analogous
to tumor invasion (Lala and Graham, 1990)
but trophoblast invasion is tightly regulated. The
trophoblast cells must break through the maternal
ECM. This requires the degradation of the matrix
and is thought to involve several MMPs and TIMPs.
Normal invasion is achieved by a balance between
secretion of MMPs by trophoblasts and decidual
cells and their inhibition by TIMPs produced by the
same cells. Abnormalities in these processes could
lead to excessive invasion, such as in placenta
accreta, invasive moles or choriocarcinoma or
restricted invasion as in early pregnancy failure,
pre-eclampsia and fetal growth restriction.

MMPs and TIMPs in normal pregnancy

Cultured trophoblast secretes MMP-1. Both protein
and mRNA for MMP-1 are found in trophoblast
columns and invading trophoblast. MMP-1 protein
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is present on invasive trophoblast in the second
and third trimester. MMP-1 staining was more
intense in deeply invaded trophoblast where
cells are more in contact with decidual tissue rich
in interstitial collagens (Huppertz et al, 1998a;
Vettraino et al., 1996).

Cultured first-trimester cytotrophoblast cells
secrete MMP-2 and MMP-9 and this secretion
appears to be linked to surface integrin expression
(Bischof et al., 1991, 1995a; Emonard et al., 1990;
Librach et al, 1991b). Blocking MMP-9 in vitro
inhibited invasion while inhibitors of MMP-1 had
no effect (Librach et al., 1991b). Cytokines such as
IL-1B, leukemia inhibitory factor (LIF) and corti-
costeroids may regulate MMP release and invasion
(Bischof et al., 1995b; Librach et al., 1994). Studies
on leukocytes
decidua have also shown that all populations of
leucocytes secrete both MMP-2 and MMP-9 (Shi
et al., 1995). Studies on first-trimester placentae
have confirmed that MMP-2 is present in all types
of trophoblast and decidual cells (Autio-
Harmainen et al., 1992; Fernandez et al, 1992).
MMP-2 and -9 are expressed in early invasive
trophoblast (Hurskainen et al., 1996; Polette et al.,
1994) but not at term (Polette et al., 1994). MMP-3
is expressed in the placenta and EVT express MMP-
3 over the entire invasive pathway (Vettraino et al.,
1996). Invading trophoblasts express MMP-11 in
the first trimester while anchoring cells of columns
and decidual cells do not. Expression is reduced in
the third trimester (Maquoi et al., 1997). MMP-14
has been observed in columns and infiltrating EVT
in decidual membranes and decidual cells in the
first and third trimester (Nawrocki et al., 1996). The
parallel expression of MMP-2 by EVT in cell
islands, anchoring villi and in invading tropho-
blasts, as well as some decidual cells, suggests that

obtained from first-trimester

these cells may use the MMP-14 pathway to
activate MMP-2 (Bjorn et al., 1997).

In vitro cytotrophoblast cells express primarily
TIMP-3 and highest levels were expressed
on invasive cells and with MMP-9 expression
(Bass et al, 1997). In vivo studies suggest TIMPs
appear to be largely restricted to decidual cells;
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Nawrocki et al. (1997) reported that TIMP-1, 2 and
3 were expressed in first-trimester decidual cells
and that TIMP-1 and TIMP-3 were up-regulated in
the third trimester. Ruck et al found TIMP-2
expression in cell columns (Ruck et al., 1997) and
others have found TIMP-1, 2 and 3 expressed in cell
columns and decidualized stromal cells of early
placenta (Hurskainen et al., 1996). Huppertz et al.
(1998b) reported that TIMP-1 and TIMP-2 were
expressed in EVT throughout pregnancy, although
proliferative EVT were negative for TIMP-2. In vitro
both TIMP-1 and TIMP-2 completely inhibit
cytotrophoblast invasion (Librach et al, 1991b).
In summary, the evidence above supports MMP-1,
MMP-2, MMP-3, MMP-7, MMP-9, MMP-11 and
TIMPs-1-3 involvement in normal trophoblast
invasion of decidua. There are inconsistencies in
the literature on decidual invasion, a lack of
accurate gestational dates and an absence of data
on myometrial invasion.

MMPs and TIMPs in pre-eclampsia

There is much less known about pre-eclampsia.
The inactive MMP-9 is the principle MMP secreted
from cytotrophoblast cultures prepared from
cases of pre-eclampsia whereas the active form is
more abundant in uncomplicated pregnancies
(Lim et al., 1997). Purified cytotrophoblast cells
from the cases of pre-eclampsia showed reduced
invasive potential and failed to modulate expres-
sion of MMP-9. In vivo data are also limited; a
study of two placenta with attached decidua
reported that in pre-eclampsia, MMP-7 was
expressed in cytotrophoblasts and syncytiotropho-
blasts, decidual cells and EVT while in normal
pregnancy cytotrophoblast and syncytial staining
was absent at term and only present in early
pregnancy (Vettraino ef al., 1996). MMP-1 expres-
sion is reduced in decidual endothelial cells
prepared from women with pre-eclampsia. The
authors suggested that this may inhibit endovas-
cular invasion by cytotrophoblasts.

Transforming growth factor-gs and
trophoblast invasion in normal pregnancy
and pre-eclampsia

Transforming growth factor-fs (TGF-Bs) are
members of a large superfamily of cytokines
(Pepper, 1997). The TGF family is composed of
three related proteins, TGF-f1, 2 and 3. TGF-fs
act through receptors designated types I, II
and III. TGF-B, produced primarily by the
decidua, may regulate trophoblast invasion (Lala
and Hamilton, 1996). Expression of TGF-B3 in
placental villous tissue was reported to be low at
5—6weeks’ gestation, peaking at 7—8 weeks’ gesta-
tion and virtually undetectable by 9weeks
(Caniggia et al., 1999). Interpretation of these
findings is not straightforward for several reasons
(Simpson et al., 2002). Simpson et al. examined
the expression of TGF-B1, 2 and 3 in placental
bed biopsies and placentae from 7-19weeks’
gestation. TGF-f1 protein was undetectable using
Western blot analysis but RT-PCR confirmed
the presence of TGF-f1 mRNA in placental homo-
genates between 7 and 19 weeks’ gestation. TGF-2
was produced in both the placenta and placental
bed, where it was localized mainly to cytotropho-
blast islands and decidua. Villous trophoblast
was consistently negative. Much lower levels of
TGF-B3 were present in placental homogenates.
Immunolocalization studies showed little reac-
tivity for TGF-B3 in placenta. Levels of TGF-f1,
TGF-B2 and TGF-f3 did not change between 7 and
19weeks of pregnancy. These results suggest that
TGF-B2, but not TGF-f1 or TGF-f3, may play a role
in trophoblast invasion. Specifically, a dramatic
reduction in trophoblast TGF-B3 expression at the
time of the first or second wave of trophoblast
invasion was not found.

Interpretation of early immunohistochemical
studies of TGF-f in the human placenta is
confounded by the use of antibodies which are
not specific for individual isoforms (Lysiak, 1995;
Selick et al., 1994; Vuckovic et al., 1992). More
recent studies, including the one by Simpson et al.,
each isoform.

used antibodies specific for



Comparison of studies is further confounded by
the variability of techniques used for tissue prepa-
ration. Many studies have reported results only
for total TGF protein, much of which is latent.
Incorporation of an ELISA immunoassay, which
measures only bioactive forms, is therefore likely to
yield more functionally relevant information.

There is evidence that TGF-f can regulate
trophoblast invasion in vitro, although the data
are not consistent (Bass et al, 1994; Caniggia et al.,
1999; Graham et al, 1992). It is not clear why
in vitro data are not consistent between groups but
the discrepancies may be related to the cell
preparation techniques or the culture conditions
employed.

Caniggia et al. (1999) reported that TGF-B3 is
over-expressed in the placenta of pre-eclampsia
patients and that this may be responsible for failed
trophoblast invasion. In the same study it was also
shown that explants from pre-eclampsia placentas
failed to show outgrowth or invasion. However,
interpretation of these data is not straightforward
since interstitial migration of EVT into the decidua
and myometrium proceeds normally in pre-
eclampsia. Others have used immunohistochem-
istry, Western blot analysis and ELISA to examine
the expression of TGF-1, TGF-B2 and TGF-B3 in
placenta and placental bed of pregnancies compli-
cated by pre-eclampsia, fetal growth restriction
and matched control pregnancies (Lyall et al.,
2001b). No changes in expression of either isoform
were found in placenta or placental bed in pre-
eclampsia or fetal growth restriction compared
with normal pregnancy. These data are not
consistent with over-expression of TGF-f3 being
responsible for failed trophoblast invasion in
pre-eclamspia or fetal growth restriction.

Oxygen tension and trophoblast invasion in
normal pregnancy and pre-eclampsia

Oxygen tension at the feto-maternal interface
may, at least in part, be responsible for some of
the changes associated with cytotrophoblast
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proliferation and invasion. There is no real blood
flow into the intervillous space prior to 10 weeks’
gestation (Hustin and Schapps, 1987). Thereafter,
with dissolution of the trophoblast plugs, inter-
villous blood flow increases. Oxygen pressure in the
intervillous space increases from 17.9 +6.9 mmHg
at 8—10weeks’ gestation to 60.7+8.5mmHg at
12—13 weeks’ gestation as a result of remodeling
of the spiral arteries (Rodesch et al., 1992).

Pre-eclampsia and fetal growth restriction have
been reported to be associated with placental
hypoxia, although this is controversial (Kingdom
and Kaufmann, 1997). Oxygen concentration can
alter the expression of many different proteins.
In vitro, cytotrophoblasts from first- and second-
trimester placentae grown under hypoxic condi-
tions (2% oxygen) fail to up-regulate the integrin
a1P1 (just as in pre-eclampsia) but do up-regulate
a5B1 (Genbacev et al., 1996).

Isolated first-trimester cytotrophoblast cultured
on an ECM in 20% oxygen will invade the matrix
(Fisher et al., 1989). First-trimester villi which have
been explanted onto matrigel and cultured in 20%
oxygen form new invasive sites at the tips of the
explants (Aplin et al., 1999; Genbacev et al., 1997;
Vicovac and Aplin, 1996), while those cultured in
2% oxygen are maintained in a proliferative, non-
invasive immature state (Caniggia et al, 2000a,
2000b; Genbacev et al., 1997; Zhou et al., 1998).
Cytotrophoblasts cultured in low oxygen do not
undergo the switch in integrin receptors normally
found as the invasive phenotype is acquired
(Genbacev et al., 1997). Several studies have
examined other responses of trophoblasts to low
oxygen including increased production of inflam-
matory cytokines, vascular endothelial growth
factor (VEGF), PAI-1 and syncytialization (Alsat
et al., 1996; Benyo et al., 1997; Taylor et al., 1997).

The effects of oxygen are mediated by transcrip-
tion factors such as hypoxia inducible factor 1
(HIF-1a), a nuclear protein which activates gene
transcription in response to low concentrations of
oxygen (Semenza, 1998). Caniggia et al (2000)
reported that placental expression of TGF-f3
paralleled that of HIF-1a. Expression of mRNA for
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both decreased at 9—12 weeks’ gestation. A similar
reduction in HIF-lo and TGF-B3 was found in
explants cultured with increasing oxygen concen-
trations. Inhibition of HIF-1a inhibited expression
of TGF-B3 mRNA, reduced trophoblast prolifera-
tion and triggered MMP-9 expression and ol
integrin expression, markers of trophoblast inva-
sion phenotype. Just as for TGF-B3, the authors
reported that pre-eclampsia placentae over-
expressed HIF-1a. Rajakumar and Conrad (2000)
found that HIF-lo mRNA was expressed at a
constant level in all placenta across gestation,
whereas HIF-2o mRNA increased significantly
with gestational age. HIF-lo and -2o proteins
decreased significantly with gestational age. The
regulation of these transcription factors by oxygen
was studied using placental villous explants.
HIF-1a and -2o proteins, but not mRNA, was
induced by hypoxia in the placental villous
explants. The authors suggested that physiological
hypoxia contributes to the increased expression
of HIF-1oa and -2a proteins in early placentas and
that regulation of these transcription factors by
hypoxia in the human placenta occurs at the level
of protein and not mRNA. The reasons for the
difference in the two studies of mRNA results are
not yet clear. Subsequent studies have shown that
the TGF-B3 gene has the potential to be directly
regulated by HIF (Schaffer et al., 2003). HIF-1o and
2-0. proteins are both over-expressed in pre-
eclampsia (Rajakumar et al, 2001a, 2001b). The
same group then showed that placental explants
obtained form cases of pre-eclampsia did not
down-regulate HIIF-1 proteins following exposure
to hypoxia and reoxygenation, whereas cases from
uncomplicated pregnancies did. Studies on true
placental bed biopsies have not been performed.
However, a final word of caution in interpretation
of the above data is warranted; Janatpour et al.
(1999) reported that expression of HIF-lo was
dramatically up-regulated in standard (20%)
oxygen conditions, whereas culturing the cells
in hypoxic (2% oxygen) conditions slightly dimin-
ished expression of HIF-la. Clearly, with oxygen
concentration being implicated as a key regulator

of trophoblast invasion, further studies in this area
are required.

HLA-G

HLA-G is an unusual class 1B major histocompat-
ibility antigen expressed by EVT and may protect
cells from natural killer cell lysis (Chumbly et al.,
1994; Moffett and Loke, 2004). See also the chapter
by Dr. Moffett. Cytotrophoblast cells which invade
the decidua express HLA-G. In culture, purified
cytotrophoblasts upregulate HLA-G as they
become (McMaster et al, 1995).
Expression of HLA-G protein by EVT is reported
to be reduced in pre-eclampsia (Colbern et al.,
1994; Goldman-Wohl et al., 2000; Hara et al., 1996).
Thus there may be a link between HLA-G expres-
sion and failed trophoblast in pre-eclampsia
(O’Brien et al., 2000). Lim et al. (1997) have
shown that cultured villous cytotrophoblasts
obtained from normal pregnancies up-regulate

invasive

HIA-G as they differentiate in vitro, whereas
cytotrophoblasts prepared from cases complicated
by pre-eclampsia did not express HLA-G. The
authors suggested that reduced HLA-G expression
may be due to an alteration in the interaction
between invasive cytotrophoblast and maternal
immune cells in pre-eclampsia. Expression of
HILA-G may also allow trophoblasts to evade cell
damage by interleukin-2, a cytotoxic cytokine in
decidual tissue (Hamai er al, 1999). Recently,
increased frequency in expression of the HLA-G
G5 spliceform was found in placentae of cases of
pre-eclampsia (Emmer et al., 2004) and the authors
suggested this may also play a role in failed
trophoblast invasion.

Apoptosis

This article would not be complete without
mentioning apoptosis. Apoptosis (programmed
cell death) is a physiological and pathological
process which regulates the number of cells in



tissues (Thompson, 1995). Because apoptotic cells
are degraded in a short time (1-2h), small changes
in the number of apoptotic cells in a tissue may
have important biological significance. Little is
known about apoptotic events in the placental
bed of women with pre-eclampsia. One study
(DiFederico et al, 1999) showed that normal
control samples showed almost no apoptosis but
between 15 and 50% of cytotrophoblasts within the
uterine wall of women with pre-eclampsia were
positive. The same cells did not express Bcl-2, a
survival factor normally expressed by these cells.
The authors suggested that programmed cell death
in these cells may account for some of the
symptoms of pre-eclampsia. In contrast, Kadyrov
et al. (2003) found, in their study of placental bed
biopsies, that the number of apoptotic EVT was
reduced in pre-eclampsia compared with normal
pregnancy. Further studies in this area are
required.

Conclusions

While some aspects of trophoblast invasion resem-
ble tumor invasion, the striking difference between
the two is that trophoblast invasion of the uterus is
tightly controlled by a plethora of factors expressed
within the decidua and on the trophoblasts
themselves. These include CAMs and the ECM,
proteinases and their inhibitors, growth factors,
cytokines and others. Abnormalities in any one of
these mechanisms may have the potential to lead
to impaired cytotrophoblast invasion. The precise
mechanisms are still poorly understood and
require further investigation. Only by understand-
ing these pathological mechanisms can future
strategies for therapeutic targets be developed.
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In vitro models for studying pre-eclampsia

Introduction

Profound morphological changes occur during
the comparatively short life span of the placenta
(Benirschke and Kaufmann, 2000; Fox, 1997).
Most of these can be related directly to
functional requirements; establishing support for
fetal development and growth, maintaining an
immunological barrier and adjusting maternal
physiology to meet the demands of pregnancy.
Histology and ultrastructure present snapshots of
cell and tissue behavior, but not an account of
cellular interactions or pathological mechanisms.
Appropriate and robust in vitro models are
therefore essential in bridging the gap between
structure and function, as they can accommodate
mechanistic questions and offer scope for the
design and testing of possible therapeutic inter-
ventions. Models should mimic cell responses
in vivo and go at least part way to reflecting
physiological events within the placenta.
Experimental levels range from tissue perfusion
to explant and cell culture. Recently, genomic,
transcriptomic, proteomic and computational
biology approaches have become available to
complement and extend in vitro methodologies.
To appreciate how these models have been
applied to studying pre-eclampsia, and the scope
of the in vitro methods currently available, it
is convenient to divide the placenta into struc-
turally and functionally distinct compartments,
i.e. the chorionic villus and the placental bed.
In turn, we have subdivided these into individual
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cellular components, namely those of the tropho-
blast, vasculature and stroma.

Villus components

Cytotrophoblast and syncytiotrophoblast in
primary culture

Cytotrophoblast cells of the human placenta
are the precursors of all other trophoblast pheno-
types. As such, a variety of methods have
been employed for their purification. Most
current isolation methods are derived from the
classic work of Thiede in the 1960s and since
then, a consensus has emerged regarding the
preparation of a relatively pure, viable popu-
lation of cytotrophoblasts from both early and
late gestational tissue. Of the enzymes available,
trypsin has consistently proved the most reliable
for cytotrophoblast isolation. Most current
procedures use serial digestion (Hall et al., 1977).
In general, a successful digestion requires condi-
tions to be as mild and treatment as brief
as possible, to minimize disturbances in stromal
and non-cytotrophoblast compartments. For first-

trimester  tissue,  cytotrophoblasts  released
under mild conditions originate largely from
the adherent cell columns and are there-

fore not true villous trophoblasts (see later
section). On the whole, first-trimester villous
cytotrophoblasts require more stringent enzymatic
conditions.
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Further purification of cytotrophoblasts from
proteolytic digests is required and a range of
techniques is available (Hemmings and Guilbert,
2002; Karl et al., 1992; Kliman et al., 1986; Sacks
et al.,, 2001; Tarrade et al., 2001a; Yui et al, 1994).
Most employ protease-resistant cell surface anti-
gens, such as CD45, CD9, MHC-class I, or MHC-
class II, to mark mesenchymal or immune cells
and separate them from the dissociated cytotro-
phoblasts. The presence of MHC-class I and CD9
on extravillous cytotrophoblasts and their absence
from villous trophoblasts is useful in distinguishing
these populations (Copeman et al, 2000; Hirano
et al., 1999).

Following immuno-purification, a frequently
encountered problem is contamination with syn-
cytial fragments, i.e. resealed syncytial vesicles
containing zero, one or more nuclei. Being mainly
non-adherent, these can be removed by routine
culturing, but fluorescence activated cell sorting
(FACS) 1is increasingly employed to maximize
purity and viability. Using this method, non-
viable cells can be eliminated through propidium
iodide resistance and syncytial fragments removed
by recognition of exteriorized phospatidylserine
(Guilbert et al, 2002). More recently, positive
immunoselection using antibody C76/18 to hepa-
tocyte growth factor activator inhibitor 1 has
been used to derive pure populations of cytotro-
phoblast cells, devoid of both syncytial fragments
and extravillous cytotrophoblast elements (Potgens
et al, 2003). Trophoblast populations can be
confirmed by cytokeratin-7 immunostaining
(Blaschitz et al., 2000; Haigh et al., 1999).

Unlike their in vivo counterparts, isolated cyto-
trophoblasts are unable to proliferate in culture.
Term villous cells differentiate in vitro, initially
adhering to the culture surface before mig-
rating, aggregating and fusing within 24—96h.
Immunostaining with antibodies to actin, cytoker-
atin or the desmosomal protein desmoplakin are
all useful methods for distinguishing mononucle-
ate from multinucleate cells (Crocker et al., 2001b;
Parast et al., 2001). Functionally, the multinucleate
cells synthesize and secrete hCG, hPL, leptin,

progesterone and estrogens and these can be
used to verify the extent of differentiation in culture
(Douglas and King, 1990). Although they share
certain characteristics with their in vivo syncytio-
trophoblast counterpart, developing into a
polarized epithelial sheet with apical microvilli
(Bloxam et al., 1997), it is difficult to achieve
full confluency, an important limitation
for syncytiotrophoblast transport studies. Their
morphological and biochemical differentiation
can become uncoupled in vitro as evidenced
by production of hCG by mononucleate cells
(Kao et al, 1988). They rarely contain more than
10—20nuclei and in certain respects are more
reminiscent of placental bed giant cells than villous
syncytiotrophoblast.

In vitro, environmental stimuli can be applied to
primary trophoblasts to investigate responses
to either normal or aberrant placental conditions.
Examples of these studies are numerous and
include the actions of oxygen (Kilani et al., 2003),
cytokines (Crocker et al., 2001a) and growth factors
(Crocker et al, 2001b). The issues surrounding
oxygen and the appropriate levels for culturing are
currently debated (Kilani ez al., 2003). It is generally
agreed that the oxygen tension in the intervillous
space is approximately 45-50mmHg at term
(Soothill er al, 1986) and that levels may be as
low as 18 mmHg in early gestation (Jauniaux et al.,
2003a). There is an emerging consensus that levels
of ambient oxygen should be reduced to 6—8% to
simulate physiological conditions in late pregnancy
with lower levels (2—3%) required to simulate first-
trimester conditions and avoid oxidative stress
(Jauniaux et al., 2003b). Co-cultures between cell
types can be performed to define interactions
between trophoblasts, endothelial cells (Cockell
et al, 1997), fibroblasts (Lacey et al, 2002) and
leukocytes (von Dadelszen et al., 1999).

Undoubtedly, multinucleate trophoblast in
culture has proved a useful model in studies of
villous transport, particularly in systems that
depend upon, or are affected by, intracellular
metabolites. One-sided uptake across the micro-
villous membrane can be achieved using a basic



syncytiotrophoblast monolayer. However, investi-
gating the syncytiotrophoblast basal membrane,
or transtrophoblast transfer in either direction,
requires a two-sided approach. This can be
achieved by culture on filters, typically nitrocellu-
lose, polyester or gelatin-coated microporous poly-
carbonate (Bloxam et al, 1997). Using these
models, the directional transfer of immunoglob-
ulin G and glucose has been demonstrated and
system A amino acid transporter and the Na(+)/
H(+) exchanger activities measured. As the polar-
ized status of cultured syncytiotrophoblast has
been questioned, a more accepted approach is
the preparation of syncytial microvillous or basal
membrane vesicles from fresh tissue (Sibley et al,
1998). Using this method, domain variation
between plasma membrane distributions of trans-
porters has been observed.

Limitations of primary cell isolates include
paucity of numbers, variations occasioned by
changing batches of enzyme, inability to stimulate
proliferation, uncontrolled differentiation, contam-
ination and a limited lifespan in vitro. Cell lines,
generated from normal or choriocarcinoma tissue,
provide more stable, long-lived and homogenous
populations, which overcome many of these
culture anomalies. However, methods employed
to extend lifespan (i.e. transfection or spontaneous
immortalization/transformation) alter the regula-
tion of cell division and impact upon differentia-
tion (including relatively low rates of cell fusion)
and gene expression. Typical human trophoblastic
cell lines are SGHPL-4 and -5, derived from first-
trimester placenta through transfection with early
region SV40, and the choriocarcinoma cell lines,
BeWo, JEG and JAR which have been widely used in
secretion, fusion, invasion and transport studies
(Cartwright et al, 1999; Dutta-Roy, 2000; Kudo
et al., 2003). These cell lines have been extensively
characterized and differ in numerous important
respects from primary cell isolates (Shiverick et al.,
2001). The overriding consideration is to recognize
both their strengths and limitations. It is hoped
that with the development of methods to isolate
and propagate mouse trophoblast stem cells
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(Tanaka et al., 1998) and the demonstration that
human embryonic stem (ES) cells can be stimu-
lated to differentiate into trophoblast by treatment
with bone morphogenetic protein 4 (BMP-4),
a member of the TGF-beta superfamily, the avail-
ability of early trophoblast lineages will allow
improved studies of the early developmental
origins of pregnancy pathology.

Explant models of the villous pathway

Cytotrophoblast cells in primary culture are useful
for studying aspects of trophoblast regulation and
interactions, but suffer the disadvantages of not
fully achieving the in vivo phenotype and of being
divorced from potentially important interactions
with other components of the placental villus.
Explant cultures of chorionic villous fragments
escape some of these limitations. A comparison
of short-term dual perfusion with explants revealed
a severe and rapid loss of trophoblast viability in
explants with better survival during perfusion
(Di Santo et al., 2003). However, when fragments
of chorionic villous tissue are dissected from the
placenta and maintained for up to 1ldays in
culture, syncytiotrophoblast degeneration (during
the first 48h) and sloughing from the villous
surface, is followed by renewal with differentiation
and fusion of underlying viable cytotrophoblasts
(Siman et al., 2001). Syncytial degeneration/regen-
eration can be easily monitored by the liberation of
hCG (human chorionic gondatrophin), which
dramatically falls with syncytial loss and then
rises exponentially as the fresh syncytiotrophoblast
emerges (Watson et al., 1995). Studies are presently
ongoing to assess the extent to which this new
trophoblastic layer mimics syncytiotrophoblast
in vivo (Siman et al., 2001). Reducing the concen-
tration of magnesium ions to 0.7 mM is reported to
yield improved preservation of the native syncy-
tium in explants (Huppertz et al, 2003). Unlike
isolated cytotrophoblasts, this model readily
accommodates cell proliferation. The syncytiotro-
phoblast life cycle can be influenced by conditions
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pertaining to the pre-eclamptic placenta. Thus, for
example, severe hypoxia increases trophoblast
necrosis in term tissue explants (Huppertz et al.,
2003). Moreover, explanted fragments taken from
these placentae have shown alterations in aspects
of cell proliferation, differentiation and apoptosis
(Mayhew et al., 2003).

Villous mesenchymal cells

Pre-eclampsia may invoke, or even arise from,
alterations to the phenotype of placental cells other
than trophoblasts. Cells resident in the villous
mesenchyme may have a profound influence on
trophoblast phenotype (Garcia-Lloret et al., 1994;
Lacey et al., 2002; Tanaka et al., 1998). They include
fibroblasts, vascular cells and immune cells, and
although there are to date rather few reports in the
literature, for completeness short descriptions of
their isolation and use in vitro are included.

Placental fibroblasts

A variety of methods for the isolation of fibroblasts
from villous mesenchyme have been described
and compared (Garcia-Lloret et al, 1994; Haigh
et al., 1999). Villous extracellular matrix (ECM) is
produced by these cells. First-trimester cells
synthesize higher amounts of several ECM compo-
nents than term cells. Production of the ECM
components collagen IV and fibronectin increases
with lower oxygen partial pressure (Chen and
Aplin, 2003) and, correspondingly, basement
membrane thickness increases in vivo in hypoxia.

Placental endothelial cells

The fetal endothelial monolayer is responsible for
regulating vascular tone, micro-vascular coagula-
tion and angiogenesis. Placental endothelial cells,
unlike those from maternal vascular beds, have
only recently been characterized and have yet to be
used extensively in vitro (Dye et al., 2001). Much of
our previous knowledge of these cells in the
fetal—placental circulation has come from studies

using cultured human umbilical vein endothelial
cells (HUVECs). However, it is increasingly
recognized that HUVECs differ both pheno-
typically and functionally with their intra-
placental microvascular counterparts (Dye et al.,
2003). Small endothelial aggregates can be isolated
from placental microvessels by sequential enzy-
matic digestion, followed by positive selection
using magnetic microbeads coated with anti-
thrombomodulin antibodies (Kacemi et al., 1996).
When placed in culture these microvascular cells
stain positively for von Willebrand factor and can
incorporate acetylated low-density lipoproteins
(Kacemi et al., 1996). Isolating, maintaining and
growing these cells is notoriously difficult, and the
human placental endothelial cell line, HPEC-A1,
has been derived to overcome these problems
(Schutz et al, 1997). With functional changes in
placental endothelium implicated in pathological
pregnancies, future studies of their properties are
anticipated.

Placental macrophages

Macrophages can be found within the fetal villi
from week 4 until term. Their role in the placenta is
still largely unclear. They can express class I major
histocompatibility complex (MHC) antigens and Fc
receptors and, when activated, can produce various
potent cytokines and interleukins. In addition to
phagocytic activity, there is evidence for their
involvement in (i) substrate transport across the
stroma, (ii) the regulation of angiogenesis, and (iii)
fetal immunological defence. Their position in the
stroma, close to both fetal vessels and placental
trophoblasts, makes them likely candidates for
involvement in regulatory functions during placen-
tal development and placental physiology.
Presently, very few experimental data exist regard-
ing their interactions with other cells of the
placenta.

Villous macrophages may be isolated by treating
small pieces of villous tissue with pronase,
followed by selective adherence of the released
cells to tissue culture plastic (Khan et al., 2000).



Immunocytochemistry with anti-CD68 may be
used to determine the degree of purity and in
some cases Ficoll and Percoll gradient centrifuga-
tion and negative selection of trophoblast with
anti-epidermal growth factor (EGF)-receptor-
coated Dynabeads have been used to improve
purity (Wetzka et al, 1997). Isolated placental
macrophages, termed Hofbauer cells, produce
prostaglandin E2 (PGE2) and thromboxane (TXA2)
following stimulation with lipopolysaccharide
(LPS) (Wetzka et al., 1997). Notably, these paracrine
mediators, which are important in both pre-
eclampsia and labor, can be affected by oxygen
exposure. To date, the properties of Hofbauer cells
obtained from pre-eclamptic placentae have been
little studied.

Placental fibroblasts and macrophages are
capable of producing both CSF-1 and GM-CSF,
cytokines that regulate macrophage survival,
growth and activation (Garcia-Lloret et al, 1994;
Khan et al., 2000). Studies in vitro suggest that
macrophage secretions can influence trophoblast
differentiation (Khan et al., 2000).

Extravillous trophoblast

Cytotrophoblasts proliferate to form columns
at anchoring sites where peripheral villi make
contact with the maternal decidual interstitium
(Aplin et al., 1998). Large numbers of extravillous
cytotrophoblasts detach from the distal columns
and migrate into interstitial and endovascular
locations in the placental bed (Pijnenborg et al.,
1981). Migration proceeds as far as the inner third
of the myometrium in normal pregnancy, but is
shallower in pre-eclampsia, where there are also a
lesser proportion of interstitial apoptotic cells
(Kadyrov et al, 2003; Kaufmann et al, 2003;
Naicker et al., 2003). Trophoblast-mediated remo-
deling of the myometrial segments of maternal
spiral arteries is impaired in pre-eclampsia, where
endovascular cytotrophoblasts are largely absent
from the vessel walls (Meekins et al., 1994; Naicker
et al., 2003). Migration continues from the early
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post-implantation stages of pregnancy up to week
20, after which cell columns diminish in size and
there is a progressively increasing incidence
of large polygonal or dendritic trophoblast and
multinucleate giant cells in the placental bed
(Kemp et al, 2002). The formation of these
cells appears to be a terminal differentiation step,
and many of them show apoptotic features.

Though most attention has been focused on
factors that might impair or retard cell migration,
the present state of knowledge leaves open the
possibility that poor trophoblast invasion might
result from other causes: fewer anchoring
sites, fewer cells entering the extravillous lineage,
impairment to the extravillous differentiation
program, restriction of the escape of cells from
the distal columns, elevated rates of terminal
differentiation to placental bed giant cells, altered
apoptosis of extravillous cells or specific inhibition
of access of interstitial cells to spiral arteries in the
myometrium. Thus, for example, it is noteworthy
that mice lacking one allele of the p57kip2 gene,
which is expressed in trophoblast and antagonizes
cyclin-dependent kinases, have features of pre-
eclampsia (Kanayama et al, 2002). A higher
proliferation index (Redline and Patterson, 1995)
and lower rate of trophoblast apoptosis (Kadyrov
et al, 2003) have been observed in extravillous
cells in pre-eclampsia. There is also evidence
that maternal macrophages can trigger apoptosis
in trophoblast, and may be more abundant in peri-
arterial regions in pre-eclamptic myometrim
(Kaufmann et al., 2003). Unraveling the causes of
impaired invasion of trophoblast in pre-eclampsia
will therefore depend on a careful combination of
appropriate in vitro models with observations
made in vivo.

In vitro models include choriocarcinoma cell
lines, trophoblast lines derived by transformation
of various types of primary isolate with viral
oncogenes such as SV40 large T (Choy and
Manyonda, 1998; Choy et al, 2000; Fukushima
et al, 2003; Logan et al, 1992), trophoblast
hybridomas obtained after fusion with HGPRT-
resistant choriocarcinoma cells and selection
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(Frank et al, 2000), primary -cytotrophoblast
isolates from first-trimester or term tissue, villous
tissue explants, and co-cultures in which tropho-
blast interaction with maternal or fetal cells can be
examined.

The use of either trophoblast cell preparations or
explanted villous tissue in principle allows evalua-
tion of the relative influence of the intrinsic
placental developmental program as against
the maternal environment (Aplin, 1991). For
studies of the extravillous lineage, first-trimester
cells should be used as cytotrophoblast derived
from third-trimester placenta show much lower
migratory activity. The irreversible exit of tropho-
blast from the cell cycle with differentiation is
fundamental to their life cycle, so continued
proliferation is a key objection to the use of
tumor and transformed cell lines. It is a truism
that all such cells display patterns of gene expres-
sion that differ from normal trophoblast. Data
obtained with these models must therefore be
interpreted with caution and are not discussed here
further.

Numerous investigators have examined the
effect of varying ambient oxygen concentration
on third-trimester trophoblast gene expression and
behavior in vitro. However, since the first-trimester
placenta develops in a state of physiological
hypoxia, it may not be clear whether the resulting
data are pertinent to the earlier developmental
stage, or the late gestation organ pathology of pre-
eclampsia, or both. It is not our intention here
to review the effect of hypoxic or hyperoxic
conditions on trophoblast, but selected examples
are given.

Primary extravillous cytotrophoblast
cultures

Trophoblast can be isolated from first-trimester
villous tissue using protocols adapted from those
used in term tissue as discussed above (Librach
et al., 1991; Tarrade et al, 2001a). Treatment with
DNAse and trypsin releases trophoblasts and

further purification is effected by percoll
gradient centrifugation. Residual CD45-positive
leukocytes or CD9-positive stromal cells can be
removed by negative selection, for example using
antibody-conjugated magnetic beads. Obtaining
viable mononuclear cytotrophoblasts from term
tissue requires syncytial disruption, whereas first-
trimester cell preparations, made with minimal
tissue shearing, are relatively enriched in cells from
cytotrophoblast columns that remain attached to
the peripheral villi at separation and are generally
lacking in overlying syncytium. Differential display
has been used to identify genes that are expressed
in the first-trimester pool and not at term, and the
observation of selective expression of the corre-
sponding mRNA in cytotrophoblast columns
reflects the relative enrichment of these cells
in the starting isolates (Huch et al., 1998).

Cells that are already committed to the extra-
villous lineage at isolation are likely to be post-
mitotic, polyploid (Zybina et al, 2002), and
distinguishable by surface phenotype (Damsky
et al., 1994; Vicovac and Aplin, 1996). Since the
column contains a gradient of cells from the
undifferentiated ones at the base to those that
already bear the hallmarks of interstitial extravil-
lous trophoblast at the periphery, a mixed popula-
tion of cells bearing features of different stages of
extravillous differentiation is released. The cells
can be further purified by panning or flow
cytometry, selecting for extravillous markers such
as integrin alpha 1 or HLAG or using negative
selection of CD45-positive immune cells. In addi-
tion, depending on the degree of syncytial disrup-
tion in the protocol, some villous cytotrophoblasts
are present. Some of these cells are likely to find
fusion partners during the first few days in vitro,
generating a variable proportion of multinucleate
trophoblast.

Isolated cytotrophoblasts exit the cell cycle within
approximately the first 24 h in vitro, although this
can be prolonged by culture in low oxygen. There
are many reports in the literature of cytotropho-
blast preparations that incorporate thymidine at
later time points, and this can probably be



accounted for by polyploidization or the increasing
influence of contaminating fibroblasts, which while
initially at a low level, may proliferate. Thus, cell
proliferation assays should be interpreted with
caution. They can be performed in situ so that
each cell can be concurrently identified by marker
expression. As with term villous trophoblasts, it is
useful (Haigh et al., 1999) to monitor the purity of
the cell population obtained using the intermediate
filament markers cytokeratin-7 (present on tropho-
blasts but not fibroblasts or blood cells) and
vimentin (present on most contaminating cells but
not trophoblast). One should note that a figure of,
for example, 98% cytokeratin-7 positive cells at
isolation can rapidly alter with fibroblast prolifera-
tion, and that trans-filter migration assays can
enrich a small proportion of non-trophoblast cells.
Thus cellular phenotype should be confirmed at the
end of the experiment.

Cytotrophoblast anchorage-
dependent, with apoptosis occurring at a high
rate in suspension. Furthermore, these cells do not

survival is

adhere efficiently to tissue culture plastic, and a
surface containing matrigel is preferred for optimal
adhesion and continuing viability. Primary first-
trimester cytotrophoblasts have been used effec-
tively to study various molecular systems
in migration. Thus, for example, a combined
role for MMP9 and plasminogen activator in
cytotrophoblast invasion was suggested by assays
of the migration of first-trimester cytotrophoblasts
across matrigel-coated filters and its inhibition
by specific blocking reagents (Librach et al,
1991). PPARgamma/RXRalpha heterodimers are
expressed in extravillous trophoblast in vivo and
agonist ligands similarly inhibit trans-filter
migration (Tarrade et al., 2001b).

Studies of the properties of primary trophoblasts
obtained from normal and pre-eclamptic tissue
show interesting differences. Thus, for example,
cells from pre-eclamptic placentas show a lower
rate of attachment to matrix proteins than control
cells and reduced rates of cell fusion (Pijnenborg
et al, 1996). This indicates a cell-autonomous
impairment of function, but does not indicate
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whether this has arisen from an abnormality
intrinsic to the trophoblast, or as the result of
changes that occurred during the exposure of the
cells to the abnormal environment of the pre-
eclamptic pregnancy. Since the symptoms of pre-
eclampsia appear only in the third trimester, it has
not been possible to compare the properties of
cultured cytotrophoblasts obtained during the
period of extravillous cell migration from normal
and pre-eclamptic pregnancies. Microarray analy-
sis of whole placental mRNA has revealed differ-
ences between pre-eclamptic and normal tissues
(Reimer et al., 2002), but the multicellular origin of
these libraries is an important impediment to
data interpretation. Microarrays have also allowed
characterization of gene expression changes as
primary trophoblast isolates differentiate in vitro
(Aronow et al, 2001), and this approach is likely
to yield new insights into trophoblast-specific
gene expression alterations in pre-eclampsia.

Primary cultured cytotrophoblasts have lost
an environmental constraint that is no doubt
of importance to their behavior, that is, the
highly directional, asymmetric environment of the
maternal—fetal interface, with the placental stroma
in one direction and the decidua in the other. They
have also lost their normal intercellular contact
with adjacent trophoblast. Their utility comes in
assessing the cell-autonomous contribution of the
placenta to diseases such as pre-eclampsia. Where
differences are evident, however, it is important to
bear in mind that these could either be truly
autonomous (programmed de novo into the
trophoblast lineage) or could alternatively have
arisen from a cellular memory, created in vivo in
response to an environmental signal.

Co-culture models

Cytotrophoblast has been co-cultured with decid-
ual cells, macrophages, NK cells or vascular
endothelial cells to examine the intercellular inter-
actions that occur in the placental bed. Decidual
endothelial cells have been isolated by pronase/
trypsin digestion followed by positive selection on
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magnetic beads conjugated to Ulex europaeus
lectin (UEA1) (Gallery et al,, 1991). The observation
that decidual endothelial cells from pre-eclamptic
pregnancies express a lower level of MMP-1
than control cells from normal gestations led to
the suggestion that reduced MMP action may
be important in relation to reduced trophoblast
invasion of maternal vessels in pre-eclampsia
(Gallery et al, 1999). Trans-filter co-culture of
term cytotrophoblast with decidual endothelial
cells resulted in reduced latent MMP-9 secretion
and reduced cytotrophoblast migration (Campbell
et al., 2003).

Co-culture of cytotrophoblasts with macro-
phages has shown that the latter are capable of
stimulating  apoptosis, though experiments
were carried out with a trophoblast hybridoma
cell line (Reister et al., 2001). Thus an excessive
number, or inappropriately activated population,
of macrophages in the placental bed has been
postulated to impair the viability of the extravillous
trophoblast population in pre-eclampsia, with a
suggested mechanism of tryptophan depletion
combined with TNF alpha secretion.

Explant models

First-trimester mesenchymal villi explanted on a
three-dimensional (gel) substrate of collagen I or
matrigel attach and within 24h column-like
structures outgrow from the villous tips. These
can be shown to contain pure cytotrophoblast.
An initial burst of proliferation over the first
approximately 24h creates a pool of cells that,
over the following few days, grows out as one or
several invasion fronts (Aplin et al.,, 1999; Vicovac
and Aplin, 1996). The assay can be adapted to a
trans-filter format with migrating cells counted
at the distal side. If the ambient oxygen is reduced
to 2%, cells remain in cycle up to 36h, and
differentiation has been reported to be retarded,
with a reduced expression of the extravillous
trophoblast markers, integrin alpha 1 and alpha 5
(Genbacev et al., 1996). cAMP has been shown to
enhance the expression of melanoma cell adhesion

molecule (MCAM) in extravillous trophoblast
in explant culture (Higuchi et al, 2003). The
emerging extravillous cytotrophoblasts can be
treated with antisense oligonucleotides and this
approach has been used to demonstrate that TGF-
beta-mediated signaling inhibits the development
of cells in the extravillous trophoblast lineage
(Caniggia et al, 2000), leading to the hypothesis
that over-production of TGF-beta3 may account for
the disturbance of extravillous trophoblast
behavior in pre-eclampsia (Caniggia et al., 1999).
This assay format preserves the spatial relation-
ship between the villous trophoblast and its
underlying mesenchyme, and has been used to
demonstrate a paracrine relationship in which
IGFs, derived from the mesenchyme and the
trophoblast itself, both stimulate cell migration
(Lacey et al., 2002). The fact that columns develop
at all is instructive, indicating that decidual signals
other than a permissive ECM are not required for
this step in differentiation. However, the number of
cells detaching at the periphery of the columns and
migrating as single cells into the surrounding
ECM is much smaller than seen in vivo. It is
interesting in this light to note that in ectopic
(tubal) implantation sites, the cytotrophoblast
columns are longer (Goffin et al, 2003). Both
these observations imply that a decidual signal
stimulates cells to detach from the distal column
and escape into the stroma. An effect indicative of
environmental influence on migration efficiency is
also evident in tubal implantation sites in which
higher incidences of viable implants are at the
mesosalpingeal side. It appears that cytotropho-
blast colonization of the stroma is greater in the
mesometrial plane, that is, in the direction of the
arterial supply. Furthermore, a greater fraction of
extravillous cells remains in cycle as compared
with eutopic implants (Kemp et al., 1999, 2002).
When first-trimester mesenchymal villous tissue
is co-cultured in contact with parietal decidua,
column formation is stimulated at the villous tips
(Vicovac et al., 1995). Extensive de novo interstitial
colonization is not observed directly from the
columns, but the cells migrate into small arteries,



cause disruption of the walls and then invade the
surrounding decidual stroma (Dunk et al., 2003).

Vessel invasion models

A vessel explant model has been developed in which
uninvaded spiral arteries are dissected from
myometrial tissue obtained at Cesarian section or
hysterectomy and first-trimester cytotrophoblasts
introduced either intraluminally, with the aid of a
pressure myograph, or interstitially, by tying off the
vessel and mounting it in a fibrin gel containing
primary cytotrophoblasts (Cartwright et al., 2002).
Omental vessels have been used as controls.
Attachment of trophoblast to the endothelium is
observed and apoptosis of endothelial cells follows
by a Fas ligand-dependent mechanism (Ashton
et al, 2005). Trophoblast migration into arterial
walls is 5—10-fold more efficient at 20% ambient
oxygen concentration than at 2%, and occurs more
efficiently into uterine than into omental vessels
(Crocker et al., 2005). This model has also been used
to demonstrate that endovascular trophoblasts
trigger apoptosis in spiral arterial smooth muscle
cells, again by a Fas ligand-dependent mechanism
(Harris et al., 2006). Introduction of culture medium
from human first-trimester cytotrophoblasts into
rat mesenteric resistance arteries also alters vaso-
motor behavior (Gratton et al., 2001).

Gene arrays and proteomics

Differential transcriptomic analyses have been
reported using tissue from different gestational
ages (Hemberger et al., 2001), cytotrophoblasts
following different treatment regimes, or placental
tissue biopsies derived from normal and pre-
eclamptic pregnancies. Studies at several time
points during trophoblast differentiation in culture
led to the idea of ‘categorical reprogramming’ of
genes during cytotrophoblast differentiation
(Handwerger and Aronow, 2003) and the up-
regulation of pre-eclamptic susceptibility genes,
like those associated with the interleukin and
TNF receptor superfamilies (Reimer et al., 2002).
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Such studies identify candidate genes for func-
tional study in experimental models.

More recently, interest has been directed toward
the differential analysis of proteomes in normal and
pre-eclamptic placental tissue, and normal and pre-
eclamptic maternal plasma (Kalionis and Moses,
2003; Myers et al, 2004; Page et al, 2002).
A proteomic analysis has also been reported of the
effects of varying oxygen concentration on first-
trimester cytotrophoblast in primary culture (Hoang
etal., 2001). With potential implications in screening
and therapeutic targeting and advances in automa-
tion, proteomics will undoubtedly be further
applied to in vitro models of placental function
and will play an increasing role in the understanding
of pregnancy complications, such as pre-eclampsia.
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Introduction

Vascular tone is influenced by the autonomic
nervous system, intrinsic vascular smooth muscle
reflexes and the endothelium (Figure 4.1). The
endothelium is the cell layer lining the internal
surface of blood vessels and in a person weighing
70kg, covers an area of approximately 700m?
and weighs between 1 and 1.5kg (Luscher and
Barton, 1997). The endothelium is responsible for
an extensive array of highly specialized, homeo-
static functions. It plays an important role
in the control of blood pressure, blood flow,
angiogenesis, coagulation, fibrinolysis, vessel
patency, and local inflammatory responses.
These functions are achieved through the release
of endothelium-derived relaxing and con-
tracting factors, thromboregulatory molecules,
growth factors, and neutrophil adhesion molecules
(Petty and Pearson, 1989) (Table 4.1). Impaired
endothelial function contributes substantially to
cardiovascular disorders such as hypertension,
atherosclerosis and pre-eclampsia.

Stimulation of endothelial receptors activates
pathways  within the endothelium that
mediate either relaxation or constriction of the
underlying vascular smooth muscle. Endo-
thelial responses are triggered by acetylcholine
(ACh), serotonin (5-HT), angiotensin II (Angll),
vasopressin (AVP), histamine, bradykinin and
several other vasoactive hormones (Hill et al.,
2001; Lincoln and Burnstock, 1990; Vanhoutte and
Rimele, 1983). Endothelial-derived vasoactive fac-
tors influence vascular smooth muscle tone through

prostaglandins, which are both vasodilatory (pros-
tacyclin) and vasoconstrictor (thromboxane)
(Moncada et al., 1976; Mombouli and Vanhoutte,
1999), endothelins, which are predominantly vaso-
constrictor (Bagnall and Webb, 2000), endothelial-
derived hyperpolarizing factor (EDHF), which is
predominantly vasodilator (Chen et al, 1988;
Garland et al., 1995), but still not fully charac-
terized, and nitric oxide, which is a vasodilator
(Palmer et al., 1987; Vallance et al., 1989).

The vascular endothelium plays an important
role in the cardiovascular adaptation to pregnancy
and in the pathogenesis of pre-eclampsia. This
chapter outlines the major functions of the
endothelium in health and disease, how it adapts
during healthy pregnancy and how endothelial
dysfunction mediates many of the features of the
multi-organ syndrome, pre-eclampsia.

Endothelial-derived vaso-active factors

Endothelium-derived relaxing factors

Stimulation of intact endothelial cells by circulating
neurotransmitters, hormones and substances
derived from platelets and the coagulation sys-
tem causes the release of a substance that induces
relaxation of the underlying vascular smooth
muscle (Furchgott and Zawadzki, 1980). Further-
more, mechanical forces such as shear stress, which
are generated by changes in blood flow, induce
endothelium-dependent vasodilatation, an impor-
tant adaptive response during exercise.
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Table 4.1. Endothelial-derived factors and their functions

Endothelium-derived factors

Effects

Nitric oxide

Prostacyclin (Prostaglandin I,)
Hyperpolarizing factor(s)
Endothelin-1

Thromboxane A,; prostaglandin H,
Angiotensin II

Urotensin II

VEGF; sFIt-1

tPA; PAI-1

Cytokines (IL-1, IL-6, CSFs)

Chemotactic factors (IL-8)
PDGF

Control of vascular tone (vasodilatation)
Inhibition of platelet aggregation
Regulation of myocardial contractility
Regulation of endothelial-leukocyte interactions
Regulation of endothelial integrity
Regulation of vascular cell proliferation
Vasodilatation

Vasodilatation

Vasoconstriction

Vasoconstriction

Vasoconstriction

Vasoconstriction

Control of angiogenesis

Regulation of fibrinolysis

Lymphocyte activation

Local and systemic inflammation

Acute phase response

Hemopoiesis

Leukocyte recruitment and activation
Smooth muscle cell proliferation

VEGEF, vascular endothelial growth factor; sFlt-1, soluble fms-like tyrosine kinase; tPA, tissue
plasminogen activator; PAI-1, plasminogen activator inhibitor-1; IL-1, interleukin-1; IL-6,
interleukin-6; CSF, colony stimulating factor; IL-8, interleukin-8; MCP-1, monocyte
chemotactic protein-1; PDGF, platelet-derived growth factor.

Vascular
Smooth
Muscle

Shear stress
Hormones

Autacoids

Endothelial layer

Perivascular

Noradrenaline
ATP
Neuropeptide Y
Nitric oxide

Blood cells

Figure 4.1 Vascular tone is influenced by the autonomic nervous system, intrinsic vascular smooth muscle reflexes and the

endothelium.
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Nitric oxide

In 1980, Furchgott and Zawadzki first postulated
the existence of an endothelium-derived relaxing
factor (EDRF). The identity of the factor within the
endothelium that mediated vascular relaxation was
later found to be nitric oxide (NO) (Furchgott, 1988;
Ignarro et al., 1988; Palmer et al., 1987).

Nitric oxide is synthesized from one of the
guanidine-nitrogen atoms of the amino acid
L-arginine, by the enzyme, nitric oxide synthase
(NOS) (Palmer et al., 1988), yielding r-citrulline as
a byproduct. NO is a potent vasodilator, and acts
on vascular smooth muscle through the second
messenger cyclic guanyl monophosphate (cGMP).
It is highly labile, with a half-life of 10-60s and is
rapidly metabolized to nitrite and nitrate before
being excreted in the urine (Moncada and Higgs,
1993; Figure 4.2).

Nitric oxide synthase

Nitric oxide has many biological roles and dysreg-
ulation of its production has been implicated in
the pathogenesis of a range of cardiovascular
disorders, including hypertension, atherosclerosis,
and pre-eclampsia. Nitric oxide is synthesized in a
wide variety of tissues and cell types as well as

vascular endothelial cells including platelets,
macrophages, and neurones. The enzyme that is
responsible for its production, nitric oxide synthase
(NOS), exists in three identified isoforms: neuronal
(nNOS; Type D), inducible (iNOS; Type II), and
constitutive endothelial (eNOS; Type III), all of
which are involved in controlling vascular tone
(Fostermann et al., 1994). While eNOS and nNOS
are present in healthy cells, iNOS expression
becomes evident only in the presence of infection
or inflammation.

There is continuous basal release of NO from the
vascular endothelium, which serves to regulate
vascular tone (Vallance et al., 1989). Endothelial
NOS is activated by raised intracellular calcium and
the subsequent binding of calcium/calmodulin.
This process can be triggered by ACh, bradykinin
(BK), thrombin, and adenosine 5'-triphosphate
(ATP), which all increase levels of intracellular
free calcium (Furchgott and Vanhoutte, 1989;
Moncada, 1992).

The role of estrogen in stimulating NOS activity

Estrogen is a potent vasoactive hormone that
causes rapid vasodilation in a number of vascular
beds. Circulating estrogen levels rise gradually

Vascular smooth muscle cell relaxation
Platelet activation

0,
calmodulin

L-arginine >
NO synthase

BH,
NADPH

L-citrulline

cGMP

NO — NO, —» NO;

BH,, tetrahydrobiopterin; NADPH, nicotinamide adenine dinucleotide phosphate; cGMP, cyclic
guanosine 3, 5-monophosphate; NO, nitric oxide; NO, ", nitrite; NO3™, nitrate

Figure 4.2 NO metabolism.



from the time of conception to reach levels at term
that are 250-fold higher than found in the non-
pregnant state (Chapman et al., 1998). There is
much evidence to suggest that estrogen mediates
vasodilatation and increases uterine artery blood
flow through NO derived from the uterine artery
endothelium (Magness et al., 1997; Vangoni et al.,
1998).

The mechanism by which estrogen modulates
NO production has not been elucidated fully, but it
is known that there are 11 copies of an incomplete
(half palindromic motif) estrogen response
element (ERE) on the endothelial NOS gene
5 flanking “promotor” region (Robinson et al.,
1994). In other genes, these “half motifs” interact
to form a complete ERE and the occupied estrogen
receptor may similarly activate eNOS by binding to
these regions. There is evidence to suggest the
presence of an estrogen receptor on the plasma
membrane of an endothelial cell or vascular
smooth muscle cell (Russell et al., 2000a), which
is likely to mediate the prompt ‘“nongenomic”
responses to estradiol. The immediate release of
NO is inhibited by a specific estrogen receptor
antagonist (ICI 182,780). The observation that
estrogens stimulate endothelial cells to rapidly
produce heat shock protein 90 (hsp90), activate
calcium-independent NOS (Russell et al, 2000b)
and mitogen-activated protein kinases (MAPK;
signal transduction molecules) are features of the
“nongenomic” response of endothelial cells
exposed to shear stress. Estrogens may stimulate
flow-mediated dilatation by “priming” these pivo-
tal endothelial pathways to respond to shear stress.

Two estrogen receptors have been identified,
ERa and ERpB, both of which are expressed in
human vascular endothelium, vascular smooth
muscle cells (Farhat et al, 1996; Mendelsohn and
Karas, 1994) and the myometrium (Gargett et al.,
2002). In the vascular endothelium, eNOS protein
and/or mRNA expression has been reported to be
increased by estrogen stimulation (MacRitchie
et al., 1997; Yang et al., 2000). Increasing evidence
suggests, however, that initiation of vasodilatation
in response to estrogen is mediated by increased
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activity of eNOS rather than increased production
of eNOS itself (Vangoni et al., 1998). Furthermore,
acute administration of estrogen stimulates rapid
production of endothelial-derived NO without
altering eNOS expression (Chen et al., 2004) and
the mRNA synthesis blockade does not affect
estrogen-induced uterine blood flow (Penney
et al., 1981).

There is much evidence to support a role
for estrogen mediating vasodilatation through
increased NOS activity. First, infusion of
17B-estrodiol to oophorectomized animals results
in a tenfold increase in uterine blood flow within
90-120 min (Killam et al., 1973), which is antag-
onized by an NOS inhibitor (Weiner et al., 1994a).
Estrogen rapidly activates eNOS to produce NO in
uterine artery endothelial cells in vitro (Chen et al.,
2004). Flow-mediated dilatation (FMD; an index
of NO-mediated endothelial function - discussed
below) has been shown to be significantly higher
during the luteal phase of the menstrual cycle,
when estrogen levels are at their highest
(Hashimoto, 1995) and during pregnancy (Cockell
and Poston, 1997b).

Inhibitors of nitric oxide synthase

There are several analogs of L-arginine that compet-
itively inhibit NOS. These include two naturally
occurring NOS inhibitors, N°-monomethyl-L-argi-
nine (.-NMMA) and N¢NC¢-dimethyl-L-arginine
(asymmetric dimethylarginine; ADMA). The stereo-
isomer of ADMA is symmetric dimethylarginine
(SDMA), which does not inhibit NOS (Vallance
et al., 1992). In human plasma ADMA is present at
ten times the concentration of naturally occurring
L-NMMA (Vallance et al.,, 1992). .-NMMA inhibits
NOS in cultured vascular endothelial cells (Palmer
et al., 1988) and increases mean arterial pressure in
animals (Rees et al., 1989). When infused into the
brachial artery in humans, it halves basal blood
flow and attenuates the dilator response to ACh
(Vallance et al., 1989).

ADMA is generated in endothelial cells by
proteolysis of proteins that have undergone
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Vascular smooth muscle cell relaxation
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PRMT, Protein-arginine methyltransferase; ADMA, Asymmetric dimethylarginine;

DDAH, Dimethylarginine dimethylaminohydrolase

Figure 4.3 Nitric oxide and ADMA metabolism.

methylation by protein-arginine methyltrans-
ferases (PRMTs) (Figure 4.3). Isolation of ADMA
and SDMA in human urine led to the assumption
that renal excretion was the sole means of
elimination of methylarginines (Kakimoto and
Akazawa, 1970). However, the urinary concentra-
tion of SDMA was found to be 30 times greater than
that of ADMA, suggesting an alternative pathway
of ADMA elimination (McDermott et al., 1976).
ADMA is selectively metabolized to r-citrulline and
dimethylamine by the enzyme dimethylarginine
dimethylaminohydrolase (DDAH), which exists in
two isoforms DDAH I and II (Leiper et al, 1999).
DDAH I is expressed mainly in the brain and
kidney whereas DDAH II is found predominantly in
heart, kidney and placenta. DDAH II is more highly
expressed in fetal compared with adult tissues
(Tran et al., 2000). DDAH is therefore important in
regulating NOS activity via its actions on ADMA
(Leiper and Vallance, 1999).

Elevated ADMA levels have been found in a
number of pathological states, including athero-
sclerosis (Miyazaki et al, 1999), hypertension
(Goonasekera et al., 1997), renal failure (Vallance
et al, 1992) and pre-eclampsia (Fickling et al,
1993). DDAH activity is suppressed by oxidative

stress, which may explain the higher ADMA levels
evident in these disease states. Overexpression of
DDAH 1 results in increased NOS activity in vitro
and in vivo (Dayoub et al., 2003). DDAH is there-
fore an important indirect regulator of NOS activity
and may represent a new therapeutic target for
increasing NOS activity.

Prostacyclin

Prostacyclin, also known as prostaglandin I, (PGI,),
is produced primarily by vascular endothelial cells.
It is derived from arachidonic acid and its forma-
tion relies on the cyclo-oxygenase (COX) system
(Vane, 1983). Prostacyclin is a potent vasodilator
and increases cyclic 3'-5'-adenosine monophos-
phate (cAMP) in smooth muscle and platelets. It
acts via a G-protein coupled cell-surface receptor,
termed IP, as well as a nuclear receptor, the
peroxisomal proliferator-activated receptor «
(PPAR o). These receptors are thought to mediate
both the anti-platelet and vasodilatory effects of
PGI, in the vasculature (Marx et al., 2003). Nitric
oxide and prostacyclin act synergistically to inhibit
platelet aggregation and promote endothelial-
derived vasodilatation.



Endothelium-derived hyperpolarizing factor

Inhibition of both nitric oxide synthesis and cyclo-
oxygenase does not result in complete inhibition of
endothelium-dependent vasodilatation (Ashworth
et al., 1996; Kenny et al., 2002a; Knock and Poston,
1996). An additional endothelium-derived media-
tor that hyperpolarizes vascular smooth muscle
is known as endothelium-derived hyperpolarizing
factor (EDHF). Hyperpolarization of the smooth
muscle has been attributed to an increase in
conductance to potassium (K") ions, whereby
increased K" efflux results in a more negative
resting membrane potential and hyperpolarization.

The chemical nature of EDHF is disputed;
the various candidates include potassium ions
(Edwards et al., 1998), a cytochrome oxidase
P450-derived metabolite of arachidonic acid
(Hecker et al., 1994), one of the epoxyeicosatrienoic
acids (EETs) and an endogenous cannabinoid
(Feletou and Vanhoutte, 1988; Randall et al,
1996). It has been suggested that myoendothelial
gap junctions may play a role in EDHF-type
responses (Kenny et al, 2002b). These gap junc-
tions may provide sites for the electronic conduc-
tion of hyperpolarization from endothelial cells to
smooth muscle cells (Coleman et al., 2001), or the
preferential transfer of a chemical factor (Feletou
and Vanhoutte, 1988). However, as myoendothelial
gap junctions are much smaller than other gap
junctions, many of the suggested candidates for
EDHF would be unable to pass through. It is
possible that electrical and mechanical mecha-
nisms, modulated by other chemical factors,
may be responsible (Edwards et al., 2000).

Mechanical forces

The capacity of blood vessels to respond to
physical stimuli confers the ability to self-regulate
vascular tone and to adjust blood flow and
distribution in response to changes in the local
environment. Nitric oxide is released by endothe-
lial cells in response to shear stress through a
number of mechanisms. Rapid release occurs via

Endothelial factors

55

a combination of Ca?", K* and Cl~ ion channel
activation (Resnick et al., 2000), fast release occurs
as a result of phosphorylation (Kuchan and
Frangos, 1994), whilst slow release occurs as a
result of increased eNOS transcription (Resnick
et al., 2000).

Endothelium-derived contracting factors

Endothelial cells can also mediate contraction
of underlying vascular smooth muscle cells
(Luscher and Vanhoutte, 1990). Endothelium-
derived contracting factors include endothelin-1,
vasoconstrictor prostanoids such as thromboxane
A,, prostaglandin H,, and components of the
renin—-angiotensin system such as angiotensin II.

Endothelins

The endothelins are a family of 21 amino acid
peptides that are produced by endothelial cells

(Yanagisawa et al, 1988). There are three
recognized endothelins, endothelin-1 (ET-1),
endothelin-2 (ET-2) and endothelin-3 (ET-3),

although only ET-1 has been shown to be released
by human endothelial cells (Masaki, 1989).
Endothelin-1 causes vasodilatation at low concen-
trations but marked and sustained vasoconstriction
at higher concentrations. Endothelin-1 is released
from endothelial cells in response to a variety
of stimuli, including adrenaline and hypoxia
(Boulanger and Luscher, 1990). Like NO, ET-1
also has a short half-life, which suggests a locally
active vasoregulatory function. It is important in
the maintenance of basal vessel tone and is present
in low concentrations in healthy individuals
(Davenport et al., 1990).

Endothelin receptors in humans include the ET4
and ETg, receptors on vascular smooth muscle,
which mediate vasoconstriction. In contrast, the
ETg, receptor results in NO-dependent vasodilata-
tion. ET-1-mediated vasoconstriction occurs
through a calcium-dependent pathway. Activation
of the ET, receptor by ET-1 stimulates the release
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of arachidonic acid, which in turn may stimulate
the synthesis of other endothelium-dependent
vasoactive factors, including PGI, and thrombox-
ane A, (TxA,). Therefore, ET-1 plays a role in
stimulating other vasoactive factors, as well as
its own vasoconstrictive properties (Molnar and
Hertelendy, 1995).

Prostaglandin H, and thromboxane A,

Prostaglandin H, and TxA, are both arachidonic
acid metabolites that are secreted by endothelial
cells in smaller amounts compared with PGI,. They
diffuse to adjacent vascular smooth muscle cells
where they cause calcium-dependent vasoconstric-
tion. Thromboxane A, and prostaglandin H, acti-
vate thromboxane receptors in vascular smooth
muscle and platelets, thereby counteracting the
effects of NO and prostacyclin in both types of cell.
Thromboxane A, is predominantly produced by
platelets, where it promotes platelet aggregation.

Angiotensin Il

The renin-angiotensin system is partially regulated
within the endothelium. Angiotensin-converting
enzyme (ACE), which converts inactive angiotensin
I (Angl) to active angiotensin II (Angll), is
expressed on the endothelial cell membrane.
Angiotensin II activates endothelial receptors,
which stimulate the production of ET-1 and
other mediators, such as plasminogen activator
inhibitor-1 (PAI-1), which promotes thrombogen-
esis (Vaughan et al., 1995).

More recently, the serine protease, chymase, has
also been found to convert Angl into AngII — this
enzyme is also expressed by vascular endothelial
cells. The actions of Angll are mediated by two
receptors, AT, and AT, (Wang et al, 1999). AT,
receptors are known to be responsible for the
majority of physiological actions of Angll in
humans, such as vasoconstriction, mitogenesis
and aldosterone release. AT, receptors were
discovered more recently and their role remains
unclear, although they have been found to

suppress coronary cell proliferation and neointima
formation following balloon injury.

Mediators of endothelial damage

Reactive oxygen species

Toward the end of normal pregnancy, maternal
plasma levels of cholesterol and triglyceride
increase by 50-100%, respectively (Potter and
Nestel, 1979). Women with pre-eclampsia have
even higher lipid levels (Hubel et al., 1996), which
can result in increased levels of lipid oxidation
products (Chirico et al, 1993), which are toxic to
vascular endothelium (see related chapters).
Reactive oxygen species (ROS), such as the
superoxide anion (O,), are produced as a conse-
quence of NO metabolism in the vessel wall, and
suppress endothelium-dependent vasodilatation
(Freeman et al., 1995). Endothelial NOS is also
capable of producing oxygen free radicals from
L-arginine. Superoxide anions are converted to
hydrogen peroxide (H,O,) in a reaction catalyzed
by the enzyme superoxide dismutase (SOD), which
is an important cellular defense mechanism
against free radical damage. There are three
known isoenzymes of SOD - a cytosolic, mitochon-
drial and an extracellular form (ecSOD), the latter
form of which predominates in the vessel wall.
Superoxide anions react rapidly with NO to form
peroxynitrite (ONOO™). Levels of ONOO™ in the
body are usually kept low by the actions of SOD.

Adhesion molecules

Adhesion molecules, which mediate cell-cell inter-
actions, belong to four major families — selectins,
selectin ligands, integrins and members of the
immunoglobulin family (Xu et al., 1994). Elevated
adhesion molecule expression is evident in a
number of pathological states including athero-
sclerosis, inflammation, and pre-eclampsia. Their
role is to promote adhesion of circulating cells to
the endothelium. For example, neutrophils will be



signaled to gather at the site of inflammation and
platelets at the site of endothelial damage to
generate thrombosis.

Fibronectin — a marker of endothelial
dysfunction

Fibronectins are a family of high-molecular-weight
extracellular matrix glycoproteins that exist in the
plasma, extracellular fluid and many body tissues.
The predominant isoform is circulating fibronectin
(plasma fibronectin), which is derived from hepa-
tocytes. The cellular isoform of fibronectin (cFN) is
present in endothelial cells and the endothelial
cell matrix and is generated by alternative post-
transcriptional processing of the fibronectin gene
product. Under normal circumstances, cFN exists in
low concentrations in circulating plasma but in
clinical conditions characterized by endothelial
injury it is elevated. Women with pre-eclampsia
have higher circulating levels of cFN compared with
those who have normotensive pregnancies (Sudd
et al., 1999). Elevated circulating maternal levels of
cFN are evident several months prior to the onset of
clinical disease (Chavarria et al., 2002; Taylor et al.,
1991) and may therefore be a useful predictor of
pre-eclampsia. Cellular fibronectin levels are also
raised in cord blood in the blood of infants of
pre-eclamptic women (Davidge et al., 1996).

The role of the endothelium in clotting

In addition to producing vasoactive mediators, the
endothelium has an important role in the control
of thrombus formation. Nitric oxide and PGI,
inhibit platelet activation, adhesion, and aggrega-
tion (Moncada et al., 1977; Moncada, 1982). The
endothelium also produces a number of other
anticoagulant factors, including thrombomodulin,
protein S, endothelial surface heparin sulfate, in
addition to von Willebrand factor (VWF), which
promotes thrombosis. In healthy endothelium, the
overall effect of these factors is to prevent throm-
bosis, whereas if the endothelium is damaged,
thrombogenesis prevails.
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Endothelial cells secrete tissue plasminogen
activator (t-PA), a powerful thrombolytic, which is
counteracted by plasminogen activator inhibitor-1
(PAI-1). These are both important in the control of
fibrinolysis. PAI-1 expression is enhanced following
vascular injury and in conditions associated with
thrombosis (Kitching er al., 2003; Schafer et al,
2003).

The endothelium and healthy pregnancy

Adaptive cardiovascular changes of healthy
pregnancy

The maternal cardiovascular system undergoes
profound physiological changes during pregnancy
(Williams, 2003). Blood flow to each maternal
organ changes at different stages and by different
amounts (Figure 4.4). Ultimately, the aim of
these gestational changes is to ensure that the
mother can meet the metabolic demands of
the growing conceptus. The mechanisms of these
widespread and variable cardiovascular changes
are incompletely understood.

One of the earliest manifestations of this
adaptive response is a fall in peripheral vascular
resistance. Peripheral vasodilatation is evident
from as early as 5weeks gestation and is almost
complete by 16 weeks (Robson et al., 1989). By the
end of the first trimester, peripheral vascular
resistance has fallen by 40% compared with non-
pregnant women. By 24 weeks gestation, cardiac
output will have increased by 45% above non-
pregnant levels due to an increase in stroke volume
and heart rate, and a fall in systemic vascular
resistance (Easterling et al, 1987; Robson et al.,
1989). Consequently, blood supply to several
maternal organs increases dramatically. By
24 weeks, renal perfusion increases by 80%
(Davison, 1984), and by term, blood flow to the
skin of the hands and feet will have increased by
over 200% and uterine artery blood flow by 1000%.
Conversely, hepatic and cerebral blood flow
remains virtually unaltered (Figure 4.3).



58 M. Noori, M. Savvidou and D. Williams

Early increase in
mammary blood flow -
(not quantified)

No change in _
hepatic blood flow

10-fold increase in
uterine artery blood flow,
mainly after 24 weeks

Small (approximately 10%)
and gradual increase in
cerebral blood flow

50% increase in cardiac
output by 24 weeks

80% increase in renal
blood flow by 20 weeks;
decline to 60% in the third
trimester

Gradual increase in
peripheral blood flow.
Greater than 200%
by term.

Figure 4.4 The distribution of blood flow to maternal organs during pregnancy (from Williams, 2003).

Studies in pregnant baboons (Phippard et al,
1986) and pregnant women (Chapman et al., 1998)
suggest that despite this increase in renal
blood flow, the relatively under-filled peripheral
and renal vasculature stimulates the
angiotensin-aldosterone system, which leads to a
rise in plasma volume of 1.2-1.5L (Brown and
Gallery, 1994). Stroke volume plateaus at 16 weeks
whilst heart rate continues to rise gradually until
32weeks (Robson et al., 1989). Despite the increase
in intravascular volume, the fall in systemic
vascular resistance leads to a fall in diastolic
blood pressure, which reaches its lowest level at
22-24 weeks gestation, then rises to reach pre-
pregnancy levels by term. Systolic blood pressure
is not significantly altered during healthy preg-
nancy (Halligan et al., 1993).

renin—

Endothelial factors in healthy pregnancy

The mechanism for the primary reduction in total
peripheral vascular resistance in normal pregnancy

is multifactorial and results from alterations in
endothelial-derived vasoactive substances interact-
ing with changes in the autonomic nervous system
(Poston and Williams, 2000). Animal studies
provide considerable evidence that increased NOS
activity contributes to the generalized vasodilata-
tion and attenuated response to exogenous vaso-
constrictors characteristic of pregnancy (Conrad
et al., 1993; Weiner et al., 1994b). In vivo studies
of the r-arginine-nitric oxide pathway during
human pregnancy and pre-eclampsia are more
challenging.

Evidence for increased nitric oxide synthase
activity in healthy pregnancy

Cydlic guanosine monophosphate (¢cGMP)

Circulating levels of cGMP, the second messenger
for NO, has been used as a surrogate marker for
NOS activity. Studies on pregnant rats have



demonstrated an increase in both plasma and
urinary cGMP levels as renal blood flow increases
with advancing gestation (Conrad and Vernier,
1989). Renal vasodilatation and hyperfiltration is
abolished by inhibition of NOS (Danielson and
Conrad, 1995).

In human pregnancy, there is agreement that
urinary concentrations of cGMP increase early in
pregnancy and remain elevated until term
(Chapman et al., 1998; Kopp et al, 1977). Cyclic-
GMP clearance increases as early as the sixth week
of gestation, in parallel with a fall in plasma cGMP
levels that remain low throughout pregnancy
(Chapman et al, 1998). Others have found slight
or significant increases in plasma cGMP during
normal pregnancy, remaining high until term
(Boccardo et al., 1996; Schneider et al, 1996).
Platelets do not appear to contribute to excessive
NO production in pregnancy (Boccardo et al.,
1996).

Cyclic GMP concentrations in plasma or urine
are only an indirect indication of NOS activity as
responses to atrial natriuretic peptide (ANP) are
also mediated through cGMP. In a meta-analysis of
53 studies it was concluded that the circulating
concentration of ANP did not rise until the third
trimester (Castro et al., 1994). This is long after the
increase in urinary cGMP, which coincides with
the gestational increase in renal blood flow and
glomerular filtration rate (Dunlop, 1981; Roberts
et al, 1996). It is possible that increased NOS
activity has a role in renal vasodilatation during
healthy human pregnancy, but it cannot be
concluded from the measurement of cGMP alone
that increased NOS activity plays a role in the
gestational fall in systemic vascular resistance.

Oxidation products of nitric oxide, nitrite
and nitrate

Several investigators have measured the serum
concentration of nitrite (NO;,) and nitrate (NO3),
or their product, NO,, during healthy pregnancy.
However, most have ignored the confounding
problem that concentrations of these NO
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metabolites are sensitive to dietary nitrogen
intake. Not surprisingly, studies of normotensive
pregnant women on uncontrolled nitrogen diets
have shown either increased (Seligman et al., 1994)
or unchanged (Curtis et al., 1995; Smarason et al.,
1997) plasma NO metabolites in comparison with
non-pregnant women. In one study, plasma NO,
levels were measured after a 12-15h fast, and
found to be significantly elevated in normotensive
pregnancy (from before 12weeks gestation until
term) compared with non-pregnant women
(Nobunaga et al, 1996). In another carefully
controlled study, guanidino [N'°]r-arginine was
infused into five healthy pregnant volunteers after
being on a nitrate-free diet for the preceding week
and a 12h fast pre-infusion. Arginine flux and
nitrite/nitrate pool turnover were higher in early
compared with late pregnancy, suggesting NO
production is higher in early pregnancy
(Goodrum et al., 1996).

Stimulated nitric oxide synthase activity
in vitro

Much of the evidence favoring an increase in
endothelial NO synthesis in the vasculature in
pregnancy is derived from studies of small arteries
in animals, in which a significant reduction in the
ECso for ACh or methacholine has repeatedly been
observed. Although indicative of enhanced NO
synthesis, conclusive proof is not always available,
as selective inhibition of NOS has not been
attempted often. The reduced responsiveness to
constrictor agonists observed in some small artery
preparations from pregnant animals, using NOS
inhibitors, has sometimes been attributed to
enhanced NO synthesis. Perhaps the most convinc-
ing evidence for an increase in NOS activity comes
from a study of small rat arteries, which has shown
an increase in expression of eNOS in pregnancy
Xu et al, 1996). These confusing and often
conflicting studies of NO in the vasculature in
animal pregnancy were covered in great detail in a
comprehensive review by Sladek et al. (1997).
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Limited availability of human tissue is an
obvious drawback to investigation in human
pregnancies. However, small arteries may be
obtained from subcutaneous fat, omentum and
myometrium by biopsy at Cesarean section. The
development of a variety of techniques for repro-
ducible investigation of small artery tension and
diameter has greatly facilitated studies in human
tissue, as small biopsies may provide adequate
material for experiment.

The blood flow to the skin is greatly enhanced
in human pregnancy and investigation of the
cutaneous circulation provides insight into
pregnancy-induced mechanisms of vasodilatation.
Small  subcutaneous arteries  (250-300 um)
obtained from subcutaneous fat at Cesarean
section relaxed in response to the endothelium-
dependent vasodilator ACh to the same extent
as similar arteries from non-pregnant women
(McCarthy et al, 1994). Interestingly, the NO
synthase inhibitor, .--NMMA, failed to completely
inhibit relaxation to ACh, and indomethacin
had little effect. The residual relaxation to ACh in
the presence of the NOS inhibitor was greater
in the arteries from pregnant women and suggests
the presence of an additional endothelium-derived
hyperpolarizing factor (Gerber et al, 1998).
Pre-constricted small subcutaneous arteries from
normotensive pregnant women have enhanced
relaxation to another endothelial vasodilator
bradykinin (BK), compared with non-pregnant
women (Knock and Poston, 1996). Inhibition of
NOS and COX produced a similar degree of
residual BK-induced relaxation in both groups.
This suggests that pregnancy may induce an
alteration in the signal transduction pathway for
BK (Knock and Poston, 1996).

In contrast, using arteries from the omental
circulation, Pascoal and Umans (1996) concluded
that neither ACh- nor BK-mediated vasodilatation
was different in arteries from term pregnant
women and non-pregnant women, although preg-
nancy was associated with an increase in a novel
component of BK-mediated relaxation, possibly a
hyperpolarizing factor (Pascoal and Umans, 1996).

However, small myometrial arteries from pregnant
women respond well to ACh and this relaxation is
greater than relaxation to ACh in omental arteries
from term pregnant women, perhaps indicating
that enhanced receptor-mediated relaxation may
contribute to increased myometrial blood flow
in pregnancy (Kublickiene et al, 1997a). Taken
together, these studies show little consensus
regarding the role of agonist-stimulated NO syn-
thesis in vasodilatation of pregnancy, perhaps
because of the different vascular beds studied.
There is more agreement that flow-mediated NO
synthesis is raised in the resistance vasculature in
human pregnancy. Subcutaneous arteries from
pregnant women demonstrate an increased
response to flow compared with those from non-
pregnant women, which was totally inhibited by
the NOS inhibitor L-NAME (Cockell et al., 1997).
This substantiated earlier work in arteries from
pregnant rats (Cockell and Poston, 1997a;
Learmont et al, 1996) showing enhanced flow-
mediated dilatation. Using the same technique,
NO-mediated responses to flow have been
observed in small myometrial arteries from
women at term (Kublickiene et al., 1997b).

Nitric oxide synthase activity in vivo

In vivo functional studies provide the most
compelling evidence that NO synthase is
upregulated in the maternal circulation during
normal pregnancy. Infusion of the NO synthase
inhibitor, .L-NMMA, into the brachial artery causes
a greater reduction in hand and forearm blood flow
of pregnant compared with non-pregnant women
(Anumba et al., 1999; Williams et al., 1997). In the
hand, the increased efficacy of L-NMMA was
observed during early pregnancy (9-15weeks), a
time when there was not yet a measurable increase
in hand blood flow. This suggests that a mecha-
nism other than shear stress mediates the gesta-
tional increase in NO generation. Furthermore, in
late pregnancy (36-41weeks), .-NMMA returned
the elevated hand blood flow back to non-gravid
levels, implicating a major role for NO in the



peripheral vasodilatation of healthy pregnancy
(Williams et al., 1997).

L-NMMA has also been shown to induce a non-
sustained venoconstriction in hand veins of healthy
women in the early puerperium, but not in the
same women 12-16 weeks postpartum (Ford et al.,
1996). Normally, in the non-gravid state, infusion
of .-NMMA, at a dose that maximally inhibits
bradykinin does not produce venoconstriction of
hand veins (Vallance et al, 1989). Isolated
endothelial cells from hand veins of pregnant
women have been shown to respond to adenine
triphosphate (ATP) with a large transient increase
in intracellular Ca®" (Mahdy et al., 1998). This
response was significantly greater in endothelial
cells isolated from the hand veins of healthy
pregnant women compared to non-pregnant and
pre-eclamptic women (Mahdy et al, 1998).
However, the extrapolation of evidence from the
venous circulation to peripheral vascular control
must be interpreted with caution.

Endothelium-dependent vasodilatation can be
assessed non-invasively using measurement of
flow-mediated dilatation (FMD) of the brachial
artery (Celermajer, 1992). High-frequency ultraso-
nographic imaging of the brachial artery allows
measurement of vessel diameter before and after
cuff inflation around the forearm to supra-systolic
levels for a period of time (usually 300 mmHg for
5min). Cuff deflation results in a reactive hyper-
emic response, which is mediated by endothelium-
dependent NO. The degree of vasodilatation is
an index of systemic endothelial vasomotor func-
tion (Anderson, 1995). Endothelium-independent
vasodilatation can be assessed using the same
technique following administration of sublingual
nitroglycerin (GTN). Using this technique, Dorup
et al. (1999) showed significantly increased resting
blood flow and brachial artery diameter in the
second and third trimesters of normal pregnancy
compared to non-pregnant controls. The degree
of FMD was greater in pregnant compared with
non-pregnant women, and increased as pregnancy
progressed. This supports the hypothesis that
maternal endothelial-derived NOS activity is
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enhanced during pregnancy and is likely to
contribute to the decrease in peripheral vascular
resistance that occurs in pregnancy. Using the
same technique of brachial artery FMD, Savvidou
et al. (2000) confirmed an increase in FMD
between 10 and 30weeks gestation compared
with non-pregnant controls, but observed a fall in
FMD to pre-pregnancy levels after 30 weeks. This
reduction in endothelium-dependent vasodilata-
tion coincides with the rise in maternal blood
pressure to pre-pregnancy levels in the third
trimester.

Endothelium-derived hyperpolarizing factor

A number of studies have suggested that prosta-
glandin and NO-independent but endothelium-
dependent mechanisms of relaxation are enhanced
in human pregnancy (McCarthy et al, 1994;
Pascoal and Umans, 1996). Acetylcholine-induced
vasodilatation that persists despite inhibition of
cyclo-oxygenase and NO synthase is greater in
pregnant compared with virgin rats. In both
groups, elevation of the potassium concentration
in the organ bath totally abolished any remaining
relaxation, which is strongly indicative of a role
for enhanced synthesis of EDHF.

Endothelin

The plasma concentration of ET-1 is not affected
by normal pregnancy and is very low or undetect-
able in maternal plasma (Wolff et al, 1997).
However, ET-1 causes potent constriction of
myometrial arteries from pregnant (Wolff et al,
1993) and non-pregnant women (Fried and
Samuelson, 1991). ET-1 may therefore play a role
in the regulation of uteroplacental blood flow.

Endothelial dysfunction and thrombosis

Normal pregnancy is characterized by low grade,
chronic intravascular coagulation within both the
maternal and utero-placental circulation, perhaps
as a pre-emptive measure against the anticipated
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hemorrhage associated with childbirth (Lestky,
1995). There is evidence that clotting factors,
particularly fibrinogen, are increased (Bonnar,
1987) and that fibrinolysis is depressed (Kruitthof
et al., 1987). However, more recent studies suggest
that fibrinolysis increases in order to compensate
for the procoagulant state of normal pregnancy
(Sorensen et al., 1995). Some elements of endothe-
lial function are directly involved in promoting a
procoagulant state in healthy pregnancy. During
the third trimester, plasma levels of endothelium-
derived von Willebrand factor are elevated, which
promotes coagulation and platelet
(Sorensen et al, 1995). Furthermore, there is a
gestational increase in endothelium production of
plasminogen activator inhibitor (PAI-1) and t-PA,
with the effect of both inhibition and promotion of
fibrinolysis, respectively. The t-PA and PAI-1 ratio
remains unchanged in healthy pregnancy
(Sorensen et al., 1995). Thrombin generation is
also increased in normal pregnancy, as are circu-

adhesion

lating levels of fibrin degradation products (FDP)
(de Boer et al., 1989; Sorensen et al., 1995),
although the ratio of thrombin to FDP remains
unchanged. The procoagulant state of the endo-
thelium therefore appears to be compensated by
upregulation of the fibrinolytic system (Bremme
et al., 1992; Sorensen et al., 1995).

Circulating angiogenic factors

Vascular endothelial growth factor

The vascular endothelial growth factor (VEGF)
family of proteins include VEGF-A, VEGEF-B,
VEGF-C, VEGF-D and placental growth factor
(PGF). VEGF is an important growth factor in the
placenta where it regulates angiogenesis (Ahmed
et al., 1995; Zhou et al., 2002). VEGF-A is expressed
in the syncytiotrophoblast cells and along with
VEGF-C is also present in the cytotrophoblast.
VEGF interacts through three different receptors:
VEGFR-1 (flt-1), VEGFR-2 (KDR/flk-1), and
VEGFR-3 (flt-4), which mediate different functions

within endothelial cells. VEGFR-1 is a soluble
receptor, and has been localized to the placental
trophoblast. VEGFR-1 and 3 are expressed on
invasive cytotrophoblast cells in early pregnancy.
VEGFR-1 is present in serum from pregnant
women but only in small concentrations from
non-pregnant females or males. Anti-VEGFR-1
reactivity has been demonstrated in the first cell
layers of the cytotrophoblast column, which indi-
cates a likely autocrine or paracrine effect that
activates VEGF receptors in close proximity to the
maternal extracellular matrix (Ahmed et al., 1995;
Dunk and Ahmed, 2001).

Soluble fms-like tyrosine kinase 1 (sFlt-1)

Soluble Flt-1 is a circulating anti-angiogenic
protein that acts by adhering to the receptor-
binding domains of placental growth factor
(PIGF) and VEGF, thus preventing interaction
with endothelial cell receptors and
resulting dysfunction. During
healthy pregnancy, sFlt-1 levels are low until the
end of the second trimester, and PIGF levels are
high, thus creating a pro-angiogenic state. As
pregnancy advances, s-Fltl gradually
increase and the balance shifts to attenuate
placental growth.

surface
in endothelial

levels

Pre-eclampsia

Whereas healthy maternal endothelium is crucial
for the physiological adaptation to normal preg-
nancy, widespread endothelial dysfunction is an
integral part of the multi-organ involvement of pre-
eclampsia (Roberts and Redman, 1993). Women
with pre-existing medical disorders that are char-
acterized by endothelial dysfunction, such as
hypertension and diabetes, are at increased risk
of pre-eclampsia. Indeed, many of the risk factors
for cardiovascular disease (all except smoking) are
also risk factors for pre-eclampsia. Poor placental
implantation also plays an important but not yet



fully defined role toward maternal endothelial
dysfunction.

Endothelial factors in pre-eclampsia

Markers of endothelial dysfunction

Healthy endothelial cells maintain vascular integ-
rity, prevent platelet adhesion and influence the
tone of underlying vascular smooth muscle.
Once damaged, these functions lead to increased
capillary permeability, platelet thrombosis and
increased vascular tone (Flavahan and Vanhoutte,
1995). These features are found in pre-eclampsia
and suggest that the maternal syndrome is, at least
in part, an endothelial disorder (Roberts et al.,
1989). Evidence of endothelial cell damage prior to
clinical manifestation of pre-eclampsia can be
demonstrated by the presence of markers of
endothelial cell activation. Specifically, levels of
fibronectin (Ballegeer et al., 1989) and Factor VIII-
related antigen are elevated early in pregnancies
that result in pre-eclampsia (Roberts and Redman,
1993). Morphological evidence of endothelial
damage in pre-eclampsia can be seen in the
glomerular capillaries (endotheliosis) and in the
utero-placental arteries — a vasculopathy known as
acute atherosis (Poston and Williams, 2000)

Nitric oxide in pre-eclampsia

Chronic inhibition of NO synthesis with L-NMMA
in pregnant rats results in hypertension, protein-
uria and fetal growth restriction, a syndrome
(Yallampali  and
Garfield, 1993). Simultaneous infusion of L-arginine

mimicking  pre-eclampsia
has been shown to reverse the hypertension and
growth restriction (Molnar et al., 1994; Yallampali
and Garfield, 1993). It would be expected that
endothelial dysfunction in pre-eclampsia would
lead to impaired NOS activity. Due to methodolog-
ical limitations, however, human studies have not
reached a consensus on how NOS activity is altered
during pre-eclampsia.
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Cyclic GMP and NO metabolites

Measurement of NO metabolites in urine
and plasma is fraught with methodological
limitations and therefore, not surprisingly, studies
in pre-eclamptic women have shown no change
(Cameron et al, 1993; Curtis et al, 1995), an
increase (Nobunaga et al, 1996; Smarason et al.,
1997), or a fall in circulating or urinary NO
metabolites, compared with normotensive controls
(Seligman et al., 1994). Such differences are
also likely to reflect variations of nitrogen in the
diet. In a study in which volunteers were starved for
12-15h in an attempt to control for dietary
nitrogen there was a correlation between systolic
blood pressure and increasing plasma concentra-
tions of NO, (Nobunaga et al, 1996).

Stimulated NO synthesis in vitro

There are many aspects of endothelial dysfunc-
tion that culminate in the development of pre-
eclampsia, the abnormal relaxation to agonists
representing just one endothelial cell defect. In
small subcutaneous arteries, sensitivity to both
ACh (McCarthy et al., 1994) and to BK is reduced in
women with pre-eclampsia compared with normo-
tensive pregnant women (Knock and Poston, 1996).

Using omental vessels from women with pre-
eclampsia, Pascoal ef al. (1998) found relaxation to
ACh was totally absent whilst responses to BK were
unaffected when compared to normotensive
controls. Studies using small myometrial arteries
from pre-eclamptic women showed that relaxation
to BK was completely absent, whereas normoten-
sive controls relaxed well (Ashworth et al., 1997).
Other studies using similar vessels showed that
maximal responses to ACh were reduced in pre-
eclamptic women (Kublickiene et al., 1998). Whilst
these studies generally agree that endothelium-
dependent dilatation is impaired in women with
pre-eclampsia, the role of NO in these mechanisms
remains equivocal. Knock and Poston (1996) and
Kublickiene ef al. (1998) have suggested that the
blunting of responses to endothelium-dependent
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dilators is due to reduced NO synthesis, but
Pascoal et al (1998) have suggested that the
defect is NO-independent.

Isolated arteries from subcutaneous fat of
normotensive pregnant women relaxed in response
to flow-induced shear stress, but the same vessels
from pre-eclamptic women did not. This lack of
response was unchanged by the presence of a NOS
inhibitor (Cockell and Poston, 1997a). These find-
ings suggest that increased NO synthesis contrib-
utes to vasodilatation of healthy pregnancy which
appears to be reduced in pre-eclamptic women.
More recently, vasodilator responses to bradykinin
in small myometrial arteries isolated from preg-
nant, non-pregnant, and pre-eclamptic women
have been shown to be similar in terms of
sensitivity and magnitude (Kenny et al., 2002b).
This illustrates the heterogeneity of responses by
different vessels to different vasoactive substances
under different experimental conditions.

In vivo studies of nitric oxide activity
in pre-eclampsia

It remains unclear as to whether systemic
NO production is altered in women with pre-
eclampsia. Using forearm venous occlusion
plethysmography, Anumba et al. (1999) found
that responses to an endothelium-dependent NO-
mediated vasodilator (serotonin) were blunted to a
similar extent during both normotensive and pre-
eclamptic pregnancies. They also demonstrated
that vascular smooth muscle sensitivity to exoge-
nous NO (GTN) is unaltered in normal pregnancy
or pre-eclampsia.

Asymmetric dimethylarginine (ADMA)

During the first half of normotensive pregnancy the
gestational fall in blood pressure is accompanied
by a fall in the circulating concentration of
ADMA, an endogenous NO synthase inhibitor
(Fickling et al., 1993; Holden et al., 1998). Plasma
ADMA levels are significantly higher in women
with pre-eclampsia than gestationally matched

normotensive controls (Fickling et al., 1993;
Holden et al., 1998).

In a recent study, Savvidou et al. (2003) showed
that women with bilateral uterine artery notches at
24 weeks gestation had markedly elevated ADMA
levels compared with those who have a normal
uterine artery waveform. Impaired brachial artery
FMD at 23-25weeks gestation was also evident
up to 10weeks prior to the onset of clinical signs
and symptoms of pre-eclampsia. In women who
later developed pre-eclampsia, ADMA levels were
inversely correlated with FMD (Figure 4.5). These
findings suggest that ADMA may provide a
biochemical link between elevated placental vas-
cular resistance and maternal endothelial dys-
function. At the concentrations reached in
women with uterine artery notches, ADMA is able
to inhibit synthesis of NO from vr-arginine and
attenuate endothelium-dependent vasodilatation
(Calver et al., 1993; Vallance et al., 1992).

In this study, women with uterine artery notches
had a selective elevation of ADMA but not its
stereoisomer, SDMA, implicating impaired activity
of DDAH, the enzyme that metabolizes ADMA.
Preliminary work indicates that DDAH II, like
eNOS, is highly expressed in the placenta, and it
has been hypothesized that reduced DDAH II
activity from the hypoperfused placenta could
limit metabolism of ADMA. Increased concentra-
tions of ADMA might attenuate the physiological
vasodilatation of pregnancy and contribute to the
development of pre-eclampsia. As only some
women with high ADMA levels developed PET, its
occurrence may be linked genetically to poly-
morphisms of eNOS. It has been shown that in
early pregnancy, FMD is modulated by carriage of
the Glu298Asp polymorphism of eNOS, which has
been linked to pre-eclampsia (Yoshimura et al.,
2000).

Endothelin in the maternal circulation
in pre-eclampsia

Studies in isolated omental (Vedernikov et al.,
1995; Wolff e al., 1996a) and myometrial arteries
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Figure 4.5 Correlation between ADMA and FMD in women who later developed pre-eclampsia.

(Wolff et al., 1996b) have shown similar responses
to ET-1 in arteries from normal and pre-eclamptic
women, suggesting that enhanced sensitivity to
ET-1 is unlikely to contribute to vasoconstriction of
the maternal vasculature. One report suggests
urinary excretion of ET-1 is reduced in women
with pre-eclampsia (Clark et al., 1997) and as ET-1
is natiuretic, could be implicated as a cause
of sodium retention. More recently, Ajne et al.
(2003) analyzed levels of endothelin converting
enzyme (ECE), that catalyzes ET-1 synthesis
from its precursor, as a marker of ET-1 production.

They found enhanced ECE activity in the plasma of
a small number of pre-eclamptic women compared
with normal pregnant women, which may indicate
enhanced ET-1 production in pre-eclampsia.
Further studies are necessary for further clarifica-
tion of their findings.

Prostanoids in the maternal circulation
in pre-eclampsia

Prostaglandins are now known to play an impor-
tant role in the adaptive changes associated with
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normal pregnancy, with inadequate synthesis
being a likely contributory factor to the develop-
ment of pre-eclampsia (Davidge, 2001). In contrast
to normal pregnancy, pre-eclampsia is associated
with relative underproduction of PGI, and the
over-abundance of TxA, (Fitzgerald et al., 1990). A
reduction in the PGI,/TxA, ratio increases the
likelihood of hypertension (Granger et al., 2001).

The imbalance between these opposing pro-
stanoids formed the rationale for investigations
of “low dose aspirin” therapy for prevention of pre-
eclampsia. Whereas aspirin in excess of
150 mgday " inhibits both PGI, and TxA,, low or
intermittent doses lead to preferential inhibition of
TxA, biosynthesis (Ritter et al., 1989), and could
redress the imbalance between these prostanoids
in pre-eclampsia. Selectivity for TxA, may lie in
differential access of aspirin to platelet cyclo-
oxygenase in the portal circulation (Pederson and
Fitzgerald, 1984) with pre-systemic metabolism
preventing access of aspirin to the systemic
vasculature and placenta and/or the differential
affinity of aspirin for cyclo-oxygenase in platelets
(Patrignani et al., 1982). Also platelets, being
anuclear, lack the capacity to regenerate cyclo-
oxygenase, whereas endothelium can regenerate
the enzyme and so maintain PGI, production
(Ritter et al., 1989). The potential benefit of aspirin
had also been highlighted by the reduced risk of
pre-eclampsia in women at high risk of pre-
eclampsia (Coomerasamy et al., 2003). Post hoc
analysis of the CLASP Trial has shown a 15%
reduction in recurrent pre-eclampsia for women
who had early (prior to 32 weeks gestation), severe
pre-eclampsia (CLASP, 1994).

More recently, Mills et al. (1999) conducted a
multicentered prospective study to examine
changes in PGI, and TxA, levels through preg-
nancy. They found reduced PGI, production rather
than increased TxA, production occurred many
months prior to the onset of clinical disease and
speculated that aspirin trials were likely to have
been less successful than hoped, because increased
TxA, synthesis was not the primary abnormality.
A decreased ratio of PGF,,:TxB, is evident in

pregnant women who go on to develop pre-
eclampsia (Chavarria et al., 2003). These findings
suggest early platelet activation and endothelial
dysfunction. They also demonstrated a positive
correlation between TxB, levels and cFN (Chavarria
et al., 2002).

Effect of sera from pre-eclamptic women
on cultured endothelial cells

Whether the vascular changes that occur in pre-
eclampsia arise as a result of intrinsic vascular
dysfunction or are mediated by circulating factors,
or a combination of both, remains unresolved.
Several experiments have shown changes to differ-
ent types of cultured endothelial cells (human
umbilical vein (HUVEC)), human decidual tissue
(animal and fetal cells) following exposure to
plasma or sera of varying concentrations from
normal pregnant or pre-eclamptic women. Initial
studies implied a possible circulating factor in the
sera of pre-eclamptic women that was cytotoxic to
endothelial cells (Rogers et al., 1988). However,
more recent studies on HUVEC have shown that
pre-eclamptic serum is not cytotoxic (Endersen
et al, 1995). The suggestion that pre-eclampsia was
associated with reduced PGI, synthesis prompted
investigators to determine whether a blood-borne
factor or factors could inhibit endothelial PGI,
production. Results from various studies have been
conflicting and are likely to represent differences in
experimental methodology.

Circulating angiogenic factors in pre-eclampsia

VEGF has been proposed to play a part in the pre-
eclamptic process. Initial studies showed serum
levels of VEGF to be elevated in pre-eclampsia and
suggested a role in endothelial cell activation
(Baker et al, 1995). More recently, VEGF and
VEGEFR expression have been shown to be down-
regulated in severe pre-eclampsia (Lyall et al., 1997;
Zhou et al., 2002). This suggests impaired vascular
development in the placenta and supports the
hypothesis that the VEGF system has an important



regulatory role in the process of trophoblastic inva-
sion. Reduced endothelium-dependent relaxation
of blood vessels incubated in pre-eclamptic serum
in the presence of anti-VEGF antibody suggests a
role for low concentrations of VEGF in the patho-
genesis of pre-eclampsia (Brockelsby et al., 1999).

Soluble Flt-1 (sFlt-1), which binds VEGF,
increases in the serum of women with pre-
eclampsia (Koga et al., 2003; Maynard et al, 2003;
Tsatsaris et al., 2003) as concentrations of circulat-
ing free PIGF and VEGF decrease, even prior to the
onset of the clinical syndrome (Polliotti et al., 2003;
Taylor et al., 2003). A pre-eclamptic-like state with
hypertension, proteinuria and glomerular endothe-
liosis was induced in pregnant rats by administering
exogenous sFlt-1 (Maynard et al., 2003). Moreover,
cancer patients treated with VEGF-signaling inhibi-
tors have developed hypertension and proteinuria
(Kabbinavar et al, 2003; Yang et al.,, 2003). Thus,
excess sFlt-1 may indeed play an important role in
the pathogenesis of pre-eclampsia.

In a cross-sectional study, sFlt-1 levels were
shown to increase about 5 weeks prior to the onset
of pre-eclampsia (Levine et al, 2004). In women
destined to develop early-onset pre-eclampsia and
intra-uterine growth restriction, there was a greater
variation in sFlt-1 and PIGF levels, supporting a
role for abnormal placental angiogenesis in the
aetiology of pre-eclampsia.

During pregnancy, another antiangiogenic
protein, soluble endoglin (a co-receptor for trans-
forming growth factor p; and Bs) is released into the
maternal circulation from the placenta. Circulating
soluble endoglin levels increase 2-3 months before
the onset of pre-eclampsia (Levine et al., 2006). This
rise in soluble endoglin concentration was usually
accompanied by an increased ratio of sFlt-1: PIGF
ratio. Combined together rising levels of these two
values strongly predicts the future onset of pre-
eclampsia (Levine et al., 2006).

Abnormalities of the uterine vasculature

In normal pregnancy, the most striking change to a
maternal artery occurs within the small spiral
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arteries within the uterus (see chapters by Lyall
and Pijnenborg), but in women who develop pre-
eclampsia, cytotrophoblast invasion of the spiral
arteries is incomplete and high-resistance vessels
that retain their muscular wall persist until term.
Prior to any clinical symptoms or signs, Doppler
ultrasound of uterine arteries at 20-24 weeks gesta-
tion can aid in the identity of women with high-
resistance vessels at risk of pre-eclampsia. The
presence of a diastolic “notch” at 24 weeks gesta-
tion, which is thought to reflect a systolic wave
“bouncing off” the high-resistance vascular bed,
may predict 30-50% of women who will go on to
develop pre-eclampsia (Bower et al., 1993; Savvidou
et al., 2003).

The sympathetic nervous system in
pre-eclampsia

It has been suggested that the pathological increase
in vascular tone evident in pre-eclampsia occurs
secondary to changes in the autonomic nervous
system. Women with pre-eclampsia have been
found to have increased sympathetic nerve activity
in muscle-nerve fascicles of the peroneal nerve
(Schobel et al., 1996) and higher plasma noradren-
aline levels compared with normotensive women
(Manyonda et al., 1998). In this latter study, tyrosine
hydroxylase activity and mRNA levels were greater
in placental tissue from pre-eclamptic compared
with normotensive pregnancies. It is proposed that
excessive noradrenaline breaks down more trigly-
ceride to free fatty acids, which are then oxidized to
lipid peroxides that are cytotoxic to endothelial cells
(Manyonda et al., 1998). However, systemic block-
ade of the autonomic nervous system with tetra-
ethylammonium chloride (TEAC) or high spinal
anesthesia causes a dramatic fall in blood pressure
in normotensive pregnant women, but is much less
effective in women with pre-eclampsia (Assali
and Prystowsky, 1950). Despite the potential non-
specificity of this method, this unique study would
suggest that the hypertension of pre-eclampsia is
mediated by a factor independent of the autonomic
nervous system.
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Link between the endothelium and immune
factors in pre-eclampsia

Pre-eclampsia is likely to result from an interaction
between immunological, cardiovascular and meta-
bolic factors. Defective cytotrophoblast invasion of
the maternal spiral arteries leads to reduced
uteroplacental perfusion and hence placental ische-
mia/hypoxia. Placental ischemia results in the
release of a variety of factors including inflamma-
tory cytokines and reactive oxygen species that
cause maternal endothelial dysfunction.
Neutrophils and platelets are activated in normal
pregnancy and further activated in pre-eclampsia
(Greer et al., 1989; Zemel et al., 1990). Activated
neutrophils adhere to endothelium and mediate
vascular damage by the release of proteases and
reactive oxygen radicals. Neutrophil adhesion to
the endothelium is mediated through the expres-
sion of cell adhesion molecules on the endothelial
cell surface. During endothelial cell activation,
expression of certain cell adhesion molecules is
increased on both neutrophils and the endothe-
lium. Neutrophil adhesion is much more marked in
women with pre-eclampsia, as they have increased
expression of certain cell adhesion molecules
compared with healthy normotensive pregnant
women (Barden et al., 1997). Specifically, vascular
endothelial cell adhesion molecule (VCAM-1) and
E-selectin circulate in higher concentrations in
women with pre-eclampsia than in normotensive
pregnant women (Lyall et al., 1994). The stimulus
to neutrophil activation remains unknown, but
pro-inflammatory cytokines can activate neutro-
phils and simultaneously increase expression of
cell adhesion molecules on endothelial cells
(Lyall and Greer, 1996). Furthermore, placental
debri in the form of apoptotic fragments of
syncytiotrophoblast, which are found in increased
concentrations in the maternal circulation of
women with pre-eclampsia may be the stimulus
to an inflammatory response (Redman et al., 1999).
Cytokines are produced by leukocytes, vascular
endothelial cells, smooth muscle cells and placental
trophoblasts, which suggests an important role for

inflammation in pre-eclampsia (Conrad and Benyo,
1997). The cytokines TNF-o and IL-1 are major pro-
inflammatory cytokines and have been shown to
induce alterations in endothelial cells, including
endothelial activation and expression of adhesion
molecules that are vital for the recruitment of
inflammatory cells into the vessel wall (Pober and
Cotran, 1990). They also stimulate chemoattractant
cytokines such as monocyte chemotactic protein-1
(MCP-1) and IL-8 (Mantovani, 1997), as well as IL-6,
which in turn stimulates hepatic production of
acute phase reactants.

Elevated TNF-o levels may cause endothelial
dysfunction both directly and indirectly. Leukocyte
TNF-o. gene expression and circulating levels of
TNF-0. are enhanced in pre-eclamptic patients
compared with normotensive and non-pregnant
women (Chen et al., 1996; Kupfermine et al., 1994).
TNF-o can generate reactive oxygen species, inhibit
NOS, favor synthesis of TXA, over prostacyclin,
change endothelial cells from an anti-hemostatic to
a pro-coagulant state and activate transcription of
VCAM-1 (Chen et al, 1996). On the basis of its
biological properties therefore, TNF-a is a strong
candidate for mediating endothelial damage in
pre-eclampsia. Recent reports suggest that serum
concentrations of IL-2, IL-6 and TNF-« are signifi-
cantly higher in the first and second trimesters in
pregnant women who go on to develop pre-
eclampsia compared to controls. Thus defective
immunological processes are likely to exist prior to
the onset of clinical disease (Sacks et al., 1998;
Williams ez al., 1999).

Conclusion

The control of vascular tone is multifactorial. The
autonomic nervous system, intrinsic vascular
smooth muscle reflexes and the endothelium all
play a role in maintaining blood flow to an organ.
Defects in one parameter are counterbalanced
by another, making it difficult to understand
the primary pathology. Prospective studies in
healthy and diseased pregnancy will help our



understanding of cardiovascular change during
pregnancy and in those women who go on to
develop pre-eclampsia.

One of the most important adaptations made by
the endothelium during healthy pregnancy is
increased nitric oxide synthase (NOS) activity,
which is stimulated by the gestational increase in
estradiol levels. During pregnancy, maternal organs
vary in their degree of vasodilatation, possibly
reflecting the variable expression of eNOS in their
vasculature. Blood flow to the uterus in particular
increases secondary to increased NOS activity.
A healthy endothelium also prevents hemostasis
and inflammatory activity. When the endothelium
is damaged, the vasodilatory, anti-thrombotic and
anti-inflammatory roles of the endothelium are
attenuated. This leads to reduced maternal organ
blood flow due to vasoconstriction, microthrombi
and local inflammation, all of which are present
in affected organs during pre-eclampsia.

The risk factors for pre-eclampsia (all except
smoking) are similar to those for cardiovascular
disease in later life. It is clear therefore that some
women who go on to develop pre-eclampsia have
pre-existing endothelial dysfunction. They are
vulnerable to even a mild inflammatory stress or
increased antiangiogenic response. The source of
this anti-endothelial stress appears to be a poorly
implanted placenta, but may also involve a
hormone-induced metabolic state that is damaging
to the endothelium. Further understanding of the
clinical spectrum of pre-eclampsia will allow us to
customize anti-pre-eclampsia prophylaxis accord-
ing to maternal and possibly paternal phenotype.
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The renin—angiotensin system in pre-eclampsia

Fiona Broughton Pipkin

Angiotensin II (Angll) has suffered from being a
hormone with a long history. Like an aging
film star, it has tended to be overlooked. The
renin—angiotensin system (RAS) was among the
first hormone systems to be studied when
Tigerstedt and Bergman described how intraven-
ously injected saline extracts of kidney caused
pronounced hypertension in rabbits (Tigerstedt
and Bergman, 1898), and it is as a vasoconstrictor
system that the RAS has largely been regarded
ever since. This is, however, only one aspect of the
chameleon-like RAS. Angll has autocrine and
paracrine effects, as well as effects as a classic
circulating hormone. Furthermore, fragments of
angiotensin can have widely differing actions, and
can work through receptors other than the well-
described types 1 and 2. This chapter will consider
the circulating RAS in pre-eclampsia as well as
its effects as a paracrine system in relation to
cell proliferation, differentiation and apoptosis,
interaction with other cytokines, vascular media
hypertrophy, endothelial dysfunction and athero-
thrombosis. Many of these have not yet been
studied in relation to pre-eclampsia, but the
parallels with non-pregnant hypertension suggest
strongly that they should be.

Synthesis

The enzyme renin, an aspartyl protease, has only
one substrate, the oy-globulin angiotensinogen
(Aogen) (Poulsen and Jacobsen, 1993). The
converse, however, is not true. Aogen acts as a

substrate for a number of other enzymes, among
them cathepsins D and G, tonin and tissue
plasminogen activator (Dzau et al, 1988;
Klickstein et al, 1982), all of which can cleave
it, some apparently resulting in the direct synthesis
of Angll without the intervening production
of angiotensin I (Angl). Angl is acted upon by
tissue- and plasma-converting enzymes to produce
Angll, which in turn acts as a precursor for a
number of biologically active angiotensin frag-
ments (Figure 5.1). Angiotensin 2—8 (Anglll) is
nearly as biologically active as Angll. Angiotensin
1-7 can also be synthesized directly from Angl
(Figure 5.1). Aogen is known to be rate-limiting in
normal pregnancy (Skinner ef al., 1972), although it
is not usually so outside pregnancy.

Classically, these reactions are thought of as
occurring in the plasma. However, it has been
known for at least 20 years that there is a number of
autonomous tissue RAS, within which all or most
of the components of the cascade are synthesized.
Since there is increasing evidence that inadequate
placentation is a primary pathogenic factor in
pre-eclampsia, this chapter will consider the
utero-placental RAS in some detail.

Receptors

One of the fascinating features of Angll is that its
function depends on which of its two receptors it is
acting on. In most adult tissues, the type 1 receptor
(AT1R) predominates. When Angll binds to the
ATI1Rs, it is a vasoconstrictor, but when either
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Figure 5.1 Pathways for the synthesis of the physiologically active angiotensins.

the ATI1Rs are down-regulated either physiologi-
cally (pregnancy) or pharmacologically (AT1R
blockers such as losartan), or the type 2 receptors
(AT2Rs) are up-regulated (fetal life) then it can be a
vasodilator. This capacity to exert opposing actions
depending on the predominant receptor, as well
as whether endogenous concentrations are low
or high, is true for a number of Angll's actions
(see below). The ATIR and AT2R are the best-
characterized angiotensin receptors (de Gasparo
et al, 2000). These are 7-transmembrane receptors,
with only a 30% sequence homology, specified
on different chromosomes (3q21—q25 and
Xqg24—q25). The AT1Rs are G-protein coupled
receptors; the third intracellular loop and
the C-tail are important in regulating binding
specificity. Their second messenger system
involves Gq-mediated activation of phospholipase
C followed by phosphoinositide hydrolysis and
Ca”*" signaling. They also induce tyrosine phos-
phorylation of such effectors as JAK2, STATS,
paxillin and MAPK and early response genes such

as c-fos, c-jun, and c-myc, effects also associated
with growth factors (de Gasparo et al, 2000).
The AT1Rs mediate most of the “classic” effects
of the RAS, for both AngIl and AnglII.

It has been suggested that the AT2R is not a
single entity, since its characteristics seem to
vary depending on its cell type of origin. This,
however, remains speculation. Activation of
the AT2R blocks the MAPKs ERK1 and ERK2
by the activation of phosphotyrosine phos-
phatases via a G; or Gq protein (de Gasparo et al.,
2000).

Angiotensin 1-7 and angiotensin 3—8 (AnglV)
only bind weakly to the AT1 receptors. The Mas
proto-oncogene encodes a protein with seven
hydrophobic transmembrane domains, considered
to be an “orphan” G protein-coupled receptor. It
has recently been shown to bind angiotensin 1-7,
and may be the receptor for this fragment (Santos
et al., 2003).

The receptor for AngIV is now known to
(IRAP),

be insulin-regulated aminopeptidase
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synthesized from a single gene on chromosome
5ql14.2—ql5 (Horio et al, 1999). The human
placenta expresses a high density of IRAP on
the syncytiotrophoblast (Yamahara et al., 2000).
The extracellular domain of the receptor can be
shed, and this occurs particularly in the second half
of human pregnancy (Yamahara et al, 2000).
The second messenger systems for this receptor
are still being investigated, but since binding of
AnglV is insensitive to guanine nucleotides, the
ATR4 may not be G-protein-linked.

Angiotensinases in normal and
pre-eclamptic pregnancy

Angiotensin-converting enzyme (ACE) is a special-
ized angiotensinase. Concentrations of circulating
ACE fall in the first half of normotensive human
pregnancy, and then rise significantly over the third
trimester towards non-pregnant levels (Oats et al.,
1981). In pre-eclamptic pregnancy, levels remain
low in the third trimester (Rasmussen et al., 1983).
Plasma ACE is of endothelial origin, and these
depressed concentrations may relate to the gener-
alized endothelial dysfunction of pre-eclampsia.
It is, however, usually assumed that [ACE] is
not rate-limiting in the generation of Angll. There
is a functional polymorphism in the ACE gene,
the Insertion/Deletion (I/D) polymorphism, DD
homozygotes having circulating [ACE] some 40%
higher than the II homozygotes (Rigat et al., 1990).
Although this has been strongly associated with
non-pregnant heart disease in a number of studies,
studies in relation to pre-eclampsia have failed to
show any association (Heiskanen et al, 2001;
Morgan et al., 1999b).

Syncytial microvilli from human pregnancies
have high concentrations of aminopeptidase A
(angiotensinase A), which converts AnglI to AngIII
(Figure 5.1; Ino et al., 2003; Johnson et al., 1984).
This is present from the first trimester. A series of
papers from Mizutani's group suggests that the

increased angiotensinase activity in normal

pregnancy may contribute to the decreased pressor
response to Angll (see Mizutani and Tomoda,
1996). In a prospective study, it was reported
that aminopeptidase A was significantly raised
prior to the onset of pre-eclampsia, but fell
thereafter ~(Mizutani and Tomoda, 1996).
Increasing villous trophoblastic aminopeptidase
A has also been reported with increasing severity
of pregnancy hypertension and pre-eclampsia
(Mizutani and Tomoda, 1996; Neudeck et al,
1996). Raised trophoblastic [aminopeptidase A]
may be an initial homeostatic response protecting
the placenta from the potentially deleterious
effects of high concentrations of locally generated
Angll. Angll is known to be a very potent
vasoconstrictor in human villous stem arterioles
(Tulenko, 1979), with a lower Ecsy than 5-HT,
prostaglandin F,, or prostaglandin E, (Allen et al.,
1989). The sensitivity of villous stem arterioles in
vitro to Angll does not differ between normoten-
sive and pre-eclampsia pregnancy (Allen et al.,
1989). Interestingly, maternal omental (systemic)
resistance arteries from women with pre-eclampsia
do show significantly greater responsiveness
to Angll (Aalkjaer et al, 1984), paralleling the
pressor responsiveness (see below). Further
indirect support for the suggestion of an initially
protective role for aminopeptidase A comes from
the observation that while uterine venous [AngII]
is lower than simultaneously measured peripheral
venous Angll at elective Cesarean
in normal pregnancy, the converse is found
in hypertensive pregnancy (Broughton Pipkin
et al., 1981).

The neutral endopeptidase 24.11 (neprilysin)
is one of the enzymes capable of converting Angl
and Angll to angiotensin (1-7). It is highly
expressed on the cell surface of trophoblasts,

section

particularly in the first trimester (Kikkawa et al.,
2002). Immunohistochemically, there is intense
staining for the metallo-endopeptidase on extra-
villous trophoblast, which is further enhanced
in pre-eclampsia, when it is also present in the
cytoplasm of the villous-associated trophoblast
(Li et al., 1995).



Angiotensin fragments

On a molecule-for-molecule basis, AnglI is the
most potent circulating vasoconstrictor yet
described. The circulating concentrations of the
angiotensins are normally very low (~8pmol 17"
for Angll), and yet so potent is Angll as a
vasoconstrictor that this concentration is only just
below levels capable of increasing the blood
pressure. High-performance liquid chromatogra-
phy shows that in the venous plasma of normal
male subjects, Angl is present at about twice the
concentration of Angll, while AnglIII is present at
about one-tenth, and AngIV at about 7% of the
concentration of AngIl (Campbell and Kladis,
1990). In normal third-trimester pregnancy, circu-
lating concentrations of Angll double but
concentrations of AnglIl and AngIV appear not to
increase pro rata (Hanssens ef al., 1991b). However,
tissue concentrations of the peptides have not
been measured in pregnancy, and local generation
could result in differential increases in angiotensin
fragments. This seems particularly likely in
pregnancy, given the high capacity of human
chorio-decidua and placenta to synthesize and
release Angl into culture medium (Craven et al.,
1983).

Angiotensin (1-7)

Both the cardiovascular and renal effects of
angiotensin (1—7) oppose those of Angll (Cesari
et al, 2002). It seems likely that it is locally
generated, and acts locally, with a half-life as
short as that of nitric oxide (NO). In animal
experiments it is vasodilator, natriuretic and
diuretic, these effects being particularly pro-
nounced when the RAS is activated (Ferrario,
2002). Pregnancy is, of course, such a state.
Angiotensin (1-7) acts at least in part by stimulat-
ing the release of NO (Li et al, 1997) prostacyclin
(PGI2) and endothelium-derived hyperpolarizing
factor (EDMF) (Ferrario et al., 1997).

Since the placenta is a rich source of the
endopeptidase which converts Angl and AnglI to
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angiotensin (1-7) (see above), one might expect
concentrations to rise in pregnancy. Both plasma
(Merrill et al., 2002) and urinary angiotensin (1—7)
(Valdes et al, 2001) indeed do show similar
patterns of increase to that of Angll in normal
pregnancy. Maternal plasma concentrations
have been reported to be lower in women with
pre-eclampsia (Merrill er al., 2002). However, the
further increased expression of neutral endopepti-
dase in placentae in pre-eclampsia (Li et al, 1995)
suggests the possibility of greater local generation,
perhaps counterbalancing the effects of endothelial
damage. Several studies have suggested a similar
possible role for NO in pre-eclampsia.

Angiotensin 111 (Alll)

Like Angll, AnglIl is a pressor agent which can
also stimulate vasopressin release and drinking
(Ardaillou and Chansel, 1997). However, it is
thought mainly to exert these effects in the
central nervous system, and will not be further
discussed here.

Angiotensin IV (AnglV)

Much of the current research on the role of AngIV
centers on its capacity to promote learning in
rodents. However, the recent identification of
its receptor as being insulin-regulated amino-
peptidase (IRAP; Albiston et al., 2001), which is
widespread in the placenta, raises intriguing
hypotheses. For example, AngIV functions as an
endogenous inhibitor of ACE (Fruitier-Arnaudin
et al.,, 2002). In vitro, it stimulates both DNA and
RNA synthesis and cellular proliferation in
endothelial cells. The expression of the AT4R
more than doubles in rabbit carotid artery follow-
ing balloon injury, and its mitogenic properties
suggest that it could be involved in vascular
remodeling after injury (Moeller et al, 1999).
Another property of AnglV is that it can increase
the expression of plasminogen activator inhibitor-1
(PAI-1) mRNA and protein expression in endothe-
lial cells (Kerins et al., 1995).
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It is also a vasodilator, at least in the cerebral
vessels. These properties suggest that the local
generation of AngIV in the placenta via aminopep-
tidase N could be involved in the local control of
apoptosis and remodeling.

The circulating RAS in pre-eclampsia — early
and late roles?

Normal pregnancy is a state of activation of the
RAS, which is one of the earliest systems to
recognize pregnancy. There is activation of the
circulating system in the luteal phase of every
ovulatory menstrual cycle and, should conception
occur, this activation is maintained and rapidly
amplified. It is thought that the activation is
initially a response to the increased [progesterone],
which is natriuretic, but it may also be a response
to the perceived “‘underfilling” of the circulation
in very early pregnancy (Chapman et al, 1998).
This is sensed at the macula densa and renin
synthesis and release from the juxtaglomerular
apparatus is stimulated. At the same time, increas-
ing [estrogen], acting at the promoter region of the
Aogen gene, stimulates the synthesis of angioten-
sinogen. Plasma [Angll] rises, and in turn stimu-
lates aldosterone synthesis and release from the
zona glomerulosa (Chapman et al, 1998). The
pregnant woman is protected from the potential
pressor effects of the raised circulating concentra-
tions of AnglI by a specific diminution in pressor
response to Angll, via down-regulation of the
ATI1Rs (Baker et al, 1992), while adrenal cortical
responsiveness is maintained (both AT1Rs and
AT2Rs are present). This general picture has been
known for more than a generation. For reviews of
early studies, see Broughton Pipkin (1993) and
Skinner (1993).

There is good evidence that in established pre-
eclampsia, the circulating RAS is suppressed.
A lower plasma total renin concentration was first
noted almost 40 years ago (Brown et al., 1964b), an
observation which has since been confirmed
repeatedly, and extended to plasma active renin

and plasma renin activity (PRA). Interestingly, a
recent report including further confirmation of
suppressed PRA in established pre-eclampsia
found no such suppression in women with
HELLP (hemolysis, elevated liver enzymes and
low platelets) (Bussen et al., 1998). Aogen is usually
only measured in research laboratories. It exists
in two forms in pregnancy, one being a high-
molecular weight (HMW Aogen) form. This HMW
Aogen can be detected early in the first trimester
and about half of the women who develop pre-
eclampsia have significantly raised HMW Aogen
(Tewksbury et al., 2001). The pattern of increase is,
however, very variable.

We have previously reported, in a series of just
under 200 patients, that maternal plasma [Aogen]
at the time of the booking visit (~18weeks
gestation) is significantly inversely associated with
the subsequent birthweight of the baby, both raw
and corrected for gestation age at delivery and
maternal build and parity (Broughton Pipkin et al,
1995) and with the baby’s head circumference at
birth (p<0.05). When one considers the number of
parameters which might have impinged on the
birthweight some 20weeks later, the implication
has to be that Aogen is an early determinant of fetal
growth. The number of women who developed
pre-eclampsia in this prospective study is too small
to allow subgroup analysis.

However, a number of papers have reported
that when patients who had developed de novo
pregnancy-induced hypertension without signifi-
cant proteinuria were studied, no significant
depression in PRA was found (Gallery et al., 1980;
Kaaja et al., 1999; Symonds and Andersen, 1974).
Indeed, there is some evidence from small-scale
prospective studies that PRA may be increased in
the second trimester in women who go on to
develop pre-eclampsia, only later being suppressed
(Gordon et al., 1969, 1973). Furthermore, a group of
women who developed pregnancy-induced hyper-
tension very early (~24weeks gestation) had
significantly raised PRA at this time (Ruilope
et al., 1984). The measurement of Angll is less
often undertaken, but the same picture emerges,



of a normal or even raised plasma [Angll] in
women with non-proteinuric pregnancy hyperten-
sion (Hayashi et al., 1977; Symonds et al., 1975), but
indubitably suppressed levels in pre-eclampsia
(Hanssens et al., 1991a). This suggests the possibil-
ity that the fall in [renin] is a late homeostatic
response to hypertension evoked through other
mechanisms.

The pressor response to Angll is well known to
be enhanced before pre-eclampsia is clinically
detectable and is associated with an increased
density of AnglI binding sites having the character-
istics of ATIRs (Morgan et al., 1997a). Similar
increases in AT1R expression have also been found
on syncytiotrophoblasts from pre-eclamptic
placentae.

Given the very early activation of the RAS in
pregnancy, and the known long-term effects of
subpressor infusion of AnglII on vascular structure
(Lever, 1993), it is tempting to propose an hypoth-
esis. If, for some reason, perhaps genetically
determined or related to a relatively hypoxic
implantation site, there is early increased activa-
tion of the RAS in pregnancy, either locally in the
placenta or in the maternal systemic circulation,
then subtle structural changes in the vasculature
could occur, with an increased tendency to
hypertension later in gestation when absolute
fetal demands increase. The RAS could then be
suppressed by the normal baroreflex reduction in
renal renin release.

The utero-placental RAS

This was the first extra-renal RAS to be character-
ized. The existence of “‘big” renin (prorenin) was
identified by serendipity, in human amniotic fluid,
nearly 40years ago (Brown et al, 1964a) and the
ability of cultured human chorion to synthesize
renin was described soon after (Symonds et al,
1968). A particular curiosity of the utero-placental
RAS is the very considerable between-species
variability, which means that it is particularly
unsafe to extrapolate across species.
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All components of the RAS are present in human
endometrium and decidua (Hagemann, 1994) and
endometrial renin. Aogen and ATRs vary cyclically
in the non-pregnant woman (Johnson, 1980; Li
and Ahmed, 1996). AT2Rs predominate in the
non-pregnant endometrium (Ahmed et al., 1995).
mRNA for renin, Aogen, ACE and ATIR has been
identified in human decidua from as early as
5weeks gestation (Morgan et al., 1997b, 1998).
Renin and Aogen have been localized histochemi-
cally round the unremodeled spiral arteries, while
ATIR is mainly found in decidual perivascular
stromal cells, with only a faint signal from spiral
artery smooth muscle cells. This suggests strongly
that locally generated Angll may be involved in the
spiral artery remodeling central to successful
placentation. AT2Rs have not been reported in
pregnant human endometrium or decidua, but are
known to be markedly down-regulated in pregnant
human myometrium (Bing et al., 1996; de Gasparo
et al., 2000).

In the placenta itself, conflicting results have
been reported for the expression of mRNA and
protein for the components of the RAS in pre-
eclampsia. A study of nulliparous African-American
women with pre-eclampsia (Sowers et al., 1993)
reported somewhat higher active and inactive
renin concentration and renin mRNA (blot hybrid-
ization) in placental homogenates than in
controls, while Aogen mRNA and tissue concentra-
tion did not differ. However, more recently, using
the more sensitive RT-PCR, mRNA and protein
expression of ATIRs and mRNA for Aogen were
shown to be more than doubled in established pre-
eclampsia in Chinese women (Leung et al., 2001).
Another study, using micro-dissection to identify
the specific tissue source of placental renin
expression, reported the level of renin gene
expression in the basal decidua and chorionic
villi of PE and control placentae to be the same,
although, curiously, expression in the decidua vera
was some threefold higher in pre-eclamptic
placentae (Shah et al, 2000). Studies using
in vitro autoradiography identified a lower capacity
and affinity of AnglIl binding sites identified as
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ATIRs in placental villous blood vessels in PE
(Knock et al., 1994). However, using RT-PCR and
Western blotting, mRNA and protein expression of
AT1Rs were shown to be more than doubled
in established pre-eclampsia in Chinese women
(Leung et al., 2001). These authors noted that
enhanced immunoreactivity for AT1Rs was local-
ized in the syncytiotrophoblast of the placental
villi from pre-eclamptic placentae. The differences
in approach may account for the reported
differences.

The macrophage RAS

Macrophages are mobile RAS factories. They are
known to contain mRNA for prorenin, ACE and the
AT1R (Jikihara et al, 1995; Keidar et al., 2002;
Viinikainen, 2002). The possible implications in
relation to pathogenesis of pre-eclampsia are
discussed below.

some less well-known local functions
of Angll

Angll, vascular permeability and angiogenesis

One of the prerequisites for successful placentation
involves an increase in vascular permeability,
allowing tissue growth and remodeling and
angiogenesis. Vascular endothelial growth factor
(VEGEF-A; originally known as vascular permeability
factor) is an endothelial cell mitogen which
promotes localized vascular permeability and
angiogenesis and is believed to be integral
in placentation. VEGF synthesis can be induced
in vascular smooth muscle cells by either hypoxic
or hormonal stimuli such as AnglI (Richard et al.,
2000; Williams et al., 1995). AnglI can induce up to
fourfold increases in vascular endothelial cell
VEGF mRNA via the AT1Rs (Williams et al., 1995).
It can also induce angiogenic activity through a
several-fold increase of the VEGF receptor

KDR/Flk-1. Hypoxia-inducible factor (HIF-1)

induces transcriptional upregulation of the VEGF
gene. The HIF-1o subunit can also be induced by
non-hypoxic stimuli, including AnglII (Otani et al.,
1998; Page et al., 2002). Angll in this context acts
via two mechanisms: a protein kinase C (PKC)-
mediated effect on transcription and a reactive
oxygen species (ROS)-dependent increase in HIF-1
o protein expression.

VEGF stimulates endothelial cell migration and
tube formation, both of which play an important
role in the process of angiogenesis. As noted above,
stimulation of the AT2Rs is antiangiogenic. AngIl
has been variously reported to stimulate or inhibit
human vascular endothelial cell migration. The
reported differences may well relate to whether
the tissue from which the test cells were isolated
expresses predominantly AT1R or AT2Rs. For
example, in retinal microvascular pericytes,
Angll stimulated migration via AT1Rs (Nadal
et al., 2002). However, in human coronary artery
endothelial cells, Angll was associated with
inhibition of migration, mediated via the AT2Rs
(Benndorf et al, 2003). This was related to
inhibition of the VEGF-mediated phosphorylation
of endothelial NO synthase (eNOS).

AngllI also stimulates expression of angiopoietin 2
(Ang-2) mRNA, through the protein kinase C and
mitogen-activated protein  kinase pathways
(Otani et al, 2001). Ang-2 is the ligand for the
Tie-2 receptor. It has been suggested that Ang-2
may be either pro- or antiangiogenic depending on
whether endogenous VEGF-A is present. When it is,
Ang-2 promotes a rapid increase in capillary
diameter, remodeling of the basal lamina, prolif-
eration and migration of endothelial cells, and
stimulates sprouting of new blood vessels in an
angiogenic model in the eye. However, if the
activity of endogenous VEGF is inhibited, Ang-2
promotes endothelial cell death and vessel regres-
sion (Lobov et al., 2002).

Some 97% of the Aogen molecule gives the
impression of simply acting as a ‘“carrier’” for
the decapeptide angiotensin I. However, both the
native Aogen and the [des Asp'l Aogen have
recently been shown to inhibit angiogenesis both



in vivo and in vitro (Celerier et al., 2002), as do
other serpins. The effects of the RAS on angiogen-
esis might therefore depend not only on the ratio of
expression of AT1R/AT2Rs, but also on whether
Aogen is locally synthesized. The presence
of mRNA for Aogen in human placenta from
the first trimester has been shown by several
groups (Cooper et al., 1999; Morgan et al., 1998).
In decidua, Aogen expression and transcription is
localized to the spiral arteries (Morgan et al., 1998),
suggesting that a local generation of AngllI is indeed
involved in angiogenesis.

The genetics of the RAS in pre-eclampsia

The M235T polymorphism is a common poly-
morphism of the Aogen gene. Although there are
considerable population differences in allele
frequency, a recent meta-analysis of 45,267 non-
pregnant patients showed a stepwise increase in
both plasma [Aogen] and in the odds ratio
for hypertension with increasing dosage of the
T allele (Sethi et al, 2003). In the first published
study of pre-eclamptic patients (Ward et al., 1993),
the variant M235T was found in significantly
increased frequency in 45 pre-eclamptic women,
in association with a raised plasma angiotensino-
gen concentration. However, later studies in differ-
ent populations have shown discrepant results.
For example, while a similar association between
the 235T allele and pre-eclampsia was reported in
one Japanese population (Kobashi et al., 2001),
it was not in another (Suzuki et al, 1999). Nor has it
been confirmed in a different population in
the USA (Bashford et al., 2001) or in Australian,
Chinese or UK populations (Guo et al, 1997;
Morgan et al, 1999a; Suzuki et al, 1999).
Published T allele frequencies range between 0.36
and 0.91 in non-pregnant populations so that the
possibility of differing interactions with other genes
or the environment must exist.

However, in pre-eclamptic pregnancies, 11/14
mothers heterozygous for the dinucleotide repeat
allele designated A9 in the Aogen gene transmitted
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this allele to the fetus, more frequently than would
be expected by chance (p=0.02; Morgan et al.,
1999a). In our normal pregnant population, the A9
allele is associated with significantly low [Aogen]
and high [renin].

The T allele is in tight linkage disequilibrium
with a functional mutation in the promoter region
(Inoue et al., 1997), promoting increased protein
synthesis. Studies of first trimester decidua suggest
that tissues from TT women have less effective
remodeling of the spiral arteries (Morgan et al.,
1999c¢) and that 235T expression is increased in the
vessel wall (Morgan et al., 1997b).

We have subsequently reported that in our
population, plasma angiotensinogen concentra-
tions are actually lower in pregnant normotensive
TT homozygotes (Morgan et al., 1999a). There is
evidence of variation in the frequency of several
diallelic mutations of the angiotensinogen gene
even between populations described as
“Caucasian” (Morgan et al., 1996), suggesting the
possibility of cryptic ethnic differences, and
marked variability between Asian, African and
Caucasian populations.

The substitution of threonine for methionine is
not known to have any functional effects, although
there might be an effect on three-dimensional
structure. However, another mutation has been
reported in one pre-eclamptic patient, which
results in the replacement of leucine by phenyl-
alanine at position 10 of angiotensinogen (the LF10
mutation). Since this is the cleavage site for renin,
it might be expected that some alterations in
kinetics would occur, and a tenfold decrease in
Km and a doubling in catalytic efficiency was
reported (Inoue et al, 1997). However, a more
recent study of 32 women of various ethnic groups
with well-defined pre-eclampsia reported no
instance of the LF10 mutation (Curnow et al.,
2000).

The renin gene has been much studied with
respect to non-pregnant essential hypertension in
co-segregation studies. However, so far no muta-
tion has been associated with a functionally
significant phenotypic alteration. A small linkage
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analysis study of nine families in Iceland, present-
ing with pre-eclampsia in two or three generations,
provided no evidence for any involvement of the
renin gene in this disease either (Arngrimsson
et al., 1994).

The impact of the angiotensin converting
enzyme (ACE) insertion:deletion polymorphism
on circulating [ACE] was mentioned above.
However, a small-scale study of this polymorphism
in pregnant African-American women failed to
reveal any association with the development of
pregnancy-induced hypertension (Tamura et al.,
1996). More recent association studies of 66 British
(Morgan et al., 1999b) and 133 Finnish women
(Heiskanen et al., 2001) with carefully defined pre-
eclampsia have also failed to demonstrate any
association.

A study investigating possible linkage between
ATIR genotype and the development of PE
found no evidence that the three best-known
polymorphisms in the gene were associated with
pre-eclampsia (Morgan et al., 1997a). However,
there is a dinucleotide repeat polymorphism in the
3’ flanking region of the AT, receptor gene, and a
marked distortion of maternal—fetal transmission
of one of these alleles was shown in pre-eclampsia
(Morgan et al.,, 1997a). Mothers heterozygous for
the dinucleotide repeat allele designated A4 trans-
mitted this allele to the fetus in 15/18 informative
pre-eclamptic pregnancies, but only 8/26 normo-
tensive pregnancies. This allele is in partial linkage
disequilibrium with the C573T variant, which in
normotensive pregnancy is associated with higher
levels of platelet AT, receptors (Morgan et al.,
1997a). Polymorphisms in the AT2R seem not to
have been studied yet in relation to pre-eclampsia.

Conclusion

One of the most fascinating series of papers linking
the RAS to pre-eclampsia has recently come from
Luft’s group in Berlin. In 1999 they demonstrated
the existence of circulating stimulatory autoanti-
bodies to the second extracellular loop of the

ATIR in all pre-eclamptic patients studied
(Wallukat et al., 1999) an observation subsequently
confirmed by others (Xia et al, 2003). Such
autoantibodies have also been found in a propor-
tion of patients with non-pregnant hypertension
(Fu et al., 2000). These autoantibodies can stimu-
late the AT1Rs on vascular smooth muscle to
activate tissue factor (Dechend et al., 2000). This
could contribute to the activation of the coagula-
tion cascade. Furthermore, activation of the AT1Rs
by purified autoantibodies resulted in increased
PAI-1 expression, but lesser trophoblast invasive-
ness (Matrigel invasion assay) (Xia et al., 2003), in
agreement with data obtained after activation
of AT1Rs by Angll (Xia et al, 2002). We have
preliminary data to suggest that AngIl does
stimulate invasiveness of human trophoblast cells
in vitro (Lash and Broughton Pipkin, unpublished
data). Since expression of both mRNA and protein
for AT1Rs are approximately doubled in syncytio-
trophoblasts from pre-eclamptic placentae (Leung
et al., 2001), the possibility that invasiveness has
been impaired by such a mechanism can at least be
considered. However, tissues from third trimester
pregnancies are many weeks removed from those
involved in early placentation, and could be
showing adaptive or secondary, rather than
causal, changes.

The ATIR autoantibodies from pre-eclamptic
women have also been shown to stimulate reactive
oxygen species (ROS) and NADPH oxidase
(Dechend et al.,, 2003). Angll is known to stim-
ulate an increase in several membrane compo-
nents of NADPH oxidase, leading to increased
activity of the oxidase (Hanna et al., 2002). Reactive
oxygen species act as intracellular second
messengers in the activation of such downstream
signaling molecules as mitogen-activated protein
kinase, protein tyrosine phosphatases, protein
tyrosine kinases and transcription factors. This
can lead to growth, proliferation and migration of
vascular smooth muscle cells, expression of pro-
inflammatory mediators and modification of extra-
cellular matrix. The inactivation of NO could then
lead to decreased endothelium-dependent



vasodilatation, a clotting tendency, cellular infiltra-
tion and inflammatory reaction. It has been
suggested that the now well-documented interac-
tions between Angll and NO particularly affect the
capacity of the vascular endothelium to adapt to
dyslipidemia, and may exacerbate atherogenesis.
Angll can stimulate macrophages, platelet aggre-
gation and plasminogen activator inhibitor 1
synthesis, as well as its other actions noted above.
These aspects of AnglI’s less well-known functions
have been reviewed recently (de Gasparo, 2002;
Strawn and Ferrario, 2002).

Put all these features together, and a picture
emerges of a pluripotent molecule, capable of
acting from the very earliest pregnancy as an
autocrine or paracrine agent, capable of affecting
implantation and placentation and moving
through to its classical actions in late pregnancy
as a circulating hormone. If the analogy with the
“slow pressor response’’ to Angll is valid, then its
role in pre-eclampsia may well lie in very early
pregnancy, long before pre-eclampsia can be
diagnosed.
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Immunological factors and placentation: implications

for pre-eclampsia

Ashley Moffett and Susan E. Hiby

Introduction

Pre-eclampsia only occurs during pregnancy, a
physiological situation where allogeneic cells from
two different individuals come into close contact.
Furthermore, the development of the disease is
dependent only on the presence of the placenta
and not the fetus as the disease is frequently
seen in complete hydatidiform mole where no
fetus is present. Numerous epidemiological studies
have given rise to the widely held view that
immunological mechanisms probably contribute
to the pathogenesis of this disease (and indeed
other pregnancy disorders) (Dekker, 2002; Redman,
1991; Roberts and Lain, 2002; Walker, 2000).
However, the molecular and biological mecha-
nisms underlying this presumed maternal immune
maladaptation remain unknown.

During pregnancy both the maternal and fetal
immune systems would be expected to recognize
the presence of each other’s allogeneic cells.
However, the acceptance of the fetal allograft by
the mother is at variance with the rejection
typically seen with organ grafts. If the transplant
analogy is extended further it would be expected
that the maternal immune reaction would exhibit
both specificity and memory for particular pater-
nal genes expressed by the placenta. In other
words, is there a partner-specific effect which
contributes to pregnancy success or failure?
Therefore, in considering possible immunological
factors in pre-eclampsia two broad questions
arise: first, how does the maternal immune
system normally allow a symbiotic relationship

with the feto-placental unit and, second, can this
symbiosis be altered in a partner-specific way in
pre-eclampsia?

Epidemiology

The strongest risk factor for pre-eclampsia is
primiparity with 75% of cases occurring in primips,
indicating that a previous pregnancy is protective
in the development of the disease (Eskenazi ef al.,
1991; MacGillivray, 1958; Roberts and Redman,
1993). One interpretation is that the mother has
immunological memory for her first pregnancy.
However, in contrast to the memory characteristic
of a transplanted organ where the rejection reac-
tion to a second graft from the same individual
is accelerated and more vigorous, the second
pregnancy is more successful. Viewed in conven-
tional immunological terms, pregnancy appears to
induce tolerance rather than sensitization. There
is still no satisfactory explanation why first preg-
nancies are so at risk from pre-eclampsia and
why subsequent pregnancies generally proceed
normally.

Intriguingly, a partner-specific effect may also be
important. If subsequent pregnancy occurs with a
different father, then the protective effect of
primiparity will be lost. This ‘““‘change of partner”
effect has been found in many studies (Feeney and
Scott, 1980; Li and Wi, 2000; Lie et al., 1998; Trupin
et al., 1996; Tubbergen et al., 1999). Furthermore,
after change of partner, it seems that the risk of
developing pre-eclampsia increases if the woman



has no previous history of pre-eclampsia but may
conversely actually decrease if she has experienced
pre-eclampsia in her first pregnancy. Recently,
other reports have challenged these findings and
concluded it is the longer birth interval — more
likely to occur when a new partner intervenes
between pregnancies — rather than the new
partner himself which is important (Basso et al.,
2001; Skjaerven et al., 2002; Trogstad et al., 2001).
Disentangling the effect of paternal change from
this time aspect (which will involve other factors
such as infertility, length of cohabitation and age)
would be difficult.

At present, therefore, it is unclear whether the
first pregnancy and change of partner effects do
indicate immune mechanisms in pre-eclampsia.
More prosaic explanations are possible. For
example, the structural modifications of the uterine
arteries may be more difficult to achieve optimally
the first time the placenta is established (Redman,
1991). It might be easier to re-modify the uterine
arteries in a subsequent pregnancy after a short
birth interval than after a longer interval when the
arteries may have returned more closely to their
“virgin”’ untransformed state.

Despite these caveats other reports do suggest
immunological factors may be operative. For
example, a protective effect of sperm/seminal
fluid from the father in a subsequent pregnancy
is suggested from several studies. Barrier contra-
ception seems to increase the risk (Klonoff-Cohen
et al., 1989) and, conversely, a prolonged period of
sexual contact reduces the risk (Marti and
Herrmann, 1977; Robillard er al, 1994, 1998).
Similarly, an increased incidence of pre-eclampsia
has been seen in IVF pregnancies when donated
sperm rather than sperm from the cohabiting
partner are used (Dekker et al., 1998; Hoy et al.,
1999; Need et al, 1983). The effect seems to be due
to the father’s sperm rather than other soluble or
cellular components of seminal fluid because the
risk of pre-eclampsia is also increased in women
who were treated by intracytoplasmic sperm
injection (ICSI) performed with surgically obtained
sperm (Wang et al., 2002).
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The most compelling evidence that there is an
immunological basis to pre-eclampsia comes from
studies comparing the incidence of pre-eclampsia
in women undergoing IVF with donated oocytes
with those who have used their own oocytes
(Abdalla et al., 1998; Boks and Braat, 1997; Salha
et al, 1999; Serhal and Craft, 1989; Soderstrom-
Anttila et al., 1998). The incidence of pre-eclampsia
rises to ~30% with donated oocytes. In these
pregnancies the fetus and placenta will have
no genetic contribution from the mother and
the conceptus is completely non-self or foreign
to her.

A maternally inherited predisposition has long
been noted with a fourfold increased risk of a
woman developing severe pre-eclampsia if she has
a family history (Adams and Finlayson, 1961;
Cincotta and Brennecke, 1998; Sutherland et al.,
1981). Recently, large population-based studies
have indicated that paternal genes also contribute
to a woman’s risk of developing pre-eclampsia.
Indeed, the role of the fetus is as important as that
of the mother (Esplin et al., 2001; Lie et al., 1998).
Twin studies also do not support sole maternal
genetic influences as no concordant twin pairs
have been found in pre-eclampsia (Treloar et al.,
2001). The genetics of the disease cannot be
explained by any simple model (Cross, 2003).
Instead a combined genetic contribution from
both the mother and the fetus is likely to be
important. Could these genes belong to the
immune system? If so, what genes might be
involved?

Pathogenesis of pre-eclampsia

The pathogenesis of the disease is generally
considered in several stages (Redman, 1991).
In the first stage the placental trophoblast cells
fail to invade adequately into the decidua and the
spiral arteries to achieve the transformation neces-
sary for the increase in the feto-placental blood
flow. The second stage results from the poor
placental perfusion through the inadequately
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transformed arteries. The placenta fails to grow and
develop normally so that an abnormal placental
structure with defective branching morphogenesis
of the villous tree results. Finally, in the third stage
a systemic leukocytic—endothelial inflammatory
syndrome is triggered by factors released by the
ischemic placenta. At what stage might immuno-
logical effects be operating?

The main area of tissue contact between the
immune cells of the mother and her fetus is at the
implantation site where the vascular modification
of the arteries takes place. We have proposed that
the control of trophoblast invasion into the decidua
and arteries has an immunological basis (Moffett-
King, 2002). The immunological changes occurring
in decidua during placentation must be separated
clearly from the systemic immune and inflamma-
tory changes seen in the periphery once that
disease is established. When considering the
maternal immune response there are still many
questions that need to be addressed. How does the
maternal local immune system operating in the
decidua recognize and respond to the invading
placenta? How is the balance between under and
over invasion achieved and how could partner-
specific effects be explained in terms of this
putative immunological control mechanism?

Maternal immune system and
trophoblast invasion

The trophoblast cells which invade are derived
from the anchoring villi and are known as extra-
villous trophoblast (EVT) (Loke and King, 1995).
These invade into maternal decidua which is
infiltrated by abundant NK cells, together with
macrophages and a few CD3* T cells. As tropho-
blasts are allogeneic cells the MHC status is
important in considering how the uterine
immune cells perceive their presence. EVT
expresses no HLA class II but do express three
class I molecules, HLA-G, HLA-E and HLA-C. It is
important to note that the classical MHC mole-
cules, HLA-A and B, which are the dominant

ligands used by T cells, are never expressed by
trophoblast. Of the three which are expressed,
HIA-G and HLA-E show very limited polymor-
phism and it can be assumed that trophoblast cells
derived from all individuals will be recognized by
maternal leukocytes in a similar manner. This has
been demonstrated experimentally for HLA-E,
where tetramers bind to the inhibitory CD94/
NKG2A receptors found on all uterine NK cells
(King et al, 2000a; Moffett-King, 2002). HLA-E,
therefore, may function as an inhibitory ligand.
The function of the trophoblast-specific HLA class I
molecule, HLA-G, is still unknown. It may bind to
receptors on uterine NK cells and/or macrophages
signaling the presence of an implanting placenta.
Neither polymorphisms of HLA-G or its putative
receptor KIR2DL4 have been shown to be corre-
lated with pre-eclampsia (Aldrich et al, 2000;
Bermingham et al, 2000; Humphrey et al., 1995;
Witt et al., 2002).

HLA-C is expressed at the trophoblast cell
surface and is up-regulated by IFN-y (King et al.,
1996, 2000b). Importantly, it is highly polymorphic
(74 alleles are known) and the paternal allele is
expressed in trophoblast (Hiby et al, 1999).
Therefore, in terms of allorecognition in reproduc-
tion, trophoblast non-self HLA-C is the most
important MHC molecule to consider. Although
there are receptors for HLA-C on T cells and
macrophages, the dominant influence of HLA-C is
on NK cells (Colonna et al., 1992; Valiante et al,
1997). The profusion of NK cells at the implanta-
tion site indicate that maternal NK cell/trophoblast
HLA-C interaction deserves particular attention
when considering regulation of trophoblast inva-
sion and arterial transformation.

NK cells and killer immunoglobulin-like
receptors (KIR)

NK cells are effector lymphocytes that act by
production of cytokines and chemokines.
Regulation of NK cell function is accomplished
through a diverse repertoire of receptors mediating
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Figure 6.1 Two representative KIR haplotypes of the A and B type.

both activating and inhibitory signals (Lanier,
1998). Of the NK receptors identified it is the
Killer Immunoglobulin-like Receptors (KIR) family
that have members that will bind to HLA-C (Vilches
and Parham, 2002). The KIR multigene family is
located on chromosome 19q13.4 within the leuko-
cyte receptor complex (Trowsdale, 2001). This KIR
region exhibits an extensive degree of diversity
achieved by a combination of presence/absence of
genes and allelic polymorphism. It is estimated
that such is the diversity that only 0.24% of
unrelated individuals can expect an identical
genotype. Underlying this diversity are conserved
patterns with three framework genes, present in all
individuals, defining the borders of the region
(3DL3 and 3DL2) with 2DL4 in the middle.
The regions between these framework genes
contain a variable number of genes and the
combination of genes on one chromosome is
known as the KIR haplotype (Carrington and
Norman, 2003; Vilches and Parham, 2002; Yawata
et al., 2002). There are two main types of haplotype,
A and B (Figure 6.1). The A haplotypes (present at a
frequency of ~50% in Caucasians) have the least
number of genes and most encode inhibitory
receptors which have a long (L) cytoplasmic tail.
The B haplotypes exhibit much greater variability
and the extra genes present encode activating
receptors with a short (S) cytoplasmic tail.

The KIR family includes inhibitory receptors
(KIR2DL1, 2DL2 and 2DL3), for polymorphic
determinants of all HLA-C allotypes, the latter are

HLA-C group 1 HLA-C group 2
(C1 epitope) (C2 epitope)
Ser 77 Asn 80 Asn 77 Lys 80
Cw 01 Cw 02
03 — now 09 and 10) 04
05
06
07 (01-06, 08, 10-14) 07 (07, 09)
08
12 (02, 03, 06, 07) 12 (04, 05)
13
14
15 (07) 15 (02 — 06, 08, 09)
16 (01, 04) 16 (02)
17
18
KIR receptors: KIR receptors:
2DL2 2DL1
2DL3 2DS1
(2DS2) (2DS3)
(2DS4) (2DS5)

The ligand specificity of the 2DS activating receptors
(in brackets) is predicted on the basis of sequence
similarity but is not proven.

Figure 6.2 HLA-C alleles and their KIR receptors.

known as the KIR epitopes of HLA-C. All HLA-C
alleles have either asparagine or lysine at position
80 of the o1 domain and this dimorphism distin-
guishes the two KIR epitopes and divides HLA-C
allotypes into two groups known as group 1 (HLA-
C*m8% and group 2 (HLA-C 'Y*%%) (Figure 6.2). An
activating receptor for HLA-CY*®° (KIR2DS1) will
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also bind group 2 HLA-C allotypes and KIR2DS2
has been reported to bind group 1 HLA-C. These
activating receptors are present on some B haplo-
types but absent from all A haplotypes. The other
KIR2DS receptors (2DS3, 2DS4 and 2DS5) may also
bind HLA-C molecules although the ligand speci-
ficity of all activating receptors is still not well
defined (Vilches and Parham, 2002).

HLA and KIR genes are on different chromo-
somes and segregate independently meaning
that in an individual KIR may be expressed for
which there is no HLA ligand. Alternatively,
activating KIR for non-self and self HLA molecules
may be present in an individual although, as all
NK cells acquire an inhibitory receptor for self HLA
during development, NK cells will not kill self cells
under normal circumstances. However, NK cells
can lack inhibitory receptors for non-self HLA
and in this case the activating KIR for non-self
may stimulate the NK cell. As there is the potential
for interaction between particular KIR receptors
and HLA molecules in an individual, epistatic
effects of KIR and HLA genes might be expected
and indeed have now been reported. Subjects with
psoriasis with activating KIR2DS1 and/or 2DS2/3
are susceptible to the development of the disease
only if the HLA-C ligands for the corresponding
inhibitory KIR, 2DL1 and 2DL2/3 are missing
(Martin et al, 2002a). Progression to AIDS is
influenced by the combination of expressing
both KIR3DS1 and the ligands for this activating
KIR which are certain Bw4 alleles (Martin et al.,
2002b). In defining the role for KIR in the
predisposition to particular diseases, both these
studies highlight the importance of the presence/
absence of the activating KIR which are found
on the B haplotypes.

NK allorecognition and pregnancy

HLA-C plays a key role in allorecognition by NK
cells. Indeed, allospecificities were originally
mapped by family studies in the MHC in close
linkage to HLA-C (Colonna et al, 1992, 1993).

Recently, KIR ligand incompatibility or mismatch
in HLA-C groups between host and donor has been
shown to influence the outcome of bone marrow
transplantation (Giebel et al, 2003; Parham and
McQueen, 2003). A beneficial graft versus leukemia
effect was seen when the donor NK cells express an
inhibitory KIR for a ligand lacking in the recipient
resulting in killing of the recipient’s leukemic
cells. In this situation NK cell alloreactivity was
associated with a better outcome. NK cells when
confronted by allogeneic targets lacking their own
inhibiting class I alleles may react. Although these
studies need confirmation this has given rise to the
concept of the “perfectly mismatched” donor
(Karre, 2002). The analogy with pregnancy is
obvious and raises the question whether there
could be “perfectly mismatched” couples.

Pregnancy is a natural allograft and the mother
could possess KIR genes for paternal HLA-C that
belong to a different group than her own (non-self).
Alternatively, if the mother has two HLA-C allo-
types belonging to both Group 1 and Group 2 and
the father is homozygous for either Group 1 or
Group 2, then the trophoblast might lack one of the
HLA-C groups belonging to the mother. In other
words, the trophoblast would be “Missing Self”
(Figure 6.3). Of interest also is the observation
that the phenotypic expression of KIR is skewed in
decidual NK cells with a higher proportion of
decidual NK cells expressing KIR 2D receptors with
specificities for HLA-C allotypes than is found in
peripheral blood from the same individual (Verma
et al., 1997).

The particular combinations of maternal KIR2D
and paternal HLA-C may have a profound
influence on NK cell function in terms of cyto-
kine/chemokine production and hence the depth
of trophoblast infiltration. In this way chance
events could determine which HLA-C alleles
the child possesses and which KIR genes the
mother possesses and pre-eclampsia would arise
as a consequence of unfavorable combinations of
maternal KIR and paternal HLA-C. This is one
mechanism whereby a particular genotype in the
mother might interact detrimentally with a



HLA-C combinations in mother and fetus

Mother may have KIR for a ligand she does not
have but which is present in fetus.

Mother Fetus
Gp1 + Gp1 Gp1 + Gp2
Gp2 + Gp2 Gp1 + Gp2

Fetus is Non-Self for HLA-C group.

Mother may have KIR for ligands which she
possesses but is lacking in fetus.

Mother Fetus
Gp1 + Gp2 Gp1 + Gp1
Gp1 + Gp2 Gp2 + Gp2

Fetus is Missing Self for one of the
Maternal HLA-C groups

Figure 6.3 HLA-C combinations in mother and fetus.

particular genotype in the father to give rise to
inadequate placentation and pre-eclampsia.
Recent work shows that this is indeed the case
(Hiby et al., 2004).

NK, KIR and HLA-C

This hypothesis would explain the high incidence
of pre-eclampsia in oocyte donation where the
conceptus may possess HLA-C allotypes which are
both in a different group from the mother. It could
also theoretically explain the lack of concordance
in twins as development of the disease would
depend on the HLA-C of the fathers. There are
striking differences in the frequency of both KIR
haplotypes and HLA-C allotypes in different
ethnic groups (Cook et al., 2003; Vilches and
Parham, 2002). Racial dissimilarity has been
found to be associated with an increased risk of
pre-eclampsia (Alderman et al., 1986). More diffi-
cult to envisage is how the previous pregnancy is
protective and, if true, how a change of partner
may increase (or decrease) the risk in a subsequent
pregnancy. How the expressed repertoire of KIR
genes is acquired in decidua, why this repertoire is
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different from that in circulating blood NK cells,
and whether there could be any learning or
memory for KIR are all questions to be addressed
in the future.

T cell responses in pregnancy and
pre-eclampsia

Viewing the fetus as an allograft drove reproductive
immunologists to think like transplantation immu-
nologists, who are mainly pre-occupied with
suppression of recipient T cell responses to prevent
rejection (Moffett and Loke, 2006). The idea that
maternal T cells need to be suppressed during
pregnancy has dominated research in reproduc-
tion. Is there any evidence for aberrations in
maternal T cell responses in pre-eclampsia?

The main points of contact between the mater-
nal immune system and the fetus are at two
anatomical sites: the systemic immune response
between maternal blood and syncytiotrophoblast,
or the local immune response between maternal
decidua and extravillous trophoblast (Loke and
King, 1995). The syncytiotrophoblast is entirely
devoid of expression of Major Histocompatibility
Complex (MHC) antigens, the main polymorphic
antigen system used by the immune system
to recognize allogeneic cells. It is unlikely, there-
fore, that this tissue can provide a sufficient
antigenic stimulus to the maternal systemic
immune system. Indeed no antibodies or T cell
responses directed at syncytiotrophoblast have
ever been demonstrated.

When considering maternal systemic T cell
responses during pregnancy, there are two
potential sources of confusion. First, antibodies
(and even occasionally cytotoxic T cells) to paternal
HLA antigens are present in pregnancy. These
are mainly directed at the classical HLA class I
antigens, HLA-A and HILA-B, and, since these
molecules are never expressed by trophoblast,
these placental cells at the maternal—fetal interface
cannot be the immunogenic These
antibodies are found mainly in multips and are

source.
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likely to be the result of sensitization by fetal cells
crossing the placenta which occurs at delivery.
Importantly, the presence or absence of these
anti-paternal HLA antibodies has no correlation
with pregnancy success and they have no role in
pre-eclampsia.

The second source of confusion is the nature of
T cell responses during pregnancy. CD4" Th cells
differentiate into two subsets of effector cells
(Thl and Th2) which produce distinct sets of
cytokines with different effector functions. The
main cytokine produced by Thl cells is IFN-y
whilst IL-4 and IL-5 define the Th2 subset (O’Garra,
1998). Thl and Th2 cells develop from the same
precursors, naive Th0 CD4™" cells, and the pattern
of differentiation is determined by stimuli present
locally during the early initiation of the immune
response. These stimuli include IL-12 (Thl) and
IL-4 (Th2) itself but other cytokines and hormones,
particularly estrogen, progesterone and steroids
also influence the pattern of T cell differentiation
(Miyaura and Iwata, 2002; Piccini et al, 1995).
Murine studies have demonstrated a shift in T cell
responses during pregnancy toward Th2
(Krishnan et al., 1996a,b). In humans, the evidence
is less convincing, although there are reports that
where elimination of a pathogen requires a
vigorous Thl-type response (e.g. chicken pox),
the disease is far more severe in pregnancy.
In addition, the severity of auto-immune diseases
(e.g. SLE, multiple sclerosis and rheumatoid arthri-
tis) can vary in pregnancy with either an improve-
ment or exacerbation of symptoms. These clinical
observations indicate that the nature of maternal
T cell responses to all antigens (infections, self or
fetal) may deviate toward Th2 differentiation
probably due to the dramatic changes in hormonal
stimuli during pregnancy (Kim et al, 1999;
Ostensen, 1999). It is important to note that this
Th2 deviation is not essential for pregnancy as
mice deficient in all Th2 cytokines reproduce
successfully (Fallon et al, 2002; Svensson et al.,
2001).

Some experimental studies on circulating T cells
during normal pregnancy have suggested that a

shift toward Th2 cell differentiation does occur
(Holmes et al., 2003; Suzuki et al., 2002), although
not all aspects of Th2/Thl responses are affected,
for example IL-12 production by monocytes was
found to be unaltered (Sacks ef al, 2003). In pre-
eclampsia an imbalance in the Th1/Th2 ratio
has been proposed with deviation toward
Th1 responses rather than the normal pregnancy
Th2 differentiation (Darmochwal-Kolarz et al.,
2002; Rein et al, 2002; Saito et al, 1999;
Yoneyama et al., 2002). However, this seems more
likely to be a component of the excessive inflam-
matory response seen in pre-eclamptic pregnancy
(Redman and Sargent, 2003). These systemic
inflammatory changes are part of the tertiary
systemic stage of the disease and are not related
to placentation. It is clear that it is premature
to conclude that failure to deviate toward Th2
responses plays any part in the primary pathogen-
esis of pre-eclampsia.

The other main point of contact is between the
maternal decidua and EVT. T cells are also present
in the early decidua in close proximity to tropho-
blast cells which express one polymorphic
HILA class I molecule, HLA-C. Other polymorphic
genes may also be expressed by trophoblast and
could, in the context of transplantation, be consid-
ered as minor histocompatibility antigens. In the
transplant situation the responding T cells can
respond directly or indirectly to the polymorphic
antigens of the donor. In direct presentation, the
donor cells express HLA molecules and are thus
Antigen Presenting Cells (APC) (Gould and
Auchincloss, 1999). The recipient T cell recognizes
unprocessed allogeneic MHC molecules on the
donor APC. As extravillous trophoblast cells only
express one polymorphic HLA class I molecule and
never express HLA class II molecules, this mecha-
nism is unlikely to be very important. In indirect
presentation allogeneic MHC molecules are taken
up and processed by recipient APC so the
processed peptides are presented to recipient
T cells in the context of self MHC. In the decidua,
maternal dendritic cells and HLA-DR" macro-
phages would fulfill this role. To generate an



immune response they would mature and migrate
to regional lymph modes where trophoblast-
specific CTL and antibody-producing B cells
would be generated, and subsequently migrate
back to the site of the antigenic stimulus. The
observation that there is a paucity of T cells at the
implantation site and an almost complete absence
of B cells would suggest that the local decidual
T cells and B cells have not been activated by
extravillous trophoblast.

The reasons for this are, as yet, unknown, but
there are likely to be several overlapping mech-
anisms to prevent decidual T cell activation.
For example, the type of dendritic cells present in
decidua and the microenvironment are likely to
induce a tolerogenic rather than an immunogenic
signal to the T cells (Gardner and Moffett, 2003).
Local tryptophan concentrations in the decidua
may be low due to catabolism by indoleamine
2,3-dioxygenase (IDO) and tryptophan is an essen-
tial amino acid for T cell proliferation (Mellor and
Munn, 2003). As yet there is no evidence that any
derangement of decidual T cell function occurs
in pre-eclampsia.

Conclusion

The original self/non-self paradigm has always
provided the framework with which to view the
problem of the fetal allograft. Since then, other
models have been proposed to explain how the
immune system operates to maintain the integrity
of the host. These include: self/infectious non-self
model where germ-line encoded receptors recog-
nize pathogen-associated molecular patterns
(PAMPs) (Janeway, 1992); the Missing Self hypoth-
esis where leukocyte activation is prevented by
inhibitory receptors for ligands on normal healthy
cells (Karre et al., 1986); and the Danger Hypothesis
where immune cells discern tissue damage
(Matzinger, 1994). Although some insights can be
gained in examining these models in the context of
the uterine—placental interaction, none of them
are really appropriate because the interface
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between trophoblast cells and decidual leukocytes
is unique (Moffett and Loke, 2004). Any immuno-
logical mechanisms which might be responsible
for the inadequate trophoblast-mediated transfor-
mation of vessels must explain how decidual
leukocytes recognize and respond to the tropho-
blast with memory and partner-specificity.
The effector mechanisms must result in neither
rejection nor parasitism, but provide a balanced
co-existence of the two different individuals.
There are only two types of leukocytes which are
known to be capable of allorecognition — T cells
and NK cells. As discussed in this chapter, there is
no evidence that decidual T cells can recognize
EVT and are activated in either normal or abnormal
pregnancy. However, the dominant population
of decidual NK cells do express receptors (KIR)
which can distinguish between two groups of HLA-
C allotypes and are potentially capable of NK
allorecognition during pregnancy. As both KIR and
HLA-C are polymorphic, it is possible that certain
combinations will prove unfavorable to successful
placentation. In this way two polymorphic gene
systems which segregate independently may
influence reproductive success. The cumulative
evidence would seem to indicate that the NK cell
system is more important than the T cell system
in reproductive immunology and by extension may
influence the pathogenesis of pre-eclampsia.
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Immunological factors and placentation: implications

for pre-eclampsia

In this chapter what constitutes a systemic inflam-
matory response is described. Evidence is
presented that normal pregnancy evokes such a
response and that pre-eclampsia arises when the
response becomes extreme and decompensates.
The possible causes of systemic inflammation in
pregnancy are reviewed, as is the relation between
the inflammatory response and systemic oxidative
stress. The interaction between systemic inflam-
mation and changes in lipid and glucose metabo-
lism are described and the relevance of long-term
systemic inflammation as a predisposing risk factor
is outlined. It is suggested that the metabolic
results of systemic inflammation may endow a
survival advantage for the fetus. Last, the systemic
inflammation is related to other immune responses
that are thought to be important for the success
or failure of pregnancy.

Immune and inflammatory responses

In evolutionary terms, inflammatory responses are
older than immune responses. The latter are
superimposed on the former and cannot work
without it. The primitive innate (inflammatory)
system responds quickly and is relatively non-
specific. The more sophisticated adaptive immune
system is slow but precise, delivering antigen-
specific responses with astonishing versatility and
accuracy. The innate and adaptive systems are
asymmetrically interdependent. The innate system
does not need the adaptive system to function,
whereas the adaptive system cannot function

C.W.G. Redman and I.L. Sargent

without signals from the innate system, nor need
it provoke antibodies of antigen-specific cytotox-
icity. This is a crucial consideration in relation to
this chapter. A systemic inflammatory response is
not necessarily generated by antigenic stimulation.
In relation to normal and abnormal pregnancy it
may not result, indeed almost certainly does not
result, from antigenic stimulation by the geneti-
cally foreign fetus.

The adaptive immune system distinguishes self
from non-self antigens and responds to the latter.
The innate immune system responds, more widely,
to “danger” signals (Matzinger, 2002) using a range
of ‘“pattern recognition receptors” that have
evolved to respond in a wide but essentially
stereotyped way. The danger signal may be external
(from pathogens) or internal (from products of
trauma, ischemia, necrosis or oxidative stress).
When external stimuli activate inflammatory cells
they release signals such as cytokines or chemo-
kines that, in turn, attract and “instruct” adaptive
immune cells (T or B lymphocytes) to generate
antigen-specific responses from antibodies or
cytotoxic cells. Hence the two systems, innate
and adaptive, operate together and in sequence.

The inflammatory network

Inflammatory responses involve more than inflam-
matory leukocytes (granulocytes, macrophages and
natural killer lymphocytes). Endothelial cells are
major players. They have many of the receptors that
activate innate immune responses, can present
antigen to T cells after appropriate stimulation,
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Table 7.1. Components of the inflammatory or innate
immune system

Table 7.2. Danger signals that activate the innate
(inflammatory) immune system

Inflammatory leukocytes:
Granulocytes
Monocytes
Natural killer lymphocytes
Certain B cells producing ‘‘natural antibodies”
Endothelium
Platelets
Coagulation cascade
Complement system
Cytokines and chemokines
Adipocytes
Hepatocytes

produce pro-inflammatory cytokines and can
stimulate, as well as be stimulated by, inflammatory
leukocytes. Platelets and a variety of humoral
components are also part of the process (Table
7.1). Other cells, such as hepatocytes and adipocytes
that are not normally considered to be inflamma-
tory, have key or central roles (see below). The
innate immune response is therefore not simple.
It contains many cross-regulating and synergistic
pathways, which are not yet understood fully. The
range of the inflammatory network may not be
appreciated, nor the two-way interactions between
its components. For example, blood coagulation is
not only activated by inflammatory processes but
thrombin, the final trigger to coagulation, also
stimulates inflammation via specific receptors.

Receptors that activate inflammation are listed in
Table 7.2. They include pattern recognition recep-
tors that recognize conserved molecular structures,
which comprise danger signals and scavenger
receptors. important
family of conserved structures called Toll-like
receptors (TLRs) (Rock et al, 1998). As well as
binding products largely derived from pathogenic
bacteria they also recognize endogenous products
of stress, trauma,
responses to danger. These proteins signal danger
through various receptors including scavenger and
TLRs (Gallucci and Matzinger, 2001).

The former include an

oxidative stress or other

Stimulants of

inflammation Corresponding receptors

Bacterial products Toll-like receptors

Products of oxidative Scavenger receptors
stress

Products of cell trauma Toll-like and scavenger

receptors
Thrombin Protease-activated
receptors
Heat shock proteins Various

Soluble DNA Toll-like receptor 9

Systemic inflammation and
the acute phase response

Inflammation may be local or systemic (general-
ized). The complete range of events stimulated by
systemic inflammation is termed the acute phase
response. The term is a misnomer because it
includes acute and chronic changes. The response
is not identical under all situations. It comprises
alterations in circulating plasma protein concen-
trations as well as other phenomena such as fever,
anemia, leukocytosis, and metabolic adaptations
especially involving the liver and adipose tissue
(Gabay and Kushner, 1999). Proteins linked to the
acute phase response (acute phase proteins) are
typically synthesized in the liver. They are classified
as positive, that is increase with systemic inflam-
mation, of which C-reactive protein is the best
known,
decrease. Albumin is an example of the latter.
C-reactive protein (CRP) is the classical acute
phase reactant. Circulating concentrations can
increase within hours by several orders of magni-
tude in response to inflammatory stimuli. Human
CRP binds with highest affinity to phosphocholine
residues, but also to a variety of other intrinsic and
extrinsic ligands, including native and modified
plasma lipoproteins, damaged cell membranes,
a number of different phospholipids and related
compounds and small nuclear ribonucleoprotein

or negative which means that they



Table 7.3. Changes in concentrations of plasma
proteins in the acute phase response

Proteins whose plasma concentrations increase

Proteinase inhibitors
oy -Antitrypsin, o;-antichymotrypsin
Coagulation proteins
Fibrinogen, prothrombin, factor VIII, plasminogen,
plasminogen-activator inhibitor 1

Complement proteins
Cls, C2, Factor B, C3, C4, C5, C1 inhibitor,
mannose-binding lectin

Transport proteins
Haptoglobin, hemopexin, caeruloplasmin

Participants in inflammatory responses
Soluble phospholipase A2, interleukin-1-receptor
antagonist, lipopolysaccharide binding protein

Miscellaneous
CRP, serum amyloid A, fibronectin, ferritin, o;-acid
glycoprotein, Gc globulin, proteins whose plasma
concentrations decrease

Miscellaneous
Albumin, transferrin, insulin-like growth factor 1,
transthyretin, HDL, LDL

particles. Extrinsic factors that bind to CRP
include many constituents of microorganisms
and plant products. Human CRP potently activates
the classical complement pathway. It functions
as a typical component of the innate immune
system acting as a scavenger protein and
responding to a range of ‘“‘dangerous” molecules
(Pepys and Hirschfield, 2003). Some acute phase
proteins are listed in Table 7.3. In the mouse liver
the acute phase response involves nearly 10% of
the genome (Yoo and Desiderio, 2003), which
indicates the enormous complexity and broad
range of the response.

Systemic inflammation and oxidative stress

Oxidative stress is a disequilibrium between anti-
oxidant defenses and production of reactive oxygen
species in favor of the latter. Reactive oxygen
species are toxic. Natural antioxidant mechanisms
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have evolved to stop and so limit oxidative damage.
The process is discussed in extended detail in
the chapter by Raijmakers and Poston. The key
feature which is central to this chapter is that
oxidative stress and chronic inflammation are
related, perhaps inseparable phenomena (Hensley
et al, 2000). An inflammatory response generates
oxidative stress. In a converse fashion, oxidative
stress from other causes stimulates an inflamma-
tory response. You cannot have one without the
other. There are multiple reasons for this, includ-
ing the fact that reactive oxygen species are used
as second messengers in the inflammatory
response.

Metabolism and the systemic
inflammatory response

Systemic inflammation has complex effects on
metabolism, of which many are stimulated by
components of the phase response.
Inflammatory responses, stimulated by endotoxin,

acute

TNF-o. or other pro-inflammatory factors cause
insulin resistance and hyperlipidemia. The hyper-
lipidemia of sepsis has been known for many years
(Harris et al., 2001). TNF-a is an important mediator
of these changes because it induces insulin resis-
tance and inhibits lipogenesis while increasing
lipolysis (Sethi and Hotamisligil, 1999). It inhibits
proximal steps of insulin signaling in varying
ways depending on cell type. Increased release of
free fatty acids (FFAs) contributes also to the
insulin resistance peripherally (Hirosumi et al,
2002). The catabolic state induced by TNF-« led to
its early designation as cachectin (Beutler et al.,
1985).

It is an apparent paradox that obesity is
associated with a systemic inflammatory response
involving TNF-o, a cytokine that induces cachexia
among its other actions. A cluster of clinical
features including obesity is variously called the
metabolic syndrome, syndrome X or the insulin
resistance syndrome (Isomaa, 2003). Components
of the
impaired glucose tolerance or overt diabetes,

syndrome include insulin resistance,
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dyslipidemia and hypertension. The syndrome
results from the fact that adipose tissue is not
merely an energy store but a source of pro-
inflammatory cytokines
mediators. It is a major source of TNF-q, inter-
leukin-6 (IL-6), leptin, a hormone that regulates
appetite and energy expenditure, and plasminogen
activator-1 (PAI-1). Thus there is a significant
correlation between body mass index, circulating
leptin and TNF-o and IL-6 in humans (Mantzoros
et al., 1997). Leptin has pro-inflammatory actions
as does TNF-o (Zarkesh-Esfahani et al, 2001).
The net effect is that obesity is a state of chronic
systemic inflammation. IL-6 induces the acute
phase response, of which circulating C-reactive
protein (CRP) is the classical example (Bastard
et al., 2000; Yudkin et al., 1999). The importance of
obesity in generating the inflammatory response
is demonstrated by its reversal after weight loss
(Ziccardi et al., 2002).

Systemic inflammation is accompanied by
an increase in triglyceride-rich lipoproteins,
a reduction in high-density lipoprotein cholesterol,
and impairment of cholesterol transport. These
metabolic alterations, which promote atherosclero-
sis, may explain an epidemiological link between
chronic inflammation and cardiovascular disease
(Hansson et al., 2002).

and other metabolic

A master regulator of inflammation

Many aspects of the inflammatory response are
coordinated by a single transcription factor,
nuclear factor kappa-B (NF-kB). Genes that contain
NF-kB binding elements include those for inflam-
matory cytokines, acute phase proteins and
adhesion molecules (Haddad, 2002). There is
uncertainty about the relationship between NF-«xB
and oxidative stress (Hayakawa et al, 2003; Li
and Karin, 1999). Indirect activation by way of
the inflammatory responses to lipid peroxides or
other products of cell damage undoubtedly occurs
(Hensley et al., 2000).

Normal pregnancy evokes a systemic
inflammatory response

Normal pregnancy is associated with systemic
inflammation. The changes are mild and do not
imply that pregnant women are, in any sense, ill.
Many features of pregnancy that are considered
to be physiological are components of the acute
phase response. They include increases in plasma
fibrinogen (Gatti et al., 1994), plasminogen activa-
tor inhibitor 1 (Halligan et al, 1994) and com-
plement component C3 (Schena et al, 1982).
The intensity increases modestly as normal gesta-
tion advances. The classical acute phase reactant
CRP has not been studied in detail during preg-
nancy. What little evidence there is points to a
small significant increase in the circulation, which
begins in the first trimester (Sacks et al, 2004).
Leukocytosis is also already evident in the first
trimester (Pitkin and Witte, 1979; Smarason et al.,
1986).

The numbers of circulating neutrophils increase
during normal pregnancy and the cells are acti-
vated (Rebelo et al., 1995). Phagocytosis (Barriga
et al., 1994) and the chemiluminescent responses
of polymorphonuclear leukocytes (PMN) after
stimulation are increased (Shibuya et al, 1987).
Circulating neutrophil elastase concentrations are
significantly higher in normal pregnancy than in
non-pregnant women (Greer et al., 1989). However,
not all investigators agree that granulocytes are
activated, with contrary findings in normal preg-
nancy (Crouch et al., 1995). Monocytes are also
primed or activated (Sacks et al., 2003). The weight
of evidence is overwhelmingly in favor of
activation.

As pregnancy advances the systemic inflamma-
tory response strengthens and peaks during the
third trimester. It was not until the late 1990s that
this concept was formally consolidated (Redman
et al., 1999; Sacks et al., 1998).

Activation during pregnancy extends to lym-
phocytes and monocytes (Sacks et al, 1998).
Other evidence comes from measures of circu-
lating inflammatory cytokines. Because TNF-o has



a short half-life, levels of its circulating soluble
receptors are used as surrogate markers. By this
indirect measure (Arntzen et al., 1995) or by direct
assay, circulating TNF-o is increased in normal
pregnancy (Melczer et al, 2003). Interleukin-6 is
similarly increased (Austgulen et al, 1994). In
summary, normal pregnancy can be viewed as a
state of mild systemic inflammation complete
with evidence for an acute phase reaction and
activation of multiple components of the inflam-
matory network.

Given these findings it would be predicted
that circulating inflammatory cells would display
upregulation of the NF-«B system. Paradoxically,
the opposite is found (McCracken et al., 2004).

Metabolic changes and the inflammatory
response in normal pregnancy

The metabolic adaptations of systemic inflamma-
tion, namely an acute phase response (as discussed
above), oxidative stress, hyperlipidemia and insulin
resistance, also occur during normal pregnancy.
Markers of oxidative stress (Morris et al, 1998;
Zusterzeel et al, 2000) are increased at least
in the third trimester. In normal pregnancy insulin
resistance develops early and persists until delivery
(Stanley et al., 1998). To some extent this parallels
the development of systemic inflammation during
pregnancy outlined above. Hypertriglyceridemia,
as occurs in systemic inflammation, also becomes
detectable in the second trimester (Martin et al.,
1999). The cause of the insulin resistance is
undecided (Hornnes, 1985). Recently the list of
potential placental factors has been enlarged by
the inclusion of human placental growth
hormone (Barbour et al, 2002) and the discovery
that the adipokine resistin, which causes insulin
resistance, is also expressed in the human placenta,
particularly by trophoblast (Yura et al, 2003).
The fact that inflammatory responses themselves
can engender insulin resistance raises the possi-
bility that they contribute to the insulin resistance
and ensuing metabolic changes of pregnancy.
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The metabolic changes of the systemic inflam-
matory response may have survival advantages.
It has been proposed (Haig, 1993) that the insulin
resistance of normal pregnancy could divert
maternal glucose to meet the needs of the fetus
and that this may represent fetal—maternal genetic
conflict. Indeed there is evidence that this diver-
sion does occur (Arkwright et al., 1993).

The systemic inflammatory response
in normal pregnancy is not a form of
immune rejection

It is important to appreciate, especially in the
context of the remarks above about the relation
between innate and adaptive immunity, that these
responses do not imply that there is some form of
alloimmune recognition of the fetus with either
antigen-specific tolerance or conversely immune
rejection. The key issue is that the major interface
between mother and fetus, the syncytiotropho-
blast, expresses no known polymorphic major
histocompatibility (HLA) antigens. It is possible
that it secretes a soluble isotype of the HLA-G, the
non-classical histocompatibility molecule that is
specifically confined to trophoblast (Blaschitz er al.,
2001). However, there are no important allelic
variants of HLA-G. Histocompatibility antigens
are the targets for immune rejection which is
executed by cytotoxic T cells. Since the placental
hemochorial surface is a syncytium, it is problem-
atic to envisage how it could be susceptible to
cytolytic attack from single T cells, since this huge
unicellular layer would be too large. However, the
concept of maternal immune rejection of the
“foreign” fetus continues to be developed. In
mouse pregnancy this may be appropriate. In
human pregnancy there is, so far, remarkably
little direct evidence that such a process can
occur. Current concepts are focused on the
phenomenon of T cell differentiation into two
sorts of helper cells: type 1 (Thl) and type 2
(Th2). Thl cells characteristically secrete interferon
gamma (IFNy) and promote antigen-specific cell-
mediated immunity (cytotoxicity), whereas Th2
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cells are distinguished by interleukin-4 (IL-4)
production and can stimulate the development of
humoral immunity (antibodies). Graft rejection is a
type 1 phenomenon. The hypothesis, first proposed
by Wegmann and colleagues (1993), has been that
Thl responses are suppressed in normal pregnancy
to avoid immune rejection of the fetus. There
is some evidence of such regulation in human
pregnancy in that Thl activity is partially
suppressed (Marzi et al., 1996; Sacks et al., 2003),
but that is as far as the concept goes. In the
absence of a placental target for maternal T cells
it is not possible at the moment to see the
relevance of this mechanism. It is now believed
that the Th1/Th2 paradigm has served its purpose
and should be superseded to take account of
rapidly expanding knowledge of the complexity
of the interactions between the innate and adaptive
immune systems (Chaouat, 2003).

The inflammatory (innate) immune system
can be activated in several ways which do not
depend on activated antigen-specific T cells. It is
not known how normal pregnancy provokes a mild
maternal systemic response. That it arises from
the placenta is self-evident. As already mentioned,
it appears to be heralded in the luteal phase of
the menstrual cycle before the placenta exists.
Systemic inflammatory changes can be detected in
the luteal phase (Willis er al, 2003). Furthermore,
it has long been known that body temperature
rises (an effect of systemic inflammation) at this
time, and that after successful conception this
is sustained until the uteroplacental circulation
develops. This issue is elaborated in more detail
below in relation to pre-eclampsia.

Pre-eclampsia is associated with a more
extreme systemic inflammatory response
than occurs in normal pregnancy

In other chapters the clinical nature of pre-eclamp-
sia is described. It must be borne in mind that it has
to be recognized as a syndrome, a cluster of fea-
tures that together define the disorder. All current

definitions arise from consensus, not an under-
standing of the pathogenesis of pre-eclampsia. In
clinical terms the disease presents in an extraordi-
narily variable way: varying in time of onset, speed
of progression, degree to which the mother or fetus
or both are endangered and the pattern of maternal
organ involvement. The diversity of the features
of the maternal syndrome could not be explained
until it was proposed that they arise from the
sum of the circulatory disturbances caused by sys-
temic maternal endothelial cell dysfunction or
activation (Roberts et al., 1989). Subsequent work
from many investigators strengthened the hypoth-
esis. Pathological alterations in the endothelium
can be seen in the kidney as glomerular endothe-
liosis (Gaber et al., 1994). Comparable endothelial
pathology is evident in other organs (Barton ef al.,
1991; Shanklin and Sibai, 1989).

As a result of the work described by Sacks et al.
(1998) and its interpretation in the context of
other findings, some of them relatively old
(Redman et al, 1999), the endothelial theory of
pre-eclampsia can now be expanded by placing the
endothelium in its larger context as part of the
inflammatory network. Activated leukocytes will
activate endothelium, and vice versa (Zimmerman
et al., 1992). Hence it is inevitable that, on average,
all the markers of inflammation that are already
changed in normal pregnancy (see above) are more
severely affected in pre-eclampsia (Table 7.4). The
inflammatory changes may progress to the point
of decompensation, giving one or other of the
well-known crises of the condition.

It is a new concept that the systemic inflamma-
tory response of pre-eclampsia is not different
from that of normal pregnancy, except that it is
more severe. Hence we have proposed that pre-
eclampsia develops when the systemic inflamma-
tory process, common to all women in the
second half of their pregnancies, causes one or
other maternal system to decompensate (Redman
et al, 1999). In other words, the disorder is not a
separate condition but simply the extreme end
of a continuum of maternal systemic inflammatory
responses engendered by pregnancy itself.



Table 7.4. The systemic inflammatory network is
stimulated in pre-eclampsia relative to normal
pregnancy

Terrone et al., 2000
Sacks et al., 1998
Haeger et al., 1989
Perry and Martin, 1992

*Leukocytosis

*Increased leukocyte activation

*Complement activation

*Activation of the clotting
system

*Activation of platelets

*Markers of endothelial
activation

*Markers of oxidative stress

Konijnborg et al., 1997
Taylor et al., 1991

Gratacos et al., 1998
Hubel et al., 1996
Lorentzen et al., 1995

*Hypertriglyceridemia

*Increased circulating

pro-inflammatory cytokines
Tumor necrosis factor-o Vince et al., 1995
Kupferminc et al., 1994
Teran et al., 2001
Vince et al., 1995
Conrad et al., 1998
Greer et al., 1994
Stallmach et al., 1995
Ellis et al., 2001

‘Interleukin-6

‘Interleukin-8

*Significant change(s) relative to normal non-pregnant
women.

“Not all authors agree, see text.

There are usually multiple references to justify each
change.

This concept has profound implications for
prediction, screening, studies of genetic suscepti-
bility or treatment, and can explain why pre-
eclampsia is impossible to distinguish clearly, in
terms of any definition, diagnostic test or patholog-
ical lesion from normal pregnancy. Even the renal
glomerular lesion of endotheliosis has now been
found in an early form in biopsies from totally
normal women (Strevens et al, 2003). The old
view that systemic inflammation equates with
sepsis, and sepsis causes profound hypotension,
seems contrary to the idea that systemic inflam-
mation can be associated with hypertension.
However, it is accepted that the endothelium
(which is part of the inflammatory system) is the
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final controller of the microcirculation and is a
potential source of potent vasoconstrictors such as
endothelin-1 or thromboxane-A2. A number of
more recent studies have shown how pro-inflam-
matory stimuli can impair endothelial dependent
relaxation (Eiserich et al., 2002). The hypotension of
sepsis represents complete failure of vascular
homeostasis. A rat model of pre-eclampsia depends
on using a classical pro-inflammatory stimulus,
a single administration of endotoxin to pregnant
rats at l4days. This causes hypertension and
proteinuria, which persist until the end of preg-
nancy. The same dose has no effect on non-
pregnant animals (Faas et al., 1994). Infusion of
the pro-inflammatory cytokine, TNF-a, provokes
systemic hypertension but only in pregnant and not
in non-pregnant rats (Alexander et al., 2002). These
are direct demonstrations of how systemic inflam-
mation can cause hypertension and the features
of pre-eclampsia. Sepsis is also associated with
fever, which is not considered to be a feature of
pre-eclampsia. However, fever occurs significantly
more often in pre-eclamptic women during labor,
even after adjustment for confounding factors
(Impey et al., 2001).

In terms of adaptive immunity, type 1 responses
are not suppressed to the same degree in pre-
eclampsia as they are in normal pregnancy (Saito
et al., 1999). Some interpret this observation, which
has been confirmed by others (Rein et al, 2002;
Sakai et al., 2002), to indicate activation of a partial
maternal alloimmune rejection of the fetus, but
there is little evidence to support this hypothesis
and none for allospecific
mechanisms. Hence, the working model is that
since pregnancy stimulates systemic inflammation,
there are mechanisms (largely undefined) that
regulate its expression (Sacks et al, 1999), such
that homeostasis is preserved, possibly by placen-
tal production of type 2 cytokines that induce a
bias to type 2 innate immune activity. Our recent
evidence is that it is peripheral blood NK cells
(which are lymphocytes with primarily innate
immune characteristics) and not T cells that are
the main participants in the type 1/type 2 immune

immune rejection
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balance in pregnancy and pre-eclampsia, with
reversion to a type 1 response in pre-eclampsia
(Borzychowski et al., 2005).

Pre-eclampsia, oxidative stress and
other metabolic changes

Pre-eclampsia is associated with increased markers
of oxidative stress in placental tissue, as described
in the chapter by Raijmakers and Poston. As
already mentioned, inflammation and oxidative
stress are closely related. The oxidative stress
of pre-eclampsia is not localized to the placenta
but disseminated in the maternal circulation
(Hubel, 1998) and is an expected part of the
systemic inflammatory response. Just as normal
pregnancy is associated with increased circulating
markers of oxidative stress, the more intense
systemic inflammatory response of pre-eclampsia
is matched by evidence for greater systemic
oxidative stress (Hubel, 1998; Wickens et al.,
1981). Of great clinical relevance is the fact that
anti-oxidants, including the anti-oxidant vitamins
that have a potential use in preventing pre-
eclampsia, also have anti-inflammatory actions
(Hensley et al., 2000).

There is no agreement about the occurrence in
pre-eclampsia of the other metabolic changes that
have been associated with systemic inflammation.
There is modest evidence for a more intense
acute phase response which, with respect to some
markers, for example caeruloplasmin (Vitoratos
et al., 1999), complement proteins C3 and Factor
B (Johansen et al., 1981; Tedder et al., 1975) is more
marked than in normal pregnancy. Serum CRP
may be elevated (Teran et al, 2001), but there is
difficulty in separating the changes due to pre-
eclampsia to the chronic changes associated with
risk features such as obesity. Some can find
evidence of insulin resistance in pre-eclampsia
(Kaaja et al., 1999), others cannot (Roberts et al,
1998). As with measures of serum CRP, it is a
concern whether the changes are specific to the
woman or to the pregnancy. The fact that the
insulin resistance may persist for long periods after

delivery (Nisell et al., 1999) suggests the possibility
that they may be constitutional attributes of
the woman rather than a specific feature of
pre-eclampsia.

The role of the placenta

It has been known for nearly 100years that pre-
eclampsia is a placental condition (Holland, 1909;
Redman, 1991). Other workers have clarified that
an important placental pathology is an insufficient
uteroplacental circulation leading to placental
hypoxia, oxidative stress and, in the most severe
cases, infarction (described in the chapter by
Pijnenborg).

The question of how the placental problem
becomes a generalized maternal problem needs
to be considered. One or several undefined placen-
tal factors, which we have previously denoted
“factor X" (Redman, 1992), must circulate to
cause the maternal disorder. There are two aspects
to consider. What is the relevant placental function,
and how does this translate into systemic dysfunc-
tion? The stimulus should originate in the placenta,
must be released during all pregnancies to account
for the systemic inflammatory response encoun-
tered in normal pregnant women, and be atypically
large when the placenta is oxidatively stressed.
There are three interrelated possibilities: dissemi-
nation of growth factors, their soluble regulators
or inflammatory cytokines released by syncytio-
trophoblast or, second, placental oxidative stress
or, last, placental debris.

The strongest candidate so far is the soluble
receptor for vascular endothelial growth factor
(VEGFR-1), also known as sFIt-1, which inhibits
the actions of VEGF (Kendall et al., 1996). sFIt-1
is synthesized and released by endothelial cells
and peripheral blood monocytes (Barleon et al.,
2001). VEGF is an important survival factor for
endothelium so systemic inhibition would be
expected to cause generalized endothelial dysfunc-
tion. This has been confirmed in human and animal
studies. Clinical trials of a neutralizing monoclonal
antibody to VEGF for the treatment of metastatic



colorectal or renal cancer have shown that hyper-
tension and proteinuria are the commonest
side effects (Kabbinavar et al., 2003; Yang et al.,
2003). Likewise, the infusion of sFlIt-1 into rats
(Maynard et al., 2003) causes these signs to appear.
In the latter study the associated glomerular lesions
were the same as those seen specifically in pre-
eclampsia (Pollak and Nettles, 1960). Serum-soluble
flt-1 is increased in pre-eclampsia (Maynard et al.,
2003). Because it is complexed to VEGF, its high
levels in pre-eclampsia can explain the variable
reports of changes of plasma VEGF in this condition.
If total VEGF is measured it is increased, whereas
if only free VEGF is assayed it is reduced. The origin
of the circulating sFlt-1 is presumed to be the
placenta, although this has not yet been directly
demonstrated (Clark et al, 1998; Maynard et al.,
2003). The most compelling evidence is its rapid
decline in concentration after delivery (Maynard
et al., 2003). If soluble Flt-1 were the main cause of
pre-eclampsia this could explain the paradoxical
protective effect of cigarette smoking on the
occurrence of pre-eclampsia (Zabriskie, 1963).
Non-pregnant cigarette smokers have lower
levels of circulating sFlt-1 than controls who do
not smoke (Belgore et al, 2000). The fact that
fetuses with trisomy 13 are particularly likely to
provoke pre-eclampsia in their mothers (Boyd et al.,
1987) is consistent with the location of the gene
for soluble flt-1 on chromosome 13 (Barr et al.,
1991).

How does this link to the model that is presented
here? The most direct attempt to chart the sources
of soluble Flt-1 in the human pregnancy showed
that it is predominantly produced by extravillous
trophoblast in the decidua and by endothelial and
stromal cells in the chorionic villi, but not by the
villous trophoblast (Clark er al, 1998). Villous
explants release sFlt-1 into the culture supernatant
in significantly greater amounts when cultured
under hypoxic conditions (Ahmed er al, 2000),
which is consistent with the view that placental
hypoxia is an important part of the pathogenesis.
The fact that it is also released by endothelium
and monocytes (Barleon et al, 2001) suggests an
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alternative possible source of this factor. In non-
pregnant individuals, chronic medical conditions
that are associated with mild systemic inflamma-
tory responses yield conflicting findings with sFlt-1
measured as increased (Belgore et al, 2001)
or decreased (Felmeden et al, 2003). It is likely
that sF1t-1 is a relevant placental factor in the
direct causation of the features of pre-eclampsia.

It is possible that syncytiotrophoblast could
synthesize and release excessive amounts of pro-
inflammatory cytokines. However, an analysis of
production from chorionic villous explants failed
to show increases in TNF-a, IL-6, IL-o and IL-1§
(Benyo et al, 2001) when tissues from pre-
eclamptic and normal pregnancies were compared.
Thus, there is no convincing evidence that the
pre-eclampsia placenta disseminates inflammatory
cytokines into the maternal circulation.

Dissemination may also involve oxidative stress
and the disseminators may be inflammatory
leukocytes themselves exposed to oxidatively
altered trophoblast in the intervillous space.
Leukocytes in the uterine vein are significantly
activated relative to those in the peripheral circula-
tion in pre-eclampsia. Transient hypoxia in the
intervillous space could account for at least some
of the observed changes (Mellembakken et al.,
2002).

Cellular, subcellular and molecular debris from
the syncytial surface of the placenta is shed into the
maternal circulation. We have proposed that its
clearance comprises the systemic inflammatory
stimulus in normal and pre-eclamptic pregnancies.
Such debris is detected in the plasma of normal
pregnant women but in significantly increased
amounts in pre-clampsia and is probably the
product of syncytial apoptosis and necrosis
(Redman and Sargent, 2000).

The placental villi of the pre-eclamptic woman
are characterized by focal syncytial necrosis,
with loss and distortion of microvilli (Jones and
Fox, 1980). However, necrosis is not a marked
feature of normal placentas and is therefore
unlikely to cause the release of the circulating
syncytial debris found in normal pregnancies
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near term. The debris includes syncytiotrophoblast
microparticles (Knight e al, 1998), which are the
hallmark of apoptosis (Aupeix et al, 1997).
Apoptosis of normal human syncytiotrophoblast
results in characteristic features including loss
of microvilli and blebbing of the surface membrane
(Nelson, 1996). It has been proposed that apoptosis
plays a central role in turnover of cytotrophoblast
and renewal of the syncytial surface of chorionic
villi (Huppertz et al, 1998). Apoptosis rates are
significantly increased in the syncytiotrophoblast
in pre-eclampsia (Ishihara et al, 2002). It is
also known that in vitro hypoxia induces apop-
tosis of cultured human cytotrophoblasts
(Levy et al.,, 2000). Hence, if syncytiotrophoblast
microparticles were derived from apoptotic
processes, then the observation that more circu-
lates in pre-eclampsia may be related to the degree
of apoptosis in, and shedding from, the syncytio-
trophoblast. The argument is strengthened by the
increased concentrations, in pre-eclampsia, of
other circulating markers of syncytial debris
including cytokeratin (Schrocksnadel et al., 1993)
and soluble fetal DNA (Lo et al, 1999). At the
other end of the spectrum is the evidence for
increased shedding of syncytial cells (Johansen
et al, 1999), a process long known as trophoblast
deportation.

Shedding of debris from the syncytial surface
would be expected to increase in two situations.
The first is with increased placental size. Pre-
eclampsia is predominantly a disorder of the
third trimester, when the placenta reaches its
greatest size. The placenta grows larger with
multiple pregnancies, which also increase the
likelihood of pre-eclampsia. The second would be
associated with placental oxidative stress, as with
the most severe pre-eclampsia, typically of early
onset and associated with intense fetal growth
retardation. The placentas are usually abnormally
small. Here, it must be presumed that there is an
alteration in the quality of the inflammatory
stimulus generated by the placenta, for example,
by its content of peroxidized lipids (Cester et al.,
1994).

The current evidence is that circulating placental
debris is likely to be an important part of the
systemic inflammatory stimulus associated with
both normal and pre-eclamptic pregnancies. We
have shown that they are directly damaging to
endothelium (Smarason et al, 1993) which is
stimulated to release pro-inflammatory substances
(von Dadelszen et al, 1999). Our preliminary
evidence is that they are directly pro-inflammatory
(Sacks et al., unpublished observations; Branton
et al., unpublished observations). It is possible that
it is this circulating debris which is the danger
signal of pregnancy to which the inflammatory
system responds appropriately.

Maternal predisposing factors

Some medical conditions are well known to pre-
dispose to pre-eclampsia, including obesity (Ros
et al, 1998), diabetes (Garner et al, 1990) and
chronic hypertension (Sibai et al., 1995). Low grade
systemic inflammation is a feature of all these
conditions in men or non-pregnant women. It also
is evident in chronic arterial disease such as
ischemic heart disease (Hansson et al., 2002). For
example, elevated circulating C-reactive protein
is as important a risk factor for chronic arterial
disease as circulating cholesterol (Ridker, 2001).
Arterial disease and chronic hypertension are
closely associated, and the latter is also associ-
ated with a systemic inflammatory response.
Angiotensin II and endothelin-I, both potent
vasoconstrictors, are pro-inflammatory (Luft,
2002), and chronic hypertension is also a state of
systemic inflammation (Dalekos et al., 1996).

Hyperglycemia stimulates a systemic inflamma-
tory response (Esposito et al., 2002) as does both
type 1 (Lechleitner et al., 2000) and type 2 diabetes
(Pickup et al, 2000). Type 2 diabetes is strongly
associated with increased insulin resistance,
chronic hypertension, disordered lipid regulation
and obesity, which is Syndrome X (Ukkola and
Bouchard, 2001), as described earlier in this
chapter. Hence these various chronic conditions
are strongly interrelated.
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Figure 7.1 Placental and maternal pre-eclampsia.

A hypothetical gray scale of increasing systemic
inflammation is shown. In a completely normal woman,
although normal pregnancy stimulates a systemic
inflammatory response, it is not intense enough to
generate the signs of pre-eclampsia. To do that requires
the abnormal stimulus from an oxidatively stressed
placenta (left — placental pre-eclampsia). In a woman
with a chronic systemic inflammatory response associated
with conditions such as chronic hypertension, diabetes
or obesity that predispose to pre-eclampsia, the

starting point is abnormal enough such that even a
normal placenta can stimulate a systemic response

of an intensity to give the signs of pre-eclampsia

(right — maternal pre-eclampsia). In clinical practice
there are many mixed presentations with both maternal
constitution and placental ischemia contributing to the
presentation.

The effect of such medical problems is to elevate
the baseline of systemic inflammation upon which
the changes of pregnancy are superimposed
(Figure 7.1). We propose that, in pregnancy, the
decompensation from excessive systemic inflam-
mation will happen earlier and at a lower thresh-
old, accounting for the predisposition of affected
women to pre-eclampsia.

Maternal and placental pre-eclampsia

This concept was first proposed to distinguish
between pre-eclampsia caused by an abnormal
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placenta and that caused by an increased maternal
susceptibility, owing to the predisposing condi-
tions discussed in the preceding section (Ness and
Roberts, 1996). They summarized the evidence
that the maternal and placental causes converge
downstream from the effects of reduced placental
perfusion, at the point of maternal endothelial
injury. This extremely useful concept is here
extended in four ways. First, we show that the
endothelial problems occur in a larger context of
systemic inflammation. Second, the inflammatory
response of pre-eclampsia is not a new event but
an intensification of what happens in all pregnan-
cies. Third, the inflammatory response associated
with normal pregnancy added to that associated
with chronic predisposing conditions such as
obesity can account for maternal pre-eclampsia.
Fourth, the systemic inflammatory response is
consistent with many other metabolic features of
normal and pre-eclamptic pregnancies such as
changes in acute phase reactants.

The two-stage model of pre-eclampsia
(Figure 7.2)

The two-stage model of pre-eclampsia, originally
proposed more than a decade ago (Redman, 1991)
and described elsewhere in this volume, envisages
that pre-eclampsia arises in various ways including
from placental ischemia secondary to deficient
placentation. Whereas some consider abnormal
placentation to be the start and invariable cause
of pre-eclampsia, it is much more likely that it is
a completely separate but predisposing condition
(Redman and Sargent, 2000). Placentation is
described elsewhere in this volume and may be
abnormally shallow in pre-eclampsia, such that the
spiral arteries are maladapted and unable to meet
the perfusion needs of the second and third
trimester fetoplacental unit. The mechanisms,
which involve invasion of the placental bed by
extravillous cytotrophoblasts and their close asso-
ciation with large granular lymphocytes in the
decidua, remain to be defined. It is a local process,
without evidence that systemic inflammatory



114

C.W.G. Redman and I.L. Sargent

Abnormal immune interaction
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Figure 7.2 The two possible stages of evolution of pre-eclampsia with different contributions from the maternal immune system in
each stage. Other types of pre-eclampsia that do not depend on poor placentation but excessively large placentas or increased
maternal susceptibility to the inflammatory stresses of an otherwise normal pregnancy (Redman and Sargent, 2000) will not depend

on the first stage as depicted here.

responses are involved. There are, however, impor-
tant data, described in chapter 6, which suggest
that maternal immune recognition of trophoblast
in the decidua may control placentation and, if
deficient, cause poor placentation. The proposal is
for a novel form of immune recognition, of
paternally expressed genes on trophoblast by
decidual natural killer cells. If such immune
mechanisms operate they could explain particular
features of pre-eclampsia, such as its first preg-
nancy preponderance and apparent partner speci-
ficity (Li and Wi, 2000; Lie et al., 1998).

Conclusions

Pregnancy imposes a substantial systemic inflam-
matory stress on all pregnant women in the
second half of pregnancy. Part or all of the stimulus
may arise from debris shed into the maternal
circulation from the syncytiotrophoblast, which
signals danger to the maternal innate immune

system. Pre-eclampsia occurs when this response
is increased to the point of decompensation.
These features, which are clinically apparent,
comprise the second stage of pre-eclampsia.
Some, but not all, cases of pre-eclampsia are
associated with poor placentation. This comprises
the first stage, which would appear to have a
different origin. First stage immune responses,
localized in the decidua, involving maternal
recognition of paternal antigens on trophoblast,
could account for the first pregnancy and possible
partner specificity of pre-eclampsia. Second
stage responses, which we propose are all sec-
ondary to the systemic inflammatory response,
could explain why women bearing pregnancies
with unusually large placentas are susceptible to
pre-eclampsia. Chronic systemic inflammation in
women who are obese, chronically hypertensive
or diabetic to pre-eclampsia combined with the
added stimulus from that of even a normal
pregnancy could explain the special susceptibi-
lity of these women to the pregnancy disorder.



Many of the metabolic features of normal and pre-
eclamptic pregnancy such as insulin resistance,
hyperlipidemia, increased blood coagulability or
hypoalbuminemia, previously seen in isolation as
hormonally induced, could instead be different
consequences of the one process of a systemic
inflammatory response. It is proposed that the
maternal inflammatory response may represent
maternal—fetal genetic conflict. The placenta
signals danger to the mother but the ensuing
inflammatory response generates these metabolic
consequences, which are beneficial for the fetus.
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Abbreviations

8-is0-PGF,,  8-iso-prostaglandin F,,

GPX Glutathione peroxidase

GST Glutathione S-transferase

H,0, Hydrogen peroxide

LDL Low-density lipoprotein

MDA Malondialdehyde

NO Nitric oxide

0,* Superoxide radical

OxLDL Oxidized form of low-density
lipoprotein

ROS Reactive oxygen species

SeGPX Selenium-dependent glutathione
peroxidase

SOD Superoxide dismutase

TBARS Thiobarbituric acid-reactive
substances

X0 Xanthine oxidase

XOR Xanthine oxidoreductase

Oxidative stress has been implicated in a broad
spectrum of disease. This chapter provides a
summary of the biochemical principles underlying
oxidative stress, including the diversity of labora-
tory methods employed in its assessment, and will
attempt to explain why free radicals are now widely
considered to play a pivotal role in the placenta
and in the maternal circulation of pregnancies
affected by pre-eclampsia.

What is oxidative stress?

Oxidative stress is said to occur when the genera-
tion of free radicals (i.e. reactive substances with

M. T. M. Raijmakers and L. Poston

one or more unpaired electrons) exceeds the
capacity of antioxidant defense. An increasing
literature has lent support to the hypothesis that
oxidative stress is not only an accompaniment
to the disorder of pre-eclampsia, but may also
contribute to the etiology of the maternal
syndrome. Supporting evidence includes reports
in both placenta and maternal blood of oxidative
damage to lipids, proteins and DNA, decreased
total antioxidant capacity and depletion of
individual antioxidants (Raijmakers et al, 2005).
The diversity of the methods employed reflects
the lack of a “gold standard” assay for oxidative
stress assessment in the laboratory (Hubel, 1999)
that, as this chapter will highlight, can lead to
confusion and inevitably to some misinterpretation
of data.

The generation of free radicals

The most commonly produced reactive oxygen
species (ROS) in the human body is superoxide
(02", but this is rapidly converted to the more
stable hydrogen peroxide (H,O,; Table 8.1), which
in turn dissociates to form the highly reactive
hydroxyl anion (OH®). There are a variety of
biological sources of (0,°). In the mitochondrial
respiratory chain some electrons (1-3%) “escape”
so forming O,° (Lenaz et al., 2002). Uncoupling of
mitochondrial oxidative phosphorylation or struc-
tural changes in the electron-transfer complexes
due to oxidative damage to mitochondrial DNA
may both increase mitochondrial O,° production.
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Table 8.1. Potential sources of superoxide and ROS in pre-eclampsia

Source of free radical Mechanism

Reference

Mitochondria
Leukocytes
NADPH oxidase
Xanthine oxidase

Generation of O,°
Generation of O,°

Superoxide dismutase Conversion of O,° to H,0,

Leakage through the oxidative phosphorylation
Respiratory burst, O,° generation

(Lenaz et al., 2002)

(Luppi et al., 2002)
(Griendling et al., 2000b)
(Harrison, 2002; Pritsos, 2000)
(Zelko et al., 2002)

In excess, mitochondrial O,* synthesis is associated
with apoptosis, processes of aging and age-related
diseases, and has been linked to trophoblast
oxidative damage in the placenta (Lenaz et al,
2002; Wang and Walsh, 1998).

In neutrophils, vascular endothelial cells, vascu-
lar smooth muscle cells and trophoblast an
important source of O,° is the family of closely
related NAD(P)H oxidases (Griendling et al.,
2000a). Activation of the NAD(P)H oxidase
enzyme complex and increased subunit expression
occurs upon response to a range of stimuli
including angiotensin II, platelet-derived growth
factor, thrombin, cytokines, hemodynamic forces
and local metabolic changes. Augmented O,°
generation by NAD(P)H oxidase has been impli-
cated in oxidative stress and the development of
cardiovascular disease (Griendling et al., 2000a).

Under normal conditions xanthine oxidoreduc-
tase (XOR), which is abundantly present in liver
and also found in trophoblasts (Many et al., 2000),
exists in the xanthine dehydrogenase (XDH) form,
converting hypoxanthine to xanthine and xanthine
to urate (Pritsos, 2000). Cytokines increase human
XOR activity, whereas hypoxia stimulates the
irreversible conversion to xanthine oxidase (XO).
Upon reperfusion with oxygenated blood, XO uses
oxygen as the electron recipient, thus coupling
the conversion of purines to the generation of O,°
and uric acid (Many et al., 2000). In a number of
pathological processes XO is released into the
plasma where it may bind to target tissue and be
incorporated via endocytosis into a superoxide
dismutase-resistant

intracellular compartment.

XO-dependent O,° generation may then proceed
unopposed, resulting in
(Houston et al., 1999).

It is now recognized that O,® and other ROS
are involved regulatory pathways of
(e.g. growth, proliferation,

oxidative damage

in the
both physiological
angiogenesis) and pathophysiological (e.g. inflam-
matory response, hypertrophy) gene expression
(Griendling et al., 2000a,b; Irani, 2000).

Mechanisms of defense against
oxidative stress

The most abundant antioxidant defense pathways
are summarized in Table 8.2. Antioxidant defense is
comprised of enzymatic as well as non-enzymatic
systems.

Enzymatic antioxidants

Superoxide dismutases (SOD) provide a first line
defense against free radicals through conversion
of 0,°, to H,O, and oxygen (Zelko et al., 2002).
The rapid cellular response to oxidative stress leads
to a defensive increase in expression of SOD
(Mates et al., 1999). SOD works in concordance
with H,0,-removing enzymes such as glutathione
peroxidase (GPX) and catalase (Mates et al., 1999).

Selenium-dependent glutathione peroxidase
(SeGPX) catalyzes the reduction of H,0O, and
organic hydroperoxides (e.g. lipid hydroperoxides
and DNA hydroperoxides) (Hayes and McLellan,
1999). In contrast, non-selenium-dependent GPX,
predominantly glutathione S-transferase (GST)
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Table 8.2. Principal antioxidant pathways

Antioxidant

Main function

Reference

Glutathione peroxidase
Glutathione reductase
Glutathione S-transferase

Superoxide dismutase

Catalase
Thioredoxin

Water-soluble

Enzymatic antioxidants

Reduction of organic hydroperoxides and H,0,
Regeneration of oxidized glutathione
Reduction of organic hydroperoxides
Conjugation of glutathione in Phase II
Conversion of O,° to H,0,

Conversion of H,O, to H,O and O,
Regeneration of antioxidants

Non-enzymatic antioxidants

Glutathione Co-factor for GST and GPX
Maintenance of intracellular redox status
Vitamin C Reduction of reactive nitrogen species and ROS
Regeneration of vitamin E
Uric acid Scavenging of free radicals
Stabilization of vitamin C
Transferrin/ferritin Binding free iron
Haptoglobin Binding hemoglobin
Lipid soluble
Vitamin E Inhibition of propagation of lipid peroxidation
Carotenoids Inhibition of propagation of lipid peroxidation
Quenching of singlet oxygen (*O,)
Ubiquinone Membrane-associated redox reactions
Bilirubin Inhibition of propagation of lipid peroxidation

(Arthur, 2000)
(Hayes and McLellan, 1999)
(Zelko et al., 2002)

(Mates et al., 1999)
(Nordberg and Arner, 2001)

(Stamler and Slivka, 1996)
(Meister, 1988)
(Nordberg and Arner, 2001)

(Sevanian et al., 1991)

(Mates et al., 1999)
(Langlois and Delanghe, 1996)

(Brigelius-Flohe et al., 2002)
(Krinsky, 1998)

(Nohl et al., 1998)
(Tomaro and Batlle, 2002)

isoforms, only inactivates organic hydroperoxides
(Hayes and McLellan, 1999; Knapen et al., 1999).
The thioredoxin system (Holmgren and
Bjornstedt, 1995), although playing a lesser role
in a quantitative sense, is positioned at the core
of redox control and antioxidant defense, being
involved in the regeneration of antioxidants (e.g.
ascorbic acid, glutathione and ubiquinone), in
the reduction of a variety of peroxides and in the
activation of redox-sensitive transcription factors
such as AP-1 and NF-kB (Nordberg and Arner, 2001).

Water-soluble antioxidants

In general, non-enzymatic antioxidants can be
grouped into water- and lipid-soluble antioxidants.
Glutathione is the most important water-soluble

antioxidant and is widely distributed in human
tissues (Hayes and McLellan, 1999; Meister, 1988).
Dietary-derived ascorbic acid (vitamin C), vital for
species (including man) that cannot synthesize
ascorbic acid, reduces reactive nitrogen species,
ROS and also the a-tocopherol radical (Nordberg
and Arner, 2001). Uric acid is generally considered
as a waste product of the metabolic action of XO,
but shows strong antioxidant capacity toward
water-soluble free radicals and stabilizes ascorbic
acid at physiological concentrations. However, uric
acid is ineffective against lipid-soluble radicals and
forms potent radicals when oxidized (Sevanian
et al, 1991). Metal-binding proteins (e.g. trans-
ferrin and ferritin) as well as heme-binding
proteins (e.g. haptoglobin) are also important
antioxidants (Krinsky, 1998).
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Lipid-soluble antioxidants

All lipid-soluble antioxidants are effective inhibi-
tors of the propagation step of lipid peroxidation
through reaction with one or more peroxyl radicals.
The major lipid-soluble antioxidants are the
tocopherols (vitamin E), of which a-tocopherol is
the predominant form in humans (Brigelius-Flohe
et al., 2002). Other potentially biologically impor-
tant roles for a-tocopherol have been described
(Brigelius-Flohe et al.,, 2002; Rimbach et al., 2002).
Although the biological function of ubiquinone is
not yet clear, it seems to play a pivotal role in
several processes (Nohl et al, 1998). Carotenoids
may quench the reactive form of oxygen, singlet
oxygen (Krinsky, 1998). Bilirubin, an end product of
heme metabolism, is the most potent antioxidant
against lipid peroxidation known to date (Tomaro
and Batlle, 2002).

Assessment of oxidative stress

A good biomarker for oxidative stress would be one
that combines the two arms that contribute to
the balance of the redox state (i.e. free radical
generation and antioxidant defense), is simple and
inexpensive to measure, and measurement is
reproducible. However, no such marker is avail-
able. Most methods only measure one aspect
and therefore present a single, simplified and
unbalanced view of the possible presence of
oxidative stress.

Many investigators have assessed total antiox-
idant capacity (e.g. the oxygen radical absorbance
capacity and the ferric reducing ability of plasma)
(Cao and Prior, 1998), individual antioxidant levels
(Krinsky, 1998) or the enzyme activity of antiox-
idant enzymes (Hayes and McLellan, 1999; Mates
et al., 1999) as indirect evidence of oxidative stress.
Most relevant assays are easy, inexpensive and
generally accessible, but may be misleading. For
instance, measures of “total” antioxidant capacity
do not include all of the major antioxidants (Cao
and Prior, 1998). Additionally, enzymatic anti-
oxidants may be over-expressed as a defensive

response to oxidative stress, and the measurement
of a single antioxidant is never able to reflect
antioxidant defense overall. The influence of
dietary intake on concentrations of individual
antioxidant must also be considered.

Measurement of the products of oxidative
modification presents a more direct assessment
of oxidative stress. These are derived directly
from free radical attack to lipids (e.g. conjugated
dienes, malondialdehyde (MDA) and isoprostanes)
(Conti et al, 1991; Cracowski et al., 2002; Little
and Gladen, 1999), proteins (e.g. carbonyls and
nitrotyrosine residues) (Adams et al., 2001; Myatt
et al., 1996) and DNA (8-hydroxydeoxyguanosine)
(Hong et al, 2002). The isoprostanes, a family
of stable isomers generated after free radical
attack on arachonidonic acid, have been heralded
as the “gold standard” for oxidative modification of
lipids (Roberts and Morrow, 2000). Even normal
physiological situations are associated with a
modest generation of the products of oxidative
damage (Halliwell, 1997). Since most products
require excretion, they are good candidates for
measurement in either blood or urine. A major
problem is that rapid synthesis can occur in vitro,
after exposure to atmospheric oxygen during
sample collection, preparation or storage (Hubel,
1999). Additionally, the assessment of the most
stable lipid peroxidation products, the isopros-
tanes, is labor-intensive and technically
demanding.

New techniques are now available that directly
detect superoxide or other free radicals. Since free
radicals are very reactive, unstable and have a very
short half-life, these techniques are technically
difficult and require specialized equipment such
as that for electron spin trapping (Berliner et al.,
2001). Assessment of the capacity to generate O,°
by XO or NAD(P)H oxidase in blood or tissue are
simpler than the spin trapping assays (Griendling
et al., 2000b). However, none of these approaches
assess antioxidant responses, which might be
provoked by O,° generation in vivo. Other good
approaches include the assessment of the ratio
between the reduced and oxidized forms of



ascorbic acid or aminothiols. The free-to-oxidized
ratio for thiols as a measure of the thiol redox
balance has proven to be a marker of oxidative
stress in women with pre-eclampsia (Raijmakers
et al., 2001b).

Oxidative stress in normal pregnancy

Normal pregnancy is a mild state of oxidative
stress. Despite the presence of antioxidant systems
such as SOD, catalase, GPX and GSTPi, and the co-
factors glutathione and cysteine that are present
from early pregnancy onwards (Jauniaux et al.,
2000; Raijmakers et al., 2001a), a low level of
oxidative modification occurs in placental tissue of
uncomplicated pregnancies (Qanungo et al., 1999;
Raijmakers et al., 2002). Also maternal factors lead
to increased generation of O,° and other ROS
during pregnancy (Luppi et al, 2002). Indeed,
physiological pregnancy is characterized by a
transient increase of ROS production that is
partially counteracted by an induction of antiox-
idant defense mechanisms (Chappell et al., 2002;
Cikot et al., 2001; Little and Gladen, 1999). After
delivery, both the level of oxidative damage and
antioxidants return to pre-conception values (Cikot
et al., 2001; Uotila et al, 1991). Normal vaginal
delivery is associated with increased oxidative
stress when compared with delivery by Cesarean
section (Burton and Hang, 2003). Researchers are
to be warned of the importance of matching for
type of delivery in placental studies related to
oxidative stress.

Placental oxidative stress in pre-eclampsia

A potential source of placental oxidative
stress in pre-eclampsia

The development of pre-eclampsia has been
linked to abnormalities in trophoblast invasion
(Figure 8.1). More recently, Jauniaux et al. (2000)
found that the activity of several antioxidant
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enzymes in normal placental tissue was increased
in parallel with the rise in oxygen tension which
occurs at 10—12weeks’ gestation (Jauniaux et al.,
2000). The authors hypothesized that a diminished
antioxidant response to this oxygenation stimulus
would result in oxidative stress. This could lead to
trophoblast degeneration and possibly contribute
to impairment of trophoblast invasion. Indeed, in
a later study, these authors reported increased
staining for nitrotyrosine residues and heat shock
protein 70 in placental tissue from missed miscar-
riage, indicating that oxidative stress may be a key
factor in early pregnancy loss (Jauniaux et al.,
2003).

Burton and Hung (2003) have suggested that
maintenance of the muscular coat of the spiral
artery, due to impaired trophoblast invasion, would
lead to intermittent placental perfusion (Burton
and Hung, 2003). Together with frequent thrombo-
tic occlusion followed by clot dissolution this may
lead to chronic hypoxia/reoxygenation insults in
the placenta throughout pregnancy with subse-
quent initiation of oxidative stress. Due to the
hypoxic environment XOR, which is abundantly
expressed in the placenta, would be converted to
the oxidase form (Many et al, 2000), leading to
increased O,° generation upon reoxygenation. It is
highly relevant that Hung et al. have shown that
exposure of normal term placenta in vitro to a
period of hypoxia followed by reperfusion leads to
an increase in nitrotyrosine staining in trophoblast
and activation of apoptotic pathways, which could
be attenuated by addition of a free radical
scavenger (Hung et al., 2002).

Evidence for increased placental free radical
synthesis in pre-eclampsia

Placental tissue from women with pre-eclampsia
show an increased capacity to generate O,°
(Dechend et al., 2003; Sikkema et al., 2001; Wang
and Walsh, 2001) that, at least in part, may be
related to higher expression of XO (Many et al.,
2000). In term placenta, NAD(P)H oxidase is
reported to be present in both syncytiotrophoblast
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Figure 8.1 Proposed involvement of placental oxidative stress in the pathogenesis of pre-eclampsia.

and cytotrophoblast (Dechend et al, 2003).
Dechend et al. reported increased immunostaining
for the NAD(P)H oxidase subunits in pre-eclamptic
placentas (Dechend et al., 2003). Recently, we have
reported similar NAD(P)H oxidase-mediated O,°
generation in placental tissue of women with
pre-eclampsia when compared to normotensive
controls
eclampsia showed higher placental O,° generation.

and women with early-onset pre-
The authors’ unpublished preliminary data show
that NAD(P)H oxidase is functionally active as early
as the first trimester of pregnancy, raising the
possibility that NAD(P)H oxidase could play a role
in early placental development.

Placental antioxidant status in pre-eclampsia

As a presumed adaptive response, several studies

provide evidence that glutathione levels

(Gilmezoglu et al, 1996), GPX enzyme activity
(Knapen et al., 1999) or catalase activity (Wang and
Walsh, 1996) are also raised. However, a decrease
in placental antioxidant capacity is more frequently
reported (Walsh, 1998; Zusterzeel et al., 2001);
vitamin E levels are reported to be lower (Wang
and Walsh, 1996), whereas the expression of several
important enzymatic antioxidants (e.g. SOD, GPX,
GSTPi and glucose-6-phosphate dehydrogenase)
appear to be down-regulated (Walsh, 1998; Wang
and Walsh, 1996; Zusterzeel et al., 1999).

Placental oxidative damage in pre-eclampsia

Numerous independent oxidative damage
markers indicate the presence of placental
oxidative stress; there is evidence for lipid

peroxidation (Giilmezoglu et al, 1996; Walsh
et al, 2000), for increased synthesis of the



isoprostane, 8-iso-prostaglandin F,, (Walsh et al.,
2000), for enhanced generation of protein carbo-
nyls (Zusterzeel et al, 2001) and for nitrotyrosine
formation (Many et al., 2000; Myatt et al., 1996).
The isoprostane, 8-iso-prostaglandin F,, is in itself
biologically active. Indeed, Staff et al. have shown
in an in vitro model that this isoprostane reduces
trophoblast invasion and matrix metalloproteinase
activity (Staff et al., 2000).

Maternal oxidative stress in pre-eclampsia

The origin of systemic oxidative stress
in pre-eclampsia

Placental oxidative stress may, in turn, be the origin
of maternal systemic oxidative stress. As might be
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anticipated, women with pre-eclampsia show
evidence of increased apoptosis in trophoblast
and microvilli (Crocker et al., 2003). The deporta-
tion of microparticles from the placenta into the
maternal circulation in normal pregnancy has been
hypothesized to contribute to the exaggerated
maternal inflammatory response characteristic of
pre-eclampsia (Redman and Sargent, 2000) and is
associated with local O,°® generation (Figure 8.2).

Evidence of increased systemic free radical
generation in pre-eclampsia

Stimulated O,° generation with receptor-mediated
agonists is higher in isolated neutrophils from
affected than normotensive pregnant women
(Tsukimori et al, 1993). However, stimulation
with phorbol esters that directly activate protein
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Figure 8.2 (Consequences of maternal systemic 0,° generation on oxidative stress and vascular function in pre-eclampsia.
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kinase results either in higher (Lee et al., 2003) or
similar O,° generation of pre-eclamptic neutrophils
when compared to normal pregnant controls
(Tsukimori et al., 1993).

Since NAD(P)H oxidase is present in neutrophils,
this enzyme seems to be the mediator of the
respiratory burst response (Lee et al., 2003).

In women with gestational hypertension, an
increase in plasma uric acid concentration, a
product of XO activity, was associated with raised
XO enzyme activity in plasma (Nemeth et al., 2002).
Elevated concentrations of uric acid in the blood
of women with pre-eclampsia could therefore be
an indirect marker of increased O,° production by
XO, but may also reflect other mechanisms (Many
et al., 1996).

Erythrocyte membrane instability and subse-
quent increased red cell turnover lead to release
of iron in blood of women with pre-eclampsia
(Spickett et al., 1998). Non-bound iron is capable of
generating ROS (e.g. 0,°, H,0,, and OH®) (Rayman
et al, 2002). Women with established pre-
eclampsia have differences in measures of iron
metabolism, including decreased (apo)transferrin
and total iron-binding capacity, whereas serum
ferritin is increased, which could contribute to the
raised free iron concentrations in serum (Hubel
et al., 1996a; Rayman et al., 2002).

Maternal antioxidant status in pre-eclampsia

The total peroxyl radical-trapping ability of plasma
has been found to be higher in women with pre-
eclampsia (Kharb, 2000c; Uotila et al, 1994),
unsurprising, perhaps, since this assay includes
the antioxidant uric acid, which has frequently
been reported to be raised (Chappell et al., 2002;
Kharb, 2000c; Many et al., 1996; Zusterzeel et al.,
2002). As explained above, this may reflect
increased XO activity with subsequent generation
of 0,°, rather than an elevation of functional
antioxidant capacity. The oxygen radical absor-
bance capacity, based on direct quenching of free
radicals (Cao and Prior, 1998), is reported to be
unchanged in women with mild pre-eclampsia

(Zusterzeel et al., 2002), whereas studies in more
severe disease have suggested that overall antiox-
idant capacity, is lower (Davidge et al., 1992; Sagol
et al, 1999). Overall, estimates of ‘“total”’ anti-
oxidants are unlikely to provide a good index of
antioxidant capacity because of the dependency
on the antioxidant species included or excluded
in the different assays.

Many studies have investigated the role of
glutathione and other aminothiols in the etiology
of oxidative stress in pre-eclampsia. Total —SH
groups, including both amino thiols and —SH
moieties of protein, are reduced in plasma (Chen
et al., 1994; Hubel et al., 1997; Uotila et al., 1994) or
erythrocyte lysates (Kharb, 2000a), and are indica-
tive of a state of oxidative stress. The reports of
glutathione are diverse. This may relate to the fact
that erythrocyte concentrations are high compared
to those in plasma, have a broad intra-individual
variation, and that several different methods are
used for glutathione assessment (Redegeld et al,
1990; Richie Jr. et al, 1996). Some studies have
reported lower glutathione levels in the plasma of
women with pre-eclampsia (Chen et al, 1994;
Kharb, 2000b), and the glutathione:hemoglobin
ratio in whole blood has been found to be lower
compared to normotensive
(Knapen et al., 1998).

Both iron-induced oxidation and free radical
attack of the —SH group of aminothiols, including
cysteine, homocysteine and cysteinylglycine,
results in the formation of (mixed) disulfides.
This shifts the redox thiol status (i.e. the dynamic
equilibrium of the reduced, oxidized and protein-
bound thiol forms) to a higher oxidized state that
can be measured as a decrease in the free-to-
oxidized ratio (Ueland et al, 1996). The main target
of oxidative attack is cysteine, the aminothiol with

control women

the lowest redox potential (Stamler and Slivka,
1996); however, oxidized cysteine will quickly be
reduced by subsequent oxidation of other
aminothiols. We (MR) have reported that the
free-to-oxidized ratios for cysteine, cysteinylglycine
and homocysteine are lower in pre-eclampsia
(Raijmakers et al., 200la,b). In the case of



homocysteine this was maintained until 6 weeks
postpartum (unpublished results). We have also
observed abnormally high total plasma concentra-
tions and a decreased free-to-oxidized ratio for
homocysteine in non-pregnant women who have
had pre-eclampsia previously. As approximately
60% of subsequent pregnancies were affected by
hypertension, this disturbed redox balance could
be a pre-disposing risk factor (Raijmakers et al,
2004Db).

Reports of vitamin E status, normally measured
as the a-tocopherol form, in pre-eclampsia are
ambiguous. Since vitamin E is transported by
lipoproteins, this is most likely explained by
varying degrees of associated hyperlipoprotein-
emia (Brigelius-Flohe et al, 2002). Moreover,
circulating concentrations of this lipophilic anti-
oxidant do not give insight into cellular vitamin E
status and are probably poorly indicative of
functional vitamin E capacity. Plasma vitamin E
concentrations, not adjusted for the lipid profile,
have been reported to be lower (Madazli et al.,
1999; Sagol et al., 1999), similar (Uotila et al., 1994;
Valsecchi et al., 1999), or increased (Hubel et al.,
1997; Schiff et al., 1996; Zusterzeel et al., 2002) in
pre-eclampsia compared with normotensive
pregnancy. However, when corrected for lipids,
no differences have been found (Chappell et al.,
2002; Hubel et al.,, 1997; Zhang et al., 2001). Pre-
eclampsia is almost undoubtedly a state of vitamin
C depletion, as most studies have reported lowered
plasma vitamin C concentrations (Chappell et al.,
2002; Madazli et al., 1999; Mikhail et al., 1994; Sagol
et al, 1999; Zhang et al, 2002c), although a few
have found unchanged levels (Uotila et al., 1994;
Zusterzeel et al., 2002). The deficiency in vitamin C
could impact on vitamin E metabolism, as
vitamin C is claimed to act in synergy with
vitamin E. Impairment of the regeneration of
reduced vitamin E from oxidized vitamin E
(because of lowered vitamin C concentrations)
could contribute to reduced free radical scavenging
capacity of vitamin E.

The reduction in vitamin C could arise from
reduced dietary intake as well as depletion by
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enhanced free radical synthesis. Two epidemiolog-
ical studies have used validated food question-
naires to estimate dietary intake of vitamin C
(Zhang et al, 2002b) or vitamin E (Schiff et al,
1996) over the year prior to pregnancy, including
the pre-conception period. In a recent study,
performed in a mixed population of American
women with pre-eclampsia, dietary intake of
vitamin C below the recommended dietary allow-
ance (<85mg daily) was found to double the
pre-eclampsia risk (Zhang et al., 2002a). However,
Schiff et al., who compared fewer cases from a
similar American population, found no such
relationship (Schiff et al., 1996). A large prospective
study in the USA did not find any association with
pre-eclampsia and either vitamin C or vitamin E
intake (Morris et al., 2001). However, in this study a
24h recall questionnaire was used, which only
included dietary intake during early pregnancy, but
more importantly, participants were given a daily
pre-natal supplement that could have changed the
participant awareness of the importance of diet
during pregnancy.

Carotenoids including retinol (or vitamin A) have
not been the subject of intensive investigation in
pre-eclampsia and a consensus viewpoint is not
attainable. In most studies several carotenoids
have been measured simultaneously, and have
suggested that p-carotene (Mikhail et al., 1994;
Palan et al, 2001), lycopene (Palan et al, 2001) and
retinal (Zhang et al., 2001) are decreased, without
any notable differences in the other carotenoids.

In contrast to the non-enzymatic antioxidants,
the presence and activity of enzymatic oxidants
has seldom been studied in pre-eclampsia and
contradictory findings have been reported in the
few studies performed. The expression of SOD in
subcutaneous fat vessels (Roggensack et al., 1999)
and the activity of the same enzyme in erythrocytes
(Bayhan et al, 2000; Chen et al., 1994) has been
observed to be lower in women with pre-
eclampsia. In contrast to reduced activity of SOD
in pre-eclamptic erythrocytes, GPX and catalase
have been reported to be unchanged in erythro-
cytes (Bayhan et al, 2000) or plasma (Karsdorp
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et al, 1998). Some studies have reported that in
association with reduced erythrocyte enzyme
activity of both SOD and catalase, GPX activity is
paradoxically increased (Diedrich et al, 2001).
However, GPX activity is largely comprised of
GSTs that also play an important role in the
direct metabolism of toxic products of oxidative

stress (Hayes and Pulford, 1995). Both ROS
and oxidative damage products induce the
expression of antioxidant enzymes through

activation of the “antioxidant-responsive element”’
in the promoter region (Hayes and McLellan, 1999).
Thus it can be hypothesized that the expression
of GPX is induced to prevent excessive lipid per-
oxidation and to metabolize oxidative damage
products arising from low SOD and -catalase
enzyme activities.

Evidence of maternal oxidative damage
in pre-eclampsia

Investigations of marker molecules in the maternal
circulation in pre-eclampsia have shown varying
results; however, most are indicative of oxidative
stress. Reports of increased generation of peroxy-
nitrite radicals suggest higher oxidative damage
(Hubel, 1999; Roggensack et al, 1999). MDA, a
major breakdown product of lipid peroxides, was
one of the first biomarkers found to be raised
(Ishihara, 1978). Numerous studies have confirmed
that serum MDA levels or the amounts of thiobar-
bituric acid reactive substances, mainly consisting
of MDA, are elevated in women with pre-eclampsia
(Bayhan et al., 2000; Kharb, 2000c; Madazli et al.,
1999; Takacs et al., 2001; Uotila et al, 1993). Only
one study has not demonstrated a difference in
MDA (Davidge et al., 1992).

One of the consequences of lipid peroxidation is
bond migration in the hydrocarbon chain of
the unsaturated fatty acid resulting in the forma-
tion of conjugated dienes (Hubel et al, 1989),
which may be a specific biomarker for lipid
peroxidation. Conjugated dienes are elevated in
plasma or platelets of women with pre-eclampsia

(Garzetti et al., 1993; Hubel et al., 1989; Uotila et al.,
1993). The most frequently assayed isoprostane in
pre-eclampsia is 8-iso-prostaglandin F,, (8-iso-
PGF,,). Reliability of estimation depends on the
method (GC/MS vs. ELISA) and kind of sample
(plasma vs. urine) used for analysis. GC/MS
provides a specific analysis of several isoprostanes,
but is time-consuming in contrast to a high
throughput ELISA assay but this is less reliable
due to the poor specificity of some antibodies.
Plasma is preferred since possible differences in
renal metabolism and clearance in women with
pre-eclampsia could influence concentrations in
urine. Taken together, it is not surprising that
reports of isoprostane concentrations in women
with pre-eclampsia are ambiguous. Higher plasma
8-iso-PGF,, concentrations than those in normal
pregnancy have been detected, but in the same
patients urine concentrations are lower, which may
be explicable by impaired renal clearance (Barden
et al., 2001). Other studies found no abnormalities
in the plasma concentration of the same isopros-
tane (Chappell et al., 2002; Morris et al., 1998) and
urine concentrations of another isomer, 8,12-
is0-iPF,,-VI, have been found to be similar to
those of normal pregnant women (Regan et al,
2001).

The lipid profile of women with pre-eclampsia
differs from that of normotensive pregnancy
(Hubel et al, 1996b; Sattar et al, 2000). In pre-
eclampsia LDL decreases in particle size, which
results in greater susceptibility to oxidative
modification (Hubel et al., 1998; Pierucci et al,
1996). There are reports of increased antibody
titers against the oxidized form of LDL and of
an elevation in the ratio between this antibody
and that against the native form of LDL (Branch
et al., 1994; Uotila et al., 1998; Wakatsuki et al.,
2000).

Proteins may be modified by ROS or reactive
nitrogen species or indirectly by reactions with
products of lipid peroxidation. This results in
the formation of additional carbonyl groups,
which as one report has suggested are ele-
vated in plasma of women with pre-eclampsia



(Zusterzeel et al, 2000). Reaction with reactive
nitrogen species such as peroxynitrite results in the
formation of nitrotyrosine residues, the increased
expression of which has been reported in the
small arteries from women with pre-eclampsia
(Roggensack et al., 1999).

Consequences of oxidative stress
in pre-eclampsia

As discussed above, the products of oxidative
stress from the placenta may contribute to the
maternal inflammatory response. These will be
compounded by local generation of ROS in the
mother. Indeed, it is possible the characteristics
of pre-eclampsia could be explained on the basis
of oxidative stress (Hubel, 1999). Vascular func-
tion may be altered by oxidative stress (Davidge,
1998). Lipid peroxides can interact and alter
endothelial cell function (Davidge, 1998; Hubel
et al., 1989; Taylor et al, 1998). Some reports
have suggested that NO synthase and nitric oxide
are increased in the vasculature of women with
pre-eclampsia (Davidge, 1998; Roggensack et al.,
1999). NO may rapidly react with O,° yielding
peroxynitrite, which reduces the availability of
NO to act as a vasorelaxant, is involved in necro-
sis and apoptosis, and may damage endothelial
cells. Additionally, peroxynitrite together with
lipid peroxides may result in overproduction of
both prostacyclin and thromboxane (Davidge,
1998; Roggensack et al, 1999). Extreme levels of
lipid peroxides inhibit prostaglandin H synthase,
resulting in decreased concentrations of prostacy-
clin, a vasorelaxant. Furthermore, both cell damage
and oxygen radicals stimulate the release of
endothelin, a potent vasoconstrictor, which is
increased in women with
(Slowinski et al., 2002).

Both placental and systemic oxidative stress may
alter gene expression. The activity of the transcrip-
tion factors of the Mitogen Activated Protein Kinase
family seems to be directly activated by O,°* and
results in the expression of proteins involved in

pre-eclampsia
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growth, angiogenesis, matrix remodeling, apopto-
sis and cell proliferation. However, at high levels of
0,° transcription factors including AP-1 and NFKB
are activated, and lead to many of the facets of the
inflammatory response and tissue hypertrophy.
By the modulation of the (thiol) redox status of
cell, oxidative stress may have an effect on
redox-sensitive gene-expression, resulting in the
expression of proteins with an antioxidant respon-
sive element in the promoter region, including
most of the antioxidant enzymes (Hayes and
McLellan, 1999).

Prophylaxis of pre-eclampsia using
antioxidants

Despite increased understanding of the eti-
ology of the syndrome, there is currently no
accepted method of prevention of pre-eclampsia.
Studies of aspirin and calcium prophylaxis have
proved disappointing (Coomarasamy et al., 2003).
However, the abundant evidence for oxidative
in pre-eclampsia provides a potential
avenue of hope for the development of new
strategies involving antioxidant prophylaxis. The
choice of antioxidant is important. Some antiox-
idants, particularly vitamin E, not only detoxify free
radicals, but also have other properties that may
benefit women with pre-eclampsia directly (Azzi
et al., 2002; Brigelius et al., 2002). Antioxidants, by
altering the cell redox status, are indirectly involved
in the regulation of redox-sensitive gene expres-
sion. At levels close to those found in plasma,
a-tocopherol has been shown to play a role in cell
signaling by the inhibition of PKC activation (Azzi
et al., 2002). Via this pathway vitamin E exerts anti-
proliferative effects and may directly influence the
reduction of O,° generation by NAD(P)H oxidase,
aggregation of platelets and the inhibition of
monocyte—endothelium adhesion (Azzi et al,
2002). Through the down regulation of NFkB,
a-tocopherol plays a role in the reduction of an
inflammatory response (Rimbach et al, 2002;

stress
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Weber et al., 1994). Vitamin C has been reported
to inhibit apoptosis (Rossig et al, 2001) and
could thereby reduce microparticle formation in
the placenta. As mentioned earlier, ascorbic acid
regenerates o-tocopherol by the reduction of
the a-tocopherol radical. The multimode of action
of a-tocopherol together with the synergistic
association with ascorbic acid may be fortuitous
in relation to pre-eclampsia. Together these anti-
oxidants could not only inhibit the lipid peroxida-
tion chain reaction, but also reduce the generation
of free radicals, the inflammatory response and
the procoagulant state.

To date, three studies have employed antioxidant
supplementation, which all included a combination
of high-dose vitamin E and vitamin C, in the
prevention of pre-eclampsia (Giilmezoglu et al.,
1997; Stratta et al.,, 1994). In these studies antiox-
idants were administered at onset of disease and
no effect of antioxidant treatment was found. In
contrast, Chappell er al. (1999) treated a high-risk
population, defined by the presence of an abnormal
Doppler waveform or pre-eclampsia in their
previous pregnancy, from early pregnancy
(18—22weeks) until delivery with 1000 mg vitamin
C and 4001U vitamin E daily in a double-blind
randomized trial. They reported not only a highly
reduced risk of pre-eclampsia, but also showed that
antioxidant treatment led to the improvement of
biochemical markers associated with oxidative
stress, an indication that antioxidant treatment
reduced the level of oxidative damage (Chappell
et al.,, 1999).

The differences between these studies may
indicate that early intervention might be essential
for the prevention of pre-eclampsia. In pre-
eclampsia an increased oxidative pressure from
the placenta and/or a poor antioxidant response
in the maternal circulation could initiate a chain of
events leading to rapid progression of oxidative
stress. Early vitamin intervention could assist the
adaptive maternal antioxidant response, thereby
normalizing the effects of oxidative stress.
However, with treatment after the “point-of-no-
return”’ when the clinical syndrome is evident with

multiple organ involvement, the oxidative stress
may no longer be reversible corrected by antiox-
idant supplementation. Multicenter trials momen-
tarily underway in the UK, the USA, and three
developing countries will now determine whether
antioxidant prophylaxis may be used routinely in
the prevention of pre-eclampsia.

Conclusions

Oxidative stress is a result of a complex, dynamic
equilibrium between (pro)oxidant generation and
antioxidant protection. Several distinct pathways
that contribute to the induction or propagation of
oxidative stress are activated which have many
detrimental effects. A single marker will never
provide a clear picture and oxidative stress should
ideally be estimated by new methods that include
both “arms” of the oxidative stress balance.

0,° generation increases in normal pregnancy.
Through redox-sensitive genes, 0,° could play
a role in trophoblast invasion, and placental devel-
opment during pregnancy. The oxidative stress
balance is delicate and disturbances in either
direction could predispose to a poor pregnancy
outcome. Free radical damage appears to play a
major role in the maternal syndrome of pre-
eclampsia. The placenta is the likely source of
origin, but oxidative stress is compounded by the
subsequent contribution of maternally generated
superoxide. The results of large clinical trials
currently underway will determine whether anti-
oxidants may offer prophylactic benefit.

REFERENCES

Adams, S., Green, P., Claxton, R., ef al. (2001). Reactive
carbonyl formation by oxidative and non-oxidative
pathways. Front Biosci., 6, A17—24.

Arthur, J.R. (2000). The glutathione peroxidases. Cell Mol.
Life Sci., 57(13—14), 1825—35.

Azzi, A., Ricciarelli, R. and Zingg, J.M. (2002). Non-
antioxidant molecular functions of alpha-tocopherol
(vitamin E). FEBS Lett., 519(1-3), 8—10.



Barden, A, Ritchie, J., Walters, B., et al. (2001). Study of
plasma factors associated with neutrophil activation
and lipid peroxidation in preeclampsia. Hypertension,
38(4), 803-8.

Bayhan, G., Atamer, Y., Atamer, A., Yokus, B. and
Baylan, Y. (2000). Significance of changes in lipid
peroxides and antioxidant enzyme activities in pregnant
women with preeclampsia and eclampsia. Clin. Exp.
Obstet. Gynecol., 27(2), 142—6.

Berliner, L.J., Khramtsov, V., Fujii, H. and Clanton, T.L.
(2001). Unique in vivo applications of spin traps.
Free Rad. Biol. Med., 30(5), 489—99.

Branch, D.W., Mitchell, M. D., Miller, E., Palinski, W. and
Witztum, J.L. (1994). Pre-eclampsia and serum anti-
bodies to oxidised low-density lipoprotein. Lancet,
343(8898), 645—6.

Brigelius-Flohe, R., Kelly, F.J., Salonen, J.T., Neuzil, J.,
Zingg, J.M. and Azzi, A. (2002). The European perspec-
tive on vitamin E: current knowledge and future
research. Am. J. Clin. Nutr., 76(4), 703—16.

Burton, G.J. and Hung, T.H. (2003).
reoxygenation; a potential source of placental oxidatives
stress in normal pregnancy and preeclampsia. Fetal
Maternal Med. Rev., 14(2), 97—117.

Cao, G. and Prior, R.L. (1998). Comparison of different
analytical methods for assessing total antioxidant
capacity of human serum. Clin. Chem., 44(6)(Pt. 1),
1309—15.

Chappell, L.C,, Seed, P.T., Briley, A. L., et al. (1999). Effect
of antioxidants on the occurrence of pre-eclampsia in
women at increased risk: a randomised trial. Lancet,
345, 810—16.

Chappell, L.C., Seed, P.T., Briley, A., et al. (2002). A
longitudinal study of biochemical variables in women
at risk of preeclampsia. Am. J. Obstet. Gynecol., 187(1),
127-36.

Chen, G., Wilson, R., Cumming, G., Walker, J.J., Smith,
W.E. and McKillop, J.H. (1994). Intracellular and
extracellular antioxidant buffering levels in erythro-
cytes from pregnancy-induced hypertension. J. Hum.
Hypertens., 8(1), 37—42.

Cikot, R.J.L.M,, Steegers  Theunissen, R.P.M,,
Thomas, C.M.G., de Boo, T.M., Merkus, H. M. W. M.
and Steegers, E.A.P. (2001). Longitudinal vitamin and
homocysteine levels in normal pregnancy. Br. J. Nutr.,
85(1), 49-58.

Conti, M., Morand, P.C., Levillain, P. and Lemonnier, A.
(1991). Improved fluorometric determination of
malonaldehyde. Clin. Chem., 37(7), 1273—5.

Hypoxia-

The role of oxidative stress

133

Coomarasamy, A., Honest, H., Papaioannou, S., Gee, H.
and Khan, K.S. (2003). Aspirin for prevention
of preeclampsia in women with historical risk
factors: a systematic review. Obstet. Gynecol., 101(6),
1319-32.

Cracowski, J.L., Durand, T. and Bessard, G. (2002).
Isoprostanes as a biomarker of lipid peroxidation
in humans: physiology, pharmacology and clinical
implications. Trends Pharmacol. Sci., 23(8), 360—6.

Crocker, I. P., Cooper, S., Ong, S. C. and Baker, P.N. (2003).
Differences in apoptotic susceptibility of cytotropho-
blasts and syncytiotrophoblasts in normal pregnancy to
those complicated with preeclampsia and intrauterine
growth restriction. Am. J. Pathol., 162(2), 637—43.

Davidge, S.T. (1998). Oxidative stress and altered
endothelial cell function in preeclampsia. Semin.
Reprod. Endocrinol., 16(1), 65—73.

Davidge, S.T., Hubel, C.A., Brayden, R.D., Capeless, E.C.
and McLaughlin, M. K. (1992). Sera antioxidant activity
in uncomplicated and preeclamptic pregnancies.
Obstet. Gynecol., 79(6), 897—901.

Dechend, R., Viedt, C., Muller, D.N., et al. (2003). AT1
receptor agonistic from preeclamptic
patients stimulate oxidase. Circulation,
107(12), 1632—-9.

Diedrich, F., Renner, A., Rath, W., Kuhn, W. and
Wieland, E. (2001). Lipid hydroperoxides and free
radical scavenging enzyme activities in preeclampsia

antibodies
NADPH

and HELLP (hemolysis, elevated liver enzymes, and low
platelet count) syndrome: no evidence for circulating
primary products of lipid peroxidation. Am. J. Obstet.
Gynecol., 185(1), 166—72.

Garzetti, G. G., Tranquilli, A. L., Cugini, A. M., Mazzanti, L.,
Cester, N. and Romanini, C. (1993). Altered lipid
composition, increased lipid peroxidation, and altered
fluidity of the membrane as evidence of platelet damage
in preeclampsia. Obstet. Gynecol., 81(3), 337—40.

Griendling, K.K., Sorescu, D., Lassegue, B. and Ushio-
Fukai, M. (2000a). Modulation of protein kinase activity
and gene expression by reactive oxygen species and
their role in vascular physiology and pathophysiology.
Arterioscler. Thromb. Vasc. Biol., 20(10), 2175—83.

Griendling, K. K., Sorescu, D. and Ushio-Fukai, M. (2000b).
NAD(P)H oxidase: role in cardiovascular biology and
disease. Circ. Res., 86(5), 494—501.

Giilmezoglu, A. M., Oosthuizen, M. M.]J. and Hofmeyr, G.]J.
(1996). Placental malondialdehyde and glutathione
levels in a controlled trial of antioxidant treatment in
severe preeclampsia. Hypertens. Pregn., 15(3), 287—95.



134

M. T. M. Raijmakers and L. Poston

Giilmezoglu, A. M., Hofmeyr, G.J. and Oosthuizen, M. M.].
(1997). Antioxidants in the treatment of severe pre-
eclampsia: an explanatory randomised controlled trial.
Br. J. Obstet. Gynaecol., 104, 689—96.

Halliwell, B. (1997). Antioxidants and human disease:
a general introduction. Nutr. Rev., 55(1)(Pt. 2), S44—9.
Harrison, R. (2002). Structure and function of xanthine
oxidoreductase: where are we now? Free Rad. Biol. Med.,

33(6), 774—-97.

Hayes, J.D. and Pulford, D.J. (1995). The glutathione
S-transferase supergene family: regulation of GST and
the contribution of the isoenzymes to cancer chemo-
protection and drug resistance. Crit. Rev. Biochem. Mol.
Biol., 30(6), 445—600.

Hayes, J.D. and McLellan, L.I. (1999). Glutathione
and glutathione-dependent enzymes represent a
co-ordinately regulated defence against oxidative stress.
Free Rad. Res., 31(4), 273—-300.

Holmgren, A. and Bjornstedt, M. (1995). Thioredoxin and
thioredoxin reductase. Meth. Enzymol., 252, 199—208.
Hong, Y.C,, Lee, K.H,, Yi, C.H., Ha, E.H. and Christiani,
D.C. (2002). Genetic susceptibility of term pregnant
women to oxidative damage. Toxicol. Lett., 129(3),

255—62.

Houston, M., Estevez, A., Chumley, P., et al. (1999).
Binding of xanthine oxidase to vascular endothelium.
Kinetic characterization and oxidative impairment of
nitric oxide-dependent signaling. J. Biol. Chem., 274(8),
4985—-94.

Hubel, C.A. (1999). Oxidative stress in the pathogenesis of
preeclampsia. Proc. Soc. Exp. Biol. Med., 222(3), 222—35.

Hubel, C.A., Roberts, J.M., Taylor, R.N., Musci, T.J.,
Rogers, G.M. and McLaughlin, M.K. (1989). Lipid
peroxidation in pregnancy: new perspectives on pre-
eclampsia. Am. J. Obstet. Gynecol., 161(4), 1025—34.

Hubel, C.A., Kozlov, A.V., Kagan, V.E., et al. (1996a).
Decreased transferrin and increased transferrin satura-
tion in sera of women with preeclampsia: implications
for oxidative stress. Am. J. Obstet. Gynecol., 175(3)(Pt. 1),
692—700.

Hubel, C.A., McLaughlin, M. K,, Evans, R.W., Hauth, B.A.,
Sims, C.J. and Roberts, J.M. (1996b). Fasting serum
triglycerides, free fatty acids, and malondialdehyde are
increased in preeclampsia, are positively correlated, and
decrease within 48 hours post partum. Am. J. Obstet.
Gynecol., 174(3), 975—-82.

Hubel, C.A., Kagan, V.E., Kisin, E.R., McLaughlin, M. K.
and Roberts, J.M. (1997). Increased ascorbate radical
formation and ascorbate depletion in plasma from

women with preeclampsia: implications for oxidative
stress. Free Rad. Biol. Med., 23(4), 597—609.

Hubel, C.A., Shakir, Y., Gallaher, M.]J., McLaughlin, M. K.
and Roberts, J.M. (1998). Low-density lipoprotein
particle size decreases during normal pregnancy in
association with triglyceride increases. J. Soc. Gynecol.
Invest., 5(5), 244—50.

Hung, T.H., Skepper, J.N., Charnock-Jones, D.S. and
Burton, G.J. (2002). Hypoxia-reoxygenation: a potent
inducer of apoptotic changes in the human placenta
and possible etiological factor in preeclampsia. Circ.
Res., 90(12), 1274-81.

Irani, K. (2000). Oxidant signaling in vascular cell growth,
death, and survival: a review of the roles of reactive
oxygen species in smooth muscle and endothelial cell
mitogenic and apoptotic signaling. Circ. Res., 87(3),
179-83.

Ishihara, M. (1978). Studies on lipoperoxide of normal
pregant women and of patients with toxemia of
pregnancy. Clin. Chim. Acta, 84, 1-9.

Jauniaux, E., Watson, A.L., Hempstock, J., Bao, Y.P,
Skepper, J. N. and Burton, G.]J. (2000). Onset of maternal
arterial blood flow and placental oxidative stress.
A possible factor in human early pregnancy failure.
Am. J. Pathol., 157(6), 2111-22.

Jauniaux, E., Greenwold, N. and
Burton, G.J. (2003). Trophoblastic oxidative stress

Hempstock, J.,

in relation to temporal and regional differences
in maternal placental blood flow in normal and
abnormal early pregnancies. Am. J. Pathol., 162(1),
115-25.

Karsdorp, V.H.M., Dekker, G.A., Bast, A., et al. (1998).
Maternal and fetal plasma concentrations of endothe-
lin, lipidhydroperoxides, glutathione peroxidase and
fibronectin in relation to abnormal umbilical artery
velocimetry. Eur. J. Obstet. Gynecol. Reprod. Biol., 80(1),
39—-44.

Kharb, S. (2000a). Altered thiol status in preeclampsia.
Gynecol. Obstet. Invest., 50(1), 36—8.

Kharb, S. (2000b). Low whole blood glutathione levels in
pregnancies complicated by preeclampsia and diabetes.
Clin. Chim. Acta, 294(1-2), 179—83.

Kharb, S. (2000c). Total free radical trapping antioxidant
potential in pre-eclampsia. Int. J. Gynaecol. Obstet.,
69(1), 23—6.

Knapen, M. F.C.M., Mulder, T.P.]J., Van Rooij, I.A. L. M.,
Peters, W.H. M. and Steegers, E.A.P. (1998). Low whole
blood glutathione levels in pregnancies complicated
by preeclampsia or the hemolysis, elevated liver



enzymes, low platelets syndrome. Obstet. Gynecol., 92,
1012—-15.

Knapen, M.F.C.M., Peters, W.H.M., Mulder, T.P.]J.,
Merkus, H.M.W.M., Jansen, J.B.M.]J. and
Steegers, E.A.P. (1999). Glutathione and glutathione-
related enzymes in decidua and placenta of
controls and women with pre-eclampsia. Placenta,
20(7), 541-6.

Krinsky, N.I. (1998). The antioxidant and biological
properties of the carotenoids. Ann. N.Y. Acad. Sci.,
854, 443-7.

Langlois, M. R. and Delanghe, J.R. (1996). Biological and
clinical significance of haptoglobin polymorphism in
humans. Clin. Chem., 42(10), 1589—600.

Lee, V.M., Quinn, P.A., Jennings, S. C. and Ng, L. L. (2003).
Neutrophil activation and production of reactive oxygen
species in pre-eclampsia. J. Hypertens., 21(2), 395—402.

Lenaz, G., Bovina, C., D’Aurelio, M., et al. (2002). Role of
mitochondria in oxidative stress and ageing. Ann. N. Y.
Acad. Sci., 959, 199—213.

Little, R.E. and Gladen, B.C. (1999). Levels of lipid
peroxides in uncomplicated pregnancy: a review of the
literature. Reprod. Toxicol., 13(5), 347—52.

Luppi, P., Haluszczak, C., Trucco, M. and DeLoia, J.A.
(2002). Normal pregnancy is associated with peripheral
leukocyte activation. Am. J. Reprod. Immunol., 47(2),
72-81.

Madazli, R., Benian, A., Gumustas, K., Uzun, H., Ocak, V.
and Aksu, F. (1999). Lipid peroxidation and antioxidants
in preeclampsia. Eur. J. Obstet. Gynecol. Reprod. Biol.,
85(2), 205-8.

Many, A., Hubel, C.A. and Roberts, J. M. (1996). Hyperur-
icemia and xanthine oxidase in preeclampsia, revisited.
Am. ]. Obstet. Gynecol., 174(1)(Pt. 1), 288—91.

Many, A., Hubel, C.A., Fisher, S.J., Roberts, J.M. and
Zhou, Y. (2000). Invasive cytotrophoblasts manifest
evidence of oxidative stress in preeclampsia. Am. J.
Pathol., 156(1), 321—-31.

Mates, J.M., Perez-Gomez, C. and Nunez, d.C. (1999).
Antioxidant enzymes and human diseases. Clin.
Biochem., 32(8), 595—603.

Meister, A. (1988). Glutathione metabolism and
its selective modification. J. Biol. Chem., 263(33),
17,205-8.

Mikhail, M.S., Anyaegbunam, A., Garfinkel, D., Palan,
P.R,, Basu, J. and Romney, S.L. (1994). Preeclampsia
and antioxidant nutrients: decreased plasma levels of
reduced ascorbic acid, alpha-tocopherol, and beta-

The role of oxidative stress

135

carotene in women with preeclampsia. Am. J. Obstet.
Gynecol., 171(1), 150—7.

Morris, C.D., Jacobson, S.L., Anand, R., et al. (2001).
Nutrient intake and hypertensive disorders of
pregnancy: evidence from a large prospective cohort.
Am. J. Obstet. Gynecol., 184(4), 643—51.

Morris, J. M., Gopaul, N.K., Endresen, M.J.R., et al. (1998).
Circulating markers of oxidative stress are raised in
normal pregnancy and pre-eclampsia. Br. J. Obstet.
Gynaecol., 105(11), 1195-9.

Myatt, L., Rosenfield, R.B., Eis, A.L., Brockman, D.E.,
Greer, 1. and Lyall, F. (1996). Nitrotyrosine residues in
placenta. Evidence of peroxynitrite formation and
action. Hypertension, 28(3), 488—93.

Nemeth, I., Talosi, G., Papp, A. and Boda, D. (2002).
Xanthine oxidase activation in mild gestational hyper-
tension. Hypertens. Pregn., 21(1), 1—11.

Nohl, H., Gille, L. and Staniek, K. (1998). The biochemical,
pathophysiological, and medical aspects of ubiquinone
function. Ann. N.Y. Acad. Sci., 854, 394—409.

Nordberg, J. and Arner, E.S. (2001). Reactive oxygen
species, antioxidants, and the mammalian thioredoxin
system. Free Rad. Biol. Med., 31(11), 1287—312.

Palan, P.R., Mikhail, M.S. and Romney, S.L. (2001).
Placental and serum levels of carotenoids in preeclamp-
sia. Obstet. Gynecol., 98(3), 459—62.

Pierucci, F., Piazze Garnica, J.J., Cosmi, E.V. and
Anceschi, M.M. (1996). Oxidability of low density
lipoproteins in pregnancy-induced hypertension. Br. J.
Obstet. Gynaecol., 103(11), 1159—61.

Pritsos, C. A. (2000). Cellular distribution, metabolism and
regulation of the xanthine oxidoreductase enzyme
system. Chem. Biol. Interact., 129(1—2), 195—208.

Qanungo, S., Sen, A. and Mukherjea, M. (1999). Antiox-
idant status and lipid peroxidation in human feto-
placental unit. Clin. Chim. Acta, 285(1-2), 1-12.

Raijmakers, M. T. M., Steegers, E.A.P. and Peters, W. H. M.
(2001a). Glutathione S-transferases and thiol concen-
trations in embryonic and early fetal tissues. Hum.
Reprod., 16(11), 2445—50.

Raijmakers, M.T.M., Zusterzeel, P.L.M., Roes, E.M,,
Steegers, E.A.P., Mulder, T.P.J. and Peters, W.H.M.
(2001b). Oxidized and total whole blood thiols in
women with preeclampsia. Obstet. Gynecol., 97, 272—6.

Raijmakers, M. T. M., Bruggeman, S. W. M., Steegers, E.A. P.
and Peters, W. H. M. (2002). Distribution of components
of the glutathione detoxification system across the
human placenta after uncomplicated vaginal deliveries.
Placenta, 23(6), 490—6.



136

M. T. M. Raijmakers and L. Poston

Raijmakers, M.T.M., Peters, W.H.M., Steegers, E.A.P.
and Poston, L. (2005). Amino thiols, detoxification and
oxidative stress in pre-eclampsia and other disorders of
pregnancy. Curr. Pharmaceut. Design, 11(6), 711—34.

Raijmakers, M.T.M., Peters, W.H.M., Steegers, E.A.P.
and Poston, L. (2004a). NAD(P)H oxidase associated
superoxide production in human placenta from
normotensive and pre-eclamptic women. Placenta,
258, S85-9.

Raijmakers, M.T.M., Roes, E.M., Zusterzeel, P.L.M,,
Steegers, E.A.P. and Peters, W.H.M. (2004b). Thiol
status and antioxidant capacity in women with a history
of severe pre-eclampsia. Br. J. Obstet. Gynaecol., 11(3),
207-12.

Rayman, M. P., Barlis, J., Evans, R.W., Redman, C.W. and
King, L.J. (2002). Abnormal iron parameters in the
pregnancy syndrome preeclampsia. Am. J. Obstet.
Gynecol., 187(2), 412—18.

Redegeld, F.A.M., Koster, A.S. and van Bennekom, W.P.
(1998). Determination of tissue glutathione. In
Glutathione: Metabolism and Physiological Function,
ed. J. Vina. Boca Raton, FL, CRC Press, pp. 11-20.

Redman, C.W.G. and Sargent, I.L. (2000). Placental
debris, oxidative stress and pre-eclampsia. Placenta,
21(7), 597—602.

Regan, C.L., Levine, R.J., Baird, D.D., et al. (2001). No
evidence for lipid peroxidation in severe preeclampsia.
Am. J. Obstet. Gynecol., 185(3), 572—8.

Richie, J.P., Jr., Skowronski, L., Abraham, P. and Leutzin-
ger, Y. (1996). Blood glutathione concentrations in a
large-scale human study. Clin. Chem., 42(1), 64—70.

Rimbach, G., Minihane, A. M., Majewicz, J., et al. (2002).
Regulation of cell signalling by vitamin E. Proc. Nutr.
Soc., 61(4), 415-25.

Roberts, L.J. and Morrow, J.D. (2000). Measurement of
F(2)-isoprostanes as an index of oxidative stress in vivo.
Free Rad. Biol. Med., 28(4), 505—13.

Roggensack, A.M., Zhang, Y. and Davidge, S.T. (1999).
Evidence for peroxynitrite formation in the vasculature
of women with preeclampsia. Hypertension, 33(1),
83-9.

Rossig, L., Hoffmann, J., Hugel, B., et al. (2001). Vitamin C
inhibits endothelial cell apoptosis in congestive heart
failure. Circulation, 104(18), 2182—7.

Sagol, S., Ozkinay, E. and Ozsener, S. (1999). Impaired
antioxidant activity in women with pre-eclampsia.
Int. J. Gynaecol. Obstet., 64(2), 121-7.

Sattar, N., Clark, P., Greer, I.A., Shepherd, J. and
Packard, C.J. (2000). Lipoprotein (a) levels in normal

pregnancy and in pregnancy complicated with pre-
eclampsia. Atherosclerosis, 148(2), 407—11.

Schiff, E., Friedman, S.A., Stampfer, M., Kao, L.,
Barrett, P. H. and Sibai, B. M. (1996). Dietary consump-
tion and plasma
in pregnancies complicated by preeclampsia. Am.
J. Obstet. Gynecol., 175(4)(Pt. 1), 1024—8.

Sevanian, A., Davies, K.J. and Hochstein, P. (1991). Serum
urate as an antioxidant for ascorbic acid. Am. J. Clin.
Nutr., 54(6, Suppl.), 1129S—34S.

Sikkema, J.M., van Rijn, B.B., Franx, A., et al. (2001).
Placental superoxide is increased in pre-eclampsia.
Placenta, 22(4), 304—8.

Slowinski, T., Neumayer, H.H., Stolze, T., Gossing, G.,
Halle, H. and Hocher, B. (2002). Endothelin system in
normal and hypertensive pregnancy. Clin. Sci. (Lond.),
103(Suppl. 48), 4465—9S.

concentrations of vitamin E

Spickett, C.M,, Reglinski, J., Smith, W.E,,
Wilson, R., Walker, J.J. and McKillop, J. (1998).
Erythrocyte glutathione balance and membrane

stability during preeclampsia. Free Rad. Biol. Med.,
24(6), 1049-55.

Staff, A.C., Ranheim, T., Henriksen, T. and Halvorsen, B.
(2000). 8-Iso-prostaglandin f(2alpha) reduces tropho-
blast invasion and matrix metalloproteinase activity.
Hypertension, 35(6), 1307—13.

Stamler, J.S. and Slivka, A. (1996). Biological chemistry of
thiols in the vasculature and in vascular-related disease.
Nutr. Rev., 54(1), 1-30.

Stratta, P., Canavese, C., Porcu, M., et al. (1994). Vitamin E
supplementation in preeclampsia. Gynecol. Obstet.
Invest., 37(4), 246-9.

Takacs, P., Kauma, S.W., Sholley, M.M., Walsh, S.W.,
Dinsmoor, M.J. and Green, K. (2001). Increased
circulating lipid peroxides in severe pre-
eclampsia activate NF-kappaB and upregulate
ICAM-1 in vascular endothelial cells. FASEB ],
15(2), 279-81.

Taylor, R.N., de Groot, C.]J.M., Cho, Y.K. and Lim, K.-H.
(1998). Circulating factors as markers and mediators of
endothelial cell dysfunction in preeclampsia. Semin.
Reprod. Endocrinol.,, 16(1), 17—31.

Tomaro, M. L. and Batlle, A. M. (2002). Bilirubin: its role in
cytoprotection against oxidative stress. Int. J. Biochem.
Cell Biol., 34(3), 216—20.

Tsukimori, K., Maeda, H., Ishida, K., Nagata, H.,
Koyanagi, T. and Nakano, H. (1993). The superoxide
generation of neutrophils in normal and preeclamptic
pregnancies. Obstet. Gynecol., 81(4), 536—40.



Ueland, P.M., Mansoor, M.A., Guttormsen, A.B., et al.
(1996). Reduced, oxidized and protein-bound forms of
homocysteine and other aminothiols in plasma com-
prise the redox thiol status — a possible element of the
extracellular antioxidant defense system. J. Nuir,
126(4, Suppl.), 1281S—48S.

Uotila, J., Solakivi, T., Jaakkola, O., Tuimala, R. and
Lehtimaki, T. (1998). Antibodies against copper-
oxidised and malondialdehyde-modified low density
lipoproteins in pre-eclampsia pregnancies. Br. J. Obstet.
Gynaecol., 105(10), 1113—17.

Uotila, J.,, Tuimala, R., Aarnio, T., Pyykko, K. and
Ahotupa, M. (1991). Lipid peroxidation products, sele-
nium-dependent glutathione peroxidase and vitamin E
in normal pregnancy. Eur. J. Obstet. Gynaecol. Reprod.
Biol., 42(2), 95—100.

Uotila, J. T., Kirkkola, A. L., Rorarius, M., Tuimala, R.]J. and
Metsa-Ketela, T. (1994). The total peroxyl radical-
trapping ability of plasma and cerebrospinal fluid in
normal and preeclamptic parturients. Free Rad. Biol.
Med., 16(5), 581-90.

Uotila, J. T., Tuimala, R.J., Aarnio, T. M., Pyykko, K. A. and
Ahotupa, M.O. (1993). Findings on lipid peroxidation
and antioxidant function in hypertensive complications
of pregnancy. Br. J. Obstet. Gynaecol., 100(3), 270—6.

Valsecchi, L., Cairone, R., Castiglioni, M.T., Almirante,
G.M. and Ferrari, A. (1999). Serum levels of alpha-
tocopherol in hypertensive pregnancies. Hypertens.
Pregn., 18(3), 189—95.

Wakatsuki, A., Ikenoue, N., Okatani, Y., Shinohara, K. and
Fukaya, T. (2000). Lipoprotein particles in preeclampsia:
susceptibility to oxidative Obstet.
Gynecol., 96(1), 55—9.

Walsh, S.W. (1998). Maternal—placental interactions of
oxidative stress and antioxidants in preeclampsia.
Semin. Reprod. Endocrinol., 16(1), 93—104.

Walsh, S.W., Vaughan, J.E., Wang, Y. and Roberts, L.].
(2000). Placental isoprostane is significantly increased
in preeclampsia. FASEB J., 14(10), 1289—96.

Wang, Y. and Walsh, S. W. (1996). Antioxidant activities and
mRNA expression of superoxide dismutase, catalase, and
glutathione peroxidase in normal and preeclamptic
placentas. J. Soc. Gynecol. Invest., 3(4), 179—84.

Wang, Y. and Walsh, S.W. (1998). Placental mitochondria
as a source of oxidative stress in pre-eclampsia.
Placenta, 19(8), 581—6.

Wang, Y. and Walsh, S.W. (2001). Increased superoxide
generation is associated with decreased superoxide
dismutase activity and mRNA expression in placental

modification.

The role of oxidative stress

137

trophoblast cells in pre-eclampsia. Placenta, 22(2—3),
206—12.

Weber, C., Erl, W., Pietsch, A., Strobel, M., Ziegler-
Heitbrock, H.W. and Weber, P.C. (1994). Antioxidants
inhibit monocyte adhesion by suppressing nuclear
factor-kappa B mobilization and induction of vascular
cell adhesion molecule-1 in endothelial cells stimulated
to generate radicals. Arterioscler. Thromb., 14(10),
1665—73.

Zelko, 1. N., Mariani, T.]. and Folz, R.]J. (2002). Superoxide
dismutase multigene family: a comparison of the CuZn-
SOD (SOD1), Mn-SOD (SOD2), and EC-SOD (SOD3)
gene structures, evolution, and expression. Free Rad.
Biol. Med., 33(3), 337—49.

Zhang, C., Williams, M.A., Sanchez, S.E., et al. (2001).
Plasma concentrations of carotenoids, retinol, and
tocopherols in preeclamptic and normotensive preg-
nant women. Am. J. Epidemiol., 153(6), 572—80.

Zhang, C., Williams, M.A., King, L.B.,, et al. (2002a).
Vitamin C and the risk of preeclampsia — results from
dietary questionnaire and plasma assay. Epidemiology,
13(4), 409—16.

Zhang, C., Williams, M.A., King, L.B., et al. (2002b).
Vitamin C and the risk of preeclampsia — results from
dietary questionnaire and plasma assay. Epidemiology,
13(4), 409-16.

Zhang, C., Williams, M.A., King, 1.B., et al. (2002c).
Vitamin C and the risk of preeclampsia — results from
dietary questionnaire and plasma assay. Epidemiology,
13(4), 409—16.

Zusterzeel, P.L.M., Peters, W.H.M., De Bruyn, M.A,
Knapen, M.F.C.M,, Merkus, H.W.J.M. and
Steegers, E.A.P. (1999). Glutathione S-transferase iso-
enzymes in decidua and placenta of preeclamptic
pregnancies. Obstet. Gynecol., 94(6), 1033—8.

Zusterzeel, P.L.M., Mulder, T.P.J., Peters, W.H.M,,
Wiseman, S.A. and Steegers, E.A.P. (2000). Plasma
protein carbonyls in nonpregnant, healthy pregnant
and preeclamptic women. Free Rad. Res., 33(5), 471—6.

Zusterzeel, P.L.M., Rutten, H., Roelofs, H.M.J,
Peters, W.H.M. and Steegers, E.A.P. (2001). Protein
carbonyls in decidua and placenta of pre-eclamptic
women as markers for oxidative stress. Placenta,
22(2-3), 213-19.

Zusterzeel, P.L.M., Steegers Theunissen, R.P.M,,
Harren, F.J.M., et al. (2002). Ethene and other bio-
markers of oxidative stress in hypertensive disorders of
pregnancy. Hypertens. Pregn., 21, 39—49.



138

Placental hypoxia, hyperoxia and ischemia—reperfusion

injury in pre-eclampsia

Graham ). Burton, Tai-Ho Hung and Eric Jauniaux

Introduction

Oxidative stress of the placenta is a key element in
the pathogenesis of pre-eclampsia, although its
precise contribution remains uncertain (Hubel,
1999; Redman and Sargent, 2000). The aim of this
chapter is to address the origin of that oxidative
stress and, as the title suggests, to consider the
effects of different oxygen concentrations on
placental tissues. In the past it has widely been
assumed that the vascular abnormalities in the
endometrial arteries of women with pre-eclampsia
result in reduced placental perfusion, and hence
chronic hypoxia within the feto-placental unit.
More recently, the converse has been proposed,
and that in pre-eclampsia associated with intra-
uterine growth restriction (IUGR) the placenta is in
fact hyperoxic due to less oxygen than normal
being extracted from the intervillous space by the
smaller fetus (Kingdom and Kaufmann, 1997).
Hypoxia and hyperoxia are relative terms, however,
and these assessments have of necessity been
based on data obtained at the time of delivery,
which, in the majority of cases, represents the end-
stage of a process that may have been developing
over many weeks. It is therefore difficult to separate
primary from secondary effects, and to elucidate
earlier stages in the pathogenesis of the disorder.
The situation is further complicated by the fact that
pre-eclampsia varies widely in severity. Late onset
pre-eclampsia is often associated with normal
birthweight, whereas early onset of the disease is
generally linked with IUGR (Douglas and Redman,

1994). A spectrum of pathological changes may
therefore be expected, and it is possible that oxygen
concentrations within the placenta may vary both
across that spectrum and within an individual
organ during the progression of the disease. As
no physiological measurements of those oxygen
concentrations are currently available we can only
examine the evidence available and speculate on
the likely state of affairs.

The maternal circulation to the placenta

Before considering oxygen concentrations within
the intervillous space it is worthwhile reviewing the
basic features of the maternal intraplacental circu-
lation in order to appreciate the likely impact of the
endometrial vascular abnormalities that are asso-
ciated with pre-eclampsia. The main uterine
arteries give off branches which extend inward for
about a third of the thickness of the myometrium
without significant branching and then subdivide
into an arcuate wreath encircling the uterus
(Ramsey and Donner, 1980). From this network
arise smaller branches, the radial arteries, directed
toward the uterine lumen. These arteries become
the endometrial spiral arteries as they pass the
myometrial—endometrial junction. Shortly after
entering the endometrium, the spiral arteries give
off branches which ramify in the deepest layers of
the endometrium and whose role is to nourish the
basal layer of the endometrium, preserving it intact
as a seedbed for reconstruction after menstrual



periods and parturition (Ramsey and Donner,
1980).

During early pregnancy the spiral arteries
undergo physiological conversion in association
with extravillous trophoblast invasion of the endo-
metrium (Brosens et al., 2002; Kam et al., 1999). As
a result, the distal portions of the arteries feeding
into the placenta lose their endothelial lining and
the smooth muscle from their walls. They become
flaccid funnel-shaped conduits, dilating greatly as
they approach the basal plate. This transformation
in caliber is widely cited as being necessary to
increase placental blood flow, although hemody-
namic analysis does not support this assertion.
Under normal conditions the changes extend as far
as the inner third of the myometrium, but not all
the way to the parent arcuate artery. Consequently,
a short length of muscular radial artery of normal
diameter is interposed between the funnel and
the arcuate artery. During its transit through the
intervillous space the maternal blood is in an open
circulation, a cardiovascular phenomenon that
is unique amongst higher mammals (Moll et al.,
1975). This has important consequences for the
physical properties of that circulation, in particular
removing the resistance normally imposed by a
peripheral circulation. Consequently, it is the
resistance offered by the arcuate, the radial and
the proximal unconverted segments of the spiral
arteries that will determine placental blood flow.
These dilate enormously as pregnancy advances
through the vasoactive effects of estrogens. As flow
is proportional to the fourth power of the radius of
a vessel (Poiseuille’s law) these changes will have a
far greater impact on placental blood flow than the
slight reduction in resistance conferred by dilation
of the terminal portion of the spiral artery.

By contrast with its limited effects on flow, the
physiological conversion has a major impact on the
pressure within the artery. Because of the large
increase in caliber, and the fact that the dilated
funnel communicates with the low resistance open
circulation within the intervillous space, the pres-
sure within the distal segment of a converted spiral
artery will be greatly reduced. Moll et al. (1975)
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reported that in the rhesus monkey, where the
uterine vascular architecture is almost identical to
that of the human, the mean pressure near the
opening of a spiral artery is less than 25 mmHg.
This drop in perfusion pressure will ensure a low
pressure within the intervillous space, a feature
that is essential to prevent collapse of the fetal
villous capillary system (Karimu and Burton, 1994).
Hence conversion of the spiral arteries solves one
of the paradoxes of hemochorial placentation,
enabling the inherently low-pressure fetal circula-
tion to perfuse a villous capillary net immersed
in the normally high-pressure maternal circulation
whilst allowing a thin villous membrane to be
maintained between the two circulations.

Consequences of the changes seen
in pre-eclampsia

Pre-eclampsia is associated with two abnormalities
in the spiral arteries: incomplete conversion and
acute atherosis. Conversion of the arteries is
deficient both in terms of the number of vessels
involved and the extent of the transformation
within individual arteries (Brosens, 1988; Meekins
et al., 1994). Dilatation of the distal segment of the
artery will be impaired, but what impact does this
have on the placental circulation? On the basis of
the analysis of Moll and his colleagues (1975) we
would predict that the pressure at the mouths of
the vessels will be higher than normal. Although
no measurements are available to confirm this
assumption, with ultrasound it can be seen that
maternal inflow into the intervillous space is often
more in the form of jet-like spurts in pre-
eclampsia. These spurts are associated with the
formation of intervillous blood-lakes, thrombosis
and excessive fibrin-deposition (Jauniaux and
Nicolaides, 1996; Jauniaux et al, 1994). The effect
on the volume of blood flow will be minimal,
however, since as discussed these are not the
flow-limiting elements in the utero-placental
circulation.
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Acute atherosis is characterized by the presence
of foam cells in the wall of the artery and the
accumulation of fibrin deposits within the lumen
(Brosens, 1964; De Wolf et al.,, 1975). In placental
bed biopsies the lumens of such vessels appear
conspicuously narrowed, almost to the point of
occlusion in the most severe cases. Although
greater dilatation may occur under physiological
pressures in vivo it is likely that these lesions may
significantly impair blood flow into the intervillous
space. Such lesions were observed in the decidual
arteries in 11% of normotensive pregnancies
compared to 92% of pre-eclamptic cases (Meekins
et al., 1994). They have also been reported in cases
of IUGR, with approximately equal frequency in
normotensive and pre-eclamptic pregnancies
(Sheppard and Bonnar, 1988).

Comparing these two vascular abnormalities, it
would appear that incomplete conversion of the
spiral arteries by itself will have little impact on the
volume of placental blood flow and hence oxygen-
ation, whereas the influence of acute atherosis is
likely to be more profound.

Placental hypoxia and pre-eclampsia

Although many conditions have been associated
with placental hypoxia, no physiological measure-
ments from the intervillous space are available to
confirm these assumptions. The only situation in
which we can be confident that the oxygen tension
of the maternal blood within the intervillous
space is reduced is pregnancy at high altitude. In
a recent study of Mestizos women living at 4300 m,
Espinoza et al. (2001) reported that the peripheral
arterial oxygen concentration is reduced to
53 mmHg compared with 106 mmHg at sea level.
Birthweight is significantly lower in this high-
altitude population (Krampl et al., 2000). These
results therefore argue against chronic intrapla-
cental hypoxia in cases of late onset pre-eclampsia
in which birthweight is normal, but support the

concept that acute atherosis impairs placental

oxygenation in early onset disease associated with
IUGR.

More direct evidence relating to intervillous
oxygenation in pre-eclampsia has been obtained
through an analysis of placental metabolism.
Tissue hypoxia and ischemia are generally asso-
ciated with an increased ratio of lactate to
pyruvate, and a reduction in the ratio of adenosine
triphosphate to adenosine diphosphate. The
constancy of these ratios in pre-eclamptic placen-
tas again argues against chronic hypoxia, although
other metabolic abnormalities may be present
(Bloxham et al., 1987).

Finally, placentas from uncomplicated preg-
nancies at high altitude do not display the high
incidence of infarction that characterizes pre-
eclampsia (Reshetnikova et al., 1994). A reduced
maternal arterial oxygen tension by itself is there-
fore not a sufficient cause for the placental changes
observed. Also, in pre-eclampsia the villous lesions
occur most commonly near the mouths of the
spiral arteries, which will be the region of the
highest relative oxygen concentration.

Placental hyperoxia and pre-eclampsia

The oxygen concentration within the intervillous
space will be determined by the balance of supply
from the spiral arteries and extraction by the fetus
and the placenta. Each spiral artery delivers its
blood into the central cavity of a placental lobule
and the blood disperses in a classic smoke-ring
pattern, passing between the villi and exchanging
respiratory gases before finally entering the
uterine veins. Consequently, it was proposed that
an oxygen gradient exists across a lobule
(Wigglesworth, 1969), and recent data describing
differences in antioxidant enzyme activity sup-
port this hypothesis (Hempstock et al, 2003a).
Morphological and enzymatic differences have
been reported in villi from the central compared
to peripheral regions of a lobule, with those in the
center appearing to be more immature (Critchley
and Burton, 1987; Schuhmann er al, 1988).



As these intralobular villous changes appear to
mirror, and to be extended by, those observed
between low- and high-altitude placentas
(Reshetnikova et al., 1994), it is tempting to
conclude that they are oxygen-induced.

It has been proposed that impaired extraction of
oxygen from the intervillous space in cases of IUGR
associated with absent end-diastolic umbilical flow
results in an increased oxygen concentration in the
intervillous space (Kingdom and Kaufmann, 1997).
The effect would be to extend the arterial zone of
the lobule peripherally, leading to suppression of
villous angiogenesis which would further impair
oxygen extraction. A viscous cycle may therefore be
established. This is likely to be a secondary effect
and will only influence a small proportion of cases
of pre-eclampsia, in particular those with early
onset of the disease.

Placental ischemia—reperfusion and
pre-eclampsia

An alternative approach to the pathogenesis of pre-
eclampsia is that of ischemia—reperfusion. Over
recent years there has been an explosion of interest
in this field in relation to cerebrovascular and
cardiovascular insults (Carden and Granger, 2000;
Collard and Gelman, 2001; Grace and Mathie,
1999), and there is increasing evidence that much
of the pathophysiology involved can also be
applied to the placenta. Underlying ische-
mia—reperfusion injury must be intermittent
perfusion, and in the case of the placenta this can
occur through two mechanisms: intrinsic vasocon-
striction of the spiral arteries, and external
compression of the arcuate and radial arteries
during uterine contractions.

The spiral and radial arteries have a thick
muscular wall, and vasoconstriction of these
vessels plays a key role in preventing excessive
blood loss during menstruation. Because the
proximal unconverted segment of the spiral artery
retains its smooth muscle coat it remains vaso-
reactive even in normal pregnancies. This has been
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clearly demonstrated in the rhesus monkey, in
which the intravenous administration of epineph-
rine or norepinephrine causes a severe reduction in
placental perfusion, to the point that high doses
can result in fetal asphyxia and death (Adamsons
and Myers, 1975; Adamsons et al., 1971). Evidence
that the unconverted segment of the vessel is
indeed flow-limiting is provided by the fact that
despite the systemic hypertension induced the
pressure in the dilated mouth of the spiral artery
is decreased after administration. It has been
suggested that a similar mechanism underlies the
high rate of fetal loss during the second and third
trimesters in women suffering from pheochromo-
cytoma (Adamsons and Myers, 1975). Spontaneous
changes in maternal catecholamine release,
for example in response to stress, may therefore
also influence the caliber of these vessels and
hence perfusion of the intervillous space.
Epidemiologically, there is an association between
maternal anxiety and low birthweight, and the
finding that women with high anxiety scores
display increased uterine artery resistance may
explain the link (Teixeira et al, 1999).

More direct evidence that constriction of the
proximal sections of the arteries may occur in vivo
is again largely based on the rhesus monkey, in
which cineradioangiography has revealed that flow
from many spiral arteries into the intervillous space
is intermittent (Martin et al., 1964; Ramsey and
Donner, 1980, 1988). When performing repeated
injections of contrast medium into the aorta at
intervals of 5—-30 min, Martin et al. observed that
whilst discharge occurred from some spiral arteries
following each injection, discharge from other
arteries occurred after some injections but not
others. The proportion of the arteries demonstrat-
ing such intermittent flow ranged from 1 in 7 in
one female to 14 of 28 in another, and a larger
number of vessels showed variations in the size of
the intervillous spurts between injections. There
was no association with gestational age, although
the sample size was small, and the arteries were
located both centrally and peripherally within the
placenta. Because the injections were timed to
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coincide with periods of uterine relaxation, Martin
et al. concluded that the effect was due to
vasoconstriction within individual arteries rather
than external compression caused by myometrial
contractions.

There is no doubt from observations on the
rhesus monkey that uterine contractions can have
a profound impact on intervillous blood flow
(Ramsey and Donner, 1980). During contractions
the pressure rises in the different fluid compart-
ments of the feto-placental unit and the normal
differential that drives maternal blood through the
intervillous space will be disrupted. In addition,
external compression of the artery during the
contraction may occlude the lumen. By placing a
cannula in the amniotic cavity Ramsey et al. were
able to measure the pressure within the cavity and
so time injections of contrast medium with relation
to the cycle of uterine contractions (Ramsey et al.,
1963). They observed that inflow of maternal blood
into the intervillous space is either abolished or
greatly reduced during contractions depending on
the strength of the latter. Thus in one animal at
64 days of gestation entry was observed from 18
spiral arteries following injection during the relaxa-
tion phase. By contrast, entry was observed only
from two arteries after injection during a strong
contraction, and from six during a milder contrac-
tion. The strength of the contractions varied with
gestational age, being strongest in early and late
pregnancy when they either abolished or severely
reduced inflow, and weaker during mid-pregnancy
when they had little effect.

Such detailed experiments are not possible for
the human, but there is limited evidence from the
literature that intermittent perfusion of the inter-
villous space does occur. Separating the phenom-
ena of individual arterial constriction and external
compression during uterine contractions is diffi-
cult, as serial imaging cannot be performed. None
the less, evidence for the latter was provided by
Borell and colleagues. These authors performed
angiography at 17-20weeks of gestation in
patients prior to termination of pregnancy, and
induced uterine contractions with oxytocin or

intra-amniotic injections of saline (Borell et al.,
1965a). Contrast medium introduced into the
aorta entered the intervillous space within 4—5s
in the relaxed state, whereas during contractions
entry was only observed in around 50% of
cases. Furthermore, the number of entry sites was
reduced during contractions, as was the volume of
contrast medium discharged. The same group
performed similar investigations on three women
carrying severely malformed fetuses at or near term
(Borell et al., 1965b). They observed both local and
generalized narrowing of large and small arterial
branches within the uterine wall during contrac-
tions. No definite changes in the diameter of the
spiral arteries could be detected, a feature that the
authors attributed to the fact that these lie
predominantly within the endometrium where
local external pressure does not occur.

These data are therefore in accord with those
from the rhesus monkey. More recently, magnetic
resonance imaging techniques have been applied
to the human, both in normal and growth
restricted pregnancies (Francis et al, 1998). As
studies have only been performed at a single time
point they cannot provide information on the
constancy of intervillous blood flow. None the
less, they have revealed significant regional differ-
ences in flow in both groups, indicating that
intervillous flow is not homogeneous throughout
the organ.

Incomplete conversion of the spiral arteries
will most likely exacerbate this situation, for
the retention of a greater length of vasoreactive
muscular spiral artery must predispose to more
spasmodic intervillous flow. We suggest that this
effect will have a more profound impact in the
pathogenesis of pre-eclampsia than the diminished
caliber of the terminal funnel.

The effect of intermittent perfusion on
intraplacental oxygen concentration

Each lobule within the human and primate
placenta acts as an individual materno-fetal



exchange unit. This was confirmed by cineradioan-
giography in the rhesus monkey, which demon-
strated that there is little or no overlap in the
maternal perfusion of adjacent lobules (Richart
et al., 1964). Hence if inflow is restricted temporar-
ily from a particular spiral artery there will be
maternal vascular stasis within the lobule supplied.
In view of the high oxygen consumption by the
placental tissues in vivo (Carter, 2000), coupled
with continuing fetal extraction, it is likely that the
oxygen concentration within the intervillous space
will fall during this period. When the circulation is
re-established it will rise again, so constituting an
ischemia—reperfusion type event. The magnitude
of the fluctuation in concentration will depend on
the duration of the period of stasis, the oxygen
reserves within the intervillous space and the rate
of extraction and consumption by the fetal and
placental tissues.

Values for these parameters are difficult to
obtain. On the fetal side of the equation fetal
weight rises rapidly during the second half of
gestation, and so oxygen extraction might be
expected to follow a similar pattern. On the
maternal side it is now well established that the
maternal circulation to the placenta is only fully
established at 10—12weeks of pregnancy. Con-
sequently, the oxygen concentration in the inter-
villous space rises from <20 mmHg at 8—10 weeks
to >50mmHg at 12—14weeks (Jauniaux et al,
2000; Rodesch et al, 1992) (Figure 9.1). As extrac-
tion will be low at this time we speculate that
oxygen reserves within the intervillous space will
exceed fetal demands, and so the placenta will be
relatively hyperoxic at the start of the second
trimester. Later in gestation, as fetal extraction
increases the mean oxygen concentration within
the intervillous space declines (Soothill ez al, 1986),
and the placenta becomes progressively hypoxic.
Periods of maternal stasis will therefore have a
more profound effect on the oxygen concentration
toward term when fetal extraction is at its greatest.
The point in gestation when the placenta switches
from being relatively hyperoxic to hypoxic is
difficult to predict, but is likely to be around the
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start of the third trimester. Other factors may
influence this timing — for example, it may be
brought forward in multiple pregnancies due to the
higher rate of fetal oxygen extraction.

The pathophysiology of hypoxia, hyperoxia
and ischemia—reperfusion

In most cell types a period of prolonged hypoxia
results in the cessation of mitochondrial
oxidative phosphorylation and so, despite activa-
tion of anerobic glycolytic pathways, to a profound
reduction in the cell’s ability to synthesize high-
energy phosphates, including adenosine triphos-
phate (ATP). Cell functions that consume large
amounts of energy, such as ion pumping and
protein synthesis, are impaired, favoring the influx
of calcium, sodium and water into the cytoplasm.
Swelling occurs and the activation of calcium-
dependent proteases leads to loss of cytoskeletal
and membrane integrity, culminating in cell death
(Majno and Joris, 1995). Despite their high oxygen
consumption in vivo placental tissues appear
remarkably resistant to hypoxia in vitro
(Schneider, 2000). This may reflect the efficacy of
anerobic pathways upon which the placenta largely
depends during the first trimester when the oxygen
concentration within the feto-placental unit is
physiologically low (Jauniaux et al, 2001).
Alternatively, the placenta may demonstrate partial
metabolic arrest during periods of low oxygenation,
down-regulating ATP turnover by reducing the
activity of ion pumps and the rate of protein
synthesis, which together are estimated to account
for 50—80% of placental oxygen consumption
(Carter, 2000; Schneider, 2000). The precise
mechanisms are far from clear, and there may be
complex alterations in the balance between fetal
extraction and placental consumption when uter-
ine perfusion is impaired (Schneider, 2000). None
the less, in a detailed study of the energetics of
placental tissues at various time points following
vaginal delivery it was found that the concentration
of lactate began to rise, and that of ATP to fall,
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Figure 9.1 Oxygen concentrations within the intervillous space vary with gestational age, being low initially, rising at the start of
the second trimester as the maternal circulation becomes fully established and then falling progressively as fetal extraction

increases. No data are available for the latter, but as fetal weight increases exponentially fetal oxygen extraction may do the same.
Hence, imbalances between maternal supply and fetal demand are likely to be greatest toward the end of pregnancy, increasing the

risk of placental hypoxia—reoxygenation injury.

immediately after delivery (Serkova et al, 2003).
These differences first reached statistical signifi-
cance at the 11-14min time point, and by
21-24min the ATP concentration had fallen to
29 +18% of the original value. Whilst it is clear from
these data that profound changes occur rapidly
after cessation of the maternal circulation the
techniques unfortunately distinguish
between different tissue types. Thus it is not
known whether all
affected to the same degree. Maintenance of term
placental villi under hypoxic conditions leads to
necrosis of the syncytiotrophoblast while other cell
types remain viable, suggesting the tissue may have
an increased susceptibility (Hung et al, 2004;
Huppertz et al., 2003).

Hypoxia can also influence cells through the
increased generation of oxygen free radical species
(Halliwell and Gutteridge, 1999). During aerobic
metabolism electrons are passed along the
enzymes of the mitochondrial respiratory chain
before they are finally combined with oxygen to
form water. The enzymatic reactions are not totally
efficient, however, and electrons may ‘“leak” on to

cannot

cellular components are

molecular oxygen to form the superoxide anion
0O, 7, particularly from Complex III (Raha et al,
2000). It is estimated that under normal conditions
1-2% of oxygen consumed is diverted into the
formation of superoxide radicals, but this figure is
increased paradoxically during hypoxia. The lack of
oxygen restricts the activity of Complex III, causing
electrons to build up on the earlier enzymes in the
chain and so increasing the risk of “‘leakage’ on to
what molecular oxygen is available. The free
radicals generated will attack all categories of
biological molecules in the immediate vicinity,
resulting in DNA damage, protein misfolding and
lipid peroxidation (Halliwell and Gutteridge, 1999).
It is notable that evidence of the latter was
observed in the postpartum placenta 21—24 min
after delivery (Serkova et al., 2003).

Generation of oxygen free radicals is also
increased during hyperoxic conditions due to
increased activity of the respiratory chain and the
greater availability for oxygen to combine non-
catalytically with electrons to form superoxide
anions (Freeman and Crapo, 1981). Using the
fluorescent intracellular probe dichlorofluorescein



diacetate we have demonstrated increased forma-
tion of reactive oxygen species within first trimester
villi maintained under 21% oxygen rather than
the more physiological 5% (Watson et al., 1999).
Formation was particularly pronounced within
the syncytiotrophoblast, which at this stage of
gestation contains low levels of antioxidant
enzymes, and was associated with rapid degenera-
tion of the tissue (Watson et al., 1998). Exposure to
such high concentrations of oxygen is clearly
unphysiological, but equivalent, although less
severe, changes are observed in normal placentas
during onset of the maternal circulation when the
intraplacental oxygen concentration rises approxi-
mately threefold (Jauniaux et al, 2003). Using
immunohistochemistry it can be observed that
the oxidative stress is particularly strong in the
syncytiotrophoblast and the endothelial cells.
Indeed, the elevated oxygen concentration asso-
ciated with onset of blood flow in the peripheral
regions of the placenta may be responsible for
villous regression and formation of the chorion
laeve over the abembryonic pole of the chorionic
sac (Jauniaux et al., 2003).

Villous regression is also observed in cases of
missed miscarriage, in which there is precocious
maternal blood flow and evidence of severe
throughout the placenta
(Hempstock et al., 2003b). Hyperoxia can therefore
have profound adverse effects on the placental
tissues in early gestation, but it is doubtful whether
increases of oxygenation of equivalent magnitude
occur later in pregnancy. As discussed previously,
even if fetal extraction is reduced due to severe
TUGR the oxygen concentration in the intervillous
space can only rise to that which occurs normally
in the central cavity of the lobule. Subtle changes in
villous vascularization may be induced through

oxidative  stress

influences on the expression of hypoxically regu-
lated growth factors such as vascular endothelial
growth factor, but the end result can only be
greater ‘‘arterialization” of the lobule (Burton,
1997).

Whilst both hypoxia and hyperoxia can induce
the formation of free radicals, a much more potent
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stimulus is ischemia—reperfusion. During the
ischemic phase of the insult electrons accumulate
on the enzymes of the respiratory chain in the
absence of oxygen as a recipient for Complex III.
When oxygen is reintroduced during the reperfu-
sion phase many of these electrons ‘“leak’” onto
oxygen, causing a burst of superoxide production.
The situation may be exacerbated by the activity of
xanthine dehydrogenase/oxidase. Under normal
conditions this enzyme exists in the dehydrogenase
form, converting hypoxanthine to xanthine and
xanthine to uric acid. In the process it donates
electrons to NAD". Under hypoxic conditions it
can be converted to the xanthine oxidase form,
either through oxidation of critical —SH groups or
partial proteolytic cleavage by proteases activated
by calcium influx into the cell (Halliwell and
Gutteridge, 1999). In this form the enzyme donates
electrons to oxygen, so forming superoxide anions
(Figure 9.2). Activity of the enzyme is stimulated
during the reperfusion phase by the accumulation
of hypoxanthine that arises due to the increased
breakdown of ATP in the ischemic period. The
finding that the activity of xanthine oxidase is
increased following vaginal delivery as compared
with Cesarean delivery confirms that oxidative

Hypoxia
ATP — ADP

Reperfusion
2 2
hypoxanthine ——— > xanthine

xanthine oxidase

Hypoxia

xanthine dehydrogenase

Figure 9.2 Conversion of the enzyme xanthine
dehydrogenase to the oxidase form during the period

of hypoxia plays a key role in the generation of
superoxide radicals when oxygen is reintroduced in ische-
mia—reperfusion injury.
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stress can be generated in the placenta through this
mechanism (Many and Roberts, 1997).

Other cellular oxidases may also contribute to free
radical generation at sites of ischemia—reperfusion.
In particular, local activation of maternal neutro-
phils by a stress-induced change in the expression
of cell adhesion molecules on the apical surface of
the syncytiotrophoblast can lead to a respiratory
burst of superoxide generation through NADPH
oxidase. This effect will reinforce and disseminate
the placental oxidative stress. NADPH oxidase is
also present on the apical surface of the syncytio-
trophoblast (Manes, 2001; Matsubra and Tamada,
1991), although its contribution in the pathogen-
esis of pre-eclampsia is still unclear.

Comparison of the effects of hypoxia
and ischemia—reperfusion on
placental tissues in vitro

All  three insults, hypoxia,
ischemia—reperfusion, can therefore have similar
effects on tissues through their capacity to generate

oxidative stress. One of the major differences

hyperoxia and

between hypoxia alone and ischemia—reperfusion
is the extent to which energy reserves within the
cells are depleted. If the period of ischemia is
relatively short then ATP levels may be able to be
restored during the reperfusion phase and cell
function maintained. In general the severity of the
insult determines the outcome in terms of cell
death, with severe insults favoring primary necrosis
and milder ones favoring apoptosis (Crompton,
1999; Hockenbery, 1995). Apoptosis is an energy-
dependent process, and T-lymphocytes can be
switched between these two pathways following
treatment with staurosporine by prior depletion of
ATP (Leist et al., 1997).

In order to investigate the potential effects of
ischemia—reperfusion on placental tissues we have
developed an in vitro model in which villi from
normal term placentas are subjected to a period of
hypoxia followed by reoxygenation (Hung et al.,
2001). A burst of free radical production was

observed using the dye dichlorofluorescein diace-
tate when villi that had been maintained under
hypoxic conditions for 20 min were reoxygenated.
The signal was particularly intense within the
endothelial cells, but was also present to a lesser
degree in the syncytiotrophoblast. Immunohisto-
chemistry using antibodies to nitrotyrosine and
hydroxynonenal confirmed the presence of oxida-
tive stress in these tissues, and in the periarterial
smooth muscle cells of stem villi, in equivalent
samples subjected to 2 h reoxygenation with either
5 or 21% oxygen. The distribution of these markers
was identical to that reported for pre-eclamptic
placentas (Many et al., 2000; Myatt et al., 1996), and
the intensity of staining could be reduced in a
dose-dependent fashion by the administration of
free radical scavengers. Control samples main-
tained under constant hypoxia for 2h demon-
strated only a minimal rise in staining intensity
(Hung et al.,, 2001).

The downstream consequences of this stress are
only beginning to be explored. Increased apoptosis
in the trophoblast has been reported in placentas
from pre-eclampsia and IUGR (Allaire et al., 2000;
Ishihara et al, 2002; Leung et al, 2001). In our
in vitro system maintenance of villi under con-
stant hypoxic conditions (dissolved PO, in the
medium =12—16 mmHg) induced a higher rate of
apoptosis within the syncytiotrophoblastic nuclei
compared to controls under normoxia (dissolved
PO, =45-62mmHg), but the rate was almost
doubled following hypoxia—reoxygenation (Hung
et al, 2004). A somewhat similar pattern was
observed regarding the production of tumor
necrosis factor (TNFo). Thus the mRNA concentra-
tion was increased under hypoxic conditions,
but the rise was more sustained following
hypoxia—reoxygenation and was associated with
increased secretion of the cytokine into the culture
medium (Hung et al, 2004). Previous work by
Malek and colleagues compared the effects of
hypoxia and oxidative stress generated using the
xanthine/xanthine oxidase system on cytokine
production by villous explants (Malek et al,
2001). They found that whilst hypoxia increased



the production of interleukin 1§ it had no effect on
other cytokines or prostanoids. The generation of
oxidative stress, however, led to increased produc-
tion of TNFe, interleukin 1¢, interleukin 1,
prostaglandins and thromboxane. These are poten-
tially powerful mediators of the coagulation
cascade, and their release could explain the
increased incidence of infarction that characterizes
the placenta in severe pre-eclampsia.

Overview

The considerable overlap between the patho-
physiology of hypoxia, hyperoxia and ischemia—
reperfusion makes it difficult to separate the effects
of these respective insults in delivered material at
term. In addition, the normal delivery process
would appear to be an excellent basis for a classical
ischemia—reperfusion injury, with periodic strong
uterine contractions reducing uterine blood flow.
The recent observation that maternal and fetal
concentrations of the antioxidant vitamin C are
reduced following vaginal delivery compared to
Cesarean section suggests that significant oxidative
stress is induced during the delivery (Woods et al.,
2002). This stress may confound the interpretation
of data arising from examination of postpartum
placentas, and their attribution to pathological
processes occurring in utero.

In the absence of longitudinal physiological
measurements of the oxygen concentrations
within the intervillous space in normal and pre-
eclamptic pregnancies we have to consider the
various strands of evidence reviewed and speculate
on what is the most likely scenario. In uncompli-
cated pregnancies we must assume that the blood
flow to the placenta is generally adequate to
support normal placental and fetal development.
None the less, there is a rational basis for believing
that some element of intermittent perfusion may
occur, either through constriction of individual
vessels or during uterine contractions. As the latter
become stronger and more frequent toward term,
and fetal oxygen extraction continues to rise, it is
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not unreasonable to assume that fluctuations in
intervillous oxygen concentration will be greatest
toward term. These may cause the low level of
oxidative stress observed in supposedly normal
placentas (Hung et al, 2001), and may even play a
physiological role in signaling processes as delivery
approaches.

In late-onset pre-eclampsia, when birthweight
is within the normal range, there would seem to be
little evidence to support the concept of chronic
intraplacental hypoxia. Placental development is
normal (Mayhew et al, 2003; Teasdale, 1985),
although there is irrefutable evidence of increased
oxidative stress (Hubel, 1999). From the in vitro
data it is clear that although both hypoxia and
hypoxia—reoxygenation can cause oxidative stress,
the latter is a much more potent stimulus and so
likely to be more important under physiological
conditions. Hence, we speculate that either the
magnitude of the fluctuations in oxygen concen-
tration seen in normal pregnancies is greater in
these patients, and incomplete conversion of the
spiral arteries may contribute significantly here by
leaving more of the vessel vasoreactive, or that their
placental tissues are more susceptible through
deficiencies in antioxidant defences (Figure 9.3).
Again, the effects will only become apparent near
term when fetal oxygen extraction from the inter-
villous space is at its highest, and a spectrum of
severity is to be expected between the normal and
pre-eclamptic situations. Clinical data demonstrat-
ing considerable overlap in the values of many
parameters between normal and pre-eclamptic
pregnancies confirm that pre-eclampsia is not an
all-or-nothing phenomenon (Redman and Sargent,
2000).

Pre-eclampsia associated with IUGR is obviously
a more aggressive disorder with a more complex
pathophysiology. The case for chronic hypoxia in
this condition is stronger, although this is most
likely a secondary effect, caused by the severe
narrowing of the spiral arteries through acute
atherosis, that develops during the third trimester
(Figure 9.3). The origin of the atherosis is not
known, but as ischemia—reperfusion is a potent
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Deficient conversion of spiral arteries
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Figure 9.3 Proposed pathway by which incomplete conver-
sion of the spiral arteries may lead to placental oxidative stress
in pre-eclampsia. Atherosis of the spiral arteries may develop
as a secondary effect, possibly through an ischemia—reperfu-
sion injury in the walls of the distal parts of the arteries, as
indicated by the dashed lines. This may lead to occlusion of the
vessels, reduced placental perfusion and hence superimposed
intrauterine growth restriction.

inducer of atherosclerotic changes in other vessels
it is possible that it plays a role in this location too.
Hence, we speculate that severe impairment of
trophoblast invasion leads to minimal conversion
of the spiral arteries, and so increased intermittent
vasoconstriction in their proximal segments. This
may lead to an ischemia—reperfusion type injury in
the distal segments that would normally be
converted into flaccid conduits, as well as initiating
oxidative stress within the placenta at an earlier
stage than in pre-eclampsia alone. Placental devel-
opment may be disrupted by that stress in a
similar, but milder, fashion to that by which villi
regress to form the chorion laeve (Jauniaux et al.,
2003). As a result, villous volume and surface area
will be reduced at delivery (Mayhew et al., 2003;
Teasdale, 1987).
impaired by the atherotic changes in the spiral
arteries leading to chronic hypoxia and IUGR later
in pregnancy.

Placental perfusion will be

Although there are many aspects of this hypoth-
esis that remain to be tested we believe that
ischemia—reperfusion provides a more phy-
siological approach to the understanding of pre-
eclampsia than hypoxia alone. Viewing the
syndrome in this light will hopefully lead to the
introduction of more effective interventions and
therapies that will reduce the burden of the disease
on human reproduction.
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Tenney—Parker changes and apoptotic versus
necrotic shedding of trophoblast in normal pregnancy

and pre-eclampsia

Peter Kaufmann and Berthold Huppertz

Two-dimensional morphology of
a three-dimensional organ

Histopathology of the human placenta is mostly
based on the light-microscopical evaluation of
paraffin sections. Therefore, the three-dimensional
features of normal and pathological placental
villi are usually described in terms of the two-
dimensional description analysed by light micro-
scopy. Remarkably, the two-dimensional findings
often do not reflect the underlying three-
dimensional characteristics of villi. This is particu-
larly true when nuclear accumulations (syncytial
sprouts, knots, bridges, Tenney—Parker changes)
are involved which partly represent true sprouts,
knots and bridges (Figure 10.1a,b); however, more
often are the result of trophoblastic flat sectioning
(Figure 10.1c) (Burton 1986a,b; Cantle et al., 1987;
Kaufmann et al., 1987; Kuestermann, 1981).

The histological features of syncytial
knotting have different origins

Historically, fungus-shaped, multinucleated
protrusions of placental villous surfaces have
been interpreted as (a) signs of villous sprouting
(Boyd and Hamilton, 1970), as well as (b) signs of
nuclear aging (Schiebler and Kaufmann, 1969;
Martin and Spicer, 1973) and nuclear shedding

(Ikle, 1964).

However, the interpretation became more diffi-
cult when it was reported that the multinucleated
knots, sprouts and bridges found in two-
dimensional paraffin sections very often did not
reflect the three-dimensional characteristics of the
structures that had been cut. In 1981 Kuestermann
used serial paraffin sections to reconstruct the
villous tree and found that the seeming sprouts and
bridges are mostly flat sections of branches of the
villous tree. Similar results were obtained by
Burton (1986a,b, 1987) using plastic serial sections
and by Cantle et al. (1987) and Kaufmann et al
(1987) using plastic sections of villi which were
previously studied by scanning electron micro-
scopy. All of the above groups came to the
conclusion that tangential sections of the syncytial
surface of villi result in various features of syn-
cytial nuclear accumulation that mimic true
syncytial knots, sprouts and bridges.

Syncytial knotting (also called Tenney—Parker
changes) is the usual histopathological term to
describe the histological appearance of increased
numbers of seemingly multinucleated trophoblas-
tic outgrowths at the villous surfaces. Sometimes
these outgrowths reach the neighboring villi result-
ing in congested conglomerates of villi linked to
each other by multinucleated bridges and flanges
of syncytium. Almost all of those are flat sections of
the trophoblastic surface due to the irregularly
shaped and branched villous trees (Cantle et al,
1987; Kaufmann et al, 1987). Under specific



Figure 10.1 Schematic representation of the three-dimensional organization of villi and the resulting villous
cross-sections. In (a), a villus of a first-trimester placenta has been cut and demonstrates the formation of a new villus,
represented by a syncytial sprout. In (b), a villus of a term placenta is ready to pinch off a true apoptotic syncytial
knot; the same can be seen in the cross-section. In (c), the cut has been made through a highly branched pattern of
villi resulting in a cross-section with various sites of accumulated nuclei inside the syncytiotrophoblast. These
Tenney—Parker changes are all flat sections through parts of the syncytiotrophablast.
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pathological conditions (see below) the outer
shape of the villi becomes more and more irregular
and thus increases the chance of trophoblastic
flat sections (syncytial knotting, Tenney—Parker
changes).

For the placental pathologist it is of considerable
importance to correctly interpret such features
since the histological feature of aggregated syncy-
tial nuclei, “‘syncytial knotting” is widely accepted
as diagnostic markers ischemia
and pre-eclampsia (Alvarez et al, 1969, 1970;
Schuhmann and Geier, 1972; Tenney and Parker,
1940). These features are derived from
(a) true syncytial and villous sprouting, that is the
accumulation of nuclei freshly incorporated
into the syncytium by syncytial fusion (Figure
10.1a), or
simple flat-sectioning of distorted but
otherwise normal syncytial surfaces with seem-

of placental

(b

=

ing accumulation of normal nuclei (Figure
10.1¢), or
“syncytial degeneration” with “‘nuclear aging”

-

(c
including necrotic, aponecrotic or apoptotic
(Figure 10.1b) processes within the villous
syncytiotrophoblast, resulting in nuclear
shedding into the maternal blood.

In spite of the phenotypic similarities among
these different modes of nuclear aggregation, there
are clear structural hints that help us to identify

the underlying mechanism even in conventionally
stained paraffin sections.

True syncytial sprouting

Syncytial sprouts serve as first steps of villous
sprouting and thus are early precursors of new villi
(Boyd and Hamilton, 1970; Cantle et al, 1987;
Castellucci et al., 1990). They result from prolifera-
tion of cytotrophoblast underneath with subse-
quent syncytial fusion. During early pregnancy
larger aggregates of such freshly incorporated
trophoblastic nuclei arch into the intervillous
space and form mushroom-like syncytial structures
(Figure 10.2a). True syncytial sprouts are charac-
terized by loosely distributed, large ovoid nuclei
that possess little heterochromatin and never
show signs of apoptosis. In the surroundings of
the nuclei high numbers of free ribosomes can be
found together with ample and well-developed
rough endoplasmic reticulum. The smooth surface
of the sprouts is covered with well developed
microvilli (Figure 10.2b). Often, the sprouts are
located close to villous tips and continue in slender
segments of villi (villous sprouts), which just

have been invaded by mesenchyme (Castellucci
et al., 1990).

Figure 10.2 True syncytial sprouts. (a) The scanning electron microscopical picture shows the drumstick-like appearance
of the sprouts. (b) The semi-thin section depicts the increased number of cytotrophoblast cells below and the microvillous
brush border at the apical surface of the syncytiotrophoblast. (c) The scheme shows the newly fused and larger nuclei

of the syncytiotrophoblast only in the sprout while the other nuclei are more condensed. a: x130; b: x400.



The syncytial sprouts are found exclusively along
the surfaces of mesenchymal villi and immature
intermediate villi. Together with the latter villous
types, they prevail in the first half of pregnancy
(Figure 10.2c). Throughout the last trimester true
sprouts and the producing immature villous types
are restricted to the centers of villous trees
where they form the growth zones of the latter
(Benirschke and Kaufmann, 2000).

Trophoblastic flat-sectioning, syncytial
knotting, Tenney—Parker changes

Syncytial knotting, also called Tenney—Parker
changes, is characterized by aggregated villi
(Figure 10.3). Their cross-sections are covered
with numerous knots of accumulated syncytial
nuclei, and are connected to each other by

Tenney—Parker changes
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numerous syncytial bridges again containing
accumulated syncytial nuclei (Figure 10.3b—e).
The intervillous space in between is particularly
narrow (Figure 10.3d). As has been shown by
several groups (Burton, 1986a,b; Cantle et al.,
1987; Kaufmann et al, 1987; Kuestermann, 1981;
for review see Benirschke and Kaufmann, 2000) the
underlying structural correlates are trophoblastic
flat sections due to increased branching of villi or
to otherwise distorted villous surfaces (Figure
10.3a). Moreover, it has been shown that the
incidence of knotting/trophoblastic flat-sectioning
increases with sectional thickness due to geometric
reasons (Benirschke and Kaufmann, 2000; Cantle
et al, 1987). It is a rare event in ultra-thin sections
(~0.1 um) for electron microscopy (Figure 10.3b), it
can be seen more often in semi-thin plastic
sections (0.5—1pm) for light microscopy (Figure
10.3¢), and is a usual event in 5—10pum paraffin

Figure 10.3 Tenney—Parker changes. (a) The scanning electron microscopical picture shows the densely packed and
highly branched villi. (b) The electron microscopical picture reveals that the nuclei within such a flat section have the
same heterogeneous chromatin distribution compared to the nucleus underneath in the syncytiotrophoblast.

(c) The semi-thin section depicts the dense package of villi and the increased number of syncytial cross-sections between
the villi. (d) The paraffin section reveals a high number of syncytial flat sections, the typical Tenney—Parker changes.

(e) The scheme shows the seeming bridges between villi and the protrusions at the villous surfaces. They all resemble
simply flat sections of a highly branched villous tree. a: x80; b: x3,100; ¢: x300; d: x60.
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sections (Figure 10.3d). Accordingly, when evaluat-
ing sections one should be aware that the degree
of knotting always depends on two factors, irregu-
larity of villous surfaces and sectional thickness.

Several authors have pointed out that syncytial
knotting is related to pregnancy complications
such as placental ischemia and pre-eclampsia
(Alvarez et al., 1969, 1970; Schuhmann and Geier,
1972; Tenney and Parker, 1940; Todros et al., 1999;
for review see Benirschke and Kaufmann, 2000). It
was speculated by the above authors that hypoxia
is the underlying pathogenetic cause. On first
glance, hypoxia is not a very likely cause for a
sectional artefact. However, when bearing in mind
that (a) hypoxia stimulates branching angiogenesis
of villi (Kaufmann and Kingdom, 2000), and (b) that
the type of angiogenesis shapes the villi since the
syncytial cover behaves like a tight elastic glove
around the underlying capillaries, it becomes
reasonable that increased capillary coiling and
branching results in increased villous branching
and villous surface irregularities (Todros et al.,
1999). Consequently, it is well-established that
placental conditions (IUGR with preserved end-
diastolic flow in the umbilical arteries — PED, with
or without pre-eclampsia) resulting from low pO,
coincide with branching angiogenesis and richly
branched terminal villi and increased syncytial
knotting in paraffin sections (Todros et al., 1999).
On the other hand, pregnancy conditions with
abnormally high intraplacental pO, (IUGR with
absent or reversed end-diastolic flow in the
umbilical arteries — ARED with or without pre-
eclampsia) produce long filiform terminal villi
with unbranched capillary loops and scarcity of
syncytial knotting (Macara et al., 1996).

Taking a closer look on the morphology of
the syncytial nuclei inside these flat sections, it
becomes clear that neither apoptosis nor necrosis
can be detected here. The nuclei show their typical
irregularly shaped morphology of mature
syncytiotrophoblast and an irregular distribution
of heterochromatin (Figure 10.3b).

Most syncytial bridges found in histological
sections are sectional artefacts as described

above. However, as has been shown by Cantle
et al. (1987), in rare cases also true syncytial
bridges do exist. They are thought to serve as
simple mechanical aids to establish junctions
between neighboring villi. Langhans (1870) was
the first to describe these structures. And more
than 100years later Burton (1986a, 1987) and
Cantle et al. (1987) made clear that besides a
huge number of artificial two-dimensional
structures real syncytial bridges do exist. These
bridges are very likely the result of a prolonged
intimate contact of adjacent villous surfaces.
First small areas of both syncytial surfaces come
into contact, become bridged by desmosomes, and
finally the separating apical membranes of both
parts of the syncytiotrophoblast disintegrate
(Benirschke and Kaufmann, 2000). Since the
underlying mechanisms do not lead to changes in
nuclear morphology, the nuclei in these areas
show the normal characteristics of heterogeneous
shapes and chromatin distribution that are typical
for syncytiotrophoblast nuclei.

Shedding of aged or degenerative nuclei

True syncytial knots serve as a mechanism to
extrude old syncytial nuclei (Jones and Fox, 1977;
Martin and Spicer, 1973). They are true bulbous or
even mushroom-like protrusions of the syncytial
surface (Figure 10.4) characterized by a dense
package of nuclei separated from each other only
by slender strands of cytoplasm. The cytoplasm
already exhibits degenerative changes and is
usually void of ribosomes.

Syncytial knots are sites of shedding of aged
syncytiotrophoblast into the intervillous space.
Following accumulation of nuclei, the protrusions
become pinched off into the maternal blood. Here
they have been detected in uterine vein blood
(Johansen et al., 1999) and in the lung capillaries of
the mother (Ikle, 1964). Since they do not regularly
appear in peripheral blood of pregnant women
they are believed to be engulfed by lung
macrophages.
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Figure 10.4 True syncytial knots. (a) The scanning electron microscopical picture shows the bulbous appearance of the knot. (b) The
electron microscopical picture shows the annular chromatin condensation of accumulated syncytial nuclei and the cover with an
apical plasma membrane that is mostly void of the microvillous brush border. (c) The scheme depicts the normal turnover of villous
trophoblast from proliferation and differentiation of cytotrophoblast to syncytial fusion of the stem cell with the overlying
syncytiotrophoblast. Within the syncytium the differentiation continues finalizing in package of old material into syncytial knots and
extrusion of these structures into the maternal circulation. (d) The semi-thin section shows a piece of syncytial surface with largely
normal nuclei (left) which show increasing chromatin condensation as they accumulate to the right. a: x1000; b: x3000; d: x450.

Regarding nuclear size, nuclear structure, orga-
nization of the covering plasma membrane and
underlying pathogenic mechanisms, different types
of syncytial knots and different types of shedding
of aged or degenerative syncytiotrophoblast can
be observed:

(a) Knot-like apoptotic shedding: in true apopto-
tic shedding the nuclei are reduced in size
(Mayhew and Barker, 2001; Mayhew et al.,
1999) and their chromatin is more or less
condensed, sometimes showing an annular
chromatin condensation (Figure 10.4b—d).
The apical syncytial membrane is intact, very
smooth and mostly devoid of microvilli (Figure
10.4b). These morphological features place the

syncytial knots at the site of late syncytiotro-
phoblast apoptosis. Detailed studies of the
underlying apoptosis mechanisms have made
it clear that these apoptotic knots represent the
morphological correlate of apoptotic bodies of
mononucleated cells at the end of the apoptosis
cascade including DNA strand breaks identified
by the TUNEL test (terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling)
(Huppertz et al., 1998; Nelson, 1996; Smith
et al., 1997).

As described before, syncytial fusion of villous
trophoblast involves early steps of the apoptosis
cascade (for a review see Huppertz et al., 1999).
Under normal conditions, upon successful
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fusion activation of execution caspases and
thus continuation of the cascade is interrupted
by inhibitory proteins such as Mcl-1 and Bcl-2
which are transferred in excess amounts from
the fusing cytotrophoblast into the syncytio-
trophoblast (Huppertz et al., 2003). Three to
four weeks later, the cascade is re-started
(Benirschke and Kaufmann, 2000; Huppertz
et al., 2002); cleavage of cytoskeletal proteins
enables nuclear movement and formation of
nuclear aggregates (syncytial knots) that are
finally pinched off as membrane-sealed struc-
tures, a kind of giant apoptotic bodies. Typical
for membrane-sealed apoptotic material, they
do not induce an inflammatory response. Thus
syncytial knots are thought to be trapped in the
lung capillaries where they are phagocytosed by
lung macrophages without starting an inflam-
matory reaction.

This is considered the normal way of tropho-
blastic shedding as the endpoint of normal
trophoblast turnover (Figure 10.4c). In a normal
term placenta 3g of trophoblast are shed
apoptotically daily into the maternal blood
(Benirschke and Kaufmann, 2000; Huppertz
et al, 2002), an amount that represents the
daily trophoblastic proliferation and fusion rate
(3.6g per day) minus the growth rate of
syncytiotrophoblast (about 0.6 g per day).

(b) Wave-like apoptotic shedding: in a specific

subset of cases with severe IUGR (IUGR with
absent end-diastolic flow in the umbilical
arteries) without pre-eclampsia we found a
dramatic reduction in the number of cytotro-
phoblast cells in combination with a clearly
reduced thickness of the syncytiotrophoblast
(Figure 10.5a—d). In these cases the syncytio-
trophoblast showed a specific ring-like pattern
of nuclear distribution. The aggregated apopto-
tic syncytial nuclei accumulated in ring-like
waves around the vertical axis of the villi.
In longitudinal sections this can be visualized
by multiple cross-sections of nuclear accumu-
lations (Figure 10.5a). In flat sections through
the longitudinal axis of villi as well as by

scanning electron microscopy the wave-like
pattern is clearly identifiable (Figure 10.5b—d).
The wunderlying pathogenic mechanisms
remain in the dark that link the pathogenesis
of TUGR to this special form of trophoblast
turnover with apoptotic shedding of nuclei.

(c) Arrested apoptotic shedding: another rare

variation of apoptotic trophoblast turnover
was also found in cases of severe IUGR (with
absent end-diastolic flow in the umbilical
arteries) without pre-eclampsia. In these
cases trophoblast turnover ended up with the
knot-like accumulation of clearly apoptotic
TUNEL-positive nuclei, suggesting that a more
or less normal apoptosis cascade triggered the
process. But its final event, shedding of the
mushroom-like sprouts into the intervillous
space seemed to be arrested: hundreds of
clearly apoptotic nuclei accumulated in these
knots, and enormous numbers of such giant
knots were formed throughout the placenta
(Figure 10.5e—g). Sometimes the sites with
accumulated nuclei were even larger than the
cross-section of the producing villus. Also in
this case, it can only be speculated that deficits
in the apoptotic cleavage of the syncytial
cytoskeleton that is linked to the formation
of sealed bodies, prevented regular delivery
of the apoptotic material into the intervillous
space.

(d) Aponecrotic shedding: in the material avail-

able to us, the above two forms of pathologic
apoptotic turnover were combined with TUGR,
but never with symptoms of pre-eclampsia.
Also in the latter case (c) we found signs of
apoptotic trophoblast turnover and apoptotic
trophoblast shedding, but this time mixed
with signs of syncytial necrosis (so-called
aponecrosis). However, it needs to be pointed
out that to a lesser degree signs of necrosis/
aponecrosis can also be found in every normal
placenta.

Continuation of the apoptosis cascade by
necrotic events with damage of the plasma
membrane, water influx, secondary hydropic
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Figure 10.5 Histopathological findings of the syncytiotrophoblast. Wave-like apoptotic shedding (a—d). The aggregated
apoptotic nuclei inside the syncytiotrophoblast show a specific ring-like pattern around the vertical axis of villi. This can be
visualized in longitudinal paraffin sections (a—c) as well as in scanning electron microscopy (d). Arrested apoptotic
shedding (e—q). Apoptotic syncytial nuclei accumulate in knot-like structures, while the normal extrusion of the knots into
the intervillous space seems to be arrested. In paraffin sections enormous numbers of such giant knots can be found
throughout the placenta. Aponecrotic shedding (h). The electron microscopical picture shows that nuclei inside the knot
reveal the first stages of annular chromatin condensation, while the cytoplasm is edematous and the plasma membrane
shows local defects. Necrotic shedding (i—I). In semi-thin sections necrosis can be visualized by edematous nuclei with

a complete absence of chromatin condensation in a hydropic cytoplasm with membrane defects (i, k). The scanning
electron microscopical picture reveals that these sites are characterized by fibrin clots covering membrane defects (l). a, b,
e: x25; ¢, f: x100; d: x1000; g: x200; h: x3800; i, k, I: x300.

changes of cellular structures and release of
cytoplasmic contents,
secondary necrosis or aponecrosis (Formigli
et al., 2000). Since apoptosis is an energy-
dependent type of cell death, the lack of energy
in later stages of apoptosis has been accused as
one factor responsible for this abortive type of
apoptosis, the so-called aponecrosis.

are well-known as

In in vitro experiments with villous explants
mimicking conditions of pre-eclampsia with

increased turnover (proliferation and apopto-
sis), not only the rate of apoptosis increased but
signs of necrosis appeared in parallel: the
conditioned media of these explants contained
cell-free DNA and cell-free actin besides
membrane-wrapped nuclei (apoptotic syncytial
knots). Figure 10.5h shows a respective apone-
crotic syncytial knot from a patient with pre-
eclampsia: the nuclei reveal an early stage of
annular chromatin condensation, but the
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cytoplasm is edematous and the plasma
membrane shows local defects.

The placentas derived from patients with
pre-eclampsia available to us, showed evidence
of increased syncytial apoptosis and of
syncytiotrophoblast shedding in
general. The most prominent difference when
compared to cases without preeclampsia was
the increase in aponecrotic shedding and
thus the altered balance from predominant
apoptotic shedding to predominant aponecro-
tic shedding.

Necrotic shedding: Pure necrotic alterations
of villous syncytiotrophoblast without signs
of apoptotic death, i.e. edematous nuclei in
a hydropic cytoplasm with membrane
defects (Figure 10.5ik), are a rather rare
event. We have seen such features in severe
cases of pre-eclampsia as well as in severe
cases of rhesus incompatibility. The com-
plete absence of chromatin condensation
within the syncytial nuclei (Figure 10.5i)
suggests that the apoptosis cascade upon
syncytial fusion has been successfully blocked
by inhibitory proteins, but has not been
restarted to complete normal syncytial
shedding.

Continuous incorporation of new cytotropho-
blast but absence of syncytial shedding will lead
to intrasyncytial accumulation of aged tropho-
blastic components and finally to local or
general breakdown of syncytiotrophoblast.
Using scanning electron microscopy respective
sites are characterized by membrane defects
together with fibrin clots (Figure 10.5]).
Histological, nuclear and cytoplasmic edema
together with blebbing of the syncytial surface
are typical features.

increased

In the human, the continuous necrotic and
aponecrotic release of intrasyncytial contents
will very likely lead to a maternal inflammatory
response. Experimentally we have produced the
same features by complete blockage of the
energy metabolism of the trophoblast in preg-
nant guinea pigs by administration of

monoiodine acetate or sodium fluoride, both
potent inhibitors of glycolysis (Kaufmann et al.,
1974).

Conclusions

Aggregations of nuclei within the syncytiotropho-
blast of human placental villi, the former syncytial
knots and sprouts, are phenotypically rather simi-
lar only at first glance. When studying the external
shape of the aggregate, nuclear morphology and
integrity of the plasma membrane in more detail
(Figure 10.6), it is possible to differentiate a series
of different structures with different functional and
pathohistological significance. (a) True syncytial
sprouts with large euchromatic nuclei prevail in the
first half of pregnancy and are early stages of
formation of new villi. (b) Syncytial knotting
(Tenney—Parker changes) is characterized by accu-
mulated mushroom-like protrusions of normally
structured nuclei and syncytial bridges connecting
neighboring villi; these are sectional artefacts
caused by flat-sectioning across distorted and
highly branched villous surfaces. (c) True apoptotic
knots are mushroom-like syncytial protrusions
containing nuclei in more or less advanced stages
of apoptotic chromatin condensation; they repre-
sent normal final stages of extrusion of aged
syncytiotrophoblast (Figure 10.6a). (d) Wave-like
apoptotic knots are histologically similar structures
which, however, form multiple ring-like bands
around the villi (Figure 10.6e). They are closely
related to severe cases of IUGR without pre-
eclampsia. (e) Arrested apoptotic knots accumulate
hundreds of apoptotic nuclei without subsequent
shedding into the maternal circulation (Figure
10.6b); this phenomenon is also linked to
cases of severe IUGR without pre-eclampsia.
(f) Aponecrotic knots resemble apoptotic knots
(c) but additionally show edematous changes and
defects of the plasma membrane (Figure 10.6c).
They can be found in normal pregnancies but
prevail in pre-eclampsia. (g) Necrotic shedding
is characterized by severe edematous damages
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Figure 10.6 Modes of shedding syncytial material into the maternal circulation. (a) Knot-like apoptotic shedding.

Under normal conditions turnover of villous trophoblast comprises proliferation and differentiation of cytotrophoblast
(CT), fusion of cytotrophoblast with the overlying syncytiotrophoblast (ST), further differentiation inside the
syncytiotrophoblast with subsequent aging and package of old material into apoptotic syncytial knots that are extruded
into the maternal circulation. (b) Arrested apoptotic shedding. If extrusion of the syncytial knots is blocked, the number
of nuclei inside the knots increases dramatically. (c) Aponecrotic shedding. If the apoptosis cascade does not progress to
its very end but is interrupted and stopped, necrotic release of apoptotic material may take place. This aponecrotic
material may induce inflammation in the mother. (d) Necrotic shedding. If no apoptosis takes place parts of the
syncytium may undergo necrosis, resulting in the release of necrotic material and thus inducing an inflammatory reaction
of the mother. (e) Wave-like apoptotic shedding. A dramatic reduction in the number of cytotrophoblast cells is combined
with a clearly reduced thickness of the syncytiotrophoblast. Here the syncytial nuclei accumulate in specific ring-like
waves around the vertical axis of the villi.
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of syncytiotrophoblast with defects of the plasma
membrane and absence of signs of apoptosis
(Figure 10.6d). Nuclei may be aggregated and
form knots but may also be evenly distributed.
Also this is mainly a pathological phenomenon.
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Introduction

The causes of the pregnancy syndrome pre-
eclampsia are multifactorial and poorly under-
stood. According to current concepts, the disorder
has two principal stages (Redman et al, 1999;
Roberts and Hubel, 1999). The first stage is reduced
placental perfusion, frequently secondary to abnor-
mal implantation and insufficient remodeling of
spiral arteries feeding the intervillous space. The
second stage is the maternal response to this
condition, modulated by maternal constitution
and heredity, and characterized by widespread
inflammation and endothelial cell dysfunction.
The link between the two stages is an area of
intense investigation. It is clear that placental
factors are not solely accountable for the maternal
manifestations of pre-eclampsia. Intrauterine
growth restriction and preterm birth are commonly
associated with abnormalities in Stage 1 but
without the occurrence of a maternal syndrome.
Maternal factors, including pre-pregnancy obesity
and insulin resistance, predispose to development
of pre-eclampsia. Evidence is accumulating that
maternal constitutional predisposition to cardio-
vascular disease, unmasked or accentuated during
the stress of pregnancy, is a key component in the
development of pre-eclampsia. Data also suggest
that women with a history of pre-eclampsia are at
increased risk of cardiovascular disease in later life.
Dyslipidemia may play an important role in these
interrelationships. This chapter reviews the
changes in lipid metabolism that occur with

normal pregnancy and pre-eclampsia, and

develops the hypothesis that dyslipidemia contrib-
utes to both the pathogenesis of preeclampsia and
risk of later-life cardiovascular disease.

Pregnancy-induced changes
in lipid metabolism

The diverse effects of pregnancy include a
profound impact upon lipid metabolism. Several
comprehensive reviews deal with the changes
in lipid metabolism that occur with normal
pregnancy and their importance for fetal develop-
ment (Herrera, 2002). This section summarizes
some of these aspects to provide a framework
for discussion of lipid abnormalities and pre-
eclampsia.

Maternal metabolism is disposed toward adipose
tissue fat accumulation during early gestation. In
marked contrast, a shift to a state of net break-
down/mobilization of adipose lipid depots occurs
during the second half of pregnancy (Alvarez et al.,
1996; Herrera et al., 1988). One of the more striking
results is an increase in free (non-esterified) fatty
acid (FFA) concentrations in maternal plasma
with advancing gestation. Maternally derived
essential fatty acids and long chain polyunsatu-
rated fatty acids are important for fetal develop-
ment and growth. At 12—14weeks of normal
pregnancy, insulin sensitivity is slightly increased
but then decreases during the rest of pregnancy
(Catalano et al, 1991). The decline in insulin
sensitivity (increase in peripheral insulin resis-
tance) peaks during the last third of pregnancy,



and is a physiological adaptation that helps
to ensure availability of glucose and FFA for the
fetus.

Circulating FFAs are regulated partly by
hormone-sensitive lipase in maternal adipocytes.
One action of insulin is to inhibit this enzyme,
decreasing adipocyte triglyceride hydrolysis and
thus limiting serum FFA and glycerol concentra-
tions. Gestational insulin resistance, therefore, is
likely to be partly responsible for increased release
of FFA and glycerol from adipocytes (Figure 11.1)
(Alvarez et al, 1996). Suggesting a feed-forward
process, the high levels of plasma FFA typically
observed during the last half of pregnancy may
actually cause some of the insulin resistance that
occurs during this period (Sivan et al., 1998).
Tumor necrosis factor-o and leptin probably also
foster gestational insulin resistance (Kirwan et al,
2002). The lipolytic action of human placental
lactogen, which reaches very high levels during late
gestation, also appears to contribute to the increase
in FFA (Murai et al., 1997).

Much of the glycerol and FFA released from
fat are taken up by the liver and re-esterified for
synthesis of very-low-density lipoprotein (VLDL)

triglycerides (Figure 11.1). Increased estrogen
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and decreased hepatocyte B-oxidation also lead
to increased hepatocyte VLDL production. By term,
plasma triglycerides increase by 50—300% over
pre-pregnant levels, at which time increased
amounts of triglycerides are found not only in
VDL but also in intermediate density lipoprotein
(IDL), low-density lipoprotein (LDL) and high-
density lipoprotein (HDL) (Hubel and Roberts,
1999; Montelongo et al., 1992). Lipoprotein lipase,
tethered to the luminal side of capillaries and
arteries of extrahepatic tissues, hydrolyzes lipopro-
tein triglycerides to produce FFA and monoacyl-
glycerol (Figure 11.1). These lipolysis products are
predominantly taken up by tissue locally to meet
the needs of that tissue. This promotes triglyceride
clearance from the circulation. However, adipose
tissue lipoprotein lipase activity decreases substan-
tially during the last third of pregnancy due to
insulin resistance and other hormonal influences.
The result is a decrease in the rate of removal of
triglyceride-rich lipoproteins from the circulation
(Alvarez et al., 1996). Thus, both increased produc-
tion and decreased removal probably contribute
to the dramatic increase in postprandial and
fasting triglycerides evident by late gestation
(Alvarez et al., 1996).

®@--——E

Figure 11.1 Representation of a few of the interactions of lipoprotein metabolism with insulin resistance and estrogen during
pregnancy. Key: +, activation; —, inhibition; I.R., insulin resistance; E, estrogen; TG, triglyceride; FFA, free fatty acid; LPL, lipoprotein
lipase; VLDL, very low-density lipoprotein; IDL, intermediate-density lipoprotein. See text and also Alvarez et al. (1996) and Herrera

(2002) for more details.
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Circulating triglycerides do not cross the
placenta (Coleman, 1989). However, an elaborate
placental transport process ensures that adequate
amounts of fatty acids, originally packaged in
maternal lipoprotein triglycerides, are delivered to
the fetus. Components of this transport process
include LDL and VLDL/apo E receptors in
the placenta, placental lipoprotein lipase (not
suppressed during pregnancy), placental phospho-
lipase A2, and intracellular placental lipases (Bonet
et al, 1992; Herrera, 2002; Winkler et al., 2003;
Wittmaack et al., 1995). Lipoprotein lipase, present
only on the maternal surface of the placenta,
makes FFA available by hydrolyzing triglycerides
carried by maternal VLDL (Coleman, 1989).
After uptake by trophoblast cells, fatty acids
are re-esterified to provide a fat reservoir. After
intracellular hydrolysis releases fatty acids to fetal
plasma, they bind o-fetoprotein and are trans-
ported to the fetal liver (Herrera, 2002). The
placenta delivers as much as 50% of the total
daily fatty acid requirement of the fetus, all of the
essential fatty acids, the fat soluble vitamins, and
cholesterol-derived precursors of steroid hormones
to the fetus. A direct relationship between maternal
triglycerides and birthweight has been found
in humans. Severe correction of maternal hyper-
triglyceridemia (as with hypolipidemic drugs) has
negative effects on fetal growth and development
(Herrera, 2002).

Interestingly, lipoprotein lipase plays a key role
in the transport of vitamin E. The vitamin is carried
by triglyceride-rich lipoproteins and enters cells as
triglycerides are hydrolyzed. Vitamin E is also
incorporated into cells via receptor-bound LDL
(Coleman, 1989). However, unlike the maternal
circulation, vitamin E levels do not increase in fetal
plasma with advancing gestation because fetal
concentrations of the major lipoprotein carriers
remain low.

Maternal cholesterol levels increase during preg-
nancy, with a 50—60% rise over prepregnant levels
by term (Lorentzen and Henriksen, 1998). Maternal
cholesterol is important for the fetus during early
pregnancy, but its importance lessens by late

pregnancy owing to the ability of fetal tissues to
synthesize cholesterol (Herrera, 2002). Reversal of
the “physiologic hyperlipidemia” of pregnancy
begins within hours of delivery and is essentially
complete by 6—10weeks postpartum (Potter and
Nestel, 1979).

Changes in circulating lipids with
pre-eclampsia

Marked dyslipidemia occurs with pre-eclampsia
(Hubel, 1998; Hubel and Roberts, 1999; Kaaja, 1998;
Lorentzen and Henriksen, 1998). In some respects,
this represents an accentuation of normal preg-
nancy changes. Mean plasma triglyceride and FFA
concentrations increase about twofold on average
in women with pre-eclampsia relative to women
with uncomplicated pregnancy (Figures 11.2 and
11.3) (Endresen et al, 1992; Hubel et al., 1996;
Lorentzen et al., 1995). About one-third of women
with pre-eclampsia develop plasma triglyceride
values above 400mgdL~' (Hubel et al, 1996),
greater than the 90th percentile measured in
randomly selected women at 36 weeks of gestation.
This reflects markedly increased concentrations of
triglyceride-rich lipoproteins (especially VLDL,)
(Sattar et al, 1997a). The hypertriglyceridemia
of pre-eclampsia is accompanied by a decrease
in cardioprotective HDL cholesterol relative to
normal pregnancy (Kaaja et al, 1995; Sattar et al.,
1997a). It is noteworthy, however, that not all
women with pre-eclampsia develop gestational
dyslipidemia and that some women with profound
dyslipidemia have an uncomplicated pregnancy
outcome. This fits with the concept that the
syndrome is multifactorial and heterogeneous
(Ness and Roberts, 1996).

Case-control differences in circulating levels of
the major fatty acids are unlikely to be solely
attributable to differences in dietary fat intake even
if dietary histories were to be dissimilar.
Nevertheless, diet may impart certain differences.
For example, women with low concentrations
of erythrocyte membrane omega-3 (marine oil)
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Figure 11.2 Scatterplot of serum triglyceride concentrations during late pregnancy. Each symbol corresponds to a different
individual. Thick horizontal bars correspond to median values for each group. P<0.001, pre-eclampsia vs. normal pregnant by
Mann—Whitney U test. Data redrawn from Hubel et al. (1998a).
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Figure 11.3 Scatterplot of serum free fatty acid concentrations during late pregnancy. Each symbol corresponds to a different
individual. Thick horizontal bars correspond to median values for each group. P<0.01, pre-eclampsia vs. normal pregnant by
Mann—Whitney U test. Data redrawn from Hubel et al. (1998a).
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fatty acids are reportedly more likely to have had
pre-eclamptic pregnancies compared with women
with high levels of erythrocyte omega-3 fatty acids
(Williams et al., 1995). Since erythrocyte turnover is
approximately 120days, erythrocyte fatty acid
profiles probably reflect differences in dietary
intake (Williams et al., 1995).

The relative content of linoleic acid, a polyun-
saturated fatty acid, is decreased in both the
triglyceride and phospholipid fractions in women
with pre-eclampsia (Lorentzen and Henriksen,
1998; Lorentzen et al., 1995). The most likely
explanation for this is that polyunsaturated fatty
acids are prone to peroxidation with conversion to
lipid peroxides. Thus, the reduced content of
polyunsaturated fatty acids in lipoprotein triglycer-
ides and phospholipids may result from free radical
modification related to increased oxidative stress
during the disease (Lorentzen and Henriksen, 1998;
Lorentzen et al., 1995).

Of particular significance, dyslipidemia becomes
evident during the first and second trimester,
far preceding the clinical manifestations of pre-
eclampsia (Arbogast et al., 1996; Chappell et al.,
2002; Gratacos et al., 1996; Lorentzen et al., 1994,
1995). HDL-cholesterol (‘‘good cholesterol”) is
reduced at earliest measurement (20 weeks gesta-
tion) and then throughout gestation in women
who later develop the disease, again implicating
dyslipidemia in the disease process (Chappell ez al.,
2002). Decreased HDL may result from increased
triglycerides since the two are metabolically
linked (Hubel et al., 1998b; Lamarche et al., 1999).
Increases in mean concentrations of the major
FFAs (oleic, linoleic, palmitic) are detectable by
16—20 weeks of gestation in groups of women who
later develop pre-eclampsia (Lorentzen et al., 1994,
1995). Abnormal elevations in fasting triglycerides
occur as early as 10weeks of gestation (Gratacos
et al., 1996). Interestingly, early hypertriglyceride-
mia is associated with increased risk of early
onset pre-eclampsia (pre-eclampsia developing
before 36weeks of gestation) but not late onset
pre-eclampsia (Clausen et al., 2001). This adds to
evidence that early- and late-onset variants of

the disease are pathogenically distinguishable and
is consistent with the notion of multiple pathways
to pre-eclampsia.

Relative to normal pregnancy, total cholesterol
and LDL cholesterol levels are generally not altered
during pre-eclampsia (Hubel et al, 1998a).
According to two reports, however, women with
raised total cholesterol during the first trimester are
at increased risk of pre-eclampsia (Elzen et al.,
1996; Solomon et al., 1999). Serum cholesterol is
also increased, months postpartum in many
women with a history of pre-eclampsia (Barden
et al.,, 1999). These data suggest that pre-eclampsia
is associated with chronically abnormal cholesterol
metabolism that becomes transiently masked
by the physiologic hypercholesterolemia of late
pregnancy.

The finding of early lipid changes fits with the
notion that dyslipidemia promotes dysfunction of
the maternal vascular endothelium. The early lipid
changes also beg the question of whether lipid
abnormalities are present before pregnancy in
women who later develop pre-eclampsia, perhaps
in a latent form that becomes unmasked or
amplified by the stress of pregnancy. These lipid
markers might also herald an opportunity for
therapeutic intervention to ameliorate or prevent
pre-eclampsia. Considering the direct relationship
between maternal triglyceride concentration and
newborn weight, however, the potential for adverse
effects of lipid-lowering agents on fetal health must
be kept in mind. It is biologically plausible that, in
some women, exaggerated hyperlipidemia occurs
as a response to signals (leptin, human placental
lactogen, etc.) from the feto-placental unit to
mobilize more substrate for the poorly perfused
placenta and fetus. Although intrauterine fetal
growth restriction (IUGR) is a common com-
plication of pre-eclampsia, many babies born of
pre-eclamptic pregnancies are not small for gesta-
tional age. Pregnancies complicated by IUGR
without pre-eclampsia have placental lesions simi-
lar to pre-eclampsia but without a maternal syn-
drome (no hypertension or proteinuria). Women
with TUGR pregnancies without the maternal



syndrome do not develop hypertriglyceridemia
(Sattar et al., 1999). Furthermore, as a group they
actually have lower VLDL,, IDL, and cholesterol
concentrations than healthy pregnant controls
(Sattar et al., 1999). One might surmise that failure
to mobilize/synthesize lipids in the face of inade-
quate placental perfusion contributes to fetal
growth restriction. A robust hyperlipidemic
response (possibly good for the baby) might put
the maternal vascular endothelium at risk of
dysfunction (bad for the mother).

Mechanisms of altered lipid metabolism
in pre-eclampsia

It is likely that both maternal and placental factors
cause dyslipidemia in pre-eclampsia. The insulin
resistance syndrome, a cluster of metabolic
abnormalities associated with reduced insulin
sensitivity, is a strong predisposing factor for
cardiovascular disease (Kahn and Flier, 2000;
Reaven, 1994). Pre-eclampsia is associated with
accentuation of many features of the metabolic
syndrome, including insulin resistance, hypertri-
glyceridemia, elevated FFA, low HDL cholesterol,
hyperuricemia, and abnormalities in the fibrinoly-
tic system, usually in the absence of frank diabetes
(Kaaja, 1998; Kaaja et al, 1995; Lorentzen et al.,
1998; Solomon et al., 1994; Solomon et al.,, 1999;
Sowers et al, 1995 Wolf et al, 2002).
Accompanying abnormalities include increased
serum concentrations of leptin, C-reactive protein,
tumor necrosis factor-a, testosterone, and plasmi-
nogen activator-inhibitor-1 (Sattar and Greer, 2002;
Wolf et al., 2001).

Evidence has been accruing that insulin resis-
tance actually precedes the development of pre-
eclampsia, consistent with a role in pathogenesis
(Solomon et al, 1994, 1999; Wolf er al, 2002).
Furthermore, high prepregnancy body mass index
(obesity), a component of the insulin resistance
syndrome, is a strong, independent risk factor for
pre-eclampsia (Barden et al, 1999; Ness and
Roberts, 1996; Sibai et al., 1997; Wolf et al., 2001).
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As described in more detail later in this review,
dyslipidemia, obesity and hyperinsulinemia have
also been noted years after delivery in women with
a history of pre-eclampsia, consistent with the
hypothesis that these metabolic abnormalities
predate pregnancy, often in latent form, and that
they predispose to the disease (Barden et al., 1999;
Chambers et al, 2001; Hubel et al, 2000; Nisell
et al, 1999). However, prospective studies are
needed to actually test the hypothesis that lipid/
insulin abnormalities exist before pregnancy in
women who later develop pre-eclampsia.

Heightened gestational insulin resistance (Kaaja,
1998; Lorentzen and Henriksen, 1998), or abnor-
mally increased concentrations of TNF-a or
human placental lactogen (Murai et al, 1997) are
candidate promoters of increased lipolytic activity
in maternal adipocytes, leading to liberation
of excessive amounts of FFA into the circulation
of women with (or destined to develop) pre-
eclampsia. Increased serum FFA provide substrate
to increase liver VLDL triglyceride synthesis.

In addition to increased synthesis, decreased
clearance probably contributes to hypertriglycer-
idemia in pre-eclamptic women. VLDL and LDL
receptor expression is decreased in placentas of
women with pre-eclampsia, which might reduce
the clearance of maternal circulating triglycerides
(Murata et al., 1996). However, the relationship of
these lipoprotein receptor changes to fetal growth
remains unclear. Insulin resistance can decrease
peripheral triglyceride clearance by suppressing
adipose tissue lipoprotein lipase activity. In addi-
tion to hormones, genetic variation influences
lipoprotein lipase activity. Two reports indicate
that inhibitory mutations in the lipoprotein lipase
gene are more prevalent in women with pre-
eclampsia compared to normal pregnancy and
population controls (Hubel et al., 1999; Zhang
et al., 2006). The differences in allele frequency
are small, however, in keeping with the concept of
polygenic inheritance. Another carefully conducted
study, however, reported no difference in
frequency of lipoprotein lipase mutations among
pre-eclamptics and controls (Kim et al, 2001).
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One interpretation is that genetic lipoprotein lipase
deficiency is associated with pre-eclampsia in
some populations but not others. To date, however,
adipose tissue lipoprotein lipase mass and post-
heparin activity have not been examined in women
with pre-eclampsia.

Free fatty acids, oxidative stress and vascu-
lar dysfunction

Increased serum FFA, as a facet of the metabolic
syndrome, adversely alters vascular function and
constitutes an independent risk factor for coronary
disease (Sattar et al., 1998). Experiments on
endothelial cells in culture and on rat femoral
artery segments in vitro suggest that physiologi-
cally relevant concentrations of FFA cause reduc-
tions in vasodilator prostacyclin and nitric oxide
and reductions in vascular relaxation responsive-
ness (Davda et al, 1995; Endresen et al., 1994).
In lean, insulin-sensitive subjects, manipulations
to increase circulating FFA levels to the range
observed in insulin-resistant patients (two- to
ninefold elevations) impair relaxation to the
endothelium-dependent vasodilator methacholine
as measured by leg blood flow (Steinberg et al.,
1997, 2000). Endogenous FFA correlate well with
adverse vascular function in vivo (Steinberg et al.,
1996, 1997, 2000). As discussed by these authors,
elevated FFA may induce formation of reactive
oxygen species which could destroy NO and thus
attenuate NO-dependent vasodilation. The vascu-
lar superoxide-producing NAD(P)H oxidase, an
enzyme that can be activated by FFA, may be of
paramount importance in this regard (Bilodeau
and Hubel, 2003; Griendling et al., 2000).

There is currently no direct evidence for a role of
FFA in the attenuated vascular relaxation responses
that typify pre-eclampsia. There are data, however,
that FFA cause relevant alterations to the behavior
of endothelial cells in culture. Endothelial mono-
layers exposed to pre-eclampsia plasma take
up FFA in proportion to the excessive plasma
FFA concentration, whereupon they synthesize

triglycerides and become laden with triglyceride-
rich lipid droplets. The increase in intracellular
triglyceride is associated with decreased release of
prostacyclin (Endresen et al., 1994).

The endogenous transition metals, iron (Fe) and
copper (Cu) can catalyze the production of reactive
oxygen species such as hydroxyl radical and thus
promote oxidative stress. Albumin and ceruloplas-
min are the major Cu-binding proteins in plasma.
When sequestered by albumin or ceruloplasmin,
Cu is usually redox-inactive (incapable of produc-
ing reactive oxygen species). However, plasma
samples from at least a subset of women with
pre-eclampsia (compared to normal pregnancy)
display an elevated endogenous redox-cycling
activity of Cu that can be inhibited by the copper
(IT) chelator, cuprizone I (Kagan et al., 2001). This
activity may result from increased FFA in the
circulation (Figure 11.4). Circulating FFAs are
complexed with albumin. The molar ratio of FFA
to albumin is two- to threefold greater in pre-
eclampsia than normal pregnancy (Endresen et al.,
1992, 1994; Vigne et al., 1997). The excess binding
of fatty acids to albumin results in a conforma-
tional change in the albumin molecule accompa-
nied by an isoelectric shift (from pl5.6 to pl4.8)
(Vigne et al, 1997). These changes are also
accompanied by an alteration in Cu/albumin
interactions with the appearance of “loosely
bound” Cu capable of generating reactive oxygen
species (Figure 11.4) (Kagan et al., 2001). Indeed,
model experiments show that Cu-dependent
redox-cycling activity of purified human serum
albumin is bolstered by excess FFA (Kagan et al.,
2001). In this manner, FFAs convert albumin from
an antioxidant to a pro-oxidant. Since elevated
levels of plasma FFA are not unique to pre-
eclampsia, there should be other conditions in
which dysregulated copper/albumin interactions
result in enhanced oxidative stress. One example is
diabetes, where not only FFAs but also glycation of
albumin may be responsible for its erroneous
binding of Cu and high redox-cycling activity
(Bourdon et al, 1999; Yuan et al, 1996). The
reactive oxygen species generated after FFA
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Figure 11.4 A mechanism of fatty acid-induced oxidative stress. Excess binding of fatty acids (FFA) to human serum albumin results
in a conformational shift in the albumin molecule accompanied by an alteration in copper (Cu)-albumin interactions with the
appearance of “loosely bound” Cu capable of redox cycling. This redox cycling oxidizes ascorbate to ascorbate radical which further
decomposes to dehydroascorbate. (Adapted from a drawing by Valerian Kagan, Ph.D., by personal permission.)

binding to Cu-albumin are capable of destroying
vitamin C and nitric oxide in vitro, and might do so
in vivo (Bilodeau and Hubel, 2003; Kagan et al.,
2001).

Triglycerides, oxidative stress and
vascular dysfunction

There is strong support for a causal relationship
between cholesterol and coronary artery disease.
Nevertheless, up to half of patients with coronary
artery disease have cholesterol levels in the normal
range, suggesting involvement of other factors
(Lamarche and Lewis, 1998; Lamarche et al.,
1998). Hypertriglyceridemia is emerging as a
major risk factor (Krauss, 1991, 1997; Lamarche
et al., 1998; Lewis and Steiner, 1996; Reaven, 1994).
Elevated triglycerides compromise vascular func-
tion in several ways. Triglyceride-rich lipoproteins
have prothrombotic activity (Lewis and Steiner,
1996). Functional assays have revealed that human
VLDL is toxic to human umbilical vein endothelial
cells in culture and that this toxicity is prevented by
the addition of pI5.6, but not fatty acid-laden
pI 4.8, albumin to the culture medium (Vigne et al.,
1997). Triglyceride-rich lipoprotein remnant parti-
cles, identified as atherogenic in other settings, are

increased in women with pre-eclampsia (Winkler et
al., 2003).

Triglyceride-rich lipoproteins in the
of a single high-fat meal impair endothelium-
dependent vasodilation in a reversible manner
(Plotnick et al, 1997; Vogel et al, 1997).
Hypertriglyceridemia may increase the prevalence
of reactive oxygen species by stimulation of
leukocyte NAD(P)H oxidase, by lowering concen-
trations of protective HDL, or by increasing the

form

formation of smaller, peroxidation-susceptible LDL
particles (reviewed in Hubel, 1999). Reactive
oxygen species, in turn, can decrease the bioavail-
ability of NO, either directly by destruction or
indirectly by formation of oxidized lipids that
subsequently destroy NO or decrease NO synthase
(Bilodeau and Hubel, 2003). Intraperitoneal injec-
tion of the nontoxic surfactant, poloxamer 407 in
rats results in sustained elevations of triglycerides,
cholesterol and FFA (Ramirez et al, 2001).
Mesenteric arteries isolated from pregnant rats
treated with poloxamer 407 (but not non-lipemic
pluronic F-88) display increased constrictor
responses to step increases in intraluminal pres-
sure (myogenic constriction). This increase in
myogenic constriction is due to selective attenua-
tion of a modulatory, NO-mediated, vasodilator
component of the myogenic response (Ramirez
et al, 2001). These data are consistent with the
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notion that dyslipidemia can adversely affect NO
homeostasis.

Hypertriglyceridemia shifts the spectrum of LDL
subclasses toward predominance of LDL particles
that are smaller in diameter, denser, and more
prone to oxidative modification. Several prospec-
tive studies have shown that a preponderance of
small dense LDL is associated with increased risk
of coronary heart disease (Gardner et al, 1996;
Lamarche et al., 1997, 1998; Stampfer et al., 1996).
The small dense LDL (“pattern B”’) phenotype is
associated with impaired NO-dependent forearm
vasodilation in non-insulin-dependent diabetes
mellitus (NIDDM) (O’Brien et al, 1997). As
measured by nondenaturing polyacrylamide gradi-
ent gel electrophoresis, the rise in plasma triglycer-
ide during normal pregnancy is accompanied by a
progressive  shift from predominantly large
diameter LDL to predominantly intermediate and
small-sized LDL, with reversal by 6weeks post-
partum (Hubel et al, 1998b; Silliman et al., 1994).
Three studies using gradient gel electrophoresis
have reported that the diameter of the principal
LDL subclass is significantly decreased in pre-
eclampsia relative to normal pregnancy (Belo er al.,
2002; Hubel et al, 1998a; Ogura et al., 2002).
Studies using density gradient ultracentrifugation
in which LDL is separated primarily by floatation
rate into three subfractions indicate that LDL
becomes denser with advancing pregnancy once a
serum triglyceride concentration threshold is
crossed (Sattar et al, 1997b). LDL is reportedly
even denser in women with pre-eclampsia (Sattar
et al., 1997a). Taken together, these data suggest
that potentially atherogenic, smaller, denser LDL
predominates in pre-eclampsia. However, the
floatation rate of lipoproteins depends on both
particle buoyancy and size. Using a method
purported to separate LDL particles strictly by
virtue of their density, another group has reported
accumulation of buoyant LDL with advancing
gestation and depletion of the most dense LDL
subfractions in pre-eclampsia (Winkler et al, 2000,
2003). Perhaps NMR spectroscopy or scanning
electron microscopy will help to clarify whether

this discrepancy reflects methodological flaws or
biology, i.e. formation of a buoyant (conceivably a
unique small buoyant) LDL subtype during preg-
nancy that is accentuated during pre-eclampsia.
LDL isolated from plasma of women with pre-
eclampsia is more susceptible to oxidation upon
exposure to exogenous free radicals than normal
pregnancy LDL (Wakatsuki et al, 2000). This is
consistent with a subtype of LDL capable of
disrupting NO homeostasis and impairing
endothelial cell function.

Lipid peroxidation and the placenta

Lipid peroxidation products may have a role in the
pathogenesis of pre-eclampsia (Hubel, 1998;
Lorentzen and Henriksen, 1998; Walsh, 1998). The
pathologic lesions of the decidual arterioles in pre-
eclampsia (“‘acute atherosis”) include fibrinoid
necrosis of the vessel wall, aggregates of platelets,
and accumulation of lipid-laden macrophages
(foam cells) (DeWolf et al, 1975; Sheppard
and Bonnar, 1981). The morphology of these
vessels suggests parallels with the atherogenic
process in which LDL lipid peroxidation with
foam cell formation has a paramount role
(Branch et al., 1994; Lorentzen and Henriksen,
1998). Pre-eclamptic decidual tissue has an
increased content of lipid peroxides (oxidized
polyunsaturated fatty acids) (Staff et al, 1999a,
1999b). Consistent with a hypothesized role
for lipid peroxides, immediate postpartum curet-
tage (removal of decidual tissue) accelerates the
recovery from pre-eclampsia (Henriksen, 2000).

Can dyslipidemia during pregnancy flag
later-life cardiovascular risk?

Recent data have linked maternal vascular,
metabolic, and inflammatory complications of
pregnancy (including gestational diabetes,
pre-eclampsia, and low birthweight) with an

increased risk of cardiovascular disease in later



life (Hubel et al., 2000; Sattar and Greer, 2002).
As mentioned previously, the insulin resistance
syndrome is a key factor underlying non-preg-
nancy cardiovascular disease. The maternal
physiologic response to normal pregnancy includes
a transient excursion into several aspects of this
metabolic syndrome, i.e. insulin resistance, hyper-
lipidemia, and an increase in coagulation factors
(Herrera et al., 1988; Hubel et al., 1998b; Martin
et al.,, 1999; Montes et al., 1984; Sattar and Greer,
2002). Normal pregnancy also involves upregula-
tion of the inflammatory cascade including activa-
tion of peripheral white blood cells (Sacks et al,
1998, 1999). Upregulation of the inflammatory
cascade in non-pregnant women is a strong risk
factor for adverse cardiovascular events and
diabetes (Ross, 1999). Several lines of evidence
suggest that pregnancy represents a ‘‘stress test’”” of
maternal carbohydrate, lipid, and inflammatory
pathways, and vascular function (Agatisa et al.,
2004; Barden et al., 1999; Hubel et al, 1999; Kaaja
et al., 1999; Ma et al., 1994; Montes et al., 1984;
Sattar and Greer, 2002; Wolf et al, 2001).
Accordingly, abnormal accentuation of these meta-
bolic changes during pregnancy, even in women
with normal pregnancy outcome, may be a
harbinger of later-life cardiovascular problems.
Although glucose tolerance decreases during
normal pregnancy the majority of women remain
euglycemic. However, approximately 2—3% of
pregnant women cannot overcome the peripheral
insulin resistance and hence develop gestational
diabetes (Kuhl, 1991). These women undergo a
deterioration of glucose homeostasis under the
stress of pregnancy but appear to revert to normal
after delivery. The risk for later-life NIDDM is high
in women with gestational diabetes, however, and
its diagnosis during pregnancy is an important
indicator of future health risk (Gregory et al., 1993).
Although not well studied at this point, there are
indications that a supra-physiologic rise in plasma
lipids serves as a marker of “prelipemia” in the
same way that gestational diabetes is a marker for
prediabetes (Montes et al., 1984). In women with
extreme hypertriglyceridemia (>95th percentile)

Dyslipidemia and pre-eclampsia

173

during pregnancy, HDL cholesterol is concurrently
abnormally low and does not revert to normal
postpartum even after triglycerides return to within
the 95th percentile; this suggests that extreme
hypertriglyceridemia of pregnancy is a true patho-
physiologic disorder. In addition, non-pregnant
family members of women with supraphysiologic
pregnancy triglycerides also show evidence of
hyperlipidemia (Montes et al, 1984). These data
are consistent with an underlying prelipemic trait
unmasked by the “‘stress-test” of pregnancy.

Several variations within the coding region of
the lipoprotein lipase gene are common in the
general population and are associated with altera-
tions in lipoprotein lipase mass and activity. By
decreasing lipoprotein lipase activity, these muta-
tions promote the dyslipidemic triad of increased
triglyceride, decreased HDL cholesterol, and
predominance of atherogenic small dense LDL.
Heterozygous lipoprotein lipase deficiency is
thought to play an important role in the pathogen-
esis of coronary artery disease. Interestingly,
heterozygous lipoprotein lipase deficiency is
often insufficient to cause overt dyslipidemia in
nonpregnant, premenopausal women. However,
dyslipidemia is promoted by factors such as
pregnancy, obesity, or diabetes, which challenge
the lipolytic system by increasing hepatic secretion
of VLDL. Lipoprotein lipase heterozygotes can
thus become severely hypertriglyceridemic during
pregnancy (Hubel et al., 1999; Ma et al., 1994). High
triglycerides during pregnancy in these women
reveal, often for the first time, a genotype known
to predispose to coronary artery disease. As noted
earlier, inhibitory mutations in the lipoprotein
lipase gene are more prevalent in some popula-
tions of women with pre-eclampsia.

Women with an abnormal lipemic response to
pregnancy but with normal pregnancy outcome
may have advantages (such as superior placenta-
tion or genes favoring endothelial resistance) that
protect from endothelial dysfunction in the setting
of pregnancy. Further studies are needed to
determine the extent to which an abnormal
carbohydrate or lipoprotein response to pregnancy



174

C. A. Hubel

can ‘“flag” women at risk of cardiovascular
Identification of
women who display these risk markers during or
after pregnancy might allow for early interventions
(i.e. exercise, antioxidants) to diminish or delay

dysfunction after pregnancy.

future cardiovascular morbidity and mortality
(Figure 11.5).

Pre-eclampsia, later-life dyslipidemia and
cardiovascular risk

Several studies have shown that an association
between pre-eclampsia and later-life hypertension
or ischemic heart disease is strongly supported,
especially (but not only) when the hypertension in
pregnancy was recurrent or developed before
30weeks of gestation (Hannaford et al, 1997,
Jonsdottir et al., 1995; Ness et al., 2003; Sattar and
Greer, 2002; Sibai et al., 1986). On the other hand,
there is some evidence of a decreased frequency of

adverse cardiovascular outcomes in women with a
normal pregnancy history compared with the
overall female population (Fisher et al, 1981).
Women whose pregnancies were normal may
comprise a population more representative of a
healthy phenotype than the female population at
large. Evaluation of women before, during and after
their reproductive history is needed to clarify these
associations and evaluate their mechanisms.

Women with pre-eclampsia frequently develop
dyslipidemia as early as 10weeks of gestation.
This dyslipidemia peaks during late pregnancy
and reverts by 6—10weeks after delivery. To what
baseline, however? Subtle dyslipidemia persists
after pregnancy in non-pregnant women with
prior pre-eclampsia, at least in some populations,
consistent with a hypothesized contribution to
adverse remote prognosis.

A retrospective comparison of 62 women with
pre-eclampsia and 84 with normal pregnancy, seen
antenatally and at

6weeks and 6months

Model for time-dependent progression of endothelial disease

Pre-eclampsia
Wi
i

No intervention

Pregnancy \

F1

s 3

Endothelial disease index

F2

$

Pregnancy

Menopause

Aggressive intervention

Menopause

L — Clinical
threshold

Time

Figure 11.5 Intervention strategies against time-dependent progression of endothelial disease. F1, female 1 (high-risk); F2, female
2 (low-risk); CVD, cardiovascular disease. Genetic factors contribute to both the endothelial health baseline and the susceptibility to
negative environmental factors (slope). Risk factors for endothelial disease are identifiable during the “stress-test” of pregnancy.
(linically evident disease manifests once a threshold is crossed (as is the case for F1 during first pregnancy and post-menopause).
Interventions such as antioxidant vitamins or statin drugs may significantly delay progression of endothelial disease.



postpartum, revealed persistent dyslipidemia
(increased triglycerides total cholesterol and LDL
cholesterol), increased blood pressure, and a high
prevalence of obesity in women with prior pre-
eclampsia (Barden et al, 1999). In this study,
women with previous pre-eclampsia reported a
greater incidence of family history of hypertension
(65% versus 35%). Intriguingly, these authors have
also reported that 8-isoprostane, an indicator of
oxidative stress, is increased in pre-eclampsia and
is still increased 6 weeks postpartum (Barden et al.,
2001).

Aberrations indicative of dyslipidemia and insu-
lin resistance (higher fasting insulin, glucose,
HOMA index of insulin resistance, triglycerides,
uric acid and blood pressure) have been reported
in women 6 months to 2.5 years after pre-eclamptic
pregnancy (Nisell et al, 1999). Another study
examined women 2-5years after pre-eclampsia,
matched (by age, parity at index pregnancy, and
time of delivery) to controls with prior normal
index pregnancies. Plasma vWF concentrations
were higher in the women with a history of pre-
eclampsia, suggestive of endothelial dysfunction.
Dyslipidemia was also noted, presenting as higher
cholesterol, total triglycerides, and VLDL triglycer-
ides, but only in luteal phase samples (He et al.,
1999). In a study of Finnish women, mild hyper-
insulinemia and higher blood pressures, but no
significant lipid changes (triglycerides, or total-
HDL-, and LDL-cholesterol), were observed in
women 17years after pre-eclamptic pregnancy
(Laivuori et al., 1996).

Elevated plasma apolipoprotein B (greater than
120mgdL™") and a decrease in mean LDL particle
diameter (a combination that indicates high
concentrations of atherogenic, small-sized LDL
particles) confers an especially high cardiovascular
risk in the general population (Lamarche and
Lewis, 1998; Lamarche et al., 1998). Icelandic
women who had undergone a pregnancy with
eclampsia (convulsions with pre-eclampsia),
50—67years old at re-examination, show this
abnormal lipid profile (Figure 11.6) (Hubel et al.,
2000). In this study cases and controls were
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individually matched for date of birth, age at
pregnancy and parity. All were without evidence
of pre-pregnancy disease. The percentage of
cases on blood pressure medication (33%) was
significantly greater than controls (6.7%). The
subset of postmenopausal women with history
of hypertensive complications in at least one
other pregnancy in addition to the index eclamptic
pregnancy (recurrent subgroup) displayed signifi-
cantly increased diastolic blood pressures, and a
more diverse profile of atherogenic lipids (smaller-
sized LDL, increased apolipoprotien B, decreased
HDL, cholesterol, and increased ratio of total
cholesterol to HDL cholesterol) compared to their
controls (Hubel et al., 2000).

LDL isolated from women with a history of pre-
eclampsia, 1-3 years postpartum, reportedly shows
an increase in intrinsic susceptibility to oxidative
modification upon exposure to exogenous copper
compared to LDL from women with a history of
normal pregnancy. LDL cholesterol and triglycer-
ides were also increased in these postpartum
women who had had the pregnancy syndrome
(Gratacos et al, 2003). This profile suggests
increased susceptibility to oxidative stress post-
partum, a state that might predispose to future
cardiovascular disease.

Impairment of endothelial vasodilatory function
exists years after pre-eclamptic pregnancy (Agatisa
et al., 2004; Chambers et al., 2001). One study has
shown that this impairment is reversed by intrave-
nous administration of the supremely important
antioxidant nutrient, vitamin C (ascorbic acid)
(Chambers et al., 2001). Multivariable analysis
suggested that the impairment was not explained
by the significantly increased body mass index,
blood pressure, family history of hypertension
or increased total cholesterol to HDL-cholesterol
ratio evidenced by these women. Dyslipidemia-
induced endothelial dysfunction in non-pregnant,
insulin-resistant patients is reversed by vitamin C
(Pleiner et al, 2002). The potential benefit of
antioxidants toward amelioration of dyslipidemia-
mediated vascular dysfunction in the setting of
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Figure 11.6 Scatterplot of serum apolipoprotein B concentrations in postmenopausal women with a history of eclampsia
or history of uncomplicated pregnancies. Each symbol corresponds to a different individual. Thick horizontal bars
correspond to median values for each group. P<0.02 by Wilcoxon signed-rank test, postmenopausal women with prior
eclampsia (with recurrence of hypertension in at least one other pregnancy) vs. postmenopausal women with a history of
only normal pregnancy (matched pair design). Data redrawn from Hubel et al. (2000).

pregnancy,
analysis.
As suggested by Chesley (1978), it seems unlikely
that pre-eclampsia or eclampsia actually causes
later-life cardiovascular disease. One might propose
that a life-long (possibly inherited) predisposition to
the metabolic syndrome leads to exaggerated
insulin resistance and dyslipidemia during preg-
nancy that, in susceptible women, fosters endo-
thelial cell dysfunction and other maternal
manifestations of pre-eclampsia. This constitu-
tional predisposition may also increase the like-
lihood of future cardiovascular disease. Further
research is clearly needed regarding interrelation-
ships of pregnancy history, lipids, and endothelial
cell-related disease in later stages of life.

and postpartum, warrants further

Concluding remarks

Dyslipidemia, detectable during early pregnancy
and in many studies years postpartum, is a possible
contributor to both the development of pre-
eclampsia and future cardiovascular disease. One
cannot exclude the possibility that pre-eclampsia
causes postpartum problems as opposed to being
caused by an underlying predisposition that
preceded pregnancy. This distinction is less impor-
tant, however, if dyslipidemia or other factors can
identify patients at risk of future disease. Given
the epidemiological association between pre-
eclampsia and future cardiovascular disease, and
the emerging evidence of early postpartum patho-
physiology, aggressive risk factor modifications



may prove to especially benefit these women
(Figure 11.5).

Adipose tissue is a metabolically active endo-
crine and paracrine organ, and hence more
than just a repository for fat. Experimentation
on this tissue would undoubtedly increase our
understanding of the pre-eclampsia phenotype.
Abdominal fat
normal pregnancy exhibits an increase in basal
and hormone-stimulated rates of lipolysis
in vitro compared to abdominal fat from non-
pregnant women (Williams and Coltart, 1978).
To date, however, there has been little study
of adipose tissue of women with normal, pre-
eclamptic, or fetal growth-restricted pregnancy.
The role of novel lipid-regulatory factors such
as peroxisome proliferator-activated receptors,
resistin, and adiponectin in pregnancy adap-
tation and pathogenesis also await evaluation.
Fascinating interactions between adipogenesis
and angiogenesis have been noted (Fukumura
et al., 2003). Circulating endothelial progenitor
cells likely contribute to ongoing endothelial
maintenance and repair in the adult peripheral
circulation (Hill et al., 2003). The influence of
cardiovascular risk factors on these processes in
the setting of pregnancy and postpartum may
provide new horizons for research.

biopsied from women with
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Pre-eclampsia a two-stage disorder:
what is the linkage? Are there directed

fetal /placental signals?

Introduction

Several years ago Chris Redman formalized the
concept that pre-eclampsia could be best thought
of as a two-stage disorder (Redman, 1991)
(Figure 12.1). The first stage was reduced placental
perfusion and the second stage the maternal
syndrome. This model emphasizes that, although
the placenta is the important component causing
pre-eclampsia and that reduced placental perfu-
sion, the relevant insult, there was clearly more to
pre-eclampsia than simply reduced placental
perfusion. Somehow the reduction of oxygen and/
or nutrients to the placenta results in a multi-
systemic maternal syndrome. Furthermore, not all
pregnancies with reduced placental perfusion
result in pre-eclampsia. Elucidating the process of
implantation, which is frequently the origin of
reduced placental perfusion, and increasing knowl-
edge of the proximate pathophysiological changes
of the maternal syndrome are vital to the

Stage 1: Reduced
placental perfusion
abnormal implantation

Jim Roberts

understanding of pre-eclampsia. Determining
how these two stages are linked will provide special
insight especially relevant to disease management.
In this presentation we will provide an overview of
the two-stage model, discuss maternal interactions
with reduced placental perfusion and address
potential linkages. We will give special attention
to the possibility that the linkage of the two stages
involves directed fetal placental signals. The impli-
cations of these concepts will be addressed.

Stage 1

Almost 60years ago Ernest Page formalized the
concept that reduced placental perfusion is the
important initiating cause of pre-eclampsia (Page,
1939). One line of evidence supporting this was the
failed vascular modeling of the maternal vessels
supplying the intervillus space that was present in
women with pre-eclampsia (Pijnenborg et al., 1991;

Stage 2: Maternal

syndrome

Figure 12.1 Two-stage model of pre-eclampsia: pre-eclampsia is posited to be initiated by reduced fetal/placental perfusion.
Reduced perfusion is linked by the production of a placental product (unknown) to the maternal syndrome of pre-eclampsia.
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Brosens et al, 1979). In pre-eclamptic women
these vessels do not increase in diameter nor do
they lose their vascular smooth muscle, as is
characteristic of normal implantation. Since blood
flow increases in proportion to the fourth power of
the radius, intervillus blood flow is reduced
enormously. Also, while in normal pregnancy
spiral artery remodeling of the smooth muscle of
the vessels is lost, in pre-eclampsia this does not
take place, thereby rendering these vessels poten-
tially responsive to vasoconstrictors.

Further evidence for reduced perfusion comes
from medical conditions that predispose to pre-
eclampsia such as hypertension and diabetes.
These and several other medical conditions that
increase the risk of pre-eclampsia are known to
manifest microvascular disease and could therefore
reduce uterine and subsequently placental perfu-
sion (Roberts, 1998b). Obstetrical conditions with
large placentas also predispose to pre-eclampsia
(Page, 1939). This is proposed to result in “relative
placental hypoperfusion”, as it would not be
possible for even a normal intervillus blood supply
to adequately perfuse this increased placental
mass. Additional support comes from animal
experiments in which several strategies to decrease
blood flow to the placenta result in a pre-
eclampsia-like syndrome (Roberts, 1998b). In addi-
tion, assessment of intervillus blood flow, either by
direct wash out studies (Roberts, 1998b) or more
recently by uterine artery Doppler velocimetry,
supports reduced flow (Papageorghiou et al., 2002).

Stage 2

Although pre-eclampsia is diagnosed by increased
blood pressure and proteinuria, it is a complex
multiorgan syndrome of reduced organ blood flow
and striking metabolic modification (Roberts and
Lain, 2002). This reduced organ blood flow is
secondary to vasoconstriction, activation of the
coagulation cascade, presumably with micro-
thrombae and reduced intravascular volume. The
reduced intravascular volume is at least partially

explained by leakage of fluid from the intravascular
compartment. The vasoconstriction is likely
primarily due to increased vascular sensitivity to
pressor agents (Chesley, 1966).

This constellation of findings suggests that
endothelial activation might be a central patho-
physiological feature with altered endothelial func-
tion increasing pressor sensitively, activating the
coagulation cascade, and leading to loss of fluid
from the intravascular space (Roberts et al., 1989).
This hypothesis has been extensively supported
over the last decade (Roberts, 1998a). Women with
pre-eclampsia have increased markers of endothe-
lial activation in their circulation, while vessels
from these women manifest altered endothelial
function ex vivo. Furthermore, women who have
had pre-eclampsia manifest blunted endothelial
mediated vasodilatation years after a pre-eclamptic
pregnancy (Chambers et al., 2001). The concept of
increased endothelial activation in pre-eclampsia
has been extended to suggest that the endothelial
dysfunction is only one of a constellation of
changes brought about by excessive activation of
inflammatory responses in the syndrome (Redman
et al., 1999). These ideas have redirected the study
of pre-eclampsia from attempting to understand
almost exclusively factors that altered blood pres-
sure to a more generalized assessment of agents
that can alter endothelial function and/or activate
inflammatory responses.

It is important to point out that the increased
inflammatory response/endothelial activation with
subsequent vasoconstriction and reduced blood
flow to systemic organs also decreases uterine
blood flow with subsequent further reduction of
placental blood flow. This model predicts pre-
eclampsia as including a feed forward loop, which
is quite consistent with the natural history. Pre-
eclampsia, once manifest, never abates; once the
clinical condition begins to worsen the progression
may be extremely rapid.

The vascular changes of pre-eclampsia are
accompanied by profound metabolic changes
(Roberts and Lain, 2002). These consist largely
of the changes of the metabolic syndrome.



Thus, increased insulin resistance, LDL cholesterol,
triglycerides, uric acid, and reduced HDL choles-
terol are all present in pre-eclampsia. These have
suggested a similarity between pre-eclampsia and
later-life atherosclerosis (Roberts and Lain, 2002).
Leptin and sympathetic output that increase fat
mobilization are also increased in women with pre-
eclampsia. As with the physiological changes,
many of these differences can be demonstrated in
very early pregnancy and can be detected years
postpartum (Hubel ef al., 1998; Laivuori et al., 1996,
1998, 2000; Lorentzen et al., 1994). Several of these
alterations could be secondary to increased activa-
tion of the inflammatory response. Interestingly,
these metabolic modifications all increase poten-
tial nutrient availability for the fetus.

Maternal fetal interactions
in pre-eclampsia

Although reduced placental perfusion may be
necessary, it is certainly not sufficient to invariably
result in stage 2 of pre-eclampsia. Reduced uterine
perfusion also accompanies intrauterine growth
restriction (IUGR) not associated with infection or
chromosomal anomalies. Despite the reduced
perfusion, most women with ITUGR infants do not
manifest the maternal syndrome of pre-eclampsia.
Perhaps the most compelling evidence that reduced
placental perfusion does not invariably result in
pre-eclampsia is the observation that the failed
remodeling of the placental bed vascular character-
istic of pre-eclampsia is also present in pregnancies
complicated by IUGR (Khong et al., 1986), and in
one-third of pregnancies delivering preterm (Arias
et al., 1993). These facts have led to the suggestion
that stage 2 of pre-eclampsia may also require
maternal susceptibilities. These differences in
“maternal constitution” result in increased sensi-
tivity of the mother to the consequences of reduced
placental perfusion. The maternal constitution is
the genetic, behavioral and environmental set that
the mother brings into pregnancy. Thus, it includes
not only genetic polymorphisms and behavioral
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factors such as obesity but also diet, toxin exposures
and perhaps even pre-existing infection.

Maternal factors predisposing to pre-eclampsia
are strikingly similar to those that increase the risk
for cardiovascular disease in later life. This has
been reviewed by Sattar and Greer (2002). Obesity,
hypertension, dyslipidemia, abnormal endothelial
function, diabetes, and hyperhomocysteinemia
contribute to both disorders. Pre-eclampsia and
atherosclerosis manifest increased evidence of
inflammation, endothelial dysfunction and oxida-
tive stress. An intriguing observation is that
whereas these insults result in endothelial dysfunc-
tion and the maternal syndrome, pre-eclampsia,
during pregnancy, the pathophysiological changes
of pre-eclampsia abate with delivery despite the
persistence of the insult. Decades must ensue
before this insult results in the endothelial dysfunc-
tion of atherosclerosis. This suggests that there is
enhanced endothelial sensitivity to these insults
during pregnancy.

The hypothesis of maternal fetal/placental inter-
actions, which is illustrated in Figure 12.2, has
several implications. First, the maternal constitu-
tion may, as discussed above, directly affect
placental blood flow either by vascular effects or
by microthrombae secondary to thrombophilias
occluding intervillus blood flow. However, mater-
nal factors also contribute to the syndrome by
interacting with the consequences of reduced
placental blood flow to increase inflammatory
response and endothelial dysfunction. As discus-
sed, the effects of the maternal constitution can be
amplified by pregnancy specific changes. These
include not only the well-recognized physiological
and metabolic changes of pregnancy, but also the
increased inflammatory activation during preg-
nancy that might, for example, render endothelial
cells more sensitive to injury. It is also evident that
the particular maternal predisposition or combina-
tions of predispositions is not the same in all
women. This is exceptionally well illustrated by
studies of candidate genes as indicators of sus-
ceptibility to pre-eclampsia. Angiotensinogen poly-
morphisms are associated with pre-eclampsia in
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Pregnancy specific changes
(increased inflammatory
response)

Reduced fetal/placental

Maternal
constitutional
factors:
(e.g. obesity,
diabetes, diet)

perfusion
v
Maternal/fetal
endothelium
4 A
Fetal outcome Acute
(acute and long maternal
term) disease

Long-term maternal
outcome (recurrent
pre-eclampsia
cardiovascular disease)

Figure 12.2 Maternal fetal placental interactions in the genesis of pre-eclampsia. This model proposes that reduced placental
perfusion is not adequate for the development of pre-eclampsia. The reduction in placental perfusion interacts with maternal
constitutional factors to result in acute maternal disease and to contribute to fetal disease. The maternal constitutional factors are
those that predispose to maternal disease in later life while the reduced placental perfusion may result in fetal disease. Quite
importantly, the maternal factors that the woman brings to the pregnancy are modified by pregnancy-specific physiological changes
and of these, the inflammatory response is of paramount importance. Maternal thrombophilias with consequent microthrombae, and
pre-existing vascular disease may further reduce placental perfusion. The dotted line suggests that the materials produced by the
placenta in response to reduced placental perfusion may include directed fetal signals that further modify maternal physiology and

metabolism.

Utah (Ward et al., 1993) and Japan (Kobashi et al.,
1999), but not England (Morgan et al., 1995), China
(Bai et al., 2002), Australia (Guo et al., 1997), or in
(Bashford et al, 2001).
A similar discrepancy is also evident for other
genetic polymorphisms suggested as relevant to
pre-eclampsia (Roberts and Cooper, 2001).
Another implication is that reduced placental
perfusion and the maternal constitution can

Hispanic Americans

contribute different “proportions” of the insult in
different women. Thus, in some women the major
contribution is the reduced placental perfusion
that could, for example, be severe enough that
almost all women would develop the maternal
syndrome. Alternatively, a particular woman could
be so sensitive to the insult that minimally reduced
perfusion would result in stage 2. An open question
is whether this maternal sensitivity could be great

enough that even normal placental perfusion
would result in pre-eclampsia. That is, reduced
placental perfusion is not only insufficient to cause
the maternal syndrome, but in some cases it may
not be necessary.

Linkage of stage 1 and stage 2

An extremely important question is how reduced
perfusion results in the maternal syndrome, pre-
eclampsia. What is the stimulus engendered by
reduced placental perfusion and what is the
linkage? Placental and/or fetal hypoxia has been
the usual candidate stimulus. Recent information
indicating that nutrients such as amino acids can
influence intestinal protein synthesis raises the
interesting possibility that nutrients other than
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Circulating markers
Nonlipid
Antibodies to LDL (Uotila et al., 1998)
Ascorbate oxidizing activity (Hubel et al., 1997)
Increased nitrosothiols (Tyurin et al., 2001)
Lipid markers
Lipid oxidation products (Hubel and Roberts, 1999)
Antibodies to oxidized LDL (Uotila et al., 1998)
In maternal tissues

Increased nitrotyrosine residues in blood vessels (Roggensack et al., 1999)
Activated neutrophils and monocytes (von Dadelszen et al., 1999)

In decidua

Atherosis with lipid-laden macrophages (Zeek and Assali, 1950)

Increased lipid peroxides (Staff et al., 1999b)

Increased isoprostanes (8-iso-PGF2alpha) (Staff e al., 1999a)

Protein carbonyls (Zusterzeel et al., 2001)
In placenta
Non-lipid markers

Increased xanthine oxidase in invading trophoblast cells (Many et al., 2000)
Increased nitrotyrosine resides in fetal blood vessel (Myatt et al., 1996)

Antioxidants

Reduced superoxide dismutase (Many ef al., 2000; Wang and Walsh, 2001)

Reduced glutathione peroxidase (Walsh and Wang, 1993)

Lipid markers
Increased malondialdehyde (Cester et al., 1994)
Increased lipid peroxides (Wang et al., 1992)
Protein carbonyls (Zusterzeel et al., 2001)

Increased isoprostane (8-iso-PGF2alpha) (Walsh et al., 2000)

oxygen could also generate fetal/placental signals
(Meijer, 2003).

Whatever the stimulus, a fetal/placental signal
must result that alters maternal systemic response.
There are several consequences of hypoxia with the
potential to transport information from the
placenta to the systemic circulation. Cytokines
such as TNF alpha can be induced by hypoxia
and released into the circulation to increase
systemic inflammatory responses and induce
endothelial dysfunction (Benyo et al, 1997;
Conrad and Benyo, 1997). Placental apoptosis
(Ishihara et al., 2002) and syncytiotrophoblast
necrosis (Huppertz et al, 2003) are increased in
pre-eclampsia and lead to increased shedding
of syncytiotrophoblast microparticles. There is

evidence that these microparticles are increased
in the blood of women with pre-eclampsia, and
further evidence that these microparticles can,
at least in vitro, alter endothelial function and
activate inflammatory cells (Redman and Sargent,
2000). Recently, the endogenous antagonist of
VEGF and PIGF, s-Flt, has been proposed as a
linkage (Maynard et al., 2003).

A unifying hypothesis is that oxidative stress is
the ultimate signal (Roberts and Hubel, 1999).
There is abundant evidence for increased systemic
oxidative stress in women with pre-eclampsia
(Table 12.1). Lipid and protein markers of oxidative
stress are increased in blood and maternal tissues
of women with pre-eclampsia. There is also
evidence of oxidative stress at the maternal—fetal
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interface. Increased interaction of superoxide and
nitric oxide resulting in the formation of the free
radical, peroxynitrite, is indicated by increased
nitrotyrosine staining in the placenta (Myatt
et al, 1996). In addition, isoprostanes, lipid
markers of oxidative stress, are increased in the
placenta (Walsh et al., 2000) and decidual tissues
(Staff et al., 1999a) of women with pre-eclampsia.
Furthermore, the enzyme activity of xanthine
oxidase is increased in the cytotrophoblast of
women with pre-eclampsia (Many et al., 2000).
This enzyme generates the reactive oxygen species,
superoxide, and uric acid. Oxidative stress in the
placenta can lead to the formation of stable
oxidation products such as malondialdehyde or
isoprostanes that could interact with endothelium
systemically. In addition, there is evidence of
activation of circulating blood products in pre-
eclampsia. Neutrophils and monocytes could be
activated by the oxidative stress as they pass
through the intervillus space and subsequently
interact with endothelium and release reactive
oxygen species (von Dadelszen et al., 1999). It is
also possible that the apoptosis, leading to micro-
villus particle shedding, the increased synthesis of
placental s-Flt and increased placental cytokines
are secondary to increased oxidative stress. In
addition, activated neutrophils and monocytes
interact with vascular endothelium to release
reactive oxygen species. It is likely that microvillus
particles generated in a setting of increased
oxidative stress contain oxidized lipids that can
interact with endothelial cell membranes to oxidize
lipids, and proteins.

Another intriguing possibility is that uric acid,
long known to be increased in pre-eclampsia, is
more than a consequence of disease. There is, for
example, evidence that adverse outcomes increase
with increasing uric acid. Infant death (Redman
et al., 1976), eclampsia (Wakwe and Abudu, 1999),
frequency of intrauterine growth restriction
(D’Anna et al., 2000) and time to resolution post-
partum (Ferrazzani et al, 1994) all correlate with
increasing uric acid. Recent information indicates
that uric acid itself may increase blood pressure in

animal experiments (Mazzali et al., 2001). The role
of placental uric acid produced by xanthine oxidase
as a response to reduced placental perfusion as the
linkage of stage 1 and stage 2 of pre-eclampsia
deserves further attention.

Directed fetal placental signals and fetal/
placental maternal interactions

Recently we have been testing the hypothesis that
the fetal/placental signals in pre-eclampsia may
not merely be “toxic side effects” but rather a
directed fetal response to reduced placental perfu-
sion. This hypothesis proposes that the poorly
perfused placenta generates signals that attempt to
overcome the reduced fetal/placental nutrient
availability. These signals function to modify
maternal metabolism and physiology in a manner
that increases nutrient availability. We further
posited that the signal(s) may also modify placental
transport to increase nutrient availability. An
extension of this hypothesis is that some women
because of their constitution cannot tolerate these
changes and pre-eclampsia results (Figure 12.3).

The hypothesis is consistent with the heritability
of pre-eclampsia. The survival value of the condi-
tion is not the pre-eclampsia but the directed fetal/
placental signal(s) that increases fetal nutrient
availability (and in women with constitutional
risk factors, pre-eclampsia). It could also explain
why abnormal vascular remodeling is present in
the vast majority of placental bed biopsies of pre-
eclamptic women but growth restriction in only
30%. Furthermore, it is consistent with the excess
of large for gestational age infants in women with
pre-eclampsia delivered after 37 weeks gestational
age (Xiong et al., 2000).

It is also possible that the reduced nutrient
availability resulting in the putative fetal/placental
signal is mediated not solely by reduced placental
perfusion but also by reduced maternal stores or
reduced intake of appropriate nutrients. This could
explain why the role of maternal nutrition, long
suspected as having a role in growth restriction,
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Figure 12.3 Fetal maternal adaptation to reduced placental perfusion: reduced placental perfusion may result in abortion,
preterm birth pre-eclampsia or growth restriction. This model posits another possibility, that there are fetal—maternal
adaptive responses that result in normally grown fetuses and that the relationship to pre-eclampsia is not direct. The
model proposes that an appropriate response to reduced placental perfusion is the generation of fetal/placental signals
that modify maternal metabolism and physiology to increase nutrient delivery to the poorly perfused placenta. Some
women cannot tolerate the response and pre-eclampsia is the result. In two-thirds of women with pre-eclampsia this does
not result in intrauterine growth restriction, but in one-third of the cases, either because of profoundly reduced perfusion
that cannot be overcome by the fetal signal or with maternal adverse physiological responses further reducing perfusion,

growth restriction results. The model also posits intrauterine growth restriction in the absence of pre-eclampsia as a
failure of production of the putative fetal/placental signal. It further predicts normally grown infants despite reduced

placental perfusion.

has been so difficult to establish. The reduced
nutrient intake could be countered by fetal/
placental signals that in rare women would result
in pre-eclampsia.

This hypothesis predicts that there will be
women with reduced fetal/placental nutrient
availability who, because of the fetal/placental
signal which they are able to tolerate, have
normally grown infants. This concept is supported
by findings that 10% of women with normally
grown infants will have abnormal uterine artery
Dopplers at term accompanied by failed vascular
bed remodeling on placental bed biopsy (Aardema
et al., 2001). Also it is consistent with the obser-
vation that 50% of women with abnormal
uterine artery Dopplers in early pregnancy will
have normal pregnancy outcomes despite evi-
dence of oxidative stress in many of them
(Chappell et al., 2002; Morris et al, 1998;
Savvidou et al., 2003).

Determination of the fetal signal could have
therapeutic implications for pre-eclampsia and
IUGR. What are the possible candidates? The
placenta produces a number of molecules that
might potentially modify maternal physiology and
metabolism and placental function. These include
norepinephrine (Manyonda et al, 1998; Sarkar
et al, 2001; Sodha et al, 1984), acetylcholine
(Sastry, 1997), CRH (Fadalti et al., 2000; Karteris
et al.,, 2001, 2003) and leptin (Ashworth et al., 2000;
Domali and Messinis, 2002; Mantzoros, 2000;
Poston, 2002; Sagawa et al., 2002) to name a few.

We believe that of the placental hormones listed,
leptin holds special promise as one of the putative
signals to modify maternal and placental function
to augment nutrient delivery. Leptin has numerous
effects to alter energy metabolism and influence
adiposity (Harris, 2000). Many of these are quite
relevant to the metabolic adaptations of pregnancy
that are accentuated in pre-eclampsia. Leptin acts
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centrally to increase sympathetic outflow, increas-
ing the breakdown of triglycerides and glycogen
and also resulting in generalized increased sympa-
thetic activity, as seen pre-eclampsia (Haynes et al.,
1997). Leptin interacts with insulin, increasing
insulin sensitivity in brown fat and muscle but
reducing insulin sensitivity of white fat (Wang
et al., 1999).

The prime tissue for the production of leptin in
humans is adipose tissue. The placenta is the only
other tissue with a concentration of mRNA equiva-
lent to that of adipose tissue in humans (Ashworth
et al., 2000). Leptin concentration doubles during
normal pregnancy and drops dramatically post
delivery consistent with a placental origin
(McCarthy et al, 1999). Leptin produced by the
placenta can be upregulated by hypoxia (Mise
et al, 1998) and in vitro perfusion studies indicate
secretion almost exclusively to the maternal
compartment (Linnemann et al., 2000).

Consistent with the effect of hypoxia to
increase placental leptin, placental mRNA (Mise
et al, 1998) and maternal circulating leptin are
increased in pre-eclampsia (McCarthy et al., 1999).
Paradoxically, leptin is not increased in maternal
blood in pregnancies complicated by SGA (Chappell
et al., 2002). Leptin receptors are present on the
maternal (villus) surface of syncytiotrophoblast
(Bodner et al., 1999). Recent data indicates that
exposure of villus fragments to leptin increases
amino acid uptake (Jansson et al., 2003).

Leptin has effects in several tissues to modify
energy metabolism and uptake; in the placenta
leptin can increase amino acid uptake. Leptin is
produced by the placenta and increased by
hypoxia, as might be expected in placental and
fetal tissues with poor placental perfusion. In
keeping with the effect of hypoxia, leptin is
increased in the blood of women with pre-
eclampsia and in the placentas from these preg-
nancies (McCarthy et al, 1999; Mise et al., 1998;
Teppa et al., 2000). Paradoxically and consistent
with a fetal signal not expressed in response to
reduced nutrient and oxygen delivery in IUGR,

leptin is not increased in mothers destined to have
SGA pregnancies (Chappell et al., 2002).

Clinical and research implications of the
two-stage model

The two-stage model of pre-eclampsia proposes
that there is more to pre-eclampsia than reduced
placental perfusion. It is clear that reduced perfu-
sion of the intervillus space is not sufficient for the
development of pre-eclampsia and that a maternal
contribution is also necessary. The identification of
such maternal factors raises the possibility of
preventive therapy for pre-eclampsia directed at
countering specific abnormalities present in spe-
cific women. Is it possible, for example, that
therapy to either reduce obesity or counter the
consequences of obesity would be useful in women
with high BMI? Furthermore, since many of the
risk factors for pre-eclampsia are risk factors for
later-life cardiovascular disease, women with a
history of pre-eclampsia should be recognized as
women at increased risk for cardiovascular disease.
This information should encourage healthy lifestyle
interventions to reduce risk.

The concept that the interaction of maternal and
fetal factors converge to generate the maternal
syndrome suggests that therapy directed at this
convergence point might be useful for all women
destined to develop pre-eclampsia. Currently, the
concept that this interaction converges to generate
oxidative stress with subsequent inflammatory
activation and endothelial dysfunction has directed
large studies of antioxidant prophylaxis. The
success of these trials is the ultimate test of the
hypothesis. However, increased understanding of
the steps leading to and subsequent to the
convergences will also provide useful insights.
Is it possible that overt pre-eclampsia which
has long been considered as untreatable other
than by palliative therapy and delivery could be
reversed?

The two-stage model provides a unifying theory
to explain the widely disparate outcomes in



pre-eclampsia ranging from findings in the 10% of
cases that occur prior to 34 weeks and are asso-
ciated with increased maternal and fetal morbidity
and mortality to the vast majority of cases
that occur near to term. The cases at term range
from those associated with bad maternal and
fetal outcome in the absence of expeditious
delivery to cases with minimal consequence to
mother and baby and an excess of large babies
(Xiong et al, 2000). The relative contribution
of fetal-placental factors and maternal risk
factors (sensitivities) would dictate this variable
outcome.

The possibility that the response to the reduced
placental perfusion of stage 1 may generate not
merely toxic signals but signals secondary to a
fetal/placental adaptive response to reduced nutri-
ent/oxygen availability has important implications.
Certainly identifying these fetal/placental adaptive
signals could suggest strategies for therapy for
growth restriction. More immediately, it dictates
that any therapy for pre-eclampsia must be
assessed not only in terms of maternal effective-
ness but at least short-term and preferably long-
term effects on the fetus/infant.
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High altitude and pre-eclampsia

Introduction

Most well-described risk factors for pre-eclampsia
are constitutional maternal attributes, such as
primiparity, obesity, ethnicity, chronic hyperten-
sion, renal disease, etc. (Eskenazi et al, 1991;
Saftlas et al., 1990; Sibai et al., 1995; Stone et al.,
1994), or behavioral attributes such as contra-
ceptive practices or smoking (or the lack thereof)
(Klonoff-Cohen et al, 1989, 1993; Sibai et al,
1995). Residence at high altitude (>2700m) is the
only external environmental factor that, to date,
has been consistently linked with an increased
incidence of pre-eclampsia (Keyes et al, 2003;
Mahfouz et al, 1994; Moore et al., 1982; Palmer
et al, 1999). Far from being a problem limited to
only isolated human populations, more than
40 million people reside at elevations >2700m,
with their numbers increasing rapidly (Moore
et al, 1998). The primary effect of high altitude
is lowered arterial oxygen tension (PO,). Thus, of
the several competing hypotheses concerning the
etiology of pre-eclampsia, the data from high
altitude support that hypoxia (presumably of the
fetoplacental unit) is an underlying cause or at
the very least contributes to the develop-
ment of the syndrome. The high-altitude data
additionally support altered immunological func-
tion, impaired placentation (shallow invasion) and
ischemia or ischemia/reperfusion injury as poss-
ible etiological factors. This review considers the
impact of lowered maternal arterial PO, on
pregnancy physiology and the development of
pre-eclampsia.

Stacy Zamudio

High altitude and hypertension
during pregnancy

The first published report indicating that residence
at high altitude may be associated with an
increased risk for pre-eclampsia was by Colorado
researchers in 1982. Pregnancy-induced hyperten-
sion, noted as a diagnosis within medical records,
occurred in 12%, 4% and 3% of pregnancies
at 3100m, 2410m and 1600m, respectively.
Proteinuria greater than 1+ was noted in 28% and
9% of pregnancies at 3100m and 1600 m, respec-
tively. Blood pressure was generally higher in all
pregnant women at high altitude based on medical
records review. Further, in a small group of
prospectively studied women with pregnancy-
induced hypertension (PIH, hypertension without
proteinuria or other organ system involvement),
arterial oxygen saturation (which is largely deter-
mined by maternal arterial PO,) was inversely
correlated with blood pressure. Thus women with
the lowest saturations had the highest mean
arterial pressures (Moore et al., 1982). Support for
the idea that lowered maternal arterial oxygen
pressure is associated with an increased risk of
pre-eclampsia can also be found in the disease
literature: women with a variety of congenital heart
diseases associated with poor cardiac output or
impaired lung transfer of oxygen to blood also have
a markedly increased risk for pre-eclampsia (Shime
et al, 1987). The Colorado group continued to
pursue (in animal studies) the relationship
between pregnancy, hypoxia and hypertension
(Harrison and Moore, 1990; Harrison et al., 1986),
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uterine artery structure and growth (Rockwell ef al.,
2000), vascular reactivity (Harrison and Moore,
1989; Keyes et al., 1998; Mateev et al, 2003;
Sillau et al., 2002; White et al., 1998, 2000) and
the incidence and physiological correlates of pre-
eclampsia in retrospective and prospective human
studies (Jensen and Moore, 1997; Palmer et al.,
1999; Zamudio et al., 19953, b, ¢). Using a variety of
research designs, including cohort studies, birth-
certificate analyses and prospective longitudinal
physiological analyses, the data have consistently
shown anywhere from a two- to a fourfold eleva-
tion in the incidence of pre-eclampsia at high
altitude using both strict criteria (primiparas with
documented proteinuria and hypertension that
resolved following delivery) and less strict, but
clinically relevant criteria (e.g. hypertension plus
evidence of other organ system involvement, such
as neurological symptoms, abnormal liver function
tests or platelet consumption). While strictly
anecdotal, it is our impression that neurological
symptoms are more common at high altitude,
although the numbers of residents at >2700 m and
the limitations of epidemiological databases such
as birth certificates preclude formal testing of this
relationship. However, the general finding that

pre-eclampsia is increased at high altitude has
been replicated in Saudi Arabia, in women long
resident at 3000m, and in Bolivia, in women
residing at 3600 m. In these larger-scale epidemio-
logical analyses, there is a near twofold elevation in
the incidence of pre-eclampsia at high altitude,
independent of other risk factors, in both Saudi
Arabia and Bolivia (Keyes et al., 2003; Mahfouz
et al., 1994).

Maternal physiology in high-altitude
pregnancy

In this section we consider that one of the pos-
sible explanations for the link between maternal
hypoxia (lowered arterial oxygen pressure) and an
increased risk for pre-eclampsia lies in the impact
of hypoxia on multiple physiological systems (see
Figures 13.1 and 13.2). In this model it is not just
one effect of hypoxia that “causes” pre-eclampsia,
rather it is the impact of hypoxic stress on several
important adjustments to pregnancy that shifts the
general population risk such that more women
eventually develop the disease (Figure 13.1).

Incidence of pregnancy
complications

Normal population
risk, product of genes ——»,
+ environment

Change in
environment
produces
increased risk

Increasing risk —»

Figure 13.1 The solid bell-shaped curve represents the distribution of any given biochemical or physiological risk factor within a
normal population under normal (in this case sea-level) environmental conditions. The hatched bell-shaped curve represents the

shift in the value of this factor with a change in the environment. Thus under normal sea-level conditions the risk factor may lead to a
5—10% incidence of a given pregnancy complication, while the shift in the value of risk factor “x” with a change in environment (in

this case high altitude) leads to more cases of the syndrome.
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High-altitude

Normal pregnancy

pregnancy >2700 m

Pre-eclampsia

Physiological changes in pregnancy at high relative to low altitude
1 Blood pressure
| Plasma volume
! Catecholamines
1 Pro-inflammatory relative to anti-inflammatory cytokines
{ Uteroplacental vascular remodeling
| Uterine blood flow

Figure 13.2 A model of physiological changes in pregnancy in which the normal state is represented by sea-level normal
pregnancies on the left side, and intermediate state of adaptation is represented by high-altitude pregnancies in the middle, and the
extremes of physiological mal-adaptation are present in pre-eclampsia, the far right side. The list below the model are the data
published to date in high-altitude pregnancy showing the direction of the changes observed relative to sea-level normal

pregnancies.

Maternal oxygen consumption increases by a
minimum of 20% and carbon dioxide production
by 25% in human pregnancy at sea level. This
increase is accomplished by a 35% increase in
ventilation, which in turn is due to increased tidal
volume as opposed to breathing frequency. The
increase in oxygen consumption is not just due
to increased weight and metabolic rate; at term
oxygen consumption and carbon dioxide per kilo-
gram of body weight are still 10% higher than in
the non-pregnant condition (Moore et al., 1987).
At least part of the increased drive to breathe stems
from a general doubling of hypoxic ventilatory
response. But, as with any normally distributed
variable, there must be women at the upper and
lower ends of the bell-shaped curve who have
greater or lesser capacity for increasing their tidal
volume and hence oxygen transport. Likewise,
humans are remarkably variable in their ventilatory
sensitivity to hypoxia and hypercarbia, and women
with low responsiveness in pregnancy do not
increase their breathing as much as those with
higher responses (Moore et al., 1986, 1987). In the
model presented in Figure 13.1, we suggest that
most physiological variables have a normal distri-
bution, and that perturbation of the environment
(e.g. by lowered oxygen pressure and hence

availability) can shift a greater proportion of
individuals into a higher-risk category for the
development of a syndrome such as pre-eclampsia.
In Figure 13.2, based on the published literature,
we emphasize that for many physiological variables
known to be associated with an increased risk of
pre-eclampsia, high-altitude women tend be
shifted towards higher risk.

Blood pressure fails to fall mid-trimester at
high altitude, and is increased relative to low
altitude from week 16 forward (Palmer et al,
1999). While studies testing whether isolated
mean arterial pressures can predict the develop-
ment of pre-eclampsia lack specificity (Moutquin
et al., 1985; Sibai et al., 1995; Villar and Sibai, 1989),
it has long been known that even small incre-
ments in blood pressure in an otherwise normal
pregnancy are associated with increased risk
of adverse outcomes, including pre-eclampsia
and lower birthweight (Page and Christianson,
1976). That mean arterial pressure in pregnancy
at high altitude was inversely related to maternal
arterial oxygen saturation, and, in a later study,
to plasma volume expansion, supports the idea
that maternal oxygen transport and blood pres-
sure during pregnancy are related (Moore et al.,
1982; Zamudio et al, 1993). Disturbed oxygen
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extraction/metabolism has also been observed at
sea level in pre-eclampsia (Belfort ef al., 1993), and
the extensive literature on oxidative stress as a
potential contributor cannot even begin to be
covered here.

Plasma volume expansion is a well-known
correlate of fetal growth (Longo and Hardesty,
1984), and is impaired in a variety of pregnancy
complications ranging from oligohydramnios to
diabetes to IUGR in the absence of pre-eclampsia
(Goodlin et al., 1981). Hypovolemia is therefore a
general marker of risk for pregnancy complica-
tions, and one that has been argued, both past and
present, as an indicator of abnormal vascular
responsiveness (Bernstein et al, 1998a; Croall
et al., 1978). In our studies at 3100 m women with
the lowest arterial oxygen saturations had the
highest mean arterial pressures and the least
increase in plasma volume late in pregnancy
(Zamudio et al., 1993). Of interest here is that
the only sex difference known in long-term
high-altitude residents appears to be an impor-
tant contributor to the risk for developing pre-
eclampsia. Men residing at high altitude increase
their red cell mass and have plasma volumes only
slightly lower than at sea level (Hurtado et al., 1945;
Sanchez et al.,, 1970). An increase in red cell mass
leads to an increase in oxygen carrying capacity per
unit of blood. In contrast, women living at high
altitude have lower plasma volumes and a similar
red cell mass when compared to women living at
low altitude (Zamudio et al, 1993). The same
net effect is accomplished — hemoconcentration
increases oxygen carrying capacity, but at the cost
of a lowered plasma volume, and, presumably,
venoconstriction, since the veins house the major-
ity of plasma volume at any given moment. A low
non-pregnant plasma volume is associated with an
increased risk for pre-eclampsia and/or intrauterine
growth restriction (Bernstein et al, 1998a; Croall
et al., 1978; Gibson, 1973). The chronic reduction in
plasma volume noted in women residing at high
altitude could be due to either arterial or venous
vasoconstriction. The former is supported by
the observation that plasma volume decreases as

peripheral vascular resistance rises (Dustan et al.,
1973) and the latter by decreased venous distensi-
bility and by the increased ratio of central to total
blood volume in hypertensive subjects and in
acute high-altitude exposure (Ulrych et al., 1969;
Weil et al.,, 1971; Zamudio et al, 2001). We favor
venoconstriction as the cause, as blood pressure
does not differ in women who are not pregnant at
high versus low altitude (Palmer et al., 1999), nor is
there any evidence that more women are constitu-
tionally hypertensive or at the high end of the
normal range of blood pressure when not pregnant.
In our long-term residents of 3100m altitude
in Colorado, we found that while the increase in
plasma volume was normal in women who
remained normotensive during pregnancy at high
altitude, plasma volume at 36 weeks was similar to
that of non-pregnant women living at low altitude,
and volume expansion was more often disrupted,
with a third trimester fall in women who developed
PIH, and failure to expand altogether in women who
eventually developed pre-eclampsia (Table 13.1)
(Zamudio et al., 1993). It should be noted that these
data are entirely consistent with what has been
observed in pre-eclampsia at low altitude, and that
the relationship between volume expansion and
infant birth weight (r=0.58) was similar or greater
than that reported in previous studies (Longo and
Hardesty, 1984).

Systemic vascular resistance/response to pressor
agents has not been measured in pregnant women
at high altitude, although as noted above, a
considerable literature on animals exists, and is
thoroughly reviewed in White and Zhang with
respect to the most relevant animal models,
sheep and guinea pigs (White and Zhang, 2003).
However, the relative lack of fall in blood pressure
and impaired blood volume expansion noted in
pregnant women at high altitude suggest that
systemic vascular resistance may be elevated
relative to normal pregnancy at low altitude.
While the formation of a new uteroplacental circuit
contributes to the decrease in vascular resistance
pregnancy, the residual
systemic (non-uteroplacental) circulation accounts

observed in normal
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Table 13.1. Abnormal plasma volume expansion in hypertensive pregnancies at high altitude

1600 m 3100 m 3100 m 3100 m
Normotensive Normotensive PIH (n=5) Pre-eclampsia
(n=11) (n=22) (n=8)
Plasma volume nonpregnant (ml) 2523 +109 2112 +42 2292 +180 2464 + 157
Plasma volume nonpregnant (ml/kg) 42.4+1.2% 33.2+0.8 31.9+4.9 36.2+2.3
A Plasma volume nonpregnant to wk 36 (ml) 1363+178 1111+120 564 +456 216+203"
A Plasma volume, wk 24 to wk 36 (ml) 404 +67 —194+100" —227+61"

*p<0.05 high vs. low altitude.
t p<0.05 normotensive vs. pre-eclampsia at 3100 m.

for the majority (>70%) of the fall in resistance
observed in pregnant animals (Curran-Everett
et al, 1991). Hence, change in vascular responsive-
ness of the non-uteroplacental circulation and/or
changes in the levels of circulating pressors must
be present in human pregnancy. A substantial
literature supports the former, i.e. that attenuated
systemic vascular response to a number of pressor
agents, including catecholamines, contributes to
the fall in systemic vascular resistance, which, in
turn, facilitates the normal increase in cardiac
output and redistribution of blood flow to favor
the uteroplacental circuit (Chapman et al, 1998;
Chesley, 1978; Gant et al., 1973; Nisell et al., 1985a;
Palmer et al., 1992). These changes in vasoreactiv-
ity are, in part, mediated by increases in estrogen
and progesterone as reviewed (White et al., 1995).
Pregnancy attenuates the vascular response to
norepinephrine in pelvic and hindlimb vascular
beds, as well as contractile responses in isolated
aortic, mesenteric, femoral, caudal and uterine
arteries (Crandall et al, 1990; Dogterom and
DeJong, 1973; McLaughlin et al, 1989; Magness
and Rosenfeld, 1986; Parent et al., 1990). Pregnancy
also diminishes venous sensitivity to norepineph-
rine, although sensitivity can be increased several
fold by increasing intraluminal pressure (Hohmann
et al, 1990). This latter finding supports that
pregnancy-induced changes in venous volume
may be important contributors to venous reactiv-
ity. Since it is the venous system that houses 80% of
plasma volume at any given moment, aberration of

venous vascular reactivity may be an underlying
cause of the widely observed relationship between
impaired plasma volume expansion and pre-
eclampsia (Bernstein et al., 1998a), and consistent
with genetic data indicating polymorphisms of
relevance to angiotensin are associated with the
syndrome (Bernstein et al., 1998b).

Several lines of evidence support that women
who develop pre-eclampsia have greater activation
of the sympathetic nervous system, in particular the
alpha limb. Arterial norepinephrine levels are
increased by >40% in pre-eclamptic women over
their own nonpregnant values (Nisell et al., 1985a).
Arterial norepinephrine levels are several-fold
higher in pre-eclamptic than normal women, and
while venous levels do not differ, this is most likely
due to increased arterial to venous extraction in pre-
eclamptic women (Nisell ef al, 1985a; Oian et al.,
1986; Pedersen et al., 1982). Increased urinary
excretion of catecholamines in pre-eclampsia is
consistent with greater circulating concentrations
(Coussons-Read et al, 2002; Zuspan, 1976).
Enhanced pressor and systemic vascular resistance
response to catecholamines are noted in hyperten-
sive pregnancy (Nisell et al., 1985b,c; Raab et al.,
1956; Talledo et al., 1968). Moreover, circulating
norepinephrine and epinephrine levels correlate
with elevated blood pressure, reduced plasma
volume and elevated heart rate in pre-
eclamptic, but not normotensive pregnant women
(Nisell et al, 1985a). More recently, directly
measured sympathetic neural outflow (muscle
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Figure 13.3 Norepinephrine (left side) and epinephrine concentrations were measured using HPLC (Mazzeo et al., 1991) at 1600 m
(white bars) and 3100 m (solid black bars) during each trimester of pregnancy and 3 months postpartum in nine women at 1600 m
and women at 3100 m. Values are elevated for both catecholamines in women at high altitude throughout pregnancy, although high
variability and small sample sizes precludes significance within any given trimester of pregnancy or postpartum. (Data adapted from

Coussons-Read et al., 2002.)

sympathetic nerve activity — MSNA) is markedly
greater in women who develop pre-eclampsia or
PIH when compared with normal pregnant women
(Greenwood et al., 1998, 2001; Schobel et al., 1996).
Moreover, a pre-eclampsia-like syndrome can be
induced in animals by inducing sympathetic over-
reactivity (Kanayama et al.,, 1997), and eclamptic
seizures can occur in pre-eclamptic women given
anticholinergics (Kobayashi et al., 2002), suggesting
that diminution of para-sympathetic activity
potentiates an already hyperreactive sympathetic
vascular stimulation. While this particular theory
concerning the etiology of pre-eclampsia waxes and
wanes in popularity, and is sometimes spoken of
somewhat derisively as a hypothesis about ““a case
of nerves,” there is far too much evidence of SNS
disruption and dysregulation to simply ignore the
possibility (Greenwood et al., 2003; Khatun et al.,
2000; Lewinsky and Riskin-Mashiah, 1998; Nisell
and Lunell, 1984; Schobel et al., 1996; Zuspan, 1977,
1979). Taken together, the data support that alpha-
sympathetic activity in pre-eclamptic women is
enhanced compared with normal pregnant women.

It is well known that acute altitude-induced
hypoxia stimulates the sympathoadrenal system
(Mazzeo et al., 1991; Reeves et al., 1992). While
epinephrine rises early during acclimatization, and
is associated with increases in metabolic rate, heart

rate and cardiac output, levels decline rapidly after
a few days in conjunction with rises in arterial
oxygen tension and content (Grover et al., 1986;
Mazzeo et al, 1991, 1998). In contrast, norepi-
nephrine, an indicator of alpha-adrenergic stimu-
lation, rises later in acclimatization, plateaus in
about a week, but remains higher even with
12—21 days of altitude exposure. Such rises parallel
increases in blood pressure (Mazzeo et al., 1991),
venoconstriction, increased peripheral vascular
resistance and a decrease in plasma volume
(Mazzeo et al, 2001a; Stokke et al, 1986; Weil
et al, 1971; Wolfel et al, 1991). Reasoning by
analogy, we suspected that catecholamine levels
might be elevated in high altitude pregnancy.
Twenty-four hour urinary excretion of catechol-
amines were measured in a limited number of
high vs.
(Coussons-Read et al., 2002). As predicted, urinary
excretion of catecholamines was elevated at high
altitude when all trimesters were considered
together (Figure 13.3). Altitude-associated differ-
ences in both norepinephrine and epinephrine

women pregnant at low altitude

were most pronounced early in pregnancy (46%
and 109% greater, respectively), although even
non-pregnant values were 37% (norepinephrine)
and 47% (epinephrine) greater among the high-
altitude women. However, the high variability in



the measurements and the small sample size
precluded significant differences within specific
trimesters or 3months postpartum (Coussons-
Read et al., 2002).

Previous work suggests that switching from
Thl-type (pro-inflammatory) to Th2-type immu-
nity (suppression of the inflammatory response)
during pregnancy is one way the maternal immune
system prevents rejection of the fetoplacental unit
as an allograft (Piccinni and Romagnani, 1996;
Piccinni et al, 2000). Moreover, increased Thl
type activity in pregnancy is associated with com-
plications, including pre-eclampsia and premature
labor and delivery (Greer et al., 1994; Kupferminc
et al., 1994; Omu et al., 1999; Redman, 1991; Saito
and Sakai, 2003; Veith and Rice, 1999; Vives et al.,
1999). proinflammatory cytokines are
produced by lymphocytes from pre-eclamptic
women than from women with normal pregnan-
cies (Darmochwal-Kolarz et al., 2002; Saito et al,
1999a, 1999b). While infection during pregnancy
stimulates production of these cytokines, there is

More

no evidence whatsoever that women pregnant at
high altitude have a greater incidence of infections,
despite substantial evidence that they have an
increased incidence of pregnancy complications
(Jensen and Moore, 1997; Moore et al, 1998;
Palmer et al., 1999).

Catecholamines modulate immune function in
humans and animals and thus catecholamines
may contribute to the altered cytokine profiles
observed in complicated pregnancies (Elenkov and
Chrousos, 1999, 2002; Minagawa et al., 1999). For
example, catecholamines can induce an increase
in the pro-inflammatory cytokines IL-6 and IL-8,
while they tend to decrease TNF-alpha, but such
responses vary by the tissue sites of production and
whether or not other external stressors are present
or absent (Elenkov and Chrousos, 2002). Acute
high-altitude exposure leads to an increase in IL-6
and other indicators of an immune system inflam-
matory response (Bailey et al, 2003; Kubo et al,
1998; Mazzeo et al., 2001b). Therefore in the same
women in whom catecholamines were monitored,
the hypothesis that pro-inflammatory cytokines
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would be elevated during high-altitude pregnancy
was tested.

We found that maternal circulating concentra-
tions of the pro-inflammatory cytokines IL-6, TNF-
alpha, and IL-8 were all elevated late in pregnancy
in women residing at high altitude, but did not
differ even marginally in the non-pregnant state.
The same subjects failed to increase their levels
of anti-inflammatory (Th-2) IL-10 during preg-
nancy, causing a marked reduction in circulating
concentrations relative to low altitude control
subjects that was, again, most pronounced in the
third trimester when pregnancy complications
develop (Coussons-Read er al, 2002). The
complexity of the systems involved can support a
number of different explanations. It may be that
pregnant women at high altitude do not make as
complete a switch from Thl to Th2-type immune
responsiveness as women residing at lower altitude
(Coussons-Read et al., 2002). It may be that the
overall profile of cytokine production during
pregnancy at high altitude is altered by sympatho-
adrenal activation secondary to the interaction of
hypoxia and pregnancy (a general stress) and
therefore favors the development of complications
at the extremes of the normal range of variation.
Alternatively, altered cytokine production or degra-
dation may be a reflection of underlying mecha-
nisms that contribute both to the observed
alterations in circulating concentrations and the
development of complications without one neces-
sarily causing the other.

Placental factors

Consistently noted in pre-eclampsia is a relative
failure of trophoblast to invade and remodel the
maternal spiral arteries to the level of the first third
of the maternal myometrium (Meekins et al., 1994;
Pijnenborg et al, 1991; Robertson et al., 1986).
The role played by oxygen in the differentiation
of trophoblast is thoroughly reviewed elsewhere,
as are the effects of high altitude on placental
development (Kingdom and Kaufmann, 1997, 1999;
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Zamudio, 2003). However, in order to test the
hypothesis that high-altitude placentas would
show a phenotype intermediate between that
reported for normal pregnancy at sea level and
pre-eclampsia, we examined the decidual ends of
uteroplacental arteries in placentas from high
(3100m) vs. low (1600 m) altitude. We found that
while individually variable, remodeling was absent
in 67% of all arteries examined in the high-altitude
placentas vs. 27% of the arteries examined in low
altitude placentas (Tissot van Patot et al., 2003).
The latter contrasts with findings from sea level,
wherein 100% of arteries from normal placentas
were remodeled (Labarrere and Faulk, 1994).
Unexpected was the finding that there were more
uteroplacental arteries at the level of the decidua
in the high-altitude placentas, although this has
been noted before in placental bed biopsies from
pre-eclamptic pregnancies (Starzyk et al, 1997).
Remodeled or not, these data suggest that angio-
genesis was increased and perhaps a compensatory
response to hypoxia. None the less, the infants,
despite being the product of normal, healthy
pregnancies, were still smaller than the lower
altitude controls.

These data are consistent with a variety of
studies indicating that failed remodeling contrib-
utes to reduced uteroplacental blood flow and
fetoplacental ischemia (Aardema et al, 2001;
Kreczy et al., 1995; Lin et al, 1995; Macara et al.,
1996). It should be stressed here that ischemia is
generally suspected where uteroplacental artery
resistance indices are elevated. We found reduced
uterine artery blood flow in a small number of
subjects in whom quantitative, Doppler based flow
and diameter measurements were obtained.
However, a 33% reduction in unilateral uterine
artery blood flow existed in near-term pregnant
women residing at 3100 m without any evidence
of increased vascular resistance being present
(Zamudio et al, 1995a). This is perhaps because
in contrast to intrauterine growth restriction
(without pre-eclampsia), in which reduced villous
vascular development is often noted (Kingdom and
Kaufmann, 1997), a pronounced effect of altitude

on placental morphology is increased fetal capillary
density (Zamudio, 2003). This may account for why
Doppler ultrasound data do not support that there
is increased resistance to flow in the normal high
altitude placenta (Krampl et al, 2001; Zamudio
et al., 1995a). It does not, however, preclude a
reduction in overall uteroplacental blood flow,
which would reduce both oxygen and substrate
delivery and thereby contribute to reduced fetal
growth, if not to the development of pre-eclampsia.
Estimates of blood flow in the subset of subjects
who developed pre-eclampsia at 3100 m suggested
a 60% reduction in blood flow was present, but the
reduction was due not to increased resistance to
flow, but rather to a failure of blood flow velocity
within the uterine arteries to increase between
24 and 36week of pregnancy (Zamudio er al.,
1995b, d). The magnitude of the overall reduction is
consistent with invasive measurements obtained
in pre-eclamptic women (Lunell et al, 1982;
Nylund et al., 1983), but differs in that there was
no evidence of increased impedance to flow, at
least in the uterine arteries, until symptoms such as
hypertension were already present. Whether this is
an artifact of small sample size or whether the
degree to which impaired decidual and maternal
arterial remodeling vs. impaired villous vascular
development effects resistance to flow within the
uteroplacental arteries cannot be addressed with
the present data.

There are, finally, recent data derived from high-
altitude pregnancies, but published only in abstract
form that bear on several additional theories
concerning the etiology of pre-eclampsia. The
laboratory of Dr. Fiona Lyall has been investigating
markers of endothelial cell activation and placental
vascular reactivity. The laboratory of Dr. Isabella
Caniggia has been investigating oxygen-mediated
trophoblast differentiation and function via studies
of the regulation, expression and activity of the
nuclear transcription factor hypoxia-inducible
factor 1 alpha (HIF-1o). It is worth noting, if
only briefly, that the model of chronic hypoxia
in pregnancy offered by high-altitude residence

is proving fruitful in distinguishing unique



circulating and molecular markers of pre-
eclampsia from those which may be due to hypoxia
alone, without pathological consequences
(Caniggia et al, 2002; Lyall et al, 2002, 2003;
Marks et al., 2002, 2006; Soleymanlou et al., 2005;

Zamudio et al., 2002, 2007).

Summary

In a series of investigations spanning more than a
decade, the hypothesis that maternal physiological
changes of pregnancy at high altitude would be
intermediate between those observed in normal
sea level pregnancy, and those observed in pre-
eclampsia has been largely supported. What is
important to remember is that none of the
variables discussed above, in and of themselves,
are sufficient to cause pre-eclampsia. Rather, they
are correlates of the syndrome, perhaps markers of
a single underlying cause, but far more likely to
represent the range of variability present in human
pregnancy. Dr. Chris Redman has elegantly argued
that the range of variation present in any single
attribute associated with pre-eclampsia demon-
strates that the disease is both multifactorial in
origin, and that univariate associations are no more
than manifestations of extremes in multiple
domains as opposed to indicative of a single
cause. Recall here the statistical plot advocated by
Dr. Jim Roberts, which is now almost universally
used to display data points regarding factor x, y or z
obtained from pre-eclamptics vs. normal controls.
The plot shows the scatter of all individual data
points with a bar indicating the mean. Means for
innumerable univariate measures are elevated (or
depressed) in pre-eclampsia, but invariably there is
significant overlap with the individual values
observed in normal controls, i.e. there is no cutoff
at which the development of pre-eclampsia
is inevitable with the presence of any single
variable studied to date. The model of chronic
hypoxia in pregnancy in the natural environmental
experiment presented by voluntary residence
at high altitude clearly supports the idea that
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pre-eclampsia is associated with extremes of
variation, but that there is virtually always overlap
with the normal range. The question remains to be
answered that IF, and that is a big if, there is a
single cause, or a final common pathway by which
pre-eclampsia is induced, why would it be more
common at high altitude?
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The use of mouse models to explore fetal—maternal
interactions underlying pre-eclampsia

While the disease has been studied for decades, the
pathogenesis of pre-eclampsia remains mysterious.
However, studies of the disease in humans are
confounded by the fact that while the disease
manifests in the second and third trimester its
origins likely begin in the first trimester (Cross,
1996; Roberts and Cooper, 2001; Roberts and Lain,
2002). This makes defining both the etiology and
the subsequent pathological events rather difficult,
and researchers are limited to making inferences
from pathological specimens, and distinguishing
between primary and secondary events can be
impossible. Despite these challenges, the fact that
pre-eclampsia is strictly a disease of pregnancy
indicates that the fetus and/or placenta interact
with maternal factors to produce the disease.
Indeed, several lines of evidence support the idea
that placental development and/or function are
abnormal in pre-eclampsia (Cross, 1996; Roberts
and Cooper, 2001; Roberts and Lain, 2002). The
strict requirement for a fetal—-maternal interaction
has led to the hypothesis that both feto-placental
defects and maternal susceptibility to hypertensive
and/or renal disease are required in order to initiate
the disease (Cross, 1996; Lachmeijer et al., 2002;
Roberts and Cooper, 2001; Roberts and Lain, 2002).
However, as reviewed here, emerging evidence
from mouse and rat models shows that pre-
eclampsia can be initiated by multiple means,
each producing all of the pathognomonic features
of the disease — gestational hypertension, pro-
teinuria and renal glomerular lesions (Davisson
et al, 2002; Faas et al, 1995; Kanayama et al,
2002; Maynard et al, 2003; Sakawi et al., 2000;
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Wardle, 1976). In general, these data support a
model in which pre-eclampsia can be initiated by
either a feto-placental or a maternal susceptibility,
and that there is not a strict requirement for both
(Cross, 2003). The advantage of this model is that it
predicts that not all forms of pre-eclampsia will
show the same types of pathological changes, and
therefore it can explain the heterogeneity of
pathological changes that have been described in
humans (Roberts and Lain, 2002).

Comparison of pregnancy in rodents and
humans

Many of the features of pregnancy in rodents are
different than in humans, such as a gestation
length of 3 weeks versus 9 months and the fact that
rodents usually give birth to litters rather than
singletons. Despite these obvious differences,
however, the fact that rodents can develop pre-
eclampsia shows that there is more in common
between rodents and humans than is widely
appreciated. A number of anatomical and physio-
logical features of pregnancy are similar in humans
and rodents (Table 14.1). At a structural level, the
conceptus in rodents, as in humans, invades into
the uterine wall after implantation and promotes
increased maternal blood flow to the implantation
site by promoting both increased blood vessel
formation (angiogenesis) and vasodilation (Cross
et al, 2002). The outermost cells of the rodent
placenta (trophoblast giant cells) are analogous to
extravillous cytotrophoblast cells in humans invade
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Table 14.1. Comparison of pregnancy and placental
structure in humans and mice

Human Mouse

Length of gestation 9 months 20 days

Stage of implantation 7 days 4.5 days
(post-fertilization)

Initiation of fetal 21days 8.5 days
heartbeat

Vascularization of 25 days 10 days
placental villi

Hemochorial blood Yes Yes
flow through
placenta

Chorionic villi lined by Yes Yes
syncytiotrophoblast

Invasive trophoblast Extravillous Trophoblast

cell subtype
entering uterine

cytotrophoblast  giant cells

spiral arteries

into the spiral arteries and replace their endothelial
linings, promoting the transition from endothelial
lined artery to trophoblast-lined (hemochorial)
blood space. The bulk of the mature placenta is a
villous tree-like structure, called the labyrinth, that
forms the surface for nutrient and gas exchange
(Cross, 2000; Cross et al., 2003; Rossant and
Cross, 2001). The labyrinth is covered by three
trophoblast layers (two layers of syncytiotro-
phoblast), and has an inner core with a dense
capillary network. At a physiological level, rodents
and humans show a similar fall in blood pres-
sure during late gestation that is likely initiated
by feto-placental factors (Davisson et al, 2002;
Wong et al., 2002).

Studying development and the physiology of
pregnancy in rodents obviously has considerable
advantages because of the ability to carefully con-
trol both genetic and environmental influences.
Indeed, in mice, it is possible to alter gene function
using transgenic and knockout mouse approaches,
and by control of the way in which mice are bred
or embryo transfer between normal (wildtype) and
mutant strains it is possible to control whether the

altered gene is present in the feto-placental unit, the
mother or both. In addition, because gestation is
short and the reproductive tract is relatively small in
rodents, it is possible to analyze the events of
pregnancy in great detail.

Rodent models of pre-eclampsia: insights
into the diverse origins of the disease

In the last few years, a number of rodent models
have been reported in which pregnant females
develop the classic signs of pre-eclampsia includ-
ing hypertension, proteinuria and renal glomerulo-
sclerosis, and several others that show at least
some of the associated features such as fetal
growth restriction (Table 14.2). While each of the
models is interesting in its own way, collectively
they give us insights into what factors are and
are not sufficient to initiate the pathogenesis of
pre-eclampsia.

Hypertension as a predisposing factor for
pre-eclampsia

In humans, the risk factors of essential hyperten-
sion and pre-eclampsia overlap considerably and,
indeed, pre-existing hypertension increases the risk
of pre-eclampsia (Eskenazi et al, 1991; Sibai et al.,
1995). It is therefore not surprising that some genes
that have been implicated as risk factors for
pre-eclampsia, AGT (encoding angiotensinogen,
a precursor of the vasoconstrictor angiotensin)
(Ward et al., 1993) and NOS3 (encoding endothelial
nitric oxide synthetase, eNOS) (Arngrimsson et al.,
1997), are also risk factors for essential hyperten-
sion. Notably, the associations with the AGT and
NOS3 genes have not been confirmed in all affected
families (Lachmeijer et al., 2002; Roberts and
Cooper, 2001), implying that AGT and NOS3 muta-
tions likely do not explain all cases of pre-eclampsia.
Based on these human studies alone it is difficult
to say whether hypertension alone is sufficient
to promote the development of pre-eclampsia.
However, recent work in mice suggests that it is.
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Table 14.2. Rodent models of pre-eclampsia and intrauterine growth restriction

Model Primary defect High BP  Proteinuria Renal lesions Placental changes IUGR

BPH/5 strain Hypertension Yes Yes Yes ? ?

REN—AGT transgenic  Gestational hypertension Yes Yes Yes ? ?

p575P2 mutant Placental development Yes Yes Yes Labyrinth, giant No
cells

Endotoxin-induced Inflammatory disease Yes Yes Yes ? ?

Soluble Flt1 Endothelial dysfunction  Yes Yes Yes ? ?

administration

Esx1 mutant Placental development ? ? ? Vascularization of  Yes
labyrinth

Igf2 mutant Placental transport ? ? ? Reduced nutrient  Yes
transport

Rag2/yc null NK cell-deficient ? ? ? Constricted spiral ~ ?

arteries

The BPH/5 strain of mice was identified as a
borderline hypertensive line that in follow up
studies was found to develop high blood pressure
during pregnancy. Whereas the mean arterial blood
pressure in normal mice falls during mid to late
gestation, it increases in BPH/5 pregnant females
(Davisson et al.,, 2002). This implies that a preg-
nancy-specific factor interacts with and exacer-
bates the propensity for increased blood pressure.
Interestingly, the BPH/5 mice also develop renal
glomerulosclerosis and proteinuria in late preg-
nancy. While the gene underlying the defect is
unknown, the data are consistent with the hypoth-
esis that hypertension, at least during pregnancy
(even an otherwise normal pregnancy), is suffi-
cient to initiate the full spectrum of clinical
signs of pre-eclampsia. Notably, proteinuria and
glomerulosclerosis are also observed when the
renin—angiotensin system (RAS) is constitutively
activated in transgenic mice even in the non-
pregnant state (Caron et al., 2002). Overexpression
of angiotensinogen alone is not sufficient to
produce pre-eclampsia, even though blood pres-
sure is higher than in wildtype mice due to a failure
to decline during pregnancy (Hefler et al., 2001),
indicating that placental renin is required to cause
the full spectrum of disease.

Placental contribution to maternal
hypertension

The normal drop in blood pressure during healthy
pregnancy in humans and rodents implies that the
feto-placental unit regulates maternal blood pres-
sure. The placenta is a major source of vasoactive
compounds such as nitric oxide, adrenomedullin,
prostaglandins and prostacyclins (Cross, 1996;
Cross et al., 2002), as well as renin (Cooper et al.,
1999; Xia et al, 2002), an enzyme that cleaves
angiotensinogen to produce the vasoconstrictor
angiotensin II. Therefore, through these and
potentially other factors, the placenta is likely to
be a direct regulator of maternal cardiovascular
function though formal proof for most factors is
largely missing. Female mice that are deficient
for NOS3 (eNOS) show higher blood pressure
throughout pregnancy even if they are carrying
non-mutant conceptuses (Hefler er al., 2001), but
no attempt has yet been made to assess the relative
roles of feto-placental production. Adrenomedullin
appears to have an essential role in blood pressure
regulation (Shindo et al., 2001), although homo-
zygous mutant embryos die in utero precluding a
thorough analysis of placentally derived adreno-
medullin in regulating maternal cardiovascular
function. The role of placental renin has been
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demonstrated in a transgenic mouse model in
which females carrying an angiotensinogen (AGT)
transgene are mated to males that are transgenic
for a renin (REN) gene. The females develop
gestational hypertension as a result of placental
expression of renin and also proteinuria and
glomerulosclerosis (Takimoto et al., 1996), imply-
ing that hypertension can initiate pre-eclampsia as
in the BPH/5 mouse model.

Feto-placental defects leading to
pre-eclampsia

Mice that are deficient for the cyclin-dependent
kinase inhibitor, p57%P?, are the basis of an
interesting model of pre-eclampsia because
placental lesions are observed and because the
maternal disease is secondary to the placental
defects (Kanayama et al, 2002; Takahashi et al.,
2000). In this model, females that carry p57%P2-
deficient pups develop pre-eclampsia, even though
they have normal p57¥"P? function and, as such, the
maternal disease is due to the mutation impacting
feto-placental development. The mutant pups are
often growth-restricted and show a significantly
reduced villous surface area in the placenta
(Takahashi ef al, 2000), and these changes are
sufficient to account for the fact that mutant
embryos either die in utero or, even if they survive
to term, are growth-restricted. An important
feature of this model is that pre-eclampsia devel-
ops even if not all of the conceptuses in a litter are
mutant. It is unclear if the onset of the disease is
correlated with the absolute number of mutant
conceptuses or with the relative proportion of
mutant and wildtype ones. It would be fruitful to
explore this issue in order to distinguish between
two main hypotheses that concern how abnormal
placental function may contribute to the disease:
that the maternal disease is initiated by failure of
specific placental functions related to vascular
adaptation to pregnancy, or that feto-placental
undernutrition/hypoxia leads to production of
“toxic” compounds.

Intrauterine growth restriction due to
placental defects

There are several mouse models in which placental
function is compromised in different ways
resulting in fetal growth restriction or even death
(Table 14.2). EsxI mutants show a defect in the
vascularization of the labyrinth layer of the
placenta (Li and Behringer, 1998). Mice in which
placental expression of Igf2 is reduced by gene
knockout (Constancia et al., 2002) or in transgenics
overexpressing an IGF binding protein have
reduced placental transport function (Crossey
et al., 2002). Rag2/yc mutant mice lack natural
killer cells and show a relative constriction of
the spiral arteries presumably leading to “‘pre-
placental” undernutrition of the fetuses (Croy
et al, 2000). None of these models have been
examined in detail to determine if the females
develop pre-eclampsia, though it would be inter-
esting to do so in order to compare the outcomes
of these mice with the p575"P? mutants.

Systemic endothelial dysfunction

There is now considerable evidence of systemic
endothelial activation during pre-eclampsia, at
least during the end stages of disease (Roberts
and Lain, 2002). In rats, systemic administration
of low-dose endotoxin (Faas et al, 1995; Sakawi
et al., 2000; Wardle, 1976) or soluble-FItl (an
antagonist of vascular endothelial growth factor,
VEGF) (Maynard et al., 2003) results in endothelial
dysfunction and development of hypertension,
proteinuria and glomerulosclerosis. Interestingly,
the dose of endotoxin that is required to induce
these pathologies in pregnancy animals is consid-
erably lower than in non-pregnant females (Faas
et al, 1995). This suggests that the systemic
endothelium may be more sensitive during preg-
nancy. Alternatively, the difference in sensitivity
may be that the primary target of the endotoxin
may be the feto-placental unit and not the
maternal system per se. The latter possibility



should be explored by careful histological exam-
ination of the placenta.

Conclusions and implications for
understanding pre-eclampsia in humans
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markers of disease onset rather than simply the
ongoing disease itself.
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Prediction of pre-eclampsia

summary

Pre-eclampsia is associated with significant mater-
nal and fetal morbidity and mortality worldwide.
While provision of adequate antenatal care would
significantly reduce morbidity and mortality in
third-world countries, in first-world countries
efforts are being focused on identification of
at-risk patients and on targeted therapies. Pre-
eclampsia can be distinguished as early (<34 weeks
gestation) and late (>34 weeks) onset phenotypes.
While these have been thought traditionally to be
synonymous with severe and mild disease pheno-
types, respectively, recent analyses show that an
appreciable amount of severe disease is also late
onset. There is evolving evidence that there are
different underlying etiologies that ultimately lead
to this syndrome defined by hypertension, protein-
uria and edema. It is unlikely that one single
biomarker will identify all individuals destined to
develop pre-eclampsia. Rather, panels of biomark-
ers specific for the different phenotypes may
identify those at risk for pre-eclampsia prior to
the appearance of overt disease. Importantly,
these measurements may also provide different
(biochemical) definitions of disease. In order to
have a significant impact on clinical or economic
outcome it is vital to identify women who will
develop early onset disease or severe disease, as
these phenotypes are those associated with signifi-
cant morbidity and mortality. Similarly, therapies
must be targeted at these same outcomes and not
just the appearance of hypertension and protein-
uria at term. While there is abundant evidence in
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the literature for changes in expression or concen-
tration of many biomarkers in established disease,
there is still a dearth of prospective studies with
well-defined clinical outcomes in which prospec-
tive measurement of biomarkers have been made.
Evidence is presented for selection of genetic,
placental, vascular, immunologic and coagulation
markers that together with clinical history may be
useful in identifying those individuals at risk of
developing pre-eclampsia and to whom therapy
can be targeted.

Introduction

Pre-eclampsia is a syndrome unique to humans
and is one of the most common complications of
pregnancy worldwide (ACOG Bulletin, 1996), being
associated with significant fetal and maternal
morbidity and mortality. Whereas the most signifi-
cant consequences of pre-eclampsia in first-world
countries are neonatal morbidity and mortality
associated with delivery of preterm fetuses, in
third-world countries maternal morbidity and
mortality are the most significant consequences.
Thus in the third-world, provision of, and improve-
ments in, antenatal care would significantly
ameliorate the consequences of pre-eclampsia,
whereas in the first-world prevention and/or
treatment of early onset severe pre-eclampsia is
the objective. In first-world countries, the majority
(75%) of pre-eclampsia in nulliparous individuals is
mild with onset at term, when prompt delivery
of the fetus alleviates problems. Indeed, in this
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low-risk population, only 25% of all pre-eclampsias
occur prior to 37weeks gestation (Myatt et al.,
2001) and only 10% occur before 34weeks
gestational age.

The syndrome of pre-eclampsia is defined by
hypertension, proteinuria, and edema evident after
20 weeks gestation and resolving after delivery. The
pathophysiology of pre-eclampsia is, however,
complex and it is naive to believe that therapies
that directly seek to lower blood pressure or
prevent proteinuria will alleviate pre-eclampsia.
Rather, therapy should be aimed at pathophysio-
logic pathways that impact clinically significant
endpoints including reduction of fetal morbidity
and mortality. The search for markers that predict
the occurrence of pre-eclampsia is instinctively
linked to our understanding of pathophysiology.
Indeed, both facets go hand in hand. As pre-
eclampsia is a heterogeneous disorder, it is unlikely
that a test with perfect discrimination for those
patients who will develop pre-eclampsia will be
found. We need to understand pathophysiology. A
test that will identify individuals who may develop
pre-eclampsia with a reasonable degree of prob-
ability is useful in several ways. First, it will enable
surveillance to be directed at those patients who
are high-risk to develop pre-eclampsia as distinct
from those in whom extensive surveillance is not
required. Ideally it will also identify those who may
develop clinically significant disease and may help
identify those patients for targeted prophylaxis
once a therapy is identified. Predictive tests can
also help in the search for prophylaxis by defining
patients at risk and who should be studied in
clinical trials

Whilst many biomarkers have been found to
be altered in individuals with established pre-
eclampsia, these have mainly been small-scale
cross-sectional studies of patients at term. There
is an absence of studies in patients with early onset
and/or severe disease to distinguish if they are of a
different pathophysiology from late onset mild
disease. It has been suggested that these are two
distinct etiologies or phenotypes (Table 15.1).
However, analysis of data from NIH trials of

Table 15.1. Pre-eclampsia phenotypes

Temporal
Early onset (<34 weeks gestation)
Late onset (>34 weeks gestation)

Disease severity
Mild
Severe

Etiology
Placental
Vascular
Immunologic
Coagulation

low-dose aspirin to prevent pre-eclampsia (Caritis
et al., 1998; Sibai et al., 1993) does not provide
evidence of temporally distinct early vs. late onset
disease, although the onset of disease is signifi-
cantly earlier in high-risk patient groups, and those
who develop severe disease do so significantly
earlier than those who develop mild disease (Myatt
etal., 2001, 2002). There is also a lack of prospective
longitudinal studies of biomarkers that can be used
to study pathophysiology and disease progression.
Studies with retrospective analysis of samples
collected in the first trimester and several prospec-
tive longitudinal studies are underway.

The central thrust of this chapter is that as a
heterogeneous disorder the syndrome of pre-
eclampsia may have differing phenotypes with
differing underlying etiologies and variable invol-
vement of different organ systems. Thus there is
likely more than one cause of pre-eclampsia and
therefore more than one single biomarker or set of
biomarkers will be needed to identify all individ-
uals at risk of pre-eclampsia. Thus, one can
envision that whereas individuals with multifetal
gestation may primarily have a trophoblast-related
disease (placental phenotype), those with previous
pre-eclampsia diabetes, or chronic hypertension
may have a major maternal vascular or endothelial
component to their disease (vascular phenotype,
Table 15.1). Different biomarkers or sets of bio-
markers for fetal/placental or maternal factors will
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Figure 15.1 Biochemical and biophysical markers defining fetal/placental and maternal etiologies that determine the

risk of developing pre-eclampsia.

identify different at-risk groups or phenotypes
(Figure 15.1). They may also serve as alternate
(biochemical) definitions of disease or of these
pre-eclamptic phenotypes.

Etiology of pre-eclampsia

Pre-eclampsia affects 5% of all pregnancies in the
USA (7% of nulliparous), but the incidence is much
higher in certain high-risk groups. Pre-eclampsia
can occur even in the absence of a fetus, showing
that only the presence of trophoblast is necessary.
Removal of trophoblastic tissue alleviates pre-
eclampsia, and with increased placental mass an
increased incidence is seen (Anderson and Sibai,
1986). Pregnancies complicated by pre-eclampsia
and/or by fetal growth restriction are reported
to have inadequate maternal vascular responses
to placentation (see the chapter by Pijnenborg).
Dogma has it that this defective vascular response
to placentation was due to the failure of a second
wave of endovascular trophoblast migration

(Pijnenborg et al, 1983). It is unlikely, though,
that trophoblast invasion occurs in two distinct
phases or is an all-or-none phenomenon, rather
there may be a range of invasion from adequate to
defective. Recent studies have shown that while
invasion of interstitial trophoblast into decidua
may be close to normal in pre-eclampsia, there is
both a reduced amount and depth of trophoblast
invasion of myometrium (Lyall, 2002; Naicker et al.,
2003), and there is an absence of endovascular
trophoblast in myometrial spiral arteries in pre-
eclampsia (Naicker et al., 2003). The adequacy of
trophoblast invasion can be measured by biophy-
sical means (Doppler ultrasound of uterine artery
flow) or biochemically (assay of VEGF, PLGF,
IGFBP-1 or PAPP-A).

The endothelium is now recognized to have a
pivotal role in pre-eclampsia (Roberts et al., 1989).
Alterations in endothelial function have also been
linked to the common theme of oxidative stress
(see the chapter by Redman). This may explain in
part the increased incidence of pre-eclampsia in
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the individual with pre-existing vascular disease
(the vascular phenotype, Table 15.1).

In addition, the development of pre-eclampsia
may then be determined additionally by maternal
predisposition or susceptibility. We have previously
presented a model where those most at risk might
be those with suboptimal perfusion and the highest
level of maternal susceptibility, e.g. with defec-
tive trophoblast invasion or a large placental
mass coupled with pre-existing maternal vascular
dysfunction (Myatt and Miodovnik, 1999).

Clinical risk factors

Several large-scale prospective prophylactic studies
of pre-eclampsia have now been completed and
despite being disappointing in regard to successful
prophylaxis, have yielded useful data in relation to
the clinical epidemiology of pre-eclampsia. The
low-dose aspirin study of 1995 (Sibai et al, 1995)
revealed that systolic blood pressure at entry,
prepregnancy obesity, the number of previous
abortions or miscarriage and smoking history
were risk factors for development of pre-eclampsia.
Cigarette smoking during pregnancy was asso-
ciated with a reduced incidence of pre-eclampsia.
However, race was not a risk factor for pre-
eclampsia in this study. A multivariate logistic
regression equation based on these four factors
could define a tenth of the population at very high
risk and another tenth of the population at very
low risk. In the subsequent CPEP study (Sibai et al.,
1997) risk factors for pre-eclampsia were found
to be body mass index, systolic blood pressure and
diastolic blood pressure. However, maternal age,
blood group and rhesus factor, alcohol use,
previous abortion or miscarriage, private insurance
and calcium supplementation were not associated
with significant risk of development of pre-
eclampsia. In a recent review of 13 cohort studies
comprising 1.4 million women, O’Brien et al. (2003)
found that the risk of developing pre-eclampsia
doubled for every 5—7kg m~? increase in prepreg-
nancy body mass index. A family history of

pre-eclampsia has long been known to be asso-
ciated with increased risk of developing it (Chesley
et al., 1968). It has been estimated (Cincotta and
Brennecke, 1998) that a positive family history has
a 20—30% risk of developing pre-eclampsia. These
risk factors may be of value in counseling women
but importantly target those women for detailed
biochemical investigation or inclusion in clinical
trials.

The prospective low-dose aspirin in high-risk
pregnancy study (Caritis et al.,, 1998) showed that
the incidence of pre-eclampsia in women with
chronic hypertension was 25%, pregestational
diabetes 22%, multifetal gestations 16% and
previous pre-eclampsia 19%. Although the rate of
pre-eclampsia in these at-risk women is great, the
calculated contribution of these conditions to the
overall numbers of pre-eclampsia can be calcu-
lated to be 14% in nullipara, 45% among women of
all parities, but would account for the majority of
pre-eclampsia in multiparous women (R. Levine,
personal communication). Hence, most nullipa-
rous women, a group which contributes to the
majority of cases of pre-eclampsia, are at low risk
of developing it from these conditions.

Consequences of pre-eclampsia

Women who develop pre-eclampsia are at
increased risk of developing recurrent pre-eclamp-
sia, chronic hypertension (Sibai et al., 1986), and
maternal coronary heart disease later in life,
suggesting they carry risk factors (genetic?) which
may predispose them to pre-eclampsia when
pregnant. A recent study of women who had
developed pre-eclampsia 18—28years previously
found them to have a significantly higher diastolic
blood pressure and increased concentrations of
VCAM-1 and ICAM-1 but not lipoprotein (Sattar
et al, 2003). They also had higher glycosylated
hemoglobin levels but not fasting insulin.
Pregnancy can thus be considered a stress test for
the maternal cardiovascular system, certainly it will
never be subjected to such change again, and may



therefore identify individuals such as those at risk
for developing cardiovascular disease later in life
or those with the metabolic syndrome. Being able
to identify such risk at the time of pregnancy and
applying interventions may have life-long
consequences

Genetic factors

The role of genetic factors in the etiology of pre-
eclampsia is well accepted, yet there is no
consensus for the mode of inheritance (see the
chapter by Ward). Currently, pre-eclampsia is
accepted as a polygenic or multifactorial disease.
Recent research has focused on maternal genes
that are permissive for the development of pre-
eclampsia, but there has been increasing aware-
ness of the role of the fetal genotype. As an
example, there are anecdotal reports of recurrent
miscarriage resolving with a new partner (Pearson,
2002). The unique interplay of maternal and fetal
genes in addition to any paternal contribution has
been described by Haig (1993) as a genetic conflict
between fetal gene selection to increase the
transfer of nutrients and maternal gene selection
to limit transfer in excess of a maternal optimum.

Increased vascular resistance is characteristic of
pre-eclampsia. Abnormalities in the endothelial
nitric oxide system are believed to contribute to the
vasospasm seen in pre-eclampsia. The endothelial
nitric oxide synthase Glu298Asp polymorphism is
associated with equal enzymatic activity to the
normal protein, but reduced steady-state levels due
to an increase in degradation. The GLU298Asp
polymorphism has not, however, been consistently
linked to pre-eclampsia (Yoshimura et al., 2003).
Given its role in hypertension alterations in the
renin—angiotensin system have also been studied
(discussed in the chapter by Ward).

Pre-eclampsia has also been described as an
atherogenic state, and obesity is a risk factor for
pre-eclampsia (O’Brien et al., 2003). This has
prompted the evaluation of genes involved in
lipid metabolism such as leptin. In a microarray
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analysis of placental tissue from pre-eclamptic
pregnancies compared to normal, the obese gene
was one of the most up-regulated transcripts (43.6-
fold), correlating with increased leptin protein
levels (Reimer et al., 2002). In contrast, apolipo-
protein E alleles and a polymorphism in peroxi-
some proliferator-activated receptor-gamma gene
were not associated with pre-eclampsia (Laasanen
et al., 2002; Makkonen et al., 2001).

Activation of the coagulation system is another
characteristic of pre-eclampsia. Attention has
focused on the Leiden Factor V mutation, which
causes resistance to activated protein C as a
candidate gene (see the chapter by Walker).
Most of these studies have focused on maternal
thrombophilias, but a included
fetal thrombophilias. Livingston et al. found no
association for either maternal or fetal throm-
bophilia and the development of severe pre-
eclampsia (Livingston et al, 2001). In contrast,
there have been positive associations noted with

few have

pre-eclampsia and maternal polymorphisms in
plasminogen activator inhibitor-1 (PAI-1) gene
(Yamada et al., 2000).

There are recent provocative studies suggesting
that variations in fetal HLA genes play a signifi-
cant role in early implantation; failures at this
stage resulting in miscarriage or contributing to
the subsequent development of pre-eclampsia.
HLA-G is a non-classical class I antigen expressed
in invasive cytotrophoblast where it is believed to
inhibit activation of maternal T and NK cells in
the decidua. Expression of HLA-G is correlated
with increased invasiveness (O’Brien et al., 2000).
However, polymorphisms in this gene have
not been noted in increased frequency with
pre-eclampsia (Aldrich et al, 2000). Possibly,
polymorphisms in HLA-G are additive to addi-
tional insults such as cytomegalovirus infection
(Le Bouteiller et al., 2003).

The classic method of evaluating the genetics of
a disease has been by linkage analysis. A familial
pregnancy-induced hypertension locus in the
region of chromosome 7q36 encoding the endothe-
lial isoform of the nitric oxide synthase gene has
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been reported (Arngrimsson et al, 1997). The
presence of such associations does not provide
direct evidence for the involvement of a particular
gene in pre-eclampsia but may indeed be markers
for a neighboring gene. Evidence has been
presented for a pre-eclampsia/eclampsia suscep-
tibility locus between D45450 and D45610 of the
long arm of chromosome 4 (Harrison et al., 1997).
Chromosome 2 has also been identified as a
possible pre-eclampsia/eclampsia
(Moses et al, 2000). A recent comprehensive
review of the molecular epidemiology of pre-
eclampsia has been published (Wilson et al,
2003). Overall, DNA analysis for potential genetic
markers may serve to screen for risks of pre-
eclampsia and other adverse pregnancy outcomes.

Since the human genome project, gene arrays are
being used to compare genome-wide variations in
pre-eclamptic pregnancies to normal pregnancies.
Associations have been made with altered expres-
sion of trophoblast invasion genes, obesity-related
genes and cytokine receptor genes (Pang and Xing,
2003; Reimer et al., 2002). This approach is limited
in the ability to differentiate “causative’” from
“reactive” gene up-regulation as these studies
typically compare serum or placentas from third
trimester patients with and without the clinical
diagnosis of pre-eclampsia.

In summary, it is currently believed that pre-
eclampsia is a polygenic disorder, with polymor-
phisms in several genes contributing to risk. These
genes may differ between different populations or
ethnic groups. In addition to the two temporal
phenotypes (early onset vs. late onset), the placen-
tal phenotype (abnormal trophoblast invasion) and
the vascular phenotypes (endothelial dysfunction/
oxidative stress) (Table 15.1) probably have differ-
ent genotypes. It is also important to recognize the

locus for

interaction between the fetal genotype (controlling
placental development) and the maternal genotype
(controlling immune adaptation and decidual
and vascular reaction to implantation) and the
potential for one to influence the other. The fact
that most pre-eclamptic pregnancies will be
followed by normal pregnancies suggests that,

for most patients, such polymorphisms will not
play a significant role and questions their use as a
general reliable screening tool. However, for the
severe pre-eclampsia phenotype it may be useful.
Nebert described the use of the “discordant
phenotype” in pharmacogenetics in which differ-
ences in gene expression between the two extremes
in response to a drug, e.g. <5th% and >95th%,
are made (Nebert, 2000). In the low-dose aspirin
study (Sibai et al, 1995), multivariate logistic
regression based upon four risk factors defined a
tenth of the population at very low risk for pre-
eclampsia and a tenth of the population at very
high risk. Retrospective analysis of genotypes in
such studies could, therefore, enhance current
knowledge.

Coagulation and fibrinolytic systems
in pre-eclampsia

Pregnancy is a state of chronic intravascular
coagulation (McKay, 1981) and pre-eclampsia
appears to be an exaggerated state of this phenom-
enon. Pre-eclampsia is accompanied by endothe-
lial injury, increased platelet activation with
platelet consumption in the microvasculature and
enhanced clotting (Saleh et al, 1992). Activated
protein C resistance (caused by the Leiden factor
V mutation) has been implicated (Lindoff er al,
1997). Increases in cellular fibronectin concentra-
tions and platelet activation have been reported
and may precede the onset of pre-eclampsia
(Chavarria et al., 2002) as do levels of C reactive
(Tjoa et al., 2003).

Potential markers for platelet activation in pre-
eclampsia include platelet surface expression of
CD63 (a fibrinogen binding site; Konijnenberg
et al., 1997). Activation of platelets leads to an
altered thromboxane/prostacyclin ratio (Fitzgerald
et al, 1987a). This decrease in prostacyclin
may precede the clinical manifestation of pre-
eclampsia.

Mean platelet volume reportedly corresponds to
the severity of hypertensive disorders of pregnancy



and may have some predictive value (Hutt et al.,
1994).

In pre-eclampsia, PAI-1 activity is signifi-
cantly increased (Estelles er al, 1991) and may
be another marker for endothelial dysfunction
(Caron et al, 1991). The ratio of PAI-1/PAI-2
has been used to test the efficacy of treatment
with antioxidants on endothelial and placental
function in a recent trial (Chappell et al, 2002).

Endothelial dysfunction in pre-eclampsia

Pre-eclampsia is characterized by generalized
vascular endothelial dysfunction (Roberts et al,
1989). The link to oxidative stress, markers of
oxidative stress as predictive indices and possible
treatments for oxidative stress are discussed in
other chapters (Hubel, Raijmakkers and Poston,
Redman and Sargent, Burton). While there are
generic markers of oxidative stress, e.g. increased
malondialdehyde (the chapter by Hubel), a marker
of lipid peroxidation that can be utilized in women
with pre-eclampsia, more system-specific markers
could be employed. These include antiocardiolipin
antibodies. Homocysteine which acts to increase
oxidant stress by forming superoxide is also
increased in women with clinically manifest pre-
eclampsia (Dekker et al., 1995). However, when
homocysteine has been measured in relation to
subsequent development of pre-eclampsia, contra-
dictory results have been obtained (Cotter et al.,
2001; Hietala er al, 2001). Homocysteine concen-
trations are, however, influenced by many other
factors limiting their utility.

Protection of endothelial cells against injury can
be provided by the PI5.6 isoelectric form of serum
albumin. Addition of non-esterified fatty acid
causes PI5.6 albumin to become PI4.8 albumin,
which has no protective activity. Decreases in
PI5.6 albumin concentrations occur from early
to late gestation in both normal and pre-eclamptic
women (Arborgast et al., 1996), but concen-
trations were always lower in women destined to
become pre-eclamptic in a longitudinal study.
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A preliminary study (Arborgast et al., 1996)
showed that measurement of PI 5.6 albumin in
early pregnancy was 88% accurate in detecting pre-
eclampsia by discriminant analysis.

Insulin resistance/glucose intolerance

Increased insulin resistance is seen in pregnancy
and is greatest in the third trimester when
hypertension typically presents. Obesity, which is
a risk factor for hypertension in pregnancy
(Eskenazi et al., 1991) is associated with decreased
insulin sensitivity. Gestational diabetics also have
an increased risk of hypertension in pregnancy
(Suhonen and Teramo, 1993). A strong association
has been shown between glucose intolerance and
subsequent development of hypertension in preg-
nancy (Solomon et al., 1994). No absolute glucose
level can distinguish between women who will
remain normotensive and those who will develop
new onset hypertension in pregnancy. However,
only 9% of normotensives had glucose loading tests
of 7.8 mmol or greater compared to 27% of women
who develop hypertension. Fasting plasma insulin
at 20 weeks gestation in African-American women
who became pre-eclamptic was significantly
greater than those who remain normotensive
(Sowers et al., 1995). Using discriminant analysis,
mean blood pressure and fasting insulin levels
were predictors of pre-eclampsia. Hence, measure-
ment of glucose tolerance may serve as a useful
predictor, alone or in combination with other
markers of pre-eclampsia. Very recently, serum
SHBG has been studied as a marker of insulin
resistance in pregnancy (Wolf et al., 2002). SHBG
has potential as a marker of insulin resistance as it
has minimal variability between fasting and post-
prandial states (Key et al., 1990). Increased first
trimester SHBG (increased insulin resistance) was
independently associated with increased risk of
pre-eclampsia, an association that strengthened in
lean women (Wolf et al., 2002).
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Renal markers of pre-eclampsia

In pre-eclampsia both renal perfusion and glomer-
ular filtration rate are decreased and plasma uric
acid and urinary sodium are increased, whereas
urinary calcium excretion is decreased due to
increased tubular reabsorption. It has been
suggested that these changes may be determined
prior to clinical disease being manifest. Recent
reports have shown limited utility of measurement
of serum uric acid (Lim et al., 1998) and of urinary
calcium—creatinine ratios in early pregnancy
(Izumi et al., 1997) as predictors of pre-eclampsia.
The generation of vasodilatory kinins and stimula-
tion of prostaglandin biosynthesis by renal kallik-
rein may play a paracrine role in regulation of
blood pressure. Excretion of active and inactive
kallikrein in urine reflects renal production. An
inactive urinary kallikrein/creatinine ratio of 170 or
less at 16—20 weeks gestation predicted nonprotein-
uric or proteinuric pre-eclampsia with a sensitivity of
70% and a specificity of 86% (Millar et al., 1996),
suggesting this measurement might be a simple and
practical test for prediction of pre-eclampsia.

Prostaglandins in pre-eclampsia

The reduction in vascular endothelial prostacyclin
production, seen in pregnancy-induced hyper-
tension (Fitzgerald er al., 1987a) may be another
indicator of endothelial dysfunction. Thromboxane
A, biosynthesis is also increased in normal preg-
nancy, but increased further in hypertensive
pregnancy. This may arise from activated platelets
(Fitzgerald et al, 1987b) and give the altered
thromboxane/prostacyclin ratio associated with
pre-eclampsia which formed the basis for prophy-
lactic studies with low-dose aspirin (Sibai et al.,
1995). The reduction in prostacyclin synthesis in
pre-eclampsia is present as early as the first
trimester of pregnancy (Fitzgerald et al, 1987a)
and could be used as a predictor for development
of disease. However, measurement of urinary

prostaglandin metabolites is complicated (the
chapter by Raijmakers). In initial studies total
plasma 8-isoprostane was not found to be signifi-
cantly different in pre-eclamptics versus controls,
whereas plasma free 8-isoprostane was signifi-
cantly increased and urine 8-isoprostane
was significantly decreased in pre-eclampsia,
suggesting urinary clearance is impaired (Barden
et al., 1996). Therefore, alterations in plasma free
8-isoprostane could be due to increased lipid
peroxidation, increased phospholipase activity or
decreased renal clearance. Utility of isoprostane
measurements is limited by the complexity of
metabolites and lack of simplicity in assay. A
retrospective analysis of 8,12 iso-iPGF,,-VI, a
major urinary isoprostane (Regan et al, 2001)
showed no variation with presence of disease or
gestational age. Longitudinal prospective studies
may clarify the progression of pre-eclampsia in
relation to 8-isoprostane production.

Nitric oxide in pre-eclampsia

The nitric oxide radical is a potent vasodilator
synthesized by endothelial cells. Measurement of
nitrate, a breakdown product of nitric oxide, in
urine shows that whole body production increases
during pregnancy (Myatt et al., 1992). However, the
many papers on cross-sectional data on plasma or
urine nitrate in pre-eclampsia are somewhat
conflicting, being increased, reduced or unaltered.
This may reflect alterations in both renal excretion
as well as synthesis. A major influence on plasma
and urinary nitrite concentrations is dietary intake
of nitrite/nitrate which may confound measure-
ments of endogenous synthesis and probably
renders this unsuitable as a predictive marker
unless patients are subject to dietary control.

The immunology of pre-eclampsia

An immunologic cause of pre-eclampsia was
proposed in 1902 and profound alterations in



immunologic function in women with pre-
eclampsia have been shown (see the Moffett
chapter). Alterations in T cell and macrophage
function during pre-eclampsia may result in
altered regulation of cytokine production. There
are many reports of alterations of cytokines in pre-
eclampsia, for example increased concentrations of
tumor necrosis factor o, interleukin-6 and tumor
necrosis factor receptors (Vince et al., 1995). TNFa
may act to link endothelial dysfunction to placental
disease as TNFo activates endothelial cells and
increased TNFa has been found in the placenta of
pre-eclamptics (Nevils and Conrad, 1995). Recently
TNFao has been suggested to be a specific marker
for pre-eclampsia but only in the third trimester
(Serin et al., 2002). Interleukin-6 has an endocrine
function in mediating the acute phase response by
the liver. IL-12 is critical to the development of
aThl T cell response, and pregnancy appears to be
characterized by being a Th2-type condition (Saito
et al, 1999). Elevations of IL-12 in the serum of
women with pre-eclampsia lead to the speculation
that pre-eclampsia may represent a shift from a
Th2- to a Thl-like immune response (Sakai et al,
2002). Hence, investigations into the role of IL-12
in the pathogenesis of PE would be interesting.
Recently (Ohkuchi et al, 2001) reported that the
fraction of Thl cells and T cytotoxic type 1 (Tcl)
cells was increased in pre-eclampsia. Again, longi-
tudinal studies are needed to assess the utility of
these markers.

Doppler ultrasound blood flow velocity
measurements

Uteroplacental blood flow is reduced and vascular
resistance increased in pre-eclampsia due to the
absence of the normal physiologic of spiral arteries
(Pijnenborg et al, 1983). Doppler flow velocity
waveform measurements of the uterine arteries are
an index of the physiologic change and have been
used as an early screening test for pre-eclampsia
(Fleischer et al., 1986). The early studies were not
encouraging due to low sensitivity and variabilities
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in methodology and definition. The inclusion of an
early diastolic notch in the definition of abnormal
flow velocity was reported to have improved the
sensitivity of predicting pre-eclampsia, but did not
reduce the high false positive rate as an early
diastolic notch may persist in normal pregnancy up
to 24—26 weeks gestation (Fleischer et al., 1986).
However, including a second screening test for
persistent diastolic notch at 24 weeks reportedly
increased the specificity of the test (Bower et al.,
1993). The relative risk of developing pre-eclampsia
was claimed to be increased 68-fold if a persistent
notch was seen at 24 weeks. The test also has a high
negative predictive value for pre-eclampsia of up
to 99% (Phupong et al.,, 2003). This gives the test
utility in identifying individuals in whom interven-
tions are not useful.

A recent meta-analysis has suggested that 35% of
patients with abnormal uterine artery waveform
indices develop pre-eclampsia, promoting the
utility of this technique as a preliminary screening
tool (Chien et al, 2000). The addition of a
biochemical technique (such as second trimester
inhibin A) to estimate trophoblast invasion or
abnormalities of placental perfusion may give
further specificity (Aquilina et al, 2001). Large
scale prospective studies are warranted. Recent
studies have found the risk of developing pre-
eclampsia is increased in those patients who show
additional abnormalities in the vascular compo-
nent including altered concentrations of asym-
metric dimethyl r-arginine (Savvidou et al., 2003)
or of platelet function (Missfelder-Lobos et al.,
2002). This is again suggestive of an interaction
between placental and maternal vascular compo-
nents in development of the disease.

Proteins associated with trophoblast
invasion and angiogenesis

Measurement of placental proteins which regulate
trophoblast invasion may help predict pre-
eclampsia. The insulin-like growth factor IGFII
and the binding protein IGFBP-1 are involved in
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extravillous trophoblast cell migration and inva-
sion. IGFII is produced by invading trophoblast
whereas IGFBP-1 is produced by decidua and
together they may serve as molecular signals for
trophoblast—decidual interactions. Several long-
itudinal studies have shown that in early pregnancy
reduced IGFBP-1 levels are found from 16 weeks
onwards in women destined to develop pre-
eclampsia (Grobman and Kazer, 2001) and that
only in late gestation (36 weeks) are they greater
than in controls (Anim-Nyame et al, 2000).
Decreased decidual IGFBP-1 mRNA was found in
the pre-eclamptic placenta (Gratton et al, 2002).
Measurement of Pregnancy Associated Plasma
Protein A (PAPP-A), a protease specific for IGF
binding proteins, has also been reported to be
useful for predicting adverse pregnancy outcome
(Smith et al., 2002). In the same study, levels of
BhCG were not predictive of later outcomes in a
multivariate analysis. As both IUGR and pre-
eclampsia share the same abnormal trophoblast
invasion yet with differing maternal outcomes,
measurements of biochemical markers of tro-
phoblast invasion may not be specific for pre-
eclampsia but may be a marker for bad pregnancy
outcome, itself a useful screen.

Trophoblast invasion and placental development
may be regulated by angiogenic molecules such as
vascular endothelial growth factor (VEGF) and
placenta-like growth factor (PLGF) and this regula-
tion may be disrupted in pre-eclampsia (Zhou
et al., 2002). VEGF may play a role in disruption of
vascular systems in pregnancy but several reports
on placental VEGF expression (Ranheim et al.,
2001) and plasma VEGF in pre-eclamptics have
been inconsistent (Baker et al, 1995; Lyall et al.,
1997). The latter discrepancies are due to the use of
different assay kits measuring either total or free
VEGF. Assays for PLGF, another angiogenic factor
produced by the trophoblast measure free PLGF.
Decreased levels of free PLGF have been reported
in women who have developed PE (Torry et al,
1998). This may represent decreased production of
this pro-angiogenic factor linked to trophoblast
invasion.

VEGF acts via two high affinity receptors, fms-
like tyrosine kinase (Fltl or VEGFR1) and kinase
domain receptor (KDR or VEGFR2). The soluble
form of Flt-1 (sFlt-1) which circulates in plasma,
binds VEGF and PLGF and reduces their biologic
activity. It is now becoming apparent that pre-
eclampsia is characterized by normal or high total
VEGF but low free VEGF and PLGF due to excess
production of sFlt. Production of VEGF or VEGFR-1
is increased with pre-eclampsia. Plasma from
women with pre-eclampsia reduces myometrial
vessel contractility in vitro, an effect that could be
mimicked by incubation of vessels with VEGF
(Brockelsby er al., 1999). However, anti-Flt anti-
bodies block the effect of VEGF and of plasma from
pre-eclamptic women suggesting VEGF acting
through the Flt-1 receptor may be involved in the
pathophysiology. In normal gestations, serum
sFlt-1 concentrations increase with advancing
gestational age. However, levels are sixfold higher
in pre-eclampsia (Koga et al, 2003), perhaps
diminishing VEGF function. Inhibition of VEGF
binding to receptors on trophoblast reduces inva-
sion in vitro (Zhou et al., 2002). Although sFlt-1
levels decrease following delivery of the placenta,
there is a suggestion that there may be extra-
placental sources of sFlt-1 in PE (Koga et al., 2003).
Indeed, sFlt-1 is increased in patients with essential
hypertension (Belgore et al, 2001). Recently,
Sugimoto et al. (2003) found that neutralization of
VEGF caused glomerular endothelial detachment
and hypertrophy suggesting neutralization of VEGF
may play a role in induction of proteinuria.

Maynard et al. (2003) reported elevated levels of
sFlt-1 in individuals with pre-eclampsia prior to the
onset of disease and further correlated this with the
severity of disease. Increased sFlt-1 expression by
the placenta was found in this and other studies
(Zhou et al, 2002). Over-expression of sFlt-1 in
pregnant rats caused hypertension and pre-
eclampsia (Maynard et al., 2003). The stimulus to
increased sFlt-1 expression by the placenta may be
hypoxia (Hornig et al., 2000). Further prospective
studies to confirm this data on sFlt-1 together with
other hypoxia-induced proteins are needed.



Measurement of peptide hormones
as markers of placental function

The ischemic/hypoxic injury suffered by tropho-
blast in pre-eclampsia may alter its functional
activity manifest as changes in production of
peptide or steroid hormones and help predict
the disease. While there are potential circulat-
ing markers of trophoblast invasion that can
be measured as yet none have been correlated
with invasion hence hormone measurements in
maternal plasma more likely reflect villous
trophoblast function. Concentrations of corticotro-
phin-releasing hormone (CRH) synthesized by
trophoblast increase exponentially throughout
gestation, but the effect of CRH is negated by a
34kda CRH binding protein in maternal plasma.
CRH concentrations are increased in individuals
with pre-eclampsia and are accompanied by a
decrease in CRH binding protein (CRHbp) (Perkins
et al, 1995). Interestingly, trophoblast production
of CRH, unlike maternal CRH, can be stimulated
by cortisol, the increase in CRH in pre-eclampsia
may be due to increased fetal cortisol, itself a
reflection of fetal stress. Therefore, longitudinal
measurements of CRH and CRHbp may be able
to detect changes to indicate the presence of
pre-eclampsia.

The concentration of activin A, a placentally
derived peptide was increased in plasma of pre-
eclamptic patients (Petraglia et al, 1995). Serum
concentrations of inhibin A, proa C containing
inhibins and total activin A were significantly
increased in serum of pre-eclamptic patients
(Muttukrishna er al., 1997) indicating they could
be sensitive markers. This is interpreted as further
evidence for trophoblast dysfunction in pre-
eclampsia. While Muttukrishna et al. (2000) and
others claim to see a significant elevation of inhibin
A early in gestation other groups, Grobman and
Wang (2000) do not see early increases in inhibin A
or activin A in women who develop pre-eclampsia.
Muttukrishna et al. (2000) also reported from a
nested case control study that early elevation of
activin A might predict early onset pre-eclampsia.
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This needs to be tested in prospective longitudinal
studies with well-defined patient outcomes.

Normally maternal plasma concentrations of
BhCG peak in the first trimester, but decline
afterwards. Early work (Vaillant et al, 1996)
reporting that BhCG concentrations > two times
median concentrations at 17 weeks gestation was a
good criteria for selecting patients likely to develop
PIH with proteinuria and an SGA baby have been
challenged by others (Pouta et al., 1998). Increases
of BhCG, total hCG and total hCGa have been
found in patients with severe pre-eclampsia in the
third trimester compared to normotensive controls
and taken to indicate a secretory reaction of the
placenta in pre-eclampsia (Hsu et al., 1994). As
hCG is secreted by the differentiated syncytiotro-
phoblast, alterations in PhCG may reflect altera-
tions in trophoblast differentiation or function in
pre-eclampsia. The end product of hCG meta-
bolism in the kidney is the hCGp core fragment.
Bahado-Singh ef al. (1998) found a positive correla-
tion between urinary B core fragment concentra-
tions and risk of pre-eclampsia in singleton
pregnancies.

Leptin which is produced and secreted by the
adipocyte is also synthesized in the placenta
(Masuzaki et al., 1997) and production increases
throughout gestation perhaps to increase circulat-
ing fatty acids and glucose. In pre-eclampsia,
increased leptin has been reported and Anim-
Nyame et al. (2000) reported significant differences
from 20weeks gestation onwards in women
destined to develop pre-eclampsia, although other
studies did not find this (Martinez-Abundis et al.,
2000).

Measurement of placental peptides may have
utility in prediction of pre-eclampsia, especially as
they may reflect trophoblast function which in turn
may reflect the severity of disease.

AT1 receptor autoantibodies

The presence of agonistic auto-antibodies against
the angiotensin II AT1 receptor have been reported
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in the serum of individuals with PE (Xia et al,
2003). The antibody also downregulates the AT1
receptor in a similar manner to angiotensin II but
stimulates superoxide production from placental
or vascular tissue (Dechend et al, 2003). They also
inhibit trophoblast invasion in an in vitro assay and
increase trophoblast PAI-1 production (Xia et al.,
2002, 2003) and thus may account for two features
of pre-eclampsia (reduced invasion and increased
PAI-1). In cross-sectional studies these auto-
antibodies are claimed to be found in the majority
of patients with severe pre-eclampsia. This, how-
ever, needs to be confirmed in prospective longi-
tudinal studies. Whether these antibodies exist
prior to development of pre-eclampsia or are
found in individuals with mild disease remains to
be determined.

Conclusion

The majority of pre-eclampsia occurs in nullipa-
rous individuals and yet within this group 75%
occurs at term in association with relatively low
maternal and fetal morbidity. Less than 1% of the
nulliparous population develop pre-eclampsia at
<34weeks. Such a low incidence of clinically
significant disease may preclude the use of expen-
sive screening tests in such a low-risk population.

Clinical Risk Factors

The greatest expenditure associated with pre-
eclampsia in the developed world is in the care of
premature infants delivered of women with
early onset or severe pre-eclampsia. Identifica-
tion of individuals who may develop the early
onset/severe pre-eclampsia phenotype is then the
most desirable in terms of reducing neonatal and
maternal morbidity and mortality and subsequent
societal expense. Screening should perhaps focus
primarily on multiparous individuals with a history
of pre-eclampsia and women of any parity with
underlying medical disease or multifetal preg-
nancy, as these women account for the majority
of early onset severe pre-eclampsia resulting in
preterm delivery. The inclusion of risk factors such
as blood pressure at initial prenatal care visit, body
mass index, family history and, possibly, smoking
as well as short pre-conception exposure to
paternal antigens, could expand the screen to
include a greater number of otherwise low-risk
nulliparas destined to develop early onset pre-
eclampsia (Figure 15.2). A second round of screen-
ing or surveillance could then include the use of
biochemical and biophysical markers, maternal
and perhaps fetal genotype to identify such
phenotypes and select the group of patients felt
to be at highest risk for the development of pre-
eclampsia. These biochemical/biophysical tests
may also provide alternative and earlier definitions

BP, BMI, Smoking, Previous Pregnancy Outcome, Family History,
Previous PE, Pregestational Diabetes, Chronic Hypertension

Genetics

Current Pregnancy

Multifetal Gestation

Phenotype Specific Tests

SN

Placental, Vascular, Inmunologic, Coagulation

Figure 15.2 Defining patients at risk of developing pre-eclampsia.



of disease than simply hypertension/proteinuria
and suggest who may benefit from differ-
ent therapeutic interventions (placental/vascular),
as well as ongoing pregnancy surveillance. Cur-
rent treatment is limited to the administration of
steroids for fetal lung maturation and seizure
prophylaxis for the mother, and resolution of
disease is limited to delivery of the infant and
its placenta. This does not dismiss the potential
of future prophylactic treatments such as antiox-
idants. Using such a two-step screening approach,
a small percentage of nulliparas and multiparas
destined to develop pre-eclampsia may be screen-
negative (low risk by clinical and biochemical
screen). The advantage of a two-step approach is
to limit the number of individuals undergoing
potentially costly screening and surveillance.

By far the majority of studies of pre-eclamptic
women to date have been cross-sectional of
women with mild disease at term. Although there
are now more longitudinal studies emerging, they
mostly still employ small patient numbers and a
priori still focus on mild disease at term. What is
needed are large-scale prospective studies powered
to correlate predictive markers with clinically and
economically significant outcomes for mother
and fetus, i.e. they need to study early onset/
severe pre-eclampsia
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Long-term implications of pre-eclampsia

for maternal health

Gordon C.S. Smith

Introduction

The immediate clinical consequences and associa-
tions of pre-eclampsia are the subject of intense
study and are reviewed in depth throughout this
volume. It is natural for any woman who experi-
ences a hypertensive disorder in pregnancy to
enquire what implications this has, if any, for
her future health. While the long-term outcome
of women who experience pre-eclampsia has been
the subject of research, there are still major
uncertainties regarding this area due to the
inherent problems of long-term longitudinal clin-
ical studies. The aim of this chapter is to summar-
ize the recent evidence regarding the implications
of pre-eclampsia occurring during pregnancy for a
woman'’s health in later life. Moreover, methodo-
logical issues related to addressing this research
question will also be reviewed both to assist
interpretation of the existing literature and to
provide guidance for how future studies might be
conducted.

Methodological issues in determining
long-term associations with pre-eclampsia

Study design

Epidemiological studies generally aim to quantify
the association between developing a given
disease and some characteristic in a population.
The characteristic can take many forms, such

as a blood test, environmental exposure or

socio-economic factor. The first step in any study
is to determine whether the outcome and exposure
are associated to a degree which is greater than
expected by chance. Any analysis assumes that a
sufficient number of individuals were studied to
allow detection of an association, were any to exist.
Having demonstrated an association, the next
step is to determine whether the association is
likely to be causal. There are multiple criteria for
supporting a causal interpretation (Rothman and
Greenland, 1998), these are described elsewhere
and providing strong evidence for causality is often
the work of multiple studies using different
approaches. In a given study it is important,
however, to exclude the possibility that any
association between an exposure and an outcome
is due to a common dependence on some other
determinant (confounding).

Case control studies

The approach of a case control study is to identify
a group with the condition of interest and compare
the proportion who have the exposure of interest
with a group of unaffected individuals (controls).
This type of study is infrequently used in the long-
term outcome of pre-eclampsia. Studies which
examine the outcome of a group of women who
experienced pre-eclampsia with a group of women
who did not are frequently described by their
authors as ‘“‘case control studies.” In fact, this
is inaccurate since the groups are defined by
the exposure of interest (i.e. pre-eclampsia), not



the outcome of interest (e.g. chronic hypertension),
as would occur in a case control study.

Matched cohort studies

Cohort studies are defined as the analysis of a
group of individuals who are all drawn from some
definable population and are followed up over a
period of time. The follow-up may be conducted
retrospectively or prospectively. Following up
groups of women with pre-eclampsia and then
comparing them with a group who did not are
matched cohort studies. The key issue in such
studies is the selection of the unexposed (control)
group. Since the analysis depends on statistical
comparison with the control group, it is essential
that the control group is a random sample of the
unexposed population. The selection of controls,
as is performed in a matched cohort study, allows
the possibility of bias.

Population-based cohort studies

This study design takes a defined population
(e.g. all women attending a given hospital for
antenatal care or all women in a given country) and
compares the incidence of the outcome in relation
to the exposure of interest. Since the unexposed
group is unselected, there is less likelihood
of bias being introduced in the comparisons.
An important issue in these studies is how the
event was ascertained. For example, if events were
ascertained by questionnaire, were the response
rates similar in relation to exposure? Alternatively,
if they were ascertained by record linkage to
other local data sources, was there systematic
migration or lack of migration in relation to the
exposure?

Prospective cohort studies

Prospective cohort studies represent the ‘“gold
standard” in determining association. In this
design a group of women is identified and followed
up. The incidence of events is related to the
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exposure of interest. A prospective design allows
definition of exposure to be performed in a
standardized way for the whole cohort, which
will reduce the chance of bias being introduced
in definitions. The major drawback of prospective
cohort studies is their expense.

Nested case control studies

A nested case control study is a variant on a cohort
study. A cohort is followed up and all women
experiencing events are ascertained. All the cases
are compared with a random selection of controls
from within the cohort. The random selection of
controls allows identification of a non-biased
group of controls. Confining any analysis to cases
and controls considerably reduces the costs of the
study, particularly if detailed investigations of cases
and controls is planned.

Definition of exposure, maternal
characteristics and events

A key reason why studies may differ in the nature
and strength of associations described with hyper-
tensive disorders in pregnancy is the definition of
the exposure. Different study designs are likely to
have different methods of definition. Generally,
small studies and prospective studies will tend to
have more precise definitions. Studies involving a
retrospective review of case notes will depend on
the degree of standardization of clinical care to
allow comparison between women. The inclusion
criteria for the study are also likely to determine the
associations observed. If a study includes women
who attend late for antenatal care, those with
previously unrecognized chronic hypertension
who book late in pregnancy may be wrongly
diagnosed as having gestational hypertension.
This would lead to an apparent but potentially
spurious association between pregnancy-induced
hypertension and later chronic hypertension.
Another important issue is parity. The number of
pregnancies women have is clearly highly variable
and this can vary systematically in relation to
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important maternal characteristics. The risk that a
woman will have any pregnancy affected by
pre-eclampsia is clearly increased with the total
number of pregnancies, particularly if some of
these are to different partners. The potential for
bias in these classifications can be overcome by
relating long-term outcome to a diagnosis of
pre-eclampsia in the first pregnancy which, all
other things being equal, might be regarded as a
standardized measure of a woman’s tendency to
develop the disease.

There is a general rule of epidemiological
databases that the information available on each
individual varies in inverse proportion to the total
number in the study group. Large-scale population
databases have the advantage that they include
a sufficient number of women to be powered to
detect rare events, such as premature death due
to cerebrovascular disease. The drawback of such
studies is that the exposure (e.g. pre-eclampsia),
the other maternal characteristics (e.g. smoking
and obesity) and the outcome (e.g. differentiation
between ischemic or thrombotic stroke) are likely
to be incompletely defined. In practice, groups
with a documented diagnosis of pre-eclampsia
in such databases are likely to include women
with chronic hypertension and women who did not
experience pre-eclampsia. groups
where the diagnosis is not documented are
likely to include women who did experience pre-

Conversely,

eclampsia. The effect of misclassification clearly
depends on the extent of the overlap.

The issues outlined above are important in
interpreting the existing literature regarding
the long-term outcome following pre-eclampsia.
Hypertension is a chronic condition that increa-
ses the risk of many cardiovascular events. If
a diagnosis of apparent pre-eclampsia during
pregnancy is simply a marker for women with
first and early diagnosis of chronic hypertension,
then it would be anticipated that associations
would be apparent between pre-eclampsia and
later hypertension and cardiovascular disease.
The definition of pre-eclampsia and the clinical
information available for the definition to be made

are the key determinants of the potential for
misclassification. Variations in the definition
and the clinical information employed are likely
to account for much of the variability in the
literature.

Early studies on remote prognosis
of eclampsia and pre-eclampsia

The literature on this subject up to 1980 was
reviewed in some depth by Leon Chesley, who is
perhaps one of the key figures in much of the early
work (Chesley, 1980). The majority of these studies
employ cohorts of women who experienced
some form of hypertensive disorder of pregnancy.
Comparison was made either with matched control
groups or population average incidences for
the given outcome. The vast majority of these
early studies focused on chronic hypertension as
the outcome. The conclusion of these early studies
was that eclampsia and pre-eclampsia were
not associated with an increased risk of chronic
hypertension in later life. Gestational hypertension
was associated with an increased risk of chronic
hypertension. The apparent paradox that the
mildest form of the disease had the strongest
association with long-term prognosis was
explained by the fact that women diagnosed
with “gestational hypertension” probably had
first diagnosis of essential hypertension in preg-
nancy. Since the early work described above,
more recent studies have re-examined this
research question and have often employed larger
cohorts of women. The following sections will
describe the major findings of subsequent large
scale studies.

Hypertensive disorders in pregnancy
and hypertension in later life

There is more information about the risk of
hypertension in later life and previous pre-
eclampsia than any other long-term outcome.



This is probably because hypertension is relatively
common in younger women. Relatively young
women remain the focus for most of these studies
for the pragmatic reason that computerized data-
bases of pregnancy outcome are relatively recent
and represent the most convenient way for initiat-
ing large-scale longitudinal studies, due to the
expense of dedicated prospective observational
studies.

Wilson et al. described the long-term outcome
for a cohort of women delivering in Aberdeen,
Scotland between 1951 and 1970 (Wilson et al,
2003). Women were classified into normotensive,
gestational hypertension (i.e. hypertension without
proteinuria) and pre-eclampsia (i.e. hypertension
with proteinuria). Hypertension in later life
was ascertained by questionnaire and physical
examination of respondents within the cohort.
While this is open to recall bias and respondent
bias, the cohort was also linked to computerized
databases of hospital discharge data and
death certificate data. There were associations
between both gestational hypertension and pre-
eclampsia and later hypertension both by ques-
tionnaire and physical examination of respondents
and by linkage of the whole cohort to hospital
discharge data. The relative risks were in the
region of 2—4.

A large-scale prospective cohort study of women
recruited to the control group of a matched cohort
study of the oral contraceptive pill related a
previous diagnosis of pre-eclampsia to the risk of
later chronic hypertension. The authors described
a relative risk of 2.4 (2.1-2.6). However, the
criteria for diagnosis of pre-eclampsia were not
defined and it is likely that this group included
many women with misclassified hypertension
(Hannaford et al., 1997).

A matched cohort study of 273 women with
well-defined hypertensive disorders of pregnancy
demonstrated associations between both gesta-
tional hypertension and pre-eclampsia and later
chronic hypertension. The incidence was 45% in
the pregnancy-induced hypertension group and
14% in controls (P < 0.001) This study correctly
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excluded women where the data were lacking to
classify the pregnancy-related hypertension, due
to missing data or late booking. Interestingly,
there was no association between eclampsia and
later hypertension, although only 29 women
were followed up who had experienced this event
(Marin et al., 2000).

Sibai and colleagues describe prospective follow-
up of 179 women who experienced eclampsia but
did not have pre-existing hypertension (Sibai et al.,
1992). They demonstrated that the likelihood of
hypertension in later life depended on the gesta-
tional age where the index event took place: 18%
if eclampsia occurred <31 weeks, 12% if eclampsia
occurred between 31 and 36weeks and 5% if
eclampsia occurred at term. This trend is statisti-
cally significant (P=0.03 by chi square test for
trend — not reported by authors). They also found
that women who had pre-eclampsia in subsequent
pregnancies had a greater risk of later hypertension
than women whose subsequent pregnancies were
not affected by pre-eclampsia (25% versus 2%,
P < 0.0001).

The same authors had earlier reported a matched
cohort study of 406 women aged <26years
who developed severe pre-eclampsia during
their first pregnancy. The diagnostic criteria
employed were strict and women with unclassifi-
able hypertension were excluded. The incidence
of chronic hypertension was 15% compared
with 6% in the control group and the difference
was highly statistically significant (Sibai er al.,
1986).

The studies described above strongly suggest
that both pre-eclampsia and eclampsia are related
to the risk of chronic hypertension in later life. Use
of strict diagnostic criteria means that some of
these studies cannot be explained by misclassifica-
tion. The relationship between gestational age at
the time of the eclamptic event and the risk of later
hypertension does suggest heterogeneity within
this group and that long-term implications of a
diagnosis of pre-eclampsia or eclampsia might vary
according to the gestational age at onset in the
affected pregnancy.
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Hypertensive disorders in pregnancy and
ischemic heart disease in later life

A number of studies have demonstrated associa-
tions between a diagnosis of pre-eclampsia in
pregnancy and ischemic heart disease (IHD) in
later life. This association is plausible given the
evidence outlined above for a relationship with
hypertension, which is a well-recognized risk factor
for IHD. However, IHD is relatively uncommon in
young women. Consequently, the most feasible
studies for addressing this question are register-
based studies, since these can include a sufficient
number of women to be powered to address the
research question. In all but one of these studies,
however, the definition of exposure is based on the
coding of clinical records, which is open to
misclassification.

The analysis of controls for the oral contra-
ception cohort, reported by Hannaford and
described above, reported relative risks of 1.5—2.2
for a number of different IHD conditions. The
association persisted when the analysis was strati-
fied by chronic hypertension and the analysis was
adjusted for age, smoking and social class
(Hannaford et al, 1997). A national retrospective
cohort study of 129,920 women having first births
in Scotland between 1980 and 1984 demonstrated
an approximately twofold risk of death or hospital
admission due to IHD in relation to a diagnosis of
pre-eclampsia (Smith et al., 2001). The diagnosis of
pre-eclampsia was based on coding in a maternity
register and 18% of women were documented as
experiencing pre-eclampsia, indicating that
the diagnostic criteria were relatively broad. The
association was not attenuated by adjusting for
maternal age, social deprivation, height or essential
hypertension. Smoking data were lacking in this
cohort but it is unlikely that smoking might
have explained the observed association since
pre-eclampsia is less common among smokers
(England et al., 2002). A national registry based
study in Denmark of over 600,000 births also
demonstrated an increased risk of death due to
cardiovascular causes (Irgens et al., 2001). These

authors demonstrated that the relative risk of death
associated with a diagnosis of pre-eclampsia varied
in relation to gestational age. For term births the
relative risk was 1.6 and for preterm births it was
8.1. However, previous studies have shown that
preterm birth is a risk factor for IHD independently
of pre-eclampsia (Smith et al., 2001, 2000). Irgens
et al. did not perform a formal statistical test for
interaction.

Each of these large-scale studies supports the
hypothesis that a diagnosis of pre-eclampsia is
associated with an increased risk of later THD.
However, in all studies the accuracy of diagnosis is
debatable as they are based on large-scale registers
of case note data. A single large-scale study has
been described with well-defined data on the
diagnosis of pre-eclampsia (Wilson et al, 2003),
the Aberdeen study described above. This study
generated somewhat inconsistent results. There
was a twofold risk of death due to IHD on the basis
of record linking to death certificate data although
due to small numbers this was of borderline
significance (P=0.09). Surprisingly,
there was no trend of an increased risk of hospital
admission for THD (relative risk 0.9, upper 95%
CI 1.4). However, there was no association between
gestational hypertension and either hospital
admission or death due to IHD. In the presence
of these inconsistencies, further work will be
required to define the strength and nature of the
association, if any, between hypertensive disorders
in pregnancy and later risk of IHD.

statistical

Hypertensive disorders in pregnancy and
cerebrovascular disease in later life

Hypertension is a major etiological factor in
cerebrovascular disease. A number of studies have
attempted to determine whether pre-eclampsia
during pregnancy is associated with an increased
risk of cerebrovascular disease in later life. The
cohort study reported by Hannaford reported a
non-significant trend toward an increased risk
of cerebrovascular disease in relation to a history



of pre-eclampsia. However, they did report that
women who had no diagnosis of a hypertensive
disorder of pregnancy had a lower risk of cere-
brovascular disease in later life than nulliparous
women (Hannaford et al., 1997). The cohort study
of 600,000 women from Denmark found a fivefold
risk of stroke among women delivered preterm
with a diagnosis of pre-eclampsia but no excess
risk of stroke among those who experienced pre-
eclampsia but delivered at term (Irgens et al.,
2001). These and other authors have shown that
preterm birth in the absence of pre-eclampsia is
associated with an increased risk of later stroke
(Irgens et al., 2001; Pell et al., 2004). The linked
Aberdeen data allowed comparison of women
with gestational hypertension and those with
pre-eclampsia. The association with later cerebro-
vascular disease was stronger among the pre-
eclampsia group (relative risk 2.1 for hospital
admission and 3.5 for death) than among the
gestational hypertensive group (relative risk 1.4 for
hospital admission and 2.9 for death) and, indeed,
was only statistically significant in the former
group. These data generally support the interpreta-
tion that pre-eclampsia is associated with later
cerebrovascular disease. It is unknown, however,
whether this association is wholly explained by the
association between pre-eclampsia and chronic
hypertension.

Hypertensive disorders in pregnancy and
venous thromboembolism in later life

Some studies have suggested that pre-eclampsia
may be more common among women with inher-
ited and acquired thrombophilias (Kupferminc
et al., 2000), although the data are inconsistent
(Morrison et al., 2002). Furthermore, pathological
examination of placentae from women with
pre-eclampsia often demonstrate thrombotic
changes (Sikkema et al., 2002). These associations
have led to studies of the possible association
between pre-eclampsia and venous thromboembo-
lism in later life. Hannaford et al. reported a relative
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risk for venous thromboembolism of 1.6 for women
with a history of pre-eclampsia (Hannaford et al.,
1997). When stratified by chronic hypertension, the
relationship appeared stronger among women who
were normotensive. A more recent analysis of
almost 300,000 pregnancies from Canada demon-
strated a twofold risk of venous thromboembolism
among women with a pregnancy diagnosis of
pre-eclampsia (van Walraven et al, 2003). Both
studies included both first and subsequent preg-
nancies, employed register bases definitions of pre-
eclampsia and could not adjust for important
potential confounders, such as obesity. While
these data suggest a possible association between
pre-eclampsia and venous thromboembolism,
further studies are clearly required.

Possible mechanisms of association
between pre-eclampsia and later disease

Pre-eclampsia shares common features with some
determinants of disease in later life. A candidate
mechanism linking the two is insulin resistance.
It has been suggested that pre-eclampsia is a
manifestation of the insulin resistance syndrome
and the evidence supporting this is reviewed
elsewhere (Solomon and Seely, 2001). Although
insulin resistance in pregnancy is associated with
an increased risk of pre-eclampsia, the relative risk
is modest, at approximately 2. This would not be
considered a strong association and is consistent
with the clinical impression that the majority of
women with gestational diabetes do not experience
severe adverse outcomes in pregnancy. One of the
problems in the clinical investigation of the causes
of pre-eclampsia is the multiorgan involvement in
the affected individual. Literally dozens of circulat-
ing factors have been shown to be altered among
women with pre-eclampsia, but it is unclear
whether these are causal or epiphenomena. It has
been shown that the risk of pre-eclampsia
is associated with first trimester circulating
maternal concentrations of pregnancy-associated
plasma protein-A (PAPP-A), a trophoblast-derived
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regulator of the insulin-like growth factor system
(Smith et al., 2002). This observation suggests the
factors determining later pre-eclampsia may be
evident in the very earliest weeks post-conception.
The relatively weak link between factors such as
insulin resistance in late pregnancy and the risk
of pre-eclampsia may reflect the importance of
conditions in very early pregnancy in determining
the risk of disease.

Clearly, insulin resistance is just one of many
possible mechanisms linking pre-eclampsia and
cardiovascular disease in later life. Another is
thrombophilia. There are reports that women
with inherited thrombophilias are at increased
risk of pregnancy complications (Gharavi et al.,
2001) and of ITHD (Rosendaal et al, 1997a, b).
However, genetic epidemiology is plagued by
small-scale studies and a systematic tendency
of journals to publish positive results. This results
in a characteristic pattern of a flurry of interest in
a given mutation followed by a series of negative
results (Bonnici et al., 2002). Consistent with this,
recent large-scale studies of inherited thrombophi-
lias and pre-eclampsia have been negative
(Morrison et al., 2002). Nevertheless, both pre-
eclampsia and diseases such as IHD show strong
familial associations (Morgan and Ward, 1999;
Slack and Evans, 1966). It is plausible, given the
common features of the pathophysiology of these
conditions, that there may be common genetic
determinants of IHD and pregnancy complica-
tions. Consistent with this, a recent study has
shown that a family history of early onset IHD is
associated with an increased risk of delivering a
low birthweight baby (Pell et al., 2003). It is cur-
rently well recognized that development of gesta-
tional diabetes during pregnancy identifies women
who are insulin resistant and at increased risk of
developing type 2 diabetes in later life (Linne et al.,
2002). In this case pregnancy could be seen as a
test of the body’s predisposition toward diabetes.
It is possible that the failure of the mother to adapt
to placentation and fetal growth leading to obstet-
ric complications such as pre-eclampsia, intra-
uterine growth restriction or preterm birth reflects

occult cardiovascular, microvascular or hemostatic
dysfunction. Since these will also make her suscep-
tible to hypertension, atherosclerosis and throm-
botic disorders, a woman’s reproductive history
may, therefore, also become informative in asses-
sing her future risk of cardiovascular disease. The
true nature and mechanism of these associations
will only be resolved by large-scale prospective
studies.

Note

This review summarizes the literature to October
2003. For information on more recent studies, see
Ray, J. G. (2006). Drug Dvpt Res., 67, 607—11.
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Classification and diagnosis of pre-eclampsia

Introduction

Pre-eclampsia is a pregnancy-specific condition
characterized by placental dysfunction and a
maternal response featuring systemic inflammation
with activation of the endothelium and coagulation.
This multifactorial disease presents as a syndrome
of symptoms and signs, with associated hemato-
logical and biochemical abnormalities. Most con-
sider hypertension and proteinuria to be the
hallmarks of pre-eclampsia, but the clinical mani-
festations of this syndrome are very heterogeneous.
Some women develop severe maternal disease
requiring intensive care, whereas others remain
asymptomatic with mild hypertension and pro-
teinuria. Approximately one in six babies born to
mothers with pre-eclampsia is very preterm. In
contrast, two-thirds are delivered after 37 weeks,
most of whom are normally grown, healthy babies.
It is the very nature of the condition that creates
difficulties in classifying pre-eclampsia precisely.
Over the decades a number of classifications
have been promoted by different groups of experts
or representative bodies (Anonymous, 1990, 2000,
2002; Brown et al., 2000; Davey and MacGillivray,
1988; Helewa et al, 1997; Hughes, 1972; Redman
and Jefferies, 1988). This range of definitions has
served to confuse clinicians and researchers as to
the most appropriate definition to use (Chappell
et al., 1999; Harlow and Brown, 2001). The most
recent classification proposals are more closely
aligned, with some commonality in terminology
and criteria for abnormal blood pressure and

proteinuria. It is now widely accepted that
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gestational hypertension is the presence of de
novo hypertension (usually diastolic blood pres-
sure >90mmHg and/or systolic blood pressure
> 140 mmHg) occurring in the second half of
pregnancy and pre-eclampsia is the combination
of gestational hypertension with new proteinuria
(Anonymous, 2000, 2002; Brown et al, 2000;
Helewa et al., 1997). In recognition that severe
disease may occur in the absence of proteinuria
(Douglas and Redman, 1994), the Australasian
Society of Hypertension in Pregnancy (ASSHP)
has widened these criteria to include the presence
of other multisystem manifestations, whether or
not proteinuria is present (Brown et al., 2000).

In this chapter current classifications are sum-
marized. The objectives of defining pre-eclampsia
will be discussed from the perspective of a clinician
and then a researcher. We will review how the
different classification systems these
issues. The inherent difficulties and pitfalls when
measuring blood pressure and proteinuria will be
considered. The problems diagnosing superim-
posed pre-eclampsia in the presence of underlying
medical conditions, such as essential hypertension,

address

renal disease or diabetes, will also be addressed.
The chapter concludes with future approaches to
define and diagnose this elusive disease.

Current classification systems

Gestational hypertension

Recent classifications from American (Anonymous,
2000, 2002), Canadian (Helewa et al., 1997) and
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Australasian (Brown et al, 2000) representative
bodies have defined gestational hypertension as
a blood pressure >140/90 mmHg after 20weeks
gestation. In a general pregnant population, blood
pressure greater than 140/90 mmHg is more than
two standard deviations above the mean between
20 and 34 weeks gestation, and approximately two
standard deviations above the mean from 35 weeks
to term (Stone et al., 1995). There are minor
differences in the criteria for gestational hyperten-
sion between these consensus statements. The
Canadian’s elected to use only a diastolic blood
pressure >90mmHg in the definition, requiring
confirmation on at least two occasions 4 h apart.
The Australasian definition specifies a systolic blood
pressure greater or equal to 140 mmHg and/or
diastolic blood pressure of at least 90 mmHg,
taken repeatedly over several hours and an absence
of any features of multisystem disease. In the USA,
the National Institutes of Health working group
report on blood pressure in pregnancy, endorsed by
the American College of Obstetricians and Gyne-
cologists (ACOG), has defined gestational hyper-
tension as a systolic blood pressure greater than
140mm Hg or diastolic blood pressure greater than
90 mmHg after 20 weeks gestation, without refer-
ence to repeated recordings. All classification sys-
tems include women in whom the blood pressure
rise is only present intrapartum, and in the USA
this may comprise a substantial proportion of
all pre-eclamptics (Zhang et al, 2001). As gesta-
tional hypertension may progress to pre-eclampsia
(Barton et al., 2001; Saudan et al, 1998), it is
recognized that the final diagnosis of gestational
hypertension can only be made postpartum
(Anonymous, 2000). Resolution of the high blood
pressure by 3months postpartum is required in
order to confirm the woman does not have chronic
hypertension.

Pre-eclampsia

The Canadian consensus statement did not use
the term “pre-eclampsia,” but the more cumber-
some ‘‘gestational hypertension with proteinuria,”

which was then subdivided into those with and
without adverse conditions. The adverse condi-
tions were the presence of severe hypertension,
maternal multisystem complications (convulsions,
thrombocytopenia, oliguria, pulmonary edema,
right upper quadrant pain or elevated liver
enzymes) or adverse placental/fetal outcomes (sus-
pected abruption placentae, intrauterine growth
restriction, oligohydramnios or absent or reversed-
end umbilical artery end diastolic flow). This
classification advanced thinking by addressing the
importance of the presence or absence of severe
maternal and fetal sequelae. It was, however, a
retrograde step to focus the terminology on
hypertension. Although development of hyperten-
sion is usually the first sign, it is only one sign
amongst many in the pre-eclampsia syndrome.
Neither the terminology proposed by the
Canadians nor the unwieldy terminology used in
the earlier ISSHP classification has been widely
applied internationally. Cumbersome language fails
to address the human element in the uptake of
terminology and medicine is not immune to the
impact of branding. The widespread use of “HELLP
syndrome’ highlights this. HELLP is the acronym
coined in 1982 for hemolysis, elevated liver en-
zymes, and low platelets (Weinstein, 1982). It is just
a term for a set of multisystem complications that
occur in pre-eclampsia. The simple, easy to remem-
ber name evokes the response that this is a severe
medical problem, contributing to the widespread
global uptake of this terminology. However, the ter-
minology has fueled the incorrect concept that this
is a separate disease to pre-eclampsia rather than
part of the spectrum. Other combinations of com-
plications, such as “ELLP” syndrome, also occur,
probably even more commonly than “HELLP.”
The American classification separates gestational
hypertension from pre-eclampsia by the presence
of proteinuria with the new onset-hypertension
(Anonymous, 2000, 2002). Proteinuria is diag-
nosed on a 24h urinary protein measurement
(>0.3g24h™!) or if this is not feasible, a fixed time
interval collection corrected for creatinine excre-
tion. The American classification identifies a group



of mothers and babies at potential danger, and
comment that the following features of severe
disease increase the certainty of the diagnosis:

* blood pressure of 160 mmHg or more systolic,
or 110 mmHg or more diastolic;

proteinuria of 2.0 g or more in 24 h (24 or 3+ on

qualitative examination);

increased serum creatinine (>1.2mgdl™" unless
known to be previously elevated);

platelet count less than 100,000 cell mm ™" and/or
evidence of microangiopathic hemolytic anemia
(with increased lactic acid dehydrogenase);
elevated hepatic enzymes (alanine transaminase
or aspartate transaminase);

persistent headache or other cerebral or visual
disturbances;

persistent epigastric pain;

eclampsia (convulsions).

Recent ACOG criteria are based on the above
consensus document with the following minor
modifications to the list of severe features

(Anonymous, 2002). Severe hypertension required
the blood pressure to be >160/100 mmHg on two
or more occasions 6h apart while the patient is
on bedrest, the proteinuria cut-off was elevated to
5g24h~! or 34+ on two random urine samples and
oliguria (defined as <500ml24h™"). Pulmonary
edema or cyanosis and fetal growth restriction
were added to the list.

The importance of thinking about pre-eclampsia
as a multisystem disease, that requires systematic
assessment of each organ potentially involved, is the
foundation of the Australasian (ASSHP) classifica-
tion. In this definition all women with features of
multisystem disease are included under the
diagnosis of pre-eclampsia, whether or not they
have significant proteinuria (Table 17.1) (Brown
etal., 2000). This contrasts with the American classi-
fication where a woman with gestational hyperten-
sion (i.e. has no proteinuria) who develops one or
more severe manifestations is still considered to
have gestational hypertension. It should be noted
that in the Australasian definition women with
gestational hypertension and proteinuria, but no
other severe complications, are considered to have
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Table 17.1. Australasian Society for the Study of
Hypertension in Pregnancy 2000 Classification System
for Pre-eclampsia

Gestational hypertension (de novo systolic blood
pressure >140 mmHg and/or diastolic blood pressure
>90 mmHg) and any of the following:

Proteinuria: >300 mg24 h™" or a spot urine
protein/creatinine ratio >30 mgmmol !

Renal insufficiency: serum creatinine >0.09 mmoll™ or
oliguria

Liver disease: epigastric/right upper quadrant pain
and/or raised serum transaminases

Neurological problems: convulsions (eclampsia);
hyperreflexia and clonus; severe headaches with
hyperreflexia; persistent visual disturbance (scotomas)

Hematological disturbance: thrombocytopenia,
disseminated intravascular coagulation, hemolysis

Fetal growth restriction

pre-eclampsia. Inclusion of fetal growth restriction,
but exclusion of other feto-placental problems, such
as placental abruption, is an inconsistency in the
ASSHP classification. The clinical importance of
severe hypertension (BP >170/110 mmHg) is recog-
nized, but they do not separate severe from milder
hypertension within the diagnostic criteria.

Objectives when defining pre-eclampsia

Clinician’s perspective

Like any diagnostic “test,” the definition of pre-
eclampsia ultimately classifies women as having or
not having the condition. Once labeled as pre-
eclampsia, a treatment threshold is crossed, trig-
gering a series of changes in clinical management.
The criteria used to classify pre-eclampsia have,
therefore, significant implications for clinical care.
The objectives of defining pre-eclampsia are
twofold:
1.to identify women and their babies with
severe maternal or fetal complications due to
pre-eclampsia; and
2. to identify women at significant risk of subse-
quently developing severe maternal and/or fetal
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sequelae due to pre-eclampsia who require more

intensive monitoring and timely delivery to

prevent these problems.

Defining pre-eclampsia by the most common
early manifestations of the syndrome (hyperten-
sion and proteinuria), clusters a broad range of
clinical scenarios, from mild disease posing no
immediate threat to maternal or fetal health
through to women with eclampsia, severe liver
and renal dysfunction associated with a coagulo-
pathy and/or severe fetal compromise. For some
these severe complications are present at the time
of diagnosis, others develop them in the ensuing
days or weeks. For many, pre-eclampsia never
progress beyond the initial manifestations of mild
disease. Thus the current definitions of pre-
eclampsia function in dual capacity, as a diagnostic
tool for severe maternal or fetal disease and as a
screening test that identifies women at significant
risk of subsequently developing severe sequelae of
pre-eclampsia.

Like all screening tests, sensitivity and specificity
are balanced around the cut-off criteria utilized.
No definition is perfect, but the object is to identify
all women who develop severe disease (high
sensitivity) and exclude all at minimal risk
of significant sequelae (high specificity). If the
definition is too broad, an inclusive approach will
result in the diagnosis of women with very mild
disease. Classifications that included the criteria
of edema (Anonymous, 1990; Hughes, 1972) or
an isolated rise in blood pressure with the final
blood pressure remaining less than 140/90 mmHg
(Anonymous, 1990), resulted in labeling many
women with pre-eclampsia who were at little risk
of serious maternal or fetal morbidity. An isolated
rise in blood pressure has now been shown to
occur in 27—-67% of pregnancies, and identifies
women who have an essentially normal pregnancy
outcome (North et al., 1999; Ohkoshi et al., 2003;
Villar and Sibai, 1989). A further study reported
no increase in important adverse outcomes among
the 2% of nulliparous women with proteinuria and
a 15mmHg rise in diastolic blood pressure,
but whose blood pressure remained less than

90 mmHg (Levine et al., 2000). An isolated rise in
blood pressure and the presence of edema have
now been dropped from recent classifications
(Anonymous, 2000, 2002; Brown et al, 2000;
Helewa et al., 1997).

Equally, if criteria are too stringent, then some
women who are at risk of developing severe
maternal disease will not be identified and appro-
priate management not implemented. Redman
and Jefferies found that if more strict criteria
for hypertension (a rise in diastolic blood pressure
of at least 25 mmHg to at least 90 mmHg) were
employed, this identified pregnancies with
increased rates of proteinuria, lower birthweights
and increased perinatal mortality (Redman and
Jefferies, 1988). These criteria for hypertension
were shown to be associated with a higher rate of
small for gestational age babies than if an absolute
BP cut-off was utilized (Perry and Beevers, 1994).
Redman'’s criteria have been used in major clinical
trials (CLASP, 1994) but have not been widely
accepted in clinical practice. The reason for this
includes the requirement of an early blood pres-
sure to make the diagnosis. This is not available
in a significant number of pregnancies, especially
in certain sectors where women often present late
in pregnancy. This definition also excludes women
with proteinuria combined with a diastolic blood
pressure greater than 90mmHg, but whose
increase in blood pressure is less than 25 mmHg.
Amongst these women, the precise number who
would develop severe maternal or fetal complica-
tions is unknown. As several million pregnancies
are complicated by pre-eclampsia annually, failure
to recognize even a small percentage translates into
large numbers of women potentially placed at risk
globally.

The current classifications of gestational
hypertension and pre-eclampsia do identify
two groups of women with very different risk
profiles (Figure 17.1) (Brown and Buddle, 1995a;
North et al, 1999). US-based studies also report
fewer major adverse maternal or fetal in gesta-
tional hypertension compared with pre-eclampsia
(Barton et al., 2001; Hauth et al., 2000). It should be
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Figure 17.1 Among women with gestational hypertension and pre-eclampsia, the proportion who develop severe hypertension or
multi-system complications. Multi-system complications included renal insufficiency, thrombocytopenia, liver dysfunction, imminent
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