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Abstract This review discusses a potential role of
galectins and the renin—angiotensin system (RAS) in the
pathophysiology of preeclampsia (PE). Preeclampsia
affects between 3 and 5 % of all pregnancies and is a
heterogeneous disease, which may be caused by multiple
factors. The only cure is the delivery of the placenta, which
may result in a premature delivery and baby. Probably due
to its heterogeneity, PE studies in human have hitherto only
led to the identification of a limited number of factors
involved in the pathogenesis of the disease. Animal mod-
els, particularly in mice and rats, have been used to gain
further insight into the molecular pathology behind PE. In
this review, we discuss the picture emerging from human
and animal studies pointing to galectins and the RAS being
associated with the PE syndrome and affecting a broad
range of cellular signaling components. Moreover, we
review the epidemiological evidence for PE increasing the
risk of future cardiovascular disease later in life.
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Preeclampsia: a heterogeneous syndrome

Preeclampsia (PE) is among the leading causes of maternal
death, perinatal morbidity and mortality worldwide. Preg-
nancy hypertension complicates 10 % of all pregnancies.
Of these, PE is a syndrome affecting 3—5 % of all preg-
nancies, with new hypertension and de novo proteinuria
developing in the second half of pregnancy [1]. PE is
responsible for more than 50,000 maternal deaths annually,
the majority of which occur in developing countries [2].
The only present “cure” for PE is delivery of the placenta,
and thereby the baby, often necessitating a premature
delivery, with subsequent augmented short-term morbidity
and mortality for the newborn. Women who develop PE are
at increased risk of cardiovascular disease later in life.
Also, children born of preeclamptic pregnancies run
increased risk for adolescent hypertension and adult car-
diovascular disease.

The exact etiology for PE remains unknown, but a
3-stage model is suggested for the “placental type” of PE
[3, 4] illustrated in Fig. la. Dysregulated immunological
factors (stage 1) underlying a defect placentation with
reduced invasion of fetal extravillous trophoblast cells and
reduced remodeling of maternal uteroplacental spiral
arteries (stage 2) are initial pathophysiological events. An
unfavorable uteroplacental circulation ensues, with
enhanced oxidative, endoplasmic reticulum stress and
release of placental factors to the maternal circulation. This
causes an excessive maternal inflammatory response and
endothelial dysfunction, thereby inducing the maternal
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Fig. 1 Preeclampsia: two different etiologies for a complex disease.
PE is characterized by new onset hypertension and proteinuria in the
mother, which result from diffuse endothelial and inflammatory
dysfunction. In placental PE (a), dysregulated immune interactions
with trophoblast cells impair the placentation process, with defective
remodeling of the uteroplacental spiral arteries. Placental dysfunction
is assocaited with enhanced oxidative, endoplasmic reticulum stress
and release of inflammatory mediators to the material circulation,

clinical signs of PE with hypertension and proteinuria
(stage 3) [1]. This multistep concept has recently been
extended to include our present understanding of the
uteroplacental vascular inflammatory lesion named “acute
atherosis”, often present in preeclamptic pregnancies [5]
and possibly linked to disease severity and perinatal out-
come [6].

In PE, new hypertension and proteinuria arise second-
arily to diffuse maternal endothelial and inflammatory
dysfunction. The placenta imposes an increasing inflam-
matory stress, even in normal pregnancy. In PE the
inflammatory burden is excessive [3]. Placental dysfunc-
tion arises from altered perfusion of the uteroplacental
circulation, due to deficient placentation occurring in the
first half of pregnancy. Placentation involves a complex
interaction between maternal immune cells in the uterine
wall (named “decidua”, the pregnancy endometrium) and
invasive trophoblasts, which are placental cells that express
paternal HLA, restricted to HLA-C of the strong trans-
plantation antigens. A normal interaction stimulates
massive remodeling of the distal ends of the spiral arteries
up to mid-gestation. Their media are entirely replaced by
fibrinoid and their diameter increases from five to tenfold.
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thereby including the clinical signs. Preeclampsia can also ensue
when placental development is normal, as a result of pregestational
conditions associated with maternal vascular inflammation and
endothelial dysfunction (i.e., diabetes, obesity and chronic hyperten-
sion). In such cases of maternal PE (b), the syndrome arises as a
consequence of an unusual susceptibility to the otherwise normal
burden of placenta-derived inflammatory factors. SA spiral artery,
PIGF placental growth factor, NK natural killer cells

In PE the spiral arteries are incompletely remodeled. Pla-
cental ischemia-reperfusion injury ensues [7], with
oxidative and endoplasmic reticulum stress, and excess
release of placental factors into the maternal circulation,
causing the features of PE (reviewed in [8]).

Some women may develop PE despite normal placen-
tation, possibly because they are unusually susceptible to
the normal burden of placental-shed inflammatory factors.
The new multistep model of preeclampsia depicts how
women with chronic maternal vascular inflammation (such
as in diabetes, obesity and chronic hypertension) could
develop preeclampsia even when the placentation process
appears normal, the so-called “maternal preeclampsia” [5]
illustrated in Fig. 1b. However, our concepts of “placen-
tal” and maternal” causes of preeclampsia may have been
incomplete, as these entities are not clinically well defined,
nor is the decidual or placental tissue systematically
investigated by postpartum unless for research purposes. A
model of separated forms of maternal and placental pre-
eclampsia is probably too abrupt, as maternal chronic
disease is likely to impact on placentation and the early-
onset form of preeclampsia. In this context, we recently
suggested that there may be two placental causes of
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preeclampsia [9]: the first “extrinsic” placental mechanism
is the dysfunctional remodeling of the uteroplacental spiral
arteries feeding blood into the placenta intervillous space,
the second placental mechanism could be “intrinsic” with
restricted intervillous perfusion due to increasing placental
size (and not due to remodeling problems of the uteropla-
cental spiral arteries per se).

An imbalance in maternal circulating angiogenic pro-
teins as placenta-derived inflammatory molecules has been
extensively investigated for more than a decade, with
essential contributions by the Boston group of Karumanchi
[10]. Elevated soluble vascular endothelial growth recep-
tor-1 (sVEGFR-1 also known as sFlt-1) and soluble
endoglin (sEng), with reduced placental growth factor
(PIGF), are proposed to induce the systemic vascular
inflammation and maternal signs of preeclampsia, namely
new onset hypertension and proteinuria [4]. However,
although in early onset preeclampsia there is typically an
excess of sFltl and sEng and a deficiency of PIGF, the late-
onset PE form is less often characterized by low circulating
levels of PIGF and elevated sFltl [4]. An angiogenic
imbalance is therefore not likely to explain all features of
the heterogeneous preeclampsia syndrome.

In summary, preeclampsia is a heterogeneous syndrome,
presenting clinically in a variety of severity forms, affect-
ing multiple maternal organs, placental function and fetal
growth, with large impact on maternal and offspring health,
both on short and long terms. The pathophysiology is also
likely multifactorial and may differ between the clinical
subgroups, which calls for improved molecular under-
standing of the syndrome, to progress with prophylactic,
intervention and treatment innovations for the diverse tar-
get groups. In this review, we focus our discussion on less
investigated aspects of the pathogenesis of PE, in particular
on the contribution of galectins as well as the involvement
of the renin—angiotensin system. In addition, we review
how PE compromises the risk of future cardiovascular
disease.

Galectins: a lectin family with potential role
in the pathogenesis of PE

Galectins are characterized by B-galactoside binding affin-
ity and the presence of an evolutionary conserved sequence,
the carbohydrate recognition domain (CRD), which medi-
ates their specific interaction with N-acetyllactosamine
[GalB(1-4)-GlcNAc]-enriched  glycoconjugates  [11].
Twelve from the 15 mammalian galectins identified to date
are found in humans. Classification based on their molec-
ular structure divides galectins into three main types: while
some of these galectins contain one CRD and are biologi-
cally active as monomers (i.e. galectin-1, galectin-13) or as

oligomers that aggregate though their non-lectin domain
(galectin-3), others contain two CRDs connected by a short
linker peptide (e.g. galectin-9). Being present in the cell
cytoplasm, galectins exert intracellular functions modulat-
ing various processes including cell growth, differentiation,
survival and migration [12]. In addition, some of these
endogenous lectins translocate to the nucleus and partici-
pate in transcriptional regulation and mRNA splicing [12,
13]. However, galectins can be also found on the cell sur-
face or secreted through a non-classical endoplasmic
reticulum (ER)/Golgi-independent pathway to the extra-
cellular compartment [14]. There galectins bind their
carbohydrate ligands on cell surface or ECM molecules and
regulate a diverse combination of biological functions such
as cell adhesion, apoptosis, regulation of the innate and
adaptive immune responses [13, 15]. We will now discuss
each of the three galectins with potential function in the
pathogenesis of PE.

Galectin-1

Galectin-1 (gal-1), the protein product encoded by the
LGALS] locus, was identified more than three decades ago
as the first member of this conserved family of lectins [16].
As a prototype galectin, gal-1 consists of one CRD that can
function as a monomer or a non-covalent homodimer,
which exerts a wide variety of intra- and extracellular
biological activities by engaging in protein—protein and
protein—carbohydrate interactions, respectively [17]. The
best described function of gal-1 is probably the modulation
of immune responses, acting as a tolerogenic signal to
control the proliferation, survival and activation of effector
T cells and promote the secretion of Th2 cytokines [18—
20]. Immune regulation by gal-1 plays a pivotal role in
fetomaternal tolerance during pregnancy, where it has been
shown to promote the generation of tolerogenic dendritic
cells (DC) and modulate maternal T cell function in vivo
[21]; as well as to favor immune escape mechanisms of
human placental trophoblasts in vitro [22].

Gal-1 is probably the most abundant galectin expressed
in female reproductive tissues, particularly in the ovary and
the uterine endometrium [23, 24]. Endometrial gal-1
expression fluctuates with hormonal variations during the
reproductive cycle and is further increased in decidual
tissue, concomitant with a possible role in supporting
decidual development and maintaining maternal immune
homeostasis during pregnancy [22]. It has become
increasingly evident, however, that the important preg-
nancy-protective role played by this lectin results not only
from maternal sources of expression but also from regu-
latory functions exerted by fetal/placental derived gal-1
[25]. For instance, expression of gal-1 is detected in human
pre-implantation embryos [22], localizing to both the inner
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Fig. 2 Regulatory functions of galectins involved in the pathogenesis
of PE. Both gal-1 and PP13 may paly an important immunomodu-
latory function during early stages of pregnancy by regulating
maternal T cell survival and activation. Additionally, gal-1 appears to
be important for the control of trophoblast lineage differentiation
along the invasive pathway, thereby directly influencing the process
of placentation and immunomodulation by inducing HLA-G expres-
sion on EVTcells. The precise function of PP13 during placentation is
still elusive, but this lectin showed the ability to increase blood flow
to the implantation site by influencing uteroplacental arterial remod-
eling. Pro-angiogenic properties of galectins and their interactions
with the VEGF signaling pathway may, when deregulated, contribute
to the angiogenic imbalance typical of the syndrome. This has been
clearly demonstrated for gal-1 in vitro and in vivo, but direct effects
of PP13 in the regulation of angiogenesis await further investigation

cell mass and the trophectoderm that will eventually
originate the different lineages of placental trophoblasts.
Later on, placental gal-1 expression is differentially dis-
tributed in the villous and extravillous trophoblast cell
lineages, suggesting a role in the modulation of trophoblast
differentiation during placentation. In the first trimester,
differentiation of villous cytotrophoblasts (CTB) along the
syncytial pathway occurs together with an apparent loss of
gal-1 expression [22, 26], and the lectin has been shown to
stimulate cell fusion and syncytin expression by villous
CTB in vitro [27]. On the other hand, gal-1 is able to
stimulate adhesion and invasion of HTR-8/SVneo cells and
primary extravillous trophoblasts (EVT) cultured in Ma-
trigel [28], and increased gal-1 expression correlates with
trophoblast differentiation along the invasive pathway [22,
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29]. The important role of gal-1 as an endogenous modu-
lator of EVT differentiation is further evidenced by its
ability to modulate the expression of human leukocyte
antigen (HLA)-G isoforms [22], which are considered a
molecular signature of invasive trophoblasts and a chief
feto-maternal tolerance strategy due to its suppressive
effects on maternal CD8" T lymphocytes and NK cells
[30].

Another well-described function of gal-1 is its ability to
promote angiogenic responses, which results from its
effects on endothelial cell activation via H-Ras signaling
[31] as well as from interaction with the neuropilin (NRP)-
1/VEGFR?2 signaling pathway enhancing several steps of
the angiogenesis process including endothelial cell adhe-
sion, migration and proliferation [32]. Signaling through
VEGFR2 has been found critical for the physiological
adaptation of the maternal vasculature to embryo implan-
tation [33], which together with the high local expression
of NRP-1 during peri-implantation stages [34] points to an
important role of gal-1 mediated pathways in the control of
pregnancy-associated angiogenesis. This was recently
demonstrated in vivo in a mouse model of early pregnancy
loss caused by attenuated decidual vascular expansion [35],
by showing that administration of gal-1 promotes embryo
survival associated with enhanced VEGFR2 activation
[36]. Furthermore, treatment with anginex (an artificial f3-
peptide with potent anti-angiogenic effects targeting gal-1)
resulted in decreased adhesion and capillary tube formation
in SGHPL-4 EVT-like cells in vitro and impaired spiral
artery remodeling and placental function in vivo, causing
fetal growth restriction. Interestingly, these studies dem-
onstrated that both anginex-treated and Lgals/-deficient
pregnant mice developed similar preeclampsia-like symp-
toms during late gestation, suggesting that pro-angiogenic
functions of the lectin are critical for healthy pregnancies
(Fig. 2) [36].

The important functions ascribed to gal-1 in placental
development, maternal immune homeostasis and angio-
genesis make this lectin a suitable candidate to play a
significant role in the pathogenesis of preeclampsia.
Indeed, pioneer studies have demonstrated an up-regulation
of gal-1 expression in decidual tissue, villous trophoblast
and EVT cells in preeclampsia and HELLP syndrome-
derived biopsies [37, 38]. More recently, profiling studies
of galectin expression in uteroplacental samples we have
shown that gal-1 is the only member dysregulated in pre-
eclampsia [36], implying that aberrant gal-1 biosynthesis is
associated with the pathogenesis of this complex syn-
drome. These studies further showed that variations in
placental gal-1 expression are opposite between early-onset
and late-onset diseases, supporting the hypothesis that the
two clinical entities have different etiologies. Thus,
decreased expression of gal-1 in early-onset PE could be
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related to defective placentation, whereas its overexpres-
sion in the context of late-onset disease could represent a
compensation mechanism to cope with the excessive
inflammatory response that characterizes the syndrome.
This is consistent with the switch toward decreased gal-1
expression observed in circulating T and NK cells from
preeclampsia patients [39], which might contribute to
increased immune cell activation further amplifying the
maternal inflammatory response. Adding up to these evi-
dences, the potential of gal-1 as a preclinical biomarker for
the development of preeclampsia has recently emerged in a
prospective study showing that circulating levels of the
lectin during the second trimester are significantly
decreased prior to the onset of the syndrome [36]. How-
ever, once the disease is diagnosed, serum levels of gal-1
are comparable between early-onset cases and controls and
significantly lower than those observed in late-onset
patients [36, 39], suggesting that determination of circu-
lating gal-1 may not provide further diagnostic information
in certain cases of preeclampsia. Since systemic gal-1
levels reflect both maternal and placental contributions,
further studies in sufficiently large and homogeneous
patient cohorts would greatly improve our understanding of
its diagnostic value in preeclampsia.

Galectin-3

Galectin-3 (gal-3) is the only chimera-type member iden-
tified so far, consisting of a C-terminal CRD and an
N-terminal domain of proline- and glycine-rich short tan-
dem repeats responsible for multimerization and
proteolytical regulation [40]. Like other galectins, gal-3 is
abundantly expressed at the fetal maternal interface,
showing a localization pattern that partially overlaps that of
gal-1 [24, 41]. The interplay between these lectins may be
important for fine-tuning the maternal immune response
during early pregnancy, as gal-3 is mainly considered a
pro-inflammatory signal promoting the activation, degran-
ulation and cytokine secretion of diverse innate immune
cell subsets [42, 43]. Gal-3 can also promote T cell pro-
liferation and activation [42, 44], whereas its effect on T
cell survival can be either stimulatory or inhibitory
depending on its association with intracellular or extra-
cellular targets [18, 45].

Despite considerable research profiling gal-3 expression
at the fetal maternal interface of different species, the
physiological relevance of this lectin during pregnancy is
still ill-defined. During mouse pregnancy, gal-3 is selec-
tively up-regulated on the uterine luminal epithelium and
primary decidual zone at early stages, being later on pre-
dominantly expressed in placental tissue [46]. This pattern
of distribution points to an important role in the embryo—
maternal dialog driving implantation, which is further

highlighted by the decreased implantation rates recently
reported upon uterine tissue-specific knock-down of Lgals3
expression [47]. The spatiotemporal expression of this
lectin in humans shows a quite similar pattern, being up-
regulated in the late secretory phase endometrium and the
decidua of early pregnancy and switching to placental
villous and extravillous trophoblast as gestation progresses
[24, 48]. Given the functional effects of gal-3 on cells of
the innate immune system, one possibility is that it may
play a regulatory function controlling the activation and
cytotoxicity of uterine NK cells. Indeed, biosynthesis of
gal-3 has been reported by mouse uterine NK cells [49] and
it has been speculated that interaction with cubilin, an
utero-placental-specific counterreceptor for this lectin, may
reflect some mechanism for altering immune function by
modifying the cytolytic potential of perforin-rich uterine
NK cell granules [50]. Additionally, a role for gal-3 in the
modulation of angiogenic responses has been demonstrated
in a variety of physiopathological settings [51-54], which
is anticipated to be significant for neovascularization
responses associated with early pregnancy. Like gal-1, gal-
3 has been shown to stimulate VEGF-mediated angiogen-
esis by retaining VEGFR2 on the plasma membrane of
endothelial cells and promoting its phosphorylation [55],
thereby enhancing exposure to its ligands and intracellular
signal transduction. More recently, in vitro studies have
suggested that angiogenic responses may be delicately
modulated by an interplay between gal-1 and gal-3, as
combined administration of both galectins not only induced
mitogenic effects mediated by VEGFR2 activation but also
promoted VEGFRI1 phosphorylation, which is mainly
involved in endothelial tube formation [56].

Besides pioneer work by Jeschke’s group showing a
significant up-regulation of gal-1 and gal-3 expression in
extravillous trophoblasts of preeclamptic and HELLP pla-
centas [37], the implication of this lectin in the
pathogenesis of preeclampsia remains largely unexplored.
The immune regulatory and pro-angiogenic properties
ascribed to gal-3 as well as its functional interactions with
gal-1 mediated pathways merit further investigation in the
context of pregnancy, making this lectin an attractive
candidate for studies assessing the molecular basis of
preeclampsia.

Galectin-13

Expression of this prototype galectin is largely restricted to
the human placenta, where it was originally identified as
16-kDa protein with lysophospholipase activity named
placental protein 13 (PP13) [57]. Synthesized mainly by
the placental syncytiotrophoblast, PP13 is externalized to
the cell surface and secreted in microvesicles associated
with actin and annexin II [58] and like other placenta-
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specific galectins has been suggested to play an important
role in feto-maternal tolerance by promoting apoptosis of
activated T cells and macrophages [59]. Thus, PP13 is
selectively associated with T cell-, neutrophil- and mac-
rophage-rich decidual foci of necrosis [60], suggesting that
it might act to attract, activate and kill maternal immune
cells facilitating trophoblast invasion and conversion of the
maternal spiral arterioles. While evidence supporting a role
for PP13 per se in the regulation of angiogenic responses is
still lacking, recent studies suggest that this lectin is
important for the regulation of maternal vascular adapta-
tions to pregnancy [61]. In this study, a single i.v. injection
or continuous infusion of PP13 over 5 days showed
hypotensive effects in pregnant rats, increasing heart rate
and decreasing peripheral resistance due to general vaso-
dilation. At day 20 of pregnancy PP13-infused animals
displayed an increased utero-placental vascularity evi-
denced as larger arterial and venous diameters, suggesting
that PP13 may be involved in generating a systemic
endothelial effect (i.e., vascular remodeling and vasodila-
tion) in the mother.

Although the physiological role played by PP13 during
pregnancy is only emerging, several lines of evidence have
highlighted its potential role in the pathogenesis of pre-
eclampsia. For instance, decreased placental expression of
LGALS13 mRNA and protein has been reported in both
early- and late-onset disease patients respect to normal
pregnant women [62]. This decreased expression contrasts
with the high PP13 immunoreactivity observed in syncy-
tiotrophoblast-derived cytoplasm protrusions, membrane
blebs and microparticles of these patients, suggesting that
preeclampsia may be associated with increased membrane
shedding of PP13 to the maternal circulation. Indeed, cir-
culating PP13 levels are increased during the third
trimester in pregnancies complicated with preeclampsia
and HELLP syndrome [62], which were assumed to result
from increased shedding of syncytiotrophoblast-derived
PP13 as observed for other brush border-localized pla-
centa-specific proteins (i.e., PPS/TFPI-2) that are up-
regulated during the course of preeclampsia [63].
Decreased placental LGALS13 expression has also been
described during the first trimester in normal pregnancies
that subsequently derived in preeclampsia [64], suggesting
that PP13 may serve as an early diagnosis biomarker for
this condition. The results of a recent meta-analysis cov-
ering studies published between 2006 and 2012 have
strengthened this concept [65], showing that systemic PP13
levels are lower in the first trimester among women who
will subsequently develop preeclampsia and that combined
determination with other markers (i.e., PIGF, Doppler
pulsatility index of uterine arteries) enhances their pre-
dictive value by increasing preeclampsia detection rates
(Fig. 2) [66, 67]. In view of these findings the authors have
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speculated on the preventive and therapeutic potential of
restoring PP13 levels during early pregnancy, an attractive
possibility that requires further investigation given the still
ill-defined biological effects of PP13 on gestation in vivo.
In particular, while the proven vasodilatory and hypoten-
sive effects of PP13 in pregnant rodents are undoubtedly
promising, the same pilot study revealed unexpected psy-
chopharmacological relaxation and behavioral changes in
response to PP13 that encourage further research into
possible neuromuscular or central nervous system effects
exerted by this lectin [61].

Role of the renin—angiotensin system
in the pathogenesis of preeclampsia

The renin—angiotensin system (RAS) is the major blood
pressure regulating system in humans and although it
participates in the development of preeclampsia, the
mechanisms are poorly understood. Plasma renin activity
(PRA) is increased in normal pregnancy [68] because of
increased renin substrate [69], but PRA is actually
decreased in preeclampsia [70]. We reported threefold
higher PRA values in nonpreeclamptic women compared
to preeclamptic women [71]. Angiotensin II (Ang II) levels
are increased during normal pregnancy, but these women
remain normotensive despite a twofold increase in Ang II.
A key feature of normal pregnancy is decreased respon-
siveness to Ang II [72]. However, circulating Ang II, the
effector molecule of the renin-angiotensin system, is
decreased in PE [73]. Pregnant women who subsequently
develop preeclampsia are highly sensitive to infused Ang
II. Gant et al. infused Ang II into pregnant patients from
first trimester onward and found that women who later
developed preeclampsia required diminishing amounts of
Ang II to obtain a similar pressor response, whereas
pregnant women without preeclampsia are resistant [74].
We have previously described circulating agonistic
autoantibodies directed at the angiotensin Ang II receptor
AT1 in women with preeclampsia (AT1-AA) [75]. We
showed that AT1-AA cross the ureteroplacental barrier, but
were present only in fetuses of preeclamptic mothers [71].
Passive transfer of AT1-AA induces a preeclamptic phe-
notype in mice and rats, fulfilling Koch’s postulates for
infectious agents [76, 77]. Infusion of purified rat AT1-AA
into healthy pregnant rats induced hypertension and acti-
vated the endothelin system [76]. In similar experiments in
mice Zhou et al. showed an induction of sFlt-1 leading to
proteinuria and hypertension [77]. Recent data by the group
of LaMarca indicate that AT1-AA are involved in an
immunomodulatory function during pregnancy. Suppress-
ing B-cells by rutiximab reduced AT1-AA and ameliorated
the hypertension in an established rat model for
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preeclampsia induced by placental ischemia (RUPP model)
[78]. RUPP induced CD4" T cells, which upon adoptive
transfer increased inflammation and AT1AA in normal
pregnant rats [79]. Karumanchi summarized that AT1-AA
may be an early event leading to the activation of a cas-
cade, ending in the production of sFlt-1 [80]. However,
prospective clinical studies are needed to evaluate whether
ATI-AA are present before the onset of the clinical
syndrome.

Recently we have learned that AT1-AA are not specific
for preeclampsia. AT1-AA are found in patients with C4d-
negative humoral rejection after kidney transplantation
[81] in most patients with systemic sclerosis [82]. So far,
ATI1-AA in preeclamptic patients can only be detected
functionally by a cardiac contraction assay [75], but for the
other indications a commercially available ELISA (Ther-
mofisher) can be used and has already a clinical utility [83].

The increased sensitivity to Ang II in preeclamptic
patients persists postpartum [84, 85]. Saxena et al. showed
that the increased Ang II sensitivity persisted in women
with preeclampsia even after 21 months of pregnancy.
Whereas women with a normotensive pregnancy modu-
lated their response to Ang II on the basis of sodium intake,
former preeclamptic women had high blood pressure
responses to Ang II after both high- and low-salt diets.
Hladunewich et al. showed that women with a history of
severe early-onset preeclampsia had a blunted rise in cir-
culating RAS mediators in response to simulated
orthostatic stress using incremental lower body negative
pressure as compared to controls 6-18 months postpartum
[85]. These data underscore a dysregulation of the renin—
angiotensin system in this population, which could be
based on a genetic background. Interestingly, we have
recently shown that a risk allele for hypertension also was a
risk for PE in two Norwegian cohorts (RGS2 1114G
allele), possibly contributing to the altered angiotensin II
signaling of PE. Important for this study, the allele was
more frequent in the group with acute atherosis [86].
Likewise, the polymorphism was also associated with
increased risk of future hypertension in a Norwegian
population-based cohort. Other mechanisms that have been
proposed to result in increased Ang II responsiveness in
preeclampsia include AT1-AA [87] heterodimerisation of
AT1- and Bradykinin-receptors [88] and a redox state of
Angiotensinogen [89].

Although there is agreement on the renin—angiotensin
system (RAS) as a participant in the development of pre-
eclampsia; the relative contributions from the circulating
RAS and the tissue-based, uteroplacental RAS are
unknown [90, 91]. During pregnancy, there is an additional
tissue-based RAS in the uteroplacental unit, consisting of
the placenta (fetal origin, with fetal cells) and the decidua
(maternal origin, where extravillous trophoblasts invade

the maternal endometrium of pregnancy, named decidua).
Thus, there are actually two RAS in the uteroplacental unit:
a maternal and a fetal one. In our previous study [71], we
found that all components of the RAS, especially Renin,
Angiotensinogen and ACE-1, are higher in the decidua
compared to the placenta in normal pregnancy. In a sub-
sequent study, we could show that local tissue Ang II
stimulates trophoblast invasion in vivo in the rat and
in vitro in human cells, a hitherto unrecognized function of
the local RAS [92]. However, tissue RAS is also dysreg-
ulated in preeclampsia. Shah et al. introduced the
hypothesis to look at preeclampsia as a pregnancy variation
of the 2 Kidney-1 Clip Goldblatt model [93]. Due to the
reduced perfusion of the uteroplacental unit in pre-
eclampsia, it behaves like the “clipped kidney” and the
two maternal kidneys being the “nonclipped kidney”.
Anton et al. showed that RAS is dysregulated in chorionic
villi in preeclamptic patients [94]. They found a threefold
Ang II increase compared to chorionic villi from healthy
pregnancies. Ang II was the predominant peptide in the
chorionic villi, with a 30-fold higher concentration than
Ang 1. These data are in line with our earlier study, where
we could show that the ATI receptor is up to tenfold
increased in the preeclamptic placenta [71].

Preeclampsia increases the risk of future
cardiovascular disease (CVD)

Cardiovascular disease (CVD) includes coronary heart
disease, stroke, and other atherosclerotic conditions and is
the leading cause of death both for men and women in
developed countries and most emerging economies [95].
Women with PE, growth restricted fetus or diabetes in
pregnancy run increased risk for later CVD [96-98]. The
association strengthens with more severe PE [99], includ-
ing early-onset PE (reviewed in [4]). Two theories are
discussed that link PE and CVD. The first is that PE and
atherosclerosis share risk factors for systemic inflammation
and endothelial dysfunction, which are unmasked by the
“stress” of pregnancy. Such factors include obesity, dysl-
ipidemia, diabetes mellitus, other forms of insulin
resistance, hypertension, endothelial dysfunction and a
family history [8]. An important paradox is smoking, which
is associated with an augmented risk of atherosclerosis and
CVD, but a reduced risk of PE. The second possibility,
which does not exclude the first, is that pregnancy and
especially PE may induce permanent arterial changes,
mediating risk for future CVD (Fig. 3).

Acute atherosis (AA) is an arterial lesion uniquely
affecting the maternal uteroplacental spiral arteries. AA is
seen in 20-40 % of cases of PE [100], not affecting the
systemic maternal arteries. It also develops with other
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Fig. 3 Preeclampsia and the risk for future CVD. Normal pregnancy
poses a maternal stress in terms of systemic inflammation, lipid
mobilization and pro-coagulant activity, but vascular modifications
are transient and contribute to physiological adaptation of the
maternal organism to promote fetal growth. These features are
exacerbated in PE, which together with increased oxidative stress and

pregnancy complications and in 1 of 6 women with
apparently normal pregnancies, including normal spiral
artery remodeling [100]. It resembles early stages of ath-
erosclerosis, with some striking similarity to coronary
artery atherosclerotic lesions. Acute atherosis comprises
subendothelial lipid-filled, CD68-positive foam cells [101],
derived from macrophages and possibly smooth muscle
cells (reviewed in [102]), associated with an inflammatory
cell infiltrate. AA usually develops in the decidua (the
endometrium of pregnancy), where the spiral arteries feed
into the placenta. AA can sometimes also occur in cases of
fetal growth restriction or certain autoimmune diseases [8].
Its foam cell features can also be seen in some uncompli-
cated pregnancies [100].

It is possible that the pro-atherogenic stress of PE could
activate arterial wall inflammation that fails to resolve after
delivery. Only subsets of women with preeclampsia have
however the highest risk for severe or premature CVD
(Fig. 3), and we lack the appropriate tools to identify them.
We have recently proposed that postpartum detection of
AA could be such a tool to identify a subset of women that
are more susceptible for developing atherosclerotic disease
and cardiovascular CVD later in life [102, 103]. If this was
the case, more intensified prevention strategies could be
offered to the women with highest CVD risk, thereby
benefiting from pregnancy information to improve future

@ Springer

endothelial dysfunction are shared common predisposing factors for
CVD. Acute atherosis lesions often present in the uteroplacental
arteries of PE patients closely resemble the early phases of
atherosclerotic lesion development, and may result in permanent
vascular changes increasing the risk for CVD

maternal health. Women that have undergone pregnancy
complications such as preeclampsia are today not routinely
followed up after pregnancy for future cardiovascular risk
despite general recommendations [95], and the effects of
preventive strategies have not been evaluated. Also off-
spring of preeclamptic pregnancies run an increased risk of
hypertension as adolescent [104—-106], but the mechanisms
are not fully known [107].

Future perspectives

We propose that further molecular dissection of the het-
erogeneity of preeclampsia is necessary to progress in the
identification of novel prophylactic and therapeutic strate-
gies. In this regard, we propose that further understanding
of the role of galectins and RAS may improve patho-
physiological understanding and hopefully aid to improve
the short- and long-term outcome of preeclampsia both for
mothers and offsprings worldwide.
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