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Abstract

Preeclampsia is a multisystem disorder unique to human
pregnancy and is its most common glomerular complica-
tion. It occurs in 2% to 8% of pregnancies and is a major
contributor to maternal mortality worldwide.

Although the pathophysiology of this syndrome is not
fully understood, many pathogenetic mechanisms are
involved in this disorder.

The role of the placenta is crucial in the development of
this disorder. Some pathogenetic mechanisms involved
in this disease comprise defective deep placentation, auto-
antibodies to type-1 angiotensin II receptor, endothelial
dysfunction, oxidative stress, platelet and thrombin ac-
tivation, intravascular inflammation, and the imbalance
between angiogenic and antiangiogenic factors which
is thought to be one of the most crucial mechanisms.
Further understanding of the full picture could enhance
our current knowledge of the pathogenesis of preec-
lampsia and improve its treatment.

Thus, based on specific biomarkers the diagnosis and
subclassification of preeclampsia might be more accurate
in identifying patients at risk, monitoring disease prog-
ression and providing effective interventions.
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Introduction

Preeclampsia is a multisystem disease of the wide-
spread vascular endothelial malfunction that is unique
to human pregnancy, depicted by decreased GFR, pro-
teinuria, and hypertension after 20 weeks of gestation,
which can progress to include coagulopathies and affect
liver function (HELLP syndrome) as well as cause seizu-
res (eclampsia). It is the most common encountered glo-
merular complication in pregnancy [1,2].

Correspondence to:

Epidemiology and risk factors

Preeclampsia occurs in 2% to 8% of pregnancies, the risk
is highest in those with a past history of preeclampsia,
with rates ranging from 15% to 65% depending on the
gestation at onset and the severity of preeclampsia [3].
Preeclampsia is more common in first pregnancies and
lowers in subsequent pregnancies. The risk of preec-
lampsia returns to that of the first pregnancy in women
who have a new partner for successive pregnancies,
implying that prior exposure to paternal antigens could
be protective [4]. However, this may be also explained
by a longer interpregnancy interval rather than a change
of partners, with the incidence increasing after about 7
years between pregnancies [5].

Smoking reduces the risk of preeclampsia by one third,
increases the risk of preterm labor, intrauterine growth
restriction (IUGR) and placental abruption [6].
Although in the majority of cases there is no family his-
tory, the presence of preeclampsia in the first degree rela-
tive increases the risk of severe preeclampsia two- to four-
fold, suggesting genetic factors likely contribute to the
pathogenesis of this condition. The risk is increased in
subsequent pregnancies in women with preeclampsia in a
previous pregnancy. Trisomy 13 in the fetus is asso-
ciated with a high risk of preeclampsia in the mother.

Pathogenesis

The pathogenesis of preeclampsia is complex. The pla-

centa likely causes preeclampsia, with other maternal

organs (e.g., kidney) amplifying the disease process.

Observations have shown that gestational hypertensive

disorders are more likely to develop in women who:

e are exposed to chorionic villi for the first time;

e are exposed to a great number of chorionic villi,
as with multiple gestations or hydatidiform mole;

e  have preexisting conditions of endothelial cell ac-
tivation or inflammation such as diabetes or renal
or cardiovascular disease;
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e have a genetic predisposition to develop hyper-
tension during pregnancy [8].

Regardless of etiology, preeclampsia is characterized by

the following pathophysiologic triad:

»  vasoconstriction

» platelet activation with intravascular coagulation
(usually local but occasionally disseminated)

» maternal plasma volume contraction.

This triad leads to further impairment of blood flow
through the placenta as well as through the maternal
kidneys, liver, and brain. It is unknown why these
organs are most often affected in preeclampsia or why
other vascular beds (e.g., gut) are unaffected, even in
severe cases [4].

An imposing number of mechanisms have been pro-
posed to explain the cause of preeclampsia:

1. Superficial placentation with insufficient remodeling
of spiral arteries and the impaired shear stress response

After the implantation of the blastocyst into the endo-
metrium the trophoblasts continue to invade the uterine
endometrium until they reach the spiral arteries, and du-
ring this period they also differentiate into an endothe-
lial-like cell type.

Then the trophoblasts start spiral artery remodelation by
replacing the smooth muscle and endothelial cells. The
transformation of the thick muscular arteries into high-
capacity vessels as a consequence of the increase in
vessel diameter and the creation of a high blood flow,
low resistance regions, permits more blood flow to the
uteroplacental unit and also reduce the ability of these
vessels for vasoconstriction [9]. During normal pregnan-
cy trophoblast cells invade not only the deciduas, but
also one-third of the myometrial thickness [10]. Thus
researchers suggest that an abnormal trophoblast may

Wormal Freqmascy

Fig. 1. The left side shows a preeclamptic situation in which there
is insufficient extent and depth of remodeling compared to a normal
pregnancy. The right side shows the endometrium in the second half
of normal pregnancy with spiral arteries remodeled to a depth that
penetrates the myometrium

result in shallow placentation and insufficcient trans-
formation of the spiral arteries leading to preeclampsia
[11]. The deeper myometrial arterioles keep their endo-
thelial lining and musculature, and their mean external
diameter is only half that of corresponding vessels in
normal placentas [12] (Figure 1).

Moreover, these nontransformed arteries are susceptible
to atherosis, characterized by the presence of lipid-
laden macrophages within the lumen, mononuclear
perivascular infiltrate and fibrinoid necrosis [13,14].
The increased blood flow is essential for the develo-
ping embryo and the insufficient transformation of the
spiral artery is linked with complications in pregnancy
such as preeclampsia and intra-uterine growth retarda-
tion. In preeclampsia, this insufficient transformation
of the spiral arteries into high capacity vessels is not
complete and these arteries remain high resistance ve-
ssels which results in inadequate oxygen delivery, causing
placental ischemia and infarction. The latter are respon-
sible for the release of many factors that induce mater-
nal vascular endothelial dysfunction. Probably, placental
ischemia alone is not sufficient to cause preeclampsia
because IUGR, also characterized by failure of physio-
logical transformation of spiral arteries and placental insu-
fficiency, does not often occur with preeclampsia [9,15].
Early preeclamptic changes include endothelial damage,
accumulation of plasma components into vessel walls,
proliferation of myointimal cells, and medial necrosis.
Lipids are first accumulated in the myointimal cells and
then inside the macrophages. These lipid-laden cell chan-
ges were referred to as atherosis by Hertig in 1945. In
addition, it is thought that this acute atherosis identifies a
group of women at increased risk of later atheroscle-
rosis and cardiovascular disease [8,16].

Diminished perfusion and a hypoxic environment even-
tually lead to release of placental debris or microparticles
that trigger a systemic inflammatory response [17, 18].
The effect of shear stress, besides trophoblast abnor-
malities, can also affect the spiral arteries’ remodeling.
The lumen of uterine arteries increases prior to com-
pletion of placentation.

There is also blood flow change in uterine arteries
throughout the first few weeks of pregnancy, and after
the remodeling of the spiral arteries into low-velocity
and high flow comparments, the reduction of the down-
stream resistance (spiral arteries) increases blood flow
velocity in afferent (radial and arcuate) arteries, causing
high shear stress on the arterial wall [19]. This shear
stress induced by the flow is a modulator of vascular
tone in isolated arteries from normal pregnant women,
mediated by nitric oxide (NO) production [20] resulting
in vasodilatation, further lowering the uterine vascular
resistance and normalizing the shear stress on the arte-
rial wall [19]. In preeclampsia there is impaired shear
stress-mediated NO release, which could play a role in
vasoconstriction and increased vascular resistance, which
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might also further impair the uteroplacental blood flow
in this condition [21,22].

2. Hypoxia and trophoblast invasion: the role of
HIF-10 and TGF-p3 in preeclampsia

During the early phases of implantation, the gestational
sac is in a low oxygen tension medium, which favors
trophoblast proliferation. Trophoblasts anchor the blasto-
cyst to the endometrium, and also fill in the tips of the
spiral arteries within the deciduas [23]. After the lacu-
nae formation within the syncytiotrophoblast, these la-
cunae fuse with each other to create the intervillous
space. The oxidative stress generated from the initial
burst of blood inside this intervillous space due to high
oxygen tension, promotes trophoblast differentiation
from a proliferative to an invasive phenotype. These
differentiated trophoblasts go deeper into the decidua,
reaching into the superficial myometrium and making
easier the physiological remodeling of spiral arteries.
This means that the initial phase of placentation occurs
under conditions of relative hypoxia [24].
Hypoxia-inducible factor-1 (HIF-1) is a key regulator
of the cellular response to low oxygen tension and has
an important role maintaining the oxygen homeostasis.
It is a heterodimeric transcription factor made up by
two subunits, o and B. While HIF-1f is always active,
HIF-1a is oxygen-sensitive, which is quickly inactivated
and degraded in normoxia [25].

In early gestation, there are high levels of HIF-1a in a
low-oxygen placental milieu. These levels fall at around
9 weeks of gestation, when placental oxygen levels
increase, suggesting an important role of HIF-1a. in the
placental development and function [26]. This early pla-
cental development is characterized by hypoxic environ-
ment and increased HIF-1la expression, leading to TGF-
B3 upregulation and inhibition of trophoblast invasion.
The increase in placental oxygen levels, around 10-12
weeks of gestation in a normal placenta, downregula-
tes HIF-1a expresion and restores the trophoblast-in-
vasive capabilities. In preeclampsia there is failure to
downregulate HIF-1a and its persistent expression induce
high placental TGF-3 expression resulting in inhibition
of placental explant trophoblast differentiation and in-
vasion. These abnormalities are characteristic for this
disease [27].

In addition, endoglin, the membrane-bound protein that
gives rise to its proteolytic product sSENG (a truncated
form of a TGF-f receptor), is upregulated by HIF-1a [28]
and sENG can be induced by hypoxia in trophoblasts [29].
Persistent placental hypoxia, present in the preeclamptic
placenta, induces also the expression of angiotensin II
type I receptor agonistic autoantibodies (AT1-AA), which
stimulate the production of soluble fms-like tyrosine
kinase-1 (sFLT-1), soluble endoglin (SENG), and endothe-
lin-1. These factors lead to endothelial dysfunction and
clinical manifestations of preeclampsia [30].

3. The role of renin-angiotensin-aldosterone system
and angiotensin 11 type I receptor agonistic
autoantibodies

For a long time, the renin-angiotensin-aldosterone (RAA)
system has been suspected to play a role in the pathoge-
nesis of preeclampsia. Normal pregnancy is characte-
rized by reduced vascular responsiveness to angiotensin
II. Conversely, in pregnant women with preeclampsia
there is an increase in AT-II sensitivity [31]. Genetic
predisposition, maladaptive immune responses and en-
vironmental stimuli are held responsible for the dec-
rease or increase sensitivity to AT-II in normal and
preeclamptic pregnancies [32].

Also, plasma renin activity (PRA) in patients with
preeclampsia is lower compared to that in women with
normal pregnancy [33]. Renin, the key enzyme that
cleaves angiotensinogen precursor to angiotensin I is
released in response to a decrease in blood pressure and/or
perfusion to the kidney. Low PRA has been associated
with increased circulatory volume [34] and it is thought
that this is a compensatory response to hypertension in
preeclampsia. There is also increased vascular respon-
siveness to AT-II in patients with preeclampsia [35].

In 1999, Wallucat et al. identified a subgroup of women
with preeclampsia having [36] an agonistic autoimmune
antibody to angiotensin II receptor type I (AT1-AA) in
the circulation, but not present in healthy pregnant wo-
men. Since then, many studies have indicated that AT1-
AA plays a role in the pathogenesis of preeclampsia.
Stimulation of AT1 receptor by AT1-AA in vitro resulted
in the inhibition of trophoblast invasiveness [37], a well-
known characteristic of preeclampsia, and in the AT1
receptor activation in endothelial cells, vascular smooth
muscle cells and mesangial cells [36]. Administration
of these antibodies in pregnant rats leads to hypertension,
proteinuria, glomerular capillary endotheliosis, increased
production of sFLT-1 and sENG (leading to an anti-
angiogenic state), placental abnormalities, and I[UGR
[38]. Data suggest that AT1 receptor activation by AT1-
AA can induce calcium release in vascular smooth mus-
cle cells and mediate the vascular changes in preeclamp-
sia [39,40]. Some studies have shown that this autoanti-
body is present in the serum of more than 95% of wo-
men with preeclampsia and that its serum concentra-
tions correlate with disease severity, which gives fur-
ther support to the role of ATI1-AA in the pathogenesis
of preeclampsia [41].

Another interesting finding is that reduced uterine per-
fusion pressure in rats induces production of anti-AT1
autoantibodies, SFLT-1, TNF and endothelin-1, as well
as hypertension and proteinuria. Also, the administration
of TNF, IL-6 or IL-17 to pregnant rats is associated with
hypertension, placental oxidative stress and increased
ATI activity, the effects of which can be counteracted
by the administration of losartan (a selective angiotensin
II type 1 receptor) or by B-cell depletion using rituxi-
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mab [42]. Furthermore, anti-AT1 autoantibodies mediate
hypertension during pregnancy through activation of com-
plement C3 and production of antiangiogenic factors [43].
However, the underlying mechanism that leads to the
production of AT1-AA in preeclampsia is still unknown
and several controversies remain before one can accredit
a pathogenetic role for AT1-AA in preeclampsia. First,
the fact that the incidence of preeclampsia is greatest
in the first and does not worsen in subsequent pregnan-
cies is in contrast with an autoimmune basis for this
disease. Second, AT1-AA is not specific to preeclampsia
or to pregnancy; it also occurs in patients with graft re-
jection and accelerated hypertension [44]. And third,
levels of aldosterone, which is downstream to angio-
tensin II signaling, are decreased in preeclampsia rather
than being up-regulated [45].

4. Angiogenic imbalance in the pathophysiology of
preeclampsia

Angiogenesis, the formation of new blood vessels from
pre-existing ones, is essential for a successful pregnan-
cy [46]. Defective angiogenesis in the pathogenesis of
preeclampsia points toward an imbalance between pro-
angiogenic factors, such as vascular endothelial growth
factor (VEGF), placental growth factor (PLGF) and trans-
forming growth factor-f (TGF-f), and antiangiogenic fac-
tors, such as soluble fms-like tyrosine kinase-1 (SFLT-
1) and soluble endoglin (SENG) [4].

Experiments suggest that sFLT-1 and sEng neutralize
their ligands acting like antiangiogenic agents lowering
the serum concentration of VEGF, PLGF, and TGF-,
which shifts the angiogenic balance towards antiangio-
genesis, and leads to endothelial damage triggering hy-
pertension and proteinuria in up to 67% and 63% of
patients, respectively [47,48].

The measured mRNA levels of the soluble VEGF recep-
tor-1 (sFlt-1) are higher in the placentas of patients with
preeclampsia than in those of healthy pregnant women.
Many manifestations in preeclampsia have been re-
ported to be induced by iatrogenic VEGF inhibition in
humans supporting the role of sFlt-1 in the pathoge-
nesis of preeclampsia [49-51]. Sera from women with
preeclampsia showed antiangiogenic effects on endo-
thelial tube formation assays (used as a test of angio-
genesis), which could be reversed by addition of VEGF
and PIGF. In pregnant animals high levels of sFlt-1 in-
duced hypertension, proteinuria and glomerular capi-
llary endotheliosis [49].

In preeclampsia, serum samples taken from the uterine
vein show significantly higher levels of sFlt-1 than those
taken from the antecubital vein, but not in normal preg-
nant women. Placenta is the main source of the elevated
serum levels of sFlt-1 in preeclampsia [49]. Maternal
plasma levels of sFlt-1 increase proportionally with the
severity of the disease, and they are higher in early than
in late preeclampsia [50]. Also, maternal plasma concen-

trations of sFlt-1 are increased before the clinical diagnosis
of preeclampsia and decrease markedly after delivery [49].
A second antiangiogenic factor implicated in the patho-
genesis of preeclampsia is soluble endoglin, a cell-sur-
face co-receptor of TGF-B1 and TGF-f3 that induces mig-
ration and proliferation of endothelial cells. Suggestions
of soluble endoglin involvement in the pathogenesis of
preeclampsia include its higher maternal plasma con-
centrations in women with preeclampsia compared to
healthy pregnant women, both before and at the time of
clinical diagnosis; also these levels correlate with the
severity of the disease [52,53].

Reduced uteroplacental blood flow [54,55], damage to
the villous trees, syncytial shedding of antiangiogenic fac-
tors [56], oxidative stress [57], anti-AT1 autoantibodies
[40], proinflammatory cytokines [38], excess thrombin
[58] and hypoxia [59] have all been proposed to be res-
ponsible for the increased weight of the antiangiogenic
state in preeclampsia (Figure 2).

Normal placenta

Dysfuncuonal endothelbuom

Preeclamptic placenta
Fig. 2. sFlt-1 and sEng cause endothelial dysfunction by blocking
VEGF and TGF-B1 signaling

5. The role of oxidative stress

Oxidative stress, the presence of reactive oxygen spe-
cies in excess of antioxidant buffering capacity, is a pro-
minent feature of preeclampsia. Oxidative stress is known
to damage proteins, cell membranes, and DNA and is a
potential mediator of endothelial dysfunction. Maternal
blood enters into the intervillous space at higher pressure
and faster rate because of the impaired arterial remode-
ling of the spiral arteries. This exposes the placental villi
to fluctuating oxygen concentrations, leading to oxida-
tive stress and activation of nuclear factor- kB, a trans-
cription factor central to the inflammatory response [60].

Kidney manifestations of preeclampsia

The pathologic swelling of glomerular endothelial cells

in preeclampsia is known by the term glomerular endo-
theliosis. The primary injury is specific to endothelial
cells. The glomeruli are enlarged and swollen primari-
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ly as a result of hypertrophy of the endothelial cells,
which occlude the capillary lumina, giving the appeara-
nce of bloodless glomeruli [61]. Fibrinogen and fibrin
deposits are found within and under the endothelial cells,
and electron microscopy shows vacuolization and loss
of glomerular endothelial fenestrae [62]. The podocyte
foot processes are intact at early stages of disease, a fin-
ding not commonly seen in other nephrotic diseases.
There are also changes described in the afferent arte-
riole, including atrophy of the macula densa and hyper-
plasia of the juxtaglomerular apparatus [63].

Until recently, glomerular endotheliosis was considered a
pathognomonic finding in preeclampsia, but new stu-
dies have shown that mild glomerular endotheliosis also
occurs in pregnancy without preeclampsia, particularly
in gestational hypertension.

This suggests that the endothelial dysfunction of pre-
eclampsia may in fact be an exaggeration of a process
present in normal healthy pregnancies [64]. Both GFR
and renal blood flow are low in preeclampsia as com-
pared to normal pregnancy, the former more than the
latter, leading to a 25% reduction in filtration fraction.
Due to glomerular capillary endotheliosis there is GFR
reduction as a result of both a decrease in renal blood
flow and a decrease in the ultrafiltration coefficient (Kf).
Renal blood flow decreases as a result of high renal vas-
cular resistance, mainly because of increased afferent
arteriolar resistance.

Even though acute renal failure can occur in preeclamp-
sia, the only renal manifestations of disease are typically
proteinuria (with bland urinary sediment) with renal
sodium and water retention. Because GFR increases in
pregnancy, serum creatinine levels in preeclampsia may
still appear relatively normal. Proteinuria is generally
nonselective and can appear late in pregnancy. In pre-
eclampsia, the podocytes are normally intact, so the
etiology of proteinuria is uncertain. There is impaired
excretion of sodium and uric acid. The latter is an
important marker of preeclampsia and is the cause of
hyperuricemia. In contrast to normal pregnancy, pre-
eclampsia is often associated with hypocalciuria [3, 9].

Treatment and Novel Therapies for Preeclampsia

Extracorporeal Removal of Soluble Fms-Like
Tyrosine Kinase 1

Recent advances in understanding the pathophysiology of
preeclampsia have shown new potential therapeutic tar-
gets. Interfering with the production or signaling of sFlt1
may ameliorate the endothelial dysfunction of preeclamp-
sia, allowing to postpone more safely the delivery [7].

Currently there are no target therapies to prevent the
clinical manifestations and prolong pregnancy in preec-
lampsia. New therapies aimed at circulating sFlt-1 can
improve the signs and symptoms of preeclampsia and
probably lengthen the time of pregnancy in women pre-

senting with very preterm (gestational age <32 weeks)
preeclampsia. The challenge for the researcher is to find
effective therapies that would be safe for both mother
and baby. Instead of administering an agent to the mother,
a safe form of therapeutic apheresis would be the extra-
corporeal removal of sFlt-1 using a selective adsorp-
tion column, which would create a concentration gra-
dient and augment its removal from maternal circula-
tion. The depletion of circulating sFlt-1 was found in
some trials to prolong pregnancy in women with very
preterm preeclampsia. These therapies were well tole-
rated by both mother and baby, but further clinical stu-
dies may be required to determine if this intervention
can safely prolong pregnancy in women with very pre-
term preeclampsia [65].

Metformin as a prevention and treatment of
preeclampsia

Some researchers have found that a cheap drug already
used to treat diabetes can block the release of toxins
from the placenta when preeclampsia is present. This
drug, called metformin, has the potential to prevent or
treat preeclampsia, and is safe in pregnancy. Metformin
is also reported to inhibit hypoxic inducible factor la
by reducing mitochondrial electron transport chain
activity which is upregulated in preterm preeclamptic
placenta. Given the mitochondria appears to positively
regulate sFlt-1 and SENG secretion, it is hypothesized
that preeclamptic placentas might have increased mito-
chondrial electron transport chain activity. Metformin
reduced fms-like tyrosine kinase 1 and soluble endoglin
secretion from primary human tissues, possibly by inhi-
biting this mitochondrial electron transport chain [66].
Metformin reduces VCAM-1 expression on endothelial
cells. Endothelial dysfunction is associated with increased
VCAM-1 expression in the endothelium. VCAM-1 is
an adhesion molecule that is expressed on the luminal
surface of blood vessels and plays a major role in the
recruitment of circulating blood cells enhancing the
inflammation. Preeclampsia is also associated with in-
creased circulating TNFa, which is a proinflammatory
cytokine that upregulates VCAM-1 [67-69]. The admi-
nistration of metformin significantly reduced TNFa-in-
duced VCAM-1 expression, which suggests that it may
have effects on decreasing endothelial dysfunction [66].
A trial involving 40 women showed that metformin at
a dose of 1.7 g per day was associated with a signifi-
cantly lower rate of preeclampsia than the rate among
women who received placebo [70].

Conclusions

In conclusion, metformin reduces endothelial dysfunc-

tion, enhances vasodilation in omental arteries, induces
angiogenesis and also seems to heal injured blood ve-
ssels. Thus, metformin may be a novel preventative or
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therapeutical agent for preeclampsia and has the potential
to reduce the disease, which affects many pregnant wo-
men around the world each year, causing many to de-
liver premature babies. However, further clinical stu-
dies are warranted.
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