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Over the last few decades, massive research efforts have been put into deciphering the etiology of
the pregnancy pathology preeclampsia. However, this syndrome has remained what it was fifty years
ago: the syndrome of hypotheses. Even today, the pathways and etiologies, as well as the real origin
of the syndrome, all of which result in the clinical symptoms of preeclampsia, remain obscure. With
the new definition of preeclampsia, where only hypertension remains as a constant value, it becomes
more and more difficult to compare samples and studies with each other, as each and every one may
choose different ways to define the syndrome.

During the last two decades, a number of very promising hypotheses and theories have been
developed, ranging from a pure placental origin to a pure maternal origin. Most of them are
comprehensible, while others are outdated and have already been falsified [1]. In these times where
data are collected and theories are created on a daily basis, we need to keep up with this development.
Hence, we need to understand and agree that a hypothesis we have been working on for some time, is
now no longer valid, and thus we need to adapt to a new thinking [1–3].

This Special Issue is a compilation of 19 research papers and reviews, all on a joint topic: “Molecular
and Cellular Mechanisms of Preeclampsia”. It is a fascinating journey through the complex world of
science, all meant to add another piece to the picture. The original papers range from new technologies
for identifying changes in the maternal system to putative new therapies, the effect of the syndrome on
the placenta, rodent models of preeclampsia, effects of the syndrome on the cardiovascular system,
sex-specific differences and the effect on the children born from a preeclamptic pregnancy [4–12].
The reviews of this Special Issue range from immunoregulation and macrophages during preeclampsia
and molecular targets of therapeutics to trophoblast invasion, uterine blood flow and angiogenesis,
they touch on specific protein families and oxidative stress related to preeclampsia, and finally deal
with autophagy in preeclampsia and the role of epigenetics in the etiology of the syndrome [13–22].

With these diverse topics, it becomes obvious why it is so difficult to identify the real origin of
the disease—we simply do not know where to look. Additionally, we do not have the chance to look at
the tissues of interest at the time of onset, which is supposed to be very early in pregnancy. Additionally,
no good animal model exists that mimics all facets of the human syndrome. The combination of all
the above leaves us with the hope that in the near future, the combination of all the data collected so
far will be sufficient to identify how and why some women develop preeclampsia—and, of course,
how we can prevent it.
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Abstract: Historically, invasion of placental trophoblasts was thought to be extremely specific, only
invading into the connective tissues of the maternal uterus and finally reaching and transforming
the uterine spiral arteries. Only recently, identification of new routes of trophoblast invasion into
different structures of the maternal uterus has been achieved. Thorough morphological analysis
has resulted in the identification of trophoblasts invading into glands, veins, and lymph vessels of
the uterine wall. These new routes pave the way for a re-evaluation of trophoblast invasion during
normal placental development. Of course, such new routes of trophoblast invasion may well be
altered, especially in pregnancy pathologies such as intra-uterine growth restriction, preeclampsia,
early and recurrent pregnancy loss, stillbirth, and spontaneous abortion. Maybe one or more of these
pregnancy pathologies show alterations in different pathways of trophoblast invasion, and, thus,
etiologies may need to be redefined, and new therapies may be developed.

Keywords: trophoblast; invasion; placenta; uterine glands; uterine milk; intra-uterine growth
restriction; pregnancy outcome

1. Introduction

Proper and strictly controlled invasion of extravillous trophoblasts is mandatory for placental
development, enabling the normal growth of a fetus in the maternal uterus. The trophoblast cell line
develops at the time of blastocyst formation and divides into two main cell populations, (1) the villous
trophoblast with villous cytotrophoblasts and the multinucleated syncytiotrophoblast, forming the
outer cover of all placental villi; and (2) the extravillous trophoblast that invades into the maternal
uterine tissues, reaching down to the inner third of the myometrium.

Extravillous trophoblasts start their journey at trophoblast cell columns that develop at the tips
of anchoring villi that attach to the uterine wall. Within these cell columns the trophoblast cells in
direct contact to the villous basement membrane proliferate and build the source for all extravillous
trophoblasts. Their daughter cells leave the cell cycle and are pushed toward maternal tissues by the
proliferative pressure of the cells at the basement membrane. After a transitional phase, the daughter
cells start their active migration and invade into the uterine connective tissues. This is why these cells
have been termed “interstitial trophoblasts” [1].

Traditionally, the visualization of extravillous trophoblasts has been achieved by using antibodies
against cytokeratin isoforms, such as cytokeratins 8 and 18 [2], and mostly cytokeratin 7 [3–5].
Although trophoblast staining for cytokeratin was always referred to as highly specific, especially
in the placenta of a first-trimester placenta, other fetal and maternal cells display immunostaining
for these cytoskeletal proteins, including epithelial cells of the embryonic amnion or epithelial
cells of maternal uterine glands [6]. With the identification of the highly specific expression of the
major histocompatibility complex protein HLA-G on extravillous trophoblasts [7–9] followed by the
development of suitable antibodies that specifically bind to only this type of HLA proteins, a new era
of identification of extravillous trophoblasts began [6,10].

Int. J. Mol. Sci. 2020, 21, 289; doi:10.3390/ijms21010289 www.mdpi.com/journal/ijms5
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As will be described below, alterations of trophoblast invasion have been associated with pregnancy
pathologies, including preeclampsia, intra-uterine growth restriction (IUGR), spontaneous abortion,
and placenta accrete/increta/percreta [11]. So far, scientists tried to link all the above pathologies
with trophoblast invasion in total or invasion into uterine arteries only. In specific cases, hypotheses
finding associations between pathology and trophoblast invasion were developed but failed testing
due to conceptual challenges [12]. Similarly, the placental expression and release of growth factors
such as sFlt-1 and/or PlGF were associated with specific pregnancy pathologies, but also, here, the
direct link between placental growth factor expression and pathology development could not be
established [12,13].

So far, the new routes of trophoblast invasion have not been investigated regarding their impact
on placental and thus fetal development. Hence, there is a great knowledge gap that needs to be filled.

2. Historical Thinking of Trophoblast Invasion

Early descriptions of uterine spiral arteries during pregnancy date back to 1774, when William
Hunter described “convoluted arteries that passed between the womb and the placenta” [14]. At that
time, no one thought of placental cells invading into the maternal uterus. About a century later,
Friedländer (1870) was the first to describe “endovascular cells” in these spiral arteries, without
mentioning any information on the source of these cells. This observation of Friedländer was described
in a book that was published another 50 years later, by Grosser (1927) [15]. This author was the one
who first imagined that the endovascular cells in spiral arteries during pregnancy are not necessarily
derived from the maternal decidua but rather could well be of trophoblastic/placental/fetal origin.

It was not until the 1950s and 1960s that the aspect of arterial transformation was revisited, and
major observations on spiral artery transformation were published by Harris and Ramsey [16,17], as well
as Boyd and Hamilton [18,19]. Both groups described perivascular trophoblast in the decidual stroma
surrounding arteries, mural trophoblasts in the walls of these arteries, and intraluminal trophoblasts
residing in the vessel lumen. Already at this time, it was speculated that the trophoblast cells within
the lumen of spiral arteries may well be washed out into the intervillous space of the placenta.

Interestingly, both groups missed any other route of trophoblast invasion into other luminal
structures of the decidua. One of the reasons for this may be the fact that, at that time, an identification
of cells by using specific probes, e.g., antibodies, was not possible. Moreover, only few specimens were
available at the time; and hence, knowledge on changes of spiral arteries until delivery, even during
normal pregnancy, was very sparse.

This became obvious when the first studies dealt with alterations of trophoblast invasion into
arteries in pregnancy pathologies. In one of these early studies the authors stated the following: “The
examination of the spiral arteries in pregnancy associated with hypertension has not been easy because
of two factors. The first was the difficulty of obtaining suitable material and the second the occurrence
in the same spiral arteries of extensive morphological changes due to pregnancy itself” [20]. Thus, at
the time when scientists and clinicians became aware of structural alterations of invaded spiral arteries
in pathological cases, they realized that there was not enough knowledge on how a normal placental
bed with invaded structures looks like.

The combination of the following facts may be the reason why, even today, the knowledge on
trophoblast invasion is very restricted:

(1) In the very beginning, only very few groups looked into changes of uterine vessels, in particular
focusing on spiral arteries.

(2) These groups visualized arteries and the entrance of blood into the intervillous space of the
placenta by dye injection and thus missed the veins.

(3) These groups visualized arteries and the infiltrating trophoblasts mostly in monkeys and only
a few human cases, and thus may have missed the differences between monkeys and humans.

(4) These groups had no tools in hands to specifically identify invading trophoblasts.
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(5) Maybe due to the combination of the above facts, trophoblast invasion into other luminal
structures never came into focus.

(6) Scientists following these initial studies simply used this knowledge as a basis and did not
scrutinize the real variety of structures invaded by extravillous trophoblast.

3. Looking into Invaded Uterine Structures from the Embryo’s Nutritional Point of View

Looking from the side of the embryo in terms of nutritional support from the mother, shortly after
implantation, there is the need to increase nutritional support due to the massively increasing volumes
of embryo and placenta in the absence of any supporting blood vessel. Within the endometrium of
the human uterus, this is best performed by eroding uterine glands in direct vicinity to the placenta,
allowing direct contact of the syncytiotrophoblast to the glandular secretion products. Hence, it looks
as if histiotrophic nutrition of the embryo already starts a few days after implantation [21].

In the collection of images of Allen Enders at the Centre for Trophoblast Research in Cambridge,
there are images from case 8020, which is considered the earliest specimen in the Carnegie collection,
probably of day one after initiation of implantation. In one of the images from case 8020, the margin of
the trophoblastic plate is displayed (Figure 1A). Here, the initially invading syncytiotrophoblast has
already invaded uterine glands underlying the embryo. This is the earliest description of glandular
invasion by trophoblast. In a later-stage case of the early lacunar stage (Figure 1B), invasion into a
uterine gland can be seen again [22].

 

Figure 1. (A) Image #7 of case 8020: Margin of the trophoblastic plate. Allen Enders explained:
“Syncytial trophoblast with small nuclei has invaded the underlying endometrial gland. It is not known
whether the small nuclear syncytium is synctiotrophoblast or is partially a heterokaryon involving
fusion of trophoblast and uterine cells.” The black arrow points to invasion into a uterine gland.
(B) Image #13 of case 8171: Early lacunar stage (stage 5B). Allen Enders’ explained: “Note that the
appearance of endometrial glands is similar to that seen in one of the stage 5A sites.” He further
explained (under image #14 of case 8171): “Note continuity of a capillary with a lacuna that anastomoses
with other lacunae. Trophoblast appears to be invading a gland in the upper right.” The black arrow
points to invasion into a uterine gland, while the blue arrow points to invasion into a uterine blood vessel.
Image are provided by courtesy of Allen C. Enders and the Carnegie Collection.

Following this early invasion by the initially invasive syncytiotrophoblast, the extravillous
trophoblast population takes over and further invades into uterine glands, resulting in opening these
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luminal structures toward the developing intervillous space of the placenta [21]. As soon as the
intervillous space of the placenta is established, the glandular secretion products flow into this space
and are transferred from the placenta to the embryo [23]. At the same time, the remaining secretion
products and the respective fluids need to be drained back into the maternal system. Hence, erosion
and connection of uterine veins to the intervillous space of the placenta needs to take place next
(Figure 2A) [24–26]. Other images of the Enders collection show the junctional zone of trophoblast
invasion at the secondary villus stage. Here, invasion into veins and glands can be found, while arteries
next to these two luminal structures do not show any signs of invasion [22].

Finally, around mid-first trimester spiral arteries are the next target of the invading extravillous
trophoblasts. While glands and veins have thin walls and only need to be eroded and connected to
the placenta (Figure 2A), the arterial walls need to be prepared prior to invasion into them. Finally,
the spiral arteries are invaded as well, and their lumen is plugged until the beginning of the second
trimester (Figure 2B) [27,28].

Hence, during the first trimester, a plasma flow from the plugged arteries, plus a flow of glandular
secretion products, enters the intervillous space of the placenta, which is drained back into the maternal
system by the utero-placental veins (Figure 2B). This allows the nutritional support of the embryo
during the first trimester of pregnancy with substances in maternal plasma, plus the secretion products
of the uterine glands. This has been termed histiotrophic nutrition by glands rather than vessels [23].

While the histiotrophic nutrition seems to be sufficient in the first trimester of pregnancy, with
the massive growth of the fetus later in pregnancy, a different nutritional support is needed. With the
dissolution of the plugs from the arteries and the establishment of the flow of maternal blood into the
placenta at the beginning of the second trimester, the nutritional supply of the fetus changes from a
histiotrophic to a hemotrophic nutrition (Figure 2C) [23,29]. At the same time, the number and the
input of uterine glands diminish, while, of course, the veins remain, to drain back maternal blood
into the maternal circulation. Due to the lack of normal placental-bed specimens of the time around
mid-gestation, it is not clear when the glandular connection to the placenta disappears. It seems as if
this occurs around week 20 of pregnancy, but this still needs further elucidation.
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Figure 2. Schematic representation of the routes of trophoblast invasion during normal pregnancy.
(A) Very early in pregnancy, prior to six weeks of gestation, invasion of the early invading
syncytiotrophoblast during implantation, as well as invasion of early extravillous trophoblasts, results
in opening uterine glands and veins toward the intervillous space of the placenta. Endoglandular
trophoblasts open uterine glands, to enable the flow of “uterine milk” toward the placenta. This is
followed by invasion of endovenous trophoblasts into uterine veins, to enable backflow of fluids
into the maternal system, including villous material and endoglandular trophoblasts (shown in vein).
The arrows in gland and vein represent the material transported in these structures (green arrow:
glandular secretion products). (B) Later, during the first trimester, endoarterial trophoblasts invade
into uterine spiral arteries, transform their walls, and plug their lumen, to hinder flow of maternal
blood into the placenta. At that stage, only blood plasma is seeping through the plugs (indicated by the
dashed red arrow). During this stage of pregnancy, the backflow via utero–placental veins comprises
glandular secretion products, plus plasma from the spiral arteries (green arrow plus dashed red arrow),
including villous material plus endoglandular and endoarterial trophoblasts (shown in vein). (C) At the
beginning of the second trimester, the arterial plugs disintegrate, and the flow of maternal blood
into the placenta is finally established. So far, it is not clear at which time point the glandular input
diminishes and disappears, but in the second half of pregnancy, respective glands can hardly be found.
Hence, this schematic drawing only shows arteries and veins (red arrows: maternal blood). Now,
the venous backflow contains villous material, as well as endoarterial trophoblasts (shown in vein).
A, artery; G, gland; V, vein; GA, gestational age; ST, syncytiotrophoblast; vCT, villous cytotrophoblast;
EVT, extravillous trophoblast.
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4. New Routes of Trophoblast Invasion

All the above considerations are only conceivable due to the recent progress in the identification
of new routes of invasion of extravillous trophoblasts (Figure 2) [30]. Interestingly, the identification of
these new types of cellular pathways can only be performed by using the original tissue organization.
Any dissolution of the tissue would have destroyed the possibility to identify these routes.

Of course, this is a purely descriptive approach, which needs to be followed by the elucidation
of the functional differences of the cells in the different routes and pathways. It needs to be clarified
whether the cells already “know” from the beginning where to go and which luminal structure they
will go for or whether they just invade uterine tissues and reach a luminal structure simply by chance.

4.1. Endoglandular Trophoblast

The aspect of histiotrophic nutrition raised the question of how glands should release their
secretion products into the placenta when there is no connection between glands and placenta [23].
Also, histiotrophic nutrition of the embryo/fetus by secretion products of uterine glands was referred
to as “uterine milk” in those eutherians with an epitheliochorial placentation, including animals such
as the sheep, cow, and pig [31]. So far, histiotrophic nutrition has not been described in eutherians
with a hemochorial placentation, such as in humans, rats, and mice.

The identification of a subpopulation of extravillous trophoblasts invading into uterine glands
allowed the aspect of histiotrophic nutrition to come into focus also in the human [5,32]. The new
subpopulation of endoglandular trophoblasts does not only invade into uterine glands but also connects
them to the placenta (Figure 2A) [33], thus allowing early nutritive support of the embryo by using
the secretion products of the uterine glands. This is the first description of the “uterine milk” in a
eutherian with hemochorial placentation, the human.

As outlined above, invasion into uterine glands already starts prior to the establishment of the
extravillous trophoblast cell population. Images from very early time points of human implantation
depict invasion of the early invasive syncytiotrophoblast into uterine glands as early as one day after
implantation [21,22,32]. Hence, it seems important for the embryo to have this histiotrophic supply
right from the beginning of pregnancy, before other means to nutritive support take over at the end of
the first trimester.

Another aspect of endoglandular invasion is the interesting observation of the escape of these
trophoblast cells from the placental bed. As outlined above, during the first half of pregnancy,
endoglandular trophoblasts invade into uterine glands. This also takes place at the outer margin of
the growing placenta. At this site, some of the uterine glands may already have been invaded and
connected to the intervillous space of the placenta, while other glands are still open to their normal
target, the uterine cavity. If endoglandular invasion takes place into glands that are already connected
to the intervillous space of the placenta, then trophoblast cells that are washed out from the glands enter
into the intervillous space and are then drained into the vascular system of the mother. However, if
glands are invaded that are still connected to the uterine cavity, endoglandular trophoblasts that invade
into such glands and are washed out may end up being flushed into the uterine cavity. From here,
they can easily reach the cervix, from where they can be isolated and used for noninvasive prenatal
testing [34]. Interestingly, the cervix during the first half of pregnancy seems to be the site with the
highest density of extravillous trophoblasts, and hence it is tempting to use these cells for noninvasive
prenatal testing [33].

4.2. Endovenous Trophoblast

Following invasion into uterine glands, it seems as if the next route of invasion guides extravillous
trophoblasts toward uterine veins (Figure 2A) [24–26]. The secretion products of the uterine glands
need to be removed from the growing intervillous space. With the invasion of uterine veins by
endovenous trophoblasts and the connection of the veins to the placenta, this removal is assured
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(Figure 2A). The connection of the veins prior to the connection of the arteries is physiologically
allegeable as removal of the blood plasma flowing into the placenta needs to be secured prior to floating
of the intervillous space (Figure 2B). As outlined above, respective findings have been obtained already
during very early stages of placentation [22].

4.3. Endoarterial Trophoblast

The next route of invasion is the one that has been identified centuries ago, invasion into spiral
arteries by endoarterial trophoblasts (Figure 2B) [21]. Here, invasion is much more complex than that
into glands and veins. In the latter two, invasion simply needs to connect these thin-walled luminal
structures to the placenta. In case of the arteries, the walls of these arteries need to be restructured and
invasion goes much deeper than in veins and glands—as far as we know today (Figure 2C). There is no
need for the invading trophoblasts to restructure the walls of glands and veins; there is only the need
to open and connect these luminal structures to the intervillous space of the placenta. However, this is
different for uterine arteries, where the muscle layer of their walls needs to be restructured and the
arteries need to become large tubes that have lost their contractile abilities.

4.4. Endolymphatic Trophoblast

Finally, invasion into uterine lymph vessels is described (endolymphatic trophoblast) [24,26].
The function of this route of invasion is unclear so far. It may simply show that trophoblast invasion is
not specific at all, and, thus, extravillous trophoblasts simply invade all luminal structures within the
placental bed. However, it may well serve a function such as connecting lymph vessels to the placenta,
as well to serve as additional regulatory structure to adapt intra-placental fluid pressure. In both cases,
it will be interesting to see whether endolymphatic trophoblasts can be retrieved from local lymph
nodes. The first data showing a respective localization have already been published [26].

5. Alterations of Trophoblast Invasion and the Putative Effects on Pregnancy Outcome

First insight into alterations of the migratory routes of extravillous trophoblast in pathological
pregnancies is slowly evolving. Since trophoblast invasion and its alterations have only been recognized
in arteries so far [34], there is only very little data available on how altered invasion into other luminal
structures of the placental bed may affect pregnancy outcomes. Of course, it is easily comprehensible
that failure in connecting uterine veins to the placenta leads to spontaneous abortion of the embryo
early in gestation. However, the complex interplay between the different luminal structures and their
invasion opens a much broader field to finally understand the effects of altered trophoblast invasion.

5.1. One Example of Non-Arterial Changes of Trophoblast Invasion in a Pregnancy Pathology

So far, there is only one example available, which is based on new data in the field of recurrent
spontaneous abortion. In this pregnancy pathology, alterations of trophoblast invasion have been
shown to be related to vascular changes. In cases with idiopathic recurrent spontaneous abortion, a
role for alterations of trophoblast invasion into spiral arteries has been described; however, this role is
still debated today, with no final conclusion whether or not there is a direct relation between altered
arterial invasion and the etiology of recurrent spontaneous abortion [35–37].

Windsperger et al. (2017) [26] recently analyzed decidual placental bed tissues from cases with
recurrent spontaneous abortion. These authors quantified the spatial distribution of extravillous
trophoblasts in placental bed spiral arteries, veins, and lymph vessels. They identified alterations in
vascular invasion only in veins and lymph vessels, hence, in non-arterial vessels [26], while invasion
into spiral arteries was not affected. In cases with recurrent spontaneous abortion, there were fewer
invaded lymph vessels and veins compared to the total number of such vessels in healthy controls [26].

As for all such cases with alterations of trophoblast invasion, it still needs to be clarified whether
the defect is directly related to a respectively dysregulated trophoblast phenotype or whether the
dysregulation is found in the uterine (micro-) environment. The study above also revealed that
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the decidual tissues of cases with recurrent spontaneous abortion comprise a significantly higher
number of all types of vessels compared to gestational-age-matched controls [26]. This is in line
with data from Quenby et al. (2009) [38], who showed an enhanced density of blood vessels in the
nonpregnant secretory endometrium of women diagnosed with recurrent spontaneous abortion. Thus,
more thorough and specific analyses of vessel types and subtypes of extravillous trophoblast need to
be performed to decipher the still blurry picture of trophoblast invasion in pregnancy pathologies,
such as recurrent spontaneous abortion.

5.2. General Considerations of Changes of Trophoblast Invasion and Their Effects on Pregnancy Outcome

Other examples of non-arterial changes of trophoblast invasion in pregnancy pathologies have not
yet been published, as the identification of the new routes of trophoblast invasion with all its aspects
has only recently been published. At the same time, the new routes of invasion open new avenues
to decipher if pregnancy pathologies, such as intra-uterine growth restriction (IUGR), preeclampsia,
early or recurrent pregnancy loss, stillbirth, and spontaneous abortion, may at least be partly related to
abnormal trophoblast invasion into one or more uterine luminal structures. Table 1 gives an overview
of which invasion failure may be related to what type of pregnancy pathology. Of course, biology
always goes the most complex way; hence, it may be the balance between, e.g., invaded arteries versus
invaded veins, that makes the pathology rather than the simple total number of invaded vessels per
vessel type. To make the story even more complex, there is much more to look at that needs to be taken
into account, including the depth of invasion in arteries, the number of connected (not only invaded)
luminal structures, and the development of invasion during the whole duration of pregnancy.

Table 1. Simplified representation of the putative effects of dysregulated trophoblast invasion for the
different subtypes of extravillous trophoblast.

Extravillous
Trophoblast Subtype

Invaded Structure
Putative

Alteration
Putative Effect

Possibly Involved
Pathologies

Interstitial trophoblast
Uterine tissues

(decidua &
myometrium)

Reduced Less cells invading the
uterus in general

IUGR w and w/o
preeclampsia

Enhanced Deeper invasion than
normal

Placenta
accreta/increta/percreta
OR Maternal anemia,

pregnancy at high
altitude

Endoarterial trophoblast Uterine spiral
arteries

Reduced Faster blood flow into
the placenta

IUGR w and w/o
preeclampsia

Enhanced Further widening of the
arteries

Maternal anemia,
pregnancy at high

altitude

Endovenous trophoblast Uterine veins
Reduced

Decreased backflow of
maternal blood into the

maternal system

Early pregnancy loss,
IUGR, spontaneous
abortion, stillbirth

Enhanced
Increased backflow of

blood into the maternal
system

Mild IUGR

Endoglandular
trophoblast

Uterine glands Reduced Decreased nutrition of
the embryo

Early pregnancy loss,
spontaneous abortion

Enhanced Increased nutrition of the
embryo LGA

Endolymphatic
trophoblast

Uterine lymph
vessels

Reduced Decreased regulation of
placental fluid pressure Spontaneous abortion

Enhanced ? ?

?, not known so far.

12



Int. J. Mol. Sci. 2020, 21, 289

6. New Omics Technologies and Morphological Assessment of Tissues

The recent development of new omics technologies has revolutionized our understanding of
different cell types within a tissue. This is especially true for the RNA level, including technologies such
as single-nucleus RNA sequencing per droplet (DroNc-Seq) [39] or single-cell combinatorial indexing
RNA sequencing (sci-RNA-seq) [40]. Over the last few years, the respective technologies have been
introduced to and have been used in the placenta field as well. Surveys on the cellular composition of
the first-trimester placenta and decidua have now added new information on the different cell types
within these tissues [41–43].

At the same time, the preparation of the single-cell suspensions needed for RNA sequencing
technologies includes the dissociation of tissues to allow single-cell RNA sequencing. It needs
to be stressed at this point that this dissociation step hinders the visualization of the single-cell
microenvironment and thus the identification of the direct cell–cell interactome. In the survey
publications, e.g., [41–43], cells are grouped based on the similarities in their RNA expression profiles.
Hence, in vivo tissue neighborhoods, the original microenvironment and the direct cell–cell interactome
can no longer be identified and taken into consideration. Especially in such a complex organ as the
placenta, cells with a similar RNA expression profile may localize at different sites within the organ.

To identify the direct cell–cell interactome, the classical morphological analysis with
immunohistochemistry for proteins or techniques such as the in situ padlock method for RNA [44,45]
need to be performed. A first publication based on the use of in situ padlock probes to visualize the
distribution of single mRNA species in cells still residing within their original tissues was recently
published [46]. Only the combination of the RNA profile of single cells, plus their morphological
mapping, will allow the correct interpretation of the cellular interactomes.

Moreover, even today, the routine morphological analysis of a tissue is performed on a section of
the tissue, i.e., in only two dimensions. However, the information on the third dimension is of course
crucial to fully understand the structural and thus functional interactions of cells and their surrounding
matrices within a tissue. The field of 3D analysis of placental tissues is just starting to emerge, and it
will take some time until the techniques used in this field can be applied to reach quantitative results.
An example was recently published by Perazollo et al. (2017) [47].

Hence, even in the times of all the new omics technologies, a direct correlation of single-cell RNA
profiles and the exact morphological localization of a cell is yet to be established.

7. Conclusions

New morphological data identified new routes of trophoblast invasion, and, thus, there is room to
speculate over new and different subtypes of extravillous trophoblast. So far, it is not clear whether
the extravillous trophoblast simply invades all luminal structures of the placental bed using a single
phenotype, or whether there are specific trophoblast phenotypes invading arteries, veins, glands, and
lymph vessels.

As the new routes of trophoblast invasion have only discovered very recently, information on
effect of these routes on normal placentation and, thus, fetal development is scarce. The next years
need to show how altered invasion into the different types of uterine structures may affect pregnancy
outcome. There may be a large variety of pregnancy pathologies that is directly related to alterations
of trophoblast invasion in arteries, veins, glands, or lymph vessels. This may not only increase
our knowledge on basic processes of human development; it may also result in new therapeutic
interventions based on this knowledge.
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Abstract: Preeclampsia (PE) is a pregnancy-specific multisystem disorder and is associated with
maladaptation of the maternal cardiovascular system and abnormal placentation. One of the important
characteristics in the pathophysiology of PE is a dysfunction of the placenta. Placental insufficiency is
associated with poor trophoblast uterine invasion and impaired transformation of the uterine spiral
arterioles to high capacity and low impedance vessels and/or abnormalities in the development of
chorionic villi. Significant progress in identifying potential molecular targets in the pathophysiology
of PE is underway. The human placenta is immunologically functional with the trophoblast able to
generate specific and diverse innate immune-like responses through their expression of multimeric
self-assembling protein complexes, termed inflammasomes. However, the type of response is highly
dependent upon the stimuli, the receptor(s) expressed and activated, the downstream signaling
pathways involved, and the timing of gestation. Recent findings highlight that inflammasomes can act
as a molecular link for several components at the syncytiotrophoblast surface and also in maternal blood
thereby directly influencing each other. Thus, the inflammasome molecular platform can promote
adverse inflammatory effects when chronically activated. This review highlights current knowledge
in placental inflammasome expression and activity in PE-affected pregnancies, and consequently,
vascular dysfunction in PE that must be addressed as an interdependent interactive process.

Keywords: preeclampsia; placental insufficiency; inflammasomes

1. Introduction

Placental development is complex and is spatio-temporally regulated by an array of factors
including placentally- and maternally-derived growth factors, hormones, and cytokines [1]. Uterine
spiral arteries are remodeled into highly dilated vessels by the invasion of the extravillous trophoblasts
(EVT). Invaded EVTs disrupt the vascular smooth cell layer and replace the endothelium, converting
muscular wall arteries into wide bore low-resistance vessels ensuring a local increase in blood
supply, which allows for sufficient maternal blood flow into the intervillous space for the nutritional
requirements of the fetus [2]. These cellular and physiological homeostatic processes are critical
steps in the establishment of a successful pregnancy and occurs in association with an increase in
blood volume over the course of pregnancy [3]. Concomitant to the normal physiological adaptation,
vascular resistance is also reduced via decreased vascular tone that takes place as the placenta is being
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formed [4]. An abnormality in the physiological adaptation to normal pregnancy occurs in the common
pregnancy-related disorder that endangers the proper development of the embryo/fetus, as well as the
health of the mother is preeclampsia (PE). PE is a complex pathophysiological condition where vascular
resistance is abnormally increased and contributes to maternal hypertension (Figure 1). Concurrent
maladaptation of the maternal cardiovascular system along with abnormal placentation predisposes
an individual to PE [5]. There are no cures for PE and removal of the placenta leads to resolution
of symptoms of PE, and thus its management mainly relies on delivery, often preterm. Despite the
importance of the placenta and the maternal cardiovascular maladaptation in the development of PE,
exploring the key molecular pathways is critical for the maintenance of homeostasis in pregnancy
and also for identifying novel targets for the prevention and management of PE. This review thereby
highlights the importance of inflammasomes as potential molecular links of the key inflammatory
pathways underlying the development of PE.

Figure 1. Depicts the complex gestation and stage specific pathophysiological processes associated
with preeclampsia. Genetic factors, maternal factors, and immunological factors may cause placental
dysfunction (stage I), which in turn leads to the release of anti-angiogenic and other inflammatory
mediators that induce preeclampsia (PE) (stage II). AT1: Angiotensin II type I receptor; dNK:
Decidual natural killer; HELLP: Haemolysis, elevated liver enzymes and low platelet count; SNP:
Single-nucleotide polymorphism; Treg: Regulatory T-cell.

1.1. Human Trophoblast Differentiation Establishes the Maternal–Fetal Interface

In a normal pregnancy, the complex architecture at the boundary of the maternal uterus and
the fetally-derived placental tissue is governed largely by the differentiation of immunocompetent
cytotrophoblasts. Cytotrophoblasts readily undergo differentiation by emigrating from the anchoring
villi and joining the cell columns as extravillous cytotrophoblasts (EVTs), serving as conduits to the
uterine wall [2,6]. Briefly, the process of invasion of the EVTs in the maternal decidua and inner third
of the myometrium occurs via two spatial routes. Firstly, migration and invasion through the decidual
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layer gives rise to interstitial EVTs that interact with specialized populations of maternal immune cells
present within the decidua. Secondly, the EVTs that move up and target the lumen of the spiral arteries
become endovascular EVT, adopt an endothelial-like phenotype, and intercalate within the smooth
muscle cells of the tunica media. The remodeling of the spiral arterial wall involves loss of normal
musculoelastic structure and replacement of the vascular media with fibrinoid material. This results in
converting the originally low capacitance/high resistance uterine arteries into high capacitance low
resistance channels that perfuse the surface of the placenta, which is enveloped by multinucleated
transport epithelium, namely syncytiotrophoblast (STB) [1]. The invading EVTs exhibit a major
transformation at both the cellular and molecular levels. Cytotrophoblasts attached to the chorionic
villi initially express adhesion molecules characteristic of epithelial cells such as integrins α6/β1, αv/β5.
As cytotrophoblasts enter the cell columns and adopt the invasive pathway, the expression of epithelial
cell-like adhesion molecules decrease, whilst the expression of endothelial cell adhesion markers such
as integrins α1/β1, αv/β3, and VE-cadherin is upregulated to promote vascular mimicry [2,7].

1.2. Preeclampsia

Preeclampsia (PE) is a serious human pregnancy-specific disorder, although clinically defined as a
new onset of hypertension and proteinuria, in the absence of proteinuria, PE may be diagnosed with
any of the following features: Thrombocytopenia (platelet count less than 100,000 × 109/L); impaired
liver function as indicated by abnormally elevated blood concentrations of liver enzymes (to twice the
upper limit of normal concentration); severe persistent right upper quadrant or epigastric pain and not
accounted for by alternative diagnoses; renal insufficiency (serum creatinine concentration greater than
1.1 mg/dL or a doubling of the serum creatinine concentration in the absence of other renal disease);
pulmonary edema; or new-onset headache unresponsive to acetaminophen and not accounted for by
alternative diagnoses or visual disturbances. It should also be noted that these criteria must be met
after the 20th week of gestation, otherwise this would be classed as chronic hypertension.

PE affects 2%–8% of pregnancies, is associated with 12% of infants with fetal growth restriction
(FGR) and approximately 20% of preterm deliveries [8]. PE remains lacking reliable means of diagnosis
and prediction, with no effective therapy or pharmacological agents available to treat the disease. The
only solution is the removal of the placenta by early delivery and often preterm delivery. As depicted
in Figure 1, if left untreated, PE can lead to life threatening systemic vascular dysfunction and may
progress to eclampsia with complications of the HELLP syndrome (elevated liver enzymes, haemolysis,
and low platelets), placental abruption, acute renal failure, and pulmonary edema [9]. Although
maternal symptoms appear to be largely resolved with the delivery of the placenta and the fetus,
accumulating evidence suggests that PE is associated with long-term maternal cardiovascular and
other complications such as renal diseases [10–14].

1.2.1. Placental Ischemia

Poor placentation resulting from the insufficient EVT invasion and reduced uterine blood flow
leading to placental ischemia have been proposed to be one of the leading causes of PE. Specifically,
placental ischemia is associated with an imbalance of immune function and chronic inflammation similar
to autoimmune diseases [15–17]. This immune imbalance creates a state of chronically uncontrolled
inflammation due to an increase in the production of pro-inflammatory factors and the abnormal
activation of immune cells and production of cytokines, whilst decreasing the abundance of regulatory
immune cells and cytokines [18,19]. These alterations lead to progressive pathophysiological changes
including an enhanced production of reactive oxygen species [20], increased oxidative and endoplasmic
reticulum stress, endothelin-1 expression, production of potent pro-inflammatory mediators [21],
anti-angiogenic factors at the implantation site, and the production of autoantibodies such as
angiotensin-II type I receptor (AT1-AA) [22], thus culminating in the development of hypertension
during pregnancy. Therefore, insight into how different components of the innate immune system and
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inflammatory cytokines are regulated and contribute to the progression of development of PE will be
useful in developing targeted therapies that are necessary to improve pregnancy outcomes.

1.2.2. The Immunology of Pregnancy

Human pregnancy is an immunological paradox [23]. Maintenance of pregnancy relies on finely
tuned immune adaptations at the maternal-fetal interface where the two distinct genomes of the
mother and the fetus commingle to maintain tolerance to the fetal allograft while preserving innate and
adaptive immune mechanisms for protection against microbial challenges. Studies by Co et al. [23]
have reported that trophoblast interaction with the decidual natural killer cells (dNK) is crucial for the
maternal-fetal immune tolerance early in pregnancy. Combinations of signals and responses originating
from the maternal and fetal-placental immune systems are critical for a successful placentation, as well
as for pregnancy outcome [24]. The signals that originate from the placenta has the ability to sense
the infectious and non-infectious triggers and generate innate, immune-like responses [25]. The
placenta not only uses several mechanisms to regulate immune tolerance and adaptation, but it may
also modulate the way the maternal immune system adapts in the presence of potential dangerous
signals [25,26]. Immunologic miscommunications that have origins at the placenta or in the mother
may contribute to disruption to the regulatory and protective mechanisms leading to pregnancy
complications including PE.

1.2.3. Inflammation in the Development of PE

A generalized systemic inflammatory response is common to all pregnancies, as highlighted
by Redman et al. [27] which proposed that PE is intrinsically similar to normal pregnancy and
is characterized by the extreme end of a continuous spectrum of inflammatory responses. In PE,
a deviation in the physiological immunoregulatory adaption to pregnancy has been described for
promoting inhibitory reactivity to the fetus. Furthermore, in PE-affected pregnancies, an increase
in immune cells has been demonstrated in response to activation of the innate immune system and
inflammation in the maternal circulation and uteroplacental unit [28]. These events in turn contribute
to the shallow invasion of EVT in the uterine wall and insufficient spiral arteriole remodeling leading
to placental ischemia (Figure 1).

As a consequence of placental ischemia, oxidative stress is augmented with an excessive
release of placental factors, such as STB knots/debris, soluble fms-like tyrosine kinase-1 (sFlt-1),
the soluble receptor for vascular endothelial growth factor (VEGF) into the maternal circulation,
which collectively contribute to the development of hypertension [29,30]. These angiogenic factors
are also critical inflammatory mediators which contribute to maternal inflammation associated
with PE [31]. Villous cytotrophoblasts mediate inflammation via the secretion of inflammatory
cytokines including interleukins (ILs)-1β, -2, -4, -6, -8, -10, -12, and -18, transforming growth factor
(TGF)-β1, IFN-γ-inducible protein 10/IP-10, tumor necrosis factor (TNF)-α, interferon (IFN)-γ, monocyte
chemotactic protein (MCP)1, intercellular adhesion molecule (ICAM)-1, and vascular cell adhesion
molecule (VCAM)-1 [6,28,32–34], which contribute to the development of PE. This role is particularly
important for cytotrophoblasts, which fuses to form STB, and is the site for maternal–fetal interactions.
Several cytokines including IL-1β and IL-18 have also been correlated with maternal endothelial
dysfunction [34]. These inflammatory cytokines can activate several downstream pathways both
directly or indirectly to contribute to the clinical manifestations and progression of PE. Several triggers
including elevated maternal serum concentrations of cholesterol and uric acid in PE have been shown
to contribute to a heightened inflammatory response through STB [35]. Depending on the stimulant or
physiological change(s) that occur during pregnancy, placental cells may mount either a regulated
protective response that maintains and promotes a healthy pregnancy, or alternatively, promotes a
damaging response that adversely impacts the outcome of pregnancy, as observed in PE. One such
molecular mechanism by which inflammatory responses are regulated in the human placenta is via the
molecular inflammasome platform [36], which are known producers of IL-1β and IL-18. A greater
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understanding of the precise molecular pathways governed by inflammasomes in the placental sensing
mechanisms is therefore critical for drug discovery and therapeutic targeting.

As a consequence of placental ischemia, oxidative stress is augmented with an excessive
release of placental factors, such as STB knots/debris, soluble fms-like tyrosine kinase-1 (sFlt-1),
the soluble receptor for vascular endothelial growth factor (VEGF) into the maternal circulation,
which collectively contribute to the development of hypertension [29,30]. These angiogenic factors
are also critical inflammatory mediators which contribute to maternal inflammation associated
with PE [31]. Villous cytotrophoblasts mediate inflammation via the secretion of inflammatory
cytokines including interleukins (ILs)-1β, -2, -4, -6, -8, -10, -12, and -18, transforming growth factor
(TGF)-β1, IFN-γ-inducible protein 10/IP-10, tumor necrosis factor (TNF)-α, interferon (IFN)-γ, monocyte
chemotactic protein (MCP)1, intercellular adhesion molecule (ICAM)-1, and vascular cell adhesion
molecule (VCAM)-1 [6,28,32–34], which contribute to the development of PE. This role is particularly
important for cytotrophoblasts, which fuses to form STB, and is the site for maternal–fetal interactions.
Several cytokines including IL-1β and IL-18 have also been correlated with maternal endothelial
dysfunction [34]. These inflammatory cytokines can activate several downstream pathways both
directly or indirectly to contribute to the clinical manifestations and progression of PE. Several triggers
including elevated maternal serum concentrations of cholesterol and uric acid in PE have been shown
to contribute to a heightened inflammatory response through STB [35]. Depending on the stimulant or
physiological change(s) that occur during pregnancy, placental cells may mount either a regulated
protective response that maintains and promotes a healthy pregnancy, or alternatively, promotes a
damaging response that adversely impacts the outcome of pregnancy, as observed in PE. One such
molecular mechanism by which inflammatory responses are regulated in the human placenta is via the
molecular inflammasome platform [36], which are known producers of IL-1β and IL-18. A greater
understanding of the precise molecular pathways governed by inflammasomes in the placental sensing
mechanisms is therefore critical for drug discovery and therapeutic targeting.

2. Inflammasomes

The ability to activate immune cells depends on the presence of molecular multiprotein inflammasome
complexes [37,38]. Inflammasomes are high molecular-weight multimeric self-assembling protein complexes
of the innate immune system, which are not only important for initiating the inflammatory response and
release of IL-1β and IL-18 (Figure 2), but also in regulating cellular apoptosis [38]. As shown in the schematic
diagram, signaling for inflammasome activation occurs in two stages. Priming in stage 1 is followed by
activation of inflammasome complex by interaction with several components. The inflammasome complex
contains a sensor molecule, an adaptor protein and the pro-inflammatory caspase-1 [37,39]. Inflammasomes
act as a finely tuned alarm, triggering and amplifying systems in response to cellular stresses and/or
infections. Placental trophoblasts, endothelial cells and macrophages can sense and respond to a variety
of infectious agents by the presence of the pattern recognition receptors (PRRs). The PRRs have the
ability to sense pathogen-associated molecular patterns (PAMPs) that are expressed by microbes, as well as
noninfectious (sterile inflammation) host-derived damage associated molecular patterns (DAMPs) including
reactive oxygen species, uric acid, cholesterol, microparticles, and exosomes (namely alarmins) [40,41]
(Figure 2). When activated, the inflammasome machinery has the potential to promote maturation and
release of pro-inflammatory cytokines including the release of danger signals, as well as pyroptosis, a rapid,
pro-inflammatory form of cell death [42].
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Figure 2. Activation and formation of inflammasome complex. Two-step signaling mechanisms are
involved in the formation inflammasome complexes: The first “priming” signal initiated by infectious
agents such as LPS, enhances the expression of inflammasome components and target proteins via
activation of transcription factor NF-κB. The second “activation” signal promotes the assembly of
inflammasome components. The second signal also involves three major mechanisms, including
lysosomal damage, and the potassium efflux. Nigericin is a microbial toxin that alters potassium
efflux. Abbreviations: LPS: Lipopolysaccharide; TLR: Toll-like receptor; PAMPs: Pathogen-associated
molecular patterns; DAMPs: Danger-associated molecular patterns; ROS: Reactive oxygen species.

2.1. Pattern Recognition Receptors (PRRs)

The potential for a cell to promote inflammation is evident by its expression of a repertoire of
PRRs. Two major families of PRRs are the Toll-like receptors (TLRs) and the nucleotide-binding domain
leucine-rich repeat containing receptors [37], also known as Nod-like receptors (NLRs) (Figure 3).
TLRs are transmembrane receptors, which allow for the sensing of PAMPs or DAMPs either at
the cell surface or within endosomal compartments. There are 10 human TLRs that have been
identified, each with distinct specificities to activate downstream cascade of events in response to
Gram-positive/Gram-negative bacterial infection or viral RNA [43,44]. NLRs are cytoplasmic-based
PRRs, which provides an intracellular recognition system for sensing PAMPs or DAMPs. Endogenous
danger signals initiate and maintain inflammatory responses through activation of NLRs (Figure 3).

Multiple NLRs and NLR-dependent inflammasomes have been identified including pyrin-domain
containing the initiator proteins including NLRP-1, NLRP3, NLR family caspase activation,
and recruitment domain (CARD) domain-containing protein-4 (NLRC4) and the adaptor protein called
ASC (apoptosis-associated speck-like protein containing a CARD) [45]. Additionally, NLR-independent
inflammasomes that are driven by sensor molecules such as absent in melanoma-2 (AIMS2) and pyrin
have also been described [46]. In the absence of TLRs or reduced signaling of TLRs, NLRs synergize
with TLRs for a greater response or provide a compensatory system [46]. Several of the sensor
molecules of the inflammasomes such as NLRP1, NLRP3, NLRP7, NLRC4, AIM2, and pyrin have been
well characterized for their specific ligands, mechanisms of action, and roles in disease pathogenesis
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(reviewed in Strowig et al. [47]). However, inflammasomes such as NLRP6, NLRP12, retinoic-acid
inducible gene-1 (RIG-I), and interferon-γ inducible protein-16 (INFI16) are yet to be fully characterized
in health and disease.

Figure 3. Depicts the role of inflammasomes in placental inflammation in preeclampsia.
Cholesterol or uric acid crystals (alarmins) and extracellular vesicles/microparticles can trigger
NLRP (1/3/7) inflammasomes in the placenta, which releases active caspase-1 and mature IL-1β
and increases inflammation.

2.2. Inflammasome Components in the Gestational Tissues during Normal Pregnancy

An inflammatory environment is mandatory in order to ensure an adequate reconstruction of
the uterine epithelium, elimination of cellular debris, and tissue remodeling during implantation,
placentation, maintenance of pregnancy throughout gestation and in parturition [48–50]. Inflammasome
components have been identified in both maternal and fetal compartments throughout gestation. The
mRNA transcripts, as well as the protein expression of NLRP1-4; the adaptor protein ASC (or PYCARD)
and the caspases (1 and 4) have all been detected in the human placental trophoblasts, myometrium,
and in the amniotic membranes throughout gestation [51–57]. Hyperactivity of inflammasomes has also
been reported in the choriodecidua, myometrium, and cervix during term parturition (reviewed in [36]).
Specifically, several studies indicate that the activation of NLRP3 inflammasome leads to the pyroptosis
as part of the sterile inflammatory milieu during physiological labour in term pregnancies [58].
Emerging studies describing inflammasome expression and activation in physiological inflammation
associated with uncomplicated human pregnancies provide important knowledge on their role in the
pathophysiology of pregnancy complications such as PE [35] and FGR [59].

2.3. Activation of Inflammasomes in Preeclampsia-Affected Pregnancies

Activation of inflammasomes are an essential element of the innate immune system and
disturbances in these processes have been implicated in various inflammatory diseases including
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placental inflammation associated with PE [35], FGR [59], and gestational diabetes mellitus [60].
Inflammasome hyperactivity has been reported in placental tissues from pregnant women with
PE [35,41,61]. Mulla et al. [62] reported that inflammasome activation in STB could be a possible
mechanism of induction of inflammation at the maternal–fetal interface that causes adverse pregnancy
outcomes, including PE. To further support this, elevated levels of TLR2, TLR4, NLRP3, and IL-1β
have been reported in the neutrophils of women with PE, when compared to normal pregnant
women [44]. Furthermore, Pontillo et al. [52] reported enhanced gene transcripts for NLRP1, NLRP3,
NLRC4, ASC, caspase-1, and IL-1β following stimulation with lipopolysaccharide (LPS) in human
first-trimester cytotrophoblasts, decidual stromal cells, and endothelial cells in vitro. Anti-angiogenic
factor (sFlt-1) in the syncytial knots and TNFα release from the STB were also implicated in inducing
higher inflammasome activation in the placental tissues from PE pregnancies [35,41]. Further to this,
an association between higher levels of TNFα and NLRP3 activation in peripheral blood monocytes
from PE pregnancies demonstrated a direct involvement of TNFα in inflammasome activation [63].

Recent studies by Nunes et al. reported that alterations in STB functions as a consequence of
the imbalance between pro- and antioxidant properties may also cause cellular stress and injury to
activate inflammasomes [64]. Although the molecular mechanism involved in placental inflammasome
activation in PE is largely unknown, it is possible that the inappropriate inflammatory response
observed in PE may have its origin in the placenta. Potential mechanisms may include shedding of
STB-derived micro or nanovesicles (that can act as DAMPs) into the maternal circulation, which are
known to exert pro-inflammatory, procoagulant, and anti-endothelial activity in vitro [40,65]. Recent
studies [41,65] also demonstrated that oxidative stress induced increase in the release of high-mobility
group box 1 protein (HMGB1) from STB that may contribute to the pathogenesis of PE. Furthermore,
Ivernsen (2013) [66] reported that the inflammatory molecules such as heat shock protein 70 (Hsp70),
HMGB1, Galectin 3, and Synctin 1 carried by microvesicles in PE pregnancies may also act as DAMPS
in the placenta and in the peripheral blood mononuclear cells (PBMC) in patients with PE. Thus, as
illustrated in Figure 3, placental milieu resultant from the STB activation by inflammatory cytokines/or
release of microparticles from injured or necrotic cells or complement primed and endogenous uric
acid accumulation can activate the inflammasome machinery [35,61–63,67].

Although PE has been considered the disease of the primigravid for many years, a robust evidence
for this important observation has never been reported. Several studies have also reported that there is
a role for the immune system during pregnancy reacting against and/or tolerating the paternal antigens
of the conceptus [68–74]. It was suggested that that increased exposure to the father’s semen assists
this immunological tolerance [68]. In addition to these benefits, although semen is not sterile, microbial
tolerance mechanisms may exist [75]. Recent reports [68,75] have shown evidence that semen may be
responsible for inoculating the developing conceptus, including the placenta with microbes, not all of
which are infectious. It was suggested that when they are infectious, it may cause PE [68]. Furthermore,
a variety of epidemiological and other evidence is entirely consistent with this, not least correlations
between semen infection and PE [71,76]. Overall, these studies strongly suggest a significant paternal
role in the development of PE through microbial infection of the mother via insemination.

Taken together, the above studies suggest that inflammasome activation may play a central role
in the placental inflammatory processes that are associated with the pathophysiology of pregnancy
complications including PE. However, further studies are required to investigate whether the
inhibition of inflammasomes can be considered as a potential therapeutic strategy to prevent placental
inflammation-induced development of PE.

3. Inflammasome-Mediated Downstream Molecular Pathways in Long-Term Vascular Functions

There is evidence that women who have PE and pregnancy-induced hypertension or who deliver
a preterm baby have an increased risk of developing cardiovascular disease later in life [10,77]. Several
systematic reviews and meta-analyses have determined that after a diagnosis of PE the relative risks
for developing hypertension, cardiometabolic disorders are significantly increased in both mother
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and in child [78–80]. Follow-up studies of children who were born prematurely show evidence of an
increased risk of high blood pressure and insulin resistance in their adulthood [81]. Thus, these reports
suggest that the pregnancies associated with PE, pregnancy hypertension; as well as pregnancies
associated with preterm delivery show evidence of significant changes in vascular function (detailed
below) at the time of the pregnancy. These changes greatly impact the cardiovascular health of both
the mother and child later in life. The cascade of events downstream of inflammasomes may play a
critical role in changes associated with vascular functions in hypertensive disorders [82] including PE;
however, the molecular mechanisms by which inflammasomes promote pathogenesis of PE is yet to be
investigated. In the following section, we provide possible mechanisms of inflammasome-mediated
alterations observed in hypertensive disorders, which may provide a foundation for developing
improved management and treatment strategies to reduce pregnancy specific burden of vascular
dysfunction associated with PE.

3.1. Activation of Inflammasomes in Hypertensive Disorders

Hypertension, defined as individuals presenting with blood pressure greater than 140/90 mmHg [83],
represents a worldwide-spread cardiovascular abnormality and is a major cause of subsequent
end-organ damage observed in affected patients. Numerous studies have detailed the pathogenesis
of hypertensive disorders and reported that the molecular inflammasome platform represents a
central pathogenic mechanism in initiating and promoting organ damage attributed to hypertension.
Eight-week-old male Dahl salt-sensitive rats fed with a high-salt diet (8% NaCl) for six weeks were
found to have higher levels of NLRP3 and IL-1β in the hypothalamic paraventricular nucleus when
compared to rats fed a normal diet (0.3% NaCl) [84]. Similarly, bilateral hypothalamic paraventricular
nucleus injection of an IL-1β inhibitor, gevokizumab (1 μL of 10 μg), reduced the mean arterial
pressure, heart rate, and levels of plasma norepinephrine, as well as, attenuated the levels of oxidative
stress (NOX-2 and NOX-4) and restored the levels of NLRP3, IL-1β, and IL-10 [84]. Additionally, via
inhibiting NLRP3-induced inflammation and idiopathic pulmonary fibrosis, the clinically used TGF- β
blocker, pirfenidone protected against thoracic aortic constriction (TAC)-induced hypertension and left
ventricular hypertrophy, collectively contributing to myocardial fibrosis, via blocking NLRP3-mediated
inflammation and fibrosis [85].

Furthermore, the ASC adaptor protein of the NLRP3 inflammasome, was shown to be critical in
hypoxia-induced pulmonary hypertension and right ventricular remodeling which was associated
with increased protein levels of caspase-1, IL-18, and IL-1β [86]. Moreover, Asc−/− mice demonstrated
reduced collagen deposition and muscularization around arteries [86]. Collectively, the findings
from this study indicate that hypoxia promotion of right ventricular pressure and remodeling were
attenuated in mice lacking Asc, but not in mice lacking Nlrp3, indicating that the inflammasome
molecular platform plays a critical role in the pathogenesis of pulmonary hypertension [86]. Another
study reported that 1K/DOCA/salt-induced hypertensive mice demonstrated increased expression of
renal Nlrp3, Asc, and pro-caspase-1, as well as IL-1β and IL-18 mRNA [87]. Additionally, Asc−/− mice
in the same model were protected from an increase in the renal inflammatory profile (IL-6, IL-17A,
CCL2, ICAM-1, and VCAM-1) and accumulation of macrophages and collagen [87]. These studies
suggested that the cascade of events downstream of inflammasomes play a critical role in disease
progression; their mechanism of actions include both a central nervous and a peripheral modulation of
the inflammatory pathways.

3.2. Inflammasomes: A Potential Molecular Link for Long-Term Vascular Dysfunction and End-Organ Failure
in Preeclampsia

The villous stroma of the placenta provides the microenvironment for placental vascular
development where immune cells reside and serve as a barrier to induce inflammatory
(inflammasome)- mediated responses [88]. PE involves the excessive activation of inflammatory
immune cells [63], including monocytes, fibroblasts, and granulocytes and their exacerbated production
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of pro-inflammatory cytokines, IL-1β, IL-6, and IL-8 [89,90], and reduced production of regulatory
cytokines such as IL-10 and TGF-α [91]. In this setting, TGF-β-promoted extracellular matrix
(ECM) proteins, such as collagens, laminins, and fibronectin, play a key modulatory role in tissue
remodeling [88,92,93]. Placental fibroblasts modulate the expression of ECM proteins (collagens I and
IV, fibronectin, and fibrillin I) more prominently in the first trimester and term tissue [88]. Placental
ischemia primes aberrant vascular and uteroplacental remodeling via the release of pro-inflammatory
factors cytokines such as TNF-α in the maternal circulation [94–97]. Li et al. quantified the levels and
distribution of MMPs measured in the aorta, uterus, and placenta of normal versus pregnant rats
with reduced uterine perfusion pressure (RUPP) [94]. Gelatin zymography showed marked levels
of uterine MMP-2 and MMP-9, whereas casein zymography demonstrated upregulated MMP-1 and
MMP-7 in the aorta, uterus, and placenta of pregnant rats with reduced uterine perfusion pressure,
compared with that from normal pregnant rats. Supplementary organ culture work in the same study
demonstrated that TNF-α stimulation upregulated the levels of MMP-1 and MMP-7 in the aorta, uterus,
and placenta of normal pregnant rats, whereas a TNF-α inhibitor antagonized the increased tissue
MMP levels in rats with RUPP [94].

Collectively, these findings suggest that placenta ischemia, via TNF-αmediated signal transduction
and potentially through priming of the inflammasome platform, could lead to inadequate uteroplacental
and aberrant vascular remodeling in pregnancies associated with hypertension and PE. Targeting
MMP-1 and MMP-7, and/or the TNF receptor upstream of that, may also present a novel avenue
in the therapeutic modulation of inflammasome priming that promotes hypertension and PE [94].
As previously discussed, women with PE also demonstrate an elevated hyperuricemia profile associated
with proteinuria, suggesting that increased levels of uric acid promote the disease severity and
pathogenesis associated with PE, via inducers of the NLRP3 inflammasome [90]. Uric acid is known to
promote inflammation and endothelial dysfunction [98] and its crystals, monosodium urate (MSU)
promote the release of IL-1β via activation of the NLRP3 inflammasome (Figure 2) [35,38,63,87].
Monocytes from PE women were activated and hence released higher levels of TNF-α, superoxide
anion (O2

−), and H2O2 compared to monocytes derived from normotensive pregnant women [99].
These findings indicated that monocytes from the maternal peripheral blood are a key source of
reactive oxygen species, free radicals, and pro-inflammatory cytokines. Collectively, these studies
suggest that the production of IL-1β, via activation of the inflammasome cascade, is key to driving
the pathogenesis of PE. To date, research is trying to design inflammasome antagonists or equivalent
inhibition strategies.

4. Therapeutic Targeting for the Components of Inflammasomes

Due to the wide range of hypertension-driven inflammatory diseases, a number of targeted
therapies have been investigated for antagonizing the effects of the inflammatory (inflammasome)-
pathway. Pharmacological blockade of human cord blood leukocytes demonstrated that ATP released
as a result of tissue injury can further promote the secretion of IL-1β from laboring and nonlaboring
women [100], indicating that inhibition of the P2X7 receptor may protect from inflammation induced
vascular injury during pregnancy. A separate study evaluated pharmacological blockade using
a P2X7 receptor inhibitor and pannexin-1 blocker carbenoxolone, was shown to attenuate the
LPS-induced increase in the levels of secreted IL-1β [101]. Silibinin (SB) is a flavonoid complex
medicinal herb with anti-inflammatory, hepatoprotective, antioxidant, and antifibrotic properties.
The antioxidant and anti-inflammatory properties of SB were assessed via dose-dependent inhibition
of H2O2 release, production of TNF-α, IL-10, TGF-β, and prostaglandin E2 (PGE2) following LPS
stimulation of peripheral blood monocytes from healthy individuals. Monocytes were treated
with SB to determine whether SB can modulate the NLRP1 and NLRP3 inflammasomes, as well
as influence upstream TLR-4/NF-κB activation [99]. Administration of SB to MSU-stimulated
monocytes reduced the degree of NLRP1 and NLRP3 inflammasome activation, as well as TLR-4/NF-kB
activation [99]. Furthermore, administration of SB to pregnant rats in an experimental model of PE,
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induced by nitric oxide synthase inhibition (with N-omega-nitro-l-arginine methyl (l-NAME)) protected
reproductive outcomes, normalized blood pressure, reduced proteinuria, and also serum levels of
pro-inflammatory cytokines [102]. Additional studies have examined targeting of the NLRP3 sensor
itself, via administration of the small and highly selective NLRP3 inflammasome inhibitor, MCC950, a
diarylsulfonylurea-containing compound [103]. The mechanism of action of MCC950 is via its ability
to inhibit NLRP3-induced ASC oligomerization to subsequently block the secretion of IL-1β [103],
where MCC950 was recently shown to attenuate the high deoxycorticosterone (DOCA)-induced
hypertensive effects [87,104]. Krishnan et al. [87] demonstrated an increased DOCA/salt-induced renal
inflammatory profile (IL-6, IL-17A, CCL2, ICAM-1, and VCAM-1), fibrosis (assessed via extent of renal
collagen accumulation), via an inflammasome/IL-1β-dependent mechanism.

As a follow-up study, Krishnan et al. [104], showed that pharmacological inhibition of the NLRP3
inflammasome, with MCC950, significantly lowered the 1K/DOCA/salt-induced increase in blood
pressure, renal expression of inflammasome markers (NLRP3, ASC, pro-caspase-1, pro-IL-1β and
pro-IL-18), and markers associated with renal inflammation and injury (IL-17A, TNF-α, osteopontin,
ICAM-1, VCAM-1, CCL2, and vimentin). A MCC950-induced reduction in these 1K/DOCA/salt-induced
measures was accompanied by an additional marked attenuation in the levels of renal interstitial
collagen and renal albuminuria (by up to 25%) in C57Bl/6 mice [104]. Similarly, by blocking the
ability of the NLRP3 inflammasome components to assemble and oligomerize, as well as inhibiting K+

efflux, β-hydroxybutyrate (BHB) was shown to reduce the production of both IL-1β and IL-18 [105].
A separate study also demonstrated that treatment with EMD638683, a specific glucocorticoid-inducible
kinase (SGK1) inhibitor, significantly reduced hypertension induced cardiac damage [106]. Taken
together, these studies provide proof-of-concept that pharmacological inhibition of upstream, as well as
downstream targets of the NLRP3 inflammasome signaling cascade; and the inflammasome platform,
present a viable anti-hypertensive strategy in attenuating the pathogenesis of PE with an underpinning
inflammatory component.

5. Conclusions

There is consistent evidence for activation of inflammasomes in physiological inflammatory
processes during pregnancy. Inflammasomes are implicated in both normal physiological and in the
pathophysiological processes that occur in response to inflammatory milieu throughout gestation. This
suggests that the placenta is immunologically functional and able to generate specific and diverse
innate immune-like responses through the expression of specific components of inflammasomes.
However, the type of response is highly dependent upon the timing of gestation, as well as the type of
stimuli, the expression and activation of status of the specific type of receptors, and the downstream
signaling pathways that are altered in response to the stimuli. Furthermore, it is in the pathological
inflammatory processes as seen in PE, that premature activation of inflammasomes as a consequence
of placental ischemia (Figure 4) could contribute to increased fibrosis resulting in end organ damage in
the heart, liver, and kidneys. Therefore, research findings in these areas will be critical for developing
targeted therapies for the prevention of poor pregnancy outcomes of PE affected pregnancies.
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Figure 4. Summarizes the central role of inflammasomes in the pathogenesis of preeclampsia. Premature
activation of inflammasomes following placental ischemia in preeclampsia affected pregnancies may
lead to changes in vascular structure and function and enhanced fibrosis contributing to end stage
organ failure.
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PRR pattern recognition receptors
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Abstract: Autophagy is an evolutionarily conserved process in eukaryotes to maintain cellular
homeostasis under environmental stress. Intracellular control is exerted to produce energy or
maintain intracellular protein quality controls. Autophagy plays an important role in embryogenesis,
implantation, and maintenance of pregnancy. This role includes supporting extravillous trophoblasts
(EVTs) that invade the decidua (endometrium) until the first third of uterine myometrium and migrate
along the lumina of spiral arterioles under hypoxic and low-nutrient conditions in early pregnancy.
In addition, autophagy inhibition has been linked to poor placentation—a feature of preeclamptic
placentas—in a placenta-specific autophagy knockout mouse model. Studies of autophagy in human
placentas have revealed controversial results, especially with regard to preeclampsia and gestational
diabetes mellitus (GDM). Without precise estimation of autophagy flux, wrong interpretation would
lead to fixed tissues. This paper presents a review of the role of autophagy in pregnancy and elaborates
on the interpretation of autophagy in human placental tissues.

Keywords: Atg7; autophagy; lysosomes; placenta; preeclampsia; protein aggregation; p62/SQSTM1

1. Introduction

Cellular homeostasis is maintained through protein quality controls that balance synthesis and
degradation. Although turnover rate varies in each cellular component, eukaryotic cells degrade
proteins using two intracellular degradation systems—the autophagy-lysosomal system and the
ubiquitin-proteasome system. Proteasomal degradation selectively recognizes ubiquitinated proteins,
which mainly consist of short-lived proteins. Lysosomal-mediated degradation targets long-lived
proteins in a complex process [1–3]: cytosolic components, including damaged organelles, are delivered
to lysosomes through autophagosomes, while extracellular materials are delivered via endocytosis.
Macroautophagy, a non-selective physiological process producing cellular energy, is involved in the
delivery of cargo to lysosomes.

There are several types of selective autophagy that behave like a vacuum cleaner in cells [2].
Impaired mitophagy, selective mitochondrial autophagy, has been linked to familial Parkinson’s
disease [4]. If damaged mitochondria are not eliminated through mitophagy, they accumulate
causing oxidative stress, which results in neuron loss. Recently, other targets for selective autophagy
have been uncovered: peroxisomes, endoplasmic reticulum (ER), endosomes, lysosomes, lipid
droplets, secretory granules, cytoplasmic aggregates, ribosomes, invading pathogens, and viruses [5].
Autophagosomes function in numerous biological processes independent of lysosomal degradation,
including phagocytosis, exocytosis, secretion, antigen presentation, and regulation of inflammation [6].
Chaperone-mediated autophagy (CMA), another type of autophagy, directly translocates cytosolic
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proteins into lysosomes via chaperones. Chaperone-mediated autophagy and macroautophagic
activities decline with age [7]. When RUN (RPIP8, UNC-14, NESCA) and a cysteine-rich domain
containing beclin1 interacting protein (Rubicon), a negative regulator of autophagy, were suppressed,
lifespan was extended and age-related pathologies were reduced [8]. Thus, autophagy is thought to be
deeply related to aging. The terms “autophagy” and “macroautophagy” are used interchangeably for
the purposes of this paper.

2. The Molecular Mechanism of Autophagy

There are three types of autophagy: macroautophagy, microautophagy, and CMA [2].
Macroautophagy is triggered by a stimulus, such as starvation, hypoxia, mammalian target of
rapamycin (mTOR) inhibition, or infection. An isolation membrane derived from the ER-mitochondria
contact site, appears in the cytoplasm, elongates, engulfs the target, and closes, forming a vesicle with
a double membrane called an autophagosome [9]. Autolysosomes, the autophagosome–lysosome
complex, degrade the contents in the inner membrane through lysosomal hydrolases (Figure 1).

Figure 1. Autophagy cascade. An isolation membrane is merging in cytoplasm via PI3K complex. After
elongation of the membrane, the isolation membrane closes and completes the autophagosome, which
is formed with double membranes. Finally, the autophagosome forms the autolysosome by fusing
with the lysosome and digests the contents the inner membrane. Following with the degradation,
autophagy provides matured lysosomes by a recycling of proto-lysosomal membrane components.

Multiple autophagy-related (Atg) proteins intertwine to form autophagosomes after induction.
The ULK1 complex, which includes Atg13, Atg101, and FAK family kinase-interacting protein of 200 kDa
(FIP200), translocates to the ER regulating class III phosphatidylinositol 3-kinase complex (PI3K),
which is involved in the early stage of autophagosome formation. Next, pro-MAP1LC3 (Microtubule
associated protein 1 light chain 3) is converted to MAP1LC3-I by Atg4B proteins, a cysteine protease [10],
the complex of Atg5-Atg12-Atg16L1, as well as MAP1LC3 (Atg8-homolog)-phosphatidylethanolamine
(PE)-conjugate, which play an important role in the elongation and completion, are maturated through
Atg7 proteins [2]. Autolysosome formation involves numerous proteins, some of which are common to
the endocytic pathway. This process is mediated by Rab GTPases, soluble N-ethylmaleimide-sensitive
factor attachment protein receptors (SNAREs), and vacuole protein sorting (HOPS) complexes, which
function as a tethering factor for autophagosomal fusion [11]. Conversely, Rubicon blocks the fusion of
autophagosomes to lysosomes upon interacting with phosphatidylinositol 3-kinase catalytic subunit
type 3 (PIK3C3) [12]. Autophagy substrates are degraded by lysosomal hydrolases dependently of
V-type ATPase [13]. Finally, the autophagic lysosome reforms through the reactivation of mTOR,
which inhibits autophagy, and produces mature lysosomes by recycling proto-lysosomal membrane
components [14].
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3. Autophagy in Reproduction

Functions of oocytes, including ovulation, fertilization, and implantation, were not affected by
autophagy inhibition in the ovary-specific Beclin1 knockout mouse model [15]. Atg7 was found to
protect against ovarian follicle loss in germ cell-specific Atg7 knockout mice [16]. This suggests that
Atg proteins are more involved in downstream—rather than upstream—regulation of the ovarian
reserve of primordial follicles. Autophagy is not essential for oogenesis or fertilization. Oocytes
lacking Atg5, which like Atg7, are involved in autophagosome formation, were fertilized normally
in vivo [17]. Although autophagy activation was observed in fertilized oocytes at the two-cell stage, it
was not observed in unfertilized oocytes [17]. Autophagy-deficient embryos, derived from Atg5-null
oocytes, do not develop beyond the four- and eight-cell stages when fertilized with Atg5-null sperm,
but develop normally if fertilized with an Atg5-plus sperm. Transient autophagy activation, which
negatively regulates endoplasmic reticulum (ER) stress, increased the blastocyst development rate,
trophectoderm cell number, and blastomere survival in bovine embryos [18]. Thus, autophagy
seems to aid the development of zygotes (fertilized embryos), by refining excessive maternal factors
during early embryonal development in mammals. In most eukaryotic species, the autophagy
receptors p62 and gamma-aminobutyric acid receptor-associated protein (GABARAP) eliminate the
mitochondria of sperm through mitophagy after fertilization [19]. The sperm mitochondrial proteins
are degraded by the ubiquitin-proteasome system, but selective autophagy is partially used in this
process. Autophagy activation in blastocysts, which is mediated by 17β-estradiol (E2), may contribute
to delayed implantation, because E2-mediated autophagy activation allows dormant blastocysts
to survive longer than those not treated with E2 [20]. In addition, progesterone, like E2, activates
autophagy via suppression of mTOR in bovine mammary epithelial cells [21].

4. Autophagy in Placentation

The MAP1LC3 protein families: MAP1LC3A, MAP1LC3B, and MAP1LC3C, are expressed in both
the labyrinth zone and decidua basalis in mouse models. Expression of MAP1LC3A and MAP1LC3B
were higher in the decidua basalis than in the labyrinth layer [22]. Autophagy activation was observed
in human EVTs, which invade the maternal decidua basalis at the implantation site, at week 7 of
gestation [23]. Autophagy plays an important role in trophoblast functions, including invasion and
vascular remodeling in EVTs, for normal placental development [23]. This was confirmed using a
mouse model, in which the Atg7 gene, essential for autophagy, was deleted in trophoblast cells, but not
fetuses, by a lentiviral vector [24]. The Atg7 knockout placentas were smaller than the wild, suggesting
autophagy deficiency mediates poor placentation, a feature of preeclamptic placentas (Figure 2) [24].
The Atg7 knockout placentas were characterized by shallow trophoblast invasion and failure of vascular
remodeling. This functional impairment was confirmed by autophagy-deficient human EVT cell lines,
which are constructed by stably transfecting Atg4BC74A, an inactive mutant of Atg4B that inhibits
autophagic degradation and lipidation of MAP1LC3B paralogs in hypoxia [23,25]. Physiological
hypoxia during early pregnancy, with approximately 2% oxygen tension, induces autophagy in
primary trophoblasts [23,26]. Although hypoxia inducible factor1α (HIF1α) is required for EVT
invasion regardless of oxygen tension; failure of EVT invasion was provoked by hyper-expression of
HIF1α by cobalt chloride, and excessive autophagy activation by glucose oxidase in HTR8/SVneo cells,
an EVT cell line [27–29]. Thus, physiological hypoxia regulates autophagy by adjusting trophoblasts to
cope with harsh conditions during early placentation.
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Figure 2. Placental autophagy inhibition inducing gestational hypertension and poor placentation.
(Left figure) Trophoblast-invasion and vascular remodeling are fundamental for normal placentation
(the black arrows indicate the place of invasion and vascular remodeling). Autophagy deficiency
impairs the functions of trophoblasts in the trophoblast-specific Atg7 knockout mouse model, resulting
in poor placentation (the red “T” bars indicate the inhibition). PlGF mRNA levels, but not sFlt1
mRNA levels, are decreased in the knockout placentas (the red arrow indicates the decrease, and
the black arrow indicates the stable). (Right figure) Also, the dams bearing the knockout placentas
showed hypertension, but not proteinuria (the red arrow indicates the induction of hypertension by
the placenta).

Trophoblastic stem cells differentiate to syncytiotrophoblasts as well as EVTs. Autophagy regulates
the differentiation of invasive trophoblasts via reduction of galectin-4, which is required for normal
placental development, as seen in a rat model [30,31]. Autophagy activation is expected during
syncytialisation of BeWo cells, a choriocarcinoma cell line [32,33]. During this process, p53 negatively
regulates autophagy activation based on high levels of p53 in the nuclei of cytotrophoblasts, but not
in syncytiotrophoblasts [33]. However, as these experiments used choriocarcinoma cell lines, this
experiment should be replicated using the primary human trophoblast differentiation model [34].

HIF1α is a key factor for EVT invasion. HIF1α expression, induced by hypoxia, was not affected
by autophagy suppression in trophoblast cells [23]. Interestingly, CMA partially controls HIF1α
expression in lysosomes [35]. Hypoxia stabilizes HIF1α by blocking proteasome-mediated degradation,
but HIF1α is degraded via CMA in response to nutrient deprivation, but not hypoxia in the liver of
rats [35]. CMA may be important for EVT invasion via modulating HIF1α expression levels, because
the placenta, especially in intervillous space, develops under in conditions of hypoxia and low glucose
during the first trimester [36,37].

5. Autophagy in Pregnancy-Related Complications

5.1. Preeclampsia or Fetal Growth Restriction (FGR)

It has been reported that the expression of BECN1, involved in autophagosome formation
in mammalian placentas, is higher in the presence of FGR without preeclampsia, but not when
preeclampsia is present [38,39]. However, BECN1 increase has been reported recently in preeclamptic
placentas compared to those in age-matched controls [40]. A substrate of autophagy, p62, is highly
expressed in EVT cells in human placental bed biopsies obtained from preeclampsia, suggesting that
autophagy inhibition is present in EVTs of preeclamptic placentas. Sera from preeclamptic patients
induce hypertension and proteinuria in pregnant interleukin 10 (IL-10) knockout mice, suggesting that
factors in blood, including soluble endoglin (sENG) and soluble fms-like tyrosine kinase (sFlt1), induce
preeclampsia-like features in mice [41]. The sera from normotensive women, but not from women
with preeclampsia, induced autophagy in peripheral blood mononuclear cells [42]. In the sera of
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preeclamptic women, sENG, which blocks transforming growth factor-β1 (TGF-β1) signals, suppressed
invasion and vascular remodeling via autophagy inhibition in EVT cell lines. This effect was reversed
by administration of TGF-β [23]. Pregnant women with donor oocytes would be at a greater risk of
preeclampsia and gestational hypertension than pregnant women with their own oocytes [43–45].
Accumulation of p62, an indicator of autophagy inhibition, in EVTs was significantly higher in women
with donor oocytes, suggesting autophagy inhibition correlates with preeclampsia [46]. Conversely,
some reports suggest activation of autophagy in preeclamptic placentas. An electron microscopic study
showed autophagic vacuoles in both syncytial layers and endothelium in preeclamptic placentas [40].
An increase in MAP1LC3-II and decrease in p62 were reported in the placentas of women with
hypertensive disorder, compared to those in normotensive pregnancies, which indicates autophagy
activation [47]. Ceramide overload-induced autophagy impaired placental function in preeclampsia in
cooperated with oxidative stress-reduced hydrolase activity [48]. Autophagy is clearly involved in
the pathophysiology of preeclampsia, but the effect on preeclamptic placentas remains unclear. As
mentioned earlier, it is still impossible to accurately estimate autophagy flux in fixed tissues because
autophagy is a dynamic mechanism to maintain homeostasis in cells. A placental autophagy-deficient
model is required to solve this problem. Dams bearing Atg7-knockout placentas, which were smaller
than wild dams, showed hypertension without proteinuria, suggesting that autophagy deficiency in
placentas, but not in maternal bodies, induced gestational hypertension [24]. Autophagy deficient
placentas, in which mRNA levels of placental growth factor (PlGF), but not sFlt1, decreased, appear
to affect maternal circulation, but not endothelial dysfunction [24]. Atg9a mediates autophagosome
formation and is ubiquitous in multiple human organs. Atg9b, a homolog of Atg9a, is found only in
the placenta and pituitary gland [49]. The role of autophagy under preeclamptic dams was reported
using Atg9a knockout mice mated with heterozygous p57Kip2 mice, which develop hypertension and
proteinuria in dams [50]. The incidence of fetal death increased in pups with hetero- or homozygous
deletion of Atg9a compared to that in the wild type [51]. In addition, the body weights in Atg9a
homozygous knockout pups were significantly lower than those in Atg9a heterozygous knockout
or wild type pups. Taken together, autophagy protects placental and fetal growth from stress
under preeclampsia.

Autophagic vacuoles are more likely to be present in the syncytiotrophoblast layer of human FGR
placentas, which indicates autophagy activation [52,53]. Higher expression of BCLN1 in FGR placentas
might support this notion [38]. On the other hand, a recent paper reported that the birth weight of
fetuses delivered from dams with labyrinth layer-specific Atg7-deleted placentas were significantly
lower than the birth weight of dams with normal placentas, indicating that inhibition of autophagy
was also related to FGR [54]. In addition, Hirota et al. reported that an autophagy inducer, rapamycin,
which is used for preventing preterm birth, did not affect the body weight of pups [55]. There is still
some controversy for autophagy status in placentas with FGR between human and mouse.

Protein aggregation caused by autophagy suppression has been reported in several
neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, and Huntington’s
disease [56,57]. Recently, protein aggregation has been reported in preeclampsia [58]. Transthyretin, a
transporter of thyroxine and retinol, and amyloid precursor proteins; which are proteins that accumulate
in neurodegenerative diseases are also seen in preeclamptic placentas [59,60]. Furthermore, aggregated
amyloid proteins were detected in higher levels in the urine of women with preeclampsia than in
healthy pregnant women [59,61]. Thus, autophagy would prevent protein aggregation in trophoblasts.
Aggregated proteins might disturb placental development through induction of apoptosis, and cellular
senescence. Cellular senescence is known to be triggered by aging or autophagy suppression, in
trophoblasts, and results in telomere shortening or dysfunction. This process is seen in early onset
preeclampsia and FGR and is related to placental aging that accompanies the pro-inflammatory
phenotype [62]. Senescent cells also alter their microenvironment by the secretion of proinflammatory
cytokines, chemokines, growth factors, and proteases, collectively known as the senescence-associated
secretory phenotype (SASP) [63]. Three pathways have been proposed for cellular senescence with
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DNA damage: the p16INK4a pathway, the p53 pathway, and the autophagy-mediated GATA Binding
Protein 4 (GATA4) pathway. Increased expression of p53, p21, and p16INK4a proteins has been reported
in preeclampsia [64,65]. GATA Binding Protein 4, which is essential for embryonic development, is
selectively degraded by p62 [66,67]. Therefore, GATA4 stabilization mediated by autophagy inhibition
may contribute to cellular senescence with inflammation in preeclampsia.

5.2. Gestational Diabetes Mellitus (GDM) and Obesity

Gestational diabetes mellitus (GDM) is a type of diabetes that develops during pregnancy and
affects 3–30% of pregnant women [68–70]. Gestational diabetes mellitus increases the risk of fetal
morbidity and mortality, as well as incidence of preeclampsia in mothers [69]. The role of autophagy
in GDM remains controversial. Ji et al. reported that autophagy activation, manifested by increases
in MAP1LC3-II and Atg5, and a decrease in p62, was observed in GDM placentas [71]. In addition,
high glucose increased autophagy in HTR8/SVneo cells. Although the opposite result has also been
reported, which included a decrease in BCLN1, and increases in MAP1LC3-II and p62 [72]. Placentas
from obese women with GDM showed downregulation of protein kinase AMP-activated catalytic
subunit alpha 2 (PRKAA2, also known as AMPK) and upregulation of mTOR which caused an increase
in ribosomal protein S6 kinase B1 (RPS6KB1), suggesting autophagy inhibition in GDM placentas [73].
Muralimanoharan et al. constructed a labyrinth layer-specific Atg7 knockout mouse model on the
basis of findings that autophagic activity decreased in the placentas of obese women [54]. Interestingly,
weight gain in the offspring of animals with these knockout placentas was significantly greater than
that in the wild type counterparts and was accompanied by hyperglycemia. This was thought to be
due to greater sensitivity to a high-fat diet. Placental autophagy deficiency in this context supports the
developmental origins of health and disease (DOHaD) hypothesis correlating poor fetal nutrition in
utero with chronic diseases in adulthood such as obesity and certain cancers [74].

5.3. Preterm Labor

Atg16L1 is essential for forming autophagosomes with the Atg5-Atg12 complex, which is
associated with Crohn’s disease [75]. Atg16L1-knockout macrophages produced high levels of
inflammatory cytokines such as IL-1β and IL-18 via the TIR-domain containing adaptor-inducing
interferon-β (TRIF)-dependent signaling pathway, indicating that autophagy suppresses intestinal
inflammation [76]. Atg16L1 knockout mice gave birth prematurely in response to lipopolysaccharide
(LPS) [32]. Thus, autophagy is involved in resistance to infection by removing inflammasomes to
regulate inflammation. Turnover of organelles mediated by selective autophagy would be an important
mechanism by which autophagy prevents inflammation [77]. If it does not work properly, accumulation
of damaged organelles induces activation of NLRP3 inflammasomes. Uric acid, which increases in
preeclampsia, activates inflammasomes via activation of NLRP3 inflammasomes in monocytes [78].
Paradoxically, a treatment of either LPS, a Toll-like receptor (TLR) 4 ligand, or peptidoglycan with
poly(I:C), TLR2 and TLR3 ligands, inhibited autophagy via decrease of Atg4c and Atg7 proteins
in placentas using inflammation-induced preterm labor models [79]. This might be a consequence
of excessive autophagy activation; in other words, autophagic capacity might be exhausted with
continuous infection. As for the other type of premature delivery model, in which p53 knockout
induced senescence in uterine decidual cells with activation of mTOR signaling, rapamycin treatment,
which activates autophagy, reduced preterm birth as well as the incidence of neonatal death [55,80].
Thus, autophagy restoration has a positive effect on premature delivery; mTOR-mediated autophagy
inhibition is related with premature delivery. As for spontaneous deliveries at term, little evidence
is provided for the role of autophagy in humans. One important caution is given for the study; we
have to consider at least the mode of delivery, in which labor pain might affect autophagy status in the
placentas, when comparing autophagy status in human placentas [81].
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6. Caution When Interpreting Autophagy-Related Experiments

The importance of estimating autophagy is to precisely calculate the velocity of autophagy
flow. Estimating autophagy using a single method is impossible, and is more difficult in vivo—and
in humans—than in vitro, or in animal models [82,83]. In western blot analyses of cell cultures,
the increase in the MAP1LC3-II/actin ratio, sometimes replaced with the MAP1LC3-II/MAP1LC3-I
ratio, indicated autophagy activation in response to lysosomal inhibitors, such as bafilomycin A1 or
chloroquine, compared with cell cultures without inhibitors. Thus, the dynamics of autophagy flux are
comparable to autophagy inhibitors in living cells. Autophagy cannot be precisely estimated from
“human” fixed tissues. Some studies, however, reported increases of MAP1LC3 mRNA and protein
as an indicator of autophagic activity in placental tissues, but the increase does not imply activation
of autophagy in other tissues [82,83]. Though numbers of MAP1LC3 puncta in immunofluorescence
analysis are equal to the number of autophagosomes, the increase of MAP1LC3 puncta could be
the result of the fusion of an autophagosome and lysosome being blocked, as well as autophagy
activation. To precisely estimate autophagy in an organ or tissue, Kaizuka et al. developed a new
method using MAP1LC3 fluorescent probes, in which one is degradative and the other is not [84].
However, autophagy activation still remains difficult to measure in human tissues. In fixed tissues,
the number of autophagosomes and autolysosomes should be evaluated. A step in the formation
of an autolysosome, co-localization of MAP1LC3 dots, and lysosomal-associated membrane protein
1 (LAMP1), which are composed of autophagosomes and lysosomes, can be useful in confirming
the formation of the autolysosome. The ratio of autolysosomes to autophagosomes could be used to
estimate autophagy in fixed tissues. A marked accumulation of p62, which was seen in liver-specific
autophagy-deficient mice, would be useful as well [85]. This is because the accumulation of p62 in
cytoplasmic inclusion bodies impair cellular viability [86]. Accumulation of p62 was seen in some
trophoblast cell lines, in which autophagy was suppressed by an Atg4BC74A mutation, and EVTs in
biopsies taken from the placental bed of women with preeclampsia [23]. This would be a marker
of autophagy inhibition in placental tissues. Rubicon inhibited autophagic flux, which led to the
accumulation of p62 in a mouse model. Increased expression of Rubicon in nonalcoholic fatty liver
disease would increase autophagy inhibition and lead to complications [87]. Taken together; the ratio
of autolysosomes to autophagosomes, p62 accumulation, and Rubicon may allow an estimation of
autophagy in placental tissues.

7. Conclusions

Autophagy mediates a variety of life process, including cancer development, immune response,
and aging pathophysiology [88]. Autophagy decreases with age, which coincides with the increases in
neurodegenerative diseases we observe in the elderly. Because aging is an independent risk factor
for preeclampsia, these concepts may be linked. The decrease of autophagic activity with aging,
which results in susceptibility to endotoxin-induced inflammation, and the inflammation related to
preeclampsia, might gradually increase risk for systemic inflammation in older pregnant women [89].
This suggests pharmacological manipulation of autophagy may treat preeclampsia. In addition,
autophagy activation might prevent premature labor not caused by bacterial infection. However, these
theories are untested, so it remains unclear whether autophagy activation is favorable or unfavorable
for preeclampsia, FGR, and other pregnancy-related diseases. To solve this question, the placental
characteristics that regulate autophagy may need to be segmentalized: age, body mass index, severity,
time of onset, genetic background, microvesicles, immune status, and origin of eggs. Finally, technical
advances are needed to enable precise measurement of autophagy before it can be manipulated in
clinical research.
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DOHaD Developmental origins of health and disease
ER Endoplasmic reticulum
E2 17β-estradiol
EVTs Extravillous trophoblasts
FIP200 FAK family kinase-interacting protein of 200 kDa
FGR Fetal growth restriction
GABARAP Gamma-aminobutyric acid receptor-associated protein
GATA4 GATA binding protein 4Gestational diabetes mellitus
GDM Gestational diabetes mellitus
HIF1α Hypoxia inducible factor-1α
HOPS Homotypic fusion and vacuole protein sorting
LAMP1 Lysosomal-associated membrane protein 1
LPS Lipopolysaccharide
MAP1LC3 Microtubule associated protein 1 light chain 3
mTOR Mammalian target of rapamycin
NLRP3 NLR family pyrin domain containing 3
PIK3C3 Phosphatidylinositol 3-kinase catalytic subunit type 3
PI3K Class III phosphatidylinositol 3-kinase complex
PlGF Placental growth factor
PRKAA2 Protein kinase AMP-activated catalytic subunit alpha 2
RPS6KB1 Ribosomal protein S6 kinase B1
Rubicon RUN and cysteine-rich domain containing beclin1 interacting protein
SASP Senescence-associated secretory phenotype
TGF-β Transforming growth factor-β
TRIF TIR-domain-containing adapter-inducing interferon-β
sENG Soluble endoglin
sFlt1 Soluble Fms-like tyrosine kinase
SNAREs Soluble N-ethylmaleimidesensitive factor attachment protein receptors
TLR Toll-like receptor
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Abstract: The proper functioning of the monocyte–macrophage system, an important unit of innate
immunity, ensures the normal course of pregnancy. In this review, we present the current data
on the origin of the monocyte–macrophage system and its functioning in the female reproductive
system during the ovarian cycle, and over the course of both normal and complicated pregnancy.
Preeclampsia is a crucial gestation disorder characterized by pronounced inflammation in the maternal
body that affects the work of the monocyte–macrophage system. The effects of inflammation at
preeclampsia manifest in changes in monocyte counts and their subset composition, and changes in
placental macrophage counts and their polarization. Here we summarize the recent data on this issue
for both the maternal organism and the fetus. The influence of estrogen on macrophages and their
altered levels in preeclampsia are also discussed.

Keywords: preeclampsia; monocyte; macrophage; placenta; decidua; inflammation

1. Introduction

The prevalence, main symptoms, and classification of preeclampsia (PE) are well established and
can be found in every article devoted to this multisystem pregnancy complication. Hundreds of studies
devoted to the cell and animal models of PE, as well as biological samples from patients with PE are
published every year. However, the scientific community is still wondering what are the main causes
of PE and is it possible to predict and prevent the development of this widespread pregnancy disorder?

It is now clear that PE is a multifactorial syndrome, but not an isolated disease. PE occurs in the
second half of pregnancy (after the 20th week) and is characterized by arterial hypertension (depending
on the severity of PE) in combination with proteinuria (≥0.3 g/L in daily urine) and/or manifestations
of multi-organ or multisystem dysfunction/failure [1]. The frequency of PE depends on the country;
it is estimated at 8% on average [2]. PE is associated with insufficiently deep placentation, which may
be associated with the impairment of spiral arteries remodeling and the presence of obstructive injuries
in myometrium. PE is characterized by systemic immune activation associated with elevated levels of
inflammatory cytokines produced by various cell types in blood and tissues [3].

Today, a large amount of accumulated data suggests that the dysfunctional maternal
immune response in the mother’s organism at PE is manifested by altered functional activity of
monocyte–macrophage system, which is the most important unit of innate immunity. According to the
modern classification, there are three groups of monocytes—classical, intermediate, and non-classical.
Each subpopulation has its own function and characteristic markers, as detailed below. Tissue
macrophages are usually divided into proinflammatory (M1) and anti-inflammatory (M2), although
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the distinction between these types is currently being revised. In this regard, several questions
remain open, notably which subpopulations of monocytes are predominantly destined to become M1-
or M2-polarized macrophages and whether identical monocytes from the same subpopulation can
undergo differential polarization in tissues. It is now known that polarization is triggered by local
concentrations of certain cytokines. However, it is not clear whether selective depletion of a particular
monocyte population will affect the composition of tissue macrophage populations. The answers will
provide a relevant support to identification of early predictors for PE.

This article attempts to link the knowledge on developmental origins of the monocyte–macrophage
system to the ways of its functioning during normal pregnancy and in PE. Having addressed the key
differential characteristics of monocytes we ultimately discuss their possible relevance as predictors in
the prevention and diagnosis of PE. The review is focused on studies published over the last few years
in order to provide the most up-to-date information on the topic.

2. Monocyte–Macrophage System during Pregnancy

2.1. Monocyte–Macrophage System: Developmental Origins and Cell Lineage

Macrophages play a key role in the maintenance of tissue homeostasis, regulation of inflammatory
processes and tissue repair. In accordance with modern concepts, tissue macrophages in mammalian
ontogenesis develop from three sources that correspond to three generations of hematopoietic progenitor
cells [4,5].

The first generation of hematopoietic cells is specified within the wall of the yolk sac. It is important
to note that these hematopoietic cells have a different origin than progenitor cells developing from
hematopoietic islets in the endothelium of yolk sac capillaries [5]. It is supposed that microglial cells of
the central nervous system descend from these very first hematopoietic progenitors [6]. Life cycle of a
macrophage usually involves a migratory stage represented by monocytes circulating in the blood;
this stage is absent in microglia development. Microglial precursors migrate directly to the central
nervous system and mature within [6].

The second generation, erythro-myeloid progenitor cells, is formed from the hematogenic
endothelium of the yolk sac capillaries. These cells subsequently colonize the embryo’s liver. By the
profile of molecular markers, macrophages derived from these progenitors are very similar to
macrophages derived from the first generation of progenitors; however, their maturation involves the
stage of monocytes [5,6].

The third generation of hematopoietic progenitors develops from the hematogenic endothelium
of the aorta–gonad–mesonephros zone; these cells subsequently migrate to the liver and red bone
marrow. Macrophages derived from this generation colonize almost all organs of the embryo except
the central nervous system [5].

Thus, macrophage populations of most organs in the prenatal period consist of hematopoietic cells
descending from the second and third generations. In most of them, the proportion of macrophages
descending from erythro-myeloid progenitor cells of the yolk sac is being gradually decreased,
and accordingly the proportion of macrophages descending from hematopoietic cells of the third
generation is increased [4,5]. However, there are three exceptions. First of them is the central nervous
system (which is apparently inaccessible to monocytes and macrophages except for the macrophages
of the first generation). The other two are the liver and the epidermis, where only macrophages
descending from the second generation of hematopoietic cells are normally found, named Kupffer cells
and Langerhans cells, respectively [5]. Eventually, macrophages of embryonic origin (descendants of
the second generation of hematopoietic progenitors) completely disappear from connective tissues of
skin dermis and intestinal tract mucosae, being replaced by macrophages of bone marrow origin [4,5,7].
The reasons for such particular macrophage distribution within the mammal organism are unknown.

Macrophages of the second and third generation undergo the stage of monocytes in their
development. In the postnatal period, based on CD14 (lipopolysaccharide coreceptor (LPS) and CD16
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expression patterns (Fc receptor-FcγRIII), there are three subpopulations of blood monocytes: classical
(CD14++, about 90%), non-classical (CD16++, about 10%), and a small intermediate population
of monocytes expressing high levels of CD14 and CD16 [8]. These subpopulations have different
properties. CD14++monocytes are considered mature; they show pronounced phagocytic activity and
are capable of producing reactive oxygen species and cytokines through activation of TLR signaling
pathway [9]. CD16++ cells do not produce reactive oxygen species but are better at production of
pro-inflammatory cytokines. CD16++ cells are the patrolling monocytes which perpetually assess
the state of the endothelium and infiltrate tissues under normal conditions and during inflammatory
processes [8,9]. The role of the intermediate population of monocytes is poorly understood, but given
the high expression level of MHC-II they probably participate in antigen presentation and activation of
T lymphocytes [10].

The data on the ontogenesis of mammalian macrophages were obtained mainly on various
lines of laboratory mice. The number of works concerning studies dealing with the development of
macrophage populations in humans are few. It is reasonably supposed that the program of tissue
macrophage development in humans is generally consistent with that in mice [11,12].

Macrophages are a heterogeneous population of cells, not only in terms of the source of their
development but also in their functional characteristics. Macrophages are capable of rapid adaptation by
changing their phenotype and functions under the influence of various signaling molecules. Activation
of macrophages in situ can be directed towards either pro-inflammatory M1 or anti-inflammatory M2
polarized macrophages, which differ not only by expression of specific markers but also by their roles in
immune response [13]. A local shift of the M1/M2 balance towards M2 in the area of damage significantly
improves the dynamics and efficiency of reparative processes; it has been convincingly demonstrated
for skin wounds [14], spinal cord injuries [15], myocardial infarction, and cardiomyopathy [16] among
other models. Macrophages could be polarized using specific inductors (what is often called the
direct polarization), or using an indirect method: blockage the undesired phenotype and get the
reverse, desired, phenotype. At the same time, a part of macrophages may remain in a non-activated
state [17]. Thus, the in vivo M2 phenotype could be achieved by blocking IL-6-signaling [15] or by
adding IL-4 [18] and IL-10 what induced М2a and M2c polarization, respectively [13]. However, it is
often emphasized that phenotypes of activated macrophages should be seen as a continuum, with
M1 and M2 being its extremum variants [19]. The common markers of M1 macrophages are CD80/86,
CD11c, and iNOS, whereas M2 phenotype is usually characterized by expression of CD163, CD206,
and Arginase 1 (Arg1) [20,21]. At the same time, CD68- and CD14-specific staining is a common
approach for identification of total macrophage population in tissue and the number of positive cells
often serves as a normalization value for M1 and M2 cell counts.

2.2. The Role of Monocytes in Pregnancy

During normal pregnancy, an increase in the number of blood monocytes and their activation are
observed. These events are accompanied by a change in the ratio of blood monocyte subpopulations:
an increase in the number of intermediate monocytes with high levels of CD14 and CD16, and a decrease
in the number of the classical monocyte population (CD14++) [22]. Another study revealed an increase
in the number of classical monocytes and a decrease in the number of non-classical monocytes [23].

The high heterogeneity of monocyte populations is well known; however, most of the studies have
been performed on CD14++monocytes. An increase in CD11b, CD14, and CD64 monocyte markers in
the blood of pregnant women is observed along with high levels of the oxygen free radical production
and a decrease in phagocytic activity [24]. The data on cytokine production by unstimulated monocytes
are controversial, which may reflect the influence of methods used for monocyte isolation. However,
LPS stimulation promotes a decrease in cytokine production in the blood of pregnant women as
compared to non-pregnant [25,26]. Another shortcoming of the studies on monocytes in pregnancy is
related to the term of gestation: most of the studies have been carried out on blood monocytes collected
at the third trimester of pregnancy, the corresponding data for other terms are largely missing [25,26].

51



Int. J. Mol. Sci. 2019, 20, 3695

The exact mechanisms of monocyte activation during pregnancy are unknown. It is assumed
that the placenta plays a leading role in this process. Monocytes, circulating with the blood through
placental lacunae, come into contact with syncytiotrophoblast which can activate them towards
pro-inflammatory phenotype [27,28]. In addition to the direct contacts, monocytes can be activated
indirectly by cytokines [29,30], by microvesicles and exosomes released from syncytiotrophoblast into
the maternal blood [31–34] and by pregnancy hormones, e.g., estrogens. A number of studies indicate
that estrogens exert anti-inflammatory effect on monocytes [35–38]. Estrogens downregulate the
expression of chemokine receptors CCR2 and CXCR3 and suppress the monocyte migration capacity
evoked by MIP-1α and MCP-1/JE stimulation [35,36,39]. Estrogens also downregulate production of IL-1
by LPS-stimulated monocytes [40]. In blood, high levels of 17-estradiol are associated with increased
numbers of monocytes expressing the markers of M2 macrophages [41]. The anti-inflammatory effect of
estrogens on monocytes is believed to be mediated by a specific splice variant of the ERα36 receptor [42].
In vitro, estrogens induce monocyte apoptosis by increasing FasL expression [43]. There is still no data
on the possible influence of preeclamptic hypoestrogenemia on the counts and population structure
of monocytes. However, it has been established that reduced concentrations of 17-estradiol facilitate
the expression of CD16 and boost the production of pro-inflammatory cytokines TNFalpha (Tumor
necrosis factor), IL-1, and IL-6 [37].

2.3. The Role of Macrophages in Female Reproductive System Prior to and during Pregnancy

Macrophages are found in all organs of the female reproductive system, their populations being
represented by both the monocyte-derived macrophages and the resident macrophages that colonize
organs in the prenatal period [44]. Macrophages are unevenly distributed in the endometrium; their
numbers and density vary depending on the stage of the menstrual cycle. Within the endometrium,
several macrophage populations are distinguished. One of them is located closer to the uterine lumen
and is supposed to be involved in the processes of desquamation and regeneration; another population is
found mainly around the uterine glands [45]. During the proliferative phase, endometrial macrophages
express surface proteins (Transferrin receptor protein 1 (TFRC), CD69 and intracellular adhesion
molecule 1), matrix remodeling factors, cytokines, and growth factors that prepare endometrium for
possible implantation or the induction of desquamation [45].

During the proliferative phase, macrophages are located within the stroma of superficial layer
of endometrium, surrounding and penetrating the lumens of uterine glands. During the secretory
phase, the number of macrophages in the endometrium increases dramatically [46]. It is shown that
the number of CD14+macrophages increases by about 45% [47]. During the proliferative phase and
in the beginning of the secretory phase, the number of macrophages increases due to proliferation
of the resident macrophages; at the end of the secretory phase, migration of monocyte–macrophages
to endometrium is observed. It is assumed that during desquamation endometrial macrophages
partially migrate from endometrium to lymph nodes or die by apoptosis [48]. In the case of fertilization,
the trophoblast invasion occurs at the site of placentation accompanied by accumulation of macrophages
in decidua, the pregnancy-modified endometrium. The main functions of decidual macrophages are
secretion of cytokines and growth factors for successful placentation, providing immune tolerance to
the semi-allogeneic fetus and protection of the fetus against infections. Decidual macrophages mostly
originate from monocytes circulating in the blood. Macrophages that reside in the placenta amount to
no less than 20%–30% of the total macrophages in the body; they play a key role in the establishment
of the immunological aspects of mother–fetus interaction [49,50]. Remodeling of the spiral arteries in
maternal uterus is also supported by local decidual macrophages. The involvement of macrophages
in the remodeling of spiral arteries is determined by the fact that macrophages secrete many factors
universally involved in angiogenesis and tissue remodeling [51,52]. Angiogenic factors secreted by
decidual macrophages include angiogenin, keratinocyte growth factor, fibroblast growth factor B,
vascular endothelial growth factor A, and angiopoietins 1 and 2. Remodeling factors synthesized by
decidual macrophages include matrix metalloproteinases 1, 2, 7, 9, and 10 [52,53]. At the same time,

52



Int. J. Mol. Sci. 2019, 20, 3695

the high phagocytic activity of decidual macrophages is indispensable for the uptake of dead cells
that undergo apoptosis during the remodeling of spiral arteries and decidual membrane. The timely
disposal of apoptotic cells has been shown to prevent the risks of endothelium activation and excessive
attraction of monocytes [54]. Modulation of immune reactions occurs in the placenta throughout
pregnancy with macrophages playing a central role in this process [55]. Placentation in the first
and second trimesters of pregnancy is characterized by pro-inflammatory environment (favoring M1
polarization), which ensures the correct restoration of the uterine epithelium and protection against
infections. The second and third trimesters are the periods of rapid growth of the fetus at the advanced
stages of its development, and the prevailing immunological profile is anti-inflammatory (favoring the
alternative M2 polarization). A similar immunological shift is observed for other immune cell types
including T helper 2 cells (Th2) and a subset of suppressor CD4+ T cells (regulatory T cells, Treg).
Th2 and Treg cells are responsible for maintaining peripheral immune tolerance during pregnancy [56].
Successful course of pregnancy is accompanied by activation of anti-inflammatory Th2 and a decrease
in Th1/Th2 cytokine ratio [57–59]. Treg cells play a principal role in the protection against recognition
of semiallogeneic fetus by the immune system of maternal organism. Deviations in Treg cell counts are
associated with different pregnancy complications [60]. During delivery, the immune profile returns to
pro-inflammatory state which is necessary for the uterine contraction and fetal movement [61].

The above-mentioned polarization lability of macrophages is mediated by the ability to respond
to changing levels of estrogen and estrogen-related factors. It ensures participation of macrophages
in maintaining the homeostasis of female reproductive system during the ovarian-uterine cycle and
pregnancy. The estrogen group includes several hormones: estradiol, estriol, and estrone [62,63].
A gradual increase in the estrogen blood levels during healthy pregnancy is mainly defined by
increasing concentrations of estradiol [62]. At the beginning of pregnancy, estrogens are synthesized
by the corpus luteum. From about the 9th week of gestation, the placenta becomes the main source of
estradiol; it is produced predominantly by syncytiotrophoblast [63] and to a much lesser extent by
Hofbauer cells [64,65]. The synthesis of estrogen in placenta depends on the adrenal glands of the
mother and the fetus, since the placenta itself lacks some of the key enzymes of steroidogenesis [62].
Estrogens act on cells through two intracellular estrogen receptors ESR1 (ERα) and ESR2 (ERβ),
as well as through G protein-coupled estrogen receptor 1 (GPER1). In human placental macrophages,
expression of Esr1 and Gper1 is detectable, but ESR2 and the progesterone receptor are absent [66].

Although the estrogen receptors have been found in macrophages, it is believed that estrogens do
not directly cause macrophage chemotaxis to the endometrium. It is rather that estrogen stimulates
other cells (mostly fibroblasts) to produce cytokines which attract macrophages [44]. However,
estrogens have multiple effects on macrophages. It is assumed that estradiol can stimulate macrophage
proliferation directly or through other cells that produce mitogens EGF and IGF-1) [44]. Even in the
absence of inflammatory mediators, estrogens cause the expression of early and late response genes
in macrophages. In inflammation, estrogens promote polarization of macrophages to M2 phenotype
and stimulate the synthesis of molecules involved in the extracellular matrix remodeling (proteases
and their inhibitors) [67]. Estrogens can enhance or suppress the phagocytic ability of macrophages
depending on the prevailing activation factors. Macrophages are capable of absorbing iron through
the transferrin receptor 1 (TFRC) and CD163; estrogens enhance the absorption of iron ions through
activation of TFRC, as well as by suppressing synthesis of hepcidin in the liver [44].

Some authors suggest that estrogens play a key role in the pathogenesis of PE, since they regulate
angiogenesis and cause vasodilation [62]. A decrease in the level of estrogen in the blood of preeclamptic
women is evident [68–72]. In PE, estradiol levels are decreased in the blood [69,71,73] and in the
placenta [74]. Plasma concentrations of estrone and estriol in severe PE are also reduced, although in
some of the studies such changes have not been detected [69,71]; there is also an evidence of reduced
estriol levels in the placenta [70]. Androgens are another important group of hormones whose level is
important for the normal course of pregnancy. It is supposed that they are responsible for cervical
remodeling at term via regulation of cervical collagen fibril organization [75]. As for PE, it has been
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shown that testosterone level in women with PE is greatly increased [76]. It does not, however, answer
the question of how it affects macrophages of placenta. Testosterone receptors have been found on the
surface of macrophages and it was shown that the signal cascade triggered by testosterone includes
the fluctuation of cytosolic calcium [77,78]. In another work, it was shown that androgens induce
polarization of the lung macrophages towards the M2 phenotype [79].

Despite the large body of data concerning this topic, it is difficult to find a study addressing
the role of estrogen- and androgen-dependent polarization of macrophages in PE. This area needs
further research.

2.4. Monocytes in Preeclampsia

In considering the pathogenesis of PE, great emphasis is being made on oxidative stress and
endothelial dysfunction occurring in the maternal body. Insufficient placentation causes abnormally
regulated blood pressure in the maternal cardiovascular system, followed by blood supply shortages
and, as a consequence, ischemia/reperfusion of the placenta. It is believed that under these conditions
the hypoxic placenta synthesizes and secretes increased quantities of vasoactive substances promoting
the release of a the number of signal factors such as placental debris, exosomes, microvesicles, cell-free
nucleic acids, and pro-inflammatory cytokines into maternal blood flow. The presence of these markers
is well described and highly symptomatic [80–82]. The situation eventually leads to a pronounced
inflammatory response, oxidative stress and enhances apoptosis of placental cells [83]. Elevated levels
of pro-inflammatory cytokines produced by various cell types lead to dramatic changes in the patterns
of surface molecules of the endothelium and result in systemic endothelial dysfunction and subsequent
hypertension [84–86]. Detailed reviews concerning the delicate immune balance in normal pregnancy
and in PE are available from scientific databases [3,87].

Inflammation is a pronounced feature of PE; it involves cells of both adaptive and innate immunity.
Due to the fact that monocytes circulate in the blood only for a few days, their quantity and composition
reflect the severity of the patient’s clinical condition. Since generalized inflammation is a well-known
feature of PE, changes in monocyte quantity and subset profile should be expected. Indeed, Wang and
colleagues analyzed clinical records of more than three hundred patients with PE and found that in PE
group the absolute monocyte count and the monocyte-lymphocyte ratio were significantly higher as
compared with the control group (Table 1) [88]. As revealed by ROC-analysis, the monocyte-lymphocyte
ratio has good diagnostic accuracy to distinguish between the normal condition and PE. In the work of
Brien and colleagues, an increase in monocyte counts was also found typical for PE; the authors used
CD14 marker to identify monocytes [89].

Table 1. Summary observations concerning monocyte–macrophage system in preeclampsia (PE).

Subject Observation in PE Quantity: Control vs. PE Reference

Monocyte ↑Monocyte count
↑Monocyte-lymphocyte ratio 161/302 [88]

↑Monocyte count 20/20 [89]
↓ CD14++CD16−,
↑ CD14+CD16++ 11/17 [23]

40/35 [90]
8/4 (umbilical cord blood) [91]

↓ CD14++CD16−;
↑ (CD14+CD16++ and

CD14++CD16+)
24/9 [92]

23/26 [22]
↑ CD14+CD11c+CD163- 30/22 [93]

Macrophages in placenta
Hofbauer cells ↓ CD14+ 30/10 [94]
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Table 1. Cont.

Subject Observation in PE Quantity: Control vs. PE Reference

↓ CD68+ 11/10 [95]
↑ CD68+ 20/20 [96]

6/6 [97]
↑ Hofbauer cells number 50/50 [98]

↓ CD163+ 30/10 [94]
↓ CD163+ 11/10 [95]
↓ CD74+ 28/24 [99]

↓ CD11b+Arg1+
↑ CD11b+ iNOS+ 22/30 [93]

Decidual macrophages ↑ CD14+ 5/6 [50]
↑ CD68+ 20/30 [100]

6/6 [97]
↓ CD14+ 12/12 [101]

6/6 [102]
↓ CD163/CD14 5/6 [50]

Characterization of monocyte subpopulations in PE became a subject of interest after 2010 [22,23].
Recent investigations confirm the previous findings on its relevance. In recent work of Alahakoon and
colleagues, the authors estimated quantities of classical, intermediate and non-classical monocytes
in blood samples from preeclamptic patients (with or without intrauterine growth restriction, IUGR)
and uncomplicated pregnancies [92]. The authors observed a significantly lower content of classical
monocytes for both PE groups (with or without IUGR), while the number of inflammatory monocytes
which combined intermediate and non-classical subsets for these groups was significantly increased
as compared with the control. Similar results were obtained by Jabalie et al. who observed a decline
in the percentage of classical monocytes paralleled by an increase in the percentage of intermediate
and non-classical monocytes in blood samples from preeclamptic women with or without metabolic
syndrome [90].

Ma and colleagues analyzed cytokine profiles of serum from women with PE and also estimated
the percentage of blood monocytes positive for M1 and M2 macrophage markers [93]. The counts of
CD14+CD11c+CD163-(M1) monocytes in PE group were significantly increased, which correlated
with the increased level of pro-inflammatory factors (IL-1, IL-6, and MCP-1). However, the works
concerning M1 and M2 macrophage markers in the blood of women with PE are few, which indicates
the necessity of further studies in this field.

Several studies focused on the composition of umbilical cord blood in PE have obvious scientific
novelty since fetal participation is rarely considered in the context of PE. Interestingly, the authors
come to the same observation: a significant reduction in the classical monocyte subset and a significant
increase in non-classical monocyte subset were observed for the cord blood in PE group [91].

Summarizing these data leads to a general conclusion that the observed PE-associated changes in
counts and composition of blood monocytes towards the prevalence of non-classical subset indicate
progression of the inflammation symptoms in the maternal organism. The upheaval of inflammatory
reaction during PE is possibly caused by extracellular agents, which appear in blood, and cytokines,
which activate monocytes [103]. Since monocyte counts are included in routine clinical blood tests,
and given that phenotyping of monocytes by flow cytometry is a straightforward procedure, appearance
of monocyte-based tests for PE prediction as a routine practice may be expected. Surely it would
require a prospective study to assess the prognostic value of monocyte profile indicators in the blood
of a pregnant woman who would have PE and absolute standardization of all manipulations. To date,
none of the existing tests reliably evaluates the risks of PE. At present, only a few markers associated
with PE, such as endoglin, placental growth factor (PlGF) and sFlt-1 (soluble fms-like tyrosine kinase
1), have been sufficiently studied.
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2.5. Macrophages in Preeclampsia

The increase in non-classical monocyte subset may affect the composition of tissue macrophages
in the endometrium and be responsible for the poor placentation in PE [104]. Appropriate balance
between pro- and anti-inflammatory macrophages in the placenta is essential for healthy pregnancy
and its optimal outcome. It has been suggested that transition to the M2 profile, which normally
occurs in the second trimester, is blocked in PE; more specifically, it is canceled at the early stages
of the disease [105]. As a consequence, M1 responses remain unsuppressed, and cytokines exhibit a
pro-inflammatory profile with elevated levels of IFN-γ, TNFalpha, IL6 and reduced levels of IL-4 and
IL-10 [105,106].

Behavior of resident placental macrophages in PE has not received the proper attention of the
researchers as yet. This can be possibly explained by the complexity of the biomaterial collection and
the time-consuming procedure of isolation and phenotyping of the cells from this material in contrast to
the easily obtained blood samples. However, this subject requires a comprehensive study. In the context
of any pregnancy complication, placental macrophages should be considered as two populations:
Hofbauer cells of the fetal placenta and decidual macrophages of the maternal placental part.

Recently published works comprise somewhat controversial numerical estimates for both Hofbauer
cells and decidual macrophages in preeclamptic placentas. Yang and colleagues observed significantly
lower numbers of CD14+ Hofbauer cells in PE placenta as compared with the healthy control but
no corresponding significant difference in CD68+ cell numbers was found [94]. Tang et al. observed
significantly declined numbers of CD68+ Hofbauer cells in PE group in comparison with the gestation
age-matched preterm birth control group [95]. By contrast, Evsen and colleagues, on the contrary,
observed increased Hofbauer cell numbers in PE complicated by HELLP syndrome group compared
to the control group; the authors also used CD68 as a macrophage marker [96]. Saeed et al. report a
two-fold increase in the Hofbauer cell number in preeclamptic placentas in comparison to normotensive
pregnancy [98]. As for decidual macrophages, their comparative abundance in the preeclamptic
placenta is also a controversial subject. Schonkeren and colleagues reported an increase in number
of CD14+ cells in the decidua basalis for preterm preeclamptic pregnancies compared with preterm
control pregnancies [50]. Milosevic-Stevanovic et al. observed higher numbers of CD68+ decidual
cells in PE compared to healthy control placentas [100]. In one study, a significant increase in number
of CD68+ cells, in both fetal and decidual parts of placenta, was observed in preeclamptic group as
compared to controls [97]. At the same time, several research groups report that decidual macrophage
numbers in PE placentas are reduced [94,101,102]. Apparent inconsistencies between the studies may
be explained by the use of different technical approaches (cell markers, antibodies, signal detection
protocols, etc.) and the difference in the formation of studied groups.

The issue of macrophage polarization in preeclamptic placenta looks less ambiguous. Yang and
colleagues showed that the level of CD163+ Hofbauer cells is significantly downregulated in PE
compared with healthy pregnancies [94]. In work of Tang’s and colleagues they also observed a
decrease in CD163+ cell numbers compared with the preterm control [95]. Przybyl et al. reported
reduced CD74+ cell numbers in preeclamptic placentas; according to the proposed model, this may
lead to a pro-inflammatory signature [99]. Ma et al. observed an increase in the percentage of
CD11b-iNOS co-labeled cells and a concomitant decrease in the percentage of CD11b-Arg1 co-labeled
cells in preeclamptic placentas as compared with normal ones [93]; the combinations of markers reflect
M1 and M2 phenotypes, respectively. The ratio of CD163/CD14 decidual cells was also found to be
declined in placental samples collected from women with PE [50].

The shift in the balance of M2/M1 macrophages towards M1 is explained by high levels of
pro-inflammatory cytokines and low levels of anti-inflammatory cytokines within the preeclamptic
placenta [107,108]. In addition to the altered cytokine production, there is also a cellular axis in the
process of polarization. A number of studies suggest an essential role of placental mesenchymal
stem cells in macrophage polarization and their ability to affect their activation [109,110]. Wang and
colleagues revealed the role of hyaluronan in maintaining normal pregnancy. Their findings indicate
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that high levels of hyaluronan induce M2 polarization and regulate production of cytokines (e.g., IL-10)
by decidual macrophages [111].

The summarizing scheme is presented in Figure 1. Despite the large body of available data, several
questions are still remaining unanswered. When do the observed changes in macrophage polarization
really emerge—at the early stages of pregnancy or after the PE manifestation? At what gestational age
could they be valid as markers? Can we use macrophages and monocytes for therapeutic purposes?

 

Figure 1. Summarizing scheme. Monocyte–macrophage system in decidua, fetal and maternal
placental parts and blood flow of mother and fetus. Classical (CD14++CD16−), non-classical
(CD16++CD14+) and intermediate (CD14+CD16+) monocyte populations as well as proinflammatory
(M1) and anti-inflammatory (M2) macrophages are shown. Modified from [26] (distributed under
CC-BY).

57



Int. J. Mol. Sci. 2019, 20, 3695

2.6. Potential Therapeutic Approaches

Reprogramming of macrophages seems to be an attractive therapeutic strategy. A number of
FDA approved approaches involving cellular and gene therapy are now used in clinical practice [112].
Macrophages derived from monocytes can be activated in different ways by varying combinations of
external stimuli. The ex vivo reprogramming of macrophages conventionally aims to polarize them
towards the anti-inflammatory phenotype in order to make the M2 polarized macrophages confront
inflammation in maternal body. The idea of ex vivo reprogramming of autologous macrophages has
been developed since the 1980s [113]. By now, the reprogrammed macrophages have been successfully
used in a number of therapeutic cases including treatment of cancer, transplantation, and stimulation of
regeneration [114–116]. Common approaches for the ex vivo macrophage polarization are stimulation
of the cells with cytokine cocktails, genetic manipulation, or using specific low-molecular inhibitors of
transcription factors [117,118]. iPS-ML, the macrophage-like myelomonocytic cells generated from
the human induced pluripotent stem cells, are also amenable to ex vivo polarization [119]. Injection
of the autologous monocyte-derived M2-polarized macrophages at a certain time of gestation (or
at the stage of its planning by taking into account the risks of PE) may evolve into a new strategy
for PE treatment. Such therapy seems to be promising due to reports about the absence of adverse
reactions and long-term side effects after macrophages transplantation in other diseases [120,121].
A possible side effect of the proposed therapy may be the phenomenon of maternal–fetal cellular
trafficking—the ability of mother and fetus cells pass the placental barrier [122]. The presence of fetal
cells in the maternal circulation is known as fetal microchimerism, while the presence maternal cells
in the fetal organism is known as maternal microchimerism. Indeed, in a number of works it was
shown that fetuses with severe congenital diaphragmatic hernia have increased levels of maternal
microchimerism [122,123]. However, this does not mean that the activated ex vivo auto-monocytes will
necessarily penetrate the placenta. This question has not been sufficiently investigated.

3. Summary and Conclusions

Compared to other pregnancy complications, PE is the main cause of maternal morbidity and
mortality. For several decades, researchers have been trying to understand the causes of PE, considering
the disorder from different points of view. An important aspect of PE development is the response
of maternal innate immunity to various proinflammatory stimuli from the placenta. Normally,
the maternal organism adapts to the presence of the fetus; however, at PE, a pronounced inflammatory
process occurs. The consequences of this process are manifested in the increased monocyte numbers
and altered subset composition, including changes in counts and polarization of placental macrophages.
The recent examples of observations listed in this review suggest that monitoring of blood composition
and phenotyping of monocytes over the course of pregnancy might be considered as screening tests for
PE. However, such tests must be used in combination with other PE prognostic markers because the
symptoms of some other complications and conditions (e.g., stress, infections or cancer) occasionally
could mimic the PE-associated monocyte changes [8]. Monocytes and tissue macrophages are the
extremely important cell types involved in PE pathogenesis. Their possible application as PE predictors
and/or therapeutics agents holds great promise.
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Abstract: Maternal uterine artery blood flow is critical to maintaining the intrauterine environment,
permitting normal placental function, and supporting fetal growth. It has long been believed that
inadequate transformation of the maternal uterine vasculature is a consequence of primary defective
trophoblast invasion and leads to the development of preeclampsia. That early pregnancy maternal
uterine artery perfusion is strongly associated with placental cellular function and behaviour has
always been interpreted in this context. Consistently observed changes in pre-conceptual maternal
and uterine artery blood flow, abdominal pregnancy implantation, and late pregnancy have been
challenging this concept, and suggest that abnormal placental perfusion may result in trophoblast
impairment, rather than the other way round. This review focuses on evidence that maternal
cardiovascular function plays a significant role in the pathophysiology of preeclampsia.

Keywords: preeclampsia; uterine artery; maternal cardiovascular system

1. Introduction

Maternal uterine artery blood flow is one of the critical factors that contribute to the preservation
of the intrauterine environment, which permits normal placental function to support fetal growth and
development. This is so, not only because maternal blood carries nutrition and removes waste, but
also because oxygen delivered to the developing fetoplacental unit is directly limited by uterine blood
flow. Spiral arterioles that perfuse the intervillous space undergo significant morphologic changes
during this process, with uterine vascular adaptations resulting in five to 10-fold dilatation to meet the
requirements of the fetoplacental unit [1]. It has long been believed that inadequate development of
the uterine vasculature may be a consequence of primary defective placentation, which may lead to
the development of both preeclampsia and fetal growth restriction. Understanding the relationship
between uterine artery blood flow and placental development is fundamental to understanding normal
placentation and its disruption in both preeclampsia and fetal growth restriction. This review focuses
on the relationship between uterine artery blood flow and the trophoblast function, and discusses the
insights provided into the pathophysiology of preeclampsia.

2. Uterine Artery Blood Flow Assessment

Maternal uterine arteries can be readily and reliably identified via ultrasound by the use of
a color Doppler and the pulsatility index (resistance to blood flow), assessed concurrently with a
pulsed wave Doppler. Resistance to blood flow in the uterine arteries falls with advancing gestation,
a finding attributed to progressive trophoblastic invasion and transformation of the uterine spiral
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arteries into large vessels of low resistance [2]. Failure to transform has been described in preeclampsia
and fetal growth restriction, resulting in the use of a uterine artery blood flow Doppler assessment
to screen for these pregnancy problems [3]. A recent review of reviews for preeclampsia screening
methods demonstrated that uterine artery Doppler assessment as a stand-alone test had the best
predictive value for the prediction of early-onset preeclampsia when compared to other tests with a
moderate predictive value, such as increased body mass index (BMI), placental growth factor (PLGF),
and placental protein 13 (PP13). The analysis also showed that no single biomarker met the standards
required for a clinical screening test, but that models, that combined markers, were more promising for
the prediction of preeclampsia [4]. In a recent randomized controlled trial, the use of such multimodal
screening to determine the risk of preterm preeclampsia, followed by the prescription of low-dose
Aspirin prophylaxis before 16 weeks’ gestation to the high-risk group, has been shown to halve the
risk of preterm preeclampsia [5,6].

3. Uterine Artery Doppler Indices and Trophoblast Biology

The process of implantation, trophoblast development, and spiral artery transformation must
involve many cellular and tissue processes to their effect. In view of the strong association between
high uterine artery Doppler indices and the subsequent development of preeclampsia and fetal
growth restriction, numerous authors have investigated trophoblast biology in samples obtained from
pregnancies demonstrating high or low uterine artery Doppler resistance. Persistence of high resistance
in the uterine artery Doppler indices in early pregnancy suggests that impaired trophoblast invasion
and inadequate spiral artery remodeling has occurred [7].

3.1. Cell Injury and Apoptosis

Several studies have shown that placental tissues obtained from women with high-resistance
uterine artery Doppler indices were more sensitive to apoptotic stimuli than placental tissue from
women with normal indices [8–10]. Charolidi et al. examined the effect of tumor necrosis factor alpha
(TNFα) on placental endothelial cell (PEC) apoptosis in the context of high vs. normal uterine artery
Dopplers (Figure 1). They demonstrated that placental endothelial cells (PECs) from the high resistance
index (RI) group exposed to TNFα had a 40% reduction in half-life compared to those from the normal
RI group which were exposed to TNFα [10].

Figure 1. Apoptosis of first-trimester placental endothelial cells (PEC) from normal (normal RI)
and high-resistance (high-RI) pregnancies in response to stimulation with TNFα and actinomycin D.
First-trimester PEC were cultured with 30 ng/mL TNFα and 800 ng/mL actinomycin D. Images were
taken every 15 min over 15 h. (a) The kinetics of the induction of apoptosis for PEC, high RI (n = 8 mean
± SEM, black symbols) and normal RI (n = 8 mean ± SEM, grey symbols). (b) In a separate cohort,
normal-RI PEC were incubated with TNFα and actinomycin D alone (n = 4), as well as in the presence
of the broad-spectrum caspase inhibitor, zVAD-fmk (n = 4). The results are expressed as mean ± SEM
and * p < 0.05. Adapted with permission from Charolidi et al. [9].
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3.2. Cell Motility and Penetration

During early placentation, trophoblast cells invade the endometrium and differentiate to form
the villous structure of the placenta. Extravillous trophoblast (EVT) migrates from said villi to attach
the placenta to the decidual stroma cells (DSC) of the uterus. Interstitial EVT invades through the
decidua into the myometrium, while endovascular EVT migrates into the lumen of the spiral arteries,
replacing vascular smooth muscle cells, leading to spiral artery transformation [11]. James-Allan et al.,
assessed DSC function in pregnancies with high or normal uterine artery Doppler resistance indices in
the first trimester. Their results showed that the chemoattraction of trophoblast cells by the DSC was
dysfunctional when the DSC was gathered from a pregnancy with high uterine artery resistance, thus
suggesting that there may be an interplay between the DSC and EVT in early pregnancy which might
play a role in impaired trophoblast invasion related to high-resistance uterine artery blood flow [12].

3.3. Cell-Cell Interaction

Decidual natural killer (dNK) cells make up about 70% of the leukocytes found in the decidua in
the first trimester [12]. dNK cells secrete a number of factors that disrupt vascular cell interactions
and allow for vascular smooth muscle cells to migrate out of the spiral arteries [13–15]. dNK cells
have also been shown to increase EVT motility by hepatocyte growth-factor secretion, leading to
chemoattraction of the EVT to the sites of remodeling [16]. Wallace et al. demonstrated that dNK cells
isolated during the first trimester from pregnancies with high uterine artery Dopplers have decreased
ability to chemoattract trophoblast cells and induce the outgrowth of the EVT from the villi when
compared to those from pregnancies with normal uterine artery resistance [17].

3.4. Oxidative Stress and Hypoxia

During the first trimester of pregnancy, the placenta develops in an environment with a relatively
low oxygen supply of only 20mmHg at 8 weeks, rising to >50 mmHg at 12 weeks, as the maternal
uterine artery blood flow increases [18]. Hypoxia-inducible nuclear factors HIF1α and HIF2α are
master regulators of the hypoxia response in tissues, and are also expressed in the early-pregnancy
placenta [19,20]. Levels of HIF1α are significantly lower in placentas gathered from pregnancies
with high uterine artery resistance despite the expectation that placental hypoxia or oxidative stress
would be associated with higher levels of HIF1α [8]. The latter tissues expressed an altered balance of
antioxidant enzyme activity (lower glutathione peroxidase and higher superoxide dismutase activity)
when compared with normal placental tissue. These findings all suggest that hypoxia and oxidative
stress appear to be a physiological state in early pregnancy.

3.5. Altered Gene Expression

Two studies of first-trimester placental samples at the time of chorionic villous sampling
demonstrated differences in gene expression when the woman subsequently developed preeclampsia
or fetal growth restriction compared to those who had a normal pregnancy outcome [21,22]. One study
which examined gene expression by microarray in first-trimester placentas demonstrated 26 genes
were variably expressed in women with high-resistance uterine artery indices. The genes that were
significantly differentially expressed included those mainly responsible for cell death/apoptosis, stress
response, inflammatory/immune response, and the metabolic and cyclooxygenase pathways [8].

These findings all suggest a close and likely causative association between early-pregnancy
uterine artery Doppler indices, trophoblast invasion, and the subsequent development of preeclampsia
(Figure 2). High uterine artery resistance indices are predictive of the development of preeclampsia,
and also influence trophoblast cell migration, apoptosis, motility, invasion, cell–cell interaction,
response to oxidative stress, and gene expression.
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Figure 2. Relationship between uterine artery perfusion and cellular function. There are strong
associations between maternal uterine artery perfusion and placental cellular function and behaviour.
High-resistance Doppler indices (poor placental perfusion) is related to abnormalities of cell motility,
penetration, and cell–cell interaction, as well as increased rates of oxidative stress, inflammation, cellular
injury, and apoptosis. Adapted with permission from Cartwright et al. [23].

4. Uterine Artery Blood Flow and Trophoblast Development—A Causality Paradox

The relationships demonstrated in the previous section between uterine artery blood flow and
trophoblast cell function/behavior have been conventionally interpreted as reflecting the process of
trophoblast invasion, causing decreased resistance to flow in the uterine artery. This hypothesis is
propagated by the long-held belief that impaired trophoblast development results in poor spiral artery
transformation and creates a predisposition to the development of preeclampsia. However, a number
of recent findings have led to the re-evaluation of the cause–effect inference between trophoblast
development and spiral artery transformation.

4.1. Abdominal Pregnancy

A recent case report described an advanced abdominal pregnancy where the placenta was
implanted outside the uterus in the right-lateral pelvic side wall [24]. The authors took the initiative to
describe the uterine artery Doppler findings, which demonstrated a low-resistance waveform consistent
with a normal pregnancy placentation. The question this observation raises is how complete spiral
artery transformation occurred in order to create the observed low-resistance uterine artery waveform
consistent with a normal pregnancy when the placenta was implanted in an extra-uterine site. Case
reports are often disregarded by scientists and clinical academics; however, in certain unique situations,
the exception observed in a single clinical case may prove (or disprove) the rule. However, the latter
finding has previously been consistently reported in extra-uterine pregnancy [25], and suggests that
changes observed universally in the maternal uterine and spiral arteries that are reflected by uterine
Doppler indices do not occur as a direct consequence of trophoblast invasion.

4.2. Late Pregnancy Uterine Artery Resistance Changes

Binder et al. studied 5887 pregnancies with longitudinal uterine Doppler assessment into the third
trimester. They found that one-third of patients demonstrated a de-novo increase in uterine artery
resistance in the late third trimester, having previously exhibited normal indices—and that this group
had a 30% higher prevalence of preeclampsia [26]. If the conventional paradigm that normal trophoblast
invasion causes spiral artery transformation and a decrease in uterine artery resistance is true, then the

70



Int. J. Mol. Sci. 2019, 20, 3263

demonstration of an increase in third-trimester uterine artery resistance would require hypothetical
“de-transformation” of the spiral arteries—an implausible biological phenomenon. An alternative
explanation for the uterine artery Doppler findings in abdominal or late pregnancy is that observed
variations are not caused by localized trophoblast invasion, but may, in fact, reflect maternal systemic
vascular resistance changes [27,28].

4.3. Ophthalmic and Radial Artery Doppler Assessment

If, indeed, uterine artery waveform changes reflect maternal systemic hemodynamic perturbations
rather than trophoblast invasion, then the Doppler assessment of non-uterine arterial vessels should
mirror the findings in the uterine artery. Recent systematic reviews of Doppler assessment of the
radial and ophthalmic arteries in pregnancy have demonstrated that these vessels also reduce their
resistance with advancing gestation and demonstrate persistent high resistance in the first trimester in
pregnancies at increased risk of preeclampsia [29,30]. These vessels seem to have the same ability to
predict preeclampsia as the use of the uterine artery Doppler in isolation.

4.4. Pre-Pregnancy Maternal Systemic Vascular Resistance

Above all, the findings suggest that maternal systemic and uterine vascular resistance in pregnancy
changes independently of the direct physical consequences of placental invasion and trophoblast cell
behavior. If this were the case, it would imply that the biological associations described previously are
inversely causal—that is to say, that increased uterine resistance and poor placental perfusion may result
in impaired trophoblast invasion and function, rather than the other way around. The hypothesis that
maternal systemic and uterine vascular impairment predates placental maldevelopment is supported
by a recent prospective study assessing pre-pregnancy cardiovascular function in 530 women [31].
Women who subsequently developed preeclampsia had lower cardiac output and higher systemic
vascular resistance in the pre-pregnancy state prior to the development of the trophoblast. The authors
concluded that an altered pre-pregnancy hemodynamic phenotype was associated with the subsequent
development of preeclampsia and/or fetal growth restriction.

5. Reviewing Evidence Supporting Placental Origins of Preeclampsia

Etiology and pathophysiology are two specific terms referring to distinct processes. The former
refers to the origin of the disease, whilst pathophysiology refers to the biological mechanism by
which the disease manifests clinical signs and symptoms. Whilst the role of the placenta in the
pathophysiology of preeclampsia is indisputable, the observations supporting the hypothesis that
abnormal placentation is the etiology of preeclampsia are restricted to spiral artery transformation
(discussed above), abnormal placental histology, and fetal size.

5.1. Placental Histology in Preeclampsia

Preeclampsia has been attributed to maternal vascular malperfusion of the placental bed,
characterized by myometrial/decidual vascular lesions (incomplete or absent remodeling of maternal
spiral arteries) and, more commonly, placental villous lesions, such as accelerated villous maturation,
distal villous hypoplasia, increased syncytial knots, and villous infarction [32,33]. Notably, these
vascular and villous lesions are not specific to preeclampsia, and are also found in many other
pregnancy disorders, such as fetal growth restriction, spontaneous preterm labor, placental abruption,
and stillbirth [34,35]. A recent systematic review assessed the prevalence of vascular and villous
lesions in preeclamptic and normal pregnancies [36]. The authors demonstrated that placental villous
and vascular lesions were not seen in the majority of preeclamptic pregnancies (pooled prevalence
of 45.2% and 38.2% in all studies, respectively) and were also seen in 10–20% of normal pregnancies.
Interestingly, the authors also reported a three-fold overreporting of placental lesions in preeclampsia
when the pathologist was unblinded to the pregnancy diagnosis, compared to blind reporting [37].
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These findings show that the placental histological vascular and villous lesions previously presumed
to be characteristic of preeclampsia are neither specific nor sensitive markers of the disorder.

5.2. Fetal Size in Preeclampsia

Fetal growth restriction is considered a typical feature of preeclampsia resulting from the
primary placental dysfunction that causes the disorder. It is fetal growth restriction and associated
hypoxemia that predispose to increased risk of fetal, neonatal, and long-term adverse outcomes [38–40].
Epidemiological studies demonstrate that the majority of preterm preeclampsia cases result in
fetal growth restriction. However, over 80% of preeclampsia occurs at a term where the rate of
large-for-gestational-age births are as common as small-for-gestational-age births (both 15%), and most
neonates are of normal size, even after the exclusion of diabetic pregnancies [41,42]. The finding
of normal or excessive fetal growth in the majority of term preeclampsia cases is not consistent
with impaired trophoblast invasion with placental dysfunction being the primary etiological process
in preeclampsia.

6. Evidence for Cardiovascular Origins of Preeclampsia

Earlier, we outlined the strong associations between uterine artery blood flow and trophoblast
cell biology. The data also suggested that trophoblast invasion was not directly responsible for early
pregnancy changes in uterine, ophthalmic, and radial artery hemodynamics, leaving us to entertain
the alternative possibility that maternal cardiovascular function might be involved. If maternal
cardiovascular function plays such an etiological role, this should also be evident from the epidemiology
of preeclampsia.

6.1. Predisposing Factors for Preeclampsia

It is not entirely apparent how maternal clinical risk factors for preeclampsia, such as advanced
maternal age, ethnicity, obesity, diabetes, hyperlipidemia, renal dysfunction, and chronic hypertension
influence trophoblast invasion and spiral artery transformation. However, these are well-recognized
risk factors for cardiovascular morbidity, with established and plausible biological mechanisms
explaining their pathophysiological roles [43,44]. Apart from these conventional clinical risk factors,
systematic reviews of genetic risk factors demonstrated that plasminogen activator inhibitor-1 (PAI-1)
and FMS-related tyrosine kinase 1 (FLT1)—known to be linked with risks of coronary heart disease
and heart failure—were also strongly associated with preeclampsia [45–47].

6.2. Pre-Pregnancy Cardiovascular Function in Preeclampsia

If maternal risk factors for preeclampsia and adult cardiovascular disease indeed work through
the same mechanisms, then there should be evidence for pre-pregnancy cardiovascular impairment in
women destined to develop preeclampsia. Although there is a paucity of such pre-conceptual studies,
a recent study by Foo et al. longitudinally assessed cardiovascular function in 356 spontaneously
conceived pregnancies in apparently healthy women, starting from preconception. The authors noted
that the 15 (4.2%) women who developed preeclampsia and fetal growth restriction had lower cardiac
output and higher total peripheral resistance before the pre-conceptual period compared to those
with uneventful pregnancies [31]. These findings support the concept that suboptimal pre-pregnancy
cardiovascular function may predispose the woman to impaired uterine artery blood flow and poor
trophoblast development as precursors to the development of preeclampsia. This assertion is supported
by pre-conceptual echocardiographic evaluation of formerly preeclamptic women assessing their risk
of recurrent preeclampsia. Those with recurrent preeclampsia had lower cardiac left ventricular mass
and cardiac stroke volume in the pre-pregnancy period compared to women who had a normal second
pregnancy [48].
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6.3. Abnormal Cardiovascular Function in Pregnancy and Preeclampsia

First-trimester maternal cardiovascular parameters, such as mean arterial blood pressure and
uterine artery resistance, are key biomarkers in the ASPRE (Combined Multimarker Screening and
Randomized Patient Treatment with Aspirin for Evidence-Based Preeclampsia Prevention) screening
algorithm that have very high accuracy for the prediction of preeclampsia, especially of preterm
onset [5]. More sophisticated echocardiographic assessment has shown cardiac remodeling, impaired
hemodynamics, and diastolic dysfunction, both in the first trimester and at mid-pregnancy in
women destined to develop preeclampsia compared to those with normal outcomes [49–51]. Even
in uncomplicated pregnancies, there are well-documented hemodynamic changes which peak in the
middle of the third trimester before the cardiac output falls and systemic vascular resistance increases—a
paradoxical finding, in view of the fact that maternal respiratory and metabolic demands continue
to increase with advancing gestation [52,53]. Echocardiographic studies have demonstrated that in
apparently healthy women with normal pregnancies, there are signs of mild cardiac maladaptation to
the volume overload, such as an excessive increase in the left ventricular remodeling with associated
diastolic dysfunction in a small but significant proportion of cases at term [54,55]. It is apparent
that even a normal pregnancy confers a previously unrealized significant workload on the maternal
cardiovascular system, and that in some cases, this results in asymptomatic cardiac dysfunction
(Figure 3).

Figure 3. Left ventricle remodelling caused by pregnancy and preeclampsia. Alteration in (volume and
pressure) loading conditions and the interaction with mechanical and neurohormonal factors results
in ventricular remodeling. At an organ level, remodeling refers to changes in ventricular geometry,
volume, and mass. Although remodelling is compensatory in certain pressure and volume overload
conditions, progressive ventricular remodeling is ultimately a maladaptive process, contributing to the
progression of symptomatic heart failure and an adverse outcome.

6.4. Cardiovascular Function in Preeclampsia

At the clinical onset of preeclampsia, significant hemodynamic impairment, such as lower
cardiac output, abnormal ventricular geometry, and diastolic dysfunction have been demonstrated
by several maternal echocardiography studies [49,56–58]. Severe preterm disease is associated with
a worse cardiovascular profile, which is in turn associated with higher rates of serious peripartum
complications, such as pulmonary edema [59–61]. In keeping with these findings, a number of
cardiovascular biomarkers, such as ANP-related proteins and Corin, have been shown to be altered in
pregnancy in women with preeclampsia [61–63].
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6.5. Abnormal Cardiovascular Function Persists after Preeclampsia

Birth is considered to be a “cure” for preeclampsia. While it is not in doubt that the signs, symptoms,
and risks of preeclampsia regress in the vast majority of women within days after birth, the paradigm
that delivery normalizes maternal health after preeclampsia is not supported by postpartum studies.
The risk for developing chronic hypertension postnatally is much higher after preeclampsia than after
normotensive pregnancy, with rates of up to 30% for chronic hypertension being reported at one year
postpartum [64]. A large register-based study of over a million women confirmed a 20-fold increase in
the rate of antihypertensive medication in pregnancies complicated by hypertensive disorders used
within the first year after birth [65]. Even in women who are normotensive postpartum, asymptomatic
moderate-severe cardiac dysfunction was significantly higher in preterm preeclampsia (56%) compared
with term preeclampsia (14%) versus matched controls [66]. The issue of whether the latter findings
were caused by preeclampsia or pre-existing was evaluated in a large Norwegian epidemiological
study, which suggested that the increased postpartum cardiovascular risk after preeclampsia may
most probably be due to pre-existing risk factors, rather than a detrimental effect of preeclampsia on
the maternal cardiovascular system [67].

7. Analogy between Preeclampsia and Diabetes in Pregnancy

There are multiple clinical similarities between hypertension and diabetes in pregnancy, despite
the fact that one is considered purely of placental origin and the other related to maternal pancreatic
dysfunction [68–70]. Both disorders are diagnosed because of new-onset hypertension or hyperglycemia
in pregnancy, predisposing risk factors are similar to adult-onset disease, the definitive treatment
is birth, and both disorders leave a post-partum legacy of disease (Figure 4). The most convincing
alignment between these two disorders is apparent when one considers the phenotypes of the disease.
Pre-gestational diabetes and preterm pre-eclampsia both reflect primary organ dysfunction, and as
such, are predisposed to pre-pregnancy disease and have a more severe, early-onset phenotype [71,72].
Gestational diabetes and term preeclampsia reflect normal organ function, being overcome by increased
vascular/glycemia load late in pregnancy, and as such, are difficult to screen for and present themselves
later in pregnancy with a milder phenotype [73].

Figure 4. Interaction between maternal cardiovascular function and placental function, maternal health,
and fetal well-being. Placental oxidative stress or hypoxia is related to the relative balance of cardiovascular
functional reserve and the cardiovascular volume/resistance load of pregnancy. The final common pathway
that results in the signs and symptoms of preeclampsia involves the release of placental vasoactive substances.
Adapted with permission from Thilaganathan and Kalafat. Hypertension. 2019;73:522–531 [68].
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8. Apparent Inconsistencies with Cardiovascular Origin Hypothesis

There are many iconic hypotheses applied to the placental origins of preeclampsia that stem out
of clinical or epidemiological associations, such as those involving parity, change in partner, assisted
reproductive technology, oocyte donation, and the “protective” effect of smoking. These hypotheses
have assumed trophoblast origins of preeclampsia in their development, and a re-examination of their
biological plausibility is justified.

8.1. Nulliparity

The risk of preeclampsia is about two times lower in multiparous women, and this has always
been attributed to desensitization after exposure to paternal antigens in the placenta during previous
pregnancies. Most epidemiological studies that report on parity and prevalence of preeclampsia
do not account for the fact that, on average, multiparous women deliver approximately one week
earlier than nulliparous women [74]. As shown in a recent randomized trial of induction of labor at
39 weeks’ gestation versus expectant management, the effect of this temporal difference is to reduce
the prevalence of preeclampsia by about 40%, thereby accounting for a significant proportion of the
different rates of preeclampsia with parity [75]. Cardiac assessment of pregnancy has also consistently
demonstrated that parous women have a more favorable cardiovascular profile throughout pregnancy
compared to nulliparous women [76,77]. Such cardiac programming is a well-accepted phenomenon
in non-pregnancy physiology, and provides a biologically plausible rationale for different rates of
preeclampsia with parity.

8.2. Change in Partner

Partner change is also considered by many to be a risk factor for preeclampsia, and is attributed to
a maternal immune reaction against new paternal antigens expressed in the placenta [78]. Despite
original studies indicating the importance of partner change as a risk factor, larger and more recent
epidemiological studies in normal and assisted conception pregnancies have demonstrated that partner
change is a proxy for lengthening inter-pregnancy intervals and advanced maternal age. Skjaerven
and colleagues have demonstrated that a change of partner is not associated with an increased risk of
preeclampsia after adjustment for the interval between births and maternal age [79,80].

8.3. Oocyte Donation

The increased risk of preeclampsia with assisted conceptions was shown to be attributable to
advanced maternal age and oocyte donation [81,82]. The influence of oocyte donation as a risk factor is
in alignment with disrupted immunological tolerance, as previously postulated, until one considers that
women who conceive by egg donation tend to be older, affected by premature ovarian failure, or have
mosaic Turner syndrome—and all these factors are known to increase cardiovascular risk [83,84].

8.4. Smoking

While it is well-established that smoking increases risk for poor fetal growth, its relation to
preeclampsia is more controversial and not consistent with the placental origins hypothesis considering
that a meta-analysis showed that smoking is inversely associated with the incidence of preeclampsia [85].
However, smoking is known to increase maternal carbon monoxide levels, which inhibit levels of sFlt-1
and increase those of PlGF—the opposite of what occurs in preeclampsia [86,87]. Furthermore, carbon
monoxide also has a protracted hypotensive effect, which would decrease the diagnosis of high blood
pressure and, as a consequence, paradoxically reduce the prevalence of preeclampsia whilst increasing
the risk of poor fetal growth [88].
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9. Conclusions

Placental cellular function and development may be controlled by maternal systemic and
local uterine cardiovascular perfusion, rather than vice versa. The key role of the placenta
and its discarded products in causing maternal endothelial disfunction during pregnancy is
doubtless; nevertheless, the predisposition of women with cardiovascular dysfunction for developing
preeclampsia, the development of cardiovascular dysfunction prior to disease onset, the predominance
of cardiovascular signs/biology at presentation, and the long-term cardiovascular health risks
post-partum all support the assertion that preeclampsia could be a primary cardiovascular disorder.
Significant advances in screening, diagnosis, management, and post-partum cardiovascular health
after preeclampsia may occur as we acknowledge this paradigm shift in disease causality.
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Abstract: Galectins regulate cell growth, proliferation, differentiation, apoptosis, signal transduction,
mRNA splicing, and interactions with the extracellular matrix. Here we focus on the galectins in
the reproductive system, particularly on a group of six galectins that first appears in anthropoid
primates in conjunction with the evolution of highly invasive placentation and long gestation.
Of these six, placental protein 13 (PP13, galectin 13) interacts with glycoproteins and glycolipids
to enable successful pregnancy. PP13 is related to the development of a major obstetric syndrome,
preeclampsia, a life-threatening complication of pregnancy which affects ten million pregnant women
globally. Preeclampsia is characterized by hypertension, proteinuria, and organ failure, and is often
accompanied by fetal loss and major newborn disabilities. PP13 facilitates the expansion of uterine
arteries and veins during pregnancy in an endothelial cell-dependent manner, via the eNOS and
prostaglandin signaling pathways. PP13 acts through its carbohydrate recognition domain that
binds to sugar residues of extracellular and connective tissue molecules, thus inducing structural
stabilization of vessel expansion. Further, decidual PP13 aggregates may serve as a decoy that induces
white blood cell apoptosis, contributing to the mother’s immune tolerance to pregnancy. Lower first
trimester PP13 level is one of the biomarkers to predict the subsequent risk to develop preeclampsia,
while its molecular mutations/polymorphisms that are associated with reduced PP13 expression are
accompanied by higher rates of preeclampsia We propose a targeted PP13 replenishing therapy to
fight preeclampsia in carriers of these mutations.

Keywords: Placental protein 13; Gal 10; Gal 13; Gal 14; Gal 16; preeclampsia; FGR; polymorphism;
risk prediction; biomarkers; eNOS

1. Galectins

Galectins are a class of carbohydrate binding proteins with high affinity to β-galactoside sugars
that bind to them via their N- or- O-linked glycosylation [1,2]. They share primary structural homology
in their carbohydrate-recognition domains (CRDs) included in a canonical sequence of ~130 amino
acid backbone. They are synthesized as cytosolic proteins and reside in the cytosol or nucleus for
much of their lifetime [3]. They form a β-sandwich [4,5] consisting of five or six anti-parallel β-sheet
strands [6], forming a shallow groove for holding a disaccharide or oligosaccharide. Eight amino acids
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form the CRD motif within this groove to mediate non-covalent binding. Additional amino acids
enhance the specific interaction [5–9]. High affinity to the ABO blood groups is responsible for their
hemagglutinin activity [10,11]. The galectins are classified into three categories [2]: (1) the prototype
homo-dimers (gals 1, 2, 5, 7, 13–17, 19, 20), (2) the “tandem-repeat dimers” (gals 4, 6, 8, 9, 12) with
short linkers, and (3) chimera-lectin (gal 3), with a C-terminal CRD and an N-terminal non-lectin for
multimerization [12–15]. The multi-valent interaction facilitates crosslinking of signaling pathways, the
formation of cell surface lattices, and endocytosis at the cell surface or in intracellular locations [16,17].

Today, we know of 20 members of the galectin family that interact with a plethora of molecules
involved in inflammation, immune responses, cell trafficking, apoptosis, autophagy, trans-membrane
signaling, and interactions with cytosolic and nuclear targets, nuclear transcription, gene expression, or
mRNA splicing [18–21]. Galectins are able to translocate from intra- to extracellular compartments, and
back. They affect signal transduction and apoptosis, growth, fibrosis, aggregation, adhesion, and cancer
metastasis [22–27]. Hence, galectins are incorporated in the development of new therapeutics [22,27–29],
and some are already in clinical development stages (https://galecto.com/ [30]).

2. The Placental Galectins

A variety of galectins are expressed in the reproductive system. They are pleiotropic regulators
of key functions in the reproductive tract. Gal-1 and Gal-3 are involved in regulating signaling
pathways at the feto-maternal interface [31,32] and are expressed in the endometrium and the decidua.
The tandem repeat of Gal-8 acts through spliced variants in various reproductive tissues [1–21]. Gal-9
is abundant via its three encoding genes [33]. In this respect, it is worth mentioning that the Gal 10
protein is also expressed by white blood cells (WBC), while its mRNA is exclusively expressed in bone
marrow tissues. However, the WBC reach the reproductive system and influence this system during
the process of pregnancy development, especially via generating an immune response against foreign
(paternal) genes of the fetus and placenta [34,35]. Other galectins in the reproductive tract such as
Gal-13 participate in trophoblast invasion into the decidua, spiral artery remodeling, and immune
tolerance of maternal tissues to pregnancy [2].

Here we focus on a placental cluster of six galectins in anthropoid primates in the context of
evolution of the highly invasive placentation and long gestation [31]. The expression of these galectins
in the placental syncytiotrophoblast is altered in preeclampsia and early fetal growth restriction
(FGR) [32]. Three of them, Gal-13, Gal-14, and Gal-16 are uniquely expressed in the placenta, indicating
the massive differentiation effort dedicated by nature for assuring the establishment and maintenance
of pregnancy in eutherian mammals [36].

3. Galectin 13

3.1. The PP13 Protein and its mRNA

Galectin 13 (Gal-13), also known as LGALS13 and placental protein 13 (PP13), is the most studied
galectin of the anthropoid primates. As one of a six cluster primate genes, it is located on chromosome
19q13 [32], and is one of 56 known placental proteins. It was first isolated from human term placenta
in 1983 and characterized by Bohn et al. [37]. Normal term placenta has approximately 2.5 mg of PP13,
and, according to Bohn, PP13 represents ~7% of the total placental proteins. PP13 shows structural
and functional homologies to the ß-galactoside-binding lectins [1], with high homology to the other
members of the cluster in their CRD [31,32,38,39]. Although so far no specific individual receptor
for PP13 (in the classical sense) has been identified, affinity chromatography and mass spectroscopy
determined high affinity binding of PP13 to annexin IIa, a member of Ca2+ and phospholipid binding
proteins of the extracellular matrix, and to beta/gamma actin in the cytoplasm [10,40]. PP13 has
high affinity to sugar residues, especially to N-acetyl glucose amine, fucose, and N-acetyl galactose
amine [10]. It also binds sugar residues of the B and AB antigen of the ABO blood groups [11], a
binding that regulates the availability of free PP13 in the blood of pregnant women. This binding has
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been found to influence the risk assessment and preeclampsia prediction of PP13 [41], as will be further
detailed below.

PP13 is expressed from a very early stage of pregnancy, and can be detected in the maternal blood
already at week five of gestation [42], or 3 weeks after embryo return in IVF (Meiri, unpublished results).
Immunohistochemistry and RNA hybridization studies have pointed to its predominant localization in
the placental syncytiotrophoblast layer, placental blood vessels, and specific sites within the placental
bed [31,42,43]. Early studies by Than et al. indicated its presence in the syncytiotrophoblast [10]. PP13 is
detected in the cytoplasm and mainly along the apical plasma membrane of the syncytiotrophoblast [42,43].
It can also be detected in their nuclei, at least during very early gestation [43]. In cases of oxidative stress,
strong staining for PP13 appears in the increasingly appearing syncytiotrophoblast microparticles (STBM,
or necrotic bodies) [42,44]. A process of aponecrosis is accompanied by placental shedding of STBM
during preeclampsia [42,45].

3.2. Insights on the Gene and Protein Structures

The LGALS13 gene encodes for PP13, and is comprised of a long promoter region at the 5 prime
end followed by four exons: E1 (60 bp), E2 (72 bp), E3 (211 bp), and E4 (251 bp) spaced by introns
(Figure 1). Intronic regions vary between 499 bp and 1834 bp in length. Exon 4 and part of exon 3 of the
LGALS13 gene exclusively code for the entire amino acids included in the CRD domain [6,10,38,46].

Figure 1. Schematic diagram of the LGALS13 gene and its mRNA variants. Top—The exons and
introns are marked by boxes and lines, respectively. Lower panels represent the mRNA and the protein
coding region. The wild type Gal-13 (PP13) consists of four full exons. The truncated Gal-13 variant
delT221 is missing part of exon 3 and the full exon 4, while the Dex-2 variant is missing exon 2. The two
variants—the truncated delT221 variant and the spliced variant Dex-2 are both naturally occurring
variants along with the promoter polymorphic variant of -98 A/C.

The open reading frame of PP13 encodes for 139 amino acids [10,46]. The calculated molecular
weight of the monomer is ~ 16.12 kDa. In-vitro studies have shown that its expression is up-regulated
by the binding of the TFAP2A transcription factor [32]. Other studies pointed to the link between
PP13 expression and human chorionic gonadotropin (hCG) [47] that drives the fusion of villous
cytotrophoblasts with the overlying syncytiotrophoblast [48]. Indeed, fusion of differentiating
trophoblasts to form the syncytiotrophoblast is accompanied by increased PP13 expression. Fusion
also increases PP13 expression in the trophoblast-derived BeWo cell line [47,49].

We engineered several recombinant PP13 variants. Initially, a Histidine-tag (His-PP13) variant
was constructed, produced in E. coli, purified, and characterized [10,38]. The resultant His-PP13
fails to dimerize via disulfide bonds since the His-tag prohibits one of its cysteine SH residues from

83



Int. J. Mol. Sci. 2019, 20, 3192

forming a dimer. The molecular conformation of such a monomeric state of PP13 prohibits the
formation of the naturally occurring homodimer, and this variant tends to form a long chain of
head-to-tail linked oligomers, which are characterized by low stability in solutions. Treatment of the
His-PP13 variant with the reducing agent dithiothreitol (DTT) keeps the protein in a monomeric form,
prohibiting the formation of long chain oligomers. This monomeric form exhibits long stability in
solution, and in the presence of DTT lyophilized His-tag PP13 has an estimated shelf-life of 12 years
or longer [50]. The second recombinant PP13 variant lacks the histidine tag (rPP13) and is expressed
in E. coli [38,51]. The resultant protein was isolated from the inclusion bodies as a monomer that
spontaneously homo-dimerizes to form a 32 kDa protein that is very stable in aqueous solutions.
Further aggregation to trimers and tetramers is marginal [46]).

3.3. PP13 Secretion from the Placenta

Lacking a signal sequence for transmembrane transport [6], it was estimated that the release of
PP13 is accomplished in a manner typical to other galectins, namely via the liberation of extracellular
vesicles [12,52,53] (Figure 2). A release of un-packed protein via co-transfer with carrier proteins or
endosomes was also suggested to be a calcium dependent mechanism [54,55]. In fact, it has been
shown that the PP13 release from immortalized placental cells (BeWo cells) is significantly augmented
with the use of a calcium ionophore [44]. Like other galectins, PP13 can re-enter cells by endocytosis
via recycling of endocytic vesicles [56].

Figure 2. PP13 release from placental syncytiotrophoblast. Extracellular vesicles are cell-derived
membrane particles, including exosomes (30–200 nm), microvesicles (100–1000 nm), and apoptotic
bodies (>1000 nm). They are released from the placental syncytiotrophoblast layer. During normal
turnover, the syncytiotrophoblast releases late-apoptotic syncytial knots (1–5 μm) as large corpuscular
structure into the maternal blood. At the same time, microvesicles and exosomes are released and can
pass through capillary blood vessels. PP13 cargo of microvesicles and exosomes appears on both types
of these extracellular vesicles, on the surface and inside the vesicles. These vesicles may interact with
various cell types (red and white blood cells or endothelial cells) and convey different messages to the
maternal body.

Sammar et al. [52] discovered a novel pathway for PP13 secretion that may be most relevant to
the protein level in maternal blood. PP13 liberation is executed through the release of extracellular
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vesicles (EVs), mainly microvesicles and exosomes, carrying PP13 on the surface of EVs and/or inside
them [52]. The microvesicles and exosomes that carry the PP13 cargo communicate with maternal
organs to influence their response, both during normal and complicated pregnancies. Evidence has
been obtained for the potential interaction of PP13 in such extracellular vesicles with red and white
blood cells, as well as the endothelium (Figure 2).

3.4. PP13 and Preeclampsia

Preeclampsia, a severe life-threatening complication of pregnancy characterized by hypertension,
proteinuria and organ failure [57–60] is mainly attributed to impaired placentation [61,62]. It affects
ten million pregnant women globally, and is often accompanied by fetal loss and major newborn
disabilities ([63]—www.preeclampsia.org). The hunting for serum markers to predict the risk to
develop this pregnancy complication was a major challenge in the first decade of the 21st century [64].
We explored the potential use of PP13 as a biomarker for predicting the risk to develop preeclampsia.
The availability of the purified native and recombinant PP13 have stimulated the generation of various
poly- and monoclonal antibodies, followed by the development of an ELISA immune-diagnostic kit [50].
With these tools in hands, a comparative analysis of PP13 levels in maternal blood was conducted in
multiple studies [65–68].

The studies have shown reduced concentrations of maternal blood PP13 in the first trimester in
pregnancies that subsequently developed early, preterm and term preeclampsia with and without fetal
growth restriction (FGR) [66,69–78]. Longitudinal studies have shown that in preeclampsia there is a
sharp increase of PP13 between the first to the third trimester with the slope of change predicting the
severity of the subsequent complication [42,75]. Such PP13 increase also predicts severe hemorrhage
after delivery [79]. Interestingly, in twin pregnancies that subsequently develop preeclampsia, the level
is very high already in the first trimester, indicating accelerated processes of impaired placentation in
multiple pregnancy, corresponding with their higher frequency of the disorder [68].

In studies where term placentas were obtained after delivery, the mRNA levels of PP13 were
3.5-fold lower in women who developed PE and the related HELLP syndrome [45,65]. Additional
studies have shown that the reduced PP13 mRNA can be determined already in the first trimester
in patients who subsequently developed preeclampsia [80–82]. Unlike the protein level that tends
to increase near the time of disease, low PP13 mRNA was detected throughout pregnancy. It was
subsequently discovered by in-vitro placental explant studies that in a normal pregnancy the release of
PP13 from a single placental villus is decreased from the first to the third trimester. During the first
trimester of normal pregnancy the level of PP13 in maternal blood increases from 200–300 pg/mL to
400–600 pg/mL [42] due to the increase in the total number of villi during pregnancy [83]. In contrast,
villi of preeclamptic placentas showed an elevated PP13 release at the time of disease [83]. It is
estimated that aponecrotic release of PP13 from the large number of damaged villi accounts for the
sharp slope of the PP13 level in maternal blood during the etiology of preeclampsia [36].

In a meta-analysis of 18 studies that investigated maternal blood levels of PP13 during the first
trimester, reduced PP13 levels were found in women who subsequently developed preeclampsia about
20 weeks later. If evaluated in the first trimester as a single biomarker PP13 provided 83% detection
rate for 10% false positive rate for early preeclampsia (<34 weeks), 66% for preterm preeclampsia
(<37 weeks), and 47% for all cases of preeclampsia [66]. PP13 combined with first trimester Doppler
pulsatility index of the blood flow through the maternal uterine arteries and the use of additional
markers provides higher detection rates of preeclampsia in the first trimester [66,84].

3.5. PP13 Polymorphism and Preeclampsia

Polymorphic variants of PP13 have been identified [38,66], and three of them are important
indicators of a high risk to develop preeclampsia:

(1) The “truncated” variant is a deletion of thymidine in position 221 of the open reading frame of
exon 3 [85,86]. It was discovered among black and colored pregnant women in a Cohort of Cape Town,
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South African cohort [85]. It is associated with the development of an earlier stop codon coupled to a
shorter PP13 variant (“truncated” or “delT221”) [38]. The shorter delT221 variant is lacking the entire
exon 4 and part of exon 3 [38] (Figure 1). Hence, delT221 is missing 2 of the amino-acids involved in
the carbohydrate recognition domain (CRD), and two additional amino acids supporting carbohydrate
binding [6,31]. Having this mutation in a heterozygous form is an effective predictor of severe early
preeclampsia with 89% positive predictive value. Treatment of human leukocytes derived of the
maternal decidua with the wild type of recombinant PP13 but not with the truncated PP13 induced
apoptosis [31,43]. From this data it was speculated that one role of PP13 in pregnancy is to render
the mother immune-tolerant to pregnancy. The immune tolerance is reached by binding of PP13 via
the CRD to glycoproteins and glycolipids. Indeed, pregnancies carrying the homozygous DelT221
mutation are rejected by the mother and are not viable [86].

(2) The promoter variant. The -98 (A/C) promoter genotype displays three genotypes: the “A/A”
genotype (homozygous to the adenosine nucleotide), the “C/C” genotype (homozygous to cytosine),
or the “A/C” genotype (heterozygous form). In a South African as well as a London cohort of pregnant
women, the A/A genotype was found to be associated with decreased expression of PP13 compared to
the level of PP13 expression with either A/C or C/C genotypes in the -98 position [51,87]. The reduced
expression was contributed in part by the impaired ability of the transcription factor TFAP2A to induce
PP13 expression with the A/A genotype [51]. Accordingly, carriers of the A/A variant had an adjusted
odds ratio of 3.68 to develop preeclampsia, while the C/C or the A/C genotypes rendered protection
from developing preeclampsia. Combining the A/A genotype as a risk factor together with black
ethnicity, history of previous preeclampsia, obesity (BMI > 37), and being at advanced maternal age
provided an adjusted odds ratio of 14.0 and 7.0, respectively, for developing term or all preeclampsia
cases [51].

(3) The Dex-2 variant. Recently, we were able to molecularly engineer a third molecular
variant of PP13 that was denoted Dex-2. This mutant completely lacks the second exon (Figure 1).
This additional natural PP13 variant was initially isolated in Israel while cloning PP13 DNA from
a genomic library. The mutant clones were isolated from a placenta obtained after delivery from a
woman with preeclampsia combined with FGR [55]. Burger et al. [55] have shown that PP13 which
was isolated from a placenta of preeclampsia with FGR was inferior in inducing the liberation of free
fatty acids from trophoblast membranes, and in causing the elevated release of prostaglandins. Further
analysis of this mutant is warranted.

In summary, there may well be a link between reduced levels of PP13 during the first trimester of
human pregnancy and the elevated risk for a subsequent development of preeclampsia. Preeclampsia
patients may be a target population to evaluate if nourishing with the wild-type, full length PP13 can
be used as a therapeutic tool to fight preeclampsia.

3.6. PP13 and Immune Tolerance

The syncytiotrophoblast secretes/releases PP13 from the first trimester and the protein reaches
the decidua either via diffusion or via the maternal circulation, coinciding with the time of early
trophoblast invasion. Kliman et al. [43] have shown the formation of PP13 aggregates closer to areas
with increased apoptosis of various maternal immune cells. Killing these cells could enable us to
promote extravillous trophoblast invasion of the uterine wall. In this manner, PP13 might serve to
establish a decoy inflammatory response, sequestering maternal immune cells away from the site
of extravillous trophoblast invading other sites of the uterine wall [31,39,43]. Accordingly, it was
proposed that PP13 contributes to the immune tolerance of the mother to the invading trophoblasts.
Having low levels of PP13 and/or having a mutated variant may decrease the level of PP13 secretion,
thereby contributing to impaired placentation.

86



Int. J. Mol. Sci. 2019, 20, 3192

3.7. PP13 Replenishing Studies in Animals

The uteroplacental circulation undergoes massive changes during pregnancy, resulting in a
vascular system that is directing 20% of the total cardiac output to the uterine vascular bed. This results
in more than a ten-fold increase in blood flow over the level present in the non-pregnant state [88].
Since in normal pregnancy there is only a small drop in blood pressure, it is necessary to gain uterine
hemodynamic changes by uterine blood vessel expansion and reduced uterine vascular resistance [89].
In pregnancy, extravillous trophoblasts invade all types of luminal structures in the placental bed [90,91].
One of their major targets are spiral arteries and their adjacent stroma. The endoarterial trophoblast
subpopulation [92] replaces and reorganizes the vascular smooth muscle and endothelial layers,
resulting in the formation of low-resistance vessels that can accommodate a highly increased blood
volume flowing towards the placenta [93]. These altered vessels are almost independent of maternal
vasoconstriction through a lack of smooth muscle cells [89,94].

Through the invasive processes of the extravillous trophoblast, the vessels towards the intervillous
space of the placenta (spiral arteries) and those draining blood back into the maternal system
(uteroplacental veins) are connected to the placenta, resulting in a placental blood flow to sufficiently
supply the placenta and the growing fetus with nutrients and oxygen [89,91]. This hemochorial type of
placentation is present in mammals such as humans, higher order primates, rabbits, guinea pigs, mice,
and rats [95–97]. At term there are around 200 spiral arteries opening towards the intervillous space,
while the blood flow in the uterine artery is increased in volume with reduced velocity [96]. Impaired
trophoblast invasion into spiral arteries results in higher blood flow velocities into the intervillous
space of the placenta and thus damage of the fragile villous trees. [98–101].

PP13 appears to have an important role in these hemodynamic changes by facilitating expansion
of the uterine vascular system during pregnancy to accommodate the increase of blood flow through
the uterus and thus the placenta during pregnancy. The following in vivo data have been obtained
using PP13 administration in different animal models:

• Initially, a single PP13 dosage injected intravenously into gravid rats and rabbits resulted in a
reversible ~30% reduction in blood pressure [102].

• In a second set of experiments, peristaltic pumps were implanted into gravid rats for a slow
release of PP13 for 4 to 7 days from day 15 [102], or from day 8 of pregnancy [103]. rPP13 (compared to
saline control) reversibly reduced blood pressure until the pumps released all their content. At delivery,
5 to 7 days after the active release of PP13 was over, treated animals had larger placentas and pups.
Both the wild type rPP13 and the truncated variant DelT221 were effective in reducing blood pressure,
but the truncated variant failed to sustain uterine artery expansion until the time of delivery [103].

• Isolated uterine mesenteric arteries from both mid-pregnant and non-pregnant rats were placed
in arteriographs to measure their diameters and pressure in response to drug perfusion [104]. Uterine
arteries of both pregnant and non-pregnant rats were dilated in a dose dependent manner with
increasing concentrations of PP13. Half-maximal vasodilation of isolated arteries (EC50) was achieved
at a concentration of 1pM PP13 (blood level of pregnant women). The effect was mediated by the
endothelial layer, since stripping the vessels off the endothelial layer prohibited blood vessel expansion
by PP13. Pharmacological analysis of the signaling pathways revealed that the vasodilation was
mediated through signaling of the endothelial nitric oxide synthase (eNOS) and prostaglandin type 2
pathways [104].

•An additional study was performed with non-pregnant rats. Again, surgically implanted pumps
released a constant dose of PP13 (rPP13 or His-PP13 variants) or saline over seven days. Some animals
were sacrificed immediately after the end of PP13 release (on day 7), while others were sacrificed
6 days later (day 13) to compare the short and long-term impacts of PP13 on vessel growth and
size. Both uterine veins and arteries were significantly expanded by rPP13 with a more pronounced
effect after 13 days compared to the corresponding vessels after seven days. The long-term effect
of treatment by rPP13 was more pronounced in the veins compared to the corresponding arteries.
His-PP13 also expanded the blood vessels but the effect remained similar between 7 and 13 days, most

87



Int. J. Mol. Sci. 2019, 20, 3192

likely since His-tag PP13 has only a monomeric form. This molecular variant does not turn into the
natural configuration of a homo-dimer. It is estimated that to exert the structurally stable vascular
expansion that is developed with the non His-tag protein, a molecular variant that forms a homo-dimer
is required [105].

In conclusion, PP13 appears to play a key role in the remodeling of uterine arteries and veins
during pregnancy, facilitating the adjustment of blood flow to and from the placenta. This way, PP13
adapts the uterus to provide increased but slower blood flow towards the placenta and back into the
maternal system, necessary for normal pregnancy. PP13 acts via the NO and prostaglandin signaling
pathways to provide oxygen and nutrients to the growing fetus (Figure 3).

Figure 3. PP13 priming of maternal blood vessels. The scheme displays a comprehensive model of the
PP13 effects on the vascular system of the mother. PP13 is released from the syncytiotrophoblast and
enters the maternal blood system where it has different effects. The red arrow shows flow of maternal
blood into the placenta via invaded spiral arteries, while the blue arrows indicate flow of maternal
blood back from the placenta into the maternal vascular system via invaded uterine veins.

3.8. Modeling the Role of PP13 in Pregnancy

The PP13 molecule primes blood vessel expansion to adapt the uterine vascular system to supply
oxygen and nutrients to the growing fetus. The effect supports the development of larger placentas
and pups, as shown in a rat model [103]. The effect involves a chain of reactions, starting from a
physiological effect that involves the endothelial layer through the e-NOS and prostaglandin signaling
pathways [103], and continuing through structural stabilization of the surrounding components of
the connective tissue around the blood vessels. Connective tissue stabilization requires the CRD
component of the PP13 molecules that crosslinks between the endothelial layer and the connective
tissue (Figure 4). Finally, PP13 acts as a decoy to attract maternal immune cells and thereby enabling
the invasion of extravillous trophoblast into blood vessels [43].

Based on all the above we propose a targeted PP13 therapy to fight preeclampsia in patients
with impaired PP13 and high risk to develop preeclampsia [106]. These patients could receive PP13
as a nourishing drug to support uterine vessel expansion and stabilization of blood supply during
pregnancy. We are conducting preclinical studies and plan to evaluate the potential clinical impact
testing animal models of preeclampsia to explore this hypothesis.

Considering the multifaceted nature of preeclampsia [58–60], the development of PP13 as a novel
biological therapy to fight preeclampsia is now evaluated in certain animal models to provide a proof
of concept. Among animal models, we plan to test (1) the reduced uterine placenta perfusion (RUPP
model) in rats [107], (2) the transgenic mouse model of STOX-1 [108], and (3) the Baboon uteroplacental
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ischemia model [109], all identified as important model systems to evaluate novel drugs to fight
preeclampsia [110,111].

Figure 4. The effect of PP13 on the various layers of blood vessels. PP13 acts on the endothelial layer
of the blood vessels and causes vasodilation by muscle relaxation through the signaling pathways of
eNOS and prostaglandin 2. Further, PP13 causes stabilization of the surrounding connective tissues.
Molecularly, this process requires the carbohydrate recognition domain to cross link between PP13 and
molecules on the surface of the connective tissue and extracellular matrix.

4. Multiple Galectins and Deep Placentation

In this article we focus on PP13, a member of the cluster of 6 galectins that emerged during
primate evolution, and are only found in anthropoids. These species differ from their strep-sirrhine
counterparts by having hemochorial placentas associated with a reduction in the number of offspring,
with just one infant being common in monkeys, humans and apes. In all of these species, the
newborns have relatively large brains and long gestations [112,113]. As described before, the success
of pregnancy is mediated via increased blood flow to and from the placenta, which is achieved via
an invasive hemochorial placentation [114–116]. The genetic differences between the mother and the
fetal semi-allograft necessitate the development of immune tolerance to reduce the danger of fetal
rejection by the mother, considering the alloantigen aspect of eutherian pregnancies [32,114]. We have
provided evidence for the crucial role of galectin 13 (PP13) to render the mother immune-tolerant to
sustain the hemochorial placentation during the long gestation of anthropoid primates. Interestingly,
it has been pointed out that in addition to PP13, the other members of the cluster of galectins of
chromosome 19 in anthropoids share high homology in their sequence and placental localization ([117]
https://www.ncbi.nlm.nih.gov/kis/ortholog/29124/?scope=9526#genes-tab).

Table 1 indicates that humans have the entire cluster of which 5 are exclusively expressed in the
placenta and one (Gal-10) is expressed in the bone marrow, but reaches the placenta via white blood
cells, mainly eosinophils [2,31,32,39]. Orangutans, macaque, Sp. monkeys, and marmosets have four of
the galectins, chimpanzees have two, and baboons, gorillas, and colobuses have only one galectin [31].
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Table 1. Placental galectins in primates.

Species
Gal 10

Eosinophils
Gal 13

Placenta
Gal 14

Placenta
Gal 16

Placenta
Gal 17

Placenta
Gal 20

Placenta
Count

Invasion
Level

Chimpanzee 2 3+
Orangutan 10A 17C 4 2+

Baboon 1 1+

Human 10A 17A
17B

5 (with 2 subtypes
of Gal 17) 4+

Gorilla 1 3+
Colobus 1 1+
Macaque 17C 4 2+

Marmoset
10A
10B
10C

4 (with 3 subtypes
of Gal 10) 2+

Sp. Monkeys
10A
10B
10C

4 (with 3 subtypes
of Gal 10) 2+

Total species # 4 8 5 4 3 2

The presence of placental galectins in primate placenta is provided following the analysis of the evolutionary
differentiation tree [31,32,36,39,115] with the exception of Galectin 10 (Gal 10) that is generated in bone-marrow but
reaches the placenta via its expression in white blood cells. The letters A, B, and C reflect isoforms of the molecules.
In terms of invasion: gorilla, chimpanzee, and human species have the deepest trophoblast invasion (3+ and 4+)
reaching the inner myometrium [114–120]. The others have a much shallower implantation (1+ or 2+). The color
code indicates in which species the Gal isoforms are expressed. The numbers in “total” refer to the numbers of
species in which a specific Gal isoform is expressed. The numbers in “Count” refer to the numbers of Gal isoforms
expressed in a given species.

Interestingly, all of the above species with the exception of the baboon, have PP13, most likely
reflecting that this protein may be the first to be evolved or is derived from a common ancestor, and
potentially it is the most essential one for a successful intrusive pregnancy [31]. The second most
frequently found is Gal-14 that appears in four species. Gal-10 and Gal 16 are expressed in three
species, while Gal-17 appears in two species and Gal-20 only in one. In terms of sequence homology, all
galectins have close to 98% homology in the composition and configuration of their major amino acids
of the carbohydrate recognition domain, the CRD. Gal-13 and Gal-16 share 73% amino acid sequence
homology, while homology between Gal-13 and Gal-14 and between Gal-13 and Gal-10 is at the level
of 68% and 57%, respectively. Interestingly, human Gal-14 and baboon Gal-14 have 98% amino acid
sequence homology [34,36].

According to Carter et al. [118] there are different models of placentation among apes. Yet, gorilla,
chimpanzee, and human species have the deepest trophoblast invasion and their remodeling of the
spiral arteries occurs deep into their inner myometrium [114–120]. All three have Gal-13 (PP13), while
baboons with a much shallower trophoblast invasion only express Gal-14. Thus, having multiple
co-expression of galectins appears to be essential for successful invasive pregnancy, in which PP13
is pivotal but may not be the only one required. The interplay between the different galectins and
their composition is now under study to understand their crucial role in normal pregnancy and
pregnancy complications.
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Abbreviations

ABO blood groups Blood group types A, B, AB and O
BP Base pair
CRD Carbohydrate-recognition domain
EC50 Effective dose for reaching 50% effect
Enos Endothelial nitric oxide synthase
Gal 1, Gal 3, etc. Galectin 1, galectin 3 and other galectins according to their nomenclature
FGR Fetal growth restriction
kDa Kilo-Dalton
pMol Pico molar quantity (10-12 M)
PP13 Placental protein 13 also called gal-13 and LGALS13 (gene)
STBM Syncytiotrophoblast microparticles
WBC White blood cells
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Abstract: In this review, we comprehensively present the function of epigenetic regulations in normal
placental development as well as in a prominent disease of placental origin, preeclampsia (PE).
We describe current progress concerning the impact of DNA methylation, non-coding RNA (with a
special emphasis on long non-coding RNA (lncRNA) and microRNA (miRNA)) and more marginally
histone post-translational modifications, in the processes leading to normal and abnormal placental
function. We also explore the potential use of epigenetic marks circulating in the maternal blood flow
as putative biomarkers able to prognosticate the onset of PE, as well as classifying it according to its
severity. The correlation between epigenetic marks and impacts on gene expression is systematically
evaluated for the different epigenetic marks analyzed.

Keywords: preeclampsia; epigenetics; DNA methylation; non coding RNAs; miRNAs; histone post
translational modifications; HOX genes; H19; miR-210

1. Introduction

PE affects ~2–5% of the pregnancies. This disease, characterized in the classical definition by
hypertension and proteinuria, surging from the mid-gestation at the earliest, is often seen as a two-stage
disease, where a placental dysfunction occurs, first without observable symptoms and is followed
later by a symptomatic phase from the 20th week of gestation at the earliest. The placenta is central to
the disease development [1]. During pregnancy, the cytotrophoblasts (CTs) invade and remodel the
structure of the spiral arteries of the myometrium [2]. These changes cause a significant increase in
blood flow to the placenta. In a classical vision of the disease etiology, it is said that deep invasion
is deficient in preeclampsia [3]. It is generally acknowledged that in preeclamptic pregnancies,
placentation is disrupted because the CTs fail to properly invade the myometrium and transform the
spiral arteries [4]. This decreases the blood flow and alters the oxygenation of the placenta (causing
hypoxia and hyperoxia events), triggering oxidative stress, necrosis and inflammation [5]. In a very
stimulating paper, B. Huppertz challenges this classical understanding of PE etiology, by dissociating
the defect of deep trophoblast invasion from preeclampsia but rather associating this defect with the
Fetal Growth Restriction (FGR) phenotype [6]. In this vision, preeclampsia would rather be caused by
a combination of villous trophoblast defects (which are not involved in invasion, contrary to extravillous
trophoblast) and maternal susceptibility. He based his reasoning on the fact that invasion defects are
actually not histologically visible in many cases of preeclampsia. This may be connected to mouse
models of preeclampsia where no obvious fetal growth restriction occurs, consistently with the fact
that invasion is not important in rodent [7]. More accepted than this vision, the same paper strengthens
the idea that hyperoxia rather than hypoxia is a major actor of the disease [6,8].
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The preeclamptic placenta releases vasoactive molecules, pro-inflammatory cytokines, microparticles
and syncytial fragments into the maternal circulation which ultimately cause a systemic endothelial
dysfunction [9]. Epigenetics plays an important role in the regulation of the development and physiology
of the placenta [10]. Besides, substantial epigenetic alterations, in the preeclamptic placenta and other
affected tissues have been described and are likely playing a substantial role in the evolution of the
disease [11–14].

2. Epigenetics and Normal Placental Development

2.1. Description of the Placenta and Placental Cells

The placenta is a temporary organ connecting the developing fetus to the uterine wall through the
umbilical cord, to allow for nutrient absorption, thermal regulation, waste disposal and gas exchange
via the mother’s blood supply. In addition, the placenta produces hormones that support pregnancy
and it acts as a barrier to fight against internal infection [15].

The human placenta at term has a discoid shape, an average diameter of 15–20 cm, a thickness of
2.5 cm in the center and a weight of about 500 g. Its surfaces are the chorionic plate on the fetus side and
to which the umbilical cord is attached and the basal plate facing the maternal endometrium. Between
the endometrium and the basal plate there is a cavity filled with maternal blood, the intervillous space,
into which branched chorionic villi project. The chorionic villi are the structural and functional unit of
the placenta. Their core is made of fibroblasts, mesenchymal cells, endothelial cells, immune cells such
as Hofbauer cells (supposed to be macrophage-like) and fetal-placental vessels. The villi are covered by
two layers of trophoblasts. The inner layer is composed of villous cytotrophoblasts (vCTs), which are
highly proliferative and can differentiate into either outer layer villous syncytiotrophoblasts (SCT),
which are in direct contact with the maternal blood or extravillous trophoblasts (EVTs), as shown in
Figure 1.

2.2. Human Placental Development

The development of the human placenta has been described in detail elsewhere [16–18]. Briefly,
the blastocyst implants into the uterine endometrium (decidua) via the trophectoderm cells adjacent
to the inner cell mass (ICM). From the trophectoderm, the syncytium (SCT) emerges and spreads.
Subsequently, CTs proliferate rapidly to form large finger-like projections (villi) that penetrate the
entire depth of the SCT. Ultimately, the villi become filled with mesenchyme originated from the
extraembryonic mesoderm. This mesenchyme will form fetal blood vessels which connect to the fetal
circulation via the umbilical cord. The intervillous space subsequently becomes filled with maternal
blood. The vCTs situated at the tips of the anchoring villi proliferate and stratify, forming highly
compact cell columns breached only by channels carrying maternal blood toward and away from the
placenta (Figure 1). The trophoblast cells within this structure are referred to as EVTs, according to their
external location relative to the chorionic villi. EVTs situated close to the decidua, stop proliferating
and develop invasive properties. These invasive EVTs migrate deeply into the decidua, where they
transform the uterine vasculature in order to supply the placenta maternal blood, a critical step in
establishing uteroplacental circulation. As pregnancy progresses, the number of vCTs decreases and
few is observable at term underneath the SCT.
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Figure 1. (A) Blastocyst implantation and Placenta Development: After recognizing the uterine lining,
the blastocyst is formed by the embryoblast (EB) and the cytotrophoblast (CT). The cytotrophoblast
starts to differentiate into Synctiotrophoblast (SCT). SCT invades the endometrium towards the maternal
spiral arteries located in the myometrium. deregulation of numerous genes is observed [19]. Lacunae
develop in the syncytiotrophoblast, which will eventually constitute the intervillous space. Genes
upregulated during villi formation are presented on the right figure [20]. Other cytotrophoblasts will
invade the maternal spiral arteries by differentiating into Extravillous trophoblast. (B) Gene Ontology
of genes differentially methylated in PE compared to control samples: (Left) in normal pregnancies,
extravillous trophoblast (EVT) invades the maternal spiral arteries allowing for an increased blood stream
towards the extravillous space. Nutrients cross the placenta, are directed towards the embryonic vessels
and collected in the umbilical cord. In PE, decreased invasion of the EVTs induces poor spiral artery
remodeling, leading to poor blood flow towards the placenta. Increased amount of microparticles from the
syncytiotrophoblast and increased amount of free fetal DNA is observed in the maternal blood. (Right)
Gene ontology of differentially methylated genes found in PE samples in different tissues affected during
pregnancy: Umbilical cord, placenta, EVT, Endothelial Maternal cells (see text for detail).
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2.3. Epigenetics Mechanisms in Placental Development

Epigenetic mechanisms are involved in the regulation of gene expression both during development
and in differentiated tissues [21,22]. These mechanisms include DNA methylation, histone modifications
and biogenesis and action of noncoding RNAs (ncRNAs). They regulate gene expression by modulating
the accessibility to DNA of transcription factors and other regulatory proteins. In addition, ncRNAs
also regulate gene expression at a post-transcriptional level. Epigenetic mechanisms are essential for
cellular differentiation and therefore development, as summarized in Table 1

Table 1. Epigenetic mechanisms in placental development.

Epigenetic Mechanism Target Cell Type Biological Relevance Reference

H3K9/27me3 MMP-2, MMP-9 Human placenta Related to trophoblasts motility and invasion [23]
H3K4 acetylation + H3K9

methylation Maspin Human placenta Negatively correlated with human trophoblasts
motility and invasion [24,25]

Acetylated H3 Pregnancy-Specific
Glycoproteins JEG-3 Inhibition of HDACs in JEG-3 cells up-regulated

PSG protein and mRNA expression levels [26]

HDAC3 GCMa Cell Line
HDAC3 associates with the proximal

GCMa-binding site (pGBS) in the syncytin
promoter and inhibits its expression

[27]

Acetylation of H2A and H2B Murine TSCs
Decreases the EMT and invasiveness of murine

TSCs while maintaining their stemness
phenotype

[28]

H3K4Me2; H4K20me3 Genome Wide SCTs H3K4Me2 co-localizes with active RNAP II in the
majority of STB nuclei [29]

H3K27me3 Genome Wide vCT H3K27me3 highly represented in vCT [30]

lncRNA TUG1 RND3 HTR-8/SVneo, JEG-3

TUG1 epigenetically silences RND3 transcription
by interacting with EZH2 involved in cellular

proliferation, migration and invasion in
trophoblasts

[31]

lncRNA RPAIN C1q HTR8/SVneo Inhibition of proliferation and invasion. Inhibits
C1q expression [32]

lncRNA MALAT1 JEG-3 Regulates proliferation, migration, invasion and
apoptosis [33]

lncRNA MEG3 HTR8/SVneo and JEG-3 Regulates migration and apoptosis [34]
lncRNA MIR503HG JEG-3 Regulates migration and invasion [35]
lncRNA LINC00629 JEG-3 Regulates migration and invasion [35]

lncRNA SPRY4-IT1 HuR HTR8/SVneo Regulates migration and apoptosis/interferes
with the β-catenin Wnt signaling [36,37]

lncRNA H19 Binds small RNAs and
proteins vCT, JAR Regulates proliferation and apoptosis [38]

miR-141-3p and miR-200a-3p Transthyretin (TTR) syncytitialized BeWo
Inhibits TTR expression by directly binding to
the 3’UTR of TTR. Regulate thyroxin uptake by

the SCT
[39]

miR-34
Plasminogen activator

inhibitor-1 (PAI-1),
SERPINA3

JAR Regulates invasion [40,41]

miR-155 Cyclin D1 HTR-8/SVneo attenuates trophoblast proliferation [42]
miR-17_92, miR-106a_363,

miR-106b_25 GCM1 attenuate differentiation of trophoblasts [43]

miR-675 NOMO1, Igf1R JEG3 cells restricts trophoblast proliferation [44]
C19MC miR cluster HTR8/SVneo impaired migration [45]

methylation of gene body DAXX Human placenta
Loss of methylation during both vCT

syncytialization to SCT and EVTs differentiation
to invasive EVTs

[46]

methylation of gene promoter APC Human placenta and
choriocarcinoma cells trophoblast invasiveness [47]

hypomethylated promoter MASPIN Human placenta inhibits EVTs migration and invasion [24,25,48]

Hypermethylated promoter RASSF1A Human placenta; JAR; JEG3 Possible role in cytotrophoblast development
through its effects on ID2 [49]

Genome wide methylation PMDs (Partially
Methylated Domains) human placenta: Chorionic Villi

genes involved in immune response,
Epithelial-mesenchymal transition and

inflammation
[50–52]

Genome wide methylation Genome Wide human SCTs compared to vCTs hypomethylated SCTs compared to vCTS [53]

Genome wide methylation Genome Wide BeWo and BeWo + Forskolin
DNA methylation status of numerous genes

regulated at the expression level were altered by
forskolin-induced fusion

[54]

Methylation HOX genes: TLX1,
HOXA10, DLX5 Human placenta

Increased methylation across gestation correlates
with decreased expression. Involved in SCTs

differentiation
[46]

Genome wide methylation Genome Wide Side-population trophoblasts,
vCTs and EVTs Each cell population has a distinctive methylome [55,56]

Methylation Cdx2; Eomes; Plet1;
TcFap2c

Mice trophoblast stem cells
(TSCs)

methylation regulates the expression of genes
involved in the establishment of the TSCs [57–59]

Methylation Genome Wide Blastocyst hypomethylation of the trophectoderm
compared to the inner cell mass [60]
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2.3.1. DNA Methylation

The best studied epigenetic mechanism in the placenta is DNA methylation, the covalent addition
of a methyl group to a cytosine, usually in the context of cytosine-phospho-guanine (CpG) dinucleotides.
Several reviews have been dedicated to the role of this mechanism in placental development [10,12,61].
Also, several high-throughput analyses have been performed to analyze the methylation epigenetics of
the developing placenta (Table 2, Supplementary Table S1 for the details).

Table 2. Summary of DNA methylation studies in developing placenta using genome-wide approaches.

Sample Method GEO ID Findings Reference

First-trimester and term placenta and maternal
blood Illumina HM450 2944 hypermethylated CpG sites in the first

and 5218 in third trimester placenta. [62]

First-trimester placenta and maternal blood MeDIP-Seq and
Illumina HM450

3759 CpG sites in 2188 regions were
differentially methylated [63]

Placenta (first, second and third trimester)
Illumina HM450 and

MethylC-Seq &
RNA-Seq

GSE39777
Identification of partially methylated

domains (PMDs) and differences between
placenta and other tissues

[51]

Placenta (first, second and third trimester) Illumina HM27 Increase in overall genome methylation
observed from first to third trimester. [64]

Term placenta MeDIP + custom
microarray

Tissue-specific differentially methylated
regions in the placenta [65]

Various human trophoblast populations Illumina HiSeq 2000 GSE109682
Human trophoblasts are different from

somatic cells in terms of global CpG
methylation

[56]

Methylation profiles of E18.5 term placenta of
WT and Hltf−/−mouse

Illumina HiSeq 2000
(Mus musculus) GSE114145 Hltf-gene deletion alters the epigenetic

landscape of the placenta. [66]

Fetal placental tissue of both sexes in GR+/+ vs.
GR+/−mice Illumina HiSeq 2000 GSE123188 GR mutation in mice changes the epigenome

of placental tissue in a sex-specific manner [67]

Human placentas Illumina HM450 GSE108567 Adjusting for batch effects in DNA
methylation [68]

Epigenetic mechanism of mouse embryo
development

Illumina HiSeq 2500
(Mus musculus) GSE104243 H3K27me3 and DNA methylation in

extraembryonic and embryonic lineages [69]

Samples from different normal human tissues Illumina HM450 GSE103413 Identifying candidate imprinted genes Database,
unpublished

Bisulphite and oxidative bisulphite converted
placental DNA Illumina HM450 GSE93429 Hydroxymethylcytosine and methylcytosine

profiles in the human placenta [70]

Methylation in first and third trimester
placental samples

Illumina Genome
Analyzer Iix GSE98752 Complex Association between DNA

Methylation and Gene Expression [71]

DNA Methylation in Human Fetal Tissues and
Human IPSC Illumina HM450 GSE76641 DNA methylation and transcriptional

trajectories in human development. [72]

DNA methylation of fetal membranes,
trophoblasts and villi 2nd trimester Illumina HM450 GSE98938 Genome-scale fluctuations in the

cytotrophoblast epigenome
Database,

unpublished

Developing mouse placenta Illumina HiSeq 2000 GSE84350
DNA Methylation Divergence and Tissue
Specialization in the Developing Mouse

Placenta
[73]

Villous cytotrophoblasts samples Illumina HM450 GSE93208 DNA methylation profiling of first trimester
villous cytotrophoblasts [52]

Placental tissue collected at term. Illumina HM450 GSE71719 DNA methylation and hydroxymethylation
assessment. [74]

DNA from chorionic villus from the 1st
trimester and maternal blood cell samples

Illumina HiSeq 2000
(Homo sapiens) GSE58826

DNA Methylation Predictors of Gene
Expression in the 1st Trimester Chorionic

Villus

Database,
unpublished

Methylation patterns of human placenta, blood
neutrophils and somatic tissue

Illumina HiSeq 2000
(Homo sapiens) GSE59988

The human placenta exhibits a dichotomized
DNA methylation pattern compared to

somatic tissues
[75]

mRNA and DNA methylation profiling of
Dnmt3a/3b-null trophoblasts

Illumina HiSeq 2000
(Mus musculus) GSE66049 Maternal DNA methylation in early

trophoblast development [76]

Imprinted differentially methylated regions in
hu-man villous trophoblast and blood samples

Illumina MiSeq (Homo
sapiens) GSE76273 Polymorphic imprinted methylation in the

human placenta [77]

Placental villous explant culture in different
growth conditions Illumina HM450 GSE60885 Genome-wide DNA methylation identifies

trophoblast invasion-related genes. [78]

Trophoblast methylation in NLRP7 knockdown Illumina HM450 GSE45727 NLRP7 alters CpG methylation [79]

Bisulphite converted DNA
Illumina

HumanMethylation27
BeadChip

GSE36829 Epigenome analysis of placenta samples from
newborns

Database,
unpublished

First trimester, second trimester and full-term
placentas

Illumina
HumanMethylation27

BeadChip
GSE31781 Widespread changes in promoter

methylation profile in human placentas. [80]

Chorionic villus and maternal blood cell
samples

Illumina
HumanMethylation27

BeadChip
GSE23311 DNA Methylation Analysis in Human

Chorionic Villus and Maternal Blood Cells [81]

Differentiation of Stem Cells

Contrary to mice, a Trophoblast Stem Cell (TSC) population has not yet been clearly identified
in humans, thus limiting our capacity to study the role of DNA methylation in the early stages
of trophoblast differentiation. A recent study has addressed this question using a side-population
trophoblasts, a candidate human TSC [55], isolated from first trimester placenta. The comparison of
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the methylomes of this side-population trophoblasts and the methylomes of vCTs and EVTs all isolated
from the same first trimester placenta, showed that each population had a distinctive methylome [56].
In comparison to mature vCTs, side-population trophoblasts, showed differential methylation of
genes and miRNAs involved in cell cycle regulation, differentiation and regulation of pluripotency.
In addition, the comparison of the methylomes and transcriptomes of vCTs and EVTs revealed the
methylation of genes involved in epithelial-mesenchymal transition (EMT) and metastatic cancer
pathways, which could be involved in the acquisition of the invasive capacities of the EVTs. However,
this study, as many others, failed to establish a systematic correlation between hypermethylation of the
genes and downregulated expression. Therefore, the authors conclude that although CpG methylation
is involved in the trophoblasts differentiation, it cannot be the only regulatory process.

Regulation of Homeotic Genes

Several studies have identified and established the importance of the transcription factors of the
homeobox gene family (HOX) in the development of human placenta [82–86]. Most HOX genes have
been found stably hypo-methylated throughout gestation, suggesting that DNA methylation is not the
primary mechanism involved in regulating HOX genes expression in the placenta. However, these
genes show variable methylation patterns across gestation, with a general trend towards an increase
in methylation over gestation. Three genes (TLX1, HOXA10 and DLX5) present slightly increased
methylation while their mRNA expression decreases throughout pregnancy, supporting a role for
DNA methylation in their regulation [46]. Down-regulation of these genes using siRNAs specific for
DLX5, HOXA10 and TLX1 in primary trophoblasts leads to loss of proliferation and to an increase in
mRNA expression of differentiation markers, such as ERVW-1. This suggests that loss of these proteins
is required for proper SCT development [46].

Placental Development and Cancer Pathways

The early steps of placentation are reminiscent of the invasive properties of malignant tumors.
Studies on DNA methylation in cancer cells and placental cells have highlighted similarities in
their epigenomes, particularly, a widespread hypomethylation throughout the genome and focal
hypermethylation at CpG islands. Hypomethylation within the placenta is not uniform but occurs in
large domains (>100 kb) called partially methylated domains (PMDs) which are regions of reduced
DNA methylation that cover approximately 40% of the placental genome [51]. PMDs are unique to a
few different tissue types that include the placenta, cultured and cancer cells [50,51,87]. Placental genes
within PMDs tend to be tissue-specific and show higher promoter DNA methylation and reduced
expression as compared with somatic tissues [51]. A genome-wide comparison of DNA methylation
changes in placental tissues during pregnancy and in 13 types of tumor tissues during neoplastic
transformation revealed that megabase-scale patterns of hypomethylation distinguish first from third
trimester chorionic villi in the placenta [52]. These patterns mirror those that distinguish many
tumors from the corresponding normal tissues. The genomic regions affected by this hypomethylation
encompass genes involved in pathways related to EMT, immune response and inflammation, all of
them associated to cancer phenotypes. Moreover, the authors observed that hypomethylated blocks
distinguish vCTs before 8–10 weeks of gestation and after 12–14 weeks of gestation. The analogy
between early placentation and malignant tumors at the epigenetic level is further stressed by studies
analyzing the methylation status of the promoters of several tumor suppressor genes (RASSF1A,
SERPINB5 also known as APC and Maspin, respectively) in the developing placenta and human
choriocarcinoma cell lines (JAR and JEG3) [25,49]. These studies show that promoter DNA-methylation
regulates the expression of these tumor suppressor genes which in turn affects the migration and
invasive capacities of the trophoblastic cells (As summarized in Table 1).
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2.3.2. Non-coding RNAs and Epigenetic Regulation of Placenta Development

Definition

A non-coding RNA (ncRNA) is defined as an RNA molecule that is not translated into a protein.
Classes of non-coding RNAs include transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), small RNAs
such as microRNAs (miRNAs), siRNAs, piRNAs, snoRNAs, snRNAs, exRNAs, scaRNAs and the long
ncRNAs [88]. The role of these molecules in placental development, physiology and pathology has
been recently reviewed in detail [89]. Here we will discuss solely the role of miRNAs and long ncRNAs
in the epigenetic control of placental development.

MiRNA and Normal Human Placental Development

The miRNAs are single stranded RNA molecules of 19–24 nucleotides, which act primarily by
degrading mRNA transcripts or inhibiting translation of miRNA in to proteins [90]. To date, more than
2000 human miRNAs have been discovered, which appear to regulate 50% of human RNAs [91].
A large number of miRNAs detected in the placenta are expressed from a gene cluster located on
chromosome 19 (C19MC) [92,93]. This cluster includes 46 intronic miRNA genes that express 58
miRNA species. These miRNAs are primate-specific, and they are expressed almost exclusively in
the placenta (and are thus termed trophomiRs). In the human placenta, the expression of C19MC
miRNAs is detected as early as 5 weeks of pregnancy and the expression gradually increases as
pregnancy progresses [94]. An imprinted, paternally expressed, CpG-rich domain has a regulatory role
in C19MC expression [95]. This DMR, is hypermethylated in cell lines that do not express C19MCs [96].
The C19MC region contains genomic transposable elements called “Alu repeats”, which have been
implicated in recombination and gene duplication events. Because of their sequence complementarity it
has been proposed that several C19MC miRNAs could be responsible of the targeting and degradation
of transcribed Alu elements. Also, the C19MC miRNAs are expressed in embryonic and in stem cells
but their expression drops considerably when these cells differentiate, which may indicate a role in
the maintenance of an undifferentiated state [97–101]. Several members of the C19MC cluster are
expressed at much higher levels in vCT compared with EVTs and overexpression of the C19MC cluster
results in reduced migration of the extravillous trophoblast line HTR8/SVneo [45]. The chromosome 14
miRNA cluster (C14MC) is another miRNA cluster that is expressed in the placenta [102]. This cluster
includes the miRNAs: miR-127, miR-345, miR-370, miR-431 and miR-665. These miRNAs have been
involved in the regulation of the immune suppressive, anti-inflammatory response and also in the
regulation of the ischemia/hypoxia response [103]. The expression of the C14MC members generally
declines during pregnancy [104].

The miR-675 is expressed from the first exon of the H19 long non-coding RNA. Up-regulation
of miR-675, which is controlled by the stress-response RNA-binding protein HuR, restricts murine
placental growth. Deficiency of H19, promotes placental growth and miR-675 overexpression decreases
cell proliferation, likely through targeting Igf1R [105]. Consistent with these findings, the expression of
miR-675 rises toward the end of murine pregnancy, when placental growth decelerates. In addition,
miR-675 restricts proliferation in JEG3 cells, likely through binding to the nodal modulator 1 (NOMO1)
protein [44].

Several other miRNAs are likely involved in placental development by inhibiting genes associated
to regulation of trophoblast fate, invasion and proliferation (Let-7a, miR-377, miR-145, members of
the miR-17_92 cluster, members of the miR-106a_363 and miR-106b_25 clusters, miR-155, miR-34,
miR-141-3p and miR- 200a-3p) [106,107]. As additional examples of regulation, mir-431inhibits invasion
of trophoblast cells by targeting the ZEB1 gene [108], miR-106a~303 inhibits trophoblast differentiation
by targeting hCYP19A1 and hGCM1 [43], miR-34 targets SERPINA3, a key gene in a variety of biological
processes and highly deregulated in placental diseases [41].

These miRNAs regulate diverse processes such as trophoblast physiology, proliferation and
invasion (some mentioned in Table 1 and reviewed in Reference [107]).
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lncRNA and Normal Human Placental Development

Long non-coding RNAs (lncRNAs) are RNAs greater than 200 nucleotides in length that do not
encode a protein product. They are expressed with cellular and temporal specificity and have been
involved in many cellular events, including the regulation of gene expression, post-transcriptional
modifications and epigenetic modifications, imprinting and X-chromosome inactivation [109]. They act
as scaffolds (binding other RNAs or proteins), signals and antisense decoys and engage in transcriptional
interference. Usually a single lncRNA has multiple functions. The function of lncRNAs in placental
development is poorly understood, mostly inferred from studies on placental pathologies. Nevertheless,
lncRNAs have been involved in a number of critical trophoblast functions, from proliferation, invasion
and migration, to cell cycle progression [110]. H19 was one of the first lncRNAs to be discovered [111].
H19 is located within a large imprinted domain on chromosome 11, at ~100 kb downstream of IGF2.
H19 and IGF2 are reciprocally imprinted that is, for H19 only the maternal allele is expressed, while for
IGF2, only the paternal allele is expressed [112]. H19 expression could be regulated by PLAGL1, a zinc
finger transcription factor, in the human placenta [113]. Two major functions have been described for
H19, specifically as a modulator for binding small RNAs and proteins [114] and as a source of the
miRNA mir-675 (see above). H19 has variable levels of biallelic expression in the placenta (reports
suggest between 9% and 25% expression occurs from the imprinted allele) until 10 weeks of gestation by
which time H19 expression is mostly restricted to the maternal allele [115]. H19 expression is restricted
to intermediate and vCT and is not found within SCTs in the human placenta. H19 down-regulation
in trophoblast cells leads to inhibition of proliferation and apoptosis [116]. Many other lncRNAs
have been involved in placental development, including lincRNA SPRY4-IT1, MIR503HG, LINC00629,
MEG3, MALAT1, RPAIN and TUG1 [31–37]. The study of the expression of these lncRNAs during
placental development and the manipulation of their expression in vitro in choriocarcinoma cell made
it possible to infer their possible function in the context of placental development (Table 1).

2.3.3. Histone Modifications in the Developing Placenta

Histone modification is the process of modification of histone proteins by enzymes, including
post-translational modifications, such as methylation, acetylation, phosphorylation and ubiquitination.
Histone modifications participate in gene expression regulation by modulating the degree of chromatin
compaction [117].

Our knowledge concerning the role of histones modification in human placentation is scarce and
refers mostly to studies in mice. Methylation frequently occurs on histones H3 and H4 on specific
lysine (K) and arginine (A) residues. Histone lysine methylation can lead to activation or to inhibition,
depending on the position in which it is located. For instance, H3K9, H3K27 and H4K20 are considered
as important ‘inactivation’ markers, that is, repressive marks, because of the relationship between
these methylations and heterochromatin formation. However, the methylation of H3K4 and H3K36
are considered to be ‘activation’ marks [118,119].

The heterochromatin methylation marker H3K27me3 was found to be highly active in vCT.
That was explained by rapid and transient repression of genes at the time of SCT formation. SCTs nuclei
were also found enriched for H4K20me3 [30]. However, this report contrasted with another study
reporting that the CTs were enriched with H3K4me3 and that the SCTs were transcriptionally activated
by the chromatin marker H3K4me2, which co-localized with active RNAP II in the majority of SCT
nuclei [29]. In mouse and other mammals, H3 arginine methylation predisposes blastomeres to
contribute to the pluripotent cells of the ICM, which appears to require higher global levels of H3
arginine methylation than the TE/trophoblast lineage [120]. Nevertheless, these lower modification
levels in the trophoblast lineage are indispensable for normal placental development.

Acetylation, which in most cases occurs in the N-terminal conserved lysine residues, is also
an important way to modify the histone proteins, for example, acetylations of lysine residues 9
and 14 of histone H3 and of lysines 5, 8, 12 and 16 of histone H4 by Histone Acetylases (HATs).
Acetylation is generally associated with the activation or opening of the chromatin. On the contrary,
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de-acetylation of the lysine residues by histone deacetylases (HDACs) leads to chromatin condensation
and inactivation of gene transcription. Oxygen (O2) concentrations strongly influence placental
development partially through modifications of the histone methylation codes. Initially, the gestation
environment is hypoxic and O2 concentration increases during development. Hypoxia-inducible
factor-1 (HIF-1), consisting of HIF-1α and ARNT subunits, activates many genes involved in the
cellular response to O2 deprivation [121]. HIF-1 is also known to recruit and regulate HDACs [122,123].
Moreover, HIF-1 has been found to bind specific sites on the promoter of the H3K9 demethylases
thereby inducing their expression. In particular, it induces JMJD1A and JMJD2A that remove dimethyl
marks on H3K9me2, JMJD2B [124,125] which removes trimethyl marks (H3K9me3) and more weakly
JMJD2C which converts H3K9me3 to me2 [126]. Studies in rodents have shown that HIFs have
important roles in the regulation of TSCs differentiation by integrating physiological, transcriptional
and epigenetic inputs. Thus, the crosstalk between HIF and the HDACs is required for normal
trophoblast differentiation [123,127].

Another example of histone modification during placentation, is the acetylation of histones H2A
and H2B by the CREB-binding protein (CBP). CBP acts as an acetyltransferase that decreases the EMT
and invasiveness of murine TSCs while maintaining the properties of stem cells [28].

Trophoblastic fusion depends on the regulation of GCMa activity by HATs and HDACs. Human
GCMa transcription factor regulates expression of syncytin, which in turn mediates trophoblastic fusion.
It has been demonstrated that CBP-mediated GCMa acetylation underlies the activated cAMP/PKA
signaling pathway that stimulates trophoblastic fusion [27]. Human pregnancy-specific glycoproteins
(PSG) are the major secreted placental proteins expressed by the SCTs and represent early markers of
cytotrophoblast differentiation. Pharmacological inhibition of HDACs in JEG-3 cells up-regulated PSG
protein and mRNA expression levels. This correlated with an increase in the amount of acetylated
histone H3 associated with PSG promoter [26]. Combined acetylation at H3K9 and H3K4 methylation
also activates Maspin, a tumor suppressor gene which is negatively correlated with human trophoblasts
motility and invasion [24,25]. The invasive capacity exhibited by EVTs is attributed in part to the
extracellular matrix degradation mediated by matrix metalloproteinases (MMPs) such as MMP-2 and
MMP-9. Differential expression of these MMPs and their tissue inhibitors (TIMPs) has been associated
to histone H3K9/27me3 [23].

2.3.4. Imprinting and Placental Development

Placentation and the Materno-Fetal Conflict

Pregnancy in Eutherian mammals is an immunological challenge as reviewed recently [128].
To note, an ancestral inflammatory response in pregnancy and parturition also exist in marsupials
(metatherians), as recently observed [129,130]. Other mechanisms are equally conserved in the formation
of the placenta, in particular the fusion mechanisms of cytotrophoblasts into syncytiotrophoblasts that
are mediated by retroviruses, in eutherians as well as in metatherians [131].

Once the placenta is formed, it will allow nutrients to transit from the mother circulation to the fetal
circulation. In the context of the maternal-fetal conflict hypothesis, tightly regulating the placentation
process and limiting placental growth is crucial for the mother survival. The genes controlling this
regulation are expected to be found different between viviparous and non-viviparous species. For this,
mammals appear as an excellent model as a group of ~4500 species divided into egg-laying animals
(prototherians, Platypus and Echidnaes, 5 species), animals with a short-lived placenta (metatherians,
Marsupials ~250 species) and viviparous species with a long-lived placenta (eutherians, i.e., all the
other mammals, where gestation length can be up to 22 months in the African elephant). One major
difference found between the genome of placental species and non-placental species of mammals is the
presence of imprinted genes only in the first group.
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Definition of Imprinted Genes and Links with Viviparity

Imprinted genes are genes that are expressed from either the maternal or the paternal allele,
mainly through differentially methylation mechanisms. Their existence leads to dramatic phenotypic
differences in animal hybrids according to the sense of the cross. For instance, interbreeding of lions
and tigers results in two morphologically different animals, if the male is the lion or the male is the
tiger, leading to a liger or a tigon, respectively [132]. While the tigon has a size like that of its parents,
the liger is the largest existing felid (up to >400 kg) and several hypotheses have been raised to explain
this fact, mostly connected to the existence of imprinted genes. Experimentally, in the 80s, Solter
and Surani carried out nuclear transfer experiments that demonstrated in mice the necessity of a
paternal and maternal genome to foster healthy development [133]. Androgenetic embryos lead to the
production of a hypertrophic placenta while gynogenetic embryos had a very small placenta and a
stunted embryo. Similarly, in humans, development from two paternal genomes leads to hydatiform
moles, where the placenta is composed of grapelike vesicles, whereas parthenogenic development
leads to the apparition of teratomas [134].

As far as we know today, imprinting is closely associated to viviparity. The sequencing of the
platypus genome in 2008 [135] revealed syntenic regions that are relatively well conserved with the
eutherian and marsupials, albeit no evidence of imprinted gene can be found in Monotremes. This may
be since acquisition of imprinting in a species seems to be associated to the progressive acquisition
of CpG islands (besides other mechanisms, such as chromosome translocations or retrotransposons
insertions), that appear absent from the platypus genome [136,137]. In marsupials (metatherians),
where the placenta is short-lived, the number of imprinted genes is more limited than in eutherian
mammals. Two imprinted regions are well conserved between metatherians and eutherians such as the
PEG10 and the H19-IGF2 regions [135]. Similarly, an exhaustive analysis of the transcriptome of chicken
failed to identify imprinted genes, while allele specific expression does exist [138,139]. The evidence
collected therefore strongly links these genes with the placenta presence. Besides, imprinted genes
may have a strictly paternal or strictly maternal expression. Series of invalidation experiments in mice
indicated that paternal genes tend to increase placental growth while maternal genes tend to limit this
growth [140].

Example of the H19-IGF2 Cluster; Cross Species Conservation of Imprinted Genes

A well-known example of this is the H19-IGF2 cluster localized distally at 11p15.5 in humans and
7qF5 in mice. In both species, the structure of the locus is conserved (about 100 kilobases separating the
two genes, with differentially methylated regions inside IGF2 and nearby H19). An IMC (Imprinting
Control Region), located 3 kb from the starting point of H19 has also been identified, with seven
binding sites for the ZNF transcription factor CTCF. H19 is expressed exclusively form the maternal
allele, while IGF2 is expressed from the paternal allele. In mice, a placental specific promoter of Igf2
was discovered. The selective invalidation of this promoter [141] leads to a strong decrease of placental
development and placental growth. By contrast, the invalidation of H19, leads to placental and fetal
overgrowth [142]. Amongst other imprinted genes that affect placental and fetal growth besides H19
and IGF2 are paternally expressed genes, generally identified in mice (Peg1, Peg3, Rasgrf1, Dlk1) and
maternally expressed genes (Igf2r, Gnas, Cdkn1c, Grb10).

Interestingly, in mice, the decoy receptor of Igf2, Igf2r is imprinted and with a maternal profile of
expression. In humans, surprisingly, the imprinting status of IGF2R seem to be erratic, polymorphically
imprinted according to the human individual analyzed. This was first published in 1993 [143] that
showed that 2 out of 14 fetuses had an exclusive expression from the maternal allele. Recently it was
shown that IGF2R is duly imprinted in macaques [144], showing that even in primates, the imprinting
status can vary between relatively close species. Overall, it appears that many placental imprinted
mouse genes are biallelic in their expression in humans [145]. Reciprocally, in a study aiming at
identifying novel imprinted genes in the human placentas, we compared variants of the placental
DNA versus those of cDNAs from the same placentas using SNP microarrays [146,147]. In addition to
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four known imprinted genes (IPW, GRB10, INPP5F and ZNF597), we could identify 8 novel imprinted
genes in the human placentas (ZFAT, ZFAT-AS, GLIS3, NTM, MAGI2, ZC3H12C, LIN28b and DSCAM).
Using a mouse cross allowing the following of the allelic origin, we found an astonishing variegation
of the imprinting status: only Magi2 was imprinted in the mouse species.

Imprinted genes may have a general impact on the global methylation status of the placenta.
For instance, recently a polymorphism located at the IGF2/H19 locus was shown associated to placental
DNA methylation and birth weight in association with Assisted Reproductive Technologies usage [148].

Imprinted genes deregulation in the placenta is linked to placental diseases, as reviewed in
References [149,150]. In a recent study, Christians and coworkers, analyzed a list of 120 imprinted
genes in relation with global expression of 117 placental samples, including PE and Intra Uterine
Growth Restriction (IUGR) cases [151]. The authors identified a significant correlation between
birth weight and the expression level of imprinted genes but without significant differences between
paternally versus maternally expressed genes. Imprinted genes were also more heavily deregulated
in preeclampsia than other genes and in this case paternally expressed genes were down-regulated,
while maternally expressed genes were up-regulated. The trend was similar for IUGR. Interestingly,
the two human-specific microRNA clusters (C19MC and C14MC), both appear to be imprinted
(paternally and maternally expressed) for C19MC and C14MC, respectively, clusters that have been
duly studied by the team of Yoel Sadovsky [45,89,152]. Recently, we identified duplication in the
19q13.42 imprinted region encompassing the C19MC cluster [153], from a male 26 weeks fetus with
severe IUGR, suggesting that a double dose of the miRNA could contribute to the disease. This suggests
links between miRNA regulation, imprinting status and the putative consequences for fetal health
and growth.

3. Epigenetic Alterations in Preeclampsia

3.1. DNA Methylation Alterations in Preeclampsia

Anomalies of DNA methylation in preeclampsia have been analyzed from different cellular
sources. Besides the analysis of placental cells, investigators have analyzed circulating maternal
blood cells or cell-free DNA, as well as maternal endothelial cells (much less accessible, though) and
cord-blood white blood cells (of fetal origin). A list of genes of which methylation was found altered is
presented as Table 3.

A summary of epigenetic mechanisms at work in PE is shown in Figure 2.

3.1.1. Methylation Alterations in the Preeclamptic Placenta

Common Alterations of Gene Expression in PE are Associated to Methylation Alterations

Numerous studies revealed altered expression of various genes in the pathological placentas
(as synthesized previously [154]). These alterations of gene expression are partly explained by the
existence of epigenetic deregulations. In PE, numerous methylation deregulations have been found
in the pathological compared to control placentas, some studies (but not all) taking into account the
gestational age, a recurrent issue when normal and pathological placentas are compared, for which
there is often a more than 6 weeks difference [155–160]. The different techniques used to analyze
methylation globally are presented in a previous review [161]. These epigenetic changes probably
originate from the abnormal placental environment in PE (or IUGR), characterized by alternations
of low oxygen tension and hyperoxia. As mentioned above, hypoxia per se induces the expression
of the Hypoxia-Inducible factor (HIF1α), which binds to Hypoxia Responsive Element activating
the transcription of various genes related with angiogenesis and metastasis-associated genes [162].
Overall, abnormal oxygen signaling in the placental context leads to increased concentrations of
Oxygen Reactive Species (ROS) [163]. Oxidative stress may drive an accelerated ageing of trophoblast
cells, which could be key to understand the origin of placental disorders. Indeed, several studies
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emphasized alterations of telomere length (a mark of ageing) in preeclamptic pregnancies, with a drastic
augmentation of short telomeres in PE, especially in Early Onset PE (EOPE) [164–166]. This senescence
may be induced by alterations of the management of oxidative stress [167–169]. The accelerated
transformation of vCTs into SCTs will lead to a decrease life expectancy of the placenta and an alteration
of its capacity to bring the gestation harmoniously to its normal term.

 
Figure 2. Overview of the molecular mechanisms at play in preeclampsia. Annotations: eNOS =
Endothelial Nitric Oxide Synthase; EZH2 = Enhancer of Zeste Homolog 2; FOXP3 = Forkhead box P3;
IGF-1 = Insuline-like Growth Factor 1; ISCU = Iron-sulfur cluster; Lnc-DC = Long non-coding RNA DC;
miR-30a-5p =microRNA 30a-5p; miR-155 =micro-RNA 155; miR-210 =microRNA 210; MMP-9 =Matrix
Metalloproteinase-9; NO =Nitric Oxide; RND3 = Rho Family GTPase 3; ROS = Reactive Oxygen Species;
sENG = Soluble endoglin; sFLT1 = Soluble fms-like tyrosine kinase receptor-1; STAT3 = Signal transducer
and activator of transcription 3; STOX1 = Storkhead Box 1; TET2 = Tet methylcytosine dioxygenase 2;
TIMP3 = TIMP Metallopeptidase Inhibitor 3; TUG1 = long non-coding RNA taurine-upregulated gene 1;
VEGF = Vascular Endothelial Growth Factor.

It is well known that persisting environmental variations induce changes in the epigenetic marks,
including DNA methylation. These marks can either be mere biomarkers or participate actively
in regulating genes to overcome the changing environmental conditions (although gene expression
changes are often disconnected from methylation alterations).

Overall, several of the genome-wide studies showed that the methylation profiles differ between
early and late onset of preeclampsia (EOPE and LOPE), suggesting a different etiology between these
two types of PE [170–173]. EOPE shows more pronounced genome-wide hypermethylation changes
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than LOPE, probably since it is caused by earlier alterations allowing the epigenetic reprogramming to
install earlier, in reason of the earlier cellular stress [171,174].

Using the Illumina Methylation 450 BeadChip Array, Yeung and coworkers, identified 303
differentially methylated regions in PE, 214 hyper and 89 hypomethylated, after adjusting for
gestational age. The genes located nearby or encompassing hypermethylated regions were enriched in
gene-ontology (GO) terms such as “ATP transport”, in KEGG pathways, such as “steroid hormone
biosynthesis”, “cellular senescence” and Reactome pathways, such as “Vpr-mediated induction of
apoptosis by mitochondrial outer membrane (SLC25A6 and SLC25A4)”. The annotation of clusters also
revealed an alteration of clusters of homeobox genes, (especially HOXD genes), Wnt2 cell signaling;
fertilization and implantation genes; reactive oxygen species signaling (NOX5) and cell adhesion
(ALCAM) genes [158]. Amongst the most recent studies, Leavey and coworkers used a novel approach
based upon bioinformatics to sort 48 human PE samples through their transcriptome profile before
subjecting them to methylation analysis, using the Illumina Human methylation450K array. This made
it possible to divide the preeclamptic cases into two groups associated to abnormal methylation
marks nearby ‘immunological’ genes or more ‘canonical’ EOPE cluster, with for instance abnormally
methylated CpG in FLNB, COL17A1, INHBA, SH3PXD2A, as well as in the gene body of FLT1 [160].

In 2015, the study of Zhu and coworkers [175] was the first to analyze simultaneously methylation
and hydroxymethylation in the PE placentas. Hydroxymethylation results from the hydroxylation
of methyl-Cytosine is a first step towards the active demethylation of DNA through the action of
Ten+Eleven Translocation enzyme (TET) proteins, and could play an important role in gene expression
regulation [176]. The authors showed that the methylation level is higher in gene promoters and gene
bodies in PE versus control placenta. Surprisingly most of the clustering of the genes that were altered,
either by methylation or by hydroxymethylation were associated with nervous system development,
neurotransmitters, neurogenesis, which are presumably not relevant in a non-neural tissue as the
placenta. Nevertheless, positive regulation of vasoconstriction was also enriched as a GO term, as well
as regulation of nitrogen compounds, two pathways that have a clear biological sense in terms of
placental diseases pathophysiology (association with vascularization and with the modulation of
oxidative/nitrosative stresses).

Table 3. Differentially methylated genes in preeclampsia.

Cell Type Gene
Methylation
State in PE

Possible Target Reference

Placenta and maternal plasma SERPINB5 Hypomethylated Trophoblast Invasion [177]
First-trimester maternal white

blood cell and placenta samples ABCA1 Hypomethylated Cholesterol transporter in macrophages [178,179]

First-trimester maternal white
blood cell, placenta samples,

umbilical cord blood
GNAS Hypomethylated Diabetes, hypertension and metabolic diseases [178,179]

First-trimester maternal white
blood cell and placenta samples TAPBP Hypomethylated Peptide loading in the Histocompatibility complex [178]

First-trimester maternal white
blood cell and placenta samples DYNLL1 Hypomethylated Phosphate metabolic processing [178]

First-trimester maternal white
blood cell and placenta samples ORPD1 Hypomethylated Opioid Receptor [178]

Placenta TIMP3 Hypomethylated Metalloprotease Inhibitor [180]
Placenta P2RX4 Hypomethylated Apoptosis and Inflammation [170]
Placenta PAPPA2 Hypomethylated Insuline-like growth factor regulator [170]
Placenta DLX5 Hypomethylated Trophoblast proliferation and differentiation [181]
Placenta KRT15 Hypomethylated Cytoskeleton [182]

Placenta SERPINA3 Hypomethylated Inhibition of inflammation, pathogen degradation
and tissue remodeling [183]

Placenta FN1 Hypomethylated Cell adhesion, trophoblast proliferation,
differentiation and apoptosis [182]

Placenta TEAD3 Hypomethylated Cell homeostasis, Inflammation, Coagulation,
complement activation [184]

Placenta JUNB Hypomethylated TNF signaling pathway [182]
Placenta PKM2 Hypomethylated Cellular metabolism [182]
Placenta NDRG1 Hypomethylated Trophoblast invasion [182]
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Table 3. Cont.

Cell Type Gene
Methylation
State in PE

Possible Target Reference

Placenta BHLHE40 Hypomethylated Inhibition of trophoblast differentiation [171]
Placenta INHBA Hypomethylated Inhibition of trophoblast differentiation [171]
Placenta CYP11A1 Hypomethylated Trophoblast autophagy and steroidogenic pathway [184]
Placenta HSD3B1 Hypomethylated Steroidogenic pathway [184]
Placenta TEAD3 Hypomethylated Steroidogenic pathway [184]
Placenta CYP19 Hypomethylated Steroidogenic pathway [184]
Placenta CRH Hypomethylated Cortisol bioavailability in the placenta [184]
Placenta TFPI-2 Hypomethylated Block in endothelial dysfunction [185]
Placenta VEGF Hypomethylated Angiogenesis [186]

Umbilical cord blood, placenta
samples IGF2 Hypomethylated Embryonic development and fetal growth [179,187]

Placenta and Peripheral Blood GNA12 Hypomethylated Blood pressure [188]
Placenta CAPG Hypomethylated Macrophage function [189]
Placenta GLI2 Hypomethylated Embryo development [189]
Placenta KRT13 Hypomethylated Cytoskeleton [189]
Placenta LEP Hypomethylated Cell homeostasis and metabolism [190]
Placenta LP1 Hypomethylated Lipid metabolism [191]
Placenta CEBPα Hypomethylated Transcription stimulation of LEP promoter [191]
Placenta SH3PXD2A Hypomethylated Trophoblast invasion and podosome formation [191]
Placenta NCAM1 Hypomethylated Trophoblast-trophoblast interactions and adhesion [174]

Cord blood samples HSD11B2 Hypomethylated Cortisol transmission from the mother to the fetus [192]
Placenta WNT2 Hypermethylated Placentation and cell signaling [158,193]
Placenta SPESP1 Hypermethylated Fertilization [158]
Placenta NOX5 Hypermethylated Reactive Oxygen Species signaling [158]
Placenta ALCAM Hypermethylated Cell Adhesion [158]
Placenta IGF-1 Hypermethylated Placentation, trophoblast function, fetal growth. [194]
Placenta SOX7 Hypermethylated Embryonic development and cell fate [155]
Placenta CDX1 Hypermethylated Trophoblast invasion restriction [155]
Placenta CXCL1 Hypermethylated Chemokine inducer of angiogenesis [155]
Placenta ADORA2B Hypermethylated Placenta impairment and fetal growth restriction [155]
Placenta FAM3B Hypermethylated Cytokine activity [182]
Placenta SYNE1 Hypermethylated Nuclear organization and structural integrity [182]
Placenta AGAP1 Hypermethylated Cellular development, assembly and function [182]
Placenta CRHBP Hypermethylated Cortisol bioavailability in the placenta [190]

Placenta and maternal blood STAT5A Hypermethylated Transcription activation [195]
Placenta and maternal plasma RASSF1A Hypermethylated Tumor suppressor gene [177]

Placenta PTPRN2 Hypermethylated Phosphate metabolic processing [173]
Placenta GATA4 Hypermethylated Placenta Growth [173]

YWHAQ Hypermethylated Cellular response to reduce oxygen levels [196]

Placenta TNF Hypermethylated MMP-9 stimulation, Immune system activation,
cell survival, migration and differentiation [174]

Placenta COL5A1 Hypermethylated Extracellular matrix [174]

Placenta CDH11 Hypermethylated Trophoblast anchoring to the decidua,
syncytiotrophoblast differentiation [174]

Placenta HLA-G Hypermethylated Maternal Immune tolerance and immune rejection [197]

The major modifications of methylation occurring in preeclampsia are presented as Figure 3.

Limits of the Genome-Wide, Multicellular Approach for Preeclampsia Methylation Profiling

As mentioned earlier, a recurrent criticism of genome-wide comparisons between normal and PE
placenta is linked to the fact that in general placental samples of PE patients are collected at earlier
terms than controls. However, the existence of methylation profiles for control placentas throughout
gestation [51] now allows to make the part between the effect of the placental ageing and the effects
of the pathology per se. Other limits of these approaches are the complexity of the cell material, the
variation between the degree of severity of the disease or the various statistical tests that are used in
the different studies. Also, several studies have brought attention to the lack of reproducibility in
high-throughput genomic, transcriptomic and epigenomic studies. This has been recently discussed by
Komwar and coworkers in a recent study were they analyze the sources of variation in preeclampsia
high-throughput studies an propose a methodology to ensure reproducibility and thus facilitate the
integration of data across studies [198].
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Figure 3. Overview of major methylation alterations in preeclampsia. The main pathways are shown
in green boxes. The significant alterations in methylation may be associated either to increased or
decreased gene expression (hypermethylated in red and hypomethylated in blue).

Single-Cell Analysis, the Next Frontier to Methylation Epigenomic Approaches

Gene-scale expression studies were recently carried out at the single cell scale [199] and have
provided evidence of gene expression shifts during the CT, SCT and EVT differentiation steps,
as well as, allowed the reconstructions of differentiation trajectories. This has also been analyzed
by genome-scale DNA methylation analysis. Gamage and coworkers have analyzed by RRBS side
population trophoblasts, CTs and EVTs from human first trimester placentas [56]. Forty-one genes
involved in EMT and metastatic cancer pathways were found methylated between CT and EVTs,
possibly contributing to the invasive phenotype of these cells. In the BeWo cell model where fusion can
be induced by forskolin, RRBS analysis performed before and after fusion, showed altered methylation
of genes involved in cell differentiation and commitment, together with a gain in transcriptionally
active histone marks such as H3K4me3 [54]. Such approaches are for the moment difficult to transpose
to placenta pathophysiology. Instead, several systems where methylation influences normal placental
function have been studied. As an example, we present below the epigenetic regulation of genes
involved in placental invasion and PE.

An Example of Specific Gene Alterations of Methylation: Regulation of Invasion

MMPs are well-characterized proteins involved in trophoblast invasion and angiogenesis during
pregnancy. They constitute a family of 23 Zn2+ and Ca2+-dependent proteases that degrade the
extracellular matrix. This family of proteins presents abnormal concentration and behavior in placental
diseases such as PE [200], placenta accreta and placenta percreta [201,202]. This has been recently
reviewed for preeclampsia [203]. A decreased level of MMP-2 and MMP-9 reduces the remodeling of
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spiral arteries in early gestation. Besides, other MMPs, such as MMP-1 and MMP-14, may also have a
role in this disease. Epigenetic mechanisms are at work for controlling MMP gene expression.

Li and coworkers observed that TET2 is involved in the demethylation of the MMP-9 promoter,
this being associated to the downregulation of the protein and contributing to trophoblast shallow
invasion [204].

TIMP3, a MMP inhibitor, shows the highest methylation reduction (over 15%) in EOPE compared
to control placentas with an inverse correlation between methylation level and gene expression
suggesting an increased transcription of TIMP3 in PE placentas [180,189]. Low levels of TIMP3 lead to
poor invasion of the trophoblast and placenta hypoperfusion. Moreover, TIMP3 may be able to inhibit
angiogenesis by blocking vascular endothelial growth factor binding to its receptor contributing to
impaired placenta blood vessels development. Also, genetic variations of the gene have been associated
with cardiovascular disorders and hypertension.

3.1.2. Maternal Blood Epigenetic Marks in Preeclampsia

Alterations in the levels of many plasma and serum proteins have been associated with PE.
In 2013, White and coworkers showed that PE was favoring hypermethylation in white blood maternal
cells using the methylation-27k arrays from Illumina [205]. GRIN2b. GABRA1. PCDHB7 and BEX1
were found differentially methylated, with an enrichment of the neuropeptide signaling pathway.
The re-analysis of methylation of genes known to be involved in PE revealed that in maternal circulating
leukocytes, CpG sited from 4 genes associated with PE, POMC, AGT, CALCA and DDAH1, showed
differential methylation in PE compared to control, with moderate methylation differences (<6%) [206].
These 4 genes are known to alter immunomodulation and inflammatory response, suggesting that
at least alterations of the placental physiology in preeclampsia have epigenomic consequences on
maternal circulating cells.

During pregnancy, 3 to 6% of cell-free DNA in the maternal blood plasma is derived from the
placenta. Oxidative stress in PE leads to increased trophoblast apoptosis and the release of SCT
microparticles and a five to ten-fold increase in circulating fetal DNA in the maternal bloodstream
compared with control counterparts [207,208]. These free fetal molecules and their methylation status
have been proposed as a non-invasive biomarker of fetal and placental pathologies before the onset
of symptoms. This has been shown for Maspin, for which the unmethylated version have a median
methylation more than 5.7 fold higher in PE than control pregnancies [209,210]. Another epigenetic
marker of preeclampsia is the methylation of RASSF1A (Ras Association domain-containing protein 1)
promoter [177,211,212].

3.1.3. Maternal Endothelial Cells

There is limited access to maternal vessels in pregnancy, nevertheless DNA methylation was
assessed from this material in 2012 using the 27K methylation array of Illumina [213]. From 14.495
genes interrogated by the array, 65 genes were identified as hypomethylated in PE. Clustering
leads to identify biological processes such as smooth muscle contraction, thrombosis, inflammation,
redox homeostasis, sugar metabolism and amino acid metabolism. These alterations of the maternal
endothelium suggest potential effects on cardiovascular life of the mother after preeclampsia. Focusing
on collagen metabolism, the authors revealed an increased expression of MMP1 and MMP8 in
vascular smooth muscle cells and infiltrating neutrophils of omental arteries of preeclamptic women,
which was associated with reduced methylation in the promoters of both genes in pathological
patients compared to control patients [213]. In the same study, several other MMPs, showed reduced
hypomethylation in PE patients albeit with lower significance [214,215]. Moreover, pregnant women
under dietary supplementation may restore the reduced methylation in the promoters of these genes
and be protected against the development of PE. Interestingly, all these MMPs genes are located in
chromosome 11, which may be indicative of a specific sensitivity of this chromosome to epigenetic
changes caused by oxidative stress during the development of the pathology. The same team reported
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the reduced methylation in the promoter region of TBXAS1 gene in correlation with increased gene and
protein expression of thromboxane synthase in vascular smooth muscle, endothelium and infiltrating
neutrophils [215]. Increased levels of thromboxane synthase induce the overproduction of thromboxane
A2, a potent vasoconstrictor and platelet activator, contributing to hypertension and coagulation
abnormalities classically related to PE.

3.1.4. Cord Blood Cells

In 2014, Nomura and coworkers analyzed the global methylation profile of cord blood cells using
the LUMA technique [161] and failed to observe an actual difference but with a limited number of
controls samples (5) [216]. Genome-Wide Methylation analysis using the 450K microarray tool on
neonatal cord blood DNA showed a significant genome-scale hypomethylation in neonatal cord blood
DNA associated with EOPE, with 51,486 hypomethylated and 12,563 hypermethylated CpGs [187].
In this study the most differential methylated genes were associated with inflammatory pathways,
cholesterol and lipid metabolism, including IL12B, FAS, PIK31 and IGF1. Deregulation of both metabolic
pathways may increase the risk of cardiovascular diseases in the fetus [187]. The same microarray
approach allowed to identify 5001 mostly hypermethylated regions in umbilical cord white blood cells
and 869 mostly hypomethylated regions in the placenta [217]. In the cord blood cells, the gene networks
enriched were involved in cardiovascular system development, cell cycle, cancer, cell morphology,
infectious diseases, suggesting specific alterations that could have long-term consequences on the
fetal health.

Some studies focused on mitochondrial DNA, showing hypomethylation in PE cord blood cells.
The most affected loci are keys in mitochondria functionality: D-loop (control of mitochondrial DNA
replication), Cytochrome C oxidase subunit 1 gene (respiratory chain) and TF/RNR1 locus (necessary for
protein synthesis) [218]. Increased copy of mitochondria is observed in the placenta and maternal blood
during PE suggesting an adaptive response to stress [219,220]. This is also observed in mouse models
of PE [221]. Hypomethylation in the D-loop may lead to increased mitochondrial replication explaining
the pathological increase of mitochondrial DNA. Methylation assay in endothelial colony-forming
cells present in cord blood from PE presents differential methylation level in genes related to RNA
metabolic processes, cellular protein modification processes and in positive regulation transcription,
as assessed with the EPIC Illumina array, interrogating over 850,000 CpG [222]. However, at later
passages, an increased number of genes are abnormally methylated. This suggests that preeclampsia
may drive an altered epigenetic program in endothelial cell precursors that will be the building bricks
of the newborn vascular system and program later complications.

3.2. Non Coding RNAs

Non-coding RNAs have been found to be differentially expressed in preeclampsia by a number
of sources. Some studies have focused on investigating differential expression patterns between PE
placental samples of different severities versus control groups looking for miRNAs or lncRNA [223–226],
without generally identifying consensual signatures. With the aim of identifying potential biomarkers
that could be used diagnostically to predict preeclampsia onset, many groups have set out instead
to identify molecules differentially expressed in the plasma of patients, which could potentially be
detected by mean of a simple blood test [227]. lncRNA and miRNA are the two classes of non-coding
RNAs that have dominated the scene of non-coding molecules in preeclampsia. Other classes of
non-coding RNAs have been identified, such as circular RNAs, that appeared recently in the context of
PE development and future research will help understand the role of these molecules in the regulation
of gene expression and disease [228].

3.2.1. LncRNAs in Preeclampsia

Long non-coding RNAs are RNA molecules longer than 200 nucleotides which are involved in
regulation of cell function through a wide range of mechanisms. lncRNAs are expressed in the nucleus
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as single stranded RNA molecules, which can either function in their native form or undergo maturation
through the addition of a 5′cap and polyA tail; however, they are never translated into a protein
product [229]. They regulate cell function by a wide range of mechanisms: alteration of the stability of
target mRNAs, direct recruitment of chromatin modification enzymes, segregation of transcription
factors through specific binding sites contained within the lncRNA sequence, warehousing miRNA as
‘miRNA sponges’, a function shared with circular RNAs [230]. For a complete overview please see
Reference [231].

Transcriptomic analyses of placenta and decidua total RNAs allowed identifying differentially
expressed lncRNAs between PE and control patients, often with a difference between EOPE and
LOPE [228,232,233]. Most of these lncRNAs had been previously identified in the field of cancer
research, often associated with cell proliferation, migration and invasion [234]. As mentioned above,
given the parallels between the features of cancer cells and the trophoblasts during placentation
such as fast proliferation of the trophoblast, migration and invasion of the maternal tissues,
immunotolerance [235–238], this did not come as a surprise and has prompted extensive in vitro
research to elucidate the roles of these lncRNAs in trophoblast physiology.

In the present review, we will focus on a few lncRNAs that have been well characterized: MALAT-1,
MEG3, RNA-ATB. Finally, we will give a brief overview on how in PE some lncRNAs regulate gene
expression by altering chromatin methylation state of their target genes, through direct recruitment of
histone methyltransferases, bringing as examples PVT1, TUG1 and DIAPH2-AS1. H19 was discussed
above for its important role in placental development and miRNA encoding lncRNA.

MALAT-1

Metastasis associated lung adenocarcinoma transcript-1 (MALAT-1) was firstly identified in
lung cancer; it is a lncRNA of over 8 kb [239]. MALAT-1 normally localizes in the nucleus
where it forms nuclear aggregates called speckles involved in the regulation of splicing factors
availability [240]. MALAT-1 is overexpressed in placental pathologies associated with uncontrolled
trophoblast invasion [241], which prompted Chen and coworkers [33] to investigate its expression
in PE. Comparing RNA levels in 18 PE placentas with matched controls, MALAT-1 was found
significantly downregulated in PE placentas. Overexpression and downregulation of MALAT-1 in
JEG-3 regulates cell proliferation and invasion, while inhibiting apoptosis [33]. These findings suggest
that MALAT-1 deregulation could lead to poor invasion of the maternal endometrium, affecting
the spiral arteries’ remodeling and placenta development. Li and coworkers [242] have shown that
the role of MALAT-1 is not restricted solely to the trophoblast but has a key role in regulating the
angiogenesis and vascularization of the maternal decidua and fetal umbilical vasculature. MALAT-1
is expressed by mesenchymal stem cells (MSCs) in the maternal decidua and in the umbilical cord.
These cells are pluripotent progenitors which are able of self-renewal and proliferation, differentiate to
promote tissue regeneration, form de novo vasculature, angiogenesis and regulate immune system
responses [243]. Li and coworkers (2017) observed a decreased MALAT-1 expression in MSCs from
decidua and umbilical cord of preeclamptic pregnancies and set out to investigate its function in
these cells. Similarly, MALAT-1 promotes proliferation and protects from apoptosis in isolated MSCs.
Interestingly, coculture of MSCs with trophoblast cell line HTR-8/SVneo clearly showed how MALAT-1
overexpression could promote migration and invasion of the trophoblasts towards the MSCs layer.
Coculture of the endothelial cell line HUVECs (Human Umbilical Vein Endothelial Cells) in supernatant
obtained from MSCs which either expressed or had downregulated MALAT-1 showed how MALAT-1
promotes tube formation this process being dependent on Vascular Endothelial Growth Factor secretion.
Finally, MALAT-1 over-expression increased the levels of the IDO protein, which activated macrophage
maturation, proving its role in immune system regulation. These findings combined with the work of
Chen and coworkers (2015) beautifully illustrates how MALAT-1 has a symmetric regulatory function
in placentation: on the one hand, it promotes trophoblast proliferation, invasive and migratory
potential and on the other hand, its expression in MSCs cells helps to attract and promote trophoblast
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invasion, stimulates tube formation, promotes angiogenesis and vascularization. Increase in Reactive
Oxygen Species caused MALAT-1 and VEGF downregulation in MSCc exposed to oxidative stress in
a dose-dependent manner [242]. MALAT-1 downregulation in preeclampsia could therefore have a
huge impact on placentation and further development of the placenta over the course of gestation. It is
possible that a first triggering event maybe of immunological nature, causes an increase of oxidative
stress during implantation which will then alter the expression level of many targets, including
MALAT-1; based on the data, this consequent deregulation would have an impact on both trophoblast
and MSCs physiology, culminating in preeclampsia.

MEG3

Maternally Expressed 3 (MEG3) is an imprinted lncRNA which is expressed in many different
cell types and tissues and acts as a tumor suppressor and is downregulated in many types of cancer.
Physiologically, MEG3 acts by stabilising p53 and activating apoptotic responses [244]. Zhang and
coworkers [34] analysed MEG3 RNA levels in 30 placentas from preeclamptic women, compared
to 30 control samples and found a statistically significant 80% downregulation. These results were
consistent with those of Yu and coworkers [245] studying a cohort of 20 preeclamptic and 20 control
placentas, finding that MEG3 RNA was only 28% of the RNA levels of the control group. To elucidate
in more detail the function of MEG3 in placenta, Zhang and coworkers (2015) overexpressed MEG3
in two trophoblast cell lines (JEG3 and HTR-8/SVneo), showing enhanced antiapoptotic effects,
while downregulation of MEG3 increased the apoptotic cells. Analysis of protein markers showed
how MEG3 downregulation increased the levels of pro-apoptotic proteins such as Caspase-3 and Bax.
These results contrast with what is observed in cancer, where MEG3 expression is rather associated
with the activation of proapototic pathways, possibly suggesting a different mode of action of MEG3
in these cell types. Yu and coworkers [245] focused on the link between MEG3 expression and
endothelial-mesenchymal transition (EMT). During implantation and placentation, the trophoblasts
undergo EMT in order to be able to migrate and invade the maternal tissues. MEG3 downregulation
correlated with increased E-cadherin levels and downregulation of mesenchymal markers such as
N-cadherin, vimentin, slug (encoded by the gene SNAI2), in placental RNA and protein extracts,
placental sections and in vitro tests (HTR-8/SVneo trophoblast cell line). Changes in MEG3 expression
did not influence proliferation but MEG3 overexpression promoted migration and trophoblasts
invasion through matrigel matrixes [34,224]. Altogether, MEG3 protects from apoptosis, promotes
migration and invasion by regulating endothelial-mesenchymal transition in trophoblast cells and
therefore its downregulation possibly affects trophoblast invasion and placentation, playing a key role
in preeclampsia. Consistently, the imprinting control region (IG-DMR) of the DLK1-MEG3 cluster
was very recently found hypermethylated in human umbilical veins from preeclamptic pregnancies,
with an altered expression of both imprinted genes, a lower secretion of nitrite, VEGF and a higher
secretion of endothelin 1 (ET1) all factors able to mediate pathological mechanisms in the offspring
from preeclampsias [246].

RNA-ATB

As with many other lncRNAs, lncRNA-activated by TGFβ (RNA-ATB) was first discovered
in cancer, upregulated in hepatocellular carcinoma, it promotes cell proliferation, migration and
invasion [247]. It has been reported that in hepatocells RNA-ATB is expressed in response to TGFβ
and in fibroblasts; it can create positive feedback regulation by promoting TGFβ paracrine release.
Lnc RNA-ATB was found to be significantly downregulated in placental samples from women with
preeclampsia. Moreover patients with EOPE showed an even stronger deregulation [248]. Given the
proliferative, invasive and migratory features of trophoblasts and in particular extravillous trophoblast,
Liu and coworkers (2017) investigated lncRNA-ATB function in trophoblast cell line HTR-8/SVneo,
which is a standard in vitro model of extravillous trophoblast. While overexpression of lncRNA-ATB
increased the proliferative, migratory and invasive potential of HTR-8/SVneo cells, the downregulation
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caused a steep decrease in proliferation, migration and invasion, proving that this gene has an important
role on the physiology of the extravillous trophoblast and that its deregulation could explain an aberrant
implantation and endometrium invasion in preeclampsia, potentially being linked to incomplete spiral
artery remodeling. Whether RNA-ATB regulates trophoblast function through the interaction with
members of the miR200 family is yet to be determined. However, increased miR200 has been found to
affect the development of endometrium receptivity, negatively impacting implantation [249]. In labor,
miR200 is upregulated in the human uterus and has been associated with pre-term labor in murine
studies [250]. It seems likely that an interaction between RNA-ATB and miR200 is required for correct
placental development, gestation and delivery.

PVT1, TUG1 and DIAPH2-AS1: Regulating Gene Expression through Recruitment of Chromatin
Remodeling Complexes

lncRNAs work through different mechanisms, depending on the specific lncRNA, the cell type,
the downstream targets [231]. In the past few years a few lncRNAs have been identified in preeclampsia
as potential modulators, among which PVT1, TUG1 and DIAPH2-AS1 adopt the same mechanism
of action. lncRNA TUG1 is downregulated in preeclamptic placentas. Interference of TUG1 in
trophoblast cell lines (JEG3 and HTR-8/SVneo) negatively affected cell proliferation and growth,
migration and invasion, network formation, while it increased apoptosis [31]. Transcriptome analysis
by RNA-sequencing of HTR-/SVneo cells in which TUG1 was downregulated showed a prevalence of
affected genes involved in cell growth, migration and apoptosis. Xu and coworkers (2017) identified
RND3 as main downstream factor involved in the phenotypic effects of TUG1 downregulation. RND3
mRNA and protein levels were strongly upregulated in response to TUG1 interference in vitro and
RND3 mRNA was upregulated in preeclamptic placenta. RND3 is also known as RhoE, a GTPase that
acts as a tumor suppressor, negatively regulating proliferation, migration and invasion [251]. In vitro
experiments beautifully elucidated the mechanism by which TUG1 modulates RND3 expression—TUG1
directly interacts with the histone modification factor Enhancer of Zeste Homolog 2 (EZH2) and
recruits it to the RND3 promoter, where EZH2 drives the silencing of RND3 by tri-methylating H3K27,
resulting in strong RND3 downregulation [31]. A year later, Xu and coworkers [252] identified
another lncRNA PVT1, strongly downregulated in preeclamptic placenta, whose downregulation
negatively affects proliferation and increases apoptosis of trophoblast cell lines. PVT1 was found
to recruit EZH2 to the promoter of the transcription factor ANGPTL4, driving its repression by
increase in repressive chromatin markers: this could partially explain the phenotypic effects of PVT1
deregulation. Feng and coworkers [253] uncovered a complicated regulatory network behind PAX3
deregulation in preeclampsia which is linked with decreased proliferation, invasion and migration of
trophoblast cells [254]. PAX3 is a transcription factor downregulated in preeclamptic placentas and
this correlates with DNA hypermethylation of the promoter region [171,254]. In this study, Feng and
coworkers (2019) found that in preeclamptic placentas lncRNA DIAPH2-AS1 is upregulated along with
the transcription factor HOXD8. In vitro experiments in HTR-8/SVneo cells clarified the regulatory
network: under hypoxia the transcription factor HOXD8 is upregulated and induces expression of the
lncRNA DIAPH2-AS1. DIAPH2-AS1 recruits lysine-specific demethylase 1 (LSD1) to the promoter of
PAX3 where it alters the chromatin modification state, decreasing methylation of Histone H3. LSD1 can
also modify DNA methyl-transferase 1 (DNMT1), stabilizing it. ChIP experiments showed enrichment
of LSD1 and DNMT1 at the PAX3 promoter, which correlated with increased DNA methylation and
mRNA repression. Interference of DIAPH2-AS1 was enough to reverse the phenotype and increase
PAX3 levels [253]. These studies underscore that different epigenetic mechanisms regulate gene
expression. It is possible that certain mechanisms are favored in different cell types and future studies
will help identify the conserved regulatory networks that plays a role in the etiology of preeclampsia.
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3.2.2. micro RNA and Preeclampsia

microRNAs in Preeclampsia

The first study on microRNAs (miRs) in preeclampsia was published in 2007. In this study,
the expression levels of a subset of 157 miRNAs expressed in the placenta were tested by qRT-PCR in
human placental samples from pregnancies without any complications, with PE, and with PE and
small for gestational age (SGA) outcomes. 153 miRNA were detected in the placenta RNA samples and
three of them were found to be upregulated in PE: miR-210, miR-155, miR-200b [255]. The first global
transcriptomic analysis of microRNAs was performed with 20 PE placental samples and 20 controls,
with microarray technology by Zhu and collaborators in 2009. Comparing gene expression profiles of
the severe PE group with controls, 11 microRNAs were upregulated and 23 downregulated. Among
them, many microRNAs are organized in chromosomal clusters: downregulated clusters are found
in 13q31.3, 14q32.31, Xq26.2, Xq26.3, while upregulated clusters are found in 19q13.42 suggesting
co-regulation profiles [256]. An integrative analysis was conducted comparing distinct datasets with
the aim of identifying microRNAs–transcripts regulatory networks in preeclampsia. resulting in
the construction of a map of putative microRNA-gene target interactions in developmental process,
response to nutrient levels, cell differentiation, cell junction, membrane components [257].

Although many studies followed, most of them aimed at identifying differentially expressed miRs
in placenta and in plasma samples from PE women. Fewer studies have focused in other cell types
present in the placenta. For example, in fetal endothelial cells downregulation of miR-29a-3p and
miR-29c-3p and upregulation of miR-146a is observed in PE patients [258]. Both miR-29a and miR-29c
show proangiogenic functions by stimulating HUVECs proliferation and tube formation through
VEGFA-induced and FGF2-induced cell migration pathways [259]. However, other studies suggest an
antiangiogenic role of miR-29c through downregulation of the IGF-1 proteins at the post-transcriptional
level [260,261]. On the other hand, miR-146a inhibits the de-novo formation of blood vessels in-vitro
and reduces tube formation ability in HUVECs [260,261]. The study of the role that miRs may have in
the different cell types present in the placenta is indispensable to understand the role of this molecules
in the development of the disease. In the long term, it has also been shown that miRNA profiles in
the neonate is altered following an hypertensive pregnancy; for instance the level of mir-146a at birth
predict microvascular development three months later [262].

Many studies followed, aimed at identifying differentially expressed miRs in placenta and in
plasma samples from PE women.

In this review, we will discuss the most well characterized microRNAs miR-210, miR-155 and give
an overview of some of the research that has been carried out on circulating microRNAs, given their
potential as clinically relevant biomarkers.

miR-210

miR-210 is a microRNA involved in the regulation of mitochondrial function and hypoxia
response. It has been well characterized, in placentas as well as in different cancer and tissue types [263].
Most of the knowledge on the regulatory pathways that involve miR-210 comes from oncology
research. miR-210 has been soon identified as one of the early hypoxia-response miRs, being directly
regulated by the Hypoxia inducible factor 1α (HIF-1α) [264]. Under hypoxic conditions, miR-210
alters mitochondrial function promoting a metabolic switch to glycolysis. This is achieved by negative
targeting of genes involved in the electron-transport chain, namely iron- sulfur cluster scaffold homolog
(ISCU) and cytochrome C oxidase assembly protein (COX10). As a result, miR-210 also increases
the levels of Reactive Oxygen Species (ROS) [265]. Under hypoxia, miR-210 and HIF-1α establish a
positive feedback regulation that maintains expression of both factors. This is achieved by miR-210
downregulation of the mRNA of Glycerol-3-Phosphate Dehydrogenase 1-Like, which would otherwise
contribute to targeting HIF1α to the proteasome for degradation. Conversely, stabilized HIF1α directly
activates miR-210 expression [266].
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In endothelial cells, miR-210 is involved in regulating angiogenesis and vascularization which
are fundamental processes in placenta development. Hypoxia causes miR-210 activation which
protects endothelial cells from apoptosis and stimulates chemotaxis driven by VEGF, migration
and tube formation [267]. In preeclampsia, miR-210 was first identified as upregulated in placenta
samples by Pineles and collaborators (2007) using qPCR. In the first comprehensive study carried
out with microarray technologies, miR-210 was consistently found upregulated in placenta of severe
preeclamptic women, however in mild preeclampsia it was found to be downregulated, which might
suggest different mechanisms at play or rather different metabolic states of the placenta, with a
more pronounced ischemia in severe preeclamptic placentas [256]. Moreover, subsequent analyses
identified significantly upregulated miR-210 in plasma samples from patients with preeclampsia [181].
In the context of PE miR-210 is involved in the mitochondrial dysfunction observed, which causes
metabolic imbalance, excessive ROS production and cell damage. Similarly to what happens in cancer,
miR-210 negatively regulates ISCU which is downregulated in preeclampsia samples, directly affecting
mitochondrial architecture and functionality [268–270]. The deregulation of miR-210 was also found in
the placentas of mice from a preeclamptic model [134].

miR-210 is also an important modulator of trophoblast phisiology. In vitro studies using isolated
primary trophoblasts and trophoblast cell line JAR, proved how hypoxia induces an increase in
miR-210 levels. Artificial overexpression of miR-210 in JAR cells caused a significant downregulation
of migration and invasion. In trophoblast cells, hypoxia and ROS can activate HIF1α but more
importantly NFκ-B p50—which si found upregulated in preeclamptic placenta tissues. NFκ-B p50
binds a consensus sequence in the miR-210 promoter, activating its expression. In trophoblasts, miR-210
interacts with a perfect match with the 3′-UTR of the transcription factor homeobox-A9 (HOXA9),
causing both degradation of the mRNA and downregulation of translation. Another direct target is
Ephrin-A3 (EFNA3), a ligand of the Ephrin binding receptors, in this case miR-210 binds the 3′UTR of
the gene with an imperfect match, causing only translational downregulation. These two transcription
factors activate expression profiles involved in migration, invasion and vascularisation [181]. Therefore,
in trophoblast, miR-210 expression correlates with a negative regulation of migration and invasion,
mediated by downregulation of EFNA3 and HOXA9, in response to hypoxia, ROS and activated
NFκ-B signaling.

Further studies have identified additional downstream targets of miR-210 in preeclampsia,
which are downregulated in preeclamptic samples and whose expression is altered upon miR-210
activation in cell models. A few examples are inflammation related molecules STAT6 and IL-4 [271],
potassium channel modulatory factor 1 (KCMF1) [272], thrombospondin type I domain containing 7A
(THSD7A) [273].

This mounting body of evidence highlights a key role of miR-210 in the development and
maintainance of a preeclamptic phenotype. However it is still not clear which is the triggering
event. It is possible that complications during implantation trigger an immune response which would
create a pro-inflammatory environment, activating NFκ-B signaling, causing aberrant expression of
miR-210 and all consequent downstream cascades. Recently, Chen and collaborator (2019) analysed
the inflammatory profile of preeclamptic women, compared to patients which experienced healthy
pregnancie [274]. The concentrations of proinflammatory cytokines (IL-6, IL-17) were higher in plasma
samples from peripheral blood in the preeclampsia group. Moreover, Transforming Growth Factor β1
(TGF β1) levels were higher as well. TGF β1 has the function of promoting the prevalence of a subset
of regulatory T cells (Tregs) that maintain immunotolerance, allowing a successful implantation and
avoiding an immune response against the foetal tissues. These Tregs are characterised by expression of
the fork-head box p3 (Foxp3) transcription factor, which promotes an immunotolerant phenotype [275].
However, proinflammatory signals such as IL-6 cause the activation of T cells at the expense of
Foxp3-positive Tregs, causing an activation of inflammatory responses. Zhao and coworkers showed
that miR210 was upregulated in preeclamptic placentas and Foxp3 mRNA and protein levels were
found downregulated, previous studies had shown evidence of direct regulation of Fox3p by miR210,
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suggesting a pivotal role of this microRNA in regulating the threshold of immunotolerance by altering
the balance of Foxp3+ Tregs/activated Tcells [276].

miR-155

miR-155 is upregulated in preeclamptic placentas [255]. This upregulation correlates inversely
with the level of cysteine-rich protein 61(CYR61) [277], which is a factor secreted by different
cell types, including trophoblast, involved in promoting migration, invasion, angiogenesis and
vascularisation [278,279]. miR-155 directly targets the 3′-UTR of CYR61 mRNA with a perfect
match, causing transcriptional and translational repression. In vitro experiments (HTR-8/SVneo
trophoblast cell line) showed how miR-155 inhibits CYR61-mediated expression of VEGF, inhibiting
trophoblast migration [277]. Decreased trophoblast-mediated secretion of VEGF would negatively
affect angiogenesis and vascularisation in the site of placenta development.

miR-155 regulates trophoblast proliferation and migration also by directly targeting the cell
cycle gene Cyclin D1 [172]. Cyclin D1 is involved in cell cycle progression, migration and invasion
of trophoblast lineages, downregulated in preeclamptic placentas at both mRNA and protein
levels [280–282]. In vitro studies have shown how miR-155 through direct targeting of the 3′UTR of
CyclinD mRNA downregulates mRNA and protein levels, negatively affecting migration, causing
cell cycle arrest and decrease in proliferation in HTR-8/SVneo cells [42]. Exiting cell cycle is a step
of terminal differentiation, which suggests how miR-155 overexpression, as found in preeclampsia,
could lead to a premature differentiation of cytotrophoblasts, possibly inducing syncytialization.
This phenomenon would cause depletion of the cytotrophoblast pool, accelerating placental aging.

In sum, miR-155 modulates proliferation, migration and invasion of trophoblasts and its
expression can affect the phenotype of endothelial cells by negatively regulating VEGF release. miR-155
deregulation could have catastrophic consequences in placentation, deeply affecting trophoblast
infiltration, vascularization and angiogenesis of the developing placenta.

Circulating miR-155

Maternal plasma from preeclamptic women presented significantly statistically higher levels of
miR-155 [283]. In blood, microRNAs are quite stable and can travel through circulation, to be uptaken by
different cell types, such as endothelial and immune cells, regulating gene expression [284]. Yang, Zhang
and Ding (2017) showed how plasma levels of miR-155 positively correlate with proinflammatory
cytokine interleukin-17 (IL-17) and with proteinuria and urine podocytes counts in women with
preeclampsia. Similarly to miR-210, miR-155 promoter presents a binding site for NFκ-B and can be
activated by this inflammation master regulator, which could suggest a similar pattern of regulation
for miR-155 and pro-inflammatory factors, other than a direct interaction between these genes [285].

miR-155 in Endothelial Cells

Endothelial cells play a fundamental role in placentation given the copious vascularisation and
angiogenesis that takes place in the maternal endometrium during placentation. In preeclampsia,
pro-inflammatory factors and secreted molecules from the preeclamptic placenta produce an excessive
activation of the maternal endothelium, resulting in endothelyal dysfunction, culminating in
inflammation, blood pressure changes, downstream systemic effects [286]. miR-155 has been found to
be downregulated in human umbelical vein endothelial cells (HUVECs) from preeclamptic women,
compared to HUVECs from healthy pregnant women [287]. This downregulation correlated with
an increase in Angiotensin II Receptor 1 (AT1R) and increased phosphorylation of Extracellular
Signal-regulated Kinases1/2 (ERKs), identifying AT1R as direct target of miR-155 [287]. Activation of
the Angiotensin II- AT1R through ERK1/2 in endothelial cells causes cell cycle arrest and initiation of
senescence pathways; miR-155 depletion-dependent increase in AT1R will render endothelial cells
more sensitive to blood level of Angiotensin II, promoting endothelial damage [288].
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miR-155 has been implicated in regulating Nitric Oxide (NO) production in endothelial cells.
NO is a potent vasodilator and reduced levels of NO have been associated with preeclampsia
etiology [289,290]. In vitro studies using HUVECs proved how endothelial Nitric Oxide synthase
(eNOS) mRNA is a direct target of miR-155; proinflammatory stimuli upregulate miR-155 expression in
these cells in vitro, downregulating eNOS and NO production [290]. As mentioned above, microRNAs
can be found in plasma and miR-155 is upregulated in plasma of women with preeclampsia [69].
microRNAs can be free in circulation or travel inside vescicles and exosomes, which can be uptaken by
target cells, activating signaling pathways, affecting expression profiles [291]. Shen and collaborators
(2018) elegantly showed how exosomes from plasma samples of preeclamptic patients can affect
eNOS mRNA and protein levels in HUVECs [292]. In particular, treatment of HUVECs in vitro with
isolated exosomes from plasma of preeclamptic patients (compared to exosomes from control group)
caused a statistically significant decrease in eNOS mRNA and protein levels, which correlated with
decreased NO production. When analysing the composition of the exosomes, miR-155 was found to be
upregulated in the preeclamptic group. Follow up in vitro tests proved how miR-155 located in the
exosomes affects eNOS regulation in endothelial cells.

miR-155 in Vascular Smooth Muscle Cells

In arteries and arterioles, endothelial cells are interspaced by vascular smooth muscle cells
(VSMCs) which thanks to their contractile properties allow vasoconstriction and vasodilation to
occur, accomodating for changes in blood pressure. VSMCs generally present a contractile phenotype
characterised by elongated spindle-like morphology, high concentration of contractile filaments.
In response to external stimuli, they can switch to a synthetic phenotype characterised by loss of
contractility markers, rhomboid morphology, increased proliferative and migratory potential; in this
state VSMCs cells lose the ability to modulate vascular resistance [293]. Phenotypic regulation of
VSMCs is driven by soluble guanylate cyclase (sGC) which increases intracellular levels of guanosine
monophosphate (cGMP), key messenger molecule. cGMP is the substrate of cyclic GMP-dependent
protein kinase (PKG) which activates downstream signaling pathways promoting VSMCs contractile
phenotype. Nitric Oxide produced by endothelial cells positively modulates sGC activity, favouring
vasodilation through enhancement of the VSMCs contractile phenotype [294,295].

In the presence of proinflammatory cytokine Transforming Necrosis Factor α (TNFα), miR-155
was found to be directly activated by NFκ-B in in vitro model of VSMCs. The upregulated miR-155
directly interacts with the 3′-UTR of the mRNA of PKG1 [296] and of the β1 subunit of guanylate
cyclase (sGCβ1), resulting in translational repression and mRNA degradation [297]. As a consequence
of sGCβ1 downregulation, intracellular cGMP levels are strongly decreased and the downregulation
of PKG1 inhibits downstream pathways [296,297]. Park and collaborators (2019) co-cultured HUVECs
and VSMCs, observing higher cGMP accumulation in VSMCs, which is mediated by Ntric Oxide
stimulation, produced by the endothelial cells [297]. This could be countered by ectopic miR-155
expression in VSMCs. miR-155 overexpressing in response to TNFα, mediating inhibition of the
sGC/PKG pathway, causes downregulation of contractile protein markers. This results in a shift
of VSMCs to a synthetic phenotype, assuming a rhomboid morphology, increasing proliferation
and migration rates. Interestingly the pro-contractile effects of Nitric Oxide could be cancelled by
miR-155 expression [296,297]. In placental vessels of preeclamptic placenta sGCβ1 mRNA levels
are downregulated [297], given the evidence provided on miR-155 repression of the sGC/PKG
pathway, we can imagine that PKG1 might be downregulated as well. In response to inflammation,
both endothelial and smooth muscle cells are affected and in preeclampsia they overexpress miR-155
which alters their ability to produce and respond to vasodilation stimuli. Taken together, this evidence
highlights the pivotal role of inflammation and miR-155 in the etiology of the preeclamptic phenotype.
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Potential Biomarkers: microRNAs Circulating in Maternal Plasma

Since the identification of circulating small RNAs in plasma samples, the prospect of their potential
use as diagnostic and predictive biomarkers has fueled extensive research [298]. In the context of
preeclampsia, the finding that small microRNAs with placental origin can travel in the blood circulation
and affect systemically different cell types opens new avenues for the understanding of the mechanisms
of this complex disease [299,300].

In Table 4 are listed some of the microRNAs that have been found deregulated in plasma samples
of preeclamptic patients. In several studies, groups of microRNAs differentially expressed have
been analyzed for their potential as predictive biomarkers of the preeclamptic phenotype [301–305].
These studies show how blood levels elevation of PE-associated microRNAs can be predictive for the
preeclamptic phenotype starting from the second trimester. Li and collaborators (2015) evaluated
the predictive values of the upregulated micro-RNAs miR-152, miR-183 and miR-210 by plotting the
corresponding receiver operating characteristic curves. In the second trimester samples, the Area
Under the Curve (AUC) indicated strong predictive values and were respectively 0.93 for miR-210,
0.97 for miR-183 and 0.94 for miR-152. Interestingly, different studies investigated the predictive
power of miR-210 and, even though all results highlighted its key role in preeclampsia and potential
as diagnostic marker, the AUCs varied in a range between 0.7 and 0.94 [301–303,305]. This variation
might be due to differences in patient cohorts, samples collections and handling; however, the fact that
miR-210 still emerged as predictive biomarker is encouraging.

Winger and collaborators (2018) collected peripheral blood cells in preeclamptic and control
patient group, analysing the expression levels of a subset of 30 microRNAs previously identified
altered in preeclampsia. 48 samples were divided in a training and a validation group. Analysis of
differentially expressed microRNAs in the training cohort identified a panel of 8 microRNAs with good
prediction values (AUC > 0.75) and p value ≤ 0.05: miR-1267, miR-148a, miR-196a, miR-33a, miR-575,
miR-582, miR-210, miR-16. The panel was successfully validated and the use of the 8 microRNAs
combined increased the prediction power of the tests [305].

From Table 4, it is possible to appreciate the heterogeneity of findings across different studies.
These discrepancies in the repertoires of circulating miRNAs complicate the identification of useful
biomarkers. This heterogeneity could partly be explained by the fact that preeclampsia is a complex
systemic disease that develops over months of gestation; therefore, the panel of circulating molecules
in blood samples might vary considerably depending of the time point at which samples are collected.
Another possible explanation might reside in the wide range of different methodologies used for the
extraction of circulating RNAs which introduce technical variability [306,307]. Moreover, there is
mounting evidence on how the current techniques are able to detect only a small fraction of the total
bulk of circulating RNAs (WO2009093254A2). Therefore, further research is still required to improve
our technical knowledge so to design better, more consistent methodologies for the identification of
circulating biomarkers, that might one day allow the design of diagnostic panels for effective early
detection and prevention of preeclampsia.

3.2.3. Additional Considerations on the Analysis of lncRNA Functions

Possible Caveats of the Current Trophoblast In Vitro Models

Many of the lncRNAs found to be deregulated in preeclamptic placenta have previously been
identified in cancers, where they have a role in regulating proliferation, migration, invasion and
apoptosis. Most of these PE-associated lncRNAs have pro-survival and pro-migration properties,
therefore downregulation is associated with activation of apoptosis, decreased migratory potential and
proliferative rate.

Once they have been found to be downregulated in preeclamptic placenta, the main objective
has been to investigate the molecular function of these lncRNAs in the context of placenta physiology
and preeclampsia. In vitro studies have seen the use of classical cellular models of trophoblast, either

123



Int. J. Mol. Sci. 2019, 20, 2837

choriocarcinoma cell lines (JEG3 and BeWo) or artificially immortalized cell lines (HTR-8/SVneo).
Through these in vitro studies it has been established that most of these lncRNAs regulate proliferation,
invasion and migration of the trophoblast.

Table 4. Deregulated miRNA in preeclampsia.

microRNA
PE

Placenta
PE

Plasma
Function Gene targets AUC References

miR-214 DOWN [308]
miR-152 DOWN [300]
miR-218 DOWN [308]
miR-590 DOWN [308]
miR-18a DOWN DOWN Promoting trophoblast migration SMAD2 [225,308]
miR-19a DOWN [308]

miR-19b1 DOWN TGFβ-signaling SMAD factors [225]
miR-379 DOWN [308]
miR-411 DOWN [308]
miR-195 DOWN [308]
miR-223 DOWN [308]
miR-363 DOWN [308]

miR-542-3p DOWN [308]
miR-144 DOWN Ischemia, hypoxia [225]
miR-15b DOWN Angiotensin-renin system [225]
miR-181a UP UP [225,308]
miR-584 UP [308]

miR-30a-3p UP [308]
miR-151 UP [308]
miR-31 UP [308]

miR-210 UP UP PTPN2 0.7 < AUC < 0.9 [225,255,300,302,
303,305,308,309]

miR-17-3p UP [308]
miR-193b UP [308]
miR-638 UP [308]
miR-525 UP [308]

miR-515-3p UP [308]
miR-519e UP [308]

miR-517-5p UP UP AUC = 0.7 [304]
miR-518b UP UP [225,304,308]
miR-524 UP [308]

miR-296 UP [308]
miR-362 UP [308]

miR-574-5p UP AUC > 0.7 [302]
miR-1233-3p UP AUC > 0.6 [302]

miR-155 UP AUC > 0.7 [225,303]
miR-1267 UP AUC > 0.8 [305]
miR-148a UP Immune response HLA-G AUC > 0.9 [305,310]
miR-196a UP AUC = 1 [305]
miR-33a UP AUC = 1 [305]
miR-575 UP AUC > 0.9 [305]
miR-582 UP Trophoblast invasion, migration VEGF 1 [305,311]
miR-152 UP UP Immune response HLA-G AUC > 0.9 [256,301,312]
miR-183 UP UP Cell differentiation, apoptosis, invasion AUC > 0.9 [255,301,313]
miR-215 UP [225]
miR-650 UP [225]
miR-21 UP UP Apoptosis [225,314]

miR-29a UP [225]
miR-300 UP Trophoblast differentiation ETS-1 [315]

Annotations: AUC = Area Under the Curve; SMAD2 =Mothers Against Decapentaplegic Homolog 2; PTPN2 =
Tyrosine-protein phosphatase non-receptor type 2; HLA-G =Histocompatibility antigen, alpha chain G; VEGF =
Vascular endothelial growth factor; ETS-1 = E26 oncogene homolog 1; TGFβ = Tumor growth factor β.

Have we completely unfolded the role of PE-associated lncRNA in the human placenta? Since
lncRNAs have been previously identified in cancers, it is possible that the functions we have attributed
them in the placenta are actually a result of the fact that we are analyzing them in cell lines that
are cancer-like. Therefore, there is still the possibility that these lncRNAs have additional distinct
functions in placenta that could be highlighted using more physiological placenta models. The recent
development of placenta organoids from stem cells rises the hope for exciting new avenues, to explore
these questions [316].
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What about the Syncytiotrophoblast?

Migration, apoptosis, invasiveness and proliferation are functions shared between cancer cells and
by cytotrophoblast (CTB) especially by the extravillous trophoblast (EVT) in the placenta, the in vitro
investigations into PE associated lncRNAs have so far focused on EVT cell line models (e.g., JEG3,
HTR-8/SVneo). However, it is important to highlight how transcriptomic data from placenta samples
are a result of overall placenta gene expression levels. The extracted placental RNA comes from all
the different cell types present in the tissue and the most abundant cell populations are represented
by cytotrophoblasts and syncytiotrophoblasts (SCT). Even though it is true that CTB and EVT cells
are fundamental for implantation and correct placental development, the syncytiotrophoblast is the
functional core of the placenta itself, constituting the barrier for nutrient exchanges between fetal
and maternal vasculatures and acting as secretory organ that hormonally regulates progression of
gestation. Liu and coworkers (2017), in their work on RNA-ATB, showed a strong in situ hybridization
staining of lncRNA-ATB in the syncytiotrophoblast layer of the placenta, reinforcing the idea that
the syncytiotrophoblast might be equally affected by deregulation in the lncRNAs species [248].
Yu and coworkers (2018) work on MEG3 showed how MEG3 downregulation observed in preeclampsia
correlates with an increase in adhesion molecule E-cadherin [224]. While it is true that this molecule is
important for endothelial-mesenchymal transition, and its alteration would affect trophoblast invasion
and EVT migration, E-cadherin downregulation after cytotrophoblast cell-cell interaction has been
implicated in CTB syncytialization [317]. Suggesting that MEG3 might affect STB physiology as well.

Therefore, there are still potentially interesting questions to be raised: what are the effects of
downregulated lncRNAs on the physiology of the CTB and SCT? Do we see an alteration of the
proliferative state of the CTB, does this cause premature placental aging? Does this deregulation affect
the differentiation potential of the CTB, affecting the balance between CTB renewal and SCT terminal
differentiation? Do these lncRNAs have other functions, exclusive to placenta, other than the ones
shared with cancer?

3.3. Histone Modifications

Few studies addressed the question of histone code modifications in PE. Chakraborty and
coll. evidenced a HIF-KDM3A-MMP12 signaling cascade that promotes trophoblast invasion and
trophoblast-directed uterine spiral artery remodeling in rat placenta and human placental cells. Hypoxia
drives HIF activation and KDM3A expression, which in return will alter the histone methylation
status of genes promoting development of the invasive trophoblast lineage and tissue remodeling,
illustrated with trophoblast-derived MMP12 activation [318]. Hypoxia was also shown to affect
the histone demethylase JMJD6 (Jumonji domain containing protein 6) and JMJD6 demethylase
activity was shown to be drastically reduced in PE placenta as compared to Control Placenta [319].
Very recently, the expressions of HDACs were investigated in PE placentas and only HDAC9 was
found downregulated both at the mRNA and protein levels in syncytiotrophoblast cells. Knock-down
of HDAC9 in HTR-8/SVneo cells inhibits trophoblast cell migration and invasion. TIMP3, an inhibitory
of MMP involved in invasion and tissue remodeling, is a direct target of HDAC9, identified by ChIP
and is upregulated in the absence of HDAC9 [320].

3.4. Imprinting

Overall, preeclampsia cannot be considered an imprinting disease, despite the fact that a
recent study showed that imprinted genes are more differentially expressed in PE than other genes,
with paternally expressed genes (inducing placental growth) rather down-regulated and maternally
expressed genes upregulated [151]. A systematic analysis of preeclampsia placental gene expression
and imprinted genes was carried out in 2017 [321], which revealed altered expression of DLX5 in
human PE placentas but with a rather mild deregulation (~2 fold). To be mentioned as well, the first
gene identified by positional cloning in preeclampsia, STOX1, is imprinted in specific placental cell
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subtypes [322,323]. The mutation originally found in STOX1 has rather a gain-of-function effect [323]
and in fact, overexpression of STOX1 induces a preeclamptic expression profile and a preeclamptic
phenotype in cells or in mice, respectively [7,324]. To note, however, we have no evidence that Stox1 is
imprinted in mice, therefore it is suspected that the mere ectopic and untimely overexpression of this
factor is the cause of the disease. The idea that an imprinted gene is implicated in preeclampsia has been
cleverly substantiated by Jennifer Graves as early as 1998 [325] and she gave theoretical reasons why
this should be the case. The future will tell us if more examples of imprinted preeclampsia-associated
genes exist in the human genome.

4. Perspectives and Conclusions

The recent years have seen the emergence of an increasing number of studies focused on the
role of epigenetics in the regulation of placental development and on its potential implication in
placental pathologies. However, we still lack a precise picture on how these epigenetic modifications
correlate with gene expression. In particular, we have a limited knowledge on how DNA-methylation
or Histone modifications impact gene expression in normal and pathological placenta development.
In addition, our knowledge on the mechanisms regulating the dynamics of the instauration of the
different epigenetic marks across development is very scarce. Nevertheless, recent studies have started
to reveal how epigenetics is involved in the regulation of important processes in placental development
such as cell fate determination, syncytialization or EVT migration and invasion. The emergence of
new technologies allowing the study of the epigenetic and transcriptomic profiles of the different cells
types of the placenta will certainly greatly contribute to improve our understanding of epigenetics
in placenta. Moreover, in the context of PE, to date, the studies analyzing epigenetic modifications
have focused on the placenta, however the antiangiogenic and cytotoxic factors released by the PE
placenta have the potential to induce epigenetics modifications in maternal target tissues (blood cells,
endothelial cells). This could impact the future maternal and fetal health and deserves to be studied
in detail. Overall, the comprehension of epigenetic regulation in preeclampsia both at the level of
the placenta and other involved organs could provide new biomarkers and therapeutic targets to
improve the management of this disease. For the moment, this has not been successfully applied
as diagnostic or prognostic of preeclampsia. One explanation of this observation could be that the
extraction of circulating RNAs from the plasma is still immature technologically, leading to discrepant
results between various laboratories and absence of consensus in defining a panel of diagnostic miRNA.
This may evolve in the future, leading to substantial exploitation of these markers in complex diseases,
including preeclampsia.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/11/
2837/s1. Table S1. High-throughput studies analyzing methylation profiles of different relevant tissues in the
context of preeclampsia [42,43,47,54–73].
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Abstract: Preeclampsia is a serious, pregnancy-specific, multi-organ disease process of compound
aetiology. It affects 3–6% of expecting mothers worldwide and it persists as a leading cause of
maternal and foetal morbidity and mortality. In fact, hallmark features of preeclampsia (PE) result
from vessel involvement and demonstrate maternal endothelium as a target tissue. Growing evidence
suggests that chronic placental hypoperfusion triggers the production and release of certain agents
that are responsible for endothelial activation and injury. In this review, we will present the latest
findings on the role of nitric oxide, asymmetric dimethylarginine (ADMA), and homocysteine in the
etiopathogenesis of preeclampsia and their possible clinical implications.
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1. Preeclampsia—Background

Preeclampsia (PE) is a serious, pregnancy-specific, multi-organ disease process of compound
aetiology. It affects 3–6% of expecting mothers worldwide and it persists as a leading cause of maternal
and foetal morbidity and mortality [1]. The diagnosis of PE is clinical. The diagnostic criteria were
revised in 2013 and 2014: it is defined as new onset hypertension developing after 20 weeks of gestation
and the coexistence of a minimum of one of the following new onset conditions: proteinuria, maternal
end- organ dysfunction (including renal, hepatic, haematological, or neurological complications), or
uteroplacental dysfunction reflected in foetal growth restriction (FGR) [2,3]. The disease can be further
clinically classified as PE with or without severe features, as well as early-onset syndrome (presenting
before 34 weeks of gestation, versus late-onset after completed 34 weeks), preterm PE (occurring from
34 + 1 but before 37 + 0 weeks), and term PE (after completed 37 weeks) [4]. The current management
of the disease mainly depends on gestational age and assessment of PE severity, focusing on blood
pressure control, maternal and foetal surveillance, and it aims to deliver the baby in optimal condition
prolongating the pregnancy without worsening state of the mother [3]. It requires individualized
calculations of risks and benefits, but unfortunately delivery still remains the only definitive treatment.

In recent times, a huge progress has been made in understanding the disease, getting scientist and
doctors closer to explain biological mechanisms underlying the development of PE that possibly can
be used to create new therapeutic strategies targeting them.

Within the last decade, subsequent studies confirmed the hypothesis of Roberts and colleagues
from 1989, who suggested that PE clinical manifestations might be due to maternal endothelium
dysfunction [5]. In fact, the hallmark features of PE result from vessel involvement and demonstrate
maternal endothelium as a target tissue. However, the placenta, as the interface between mother and
fetus, is also regarded a key and causative player in pathogenesis of PE. Growing evidence suggests
that chronic placental hypoperfusion triggers the production and release of certain agents that are
responsible for endothelial activation and injury. (Figure 1)
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Figure 1. Physiological roles of NO pathway in pregnancy and their possible influence on preeclampsia
(PE) development in two-stage model of disease. NO PATHWAY ROLE: Nitric oxide (NO) pathway
role; STAGES OF PE: Stages of preeclampsia (PE).

The development of PE involves a two-stage process [6]. The first, crucially important step is
asymptomatic and it takes place during placental invasion and differentiation. While, during normal
placentation, the embryo-derived cytotrophoblast properly invades the uterine wall, including the
myometrium and spiral arterioles and it leads to transformation of maternal spiral arteries into large
capacitance and low resistance vessels; this process is defective in preeclampsia [7–9]. The invasion
of cytotrophoblast is incomplete, restricted to superficial layers of decidua that provides inadequate
access to maternal oxygen and nutrients for the placenta and growing foetus. Poor placental invasion
leads to diminished uteroplacental perfusion pressure and ischemia.

Abnormalities of placental invasion anticipate maternal disorder. Clinical manifestations that
define PE represent the second stage of disease. Chronic placental hypoperfusion triggers abnormal
production and the release of numerous bioactive factors into the maternal circulation. These circulating
substances target endothelial cells resulting in widespread endotheliosis, endothelial dysfunction,
generalized multi-system vasospasm, reduced plasma volume, oxidative stress, and hyperinflammatory
state. Excessive expression of antiangiogenic proteins, like soluble fms-like tyrosine kinase 1 (sFlt-1)
and soluble Endoglin (sEng), which catch circulating, decreased proangiogenic substances, like vascular
endothelial growth factor (VEGF), placental growth factor (PlGF), and transforming growth factor β
(TGFβ) result in an understanding of PE as an antiangiogenic state [10–13].
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Defective trophoblast invasion is an early event in preeclampsia development. However, it has
not been resolved whether it is the reason or result of another underlying problem. It remains unclear
why trophoblast invasion is interrupted, but an altered immunological response at maternal-foetal
interphase, genetics, and environmental factors are believed to contribute, although their role may
vary between patients [14,15]. Furthermore, it is suggested that maternal susceptibility and response
to placental derangements determines the onset, severity, clinical manifestations, and progression of
the disease [16]. The most recent theory identifies PE as a complex disease with two distinct clinical
presentations. The first, placental phenotype is associated with shallow trophoblastic invasion and
restricted foetal growth, as opposed to PE associated with maternal metabolic syndrome. The second
phenotype is associated with normal fetal growth and maternal low-grade inflammation, mainly due
to placental oxidative stress, placental villi overcrowding, and decidual lesions [17,18].

Nitric oxide (NO) is one of the key players in the regulation of placental blood flow. It is actively
engaged in cytotrophoblast endovascular invasion and development of the placenta, through its
unique angiogenic and vasculogenic properties [19]. Current evidence supports altered NO production
in the feto-placental unit in preeclampsia, which, by reduced bioavailability, may contribute to
vasoconstriction of the placental bed, abnormal placental perfusion, and its maternal consequences,
like increased blood pressure, systemic vascular resistance, and sensitivity to the pressors [20–25].

Asymmetric dimethylarginine (ADMA), which is an endogenous inhibitor of NO synthase (NOS),
has also been associated with impaired endothelial function and with uterine artery flow disturbances
that are characteristic for preeclampsia [24,26,27].

Homocysteine (Hcy) elevated concentrations in preeclamptic women lead to elevated ADMA
levels, since Hcy has an inhibitory effect on ADMA metabolism. Hyperhomocysteinemia (HHcy) is
also associated with endothelial cells lesions due to vascular fibrosis, which results in alterations in
the coagulation system, enhanced platelet activation, and thrombogenesis—changes that are noted in
preeclampsia [28–30].

In this review, we will present the latest findings on the role of nitric oxide, ADMA, and
homocysteine in the etiopathogenesis of preeclampsia and their possible clinical implications.

2. Metabolism and Biological Role of NO, ADMA, and Homocysteine

Furchgott initially described nitric oxide as an endothelium-derived relaxant factor (EDRF) in
1980 after attributing a vasodilatory effect on vascular smooth muscle by stimulation of cholinergic
nerves to the endothelium [31]. The identification of EDRF as NO was reported seven years later and
was awarded a Nobel Prize in Physiology or Medicine for Furchgott, Ignarro, and Murad in 1998
for their discoveries concerning nitric oxide as key transmitter in the cardiovascular system. NO is
produced through L-arginine-NO synthase pathway by converting L-arginine to L-citrulline in the
presence of oxygen and the cofactor tetrahydrobiopterin or alternative enzymatic and non-enzymatic
nitrate-nitrite-NO pathways [32,33].

Nitric oxide synthase (NOS) possess three different isoforms, namely neuronal NOS (nNOS) or
type 1, inducible NOS (iNOS) or type 2 and endothelial NOS (eNOS) or type 3 [32]. NOS1 and NOS3
are considered as constitutive NOS. Endothelial NOS is stored in plasma membrane caveolae and its
distribution and activity are regulated by numerous mechanisms [34]. Being released from endothelial
cells, NO is quickly transported to the closest vascular smooth muscle cells, where it exerts its role by
inducing the production of cyclic guanosine monophosphate (cGMP) as a second messenger. It may be
neutralized by reactive oxygen species on the way to its target cells [35].

NO is the key transmitter for the endothelium-dependent regulation of the vascular tone that is
controlled by humoral, metabolic and mechanical factors, for example, in response to increased blood
flow [36]. Furthermore, NO inhibits the adhesion and activation of platelet aggregation, abolishes the
toxic activity of superoxide ions, and acts as an anticoagulant and antiatherogenic substance [22,32].

It is also considered to have major effects on the gestational endothelial function as well as to
play a supportive role in promoting embryo survival, tissue remodelling, immunosuppression, and
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vasoregulation critical for placental nutrient transport [37–39]. The human foeto-placental vasculature
lacks autonomic innervation and, therefore, NO confers autocrine and/or paracrine effects, influencing
different aspects of physiological pregnancy. In particular, NO is the main vasodilator that is involved
in foeto-placental vascular reactivity regulation, placental bed vascular resistance, trophoblast invasion
and apoptosis, and platelet adhesion and aggregation in the intervillous space [40].

Further, the role of NO is also established in vasculogenesis, which results from the de novo
formation of vessels derived from pluripotent precursor cells and angiogenesis, the formation of
functional capillaries from pre-existing vasculature. Vascular endothelial growth factor (VEGF) is a key
particle in these processes. Its expression is mediated by NO release and was required for initiation of
vasculogenesis [41]. NO is also a critical downstream mediator of other than VEGF potent angiogenic
substances, like basic fibroblast growth factor (FGF), and angiopoietin-1 [42]. The critical role of NO
in angiogenesis has been shown in eNOS knockout mice [43]. NOS inhibition is accompanied by
defective angiogenesis, as exemplified by deficient vascular sprouting. Interestingly, NO may also act
upstream of angiogenic growth factors, because hypoxia-inducible factor-1 (HIF-1) perhaps mediated
the effect of NO on VEGF production [44].

Asymmetric dimethylarginine (ADMA), which is an analogue of L-arginine, constitutes a natural
metabolite that is found in human plasma. Dimethylarginines are formed as a result of the degradation
of methylated arginine residues in proteins [45]. Approximately 80% of ADMA undergoes enzymatic
transformation by two dimethylarginine dimethylaminohydrolases (DDAH-1 and -2) to L-citrulline
and dimethylamine, whereas kidneys excrete the rest. ADMA is endogenous competitive inhibitor
of L-arginine for all three isoforms of NOS. Elevated levels of ADMA block NO synthesis and
limit the cellular uptake of L-arginine, thereby contributing to oxidative stress and disrupting
further NO biogenesis. In this way, ADMA impairs the endothelial function and thus promotes
atherosclerosis. Therefore, it is recognized as a biomarker of endothelial disorders. The ADMA levels
are found to be elevated in patients with various cardiovascular and metabolic conditions, such as
hypercholesterolemia, atherosclerosis, hypertension, chronic heart or renal failure, diabetes mellitus,
stroke, and hyperhomocysteinemia [29,45–47]. ADMA has been shown to increase systemic vascular
resistance in humans, as an endogenous inhibitor of NOS [45].

Homocysteine (Hcy) is a sulfur-containing amino acid that is produced during the conversion of
essential amino acid methionine (Met) to cysteine (Cys) [48]. Its synthesis occurs in the transsulfuration
of dietary methionine, which is abundant in animal protein, but it can also occur in demethylation that is
related to fasting conditions. Hcy is metabolized by one of the two following pathways: remethylation
to methionine, which requires the addition of a methyl group from 5-methyltetrahydrofolate (5-methyl
THF) and the cofactor vitamin B12 (or betaine in an alternative reaction, restricted to the liver and
independent of vitamin B12); and, transsulfuration to cystathionine; and finally, to cysteine, which
requires vitamin B6 as a cofactor [49]. Methionine derivative, S-adenosyl methionine, is a cofactor
that serves as a most important methyl donor of the body, whereas cysteine is used for glutathione
synthesis or it is metabolised into taurine.

5-methyltetrahydrofolate (5-MTHF), which is the predominant circulating form of folate is
the result of a reduction of 5,10-methylenetetrahydrofolate (5,10-MTHF) catalysed by the MTHFR
(methylenetetrahydrofolate reductase) enzyme, coded by MTHFR gene, whose locus is on chromosome
1 at the end of the short arm (1p36.6) [50,51]. Polymorphisms of the MTHFR gene play a significant
role in the pathogenesis of hyperhomocysteinemia.

The definition of hyperhomocysteinemia (HHcy), generally understood as increased homocysteine
in the blood, differs between authors [52]. The total fasting concentration of Hcy in plasma of
healthy patients is low and its level is 5.0–12.0 μmol/l when the immunoassay methods are used
or between 5.0 and 15.0 μmol/L when assessed with the use of HPLC (high-performance liquid
chromatography) [53]. Modarate HHcy is diagnosed if the levels are within the range of 16 to
30 μmol/L, 31–100 μmol/L is considered to be intermediate and a value above 100 μmol/L is classified
as severe hyperhomocysteinemia [54].
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The main causes of elevations in homocysteine levels are vitamin deficiency (B6,B12,folate),
aforementioned genetic defects in enzymes that are involved in its metabolism (cystathionineβ-synthase
deficiency and MTHFR), and disease conditions that interfere in the metabolism of cofactor levels,
disturbing the transsulphuration and remethylation processes. In the general population, higher values
of Hcy are observed in men then in women, although the discrepancy diminishes with age and in
postmenopausal patients who tend to have higher Hcy levels [55].

In general, we can divide HHcys in two types: severe, but rare forms due to major genetic
defects (individuals with the rare homocystinuria typically have levels of >100 μmol/L) and more
common, moderately elevated homocysteine levels that are related to a pathogenesis, such as genetic
and environmental factors, which is observed in up to 5% to 12% of the general population [52,56].

The most common cause of severe hyperhomocysteinemia and classic homocystinuria (congenital
homocystinuria) is considered to be the homozygous deficiency of CβS (cystathionine-β-synthase).
This defect is responsible for an increase as much as up to 40-fold in fasting total homocysteine. Other
not often observed genetically conditioned states of HHcy are the homozygous deficiency of MTHFR,
deficiency of methionine synthase, and impaired activity of methionine synthase due to impaired
vitamin B12 metabolism [54].

However, the most common genetic deficiency, which occurs at large rates in various populations,
is single nucleotide polymorphism of MTHFR that has been associated with mild and moderate
(25–60 μmol/L) hyperhomocysteinemia [57]. A point mutation C-to-Tsubstitution at nucleotide 677
(677C→T) in the gene for MTHFR causes a thermolabile variant of the enzyme and has half-reduced
activity, whereas in people who are homozygousfor MTHFR C677T, there is only 30% of normal
enzyme function [54]. Another point mutation, called MTHFR A1298C, leads to 60% of normal enzyme
function. Double heterozygous (1 abnormal MTHFR C677T gene plus 1 abnormal MTHFR A1298C
gene) results in decreased reductase activity as those homozygous for the C677Tpolymorphism [58].

However, the leading cause of HHcy is folate, vitamin B12, and less commonly, B6 deficiency
due to low supply, malabsorption, and treatment with substances, such as cyclosporin, methotrexate,
fibrates, Levodopa (L-DOPA), and carbamazepine that interfere with the metabolic paths of these
vitamins [59,60]. High Hcy levels have been also associated with impaired renal function, high plasma
creatinine, smoking, coffee consumption, and alcoholism [52].

HHcy is generally recognized as an independent risk factor for coronary, cerebral, and peripheral
atherosclerosis, which was first reported by McCully in 1969 and later confirmed in a meta-analysis
of numerous additional studies [61–63]. An extend meta-analysis suggested that an increment of
homocysteine of 5 mmol/L is comparable to the increase in the risk of coronary artery disease caused
by cholesterol elevation of 0.5 mmol/L [62]. An association between HHcys and cardiovascular disease,
as well as some age-related pathologies, like stroke, Alzheimer’s disease, Parkinson’s disease, chronic
renal failure, and osteoporosis is widely described [61–72]. There are ongoing efforts to understand if
HHcy observed in vascular diseases is a causative factor or a consequence of endothelial activation [73].

3. NO, ADMA and Homocysteine in Pregnancy

During uncomplicated pregnancy, increased NOS activity in human uterine artery leads to higher
NO levels [74]. NOS3 expression raises primarily in the syncytiotrophoblasts and NOS2 activity grows
throughout pregnancy, with a peak around mid-gestation [38,39,75,76]. Physiological reduction of
blood pressure during pregnancy may greatly rely on the vasodilatory action of NO. NO contributes
to the vasodilatation of blood vessels and the decrease in vascular resistance observed during early
pregnancy, when maternal blood volume expands, while systemic vascular resistance and systemic
blood pressure both decline [22,25,75–77].

In normal pregnancy, also levels of cGMP, a second messenger of NO signalling is particularly
increased during the first trimester in plasma and urine [78]. Furthermore, a NO-cGMP pathway is
present in the human uterus and it may be responsible for maintaining its relaxation. Spontaneous
contractility in vitro was enhanced by the NOS inhibitor L-NAME (nitro-L-arginine methyl ester) and
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decreased by NO. Thus, uterine reduced the responsiveness to nitric oxide at term may play a role in
the initiation of labour [79].

Different studies on total NO in pregnancy gave conflicting results. The measurement of its
relatively stable metabolites, nitrate, and nitrite (NOx) is often employed as an indicator of NO
production and as a marker of NOS enzyme activity because NO is highly labile molecule [80]. Still, the
plasma level is influenced, not only by the production, but also by the clearance of NO derivatives [79].
Some studies found that NO production increases with gestational age during normal pregnancy,
especially in the second trimester, and it peaks in the third trimester [81–83]. However, contrary
results were also published reporting that maternal circulating nitrite level decreased with advancing
gestation [84], or even that there were no changes in NO production when compared to the nonpregnant
state [85,86].

Likewise, studies investigating the circulating levels of NO in preeclampsia have also reported
conflicting results [87]. These observations suggest that the status of NO biosynthesis in women during
normal pregnancy and preeclampsia remains to be defined.

3.1. ADMA in Pregnancy

In normotensive pregnancy, the maternal plasma ADMA levels are generally reduced when
comparing to non-pregnant group. The lowest concentration of ADMA is described during the
first trimester, when the early fall in blood pressure is accompanied by a significant fall in ADMA
concentration. The ADMA levels increase with gestational age in the second and third trimester [24,26].
These findings lead to a conclusion that, in early pregnancy, the reduction in ADMA and concomitant
increase in NO are responsible for previously described hemodynamic adaptation, a higher need of
organ perfusion in pregnancy, and uterine relaxation. In advanced pregnancy, physiologically increased
ADMA levels thus help to prepare the uterine muscle fibers for the higher contractile activity before
the labour. This is reflected by the higher ADMA concentrations after caesarean birth when compared
with vaginal delivery and it may contribute to decreased nitric oxide production and bioavailability in
neonatal vascular beds [88].

3.2. Homocysteine and Pregnancy

The homocysteine plasma levels fall in normal pregnancy [89,90]. An increase in plasma
volume and associated haemodilution, glomerular hyperfiltration and postulated raised foetal need for
methionine are mechanisms considered to contribute to this effect [91]. The importance of homocysteine
to early foetal metabolism is demonstrated in a number of studies [92].

The reference values for HHcys in pregnancy that are proposed in one study were established as:
higher than 7.7 mmol/L in the second trimester, and 10.5 mmol/L in the third trimester [93], although
different authors usually defined their own cut-off values.

In the pathology of pregnancy, the disturbance of maternal homocysteine metabolism has been
linked with recurrent pregnancy loss, deep venous thrombosis, foetal neural tube defects, and various
conditions characterized by placental vasculopathy, such as preeclampsia, foetal growth restriction,
and abruption [94–98].

4. NO, ADMA, and Homocysteine in Preeclampsia

4.1. NO Pathway Dysfunction in PE

In preeclamptic patients, like in normotensive pregnancies, the measurements of total NO
concentration have shown variable results, ranging from decreased [81,99,100], unchanged [101], and
increased [102,103] levels of circulating NO metabolites. The dietary intake of these substances could
also influence the disparity, although a study that was conducted on women with PE, subjected to
a reduced nitrate/nitrite diet, did not show decreased endogenous NO production [78]. In fact, NO
measurements may be difficult to interpret, since they reflect the total activity of all three isoforms of

150



Int. J. Mol. Sci. 2019, 20, 2757

NOS, not just endothelial. While the whole body NO may not change in PE, in view of the evidence for
reduced endothelial NO signalling and decrease in vascular relaxation in PE, tissue-specific differences
in NOS expression and NO bioavailability could be expected. For instance, in late pregnant rats, renal
eNOS decreases by 39%, while iNOS and nNOS increase by 31% and 25%, respectively [104].

PE is associated with abnormalities eNOS-NO pathway that probably exists at different stages of
signal transduction process. There is not one particular defect, but multiple changes in key regulatory
aspects in NO signaling. In studies where serum from PE women was placed on isolated vessels, nitric
oxide-mediated vasorelaxation appeared to be absent [105].

Some studies have indicated that measuring plasma nitrite levels may reflect endogenous NO
formation because NO is rapidly oxidized to nitrite. This is because 70% of plasma nitrites derive
from NO synthase activity in the endothelium and its inhibition was associated with corresponding
decreases in plasma nitrite concentrations [106,107]. By only using nitrite levels (which may be a better
measure than total nitrite + nitrate), a reduction from 40 to 60% of total whole blood or plasma nitrite
concentration was reported in PE women [108–110].

There is clinical evidence for the link between impaired NO formation and antiangiogenic factors
overexpression in preeclampsia. Significant negative correlation between two antiangiogenic factors:
sEng and sFlt-1, and nitrite concentrations was described [110], which suggested a possible inhibitory
effect caused by these substances on the production of NO in patients with preeclampsia. Experimental
studies have shown that NO increases proangiogenic VEGF and PIGF and it decreases sFlt-1 in hypoxic
human trophoblast cells [111].

Using the nitrate reductase assay to measure NO, also a correlation between reductions in plasma
NO with disease severity was identified, such that the levels were about 30% lower in severe PE vs.
healthy pregnant controls [112].

Attempts to assess eNOS activity in PE led to the conclusion that it is still unknown whether eNOS
deficiency plays a causal role there. In the murine model, chronic NOS inhibition reversed systemic
vasodilation and glomerular hyperfiltration in pregnancy, which suggested its role for endothelial
damage and decreased NO in the pathogenesis of preeclampsia [113]. However, different study with
the use of eNOS knockout mice showed reduced uterine artery diameter, spiral artery length, and,
as a consequence, diminished uteroplacental blood flow, resulting in elevated markers of placental
hypoxia in the junctional zone. Even so, interestingly, sFlt-1concentration was not elevated in the
eNOS knockout mice [43].

Data from PE women is quite limited and without consensus on eNOS expression, as higher,
lower, and unchanged levels of mRNA or enzyme have been reported. Several human studies failed
to detect any significant differences in the circulating levels of eNOS [114,115]. One of the earliest
studies on eNOS activity found an increase in eNOS expression in syncytiotrophoblast, foetal terminal
villous capillary, and stem villous vessel endothelium, whereas the lack of eNOS expression in vascular
terminal villi and weak expression in endothelial cells of villous vessels in placenta from normal
pregnancy was noted [116]. These results are supported with a recent finding that caveolar eNOS
expression is increased in PE placentas [117]. However, this stays in contrast to the observed similar
placental levels of eNOS activity in PE patients [118], and to a more recent study in which placental
syncytiotrophoblast eNOS expression was even decreased [119]. Apart from these confusing findings,
altered placental eNOS levels may not directly relate to peripheral vascular endothelial function.

The reduced availability of eNOS substrate (L-Arginine) or the competitive inhibition by ADMA
constitute other factors that may contribute to dysfunctional endothelial NO signalling in PE. One
of proposed animal PE models involves administering the aforementioned L-NAME, a competitive
inhibitor of arginine, which leads to maternal hypertension and proteinuria, and reduced foetal weight
in a dose-dependent way [120]. L-NAME-induced hypertension and high circulating levels of sFlt-1
could be attenuated by the administration of exogenous sodium nitrite, and in this way restoring NO
bioavailability [121].
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In pregnancies that are complicated by PE, the ADMA levels are significantly higher than in
both normotensive gestational age-matched and the nonpregnant control group [24,115,122–124].
Even higher concentration of ADMA in patients with early-onset PE may suggest a relationship
between disease severity and determining the time of PE clinical manifestation [125,126]. Moreover,
ADMA may have a predictive value in PE, since its modestly (+26%) elevated concentrations were
observed as early as in the first trimester [127] and significantly elevated during second trimester in
pregnancies that developed PE in more advanced gestational age [128]. Another hypotesis is that
increased ADMA concentration may contribute to development of PE in early pregnancy, leading to
impaired placentation and its consequences [126]. The association of abnormal uterine artery Doppler
waveforms with elevated ADMA levels [129,130] supports the role of endogenous NOS inhibitors
adversely affecting maternal vasodilation and blood pressure.

It has been postulated that hyperhomocysteinemia (HHcy) may contribute to the development of
PE, as it leads to endothelial dysfunction and accumulation af ADMA [29,30].

4.2. Homocysteine in PE

The association of hyperhomocysteinemia and preeclampsia has initially been suggested by
Decker et al. [131], and all authors have not confirmed it. However, the majority of evidence suggests a
positive correlation.

Higher maternal plasma homocysteine concentrations in preeclamptic pregnancies as compared
to normotensive were widely reported [93,125,130,132–137]. Overall, these differences seem to be
present at all of the investigated time points across the gestation, starting from early pregnancy before
20 weeks [138–142] and in both severe and non-severe forms of PE. Comprehensively, this finding led
to a conclusion that high homocysteine in early pregnancy constitutes a risk factor for PE. Therefore,
attempts to introduce Hcy measurement into a screening test for PE to improve the prediction model,
for example, by combining it with uterine artery Doppler test in the second trimester, resulted in being
valuable [140]. However, there are also studies that rejected an association between elevated Hcy
in early second trimester and subsequent PE [143–145]. This could result from differences in study
designs, laboratory techniques, and disease definitions, among other reasons, which may be further
investigated in a systematic review.

Still, most of the papers focus on the third trimester [93,130,132–135,137], where the differences
between HHcys in severe and non-severe PE are marked. Pregnant women complicated with
severe preeclampsia displayed significantly higher serum Hcy levels than with non-severe
form [93,112,132,134,136,146]. Thus, homocysteine concentrations positively correlating with the
clinical presentation of disease may constitute a marker of severity of preeclampsia.

Besides elevated Hcy concentrations in maternal plasma, the majority of authors analyse the
possible association with either folate or vitamin B12 deficiencies, as well as NO pathways in
preeclamptic patients. Here, contrary results are presented. Folate and vitamin B12 serum levels were
described as unchanged [132,134,135] in PE when comparing to normotensive healthy women with
uncomplicated pregnancies. However, opposite results indicating these vitamins deficiencies were also
reported [135,146]. Nevertheless, further studies are needed to confirm whether the prescription of
these vitamins could decrease serum homocysteine, thereby possibly reducing the risk of preeclampsia
or (if it occurs) its severity.

Interesting association between HHcy and NO signalling pathway was reported. Homocysteine
inhibits the expression and activity of dimethylamino dimethyl hydrolase (DDAH), which is the enzyme
degrading ADMA to citrulline and dimethylamine [22,147–149]. It has been suggested that elevated
ADMA is a mediator of endothelial dysfunction in hyperhomocysteinemia due to this metabolic
relation [148,150]. HHcy, leading to accumulation of ADMA, may contribute to eNOS blockade and
NO deficiency in the presence of general appropriate concentration of its synthase. The reduced release
of NO by endothelial cells in HHcy was observed, suggesting the impairment of the eNOS pathway by
DDAH inhibition [29].
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The hypothesized mechanisms of disease linking homocysteine to preeclampsia are complex and
still incompletely understood.

To date, vascular endothelial cell dysfunction that is provoked by an elevated level of homocysteine
(Hcy) is suggested to be the most important connection. However, some authors questioned whether
mild HHcy observed in PE, with Hcy values that are similar to those found in normotensive
non-pregnant women, can provoke damage of the vascular endothelium. They postulate that
this damage can be mediated rather by oxidative stress, as endothelium of pregnant women might be
more vulnerable to oxidative injury [151]. Hyperhomocysteinemia is also associated with lesions in
endothelial cells, due to vascular fibrosis, which results in alterations in coagulation system, enhanced
platelet activation, and thrombogenesis—changes that are noted in preeclampsia [28–30].

On the other hand, metabolism in the kidney is the major route by which homocysteine is cleared
from plasma. The association between Hcy and glomerular filtration rate (GFR) seems linear and it is
present, even in the hyperfiltrating range [152,153]. Thus, this route of elimination may be affected
by the already established preeclamptic changes in the kidney and secondarily lead to increased Hcy
concentrations in plasma [154].

5. Therapeutic Potential of NO Pathway during Pregnancy

Enhancing the NO signalling in pregnancy is still thought to be an attractive option in both
preeclampsia prevention in high-risk groups of women and treatment. There are attempts to prolong the
pregnancy with the use of NOS substrates (L-arginine and L-citrulline), as well as NO-donors (glyceryl
trinitrate, S-nitrosoglutathione, isosorbide mononitrate), natural derivatives, or vasodilators, such as
sildenafil citrate [155–158]. NO donors and substrates have been also used for the management of other
pregnancy disorders, like recurrent abortions, treatment of preterm labour, and dysmenorrhea [155].
Unfortunately, the analysis of use of these substances in PE gives conflicting results.

In vitro, nitric oxide synthase activity is inhibited by intracellular ADMA and is rescued by
L-arginine [159]. Therefore, L-arginine supplementation in pregnancy could possibly overcome
NOS blockage and its consequences. A study of intravenous infusion of l-arginine in pregnant
women showed a significant reduction in blood pressure—an effect that was greater in women with
preeclampsia [157,160]. Additionally, a significant reduction in PE incidence was described in high
risk women who received L-arginine and vitamins C and E (as antioxidants reducing oxidative stress
implicated in the pathophysiology of PE) before 24 weeks of gestation, when comparing to placebo
and only vitamin group, although the effects of L-arginine alone were not studied [161]. However, last
year, meta-analysis showed that combined vitamin C and E supplementation has no influences on the
occurrence of preeclampsia [162], although an interaction between these vitamins and L-arginine is
not well explained. Supplementation of L-arginine for pregnant women with chronic hypertension
showed less need for antihypertensive drugs use, but no reduction in the incidence of superimposed
preeclampsia [163]. Interestingly, women who go on to develop PE have been found to have higher,
not lower, plasma L-arginine concentrations [129], which can counteract the raised ADMA values, but
other vasoconstrictor effects may persist in women who are vulnerable to preeclampsia.

The Cochrane database systematic review, including six trials demonstrates, that there is insufficient
evidence to draw reliable conclusions about whether NO donors and precursors prevent PE or its
complications. Another 13 papers are still waiting to be assessed [164]. Conclusions from the review
are limited mainly due to the fact that too few women have been studied. Adverse effects that
were described during supplementation of NO donors included mainly headaches, often sufficiently
severe to stop medication. However, more recent studies clearly show that isosorbid mononitrate
and L-arginine are both effective in prevention of PE [165,166]. Besides the significant reduction of
PE incidence in the treatment groups, there was also a reduction in FGR and improvement in foetal
outcome, including less neonatal admissions to the intensive care unit.

An inorganic nitrate, NO3, with a capacity to increase the bioavailability of NO has been
recently implemented in a clinical trial with beetroot juice as a norganic nitrate (NO3−) rich dietary
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supplement [167]. It was the first trial to investigate effects of nitrate supplementation on blood
pressure in human pregnancy, according to the authors. The treatment group consisted of pregnant
women with chronic hypertension. In this group, the administration of NO3− donors significantly
increased plasma and salivary nitrate/nitrite when compared with placebo, but there was no overall
reduction in blood pressure. However, there was a highly significant correlation between changes in
plasma nitrite and only lowering diastolic blood pressure in the nitrate-treated arm [168]

Sildenafil exerts its role by inducing vasodilatation, via inhibiting phosphodiesterase and thereby
maintaining the availability of cGMP, the effector of NO activity within the cell [169]. In vivo studies
of sildenafil citrate in rat models of preeclampsia have shown a significant reduction in the production
of antiangiogenic molecules sFlt-1 and sEng [170], as well as an improvement in blood pressure,
proteinuria, uteroplacental and foetal perfusion after treatment [171]. Lately, a randomized controlled
trial to evaluate PE therapy with sildenafil showed that, when compared to controls (receiving a
placebo), therapy with sildenafil resulted in four days prolongation of pregnancy [158].

Glyceryl trinitrate (GTN), which is commonly known as nitroglycerin, is a widely used organic
nitrate in clinical practice, particularly for the treatment of angina pectoris. Transdermal nitroglycerin
patches have been the focus of various studies, for both the prevention and management of PE
and related disorders. Studies of both forms: transdermal [172,173] and sublingual GTN [156] in
preeclamptic patients consistently showed a significant reduction in blood pressure and resistance
in the uterine artery without an adverse effect on the foetal Doppler parameters. Nonetheless, these
studies have highlighted the potential use of GTN as an antihypertensive agent in PE. However,
it remains to be established whether GTN offers any competitive advantage over already existing
treatment options. Certainly, the major disadvantage of organic nitrates, in general, and GTN, in
particular, is the development of tolerance upon continuous dosing, necessitating the requirement of
regular ‘nitrate-free’ intervals.

6. Conclusions

New therapeutic options emerge as our understanding of preeclampsia improves. Enhancing NO
pathway, by overcoming eNOS block and neutralizing raised ADMA values and by homocysteine
reduction, may be a perspective goal in the treatment and prevention of PE.

Still new, prospective clinical trials are needed to safely develop effective management strategies
with the use of pharmacological modulators of the NO system, which seem to hold promise for the
treatment of preeclampsia.
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Abstract: Uncomplicated healthy pregnancy is the outcome of successful fertilization, implantation
of embryos, trophoblast development and adequate placentation. Any deviation in these cascades of
events may lead to complicated pregnancies such as preeclampsia (PE). The current incidence of PE
is 2–8% in all pregnancies worldwide, leading to high maternal as well as perinatal mortality and
morbidity rates. A number of randomized controlled clinical trials observed the association between
low dose aspirin (LDA) treatment in early gestational age and significant reduction of early onset of
PE in high-risk pregnant women. However, a substantial knowledge gap exists in identifying the
particular mechanism of action of aspirin on placental function. It is already established that the
placental-derived exosomes (PdE) are present in the maternal circulation from 6 weeks of gestation,
and exosomes contain bioactive molecules such as proteins, lipids and RNA that are a “fingerprint”
of their originating cells. Interestingly, levels of exosomes are higher in PE compared to normal
pregnancies, and changes in the level of PdE during the first trimester may be used to classify women
at risk for developing PE. The aim of this review is to discuss the mechanisms of action of LDA on
placental and maternal physiological systems including the role of PdE in these phenomena. This
review article will contribute to the in-depth understanding of LDA-induced PE prevention.

Keywords: pregnancy; placentation; preeclampsia; low dose aspirin; exosomes

1. Introduction

Pregnancy is an important event that leads to significant changes in maternal physiology.
Successful pregnancy requires involvement of a series of processes commencing from fertilization to
establishment of placental and maternal vascular connection with the fetus in correct order. Adequate
placentation is one of the prerequisites for maintaining a normal healthy pregnancy. New insights
into the placentation process involve migration, invasion, adherence, proliferation and differentiation
of the placental principal cellular component, i.e., extravillous trophoblasts (EVTs), followed by
their interaction with the pre-decasualized maternal uterine blood vessels, glands and lymphatics [1].
Placentation further evolves by digestion of the extracellular matrix where the EVTs tolerate surrounding
maternal circulatory oxidative stress and the effects of soluble cytokines [1]. Nonetheless, the allogenic
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EVTs also interact with maternal decidual immune cells to provide immune competence [2]. Any
deviation in these events may lead to pathological pregnancies, i.e., preeclampsia (PE). The broad
concept of PE pathophysiology includes defective trophoblast invasion and inadequate uterine spiral
arterial remodeling in the first trimester that follows with reduced uteroplacental perfusion [3]. This
subsequently leads to poorly perfused and stressed placental syncytiotrophoblasts that release a range of
mediators causing endothelial dysfunction and PE clinical manifestations [3]. Moreover, such abnormal
placentation leads to the secretion of abnormal levels of anti-angiogenic and inflammatory proteins
that enter the systemic maternal circulation and impair maternal systemic vascular function, resulting
in the clinical manifestations of PE. Since PE and its clinical symptoms rapidly abate after delivery
(removal of the placenta), the placenta must play a central or initiating role in this pregnancy disorder.

Novel pharmacological interventions for the prevention of PE have not been developed for
many years, as the complex pathophysiology, diversified clinical presentation of the disease and
difficulties associated with conducting drug discovery research in pregnant women have hampered
their development. Low dose aspirin (LDA) is considered to be the most effective prophylactic therapy
for reducing disease prevalence in women at high risk for developing early-onset PE. The use of
LDA in pregnant women is generally considered to be safe as it does not affect the pregnant mothers
and/or their unborn fetuses inadvertently. It has been suggested that the principal mechanism of
action by which LDA exerts its effect is via the inhibition of thromboxane production that leads to
the inhibition of platelet aggregation. Additionally, LDA has a direct positive effect on the villous
trophoblasts [4]. However, recent evidence suggests that LDA prevents the development of PE by
promoting trophoblast invasion and migration into the uterine arteries, interfering with cytokine
production and stimulating the production of proangiogenic protein placental growth factor (PlGF);
thereby, inhibiting apoptosis and premature uterine arterial remodeling [5].

Recent meta-analysis suggest that LDA (≥100 mg/day) in early gestation (before 16 weeks) is
beneficial in preventing common pregnancy complications; i.e., PE, fetal growth restriction, preterm
birth [6–9], suggesting that aspirin may have effect on implantation and early placentation [10].
Low-dose aspirin has been utilized for many years to prevent PE [11–13]. A recent individual patient
data meta-analysis observed that LDA can reduce the risk of PE development by 10% and small for
gestational age (SGA) births by 24% [14] without posing a major safety risk to mothers or fetuses other
than placental abruption in some cases [15]. Other studies reported that low dose aspirin is generally
well tolerated within both preconception and early pregnancy periods [16].

In normal healthy pregnancy, placental syncytiotrophoblast release extracellular vesicles (EVs)
including exosomes into the maternal bloodstream that contain some information (i.e., micro RNA,
mRNA, proteins) to convey from the originating cells to their distant target cells such as maternal
immune cells in order to adapt to the pregnancy associated physiological changes [17]. This EV
release is further increased from the preeclamptic placenta due to oxidative stress, causing widespread
systemic endothelial dysfunction, giving rise to maternal hypertension, feto-placental circulatory
compromise and damaging various maternal organs [17]. Some recently published reports have
suggested that LDA could influence platelet derived EV release; however, the effect of LDA on the
regulation of placental EV release is not known. Therefore, in this review, we will discuss the potential
mechanisms of action of aspirin in the context of PE prevention and the potential role of extracellular
vesicles released from the placenta in this phenomenon (Figure 1).
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Figure 1. Diagrammatic representation of preeclampsia (PE) development pathogenesis and mechanism
of prevention by low dose aspirin (LDA). In PE, syncytiotrophoblast-derived extracellular vesicles
(EVs), including exosomes, are released into the maternal circulation in increased amounts due to
inadequate placental vascular remodeling. These EVs activate the vascular endothelial cells, leukocytes
and platelets and cause dysfunction. LDA prevents the development of PE by reducingendothelial
cell dysfunction. The proposed mechanism that was investigated; acetylsalicylic acid, the crude
form of aspirin, modulates trophoblast derived exosome release and changes their proteomic and
microRNA contents.

2. Physiology of Pregnancy

Pregnancy induces a number of alterations to maternal physiology for maintaining the
correct course of pregnancy and it involves a cascade of processes commencing from fertilization
to the establishment of feto-maternal communication and cross-talk mediated via the placenta.
Preimplantation conditions, vascularisation, invasion of the embryonic cells to the maternal uterine
wall and oxidative stress are the essential regulators in the function of pregnancy events [18]. Prior
to implantation, there is a postovulatory surge of circulatory progesterone level that inhibits the
proliferation of estrogen-dependent uterine epithelium and induces secretory transformation of uterine
glands. In the early stages of development, i.e., ~day 6 of fertilization, the microvilli of the blastocyst
interact with the pinopodes of the uterine endometrial luminal epithelium in order to establish
apposition, which becomes stable through the increased adherence of the trophectoderm and the
uterine luminal epithelium. During this interaction, a range of molecules are secreted from the
immune activated cells including mucin, selectin, integrin and cadherin [18,19]. Shortly thereafter,
invasion begins and trophectoderm penetrates the uterine epithelium, invading the wall of the uterine
arteries where they interact with the cells of the maternal circulatory immune system and mediate the
remodeling of the uterine spiral arteries that supply the placenta. This is followed by deportation of
aggregates containing transcriptive materials.
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There is direct evidence that platelets are involved in the placentation process. During placentation,
trophoblasts invade the decidual stroma including the uterine glands and migrate into the maternal
uterine spiral arteries replacing the vascular smooth muscle cells to remodel the arteries as low resistance,
large caliber vessels [20]. This process ensures adequate placental perfusion by the remodeling of
maternal uterine vessels. Histological examination shows deposition of maternal platelets in the
trophoblast aggregates formed in the uterine spiral arteries. A number of studies discovered that
these platelets are activated, releasing soluble factors enhancing the invasive capacity of trophoblast
cells [21]. The trophoblasts produce a range of vasoconstrictors and vasodialators that are in balance to
maintain the placental blood flow for proper fetal development during pregnancy [22].

During pregnancy, the viscosity and coagulability of maternal blood upsurges due to the increase
in pro-coagulant agents, such as plasminogen activator inhibitor-1, fibrinogen, factor VII, VIII,
von Willebrand factor and to the reduced fibrinolysis. The hypercoagulable state is attributed to
the activation of platelets [23]. Maternal serum biochemical markers of pregnancy, namely alpha
fetoprotein (AFP), human chorionic gonadotrophin (hCG), unconjugated estriol [24] and inhibin-A [25],
are produced and found in higher concentration in the maternal peripheral circulation due to the
implantation and placentation processes of pregnancy.

3. Pathogenesis of Preeclampsia

Preeclampsia (PE) is defined as new onset of hypertension after 20 weeks’ gestation with renal,
hepatic, hematologic, neurological, pulmonary or fetal involvement. Physical signs of preeclampsia
are hypertension, proteinuria, renal insufficiency, hemolysis, reduced platelet count and/or increased
platelet activation [26]. It is a serious complication of pregnancy affecting ~7.6% pregnancies globally
and is associated with high morbidity and mortality in affected mothers and children [27]. It is a
lifelong disorder with increased risks of neonatal and child morbidity and mortality including health
risks in adulthood [27]. Pregnancy induced hypertension is one of the most prevalent risk factors for
the development of PE. The consequences of PE include intrauterine fetal growth restriction (IUGR)
and preterm birth [28].

In PE, there is widespread systemic endothelial dysfunction that leads to hypertension and
concomitant proteinuria [29]. Clinical risk factors for developing PE assessed before 16 weeks
of gestation include prior history of hypertension, chronic hypertension, pre-gestational diabetes,
pre-pregnancy BMI > 30 and use of assisted reproductive technology [30]. The most commonly used
screening test for early prediction of PE involves analysis of maternal characteristics, maternal mean
arterial pressure, uterine arterial Doppler pulsatility index and serum biochemistry (PaPP-A and/or
PlGF). This test is performed at 11–13 weeks of gestation [31]. The present management of patients
with PE depends on symptom severity. Currently, some drugs are available to treat mild to severe
PE (e.g., methyldopa, hydralazine, magnesium sulphate) [32]. However, the best treatment currently
available for PE is delivery of the newborn and placenta as all the signs and symptoms of PE abolish
when the placenta is separated from the mother.

In early-onset PE, there is defective implantation and placentation due to inadequate extravillous
trophoblast invasion and partial failure of uterine arterial remodeling, resulting in high resistance
and low capacitance vascular supply to the placenta and fetus [33]; however, this phenomenon is not
evident in late-onset PE. Some research studies showed that during normal healthy pregnancy, the
invasive trophoblast cells replace the smooth muscle and elastic lamina of the maternal uterine vessels,
causing dilation and funneling at the vessel mouth and facilitating further migration of trophoblasts.
In the absence of conversion of the maternal uterine vessels, there is retention of smooth muscle cells
contributing to increased resistance to maternal blood flow. Nonetheless, maternal blood enters into
the intervillous space as a turbulent jet that increases the risk of spontaneous vasoconstriction and
ischemia-reperfusion injury, generating oxidative stress within the maternal circulation [34]. This in
turn gives rise to placental villous infarcts, constriction of spiral arteries due to the mural hypertrophy
and fibrin deposition, leading to the abnormal ultrasound indices and biochemical markers seen in
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the maternal circulation. This failure in vascular dilation has a direct impact on placental blood flow
and is the primary determinant of pregnancy pathology [34]. In addition to the general concept of
PE pathogenesis, where there is defective EVT invasion and uterine arterial remodeling, there is also
an imbalance of angiogenic and antiangiogenic factors. These factors include vascular endothelial
growth factor (VEGF), soluble endoglin, soluble fms-like tyrosine kinase-1 receptors (sFlt-1) and
placental growth factor (PlGF). Abnormal production of these factors is closely associated with PE
and intrauterine growth restriction [35]. At the end of the first trimester of pregnancy, the extravillous
trophoblasts (EVT) invade the uterine spiral arteries and replace the vascular smooth muscle and the
endothelium to remodel the arteries, which lead to the formation of low resistance and high capacitance
vessels that facilitates increased placental perfusion. When there is perturbation of this process, there is
reduced placental perfusion causing placental stress where platelets aggregate and accumulate in the
partially damaged placenta [36]. In PE, there are interactions between maternal characteristics and risk
factors and placental pathophysiological factors leading to a vicious cycle of maternal inflammation,
vascular dysfunction and the activation of pro-coagulation pathways [33].

Current research on PE is focused on the role of extracellular vesicles released from the placenta [33].
Following placentation, the residual syncytiotrophoblastic material generated from placental shedding
or by placental microparticles releases various vessel constricting factors that cause systemic endothelial
dysfunction [37,38]. These microparticles contain a set of proteins including some pro-inflammatory
and pro-coagulatory molecules that contribute to the development of PE [39–41] A recent article on PE
stated that there was interaction between fetal Human Leukocyte Antigen-C (HLA-C) molecule and
maternal natural killer cells’ killer-cell immunoglobulin-like receptor (KIR) in severe PE; these molecules
are carried by the EVs released from the placenta and maternal circulatory cells [42]. Inadequate
placentation causes the development of pregnancy-induced hypertension (PIH) and preeclampsia
(PE) [43,44], leading to focal regions of hypoxia that are responsible for modifying the production of
growth factors, cytokines [45], lipid peroxides [46] and prostaglandins by placental trophoblasts [45].
Elevated placental levels of inflammatory cytokines, such as tumor necrosis factor-α, interleukin (IL)-1α,
IL-1β and IL-6, are generally considered unfavorable to pregnancy [47]. Moreover, clinical studies
have shown changes in the levels of cytokines and prostaglandins in women with PE [48,49]. Maternal
circulatory neutrophils are activated in pregnancy and further activated in PE, which are the source of
oxidative stress by generating reactive oxygen species such as hydrogen peroxide and superoxide anion
and these molecules cause damage to the proteins, lipids and nucleic acids [50]. Neutrophil activation
is initiated in the intervillous space by increased secretion of lipid peroxides by the placenta, which
is abnormally increased in PE. This stimulates phospholipase A2 and cyclooxygenase enzymes to
increase the production of thromboxane. Thromboxane is implicated in monocyte activation responses
and plays role in mediating tumor necrosis factor alpha (TNF-α) production by neutrophils in response
to oxidative stress [50].

In PE, the production of thromboxane A2 and prostaglandin I2 is altered with excessive
accumulation of THXA2 metabolite in the maternal systemic circulation [51,52]. This results to
the increased activation and aggregation of platelets and vasoconstriction causing impaired placental
perfusion and oxidative stress [53–57]. The platelet count is reduced in PE due to platelet activation and
aggregation under the effect of elevated levels of ThXA2 Synthase [28]. In addition [36], PE contributes to
some biochemical changes in maternal circulatory system, such as, increase in phosphodiesterase-5 [58],
thromboxane synthase [28] and an elevated hCG level [59]. Nonetheless, immunological changes
also take place in PE. There is rise in anti β2-glycoprotein I antibodies that are related with aberrant
implantation [60]. many predictive biomarkers for PE have been described including placental
biomarkers (PAPP-A, PLGF, s-FLT-1, placental protein 13 (PP 13)), Free HbF, Alpha 1 Macroglobulin
and Uterine Artery Doppler Pulsatility Index [61,62]. Not all studies have consistently shown value of
these markers, for example changes in PP13 have not been consistently replicated [63]. Measurements
of total cell free DNA and fetal fraction in maternal plasma at 11–13 and 20–24 weeks are not predictive
of PE [64].
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4. Pharmacology of Aspirin and Basis for Its Use in PE

The chemical name of aspirin is acetylsalicylic acid (ASA) [65–69]. It is a nonsteroidal
anti-inflammatory drug (NSAID). It is typically used in two dose regimens—high dose (600 mg) and
low dose (60–150 mg). It has anti-inflammatory, analgesic, antipyretic and antiplatelet effects [70].
The endothelial dysfunction in PE involves increased lipid peroxidation, which activates COX and
inhibits prostacyclin synthase, thus inducing rapid imbalance in the TXA2/prostacyclin (PGI2) ratio in
favor of TXA2 [51]. TXA2 favors systemic vasoconstriction, and increasing platelet aggregation and
adhesion, which is compensated in this context by the vasodilator effect of prostacyclins, levels of
which drop sharply. This imbalance is present from 13 weeks of gestation in high-risk PE patients [71].
LDA treatment for 2 weeks reverses TXA2/PGI2 imbalance by inhibiting THXA2 production [72,73].
Some studies observed that LDA can reduce the release of sFLT-1 from trophoblast cells and induce
the production of vascular endothelial growth factor thereby promoting angiogenesis [74]. LDA also
modulates cytokine production, reduces apoptosis and alters cell aggregation and fusion thereby
improving defective trophoblast implantation [5]. LDA improves EVT migration and invasion into
the maternal uterine spiral arteries and reduces placental cell apoptosis [75]. PE is associated with
some augmented anti-angiogenic, oxidative and pro-inflammatory markers, as well as increasing
human polymorphonuclear neutrophil (PMN)-endothelial cell adhesion [76]. LDA reduces the
circulatory levels of these factors and improves the cytokine profile [5]. LDA causes retardation in
leukocyte-endothelial cell adhesion and interaction and thus it prevents the endothelial cell dysfunction
in PE [76]. Several reports have suggested that few biomarkers can be identified in maternal blood to
be monitored for assessing treatment response after initiation of LDA treatment in pregnant women at
high risk for preeclampsia; i.e., placental growth factor, placental protein 13, alpha fetoprotein [77].

The mechanism of action of aspirin involves a cascade of events. Aspirin irreversibly acetylates
the platelet enzyme cyclooxygenase (COX), modifying the production of different prostaglandins and
also acts as an analgesic, anti-inflammatory agent. There are three isoforms of COX enzyme upon
which aspirin acts; the sources of these enzymes are mainly platelets, but they are also found in other
immune cells namely leukocytes, monocytes and macrophages. Aspirin inhibits COX-1 irreversibly
and COX-2 reversibly to a lesser extent. The resultant inhibition of COX-dependent generation of
thromboxane A2 prevents platelet aggregation. This effect is maintained for the entire platelet lifespan
of 8–9 days [78].

5. Low Dose Aspirin (LDA) and Pregnancy

Low dose aspirin reduces the mortality and morbidity in pregnant women at high risk for
PE [79–82]. National guidelines typically suggest that women considered to be at high risk of
developing pre-eclampsia should be treated with prophylactic low dose aspirin to reduce the prevalence
of disease, although there are differences in how “high risk” is defined (NICE guidelines and ACOG
recommendations (2017)). Acetylsalicylic Acid (ASA) is considered a highly attractive pharmacological
agent to use in pregnancy for the prevention of maternal and perinatal mortality and morbidity
worldwide due to its low cost, widespread availability, ease of administration and safety profile [83].
Aspirin is listed as a US Food and Drug Administration (FDA) category C drug during the first and
second trimester and a category D drug in the third trimester of pregnancy [70]. Although some recent
evidence has suggested that aspirin can affect the fetus adversely causing congenital anomaly, the FDA
has assigned this drug as pregnancy category C, and treatment is relatively safe [84]. Although aspirin
can cross the placenta, it is safe in low doses [85].

Low dose aspirin is a very effective treatment. Meta-analysis of a series of >30 randomized
controlled trials have shown that low dose aspirin prophylaxis (any dose, any gestation) reduces
the incidence of PE by 10% [11,12,14,86]. If analysis is restricted to assessment of outcomes for PE
leading to delivery before 34 weeks in women who commence aspirin <16 weeks gestation and have a
higher dose (>100 mg/day), then the data show a 90% reduction in early PE [87]. Aspirin also appears
to be effective at reducing the prevalence of intrauterine growth restriction (IUGR); once again, this
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meta-analysis shows that treatment is more effective if a higher dose (>100 mg/day) is given and
treatment is started before 16 weeks [88]. Other meta-analyses have also shown that low dose aspirin
may be effective in preventing spontaneous preterm birth [6–9]. Other studies have demonstrated that
low dose aspirin is generally well tolerated in both preconception and early pregnancy periods [16].

To date, several studies have attempted to assess the beneficial effects of aspirin treatment in
gestational hypertensive disorders, in particular PE. In spite of different conflicting results on the
effects of aspirin in pregnancy, one study found that aspirin administered early i.e., from the eighth
week of gestation has in fact a positive effect on the pregnancy outcome without the manifestation
of teratogenicity or fetotoxicity [29]. Recent studies on PE found that in high risk pregnancies, any
preventative treatment should be aimed at or before 16 gestational weeks to be effective as placentation
and uterine spiral arterial remodeling is completed by 20 gestational weeks [11]. Additionally, to
prevent perinatal death and to improve perinatal outcomes, low dose aspirin should be prescribed
before 16 gestational weeks [89]. Cost benefit analysis in a US based research study showed that aspirin
prophylaxis through pregnancy would reduce morbidity and mortality, leading to a reduction in health
care costs [90].

Following the preparation of a systematic review, the US Preventive Service Task Force
recommended the use of low-dose aspirin (81 mg/d) as preventive medication after 12 weeks of
gestation in women who are at high risk for PE [91–93]. The US Preventive Service Task Force also
found that LDA prophylaxis in early pregnancy does not increase the chances of placental abruption,
postpartum hemorrhage, fetal intracranial hemorrhage or perinatal mortality [94].

Other authors have suggested that the dose and timing of aspirin prophylaxis is also important.
Ayala et al., 2013, identified that (i) 100 mg/d ASA should be the recommended minimum dose for
prevention of complications in pregnancy; (ii) ingestion of low-dose ASA should be started at ≤16
weeks of gestation and (iii) low-dose ASA should be ingested at bedtime, not during the morning.
Aspirin prescribed in this way significantly regulates ambulatory blood pressure (BP) and reduces
the incidence of PE, gestational hypertension, preterm delivery and intrauterine growth restriction
(IUGR) [95].

Other agents have been used for prophylaxis against PE in high risk women, either alone or in
combination with LDA. There is a significant body of literature investigating whether low molecular
weight (LMWH) or unfractionated heparin can reduce rates of PE, preterm birth, perinatal mortality
and small for gestational age babies when prescribed to high risk women [96,97]. Heparin is safe from
a fetal perspective and does not cross the placental barrier due to its high molecular weight [85,98].
While some observational studies that have combined the use of aspirin and LMWH show significant
reduction in rates of PE in very high risk groups [99,100], an individual patient meta-analysis did not
show significant benefit to this intervention [101]. Calcium (1 g/day) has also been widely investigated
and appears to be particularly useful in low and middle income settings where dietary calcium
intake is poor [102]. Vitamin C, D, E [103–105], fish oil/omega 3, statins [35], L-arginine [106] and
antihypertensive drugs such as calcium channel blockers [107] have also been investigated, although
there is a paucity of randomized controlled trial-based data for these investigations. The most significant
ongoing research issues are to establish why aspirin is less effective in some groups of women; for
example, those that have chronic hypertension and to determine whether additional agents can impact
rates of term pre-eclampsia, which are not as significantly reduced using aspirin therapy.

A table on recent studies involving aspirin and pregnancy has been presented in the Table 1.
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6. Effects of LDA on Placental and Maternal Body System Function

To date, a number of studies have attempted to elucidate the role of aspirin in the prevention of
adverse pregnancy outcomes. However, the particular function of LDA in preventing PE and other
pregnancy-induced hypertension is not clearly understood. Some in-vitro studies found that there is no
specific effect of LDA or LMWH on BeWo choriocarcinoma cells when treated with forskolin except cell
fusion due to the placental protein level 13 increase [122]. Some studies reported that thromboxane has
been found to be involved with vasoconstriction leading to placental ischemia, thrombosis and platelet
aggregation [123]. Other research studies reported that aspirin can negatively act on COX2 enzyme,
thereby inhibiting thromboxane A2 production from arachidonic acid [124,125]. Interestingly, there are
also data suggesting that aspirin can reduce the release of thromboxane from the trophoblasts [22].

Low-dose aspirin, which selectively inhibits TXA2 production, is used to prevent high-risk PE [28].
Low-dose aspirin, a common antiplatelet agent, usually restores prostacyclin and thromboxane levels
that prevent vasoconstriction, and therefore, has been targeted as an intervention to reduce PE in
at-risk women [124,126]. LDA increases the production of prostaglandin I2 by blocking the synthesis
of thromboxane A2 [73]. This PGI2 increases vasodilatation and prevent thromboxane mediated
damage [127]. Some studies have shown that TXA2 analogues cause hypertension in pregnancy
and TXAS depletion prevents hypertension and IUGR [128]. Urine specimens of PE women show
the presence of thromboxane B2, which is the metabolite of thromboxane A2 and LDA shifts the
balance between THXA2 and PGI2 favoring the production of PGI2 that increases the blood flow to the
placenta [129].

In normal, healthy pregnancies, uterine spiral arterial remodeling occurs at around 8 weeks of
gestation and is complete by 16–20 weeks [130]. However, in PE, placentation is inadequate and under
stress due to impaired uterine spiral arterial remodeling [131]. Some randomized controlled clinical
trials observed that LDA is associated with improvement in uterine arterial pulsatility index when
started in the first trimester of pregnancy [132,133]. Another study observed that low dose aspirin
reduces the UtA Doppler pulsatility index, indicating improved blood flow [134].

In-vitro studies found an association of LDA treated trophoblast cells and an improvement
in cytokine profile that prevents trophoblast apoptosis and promotes angiogenesis by increasing
the production of placental growth factor (PlGF) [75]. Another similar study by Panagodage, et al.
identified a number of factors that are involved in preeclampsia prevention with low dose aspirin (LDA)
treatment. The authors observed that placental growth factor is significantly decreased in preeclamptic
women’s sera compared to normotensive women’s sera; LDA increases trophoblast secretion of PlGF
and restores abnormal cytokine (Activated Leukocyte cell adhesion molecule ALCAM, CXCL-16
and ErbB3) production by trophoblasts in PE [5]. Soluble fms-like tyrosine kinase-1 (sFLT1) is an
antiangiogenic factor and its expression is increased in preeclamptic placentas and in cytotrophoblast
exposed to hypoxia. Aspirin inhibits the production of sFLT1 in CTBs and this effect is mediated by
the inhibition of COX-1 [74].

Preeclampsia is associated with some augmented anti-angiogenic, oxidative and pro-inflammatory
markers, as well as increasing human polymorphonuclear neutrophil (PMN)-endothelial cell adhesion.
This cell adhesion is reduced when human PMN are incubated with ATL (aspirin triggered lipoxin
A4) [76]. This aspirin triggered lipoxin is similar to endogenously produced lipoxins but the duration
of action is prolonged [135]. ATL acts as an anti-inflammatory agent; it promotes angiogenesis
and causes immunosuppression and it also blocks the generation of reactive oxygen species in the
endothelial cells, inhibits chemotaxis of polymorphonuclear neutrophil and the leukocyte-endothelial
interaction [136–140] causes nuclear factor kappa B activation [137,141] and secretion of tumor necrosis
factor alpha (TNF-α) in activated T cells [142]. Additionally, ATL can increase nitric oxide synthesis
where the heme oxygenase-1 enzyme is also involved [143] and this effect is responsible for resolving
inflammation [143]. Heme oxygenase enzyme-1 degrades heme to generate bilirubin, carbon monoxide
and iron, exerting their anti-oxidant, antiapoptotic and cytoprotective actions [144]. Additionally,
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another recently conducted study identified that aspirin prevents TNF-alpha-induced endothelial cell
dysfunction by regulating the NF-kappa B-dependent miR-155/eNOS pathway in preeclampsia [145].

The pathophysiology of PE also involves the genetic expression of the STOX1 transcription
factor by extravillous trophoblasts that modulate trophoblast proliferation [146,147]. The STOX1
gene is overexpressed in human placental extravillous trophoblasts and is associated with PE
pathogenesis [147–149]. Founds et al. [150] showed, in transcriptomic analysis, that STOX1 is
overexpressed during the first trimester of pregnancies that had a preeclamptic outcome. Other
studies have performed functional assays to determine the function of the STOX1 gene; using an
in-vivo mouse model, this gene was found to cause severe gestational hypertension, proteinuria,
an increased circulatory level of antiangiogenic factors and histological alterations in the kidney as
well as the placenta [151]. These researchers also demonstrated that low dose aspirin improved
maternal PE-like symptoms [152]. LDA improves uterine perfusion and favourably affects aspects
of reproduction [153]. In addition, empirical introduction of LDA during in vitro fertilization (IVF)
treatment improves the quality of oocytes and embyros [154]. Low dose aspirin and heparin in
combination improve the live birth rate in IVF for unexplained implantation failure [155]. Low-dose
aspirin effectively improves perifollicular artery blood flow and enhances oocyte quality and clinical
pregnancy rates [156].

7. Complications of LDA for Fetuses and Mothers

A systematic evidence review by the US Preventive Services Task Force (USPSTF) identified
no adverse impact on the mother or offspring during the perinatal period following aspirin use for
prevention of preeclampsia [157] including no documented adverse effect on neonatal platelets [158].
However, some studies have identified adverse effects with the antenatal and perinatal use of aspirin,
albeit taken at a higher dose. Potential risks associated with aspirin therapy during the third trimester
include premature closure of the ductus arteriosus and hemorrhagic complications [159], subchorionic
hematoma if administered in first trimester of pregnancy [117], fetal loss [160], endocrine disturbances
in the human fetal testis and interference in the testicular descent [161], childhood asthma [162]
and fetal complications [110]. Some research studies observed that high doses of aspirin may affect
fertility, increases the risk of miscarriages and may cause fetal cryptorchidism [163–165]. Additionally,
LDA therapy in the late gestational age has on rare occasion been reported to cause renal injury,
cardiovascular abnormality such as closure of the ductus arteriosus, necrotizing enterocolitis and
intracranial hemorrhage in the fetus as well as reduced breast milk supply in the mother, likely due
to the inhibition of cyclooxygenase enzyme pathways [164]. The common adverse effects of aspirin
in adults are significantly associated with gastrointestinal or cerebral bleeding episodes [166]. Given
the risks of aspirin therapy, it is better to reserve treatment for women deemed high-risk of deep
placentation related disorders rather than to prescribe it universally.

8. Predictive Biomarkers for Preeclampsia Cases Treated with Low Dose Aspirin

Few biomarkers have been identified in maternal blood as candidates for monitoring treatment
response after initiation of low dose aspirin treatment in pregnant women at high risk for preeclampsia:

(i) Maternal serum concentrations of placental growth factor (PlGF) level are generally low
in preeclampsia.

(ii) Low-dose aspirin reduces adverse pregnancy outcome such as PE and delivery before 34
weeks of gestation in pregnant women with unexplained elevated levels of alpha-fetoprotein
(AFP) [167,168].

(iii) Normotension in the first trimester is associated with reduced risk of PE [169].
(iv) In a randomized controlled clinical trial conducted by Asemi Z. et al., low dose aspirin (80 mg)

was administered with calcium supplementation (500 mg) in pregnant women who were at
risk for PE. The treatment was continued for nine consecutive weeks before measuring high
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sensitivity C-reactive protein (hs-CRP), total antioxidant capacity (TAC), total glutathione (GSH)
in plasma and serum glucose and insulin level. The study showed a significant difference in
serum hs-CRP level and increased levels of plasma TAC and total GSH in pregnant women at
risk for preeclampsia as compared to those that took placebo (did not receive any treatment), but
serum insulin levels were not affected at all [170].

9. Extracellular Vesicles (EVs)

Extracellular vesicles (EVs) are mediators that can modify the function of target cells by transferring
proteins and genomic materials to other cells; thus, EVs have an active participation in cell-to-cell
communication [171]. EVs shred from a variety of cells and have a number of important physiological
as well as pathological functions as they are capable of trafficking and transfecting the genetic material
from cell to cell. The biogenesis and contents of EVs predominantly depends on the originating
cell type and their surrounding microenvironment [172]. Several studies using electron microscopy
analysis to characterize the morphology of EVs demonstrate that are spherical with lipid bilayer
membrane [173,174]. The correct classification of EVs still a manner of debate and the majority of
the information in the literature classify them according to their size and the different biogenesis
pathways. Typically, EVs are categorized as exosomes (~40–100 nm), microvesicles (~100–1000 nm) and
apoptotic bodies (~1000–5000 nm) based on their size and origin. Microvesicles and apoptotic bodies
are formed directly via budding of the plasma membrane, whereas exosomes are produced via an
endocytic pathway [174]. Distinction between different EVs subgroups is difficult, due to the minimal
physical and morphological differences, to the lack of specific markers, and to the fact that the same
cellular source may dynamically produce different class of EVs in response to different conditions [175].
Recently, the international society of extracellular vesicles has recommended classifying the vesicles
according to the their size in small EVs (<100–200 nm) and medium/large EVs (>200 nm), or density
(low, middle, high, with each range will defined) or their biochemical composition (e.g., CD63+ve) [176].
Currently, there is no single method allowing for accurate characterization and discrimination of the
different EVs classes [175]. EVs can be ordinarily isolated from different biological fluids using the
differential and buoyant density centrifugation methods followed by ultrafiltration/size exclusion
chromatography or flow cytometry or precipitation using polymers or antibodies to enrich the pure
EVs population [177]. EVs play an important role in cell-to-cell communication and influence a variety
of cellular functions, including cytokine production modulation, cell proliferation, apoptosis and
metabolism, by transferring their protein, lipid or messenger RNA and micro RNA molecules [173,178].
EVs can be isolated both biological fluids (e.g., plasma/serum, urine, cerebrospinal fluid, saliva, etc.)
and in vitro from cell-conditioned media. Moreover, as EVs are natural carriers of bioactive molecules,
different research studies are addressing the therapeutic potential of EVs due to their specific genetic
material packaging capabilities [175]. Several groups have identified EVs in maternal biofluids during
normal and complication of pregnancies and the potential role of EV during pregnancy have been
reviewed in details by our group previously [179–182].

10. Extracellular Vesicles/Exosomes in Normal and Preeclamptic Pregnancies

Different research studies utilized a variety of experimental models (i.e., biological fluids, primary
placental trophoblasts, trophoblast cell line, placental explant, placental perfusate etc.) to isolate
different subpopulations (exosomes, microvesicles) of EVs and studied their role in the context of
healthy as well as in pathological pregnancies. Small and large EVs originating from the placenta
have been identified in maternal plasma. Concentrations of both total and placenta-derived exosomes
present in maternal circulation increase across gestation [183] and are higher in complicated pregnancies
(such as those affected by PE) as compared to normal pregnancies [184,185]. Interestingly, the global
miRNA profile within small vesicles such as exosomes differs between normal and PE pregnancies
across gestation and it is likely that PE is not only associated with changes in the circulating levels
of exosomes, but also in their miRNA content [186]. Recently, Biro et al. identified that hsa-miR-210
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level increased in the circulating exosomes isolated from PE pregnancies [187]. Poor placentation is
associated with hypoxia and oxidative stress, which are features of PE and affects the invasion of
extravillous trophoblast (EVT) and the uterine spiral arterial remodeling. Truong et al. studied whether
low oxygen tension alters exosome release and the exosomal miRNA profile from HTR-8/SVneo cell
line and examined their interaction with endothelial cells [188]. HTR-8/SVneo cells are commonly
used as a model for EVT cells, although they are not ideal, as they contain a heterogenous population
of trophoblast and stromal cells [189]. In this study, low oxygen tension to exosomes from EVTs
cultured under normoxic conditions. Moreover, a specific set of miRNAs within exosomes from EVTs
cultured under hypoxia were identified, and these miRNAs are present in circulating exosomes at
early gestation from women who develop PE later in pregnancy. This data suggests that aberrant
extracellular vesicle signaling is one of the common factors in the development of PE. In normal healthy
pregnancy, syncytiotrophoblast derived EVs release into the maternal blood stream where they act upon
their target endothelial cells and circulating immune cells [33,190–192]. Placental EVs carry different
proteins, lipids and nucleic acids that play a crucial role in feto-maternal communication to maintain
pregnancy [193]. Interestingly, concentrations of large EVs gradually increase through pregnancy
irrespective of their origin [186] and these EVs convey pro-inflammatory and pro-thrombotic antigens
that might contribute to the hypercoagulable state observed in the last trimester of pregnancy [186].
Chang et al. identified that high levels of preeclamptic exosomes contain abundant sFlt-1 and sEng that
can induce vascular dysfunction as these proteins were captured by vascular endothelial cells [194].
Tannetta et al. investigated the level of expression of placental protein 13 in syncytiotrophoblast
derived extracellular vesicles (STBEVs) isolated from PE and normal pregnancy placental perfusate and
found it was low in PE placenta [195]. Tong et al. described a novel mechanism by which placental EVs
can attenuate PE pathogenesis in the presence of antiphospholipid antibody (aPL), which can induce
the synthesis of toll-like receptors on placental EVs to increase the level of expression of mitochondrial
DNA in these vesicles [196]. Thus, placenta-derived EVs are involved in gene regulation, placental
homeostasis and cellular function that overall reflect the placental-maternal crosstalk [197]. Placental
exosomes were also observed in fetal blood and their concentration correlated with fetal growth [198].
The concentration of placental exosomes in the fetal circulation was higher than that found in the
maternal circulation and was also higher in pregnancies affected by PE [199]. Interestingly, not only
the concentration of circulation exosomes in PE is different compared with normal pregnancies, and
specific changes in the protein cargo of exosomes in PE have been identified [200].

Another recent study measured the level of different biomarkers including copeptin, annexin V
and placental growth factor in maternal serum derived microparticles at 10–14 gestational weeks in
women with PE and compared with that of normal healthy pregnancy [201]. Interestingly, the levels
of nitric oxide synthase enzyme in the STBEVs were lower in STBEVs from PE compared to normal
pregnancies [202]. In this regard, in a similar study, the levels of the protein neprilysin were increased
in EVs of PE placenta [203].

Kohli et al. identified a novel pathway by which the placental EVs interact and causes release
of EVs from endothelial cells and platelets that further activate the inflammasome in the trophoblast
resulting in the development of PE [204]. The role of EVs in relation to PE pathophysiology including
their different contents has been summarized in Table 2.
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A number of drugs that can be used to treat PE appear to modulate EV expression. Some studies
also addressed the mode of action of different antihypertensives, including thiazide diuretics that are
used to treat the hypertension in PE. Hu et al. identified some changes in the sodium transporters in the
renal tubule that were incorporated in the urinary exosomes isolated from PE women [206]. Another
very interesting study by Chamley L. et al. identified melatonin as an effective agent that can reduce
the endothelial cell activating placental EVs release in PE [209]. In a similar study, transthyretin which
is the thyroxin binding protein, was found in aggregated form and packaged in the small placental
EVs in PE [210]. Xu et al. identified potential molecular mechanisms by which vitamin-D can reduce
oxidative-stress induced PE [213]. Among the different therapeutic agents, the efficacy of aspirin was
evaluated due to its availability and cost-effectiveness. However, there is lack of understanding in the
mechanism of action of aspirin in the context of EV secretion regulation.

11. Effects of LDA on Exosomal Secretion

Up until now, there has been very limited evidence on the potential effect of aspirin on the release
and content of EVs. Goetzl E.J. et al., discovered that in the presence of some coagulation factors (e.g.,
thrombin/ collagen) induces changes in the plasmatic levels of platelet-derived exosomes and their
protein content (i.e., α-granule chemokines CXCL4 and CXCL7 and cytoplasmic high-mobility group
box 1 (HMGB1)) [214]. Incubation of normal platelets with aspirin significantly inhibits arachidonic
acid (AA)-induced platelet reactivity, EV formation and pro-coagulant activity [215]. Interestingly,
aspirin therapy can significantly reduce microparticle (MP) shredding from erythrocytes, monocytes
and vascular smooth muscle cells, reversing the effects of diabetes-induced stress on these cells [216].
Other studies have identified that aspirin changes the miRNA profile and EV release from platelet [217].
Syncytiotropholast-derived extracellular vesicles that are placental alkaline phosphatase (PLAP)
positive inhibit the aggregation of platelets that were treated with aspirin [218]. Tannetta et al. observed
that STBEV that are placental alkaline phosphatase (PLAP) positive inhibit the aggregation of platelets
that were treated with aspirin [218]. On the contrary, platelets were activated and thrombus formation
was increased by the STBEV isolated from preeclamptic placentas. Another study observed the effect
of anticoagulant therapy (treatment with either unfractionated heparin (UFH) or low molecular weight
heparin (LMWH), and/or LDA) on cell derived microparticles and outcome of pregnancy [219]. These
findings indicate that placenta-derived extracellular vesicles may provide understanding in their
potential role in low dose aspirin induced placental functions. Although there is significant evidence
for dysregulation of both concentrations and bioactivity of circulating placental EVs in PE compared to
normal pregnancies, no studies have described the potential effect of aspirin on EVs released from
placental cells and their bioactivity.

12. Summary

Several studies focused on EVs (mainly small EVs called exosomes) highlighting their extraordinary
characteristics as natural carriers of bioactive molecules, which can be used as biomarker for several
pathological conditions including PE. These vesicles are unique in terms of their cell trafficking and
transfecting capabilities. These nanovesicles are released from almost all types of cells into different
human body fluids. Their release and contents are dependent on the microenvironment where the
cells are exposed and the origin of the cells [172]. Therefore, EVs can be used as a diagnostic tool as
well as prognostic marker for several pathologies, and we have proposed that the analysis of placental
vesicles in maternal plasma can function as a liquid biopsy to establish placental function during
pregnancy. During pregnancy, placenta and other cells, such as platelets and immune cells, secrete
exosomes into the maternal circulation; this process is exaggerated in pathological pregnancies (i.e.,
PE, PIH, IUGR) in an attempt to modulate the pathology [43,190,191]. Very few studies [218,219] have
been conducted to identify the particular mechanism of action that exosomes can produce on the
placenta and overall maternal physiological system when treated with low dose aspirin and other
antithrombotic medication. An avenue is open to explore the placental and other cell derived exosomal
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functions in placental dysfunctional disorders when treated with antithrombotic medications including
low dose aspirin. A better understanding of these processes may lead to the development of novel
prognostic markers utilizing placenta specific exosomes or for monitoring the response to aspirin
treatment for placental pathologies.
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Abstract: Purpose of the review: This review highlights the role of angiogenesis, lymphangiogenesis,
and immune markers in human immunodeficiency virus (HIV)-associated preeclamptic (PE)
pregnancies in an attempt to unravel the mysteries underlying the duality of both conditions
in South Africa. Recent findings: Studies demonstrate that HIV-infected pregnant women develop
PE at a lower frequency than uninfected women. In contrast, women receiving highly active
anti-retroviral therapy (HAART) are more inclined to develop PE, stemming from an imbalance of
angiogenesis, lymphangiogenesis, and immune response. Summary: In view of the paradoxical
effect of HIV infection on PE development, this study examines angiogenesis, lymphangiogenesis,
and immune markers in the highly HIV endemic area of KwaZulu-Natal. We believe that HAART
re-constitutes the immune response in PE, thereby predisposing women to PE development. This
susceptibility is due to an imbalance in the angiogenic/lymphangiogenic/immune response as
compared to normotensive pregnant women. Further large-scale studies are urgently required to
investigate the effect of the duration of HAART on PE development.

Keywords: angiogenesis; highly active anti-retroviral therapy; human immunodeficiency virus;
lymphangiogenesis; immune response; preeclampsia

1. Problem Identification

Maternal Mortality and Hypertension in South Africa

The adoption of the Millennium Development Goals from 1990–2015 led to a decline in global
maternal mortality by 44%; however, South Africa (SA) was unable to reach the target set by the
United Nations (Millenium Development Goals, 2015 Report). South Africa has since embraced the
Sustainable Development Goals 2016–2030 to reduce its maternal mortality ratio to <70 deaths/100,000
live births [1]. Despite a decline in maternal deaths from human immunodeficiency virus (HIV)
infection and obstetric hemorrhage over the period 2008–2016, no change in mortality emanating from
hypertensive diseases in pregnancy (HDP) occurred [2]. In fact, deaths from HDP is the commonest
direct cause of maternal mortality as reported by the Confidential Report of Saving Mothers in 2017 [2].
Hypertensive diseases in pregnancy account for 18% of all maternal deaths in SA [3]. In developed
countries, HDP has a prevalence of 5–10% [4]; however, in developing countries, it occurs more
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frequently. The incidence of preeclampsia (PE) was 12% amongst all primigravidae who delivered
at a large regional hospital in SA [5]. In SA, PE significantly affects both the mother and perinatal
morbidity and death. The World Health Organization (WHO) reported that this multisystem pregnancy
disorder accounts for 1.6% of maternal deaths in developed countries [6] and 1.8–16.7% in developing
countries such as South Africa, Egypt, Tanzania, and Ethiopia [7,8].

2. Human Immunodeficiency Virus Infection in South Africa

HIV infection is a grave public health challenge globally. Sub-Saharan Africa constitutes 56%
of the HIV-infected global population [9]. In 2017, women accounted for a disparate 59% of new
adult HIV infections (>15 years) [10]. In SA, 13.1% of the total population is HIV-positive, of which
20% involves women in their childbearing age (15–49 years) [11]. Greater than 40% of the global
HIV-infected population includes adults residing in the region of KwaZulu-Natal (KZN) [9]. Moreover,
the Antenatal HIV and Syphilis Surveillance Report indicates that >37% of antenatal attendees in KZN
province are infected [12]. Hence, healthcare professionals providing maternity care are challenged
with a double burden of HIV infection and HDP.

The association between HIV infection and PE emanates from the different immune responses [13].
In light of the pervasive nature of both conditions in KZN, this association warrants urgent
investigation. Notably, in SA, our group performed extensive research on the effect of angiogenesis
and lymphangiogenesis in HIV-infected PE women. Therefore, this review serves to highlight the
effect of pregnancy type and HIV status on angiogenesis and lymphangiogenesis using South African
cohorts. We also provide compelling evidence of the mechanism(s) that HIV utilizes to exploit the
angiogenic system. Furthermore, we provide data based on highly active anti-retroviral treatment
(HAART) on reconstituting the immune system and its influence on PE development.

3. Angiogenesis

Angiogenesis is defined as the migration, development, and differentiation of endothelial
cells to form new blood vessels [14]. It is initiated by pro-angiogenic vascular endothelial growth
factors (VEGFs) and placental growth factors (PlGFs), which increase vessel permeability and promote
proteolysis of the extracellular matrix via proteases, resulting in endothelial cell proliferation. Thereafter,
endothelial cells migrate and invade the lumen, followed by endothelial maturation [15,16].

In normal pregnancy, the need for increased blood supply to the fetus is met by the physiological
transformation of spiral arteries in both the decidua and myometrium. In contrast, as a result of
deficient trophoblast invasion, spiral artery remodeling is restricted to the decidua in PE [17] and is
often associated with adverse birth outcome.

Angiogenesis is also dysregulated in HIV-1 infected patients [18]. Notably, adverse birth outcome
is elevated upon receipt of anti-retroviral therapy (ART) compared to HIV-uninfected women [19,20].
Since SA has the largest anti-retroviral rollout in the world, it is important to recognize any link(s)
between HAART usage in pregnancy and the risk for PE development. In a novel study, Powis et al.
(2013) assessed angiogenesis in preeclamptic women that initiated HAART during pregnancy [21].
They demonstrated that women who developed PE had an upregulation of anti-angiogenic factors
prior to HAART usage. Moreover, a recent report correlated altered angiogenesis with ARV usage in the
second and third trimesters as a progenitor of preterm birth, small for gestational age, and stillbirth [22].

3.1. Soluble Fms-Like Tyrosine Kinase 1 (sFlt1), Placental Growth Factor (PlGF), and Soluble Endoglin (Eng)

It is well documented that placental sFlt1 is elevated in PE, resulting in a rise in systemic levels with
a concomitant decline in VEGF and PlGF [23]. The anti-angiogenic factor sFlt-1 is a scavenger receptor
for VEGF and PlGF, thereby dampening their constructive effects on the maternal endothelium [24].
Moreover, in pregnant rats, the administration of sFlt1 induces the clinical symptoms of PE [25].
Flt-1 and sFlt-1 levels in the placenta are upregulated in PE compared to controls, irrespective of
HIV infection [26]. Working in our laboratory, Govender et al. (2013) demonstrated increasing
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levels of serum sFlt1 and sEng in PE, regardless of HIV infection [27]. sFlt1 and sEng are implicated
in the endothelial dysfunction of PE. Moreover the downregulation of serum sFlt1 and sEng within
HIV-infected women advocates counterbalance of the immune hyperactivity in PE [27]. sEng weakens
the binding of TGF-β1 to its receptors and blocks the activation of the endothelial nitric oxide synthase
3 (eNOS) pathways downstream, thereby inducing hypertension [28]. The recent use of sFlt-1:PlGF
ratio for the clinical prediction of severe early-onset PE is encouraging [29].

3.2. Vascular Endothelial Growth Factor (VEGF)

The permeability of blood vessels is enhanced by VEGF, thereby inducing angiogenesis and
vasculogenesis [30]. The VEGF family comprises VEGF-A, VEGF-B, VEGF-C, VEGF-D, and PlGF [31].
VEGF receptors include VEGFR-1 (Flt-1) and VEGFR-2 (Flk-1/KDR) [31]. VEGF-A and VEGF-B bind to
VEGFR-1 (Flt-1); however, in PE, binding is blocked by the antagonist sFlt-1 or sVEGFR-1, a spliced
soluble variant of VEGFR-1 [32]. VEGFR-2 is an antagonist to VEGF and increases arterial pressure [33].
Both VEGF-C and VEGF-D bind to VEGFR-3, thus expediting lymphangiogenesis [34].

3.3. Platelet Endothelial Cell Adhesion Molecule 1 (PECAM-1)

Vascular development is influenced by PECAM-1 through the formation of a complex with
VEGFR-2 and VE cadherin [35]. In PE, PECAM-1 induces neutrophil and platelet activation, thereby
promoting vascular damage [36]. Thakoordeen et al. (2017) demonstrated a similar level of PECAM-1
between control and preeclamptic pregnancies (p = 0.07), while no correlation was found based on
HIV infection (p = 0.68) or across study groups (p = 0.24) [37].

3.4. Angiopoietin (Ang)-2

The angiopoietin family includes Ang-1, Ang-2, Ang-3, and Ang-4 types, which are vital for
embryonic angiogenesis. These growth factors are ligands for the vascular endothelial receptor tyrosine
kinase (Tie-2), required for vascular activation [38]. Mbhele et al. (2017) demonstrated that, in contrast
to PlGF, increased levels of Ang-2 and Eng were noted in PE. The gestational period (early- or late-onset
PE) had no effect on Ang-2 expression; yet, it was associated with Eng (p < 0.0001) and PlGF (p = 0.0033).
HIV infection did not affect Ang-2 (p = 0.4), Eng (p = 0.4), and PlGF (p = 0.7) levels [39].

3.5. sTie-2

During development, vascular endothelial cells express the transmembrane tyrosine kinase
receptors Tie-1 and Tie-2, which are responsible for vascular maturation and angiogenesis [40].
Angiopoietin-1 via Tie-2 signaling facilitates endothelial development, whilst Ang-2 acts as an Ang-1
antagonist by binding to the Tie-2 receptor [41].

However, whilst vessel growth is dependent on Tie-2 [19], Tie-2 may be proteolytically cleaved to
produce sTie-2. This soluble form inhibits Tie-2 signaling by averting angiogenesis [19,20]. Mazibuko
et al. (2019) demonstrated that soluble Tie-2 levels were dissimilar between preeclamptic and control
pregnancies (p = 0.0403). In contrast, HIV status did not affect sTie2 and soluble human epidermal
growth factor receptor 2 (sHER2) manifestation [42]. Also, HER2 is a membrane-bound receptor
tyrosine kinase that is shed via proteolytic cleavage into body fluids [43]. Mazibuko et al. (2019)
reported that sHER2 levels were similar between pregnancy types (control vs. PE; p = 0.3677),
regardless of HIV status (p = 0.5249). These results may be due to the hypoxic pro-oxidative milieu of
both PE and HIV infection, as sHER2 interferes with mitogen-activated protein kinase (MAPK) and
Phosphatidylinositol-3-kinase/ protein kinase B (P13K/Akt) signaling [42].

3.6. Vascular Endothelial Growth Factor and HIV Tat protein

The accessory protein Tat of HIV-1 interferes with intracellular function by evading host response
mechanisms, and may, therefore, contribute to the high inflammatory reaction in HIV-infected PE [44].
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The Tat protein is a trans-activator of viral gene expression and is released extracellularly during HIV
acute infection [45]. Since Tat has a similar arginine- and lysine-rich sequence to VEGF, it is recognized
as a powerful angiogenic factor [46]. Tat imitates VEGF by attaching to and stimulating Flk-1/KDR [47].
Tat promotes endothelial cell adhesion through the binding of its arginine–glycine–aspartic acid
region to the αvβ3 and α5β1 integrins and VEGFR-2/KDR via its basic domain [46]. Also, a combined
Tat/FGF-2 effect is attributed to fibroblast growth factor (FGF-2), which induces the expression of the
αvβ3 and α5β1 integrins, which aids Tat binding [48].

Additionally, HIV-1 via gp120 binds to heparin sulphate proteoglycans (HSPG) on endothelial
cells, amplifying viral infectivity and thereby expediting the release of Tat [49]. Tat induces endothelial
cells to migrate, adhere, and grow as a capillary-like network in vitro [50]. HIV Tat was also shown to
bind F1k-1/KDR, one of the receptors for VEGF, suggesting an additional mechanism for Tat to exert its
angiogenic effect [47].

Defective cell signaling by the Tat protein alters endothelial cell morphology, gene expression,
and survival by stimulating the MAPK pathway. The movement from the gap 0 to gap 1 (G0 to
G1) phase of naïve T cells enables productive HIV infection [51]. The HIV-1 Tat protein facilitates
MAPK activity by promoting a change from the G0 to G1 phase of naïve T cells, thereby stimulating
HIV infection [51].

4. Lymphangiogenesis

Lymphatic vessels were first described in the 17th century and consists of a vascular-like network.
They play a pivotal role in maintaining tissue fluid homeostasis, transport of proteins, macromolecules,
and cells such as leucocytes and activated antigen-presenting cells for immune protection [52].
This vascular-like network consists of a monolayer of blind-ended capillaries transferring “lymph”
to the collecting lymphatics. The expansion of new lymphatic vessels from pre-existing ones, called
lymphangiogenesis, is controlled mainly by growth factors, i.e., VEGFs such as VEGF-C and its
ligand VEGFR-3, VEGF-D [53–55], and other factors, i.e., hypoxia-inducible factor 1-α (HIF-1α),
the Tie/angiopoietin system, neuropilin-2, and integrin-α9 [56–61]. However, until recently, there was
a paucity of data on the lymphatic profile during pregnancy and in PE [62–64].

4.1. Lymphatic System in the Placenta

The human placenta is an hemochorial organ and is highly vascularized; yet, there are conflicting reports
on the presence of lymphatic vessels in the placenta. However, Gu et al. (2006) [65], Wang et al. (2011) [66],
and Liu et al. (2015) [67], as well as our recent observations [68], do not confirm the presence of lymphatic
vessels in the placenta. The aforementioned groups instead observed a stromal network immunostained
with podoplanin. Lymphangiogenesis was observed at the decidua [68–72] and the uterine wall [64,73].

4.2. Lymphangiogenesis and Preeclampsia

In PE, a dysfunctional fluid clearance manifests as an excessive accumulation of interstitial fluid
causing edema [74]. B cells, macrophages, and reticular stromal cells activate the production of VEGF A,
C, and D, thereby affecting signaling pathways for the induction of lymphangiogenesis [74]. Increased
lymphangiogenesis (pro VEGF-C) is a compensatory response to the heightened exaggerated inflammatory
state of PE [75,76]. Indeed, VEGF induces lymphangiogenesis [65]. Nevertheless, Shange et al. (2017) reported
no significant difference between VEGF-C and D from PE mothers and control [74]. This upregulation
of VEGF-C in PE was observed in early-onset PE; however, one needs to note that patients were on dual
ARV therapy [73].

Furthermore, hypoxia-inducible factor-1 (HIF-1) plays an important role in the pathogenesis of
PE, and indirectly enhances the molecular regulation of VEGF [66,67,77]. The upregulated HIF-1 gene
plays a critical role in the pathogenesis of PE [58,78–80] and contributes to the lymphangiogenesis
in PE.
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4.3. Lymphangiogenesis and HIV Infection

At the mucosal level, HIV-1 uses endothelial cell co-receptors CXCR4 and CCR5 before
disseminating through lymphatic endothelial channels to the lymph nodes and, thereafter, moving into
the general blood circulation. HIV infection plays a crucial role in lymphatic development; nevertheless,
its functional integrity is complex and not fully understood. Three HIV-1 proteins, notably the envelope
glycoprotein (gp120), transactivator of transcription (Tat), and the matrix protein (p17), may contribute
to HIV-associated vascular disorders. HIV-1 gp120 induces apoptosis in endothelial cells. Tat triggers
angiogenesis by using the matrix protein p17 [81] to stimulate the endothelin-1/endothelin B receptor
axis [82], thereby activating the protein kinase Akt and extracellular signal-regulated kinase (ERK)
signaling pathways [66,77,82,83].

The secretory protein (Slit2) and its receptor roundabout protein (Robo4) expressed on endothelial
cells also serve to modulate endothelial cell permeability and, hence, have a determinant participation
in the pathophysiological mechanism of lymphangiogenesis [84]. Although Slit2/Robo4 interactions are
not fully elucidated, a previous study reported an inhibition of VEGF-C and a blockage of VEGFR-3 [85].
Additionally, HIV-1 gp120 leads to hyperpermeability of lymphatic cells in vitro via modulation of
fibronectin expression and activation of α5β1 integrins. On the other hand, Slit2 blocks the interaction
between α5β1 and Robo4, thus inhibiting lymphatic hyperpermeability [81].

This results in an imbalance of the Akt and ERK signaling pathways, which leads to dysregulation
of lymphangiogenesis in PE, since it was shown that, during the pathophysiology of PE, there is
decreased P13K/Akt signaling [86].

4.4. Lymphangiogenesis in the Duration of HAART and the Risk of Preeclampsia

By enhancing pro-inflammatory cytokines and chemokines, HIV-1 infection mimics PE, thereby
influencing the prevalence of PE among HIV positive women. The HAART intervention improves
endothelial function and decreases the inflammatory milieu of PE. However, that is not evident,
as the timing and duration of the HAART is not clear in most the studies. Despite long-term use
of HAART improving mortality among HIV positive patients, the morbidity (particularly vascular
and metabolic in nature) is still a serious concern [87]. Two HIV-1 proteins seem to undermine the
beneficial action of HAART in the restoration of endothelial cell (EC) function: HIV-1 Tat and matrix
protein p17, which impair the endothelial cells. A recent study on HAART showed that angiogenesis
and lymphangiogenesis are downregulated with Nucleoside reverse transcriptase inhibitors (NRTIs)
by inducing mitochondrial oxidative stress and subsequently impairing receptor tyrosine kinase (RTK)
signaling in EC [88], suggesting that NRTIs might trigger the development of PE.

The prevalence of PE in HIV-infected pregnancies is lower; however, upon HAART administration,
the risk of PE development increases [13,89]. The association between lymphangiogenesis in the duration
of HAART and the risk of PE development is unclear; hence, more research on lymphangiogenesis at the
maternal and fetal interface is vital, particularly in immune transfer and ARV usage.

5. Highly Active Anti-Retroviral Therapy

Protease inhibitors (PI) induce the progression of Kaposi sarcoma [90]. PIs are potent anti-angiogenic
factors that block FGF action [91]. PIs deter HIV aspartyl protease and, hence, the production of
HIV virions, thus promoting immune restoration. Also, glucose transporter (GLUT)-4, inhibits glucose
uptake and affects the cellular proteasome by triggering p53 protein intracellular accumulation, resulting
in apoptosis. Finally, the functional impairment of activator protein (AP)-1, specificity protein (SP)-1 or
nuclear factor kappa b (NF-κB) transcription factors leads to a decline in MMP and VEGF expression,
thereby preventing angiogenesis.

Anti-retroviral drugs regimens are associated with the development of metabolic disorders such
as insulin resistance, dyslipidemia, impaired glucose tolerance, and abnormal body fat distribution,
which predispose HIV-infected individuals to cardiovascular-related diseases [92]. Anti-retroviral
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therapy was also shown to lead to endothelial dysfunction [93,94] and decreased nitric oxide,
ultimately resulting in induced endothelial oxidative stress [95], which is similarly observed during
the pathophysiology of PE [96]. It is, therefore, possible that predisposition to PE may result from
endothelial dysfunction and reduced nitric oxide synthase induced by HAART exposure.

Although some studies report on the endothelial HAART-induced endothelial dysfunction,
conflicting reports exist. A study done by Torriani et al. (2008) showed improved endothelial function
after ARV administration [97]. Additionally, Savvidou et al. (2011) found normal placental perfusion
among HIV-infected women, with uncomplicated pregnancies, receiving and not receiving HAART [98].
In contrast, a study done by Sebitloane et al. (2017) evaluating the effect of HAART on HDP showed
that, among all women with HIV, a greater risk of mortality due to HDP was reported among those
who received HAART compared with those who did not [99].

6. Immune Maladaptation

6.1. Natural Killer Cells in Normal versus Preeclamptic Pregnancies

Natural killer (NK) cells are dysregulated in the presence of preeclampsia and HIV infection.
In normal pregnancy, these cells promote placental development by balancing the immune response at
the maternal–fetal interface [100]. The function of NK cells is controlled by inhibitory receptors [101]
and activating receptors, C-type lectin receptors, and Ig-like receptors (2B4)] [102–104].

During normal pregnancy, the interaction between the maternal NK cells and fetal cells is
controlled by NK cell inhibitory receptors, which prevents inadequate trophoblast invasion. However,
this action is prevented in PE pregnancies since activating receptors are predominant, leading to shallow
trophoblast invasion [105]. Similarly, the function of NK cells during HIV infection is downregulated
or similar to NK cells in a healthy pregnancy state [106]. A study conducted by Mela and Goodier
showed reduced activation peripheral NK cells of HIV-infected individuals [107].

6.2. Role of HAART on NK Cells and Risk of Preeclampsia Development

Natural killer cells play a role in controlling HIV [108] and are also reported to play a role in pregnancy
complications such as miscarriage, implantation failure, and PE development [109–111]. In the duration
of HAART, NK cells control HIV by secreting CC chemokines. These chemokines inhibit HIV replication
via activation of non-cytolytic mechanisms [112]. Several studies reported on the influence of changes
that may occur on NK cells in the duration of HAART exposure, and found conflicting results. A study
by Valentin et al. (2002) reported higher frequency of NK cells after HAART initiation [113]. Similar findings
were shown by Ballan et al. (2007) and Michaelsson et al. (2008) [114,115]. In contrast, a study done
by Fria et al. (2015) examining the HAART effect on T-cell recovery versus NK cells found low NK
subset recovery after HAART exposure when compared with T-cell recovery during the early months of
therapy [116], suggesting that HIV infection of NK cells is important for viral persistence [113].

NK cells are also implicated in pregnancy complications; it was documented that NK cell activation
may lead to inadequate trophoblast invasion and may result in exaggerative immune response, which is
commonly associated with PE development [117]. Therefore, the possible mechanism responsible for
PE development in HIV-infected women might be due to T-cell activation rather than NK cell subset
recovery. More studies are needed to confirm how NK cells are regulated in the duration of HAART
in order to understand the pathogenesis of PE in HIV-associated pregnancies.

7. Cytokines in Normal Pregnancy, Preeclampsia, HIV Infection, and in the Duration of HAART

7.1. T Helper Cell 1 and T Helper Cell 2 (Th1 and Th2)

During normal pregnancy, anti-inflammatory (Th2) cytokines are predominant [118], whereas,
during the pathogenesis of PE, pro-inflammatory (Th1) cytokines are predominant [119]. However,
during the progression of HIV infection, Th2 cytokines are predominant (Figure 1) [120,121].
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HIV-infected pregnant women on HAART present a shift toward Th1 immune response [122].
Therefore, HIV-infected pregnant women on HAART have increased risk of developing PE [123].

Figure 1. Schematic diagram representing how pro-inflammatory (Th1) and anti-inflammatory (Th2)
cytokine are regulated in A non-pregnant or HIV-uninfected, B normotensive or HIV-infected untreated
and C pre-eclamptic or HIV-infected on HAART. A Shows a balance in the distribution of Th1 and Th2.
In B there is an imbalance of cytokines with more Th2 release than Th1. This imbalance increases of
HIV infection in untreated women. In C Th1 levels are higher than Th2. HAART induces Th1 response
and leads to pre-eclampsia development [123].

7.2. T Helper Cell 17 (Th17) and T Regulatory Cells (Treg)

Immune cells involved in pregnancy extend from Th1/Th2 into the Th1/Th2/Th17 and regulatory T
cells (Treg), introducing Treg as regulators of Th17 lymphocytes and other immune cell types involved
in placental development and maintenance [118,124].

Th17 cells are characterized by the secretion of IL-17/IL-17A and are also associated with inducing
Th1 cytokine production. An upregulation of Th17 cells is associated with the pathophysiology of
autoimmune, chronic inflammatory diseases, allergic disorders, and graft-rejection reactions [125].
Furthermore, it was reported that Th17 cells are upregulated in PE compared to normotensive
pregnancies [126,127] and downregulated during the progression of HIV infection [128]. Currently,
no studies investigated how IL-17A is regulated in the presence of both PE and HIV infection;
more studies are needed in order to have a better understanding of how this cytokine is regulated
in the pathophysiology of both conditions, especially in the duration of HAART.

Regulatory T cells are another type of lymphocytes involved in the pathophysiology of
PE. In pregnancy, upregulation of these cells is important for maintaining normal pregnancy
development [129–131]. Downregulation of Treg cells was reported in PE [132].

In the presence of HIV infection, the frequency of Treg cells is increased, implying their role in the
progression of the disease [133–135]. In the duration of HAART, the frequency of Treg cells was shown
to be decreased or similar to that of HIV-uninfected individuals [136,137]. Currently, there are no
studies that investigated how Treg cells are regulated in the presence of both PE and HIV infection.
Therefore, more studies are needed in order to improve management of PE in the presence of HIV
infection, and in order to have a better understanding of the pathophysiology of PE in the presence of
HIV infection.

8. Conclusions

This paper elaborated on the paradigm shift of HIV’s effect on angiogenesis in normotensive and
preeclamptic pregnancy. Whilst an imbalance in the angiogenic and lymphangiogenic transference
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predominates in PE, we highlight the parodist effect of HIV as it utilizes its accessory proteins to exploit
VEGF’s effect. Furthermore, due to the ubiquitous nature of HIV infection in South Africa, this paper
also outlines the effect of HAART on the risk of PE development, albeit not on the duration of the
therapy. Current literature is controversial on the effect of HAART on T-cell reconstitution, with regard
to NK cell subset recovery and the influence of Th1/Th2/Th17 and Treg cell dysregulation during HIV
infection in pregnancy. Since cytokine stimulation is disparate in HIV infection, PE, and during ARV
usage, it is important that future research outlines the archetypal effect in pregnancy. Finally, this will
improve therapeutic interventions in HIV-associated preeclamptic pregnancies, thus reducing maternal
and fetal morbidity and mortality.

Author Contributions: All authors made contributions to the article and approved it for publication.

Funding: This research received no external funding.

Acknowledgments: The authors wish to acknowledge the placental research team at the University of KwaZulu-Natal.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

Ang-1 Angiopoietin-1
Ang-2 Angiopoietin-2
Ang-3 Angiopoietin-3
Ang-4 Angiopoietin-4
AP-1 Activator protein 1
ARV Anti-retroviral therapy
CD94 Cluster of differentiation 94
CTLA-4 Cytotoxic T-lymphocyte antigen 4
CXCR1 Chemokine (C–X–C motif) receptor 1
CXCR2 Chemokine (C–X–C motif) receptor 2
ENOS Endothelial nitric oxide synthase
FGF-2 Fibroblast growth factor
FIK-1 Vascular endothelial growth factor receptor 2 (VEGFR22, kinase domain receptor)
FOXP3 Forkhead box P3
Gp120 Glycoprotein 120
HIF-1 Hypoxic-inducible factor 1
HAART Highly active anti-retroviral therapy
HDP Hypertensive disorders of pregnancy
HELLP Hemolysis, elevated liver enzymes, and low platelets
HIV Human immuno-deficiency virus
IL-17 Interleukin-17
KDR Kinase insert domain receptor
KIR2DS Killer-cell immunoglobulin-like receptor 2DS
KZN KwaZulu-Natal
LAIR-1 Leukocyte-associated immunoglobulin-like receptor 1
LIR1 Leukocyte immunoglobulin-like receptor 1
MAPKs Mitogen-activated protein kinases
MMP Matrix metalloproteases
NF-κB Nuclear factor kappa B
NKG2 Natural killer cell G2
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NKG2C Natural killer cell G2A
NKG2D Natural killer cell G2D
NKp30 Natural killer cell precursor 30
NKp44 Natural killer cell precursor 44
NKp46 Natural killer cell precursor 46
PE Preeclampsia
PECAM-1 Platelet endothelial cell adhesion molecule 1
PLGF Placental growth factor
SEng Soluble endoglin
SFlt1 Soluble fms-like tyrosine kinase 1
Slit2/Robo4 Slit/Roundabout (Robo)
Sp-1 Specificity protein 1
Tat Transactivating regulatory protein
TGF-ß Transforming growth factor beta
TIE1 Tyrosine protein kinase receptor 1
TIE2 Tyrosine protein kinase receptor 2
Th1 T helper cell type 1
Th2 T helper cell type 2
Th17 T helper type 17
Treg Regulatory T cells
UNAIDS United Nations Program on HIV/AIDS
VE cadherin Vascular endothelial cadherin
VEGF Vascular endothelial growth factor
VEGFR-1 Vascular endothelial growth factor receptor 1
VEGFR-2 Vascular endothelial growth factor receptor 2
VEGFR-3 Vascular endothelial growth factor receptor 3
WHO World Health Organization
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Abstract: In preeclampsia, widespread maternal endothelial dysfunction is often secondary to
excessive generation of placental-derived anti-angiogenic factors, including soluble fms-like tyrosine
kinase-1 (sFlt-1) and soluble endoglin (sEng), along with proinflammatory cytokines such as tumour
necrosis factor-α (TNF-α) and activin A, understanding of which offers potential opportunities for
the development of novel therapies. The antimalarial hydroxychloroquine is an anti-inflammatory
drug improving endothelial homeostasis in lupus. It has not been explored as to whether it can
improve placental and endothelial function in preeclampsia. In this in vitro study, term placental
explants were used to assess the effects of hydroxychloroquine on placental production of sFlt-1,
sEng, TNF-α, activin A, and 8-isoprostane after exposure to hypoxic injury or oxidative stress.
Similarly, human umbilical vein endothelial cells (HUVECs) were used to assess the effects of
hydroxychloroquine on in vitro markers of endothelial dysfunction. Hydroxychloroquine had no
effect on the release of sFlt-1, sEng, TNF-α, activin A, or 8-isoprostane from placental explants exposed
to hypoxic injury or oxidative stress. However, hydroxychloroquine mitigated TNF-α-induced
HUVEC production of 8-isoprostane and Nicotinanamide adenine dinucleotide phosphate (NADPH)
oxidase expression. Hydroxychloroquine also mitigated TNF-α and preeclamptic serum-induced
HUVEC monolayer permeability and rescued the loss of zona occludens protein zona occludens 1
(ZO-1). Although hydroxychloroquine had no apparent effects on trophoblast function, it may be a
useful endothelial protectant in women presenting with preeclampsia.

Keywords: hydroxychloroquine; preeclampsia; sFlt-1; sEng; TNF-α; endothelial dysfunction

1. Introduction

Preeclampsia complicates 3%–5% of all pregnancies and remains one of the leading causes
of maternal and perinatal morbidity and mortality [1]. In particular, pregnancies complicated by
early onset preeclampsia (prior to 34 weeks gestation) are associated with a 20-fold increase in
maternal death [2] and considerably increased rates of maternal and perinatal morbidities [3]. As such,
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the management of early onset preeclampsia continues to pose significant challenges to obstetricians
attempting to balance maternal risks with fetal benefits of prolonging pregnancy.

Although not fully understood, the pathophysiology of preeclampsia is generally agreed to
originate with poor placentation [4]. Inadequate trophoblast invasion and failure of maternal
spiral arterial remodeling leads to impaired placental development, including exposure to chronic
progressive ischaemia–reperfusion injury characterized by evidence of excessive oxidative stress.
In turn, this induces excessive placental release of anti-angiogenic factors such as soluble fms-like
tyrosine kinase-1 (sFlt-1) and soluble endoglin (sEng), coupled with inflammatory cytokines including
tumour necrosis factor-α (TNF-α) and activin A [5–8]. These various factors target the maternal
vasculature and contribute significantly to the widespread maternal vascular dysfunction, which is
often associated with oxidative injury [9–12]. Dysfunctional cells of the vasculature are characterized
by increased endothelial cell permeability, altered distribution of endothelial junctional proteins,
and reduced endothelium-dependent relaxation [13,14].

Antimalarials, such as hydroxychloroquine, were first formally used as a treatment for cutaneous
lupus in 1894. Following the observation in the 1940s that they had improved rheumatoid arthritis,
they became a popular therapy in rheumatic diseases [15]. However, research has only recently
unraveled some of the mechanisms of hydroxychloroquine’s therapeutic effect, as observed by
Wallace et al. 2012 [16]. Hydroxychloroquine is classified as C under the U.S. Food and Drug
Administration pregnancy category because it crosses the placenta but has not been reported to cause
any teratogenic effects to the fetus [17,18]. It has both anti-inflammatory and immunomodulatory
properties [19–21], and is widely used in autoimmune disorders such as systemic lupus erythematosus
(SLE), rheumatoid arthritis (RA), and Sjogren’s syndrome. The exact mechanisms by which
hydroxychloroquine improves the activity of these disorders are still not fully understood. However,
in women with SLE, it has been shown to decrease circulating levels of pro-inflammatory cytokines
IL-6, IL-8, and TNF-α [22], as well as IL-17 and IL-22, which are cytokines produced by helper T
cells [23]. Recently, in a female mouse model of SLE, it was reported that hydroxychloroquine decreased
endothelial oxidative stress by reducing Nicotinanamide adenine dinucleotide phosphate (NADPH)
oxidase activity, which led to improved endothelial function, lower blood pressure, and a reduction in
proteinuria [24].

In preeclampsia, NADPH oxidase-dependent oxidative stress is one of the pathways underlying
the maternal endothelial dysfunction [12]. Accordingly, we hypothesize that hydroxychloroquine may
confer beneficial effects in women diagnosed with preeclampsia by reducing placental production of
potentially deleterious mediators, thus improving the overall maternal endothelial homeostasis.

2. Results

2.1. Effects of Hydroxychloroquine on Placental Secretion

Hypoxia significantly increased the secretion of sFlt-1 (Figure 1a, p = 0.02), sEng (Figure 1b, p =
0.02), and TNF-α (Figure 1c, p = 0.02) from explant cultures after 24 h incubation. In the presence of
X-XO (xanthine/xanthine oxidase system), explants cultured for 48 h significantly increased secretions
of 8-isoprostane (Figure 2a, p = 0.03) and activin A (Figure 2b, p = 0.01) compared to controls.
Co-incubation with 1 μg/mL hydroxychloroquine did not alter either the hypoxia-induced secretion of
sFlt-1 (Figure 1a), sEng (Figure 1b), or TNF-α (Figure 1c), or the X-XO-induced increase in 8-isoprostane
(Figure 2a) and activin A (Figure 2b).

2.2. Effect of Hydroxychloroquine on HUVEC Viability

Previously we have demonstrated that, compared to untreated controls, there was no effect of
hydroxychloroquine on human umbilical vein endothelial cell (HUVEC) viability across a dose
range of 0.1, 1, and 10 μg/mL over 120 h in culture [25]. However, treatment of cells with
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100 μg/mL hydroxychloroquine significantly reduced cell viability at 24 h (p < 0.001) [25]. Dosing of
hydroxychloroquine for all subsequent experiments were based on these results.

Figure 1. Release of (a) soluble fms-like tyrosine kinase-1 (sFlt-1), (b) soluble endoglin (sEng),
and (c) tumour necrosis factor-α (TNF-α) by placental explants of human term normal pregnancy
placentae after 24 h incubation at 5% oxygen concentration (normoxia) versus 1% oxygen (hypoxia).
The explants were incubated in the hypoxic environment in the absence or presence of 1 μg/mL
hydroxychloroquine. Data are mean ± standard error of the mean (SEM) from 10 independent
biological replicates. * denotes p < 0.05. NT: non treated, HCQ: hydroxychloroquine.

Figure 2. Release of (a) 8-isoprostane and (b) activin A by placental explants of human term normal
pregnancy placentae after 48 h incubation at 20% oxygen concentration with 5% CO2. The explants
were incubated in media containing xanthine (2.3 mM) + xanthine oxidase (15 mU/mL) in the absence
or presence of 1 μg/mL hydroxychloroquine. Data are mean ± SEM from 10 independent biological
replicates. * denotes p < 0.05. X/XO: xanthine/xanthine oxidase, HCQ: hydroxychloroquine.

2.3. Effects of Hydroxychloroquine on Endothelial Function In Vitro

HUVECs were treated in the absence or presence of (i) TNF-α (100 ng/mL), (ii) sera from
normal pregnancies (20%), or (iii) sera from preeclamptic women (20%) in the presence or absence of
hydroxychloroquine (1 μg/mL) to assess endothelial dysfunction (Figure 3). Compared to controls,
incubation of HUVECs with TNF-α (Figure 3a,c) or sera from preeclamptic women (Figure 3b,d)
significantly increased both NADPH oxidase 2 (NOX2) mRNA expression (p < 0.001 and p = 0.01,
respectively) and 8-isoprostane secretion (p = 0.02 and p = 0.04, respectively). Co-treatment of HUVECs
with TNF-α and hydroxychloroquine significantly reduced NOX2 mRNA expression (Figure 3a,
p = 0.03) and secretion of 8-isoprostane (Figure 3c, p = 0.04). Co-treatment of HUVECs with serum
from preeclamptic women and hydroxychloroquine did not significantly alter the expression of NOX2
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mRNA or 8-isoprostane. However, 100 μM apocynin, a NOX inhibitor, significantly reduced the NOX2
mRNA expression and 8-isoprostane release induced by serum from preeclamptic women (Figure 3b,d,
respectively, p < 0.01 for both).

Figure 3. NADPH oxidase 2 (NOX2) RNA expression of human umbilical vein endothelial cells
(HUVECs) treated with 100 ng/mL TNF-α (a) and 20% preeclampsia (PE) sera (b). Release of
8-isoprostane by HUVECs treated with 100 ng/mL recombinant TNF-α (c) and 20% preeclampsia
sera (d). Data are mean ± SEM from eight independent biological replicates. * denotes p < 0.05;
****p<0.001.

Compared to controls, incubation of HUVECs with TNF-α (Figure 4a) or 20% sera from
preeclamptic women (Figure 4b) increased immunoreactivity for NOX2 protein. Once again,
co-treatment of HUVECs with TNF-α and either apocynin or hydroxychloroquine reduced
immunoreactive NOX2 protein expression (Figure 4a). Similarly, co-treatment of HUVECs with
sera from preeclamptic women and either apocynin or hydroxychloroquine also showed reduced
immunoreactive NOX2 protein expression (Figure 4b).

Figure 4. Western blot representative for NOX2 protein expression of HUVECs untreated (cont) or
treated with 100 ng/mL TNF-α (a) or 20% preeclampsia (PE) sera (b) with or without apocynin (apo,
100 μM) or hydroxychloroquine (HCQ, 1 μg/mL). β-actin was used as a loading control.

2.4. Effect of Hydroxychloroquine on Vascular Permeability

Both TNF-α (Figure 5a) and sera from preeclamptic women (Figure 5b) significantly increased
HUVEC monolayer permeability compared to controls (p= 0.02 and p= 0.005, respectively). These effects
were mitigated by co-treatment with hydroxychloroquine (p = 0.04 and p = 0.007, respectively).
Hydroxychloroquine prevented the significant loss of zonula occludens 1 (ZO-1) induced by both
TNF-α (Figure 5c, p = 0.003) and sera from preeclamptic women (Figure 5d, p = 0.02).
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Figure 5. HUVECs’ permeability when treated with 100 ng/mL recombinant TNF-α (a) and 20%
preeclampsia sera (b) (n = 9). Mean zonula occludens 1 (ZO-1) fluorescence when treated with
100 ng/mL recombinant TNF-α (c) and 20% preeclampsia sera (d) (n = 6). Data are means ± SEM from
nine and six independent biological replicates, respectively. * denotes p < 0.05, and ** denotes p < 0.005.

2.5. Effect of Hydroxychloroquine on Zonula Occludens 1 (ZO-1) Immunohistochemistry

Figure 6 contains representative images of ZO-1 immunostaining. There was normal ZO-1
immunostaining in untreated or HUVECs treated with sera from normal pregnancies (Figure 6A,D),
with the loss of immunostaining in cells treated with either TNF-α (Figure 6B) or preeclampsia sera
(Figure 6E). Hydroxychloroquine rescued the loss of ZO-1 induced by both TNF-α (Figure 6C) and
preeclampsia sera (Figure 6F).

Figure 6. Immunofluorescent staining of ZO-1 on HUVECs treated with 100 ng/mL recombinant TNF-α
or 20% preeclampsia sera for 16–22 h. Representative images from one of six experiments are shown.
(A) Control untreated HUVECs, (B) TNF-α 100 ng/mL, (C) TNF-α 100 ng/mL with hydroxychloroquine
1 μg/mL, (D) control HUVECs treated with 20% normal pregnancy sera, (E) 20% preeclampsia sera,
and (F) preeclampsia sera with hydroxychloroquine 1 μg/mL. Arrows show the ZO-1 staining on the
endothelial cell border.

3. Discussion

We undertook the study to explore the potential of hydroxychloroquine as a novel targeted therapy
addressing key pathophysiological pathways in preeclampsia. We demonstrated that this antimalarial
drug affords no apparent protection against hypoxia or oxidative stress in placental explants but that
it does have endothelial protective properties. These observations suggest that hydroxychloroquine
is a potential therapy for women with established preeclampsia but is unlikely to be useful as a
preventative treatment.
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We hypothesized that hydroxychloroquine would protect placental tissue from hypoxia-induced
injury ex vivo. Specifically, we sought to show that hydroxychloroquine could mitigate the effects of
hypoxia and hyperoxia on the placental release of the anti-angiogenic factors sFlt-1 and sEng, as well
as on the release of the pro-inflammatory cytokines, TNF-α, and activin A. However, we found this not
to be the case. Hydroxychloroquine had no effect on modulating hypoxia-induced placental injury.
These findings support those of others who tested hydroxychloroquine in a trophoblast-derived cell
line exposed to antiphospholipid antibodies as a model of antiphospholipid syndrome [26]. They found
that although hydroxychloroquine was able to mitigate trophoblast secretion of IL-6, it had no effect on
sEng release [26]. Collectively, this suggests that in an established diagnosis of preeclampsia, the use of
hydroxychloroquine may not confer any beneficial effects.

The maternal symptoms of preeclampsia are largely due to widespread maternal endothelial
dysfunction [27,28]. Lupus shares this feature as the key mechanism underlying hypertension,
renal dysfunction, and other organ injury [29]. Indeed, the endothelial dysfunction in both
preeclampsia and lupus have also been shown to be due, at least in part, to excessive oxidative stress
secondary to NOX activation [12,30,31]. Recently, in murine models of lupus, hydroxychloroquine
was shown to reverse endothelial dysfunction via the downregulation of NOX, and subsequently,
oxidative stress [24,32]. Here, we showed that hydroxychloroquine may have similar effects in
an in vitro model of preeclampsia-like endothelial dysfunction. Specifically, hydroxychloroquine
was able to prevent the TNF-α induction of NOX2 and subsequent oxidative stress in HUVECs
but, importantly, was not able to block similar effects induced by sera from preeclamptic women.
Interestingly, apocynin, a NOX inhibitor, was able to prevent the effects of both TNF-α and sera from
preeclamptic women on NOX2. This confirms the pro-oxidative effects of the sera of preeclamptic
women are mediated via NOX2 [12]. Müller-Calleja et al. demonstrated the inhibition of reactive
oxygen species (ROS) generated by endosomal NOX in human monocytic cells [33]. However,
the concentration used was much higher (10 μM) but still within therapeutic range as compared
to ours (3.6 μM). It is apparent that the concentration of hydroxychloroquine differs in various cell
types in in vitro experiments. Although several isoforms of NOX family members including NOX1,
NOX2 (also called gp91phox), NOX3, NOX 4, and NOX 5 have been reported to date, in endothelial
cells, NOX1, NOX2, and NOX4 isoforms are reported to be involved in the inflammatory response and
cytokine expression, triggered by angiotensin II treatment, through different mitogen activated protein
kinases (MAPK) pathway activation (phosphorylated form of p38 MAPK, extracellular signal regulated
kinases, ERK-1/2 and stress-activated protein kinases and c-jun N-terminal kinase, SAPK/JNK) [34].

We have shown before that follistatin, an activin binding protein, can block the endothelial
effects of sera from preeclamptic women [12,35]. Compared to women with a normal pregnancy,
maternal circulating levels of activin are increased approximately 10-fold in women with
preeclampsia [36]. We have not yet explored whether hydroxychloroquine can block activin-mediated
effects. However, the current study suggests that sera from preeclamptic women contains factors
capable of inducing NOX, which cannot be mitigated by hydroxychloroquine.

Intriguingly, hydroxychloroquine was able to mitigate the effects of both TNF-α and sera from
preeclamptic women on the loss of endothelial ZO-1 and integrity. Endothelial ZO-1 is a protein
present in endothelial cell–cell junction known to regulate cellular permeability [37]. Any changes
in ZO-1 protein, such as induced by a response to inflammatory cytokines, will alter the endothelial
cell permeability. The loss of ZO-1 induced by TNF-α is known to be mediated via the activation of
NOX [38,39]. Hydroxychloroquine was able to prevent the loss of ZO-1 and the subsequently increased
endothelial permeability induced by both TNF-α and sera from preeclamptic women, suggesting these
effects may be mediated through a TNF-α-dependent upregulation of NOX. Further evaluation is
required to verify this theory, perhaps using TNF-α receptor antagonists co-incubated with the sera of
preeclamptic women.

Circulating levels of TNF-α increase in normal pregnant women and are further raised in
preeclamptic women [40–42]. These levels are much lower than the concentrations tested in the present
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study (15 pg/mL vs. 100 ng/mL, respectively). Although in the in vitro model of acute exposure of cells
to single high dose may not be a good representation of the in vivo situation, previous studies have
reported that 100 ng/mL of TNF-α in cultured HUVEC enhanced endothelial cell activation, similar to
that observed in preeclampsia [43].

The effect of hydroxychloroquine on other pathogenic pathways of preeclampsia have not been
explored in this study. For example, it is now thought that a key mechanism of action of antimalarial
drugs is the antagonism of toll-like receptor (TLR) signaling and subsequent downstream activation of
pro-inflammatory cytokines [16,44]. In preeclampsia, placental expression of TLR3, TLR7, and TLR8 are
upregulated [45,46]. The treatment of pregnant rodents with TLR agonists induces a preeclampsia-like
phenotype, providing further evidence of other mechanistic pathways that hydroxychloroquine
treatment could also target.

In addition to the effects of antimalarial agents on TLRs, these drugs have other benefits, such as
inhibition of phospholipase A2 (PLA2) enzyme. PLA2 has been implicated in the pathogenesis
of preeclampsia and is found to be elevated in both decidual tissue and the sera of preeclamptic
women [47,48]. Similarly, in patients with active SLE, there is a 4.6-fold increase in the mean activity
of PLA2 [49]. Lipid peroxidation occurs because of oxidative stress induced by the elevated levels
of reactive oxygen species. This leads to membrane phospholipid degradation and hence release of
arachidonic acid [50]. Zabul et al. have described the potential role of arachidonic acid hydroperoxide
underlying the molecular mechanism of oxidative stress in preeclampsia [51]. Arachidonic acid
stimulates release of superoxide from neutrophils and macrophages [52]. Antimalarial drugs have
been shown to inhibit PLA2 activity and therefore reduce the generation of superoxide, which will be
beneficial for improving endothelial dysfunction in preeclamptic patients [50,53].

4. Materials and Methods

4.1. Blood and Tissue Collection

Preeclampsia is defined as elevation of blood pressure of 140/90 mmHg or more, and proteinuria
of more than 0.3 g in a 24 h urine collection or random urine dipstick test of more than 2+ according
to the Society of Obstetric Medicine of Australia and New Zealand guidelines [54]. All blood and
placental tissues were collected from pregnant women, as detailed below. Written and informed
consent was obtained from all individual participants included in the study with the approval of
the Monash Health Human Research Ethics Committee (HREC no. 13357B, dated 6 August 2015).
Venous blood was collected from women with a singleton healthy pregnancy and from women with
established preeclampsia at 24 to 34 weeks of gestation. Women who had received intravenous
magnesium sulphate, or had pre-existing or secondary hypertension, diabetes, or a multiple pregnancy,
were excluded. None of the women with preeclampsia were in labor at the time of blood sampling.
The control (healthy) women were matched for gestation (≤34 weeks). Sera were separated and pooled
into two groups: healthy term pregnancy serum and preeclampsia serum. For all in vitro experiments,
20% pooled sera from preeclampsia pregnancies were used for treatment of endothelial cells and were
compared with that of the normotensive sera treated cells. There were significant differences in the
systolic and diastolic blood pressure and proteinuria between normotensive and preeclamptic patients
(p = 0.007), as previously presented [25].

4.2. Placental Explant Cultures Ex Vivo

Placental villous explants (n = 10) were collected from term uncomplicated pregnancies at elective
caesarean section within 20 min of delivery of the placenta. Briefly, placental villous tissue was excised
by removing maternal decidua. Villous explants (approximately 50–70 mg wet weight) were then
thoroughly washed with cold Hank’s balanced salt solution (HBSS, 1:10, Life Technologies/Thermo
Fisher Scientific, Waltham, MA, USA) and placed in 24-well plates in M199 supplemented with
1% antibiotics/antimycotics (penicillin G, streptomycin sulphate, and amphotericin B) and 1% of
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L-glutamine (all from Life Technologies/Thermo Fisher Scientific, Waltham, MA, USA). Incubation
details are provided below.

4.3. Placental Hypoxia

Placental hypoxia was modeled by incubating placental explants in 1% oxygen with 5% CO2 at
37◦C in the presence or absence of 1μg/mL hydroxychloroquine (Sigma-Aldrich, St. Louis, Missouri,
USA). Controls were incubated in 5% oxygen. The conditioned media were collected after 24 h and
stored at -80◦C for sFlt-1, sEng, TNF-α, and activin A assay.

4.4. Placental Oxidative Stress

The explants were treated with 2.3 mM xanthine (X) and 0.015 U/mL xanthine oxidase (XO)
(Sigma-Aldrich) to induce oxidative stress [8,55]. Explants were incubated in X/XO in the presence or
absence of 1 μg/mL hydroxychloroquine for 48 h at 37 ◦C in 20% oxygen, 5% CO2. Untreated cultures
served as controls. Conditioned media were collected and stored at -80 ◦C in the presence of 0.005%
butylated hydroxytoluene (BHT) (Sigma-Aldrich, St. Louis, Missouri, USA) to prevent autoxidation
for activin A and 8-isoprostane assay measurements. Elevated levels of 8-isoprostane are a marker for
lipid peroxidation caused by oxidative stress [56] and, in addition, high levels of activin A have been
implicated in the pathway of placental oxidative stress [12].

4.5. Measurement of sFlt-1, sEng, TNF-α, and Activin A with ELISA

Levels of sFlt-1, sEng, TNF-α, and activin A were measured in placental explant (n = 10)
conditioned media using Quantikine immunoassay ELISAs (R&D systems, Minneapolis, Minnesota,
USA) according to the manufacturer’s protocol. All samples were assayed in duplicate. Briefly, for the
measurement of sFlt-1, sEng, TNF-α, and activin A, the conditioned media was diluted (1:40, 1:10, 1:5,
and 1:30, respectively) with assay diluent. Results were normalized per milligram weight of tissue.

4.6. Human Umbilical vein Endothelial Cell (HUVEC) Isolation

Umbilical cords were also obtained from healthy women with term singleton pregnancies
(n = 8) undergoing elective caesarean. HUVECs were isolated and cultured, as previously described,
with minor modifications [8,57]. Briefly, the umbilical cord was severed from the placenta within
an hour of collection. All areas with clamp marks were removed and the umbilical vein was
cannulated and tied with thread. After removal of blood, the umbilical veins were infused with type II
collagenase (0.5 mg/mL, Sigma-Aldrich) and incubated for 10 min at 37◦C to isolate the endothelial
cells. They were maintained in M199 complete media containing 20% heat-inactivated fetal calf
serum, 1% antibiotics/antimycotics (penicillin G, streptomycin sulphate, and amphotericin B), and 1%
l-glutamine with endothelial and fibroblast growth factor (10 ng/mL each). Only cells at passage 2 to 4
were used for experiments.

4.7. HUVEC Viability Assay

We first determined the effect of different concentrations of hydroxychloroquine on HUVEC
viability. Cells were plated at 2 × 104 cells per well in 96-well plates (n = 8, Corning) and grown
to confluence in 100 μL culture media with hydroxychloroquine added at different concentrations
(0.1, 1, 10, 100 μg/mL) and further incubated for 24 h. Viability was assessed by adding 20 μL MTS
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent (Promega, Madison, WI, USA)
to each well. After 1 h at 37 ◦C, the absorbance at 490 nm was read using a plate reader (SpectraMax i3,
Molecular Devices, San Jose, CA 95134 USA).
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4.8. Oxidative Stress as Assessed by 8-Isoprostane

Cells were grown to confluence in 96-well plates (2 × 104 cells per well) for 24 h in M199 complete
media. Cells were treated with media (control), 100 ng/mL TNF-α (Life Technologies /Thermo Fisher
Scientific, Waltham, MA, USA), 20% normal pregnancy sera, or 20% preeclampsia sera, in the presence
or absence of hydroxychloroquine (0, 0.1, 1, and 10 μg/mL) for a further 24 h. Conditioned media were
then stored at -80◦C in the presence of 0.005% butylated hydroxytoluene (BHT) as described above.
Total 8-isoprostane was measured using a commercial enzyme immunoassay (Cayman Chemical,
Ann Arbor, MI, USA) according to the manufacturer’s instructions. Samples were assayed in duplicate
after diluting 1:5 with assay diluent. On the basis of the results from this experiment, in all subsequent
experiments 1 μg/mL hydroxychloroquine was used. The cells were treated with either 100 ng/mL of
recombinant TNF-α or 20% preeclampsia sera in combination with either 1 μg/mL hydroxychloroquine
or 100 μM apocynin (NADPH oxidase inhibitor) (Sigma-Aldrich) for 24 h.

4.9. Measurement of NADPH Oxidase (NOX2) mRNA Expression

Cells were grown to confluence in 6-well plates (1 × 105 cells per well) for 48–72 h in M199
complete media. Cells were treated with 100 ng/mL recombinant TNF-α or 20% preeclampsia serum
combined with either 100 μM apocynin or 1 μg/mL hydroxychloroquine for 6 and 12 h, respectively.
The treatment groups were compared with untreated HUVECs or cells treated with 20% sera from
normotensive pregnant women. Total cellular RNA was isolated with Ambion (Life Technologies
/Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocols. The cDNA
was prepared with 1 μg of cellular mRNA and reverse-transcribed using SuperScript III first strand
synthesis system (Life Technologies). Quantitative PCR was performed on Rotorgene (Qiagen, Hilden,
Germany) in a reaction mixture (20 μL) containing Sensimix SYBR Green PCR master mix (Bioline
Meridian Biosciences, Heidelberg, Germany). The reactions were performed with the following
conditions: 95 ◦C for 10 min then 40 cycles of 95◦C for 20 s, 60 ◦C for 30 s, and 72 ◦C for 30 s. NOX2 was
amplified using primers 5′-TGG CAC CCT TTT ACA CTG-3′ and 5′-CCA CTA ACA TCA CCA CCT
CA-3′. The housekeeping gene 18S was amplified using primers 5′-GTC TGT GAT GCC CTT AGA
TGT C-3′ and 5′-AAG CTT ATG ACC CGC ACT TAC-3′. Relative gene expression was determined
using the delta delta – cycle threshold (CT) method.

4.10. Measurement of NOX2 Protein Expression

HUVECs were grown to confluence and treated with either 100 ng/mL recombinant TNF-α or 20%
preeclampsia serum combined with 100 μM apocynin or 1 μg/mL hydroxychloroquine for 6 and 12 h,
respectively. HUVECs were assessed for total NOX2 protein. Protein extracts of nucleic and cytoplasmic
fractions were obtained using the nuclear and cytoplasmic reagents (Life Technologies /Thermo Fisher
Scientific, Waltham, MA, USA) according to manufacturer’s instructions. Protein quantification was
performed using the Pierce Bicinchoninic acid (BCA) kit (Life Technologies /Thermo Fisher Scientific,
Waltham, MA, USA)). For Western blots, 40μg protein was loaded for each sample. Membranes were
then blocked with 5% (w/v) skim milk in phosphate-buffered saline with 0.1% (v/v) Tween-20 for 1 h
prior to probing with antibodies. Membranes were stripped in a mild stripping buffer (1.5% w/v glycine,
0.1% w/v sodium dodecyl sulfate, 1% v/v Tween-20 in distilled water) for 5 min between antibodies.
The primary antibodies and concentrations used were Nox2 at 0.025 ng/mL (anti-NOX2/gp91phox
antibody (ab80508, Abcam, Cambridge, United Kingdom) and the control β-actin at 0.01 ng/mL
(IMG-5142A, Imgenex). Antibodies were diluted in blocking buffer and incubated overnight at 4 ◦C.
Chemilumiscence detection was performed using Clarity Western Electrochemiluminescence (ECL)
blotting Substrates (Bio-Rad, Hercules, CA, USA).
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4.11. Endothelial Permeability Assay

An endothelial permeability assay was performed as previously described with minor
modifications [58]. Briefly, culture inserts (0.4 μm pore size, 6.5 mm diameter; Corning) were
coated with 0.2% gelatin (Sigma-Aldrich) for 30 min at room temperature. HUVECs (50,000 cells
per well) were plated on the inserts and cultured to form a tight monolayer with 100 μL M199
complete media in the upper chamber and 600 μL in the lower chamber at 37 ◦C, 5% CO2 for 72
h. Inserts were then transferred to a fresh plate and cell monolayers were treated in fresh media
containing 100 ng/mL recombinant TNF-α alone or with 1 μg/mL hydroxychloroquine for 16–22 h.
Treatment groups were compared with untreated HUVECs. The conditioned media were collected and
100 μL fresh media containing fluorescein isothiocyanate (FITC)-conjugated dextran (MW 40000, final
concentration 1 mg/mL, Sigma-Aldrich) was added to the upper chamber. The plate was incubated
while protected from light for 60 min. The media from the lower chamber were diluted (1:20) in HBSS
for measurement of fluorescence at 485/535 nm using a plate reader (SpectraMax i3, Molecular Devices).
Results (fluorescence units) were expressed as percent changes relative to control.

Assessment of cell permeability when treated with 20% sera from healthy or preeclamptic women
was performed using in vitro permeability assay kit from Millipore (Merck Millipore) in the absence
or presence of 1 μg/mL hydroxychloroquine for 16–22 h. The treatment groups were compared with
HUVECs treated with serum from women who had normal pregnancies (NP). Briefly, the transwells,
which were coated with collagen, were rehydrated with 250 μL endothelial growth media (EGM,
Lonza) and left at room temperature for 15 min. Subsequently, 200 μL of the media was removed and
replaced with an equal volume of cell stock (1 x 105). Then, 500 μL of media was added to the receiver
plate and incubated for 72 h to form a tight monolayer. Following this, fresh media was replaced in
the receiver plate. The cells were treated accordingly and further incubated for 16–22 h. Media in
the upper chamber was replaced with fresh media (150 μL) containing fluorescein isothiocyanate
(FITC)-conjugated dextran, and the plate was incubated for 30 min and protected from light. The media
from the lower chamber was diluted (1:20) with HBSS for measurement of fluorescence at 485/535 nm
using a plate reader (SpectraMax i3, Molecular Devices). Results (fluorescence units) were expressed
as percent changes relative to control.

4.12. Zonula Occludens (ZO-1) Immunohistochemistry for the Assessment of Endothelial Integrity

HUVECs were grown on 14 mm glass coverslips (4 × 104 cells/well) placed in 24 well plates.
Cells were treated with 100 ng/mL recombinant TNF-α or 20% sera from preeclamptic women
in the presence or absence of 1 μg/mL hydroxychloroquine for 16–22 h prior to fixing with 4%
paraformaldehyde (Sigma-Aldrich) for 30 min at room temperature. The treatment groups were
compared with untreated HUVECs or cells treated with 20% normal pregnancy sera. Cells were blocked
with 0.5% bovine serum albumin (BSA, Sigma-Aldrich) for 30 min, incubated first with rabbit anti-ZO-1
(1:50, Zymed) overnight at 4◦C, then with donkey anti-rabbit Alexa Fluor 568 (1:100, Invitrogen)
for 1 h in the dark. Cell nuclei were stained with 2 μm 4′,6-diamidino-2-phenyindole dilactate
(DAPI, Sigma Aldrich) for 10 min and mounted with fluorescent mounting media (DakoCytomation).
Staining was examined with an Olympus BX60 fluorescent microscope and images were taken using
an Olympus DP70 camera and Olympus CellSens software (Olympus). The primary antibody was
replaced with an isotype-matched control antibody in the negative controls. The mean intensity of the
staining was assessed using ImageJ software (version 2.0.0-rc-43/1.50i, http://imagej.net/Fiji/Downloads,
Bethesda, MD).

5. Conclusions

Hydroxychloroquine has a significant protective impact on endothelial function acting via the
suppression of NOX-induced oxidative stress; it is unable to mitigate all of the effects of preeclamptic
sera-induced injury in vitro or to mitigate ex vivo placental injury. Further evaluation is warranted
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to determine other molecular pathways by which hydroxychloroquine may prevent endothelial
dysfunction in preeclampsia. The results of this study strongly suggest that hydroxychloroquine seems
likely to be clinically effective as adjuvant therapy in women diagnosed with preeclampsia.
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Abstract: Several studies have shown that women with a preeclamptic pregnancy exhibit an increased
risk of cardiovascular disease. However, the underlying molecular mechanisms are unknown. Animal
models are essential to investigate the causes of this increased risk and have the ability to assess
possible preventive and therapeutic interventions. Using the latest technologies such as speckle
tracking echocardiography (STE), it is feasible to map subclinical changes in cardiac diastolic and
systolic function as well as structural changes of the maternal heart. The aim of this work is to compare
cardiovascular changes in an established transgenic rat model with preeclampsia-like pregnancies
with findings from human preeclamptic pregnancies by STE. The same algorithms were used to
evaluate and compare the changes in echoes of human and rodents. Parameters of functionality
such as global longitudinal strain (animal −23.54 ± 1.82% vs. −13.79 ± 0.57%, human −20.60 ± 0.47%
vs. −15.45 ± 1.55%) as well as indications of morphological changes such as relative wall thickness
(animal 0.20 ± 0.01 vs. 0.25 ± 0.01, human 0.34 ± 0.01 vs. 0.40 ± 0.02) are significantly altered in both
species after preeclamptic pregnancies. Thus, the described rat model simulates the human situation
quite well and is a valuable tool for future investigations regarding cardiovascular changes. STE is a
unique technique that can be applied in animal models and humans with a high potential to uncover
cardiovascular maladaptation and subtle pathologies.

Keywords: preeclampsia; pregnancy; speckle tracking echocardiography; cardiovascular dysfunction;
animal models of human disease
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1. Introduction

A pathological pregnancy, including preterm birth, gestational diabetes mellitus, and preeclampsia
(PE), is the first gender-specific risk factor for cardiovascular disease (CVD) later in life [1]. PE, with its
typical symptoms including the onset of hypertension and signs of end-organ damage, has a fourfold
increase regarding the risk for long-term CVD [2]. In the last years, cardiovascular changes during a
preeclamptic pregnancy and especially persistent alterations in maternal cardiac structure and function
moved into the focus of scientific research [3]. It has been demonstrated that former preeclamptic
women show relaxation abnormalities, diastolic dysfunction, left ventricular (LV) hypertrophy [4–6],
and abnormal response to volume expansion and exercise [7–9]. In most of the studies, symptoms
are rather mild and sometimes even asymptomatic. It remains unclear whether the increased risk for
future CVD is related to PE or predisposing and preexisting factors [10], and thus PE represents a
window to compromised future cardiovascular health. The mechanism for pathological functional and
structural remodeling in the maternal heart after a pathological pregnancy is also not fully understood.

For this reason, representative animal models are of increasing importance. A well-established
rodent model for PE is the rat model, whose female is transgenic for human angiotensinogen and
is mated with a transgenic male for human renin. Both animals are phenotypically inconspicuous
until mating. Interestingly, dams develop typical symptoms of PE such as high blood pressure and
albuminuria in the last trimester of pregnancy [11,12]. In addition, placenta-induced pathology with
intrauterine growth retardation [12,13], elevated sFlt-1 levels [14], and existing AT1 autoantibodies [15]
are presented in this animal model. Although PE is not caused by a monocausal pathology, this model
reflects appropriately the human aspects of the disease. The use of rodent models such as this will
help us to understand the mechanisms of disease-related alterations in cardiac function and structure
that influence maternal long-term health after a pathological pregnancy. Furthermore, potential novel
preventive and therapeutic strategies can be evaluated. Nevertheless, the gap between animal models
and the human disease is wide, and translational research strategies are warranted to narrow the bridge.

In this study, we tested the hypothesis of whether the transgenic rat model is suitable for the
investigation of the cardiovascular burden after PE. Recently, we showed that the preeclamptic rat
suffers from hypertrophy and diastolic dysfunction [16]. Next, we compared this animal model with
the systolic and the diastolic functions of the human maternal heart after a preeclamptic pregnancy.
Speckle tracking echocardiography (STE), a state-of-the-art technique considered as the gold standard
for early detection of cardiac dysfunction, is the current key tool for the non-invasive measurement
of changes in cardiac function and structure. In this ultrasound imaging technique, the movement
of heart tissue is analyzed using the naturally occurring speckle pattern in the heart muscle or in
the blood. This mixture of interference patterns and natural acoustic reflections makes it possible
to document the movement of the heart muscle by defining vectors and speed. These reflections
are also known as speckles, which have a unique pattern for each region of the myocardium and
make it possible to follow the region from one image to the next. Strain is defined as the percentage
change in the dimension of an object compared to the original shape. Similarly, strain rate can be
defined as the speed at which the deformation occurs. When applied to the LV, the deformation is
defined by the three strains: longitudinal, circumferential, and radial. There is a systolic longitudinal
and circumferential shortening and a radial thickening. Therefore, longitudinal and circumferential
parameters have negative values, whereas radial parameters have positive values.

Formerly preeclamptic women were examined by STE 50 weeks after delivery and compared
with age-matched controls. Transgenic rats were subjected to echocardiography and the same post
processing algorithms four weeks after a preeclamptic pregnancy, which corresponds to two years in
the human situation [17].

2. Results

Speckle tracking echocardiography (STE) was performed four weeks postpartum in formerly
pregnant rats with PE-specific symptoms such as high blood pressure and albuminuria. In comparison,

222



Int. J. Mol. Sci. 2020, 21, 1162

the same method was performed in formerly preeclamptic women 50 weeks after delivery
(Figure 1). Both former preeclamptic species (PE) were compared with matched controls after
healthy pregnancy (control).

Figure 1. Formerly preeclamptic women and rats from a transgenic animal model were characterized
postpartum regarding cardiac alterations in function and structure. Early onset preeclamptic women
showed a lower gestational age than controls but were matched on scanning time after delivery.

2.1. Speckle Tracking Echocardiography in the Transgenic Animal Model Simulates the Human Situation

The most important readout in STE is the global strain data. It describes the degree of deformation
of the myocardium in different directions. The most sensitive parameter, the global longitudinal strain
(GLS), was reduced after PE in both the animal model (control −23.5 ± 1.8% vs. PE −13.8 ± 0.6%) and
the human (control −20.6 ± 0.5% vs. PE −15.5 ± 1.6%) postpartum situation (Figure 2A), and it was the
same regarding the global longitudinal strain rate (Figure 2B). The global radial strain (Figure 2C) and
the corresponding strain rate (Figure 2D) showed only a decreased tendency in the animal post-PE
model and were unchanged in the human situation. The global circumferential strain (Figure 2E) and
the corresponding strain rate (Figure 2F) were reduced in the animal model but showed no changes
after human preeclamptic pregnancy. Moreover, former PE animals demonstrated a clear reduction of
the ejection fraction (EF) with control 66.3 ± 2.3% vs. PE 55.5 ± 1.3%. The human data confirm the
trend (Figure 2G). The stroke volume (Figure 2H) as well as the cardiac output (Figure 2I) and the
end diastolic volume (Figure 2J) were not altered postpartum in any of the species. The end systolic
volume only showed a slight increase in the animal model but not in the human postpartum situation
(Figure 2K). In addition, echocardiography provided the first initial evidence of morphological changes.
The posterior wall was clearly thickened in the animal post-PE model; in the human situation, it showed
a borderline p-value of 0.06 (Figure 2L). If the relative wall thickness was considered, both species
showed a postpartum increase (Figure 2M) with control 0.20 ± 0.01 vs. PE 0.25 ± 0.01 in the animal
model and control 0.34 ± 0.01 vs. PE 0.40 ± 0.02 in the human postpartum situation. Interestingly,
formerly preeclamptic animals showed an increase in LV masses (control 983.5 ± 19.0 mg vs. PE 1138.0
± 40.6 mg); however, formerly preeclamptic women did not (Figure 2N). The LV diameter in the end
diastole was not significantly changed in either species (Figure 2O). The heart rate was significantly
increased in the animal model after preeclamptic pregnancy (control 306.6 ± 6.8 bpm vs. PE 356.2 ±
11.0 bpm). With a p-value of 0.08, this trend was also evident in the human situation (Figure 2P).
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Figure 3 summarizes the described measurements in relative changes after a preeclamptic
pregnancy compared to the healthy controls by a spider’s web plot. Here, the examined parameters
are noted in the corners. The controls were normalized to the reference value 1.0, which is shown as
a grey line. Changes in the animal post-PE model are reflected by the red line, and the purple line
refers to the changes in the human post-PE situation compared to healthy controls. Concludingly,
similar deviations after pathological pregnancy in both species can be observed. Several functional
parameters, such as EF, were reduced, and parameters representing structural remodeling, such as
relative wall thickness, were increased in both species compared to controls.

Figure 3. Relative values of post-preeclamptic changes in the animal model and in the human situation.
Controls of each species were normalized to one. Grey line = controls, purple line = PE human, red line
= PE animal; PE preeclampsia.

2.2. Intraobserver Variability Shows an Excellent Correlation within One Observer

Analyses of the intraobserver variability in the animal data showed an excellent correlation
between two repeated evaluations of EF, r = 0.97, p < 0.0001 (Figure 4A), and GLS, r = 0.98, p < 0.0001
(Figure 4B) within one observer. The very strong agreement between repeated evaluations was
substantiated in the corresponding Bland–Altman plots, which showed only a marginal bias mean
difference (95% CI for limits of agreement): 0.75 (4.50 to −3.00) for EF (Figure 4C) and −0.50 (1.30 to
−2.31) for GLS (Figure 4D). In the human data analyses, there was likewise an excellent intraobserver
correlation regarding measurements of EF, r = 0.94, p < 0.0001 (Figure 4E), and GLS, r = 0.98, p < 0.0001
(Figure 4F). Only a minor bias was seen in the corresponding Bland–Altman plots: 0.44 (4.48 to −3.61)
for repeated evaluation of human EF (Figure 4G) and −0.11 (1.36 to −1.58) for human GLS (Figure 4H).
The intraclass correlation coefficients (ICCs) for reliability of the evaluations were excellent both in
animal and in human analyses (95% CI): 0.96 (0.89 to 0.99) for animal EF, 0.97 (0.92 to 0.99) for animal
GLS, 0.93 (0.83 to 0.98) for human EF, 0.98 (0.95 to 0.99) for human GLS evaluations.
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2.3. Interobserver Comparison Displays Strong Correlation between Two Different Observers

The interobserver variability comparison showed moderate to strong correlation between the
assessments of the two observers for animal EF (Figure 5A) and GLS (Figure 5B) with a moderate bias,
as shown in the Bland–Altman plots, mean difference (95% CI for limits of agreement) of 1.56 (−4.96
to 8.09) for animal EF (Figure 5C) and −1.01 (−9.30 to 7.28) for animal GLS (Figure 5D). A moderate
to strong correlation was also shown between the assessments of the two observers for human EF
(Figure 5E) and GLS (Figure 5F) with a moderate bias, as shown in the Bland–Altman plots, mean
difference of −4.50 (−12.27 to 3.27) for human EF (Figure 5G) and −1.08 (−5.79 to 3.64) for human GLS
(Figure 5H). The repeatability of the interobserver assessments fluctuated between good ICC (95% CI)
for interobserver animal EF assessments: 0.89 (0.69 to 0.96) and 0.63 (−0.04 to 0.88) for human EF, 0.68
(0.31 to 0.88) for animal GLS, and 0.73 (0.39 to 0.90) for human GLS interobserver assessments.

Figure 5. Interobserver comparison. In analysis by two experts, variability comparison showed
moderate to strong correlation between the assessments for animal EF (A) and GLS (B) with a moderate
bias, as shown in the Bland–Altman plots, mean difference (95% CI for limits of agreement) of 1.56
(−4.96 to 8.09) for animal EF (C) and −1.01 (−9.30 to 7.28) for animal GLS (D). A moderate to strong
correlation was also shown between the assessments of the two observers for human EF (E) and GLS
(F) with a moderate bias, as shown in the Bland–Altman plots, mean difference of −4.50 (−12.27 to 3.27)
for human EF (G) and −1.08 (−5.79 to 3.64) for human GLS (H).

3. Discussion

The aim of this study was to compare cardiac alterations in a transgenic rat model for PE with
the human post-PE situation. In order to describe cardiovascular changes after pregnancy in both
species, STE was performed by blinded observers. The reported data reflect equivalent changes
in the transgenic rat model and the human situation. Functional parameters such as EF and GLS
were reduced in both species post-PE. We observed an increase in relative wall thickness and an
increase in the posterior wall thickness of the LV as signs of structural remodeling. Melchiorre et
al. were among the first who described permanent cardiovascular changes concerning relaxation
abnormalities, diastolic dysfunction, and alterations according to LV geometry during and after PE in
humans [4,18,19]. They evaluated LV dysfunction and geometry according to the European Association
and American Society of Echocardiography guidelines, not mentioning the individual parameters
that were altered. The novelty of our study is based on the very sensitive method of measuring
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myocardial function using STE. Former preeclamptic women often suffer from asymptomatic cardiac
abnormalities with prevalence of asymptomatic heart failure stage B including concentric remodeling
and mildly impaired EF [6]. STE offers more sensitive parameters by describing the deformation of the
myocardium and is even able to distinguish between individually contracting muscle layers of the heart.
Previous publications demonstrated the extensive ability of STE to differentiate between physiological
and pathological hypertrophic changes of the heart [20]. With the unique possibility of targeted
myocardial specification, STE is being used more frequently in animal models [21–23]. The GLS,
as the most sensitive parameter, was induced much earlier than EF [24] and showed a reduction of
cardiac functionality post-PE in both species of our translational comparison. To our knowledge, this
is the only animal model investigating cardiovascular changes postpartum by STE. An important
open and unacknowledged question is whether the changes seen in humans are reversible [25]
or permanent after delivery [26], and, if this is going to be an irreversible remodeling, whether
replacement fibrosis is also present. We observed perivascular and interstitial fibrosis in the transgenic
animal model [16], suggesting that a persisting structural remodeling post-PE and thus permanent
cardiovascular abnormalities after preeclamptic pregnancy might be present after human preeclamptic
pregnancy. Cardiovascular magnetic resonance (CMR) displays a high potential in the detection of
myocardial fibrosis. One of our latest publications about CMR in formerly preeclamptic women
describes the structural remodeling postpartum and underlines the burden of increased cardiovascular
risk in later life. In this four year postpartum study, diffuse injury of the myocardium was assessed by
parametric mapping, focal injury by late gadolinium enhancement imaging, and cardiac function was
evaluated by cine imaging and tissue tracking (strain). The post-preeclamptic group showed increased
left-atrial end-diastolic volume stroke volume with a slight increase in left ventricular hypertrophy.
We could not detect differences in focal or diffuse myocardial tissue composition between the groups.
Follow up studies are needed to identify the critical window when morphologic tissue differentiation,
such as progression to myocardial fibrosis or inflammation, occurs in post-preeclamptic patients.
Beside replacement fibrosis, another indication for permanent alterations in the maternal heart is the
concentric remodeling. LV posterior wall and the extrapolated relative wall thickness increased in this
study in both post-PE species. Intriguingly, the LV mass only increased significantly in the animal
model. However, already published human studies show a permanent hypertrophy of the maternal
heart [4,18,27].

The importance of PE as a risk factor in the development of chronic heart disease has been
reinforced, and the future cardiovascular health of formerly preeclamptic women is getting more and
more attention. Since 2011, the American Heart Association concludes that a pathological pregnancy
is an important novel risk factor for later CVD [1]. While California was the only state in the USA
to reduce maternal mortality due to hemorrhage using disease-specific toolkits and evidence-based
protocol [28], death rates from maternal CVD are rising in the rest of the country. That demonstrates
the urgent need for a cardiovascular follow-up after preeclamptic pregnancy and a preventive strategy
worldwide. New guidelines from the European Society of Cardiology for the management of CVD
during pregnancy [29] recommend lifestyle modifications and annual visits to a primary care physician
to check blood pressure and metabolic factors. A sufficient strategy for cardiovascular prevention
and postpartum treatment is still missing. To investigate the disease related remodeling process of
the maternal heart, animal models are essential. The transgenic rat model mimics a preeclamptic
pregnancy in several important aspects [11–15] and shows characteristic features of cardiac dysfunction
after a preeclamptic pregnancy, as shown in this study.

In conclusion, our data indicate that the transgenic rat model and the use of STE depicts the
cardiovascular abnormalities in the human situation well. That provides the basis investigating the
causes of structural changes and functional disorders and gives the opportunity to test promising
interventions. To underpin the methodical safety, we used one single observer for STE analysis
in both species and demonstrated excellent intraobserver comparison. Interobserver agreements
differed between EF and GLS and underlined the important aspect of fixed observers within a study.
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However, it should be mentioned that preeclampsia is not a monocausal disease, and there is no model
that completely reflects the heterogeneous clinical picture of this disorder. Another limitation is the
postpartum observation time point of four weeks in the animal model. Further studies with longer
postpartum periods corresponding to 10–20 human years will be necessary in the future to be able to
make further statements about the cardiovascular risk after a preeclamptic pregnancy.

4. Materials and Methods

4.1. Animal Cohort

A transgenic rat model was used for simulation of a preeclamptic pregnancy. Female
Sprague-Dawley rats harboring the human angiotensinogen gene [TGR(hAogen)L1623] were mated
with male rats transgenic for the human renin gene [TGR(hRen)L10J] and developed the disease
related phenotype during the last trimester of pregnancy. Age- and body weight-matched
wild-type Sprague-Dawley rats constituted the control group. Both groups were housed in a
temperature-controlled environment of 22 ± 2 ◦C, 12:12-hour light/dark cycle, and a humidity
of 55 ± 15%. The animals had access to water and food (Sniff V1324-300) ad libitum. Rats were
sacrificed 28 days postpartum by decapitation with prior isoflurane anesthesia or due to predefined
stopping. The study was approved by local authorities (G0273/16; State Office of Health and Social
Affairs Berlin).

4.2. Animal Echocardiography

Transthoracic echocardiography in both groups (control n= 8, PE n= 8) was performed postpartum
in anesthetized animals (1.5% isoflurane via an oxygen mask). Temperature, ECG, and respiration
were monitored. By a heated platform, rectal temperature was maintained at 37 ± 2 ◦C. Abdominal
hair was removed by depilatory cream. Pre-warmed gel was used as an ultrasound-coupling medium.
For imaging, a Vevo3100 high-resolution imaging system (Fujifilm, VisualSonics Inc., Toronto, ON,
Canada) mounted with a 21 MHz transducer (MS250) was used. All images were acquired and stored
for offline analysis. Analysis was done by two blinded observers using VisualSonics VevoStrain
software (Version 2.2.0, Toronto, ON, Canada). In parasternal long and short axis view, B-Mode cine
loops were used to assess speckle tracking analysis. Images were checked for quality with regard to
absence of artifacts and differentiation of wall borders. The endocardium of the left ventricle was traced
manually in end-diastole. The epicardium was automatically traced by the software, checked and
manually adjusted if necessary, for maximum tracking accuracy. Global strain values were obtained
from the average of the six segments of the left ventricle. M-mode was obtained to measure cardiac
wall and chamber dimensions. Relative wall thickness was calculated by the formula (2*PWd)/LVEDD.
Analysis was performed on three consecutive cardiac cycles; mean values from three measurements
were calculated.

4.3. Human Cohort

This prospective case-control study was carried out at St. George’s University Hospitals
NHS Foundation Trust in London over a 12-month period from April 2016 until March 2017.
The local institutional review committee approved the study (ID 12/LO/0810; NRES Committee
London—Stanmore; date: 30-06-2012), and all participants provided written informed consent. Women
with singleton pregnancy were recruited as cases. There were no cases of primigravida. Only women
without any cardiovascular co-morbidity and before starting any antihypertensive medication were
asked to take part in the study. Preeclampsia was defined according to the guidelines of the International
Society for the Study of Hypertension in Pregnancy (ISSHP) [30,31]. Normotensive healthy term
pregnant women without any co-morbidity were recruited as controls. Blood pressure was measured
manually from the brachial artery according to the guidelines of the National High Blood Pressure
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Education Program Working Group on High Blood Pressure in Pregnancy [32]. Maternal data of the
human cohort are given in Table 1.

Table 1. Maternal data of human cohort. Cases and controls are matched in age, body mass index
(BMI), and scan time after delivery. Preeclamptic women show lower gestational age of delivery. Data
given as mean ± SEM.

Control (n = 8) Preeclamptic (n = 8) p-Value

Age (years) 36.3 ± 1.71 35.0 ± 1.45 0.5860
Weight (kg) 70.9 ± 5.2 77.8 ± 7.3 0.4569
Height (m) 1.7 ± 0.0 1.6 ± 0.0 0.2014

BMI (kg/m2) 25.1 ± 1.58 28.8 ± 2.17 0.1870
Gestational age of delivery (weeks) 40.4 ± 0.60 31.5 ± 1.49 <0.0001

Scan after delivery (weeks) 45.5 ± 5.45 49.8 ± 3.34 0.5169

4.4. Human Echocardiography

Echocardiographic examination and analysis were performed by a single operator (BSB) using a
GE Vivid Q ultrasound machine equipped with a 3.5 MHz transducer (GE Healthcare, Boston, MA,
USA). Images were acquired at rest in the left lateral decubitus position from standard parasternal and
apical views. Digital loops of 3 cardiac cycles with associated electrocardiogram information were
stored on the hard disk of the ultrasound machine and transferred to a GE EchoPac workstation (GE
Healthcare, Boston, MA, USA) for offline analysis. Analysis was performed according to existing
guidelines [33]. Interventricular septum thickness, left ventricular posterior wall thickness, and left
ventricular systolic and diastolic diameter were measured in the parasternal long axis view. Left atrial
volume (LAV) and left ventricular volume in diastole (LVEDV) were calculated from apical views. Left
ventricular mass was calculated using the Devereux formula 0.8(1.04[([LVEDD + IVSd + PWd]3 −
LVEDD3)]) + 0.6v, where LVEDD is left ventricular end diastolic diameter, IVSd is thickness of the
intraventricular septum in diastole, and PWd is posterior wall thickness in diastole. Relative wall
thickness was calculated with the formula (2*PWd)/LVEDD. For speckle tracking echocardiography,
the myocardium was traced manually, and the EchoPac software then suggested an area of interest by
delimiting the endocardium and the epicardium. The operator readjusted this area before the software
calculated deformation. LV endocardial and epicardial global strain as well as LV longitudinal, LV
early, and LV late diastolic strain rates were calculated from apical views. Negative values indicate
fiber shortening, and positive values indicate fiber lengthening. If >1 segment was rejected, subjects
were excluded from statistical analysis.

4.5. Statistics

Statistical analyses were performed by using SPSS version 25 (IBM, Armonk, NY, USA) and Prism
7.0 software (GraphPad Software Inc., San Diego, CA, USA). ROUT method was performed for outlier
identification with an average false discovery rate less than 1%. After testing for normal distribution
group differences were analyzed by 2-tailed unpaired t-test or by Mann–Whitney U test. All data are
presented as means ± SEM. To describe the quality and the sensitivity of the STE measurements in both
species, intra- and interobserver comparisons were presented for EF and GLS. Intra- and interobserver
variability was assessed on all animals and all study participants by the repeated evaluation of the EF
and GLS. Pearson correlation, Bland–Altman plots, and intraclass correlation were performed to assess
the agreement and the reliability within and between the observers. For interobserver comparison,
two experts evaluated parameters of EF and GLS independently in a blinded manner concerning
the animal model as well as in the human participants. For intraobserver comparison, one observer
repeatedly evaluated EF and GLS in a blinded fashion. Bland–Altman plots were reported including
the mean difference (bias) with corresponding 95% limits of agreement between the evaluations of the
two observers (interobserver agreement) or the repeated evaluations of one observer (intraobserver
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agreement). For the calculation of the intraclass correlation coefficient, a two-way random-effect model
based on single measurements and absolute agreement assessed the interobserver repeatability, and a
two-way mixed-effect model based on single measurements assessed the intraobserver repeatability
for one observer. Mean estimators with 95% confidence intervals (CI) were reported for each ICC.
Interpretation of ICC and Pearson correlation coefficients was elaborated as the following: <0.50 =
poor; between 0.50 and 0.75 =moderate; between 0.75 and 0.90 = strong; >0.90 = excellent. A two-sided
p < 0.05 was considered statistically significant.

5. Conclusions

The use of STE has shown that the transgenic animal model reflects the changes after preeclamptic
pregnancy in a human situation. By applying the state-of-the-art technique STE, especially marginal
changes can be detected due to its sensitivity. This will be of paramount importance for future studies
on the cause of early cardiac remodeling and the evaluation of potential interventions.
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GLS Global longitudinal strain
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LV Left ventricle
LVEDD Left ventricle end diastolic diameter
ns Non-significant
PE Preeclampsia
PWd Posterior wall diastole
SEM Standard error mean
sFlt-1 Soluble fms-like tyrosine kinase I
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Abstract: Creatine is a metabolite important for cellular energy homeostasis as it provides
spatio-temporal adenosine triphosphate (ATP) buffering for cells with fluctuating energy demands.
Here, we examined whether placental creatine metabolism was altered in cases of early-onset
pre-eclampsia (PE), a condition known to cause placental metabolic dysfunction. We studied third
trimester human placentae collected between 27–40 weeks’ gestation from women with early-onset
PE (n = 20) and gestation-matched normotensive control pregnancies (n = 20). Placental total creatine
and creatine precursor guanidinoacetate (GAA) content were measured. mRNA expression of the
creatine synthesizing enzymes arginine:glycine aminotransferase (GATM) and guanidinoacetate
methyltransferase (GAMT), the creatine transporter (SLC6A8), and the creatine kinases (mitochondrial
CKMT1A & cytosolic BBCK) was assessed. Placental protein levels of arginine:glycine aminotransferase
(AGAT), GAMT, CKMT1A and BBCK were also determined. Key findings; total creatine content of
PE placentae was 38% higher than controls (p < 0.01). mRNA expression of GATM (p < 0.001), GAMT
(p < 0.001), SLC6A8 (p = 0.021) and BBCK (p < 0.001) was also elevated in PE placentae. No differences
in GAA content, nor protein levels of AGAT, GAMT, BBCK or CKMT1A were observed between
cohorts. Advancing gestation and birth weight were associated with a down-regulation in placental
GATM mRNA expression, and a reduction in GAA content, in control placentae. These relationships
were absent in PE cases. Our results suggest PE placentae may have an ongoing reliance on the
creatine kinase circuit for maintenance of cellular energetics with increased total creatine content and
transcriptional changes to creatine synthesizing enzymes and the creatine transporter. Understanding
the functional consequences of these changes warrants further investigation.
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1. Introduction

Pre-eclampsia (PE) is a pregnancy-specific hypertensive disorder that affects about 5% of all
pregnancies and is responsible for more than 50,000 maternal deaths each year worldwide [1–4].
It is hypothesized that the pathophysiology of early-onset pre-eclampsia (<34 weeks’ gestation) has
its origins in the placental and uterine vasculature, where inadequate vascular remodeling leads to
repeated ischemic-reperfusion (I/R) events within placental tissue [5]. This chronic impaired placental
perfusion is thought to promote the production and release of inflammatory and anti-angiogenic
factors that are known to be elevated in the maternal circulation of PE cases [6]. These factors damage
the maternal vasculature inducing wide-spread endothelial dysfunction, hypertension and, in severe
cases, organ injury and maternal death [7].

Impaired oxygen delivery to the placenta also destabilizes placental metabolism and bioenergetics,
which in turn limits ATP-dependent processes and promotes the production of reactive oxygen species,
often leading to functional insufficiencies in the placenta that can negatively impact the developing
fetus. Indeed, the risk of fetal growth restriction and preterm birth, either spontaneous or through
iatrogenic delivery, is increased with PE [2,8].

A recent wide-spectrum metabolomic analysis identified increased creatine and creatinine in cord
plasma in PE pregnancies [9] indicating that, among other metabolic changes, fetal and potentially
placental creatine homeostasis is altered in PE. Creatine—N-(aminoiminomethyl)N-methyl glycine—is
a nitrogenous amino acid derivative obtained from our diet and endogenously synthesized by some
tissues, including the placenta [10]. Through a reversible phosphorylation/dephosphorylation reaction
catalyzed by mitochondrial (CKMT1A) and cytosolic (BBCK) creatine kinases, creatine stabilizes
cellular bioenergetics through both spatial and temporal maintenance of adenosine diphosphate and
triphosphate (ADP/ATP) ratios [11].

Our understanding of the importance of creatine provision to the developing placenta and fetus
in healthy pregnancies has expanded in recent years [12–16]. We have previously demonstrated
that the term human placenta expresses both enzymes (arginine:glycine aminotransferase [AGAT]
and guanidinoacetate methyltransferase [GAMT]) required to synthesize creatine de novo, and can
produce both creatine and the creatine precursor guanidinoacetate (GAA) ex vivo, thus bypassing
a complete reliance on dietary creatine or endogenous synthesis by the maternal kidney and liver
for its creatine supply [10]. Our further investigations into creatine metabolism in cases of third
trimester placental insufficiency and fetal growth restriction in the absence of PE suggest that the
compromised placenta adapts by increasing tissue creatine concentrations, which may reflect a
heightened reliance on the creatine kinase circuit to stabilize placental bioenergetics under chronic
hypoxic conditions [17]. Whether placental metabolic changes associated with PE induce changes in
placental creatine metabolism, and potentially creatine transfer to the fetus, is unknown.

This study examined whether early-onset PE altered placental creatine metabolism. Specifically,
we assessed placental creatine and GAA content, the expression of the enzymes required for creatine
synthesis, creatine intracellular uptake and utilization via the creatine kinase circuit. We hypothesized
that PE would have effects on placental creatine homeostasis that would include pathways involved in
its synthesis and transport. Our findings are discussed in relation to a possible placental response to
minimize PE-induced injury, which could have the dual benefit of reducing the maternal syndrome of
PE and improving fetal wellbeing.

2. Results

2.1. Population Characteristics

Table 1 summarizes the maternal characteristics and pregnancy outcomes for the normotensive
control and early-onset PE cohorts. Women with PE were hypertensive (162.3 ± 11.8/102.9 ± 5.9 mmHg)
with confirmed proteinuria. These women were younger than controls (p < 0.01) and more likely to be
nulliparous (p < 0.01). There was no significant difference in gestational age between control and PE
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cohorts. However, infants born from pregnancies complicated by PE had lower birth (p < 0.05) and
placenta (p < 0.05) weights compared to controls.

Table 1. Population Characteristics.

Characteristics Control (n = 20) PE (n = 20) p Value

Maternal Age (years) 33.5 (5.0) 1 28.9 (4.4) 1 <0.01
Nulliparous 6.0 (30.0) 2 15.0 (75.0) 2 <0.01

Gestation (weeks) 34.2 (4.1) 1 32.7 (4.0) 1 NS
Systolic Blood Pressure (mmHg) <140 162.3 (11.8) 1 -
Diastolic Blood Pressure (mmHg) <90 102.9 (5.9) 1 -

Mode of Delivery
Vaginal Delivery 5.0 (25.0) 2 5.0 (25.0) 2 NS

C-Section not in Labor 14.0 (70.0) 2 5.0 (25.0) 2 <0.01
C-Section in Labor 1.0 (5.0) 2 10.0 (50.0) 2 <0.01

Birth Weight (g) 3140 (2762–3620) 3 1443 (1155–3520) 3 <0.05
Placental Weight (g) 463.5 (402–830) 3 380.0 (323–600) 3 <0.05

Baby Sex (male) 10 (50.0) 2 14 (70.0) 2 NS
1 Mean (standard deviation); 2 Number (%) total number; 3 Median (interquartile range); NS: not significant.

2.2. Placental Creatine and GAA Content

Total creatine content of PE placentae was significantly higher (+38%) than controls (Figure 1A;
p < 0.01). Placental content of GAA (creatine precursor) was not significantly different between PE
and control cohorts (Figure 1B). Baby sex had no effect on placental creatine or GAA content in either
control or PE pregnancies.

Figure 1. Placental Creatine and Creatine Precursor Guanidinoacetate (GAA) Content. Total creatine
(A) and GAA (B) content of n = 19 healthy control (closed circle) and n = 19 PE (open circle) placentae.
Two sample t-tests were used for statistical comparison. Data are present means ± SD. ** p < 0.01.

2.3. Creatine Synthesis and Transport Genes and Proteins

GATM and GAMT mRNA expression were up-regulated 2-fold in PE placentae compared to
controls (Figure 2A p < 0.001 and Figure 2B p < 0.001, respectively). We also observed a two-fold
increase in mRNA expression for the creatine transporter (SLC6A8) and a 4-fold increase in cytosolic
BBCK mRNA expression in PE placentae compared to controls (Figure 2C p = 0.021 and Figure 2D p
< 0.001, respectively). Conversely, mitochondrial creatine kinase (CKMT1A) mRNA expression was
significantly decreased in PE placentae (Figure 2E p < 0.01). Despite changes in mRNA expression of
the creatine synthesizing enzymes and creatine kinases, there were no significant differences in protein
abundance of AGAT, GAMT, BBCK or CKMT1A between the PE and control placentae (Figure 3,
blots available in Supplementary Information as Figures S1–S4). Baby sex had no impact on placental
gene and protein expression in either control or PE pregnancies.
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Figure 2. Placental Gene Expression of the Creatine Synthesizing Enzymes, the Creatine Transporter
and Kinases. Creatine synthesizing enzymes GATM gene that codes for AGAT (A) and GAMT (B),
the creatine transporter SLC6A8 (C), cytosolic creatine kinase BBCK (D) and mitochondrial creatine
kinase CKMT1A (E). n = 20 normotensive control (closed circle) and n = 20 PE (open circle). Data
are presented relative to the control cohort. Values are mean ± SD. Wilcoxon Rank Sum was used for
statistical comparison. Significance was set at p ≤ 0.025, following a Benjamini-Hochberg adjustment
for false-positives.

Figure 3. Placental Protein Expression of the Creatine Synthesizing Enzymes and Kinases. Creatine
synthesis enzymes AGAT (A) and GAMT (B), cytosolic creatine kinase BBCK (C) and mitochondrial
creatine kinase CKMT1A (D). n= 19 normotensive control (closed circle) and n= 19 PE (open circle). Data
were normalized to total protein and a control sample run across blots. Data are expressed in arbitrary
units (A.U.) relative to the control cohort. Wilcoxon Rank Sum was used for statistical comparison.
Significance was set at p ≤ 0.025, following a Benjamini-Hochberg adjustment for false-positives. NS:
not significant.

2.4. Correlations between Creatine Metabolism and Pregnancy Outcomes

We explored associations between placental metabolite content, gene and protein expression,
and then these laboratory measures with maternal characteristics (age, parity, mode of delivery) and
pregnancy outcomes (baby sex, gestational age, birth weight and placental weight). There was a
significant decrease in placental GATM mRNA expression with advancing gestational age (Figure 4A,
r = −0.681; p < 0.001) and birth weight (Figure 4B, r = −0.610; p < 0.001) in controls. These gene
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associations were absent in the PE cohort (Figure 4C,D). Similar correlations were observed with
placental GAA, with tissue content declining with advancing gestational age (Figure 4E, r = −0.720;
p< 0.002) and birth weight (Figure 4F, r=−0.687; p< 0.003) in normotensive controls. These associations
were again absent in the PE cohort (Figure 4G,H). Placental creatine content was not significantly
associated with any other maternal characteristics or pregnancy outcomes. Nor were mRNA expression
patterns of GAMT, SLC6A8, BBCK, CKMT1A or AGAT, GAMT, BBCK or CKMT1A protein abundance.

Figure 4. Associations (r) between placental GATM mRNA and gestational age (A) and birth weight
(B) in the control cohort; placental GATM mRNA and gestational age (C) and birth weight (D) in the
PE cohort; placental GAA content and gestational age (E) and birth weight (F) in the control cohort and
GAA content and gestational age (G) and birth weight (H) in the PE cohort. r values were generated
using Spearman’s correlation coefficient. Normotensive placenta data are represented by closed circles
and PE placentae open circles. Significance was set at p ≤ 0.004, following a Benjamini-Hochberg
adjustment for false-positives.
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3. Discussion

In addition to widespread endothelial dysfunction, alterations to maternal, placental and fetal
metabolism are hallmarks of PE [18]. In this study, we explored third trimester placental creatine
metabolism in early-onset PE and gestation-matched normotensive pregnancies. Our findings confirm
the recent metabolomic reports of altered creatine homeostasis with PE [9]; moreover, we identified
significant changes in expression of genes associated with the synthesis and transport of creatine within
the placenta. Our main finding was that total creatine content of the third trimester PE placentae
was significantly higher than controls. Similar adaptations have recently been described in placental
insufficiency leading to fetal growth restriction (FGR) in the absence of PE [17] and in pregnancies
that occurred at high altitude [19]. To the best of our knowledge, these studies are the first to describe
increased creatine content in human tissue exposed to perturbations in oxygen delivery, in vivo.

There are three potential mechanisms for changes in placental creatine content between
normotensive and PE placentae. These include changes to creatine to creatinine degradation rates,
increased endogenous synthesis and/or increased cellular uptake of creatine from the circulation. It is
unlikely that changes to the rate of creatine degradation to creatinine would have led to differences
in placental creatine content between cohorts, as this is a spontaneous, non-enzymatically driven
process that occurs at a near constant rate of ~1.7% of total body creatine content per day [20]. This
leaves changes to endogenous placental creatine synthesis and/or rates of cellular up-take as potential
mechanisms for increasing placental creatine content with PE. As cellular metabolism is in a constant
state of flux, it is difficult to ascertain exactly which of these processes (de novo synthesis or cellular
up-take, or both) resulted in the increased total creatine content of the PE placenta in this retrospective
study. However, we make the following observations.

PE up-regulated placental gene expression of the creatine synthesizing enzymes GATM and
GAMT. Modulation of de novo creatine synthesis is usually discussed in the context of AGAT (i.e., GATM
mRNA expression and/or AGAT activity) as this is thought to be the rate-limiting step of creatine
biosynthesis [21]. Mediators of AGAT expression and activity include thyroid hormone, growth
hormone, and circulating levels of arginine, citrulline and creatine [22,23]. The influence of arginine,
citrulline and creatine on the rate of endogenous creatine synthesis has mainly been described as a
down-regulation of GATM and AGAT when these metabolites are in excess, which is the opposite
to what has been observed in the PE placentae [22]. On the contrary, adequate concentrations of
thyroid and growth hormone are required to maintain AGAT activity, with studies in thyroidectomy or
hypophysectomy rats observing decreased AGAT renal activity [24]. Whether increases in thyroid or
growth hormone above basal levels can increase AGAT activity is unknown. There is the potential that
increased placental growth factor production by the PE placenta may be influencing these transcriptional
pathways, and maintaining the placental GATM mRNA expression with advancing gestational age
and birth weight observed in the current study, a finding that was absent in normotensive controls [25].

Despite increases in gene expression of both GATM and GAMT and the increased total creatine
content, there were no detectable changes in AGAT or GAMT protein levels, indicating a mismatch in
transcription and abundance of the enzymatic machinery of creatine synthesis in the PE placentae.
It may be that placental endoplasmic reticulum stress reported with PE may hinder increased production
of AGAT and GAMT enzymes [26]. There is also the potential of an increased rate of de novo creatine
synthesis by increased activity of the AGAT and GAMT enzymes in the absence of changes to overall
protein abundance. As no change in placental GAA content was observed between cohorts, we would
contend that any changes in AGAT and GAMT activity would have been in equilibrium. We cannot
rule out how histomorphological differences between control and PE placentae may have influenced
measured AGAT and GAMT expression, as our assessments were conducted on tissue homogenates.
An increase in terminal villi density, but an overall decline to villous surface area are characteristic of
placental PE histology [27]. AGAT is expressed in stromal and endothelial cells of the fetal capillaries
and GAMT in the syncytiotrophoblast of the fetal villi [10], so it is plausible that levels of AGAT and
GAMT could be altered by changes to cell populations. However, one would anticipate that the known
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histological changes within the PE placenta would lead to a down-regulation in expression, not the
increases in mRNA expression and no change in protein levels observed in the current cohort.

The alternate route of increasing placental creatine content is by increased transport of creatine
into the placental cells via the creatine transporter [28]. This could simply be the result of increased
maternal circulating creatine levels with PE. While no studies have characterized changes in maternal
creatine levels in PE cases, increased creatine in cord plasma has been reported [9]. The retrospective
nature of the current study and lack of maternal blood sampling inhibited our ability to explore this
hypothesis further. Assessment of maternal circulating concentrations of creatine should be a focus
of future prospective cohort studies. The current study did find a 2-fold increase mRNA expression
of the creatine transporter SLC6A8 in PE placentae compared to controls. A potential mechanistic
pathway for increased creatine transporter expression and activity in the placenta is via AMP-activated
protein kinase (AMPK), a key regulator of cellular energy metabolism that has been implicated in
the pathophysiology of PE [29]. In cardiomyocytes, activation of AMPK pathways has been shown
to up-regulate creatine transporter expression and activity, ultimately increasing cellular creatine
up-take [30]. This effect is thought to be indirect, as the creatine transporter does not contain substrate
sites for AMPK mediated phosphorylation. Potential intermediates are co-activator peroxisome
activated receptor γ coactivator-1 alpha (PGC-1α) and estrogen-related receptor α (ERRα), both known
to be regulated by AMPK and induce the expression of genes involved in cellular bioenergetics,
including mitogenesis [31]. Studies in skeletal muscle cells (L6 myotubes) have described direct
interactions between PGC-1α/ERRα, increased creatine transporter mRNA expression and cellular
creatine up-take [32]. As there have been mixed reports of increases and decreases to placental
mitochondrial content and PGC-1α expression with PE [33,34], further exploration of this mechanistic
pathway is required before conclusions about AMPK’s role in driving changes to creatine transport
and cellular up-take in PE placentae can be drawn. In vitro techniques should be employed for
these analyses to control for changes in placental metabolism associated with tissue collection and
processing times.

It is probable that placental mitochondrial dysfunction [8], and thus changes in AMPK expression,
are also influencing how the PE placenta is utilizing the available creatine for ATP homeostasis. AMPK
is a known regulator of the expression of the cytosolic isoform of creatine kinase BBCK (responsible
for the hydrolysis of phosphocreatine and phosphorylation of ADP to form ATP) [35]. This finding is
consistent with the increased BBCK mRNA expression observed in PE placentae in the current study.
Activation of the HIF-2α hypoxia response element, which has been shown to be up-regulated in PE,
may also contribute to changes in BBCK mRNA expression, as activation of HIF-2α enhances BBCK
expression in apical intestinal epithelial cells with inflammatory bowel disease [36]. Again, there was
no detectable difference in protein abundance in the current study. Thus, further interrogation of these
mechanisms is required to elucidate the interactions between metabolic regulatory pathways and
creatine metabolism in the PE placenta. Known variations in mitochondrial function and thus capacity
to generate ATP between pre-term and term PE placentae should be considered within this context [37].

Interestingly, the mechanism (de novo synthesis and/or cellular uptake) for increasing placental
creatine levels may be different between the PE and FGR pathologies. Placentae of growth restricted
infants had lowered GAA levels and reduced mRNA expression of GATM and GAMT, compared to the
PE placentae that showed no change in GAA content and an up-regulation in GATM and GAMT [17].
It is generally accepted that the level of placental insult is higher in PE than in FGR, producing a more
substantial burden of placental pro-inflammatory and anti-angiogenic factors and their interactions
on maternal endothelium in multiple-organ systems [38]. As maternal kidney injury is a primary
manifestation of the PE syndrome, changes to maternal systemic creatine synthesis, mainly GAA
production by AGAT activity in the renal proximal tubules, may alter maternal creatine homeostasis,
placing a more significant burden on the placenta to maintain adequate creatine levels for placental
and fetal requirements.
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Increased de novo creatine synthesis, either by the placenta or maternal production by the
kidney and liver could have further implications for the pathogenesis of PE. The methylation of
GAA by GAMT produces creatine and S-Adenosylhomocysteine, contributing to around 40% of total
homocysteine production under basal conditions [39]. Elevated maternal homocysteine levels have
been identified in several PE cohort studies. As homocysteine can cause endothelial dysfunction, it is
thought that hyperhomocysteinemia could contribute to maternal vascular dysfunction with PE [40,41].
Considering that a consequence of increased de novo creatine synthesis in response to PE could be
the over-production of homocysteine, understanding these pathways may have implications for the
management of the maternal PE syndrome beyond placental bioenergetics.

There were several limitations to this study. Villous tissue was dissected from a central placental
cotyledon only, and not randomly sampled from several sites across the placenta, as is now the
recommendation for molecular studies [42]. The retrospective nature of this study also meant that
some maternal demographic information that may have been relevant (i.e., ethnicity) was not available.
Finally, the lack of an appropriate antibody inhibited our ability to quantify creatine transporter protein
concentrations, via western blot [28].

4. Materials and Methods

4.1. Human Research Ethics, Sample Collection and Storage

Archived placental villous samples, from 20 normotensive controls and 20 women with early-onset
PE, were collected at the Royal Women’s Hospital Melbourne, Australia for research purposes,
and explicitly accessed for this study. The Society of Obstetric Medicine of Australia and New Zealand
(SOMANZ) research definition of PE was used to select the PE cohort [43]. Gestation-matched controls
were selected from normotensive term pregnancies, idiopathic preterm deliveries or preterm elective
deliveries for indications not associated with placental function. All controls were absent of placental
pathology and delivered babies with birth weights appropriate for gestational age [44]. The collection
and archiving of all samples had the approval of the relevant institutional human research ethics
committees in 2000 and 2001 (HREC# 01/46, 00/27). Each woman gave written informed consent for
tissue collection and the recording of de-identified demographic information and pregnancy outcomes.
Where available, information on maternal age, parity, gestational age, mode of delivery, baby sex,
birth weight and placental weight were extracted from electronic records. Sample processing was
within 20 min of placental delivery. Villous tissue was dissected from a central placental cotyledon.
The decidua was removed before tissues were divided into pieces, snap-frozen in liquid nitrogen and
stored at –80 ◦C for future analysis [45].

4.2. Sample Processing

4.2.1. Creatine and GAA Analysis

Snap frozen placental tissues of sufficient weight (n = 19 control and n = 19 PE) were freeze
dried overnight at −80 ◦C. Powdered samples were then weighed (3–4 mg) and extracted on ice using
0.5 M perchloric acid/1mM Ethylenediaminetetraacetic acid (EDTA) before being neutralized with
2.1 M potassium hydrogen carbonate as previously described [17]. Total creatine content (creatine
+ phosphocreatine) was measured using fluorometric assays [46]. GAA was measured by liquid
chromatography tandem mass spectrometry (LC-MS/MS) through a slight modification of the method
of Tran et al. (2014) [47]. Briefly, 10 μL of unlabeled standard, placental tissue lysate or lysis solution
(extraction blank) were deproteinized with 200 μL of methanol containing 2.5 μM 2,2-d2-GAA (Sigma,
Rowville, Victoria, Australia deuterium labelled internal standard. Samples were vortexed for 20 min
before centrifugation at 15,000 rpm for 5 min, followed by the transfer of 180 μL of the supernatant
into 250 μL glass inserts. Samples were then dried in a speed vacuum prior to being derivatized
(butylated) by the addition of 100 μL of 3 M butanol-hydrochloric acid and incubation at 60 ◦C for
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30 min. After derivatization, samples were dried under speed vacuum and the residue re-suspended
in 100 μL of methanol: water (1:1 v/v). The LC-MS/MS system comprised a vacuum degasser, binary
pumps, column oven and a temperature-controlled autosampler (Shimadzu, Nexera® UPLC, Rowville,
Victoria, Australia) interfaced with a triple quadrupole mass spectrometer (Shimadzu, LC-MS-8040)
with positive electrospray ionization and operated in multiple reaction monitoring (MRM) mode. The
MRM transitions for the [M+H+]+ butylated derivatives were: GAA 174.1 m/z–101.1 m/z, d2-GAA 176.1
m/z–103.1 m/z, the collision energy (−15 V) and quad bias voltages were optimized using standards.
The LC column was a 2.1 mm × 100 mm, 1.8 μm C18 Zorbax Elipse plus (Agilent, Mulgrave, Victoria,
Australia) maintained at 30 ◦C. The sample and standard injection volume was 5 μL. Samples were
eluted with a binary mobile gradient at 0.4 mL/min (mobile phase A water 0.1% formic acid, mobile
phase B acetonitrile 0.1% formic acid) with the following program: initial composition was 5% B
followed by a linear increase to 50% B over 5 min. The column was then washed at 100% B for
2 min then re-equilibrated at 5% B for 3 min. Total run time was 11 min. GAA eluted at 2.6 min.
Peak areas were determined using Lab Solutions Post-run Browser software (Shimadzu). The GAA
concentration in the tissue lysate was calculated via linear regression of a serially diluted external
(unlabeled) standard series using the isotope dilution technique, after which the concentration was
adjusted to the total lysate volume, dilution factor and then normalized to tissue dry mass.

4.2.2. Gene Expression Analysis

Total RNA was extracted from placental tissues (n = 20 control and n = 20 PE) using RNeasy Kits
(Qiagen, Glen Forrest, Australia) and reverse transcribed to form cDNA with SuperScript III Reverse
Transcriptase (Invitrogen, ThermoFisher Scientific, Scoresby, Australia), according to manufacturer’s
protocol. mRNA expression of the creatine synthesizing enzymes (GATM-the gene that expresses
AGAT & GAMT), the creatine transporter (SLC6A8) and creatine kinase isoforms (BBCK & CKMT1A)
was determined using Fluidigm Biomark HD system with TaqMan chemistry. TaqMan probe sequences
are detailed in Table 2. RN18S was used as the housekeeping gene, after conserved expression between
the cohorts was validated. Data from qPCR was analyzed according to the ΔΔCT method [48] and
results are expressed relative to the control cohort.

Table 2. TaqMan probe Sequences.

Gene of Interest TaqMan Probes

Creatine Synthesis GATM Hs00933793_m1
GAMT Hs00355745_g1

Creatine Transport SLC6A8 Hs00940515_m1

Creatine Kinases
BBCK Hs00176484_m1

CKMT1A Hs00179727_m1

Housekeeping RN18S1 Hs03003631_g1

4.2.3. Protein Analysis

The abundance of AGAT, GAMT, BBCK and CKMT1A in placental protein extracts (n = 19
control and n = 19 PE) was measured by western immunoblotting, as previously described [17].
Briefly, 40 μg protein/sample was separated on 4%–15% Criterion™ TGX Stain-Free™ precast gels
in 10× Tris/Glycine/SDS buffer solution (Bio-Rad, Gladesville, Australia) (for sample arrangement
see Supplementary Information Tables S1 and S2). Two micrograms of human liver protein extract
(Santa Cruz Biotechnologies sc-363766, Dallas, TX, USA) were included on gels for AGAT and
GAMT assessment, as a positive control. Gels for creatine kinase B type and creatine kinase u-type
mitochondrial assessment included 2 μg of human brain protein extract (Santa Cruz Biotechnologies
sc-364375, Dallas, TX, USA) as the positive control. Proteins samples were transferred for 30 min onto
Immobilin-FL PVDF membranes (Millipore, Billerica, MA, USA) and membranes scanned to quantify
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the total protein transferred using a Bio-Rad Gel Doc™ XR+ (Bio-Rad Laboratories, Hercules, CA,
USA). Membranes were then blocked for 1 h with 5% skim milk powder/10% Tris-buffered saline with
0.1% Tween 20 (TBST) at room temperature. After blocking, membranes were incubated overnight
at 4 ◦C with primary antibodies for AGAT (1:100; Atlas Antibodies HPA026077, Bromma, Sweden),
GAMT (1:1000; Monash Antibody Technologies Facility, Melbourne, Australia); Creatine kinase B type
(1:5000; Abcam BBCK ab92452, Cambridge, UK) or creatine kinase u-type mitochondrial (1:1000; Atlas
CKMT1A HPA043491) in 5% skim milk powder/TBST.

Membranes were incubated for 1 h with fluorescent secondary antibodies (Anti-Mouse IgG
(H+L) DaylightTM 680 Conjugate or Anti-Rabbit IgG (H+L) DaylightTM 800 Conjugate; Cell Signalling
Technologies®, Danvers, MA, USA). Membranes were exposed on an Odyssey® Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE, USA) and individual protein band optical densities were
determined using Image Studio Lite software (V5.2.5; LI-COR Biosciences, Lincoln, Nebraska, USA).
Optical densities for each sample were quantified and then normalized to the total protein transferred
onto the blot for that sample [49]. To account for any inter-blot variability, results were then normalized
further using the optical density generated by an internal control (healthy term human placenta sample)
run on each blot. Data is expressed relative to the control cohort.

4.3. Statistical Analysis

All data were assessed for normality using the Shapiro-Wilk test. Population characteristics
(maternal age, parity, gestational age, mode of delivery, baby sex, birth weight and placenta weight)
were tabulated. Data are presented as mean ± SD if normally distributed or median and interquartile
range (IQR) if non-parametric. Potential confounders, including maternal age, mode of delivery,
birth weight and placental weight were assessed with univariate analysis for each of the outcome
variables prior to group comparisons being completed. None of these factors were independently
associated with changes in outcomes measures. Statistical differences in placental creatine and
GAA content, mRNA and protein expression between groups were established with either t-tests or
Wilcoxon rank-sum, as appropriate. Baby sex was considered as a covariate for each of these analyses.
Correlations between creatine and GAA content, mRNA and protein expression data, with maternal
characteristics and birth outcomes were determined using the Spearman rank correlation coefficient.
p ≤ 0.025 was considered statistically significant for direct comparisons and p ≤ 0.004 for correlations
after a Benjamini-Hochberg adjustment for false-positives due to multiple comparisons. All analyses
were undertaken using SPSS® (Version 23, IBM Corporation, 2015, Armonk, NY, USA).

5. Conclusions

Placentae from pregnancies affected by early-onset PE have increased total creatine content
compared to normotensive controls. Although the current study did not identify changes to protein
abundance, the metabolic stress of PE induced gene expression increases in creatine synthesizing
enzymes and cytosolic creatine kinase. These initial observations suggest that the PE placenta may
adapt to perturbations in oxygen delivery and reduced ATP production at the site of the mitochondria by
heightening its reliance on the creatine kinase circuit to stabilize bioenergetics. These processes should
be further explored in the context of mitochondrial and endoplasmic reticulum stress, particularly
AMPK activation, which has been shown in other tissues to up-regulate creatine metabolism in response
to metabolic stress.
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Abbreviations

PE Pre-eclampsia
GAA Guanidinoacetate
GATM Gene—arginine:glycine aminotransferase
AGAT Protein—arginine:glycine aminotransferase
SLC6A8 Gene—creatine transporter
GAMT Guanidinoacetate methyltransferas
BBCK Cytosolic creatine kinase
CKMT1A Mitochondrial creatine kinase
ADP Adenosine Diphosphate
ATP Adenosine Triphosphate
I/R Ischemic-reperfusion
FGR Fetal Growth Restriction
mRNA Messenger Ribonucleic Acid
AMPK AMP-activated protein kinase
PGC-1α Peroxisome activated receptor γ coactivator-1 alpha
ERRα Estrogen-related receptor α
HIF-2α Hypoxia-inducible factor 2 α
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Abstract: In humans, retinoic acid receptor responders (RARRES) have been shown to be altered in
third trimester placentas complicated by the pathologies preeclampsia (PE) and PE with intrauterine
growth restriction (IUGR). Currently, little is known about the role of placental Rarres in rodents.
Therefore, we examined the localization and expression of Rarres1 and 2 in placentas obtained from a
Wistar rat model of isocaloric maternal protein restriction (E18.5, IUGR-like features) and from an
eNOS-knockout mouse model (E15 and E18.5, PE-like features). In both rodent models, Rarres1 and
2 were mainly localized in the placental spongiotrophoblast and giant cells. Their placental expression,
as well as the expression of the Rarres2 receptor chemokine-like receptor 1 (CmklR1), was largely
unaltered at the examined gestational ages in both animal models. Our results have shown that
RARRES1 and 2 may have different expression and roles in human and rodent placentas, thereby
underlining immanent limitations of comparative interspecies placentology. Further functional
studies are required to elucidate the potential involvement of these proteins in early placentogenesis.

Keywords: RARRES; chemerin; placenta; IUGR; PE; eNOS-knockout; CmklR1; IL-11; low protein
diet; pregnancy

1. Introduction

Our previous human studies indicated a dysregulation of the tumor suppressor genes retinoic acid
receptor responsive proteins (retinoic acid receptor responders, RARRES) 1 and 2 in the third trimester
placentas complicated by preeclampsia (PE) and PE conjoined with intrauterine growth restriction
(IUGR) [1,2]. We observed an induction of RARRES1 expression in primary villous cytotrophoblasts
isolated from PE and PE/IUGR placentas with a concomitant increase in RARRES1 syncytial staining.
RARRES2 mRNA expression, on the contrary, seemed reduced, yet unaltered at the protein level in third
trimester villous placental samples [1]. These results are controversial, as others have found increased
RARRES2 protein expression in samples from total placentas in pregnancies complicated by PE [3].
Furthermore, we had previously determined that RARRES1 and 2 were located in distinct functional
placental compartments [1]. RARRES1 (also known as Tazarotene-induced gene 1 (TIG1), Latexin-like
(LXNL), or Phorbol Ester-induced gene 1 (PERG-1) [4]) was located in human villous and extravillous
trophoblast cells (EVT) [1], while RARRES2 (also known as chemerin, HP10433, and TIG2 [5]) was
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specifically expressed in human placental EVTs [1]. In contrast, Garces et al. described an additional
placental RARRES2 expression in cytotrophoblasts and Hofbauer cells [6].

RARRES1 stimulates the expression of antioxidant enzymes, inhibits angiogenesis, and stimulates
autophagy via mTOR [7]. In line with its proposed tumor suppressor function [8–10], RARRES1, along
with RARRES2, was reduced in choriocarcinoma [2] and its expression was also significantly reduced
in certain choriocarcinoma cell lines (i.e., Jeg-3 and BeWo) [1].

While RARRES1 is located intracellularly [10,11], RARRES2 is a secreted adipocytokine that
requires activation of its pro-form by proteolytic cleavage to exert its functions via chemokine-like
receptor 1 (CMKLR1, ChemR23) [12,13]. Wang et al. [3] were able to show that RARRES2 exerts
anti-inflammatory functions by inducing endothelial nitric oxide synthase (eNOS) expression in human
umbilical vein endothelial cells (HUVECs) and by significantly decreasing TNF-α-induced nuclear
factor (NF)-kappa B, and vascular cell adhesion molecule (VCAM)-1 production [3]. RARRES2 further
modulates chemotaxis and activation of dendritic cells and macrophages via CMKLR1 [14,15], which
is expressed in various leukocyte populations [16].

Pregnancy represents a state of constant metabolic adaptation and increased inflammation.
In this respect, IUGR and PE represent two extreme gestational disturbances [17–19]. In PE the
production of placental inflammatory cytokines [18,19] is increased. It is known that adipocytokine
and interleukin signaling interact [20–22]. Recently IL-11, a member of the IL-6 family also known as
adipogenesis inhibitory factor (AGIF) [23], has been found by others to be upregulated in PE and leads
to inflammation and preeclampsia-like features in mice [24]. Treatment of mice with IL-11 negatively
affects placentation, including trophoblast invasion and spiral artery remodeling, a key process in the
pathogenesis of human PE [24,25]. IL-11 further increases systolic maternal blood pressure and leads to
PE-like proteinuria in dams [24,25]. Mice with an eNOS-deficiency (eNOS−/− [26–29]) display PE-like
features (e.g., vascular placental impairment [19,27,30] and an increased inflammatory state [31–34]).

To confirm this, we tested placental IL-11 expression in these mice. Moreover, we analyzed Rarres
expression in second and third trimester placenta of eNOS−/− mice, because Garces et al. detected a
maximum of placental Rarres2 expression at this gestational age in rodents [6].

To expand our findings from third trimester human placenta [1], we investigated Rarres1, Rarres2,
and Cmklr1 expression in third trimester rodent placenta. Moreover, we analyzed the influence of
maternal protein restriction in rats (IUGR-like features [35,36]) on placental Rarres1 and 2 expression.
We additionally compared placentas in the context of fetal sex, given the differences in Rarres2 expression
that were already described by Watts et al. [37] for male and female fetuses.

2. Results

2.1. Auxology

Animal data are displayed in Table 1. Maternal protein restriction led to a significant decrease
in fetal weight (p = 0.03) and a significant increase in placental/fetal ratio (p = 0.03) at E18.5 in rats.
This had no significant influence on placental weight (p = 0.11). In our eNOS−/− mice, fetal and
placental weights were examined at E15 and E18.5. The animals showed a significant decrease of fetal
weight at both time points compared to wildtype controls (p < 0.001). Mouse placental weights were
significantly decreased at E18.5 (p = 0.006), with a similar trend at E15 (p = 0.08). The placental-to-fetal
weight ratio was unaffected by eNOS deficiency (Table 1).
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Table 1. Animal auxology. NP: normal protein diet; LP: low protein diet.

Rat † E18.5 NP E18.5 LP p Value

fetal weight (fw) 1.38 ± 0.09 0.86 ± 0.05 0.03 *
placental weight (pw) 0.34 ± 0.04 0.30 ± 0.01 0.11 *

pw/fw ratio 0.25 ± 0.02 0.35 ± 0.02 0.03 *

Mouse ‡ E15 C57BL/6 E15 eNOS−/− p Value E18.5 C57BL/6 E18.5 eNOS−/− p Value

fetal weight (fw) 0.34 ± 0.07 0.28 ± 0.03 0.08 * 1.19 ± 0.15 0.97 ± 0.08 0.006 *
placental weight (pw) 0.10 ± 0.01 0.08 ± 0.01 <0.001 * 0.09 ± 0.01 0.07 ± 0.01 <0.001 *

pw/fw ratio 0.31 ± 0.06 0.29 ± 0.06 0.58 * 0.08 ± 0.02 0.07 ± 0.01 0.63 *

* Mann-Whitney U-Test. † For rats, each group consisted of n = 4 dams each with n = 6 NP/LP pups/damn,
respectively. ‡ For mice, groups consisted of n = 6 eNOS−/− vs. n = 5 C57BL/6 dams at both time points with
n = 2 pups/dam. Legend: bold values denote statistical significance.

2.2. Localization of Rarres1 and 2

Representative images of Rarres1 and 2 immunohistochemical (IHC) stains are given in Figure 1A,D
and Figure 2A,D, respectively. Both proteins shared similar localization in functional placental
compartments. In contrast to Rarres1 (cytoplasmic stain, Figure 1), Rarres2 (Figure 2) additionally
showed nuclear staining. IHC did not reveal species differences between rat (Figures 1A and 2A)
and mouse (Figures 1D and 2D) placentas regarding Rarres1 and 2 localization. Positive staining
was mostly present in the cytoplasm of trophoblast giant cells (GC) and spongiotrophoblasts (ST) of
rat (Figure 1A) and mouse (Figure 1D) placentas at E18.5. In mice, we did not note differences in
Rarres1 and 2 staining in comparison to E15 (data not shown). We additionally found positive staining
for both proteins in the yolk sac, decidual stroma, and the umbilical cord lining membrane (data not
shown). Glycogen cells and the labyrinth zone (LZ) stained negative for Rarres1 and 2.
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Figure 1. Rarres1 expression in rat and mouse placenta. (A–C) Rat placenta, (D–F) mouse placenta. (A,D)
Immunohistochemical (IHC) stains of methyl Carnoy-fixed placental paraffin sections. Abbreviations:
GC = giant cell, BZ = basal zone, ST = spongiotrophoblast, LZ = labyrinth zone, star = glycogen cells.
The bar equals 100 μm. (B) Maternal protein restriction rat model: placental Rarres1 mRNA expression
on E18.5 (*p = 0.03, Mann-Whitney U-Test, n = 4 NP/LP dams with 6 pups each). E) eNOS−/− mouse
model: placental Rarres1 mRNA expression on E15 and E18.5 (* p = 0.03, ** p = 0.008 for C57BL/6 and
p = 0.002 for eNOS−/−, ns: p = 0.66, Mann-Whitney U-Test, WT: n = 5 dams, eNOS−/−: n = 6 dams
with 2 pups each). C + F) Analysis of Rarres1 protein expression versus β-Tubulin housekeeper by
Western blotting (WB, Rat: ns: p = 0.057, Mann-Whitney U-Test, n = 4 NP/LP dams with n = 2 pups
each, E18.5; Mouse: ns: p = 0.20, Mann-Whitney U-Test, n = 4 C57B6 and eNOS−/− dams per group
with n = 1 pup each, E18.5). Abbreviations: LP = low protein diet, NP = normal protein diet in the rat
IUGR model with m =male fetus, f = female fetus; C57B6 = C57BL/6 wild type (WT) control strain,
eNOS−/− = preeclampsia (PE)/intrauterine growth restriction (IUGR) model eNOS knockout mouse,
ns = not significant. RARRES = retinoic acid receptor responders.
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Figure 2. Rarres2 expression in rat and mouse placenta. (A–C) Rat placenta, (D–F) mouse placenta. (A,D)
Immunohistochemical (IHC) stains of methyl Carnoy-fixed placental paraffin sections. Abbreviations:
GC = giant cell, BZ = basal zone, ST = spongiotrophoblast, LZ = labyrinth zone, star = glycogen cells.
The bar equals 100 μm. (B) Maternal protein restriction rat model: placental Rarres2 mRNA expression on
E18.5 (ns: p = 0.89, Mann-Whitney U-Test, n = 4 NP/LP dams with 6 pups each). E) eNOS−/− mouse model:
placental Rarres2 mRNA expression on E15 and E18.5 (E15: ns: p = 0.31, E19: ns: p = 0.66, Mann-Whitney
U-test, WT: n = 5 dams, eNOS−/−: n = 6 dams with 2 pups each). C + F) Analysis of Rarres1 protein
expression versus β-Tubulin housekeeper by Western blotting (WB, Rat: ns: p = 0.10, Mann-Whitney U-Test,
n =4 NP/LP dams with n = 2 pups each, E18.5; Mouse: ns: p = 0.49, Mann-Whitney U-Test, n = 4 C57B6 and
eNOS−/− dams per group with n = 1 pup each, E18.5). Abbreviations: LP = low protein diet, NP = normal
protein diet in the rat IUGR model with m =male fetus, f = female fetus; C57B6 = C57BL/6 wild type (WT)
control strain, eNOS−/− = PE/IUGR model eNOS knockout mouse, ns = not significant.

2.3. Expression Analyses of Rarres1/2, CmklR1 Receptor, and IL-11

We detected a small but significant decrease of placental Rarres1 mRNA expression in our maternal
protein restriction rat model at E18.5 (p = 0.03, Figure 1B). Sex did not show any significant influence
on the expression of Rarres1, 2 and CmklR1 mRNA expression levels (Table 2). In contrast to the rat,
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we could determine significant differences in Rarres1 mRNA expression between eNOS−/− mice and
C57BL/6 wildtype controls at E15 (p = 0.03) but not on E18.5 (p = 0.66) (Figure 1E). However, a 3.6-fold
(eNOS−/−) and 6.5-fold (C57BL/6) temporal increase of placental Rarres1 mRNA expression was detected
from E15 to E18.5 (p = 0.008 for C57BL6 mice and p = 0.002 for eNOS−/− mice, Figure 1E). Western blot
analysis did not reveal significant differences in placental Rarres1 protein expression E18.5 in both
animal models (rat: p = 0.057, mouse: p = 0.20, Figure 1C,F).

Placental Rarres2 mRNA (Figure 2B,E) and protein expression (Figure 2C,F) was neither affected by
maternal protein restriction in the rat (PCR: p = 0.89, WB: p = 0.10, Figure 2B,C), nor eNOS−/− in the mice
(PCR: E15: p = 0.31, E19: p = 0.66, WB: p = 0.49, Figure 2E,F). Also, the expression of Rarres2 remained
unchanged from E15 to E18.5 in the mouse (p = 0.31 for C57BL6 mice and p = 0.13 for eNOS−/− mice,
Figure 2E).

Placental CmklR1 expression was unchanged by maternal protein restriction in the rat and eNOS−/−
in the mouse. Gestational age seemed to have no significant influence on CmklR1 expression in the
mouse (Table 3). However, a significant increase of placental interleukin 11 (IL-11) mRNA expression
at E15 (2.3-fold, p = 0.004, Figure 3) was observed in eNOS−/− mice compared to controls. No such
change in IL-11 expression was noted at E18.5 (p = 0.99).

Table 2. Sex differences in mRNA expression (fold-change).

Rat NP m NP f p Value LP m LP f p Value

Rarres1 1.00 ± 0.36 0.97 ± 0.17 0.89 * 0.48 ± 0.26 0.58 ± 0.19 0.69 *
Rarres2 1.00 ± 0.30 1.30 ± 0.41 0.49 * 0.90 ± 0.75 1.52 ± 0.42 0.23 *
CmklR1 1.00 ± 0.44 0.89 ± 0.60 0.99 * 1.10 ± 0.51 0.95 ± 0.29 0.99 *

* Mann-Whitney U-Test; For Rarres1 and 2, groups consisted of n = 4 NP/LP dams with n = 3 female/male
pups, respectively. For CmklR1, groups consisted n = 3 NP/LP dams with n = 2 female/male pups, respectively.
Abbreviations: LP = low protein diet, NP = normal protein diet in the rat IUGR model; m = male fetus, f =
female fetus.

Table 3. Placental CmklR1 mRNA expression (fold-change).

Rat † E18.5 NP E18.5 LP p Value

1.00 ± 0.53 1.08 ± 0.32 0.99 *

Mouse ‡ E15 C57BL/6 E15 eNOS−/− p Value E18.5 C57BL/6 E18.5 eNOS−/− p Value

1.00 ± 0.43 0.9 ± 0.42 0.93 * 0.51 ± 0.1 0.41 ± 0.18 0.18 *

* Mann-Whitney U-Test. † For rats, groups consisted of n = 3 dams per group (NP/LP) with n = 5 pups each; ‡
For mice, groups consisted of n = 6 eNOS−/− vs. n = 5 C57BL/6 dams at both time-points with n = 2 pups/dam.
Abbreviations: LP = low protein diet, NP = normal protein diet in the rat IUGR model; C57BL/6 =Wild type (WT)
control, eNOS−/− = PE/IUGR model knockout mouse.

Figure 3. Placental IL-11 mRNA expression in eNOS−/− mice on E15. (** p = 0.004, Mann-Whitney
U-test, WT: n = 5 dams, eNOS−/−: n = 6 dams with 2 pups each) Abbreviations: C57B6 = C57BL/6 wild
type (WT) control strain, eNOS−/− = PE/IUGR model knockout mouse.
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3. Discussion

Summarizing our findings, we demonstrate a sufficient induction of intrauterine growth restriction
in both rodent models, as determined by fetal weight reduction, when compared to the respective
controls. Rarres1 and 2 were pre-dominantly located in the spongiotrophoblast and giant cells of both
rat and mouse placenta. In the rat, no consistent regulation of Rarres1/2 was detected under maternal
protein restriction. Similarly, we did not find changes in Rarres1 and 2 mRNA or protein expressions in
eNOS−/− mice. In the mouse, we observed a temporal increase in placental Rarres1 mRNA expression
from E15 to E18.5 independent of their genotype. Moreover, we found an IL-11 induction at E15 in the
eNOS−/− mice, suggestive of increased placental inflammation, a common feature of human PE [24].

3.1. Expression of Rarres1 in Rodent Placenta

Based on its localization in the human placenta, we have previously hypothesized that RARRES1,
as a tumor-suppressor gene, might slow down invasion and migration of EVTs in terminal placentas
and that it might regulate proliferation, syncytialization, and apoptosis of villous trophoblasts [1,2].
Thus, an increased RARRES1 expression in human PE might represent a state of reduced trophoblast
proliferation and syncytialization with increased apoptosis [1,38,39].

In our current study, we determined that rodent Rarres1 was predominantly located in the
placental junctional zone (giant cells and the spongiotrophoblast) with only minor expression in the
labyrinth layer (resembling the human syncytiotrophoblast). Based on this observation, it could be
assumed that Rarres1 plays a minor role in rodent placental syncytial physiology at the examined
gestational stages. Other than a common hemochorial nature, murine placental anatomy shares limited
features with the human placenta [40,41]. Nevertheless, the rodent placenta junctional zone (JZ) shares
similarities with the human extravillous compartment [42–45], as it is positioned between the labyrinth
and the maternal decidua [46]. From ~E12.5 onwards, trophoblast cells of the JZ invade into the
decidua, where they become associated with maternal blood spaces. As a counterpart to the human
placental syncytium, the JZ also constitutes the main placental endocrine compartment affecting both
maternal and fetal physiology [46]. We have previously demonstrated that the placental distribution
pattern of RARRES1 changes throughout human gestation [1]. Since we were able to detect temporal
changes in the gestational expression of Rarres1 in mice, an involvement of Rarres1 in placental
development and growth seems feasible, potentially regulating invasiveness of JZ trophoblast.

In contrast to our previous results from human PE placentas, Rarres1 expression was not induced
in placentas of eNOS−/− mice. In fact, late gestational expression of placental Rarres1 was rather
reduced by dietary-induced IUGR in the rat. However, our Rarres1 mRNA data were not supported
by Western blot analysis, potentially owing to alterations in translation rate/protein degradation or
transcription/mRNA stability (reviewed by [47]).

Our findings argue for a species-specific role of RARRES1 in the human syncytium and its
involvement in PE [48,49]. While in the murine placenta temporal changes of placental Rarres1
expression were noted, gestational changes in Rarres1 expression in the rat were not studied.
No differences in Rarres1 expression were detected in placentas of male or female fetuses.

3.2. Expression of Rarres2 in Rodent Placenta

We found that our Wistar rats expressed Rarres2 in the same placental compartments as Rarres1
(see above). The pronounced localization of Rarres2 in rat trophospongium supports our previous
findings in human placenta [1], where RARRES2 was specifically expressed in extravillous trophoblasts
(see above).

The expression and regulation of Rarres2 during rat pregnancy has been previously studied
by Garces et al. [6] in Sprague Dawley rats at multiple gestational timepoints. In contrast to our
findings, Garces et al. [6] found relevant Rarres2 staining in the labyrinthine trophoblast, besides the
trophospongium in rats, which might have been due to the difference in employed rat species (Wistar
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vs. Sprague Dawley). Similarly, they found syncytial RARRES2 expression besides its extravillous
localization in the human placenta, which was not supported by our previous studies [1]. This difference
requires further investigation. It might be due to divergent IHC techniques (fixation: methyl Carnoy’s
solution (our study) versus paraformaldehyde [6], rabbit antibody vs. recombinant full length human
RARRES2 (our study) versus goat antibody vs. N-terminal human RARRES2 [6]). The placental
Rarres2 expression increased until E16 in rats and then decreased until term, while rat maternal serum
levels (ELISA) steadily decreased over the course of pregnancy in their animals [6]. This finding is in
contrast to analyses of the same research group in humans, where RARRES2 levels were shown to rise
significantly over the course of pregnancy [50]. This might argue for species-specific differences in
the regulation of gestational Rarres2 expression and/or different functions of Rarres2 in murine and
human placenta. The expression of Rarres2 in rat mesenteric adipose tissue remained mainly constant,
despite a singular increase at E19 [6]. IUGR (30% of total ad libitum maternal diet) resulted in a ~50%
reduction of placental Rarres2 expression in Sprague Dawley rats. The gestational expression pattern
of Rarres2 (i.e., maximum of placental expression around E16), however, remained unchanged [6].
Rarres2 expression in rodents was higher at the end of the second trimester, than at the end of the third
trimester. This is in line with our findings of a more prominent Rarres2 expression in mouse placenta
at gestational E15 compared to gestational day E18.5.

In contrast to Garces et al. [6], we did not observe a reduction of Rarres2 in our isocaloric rat
model of maternal protein restriction. This might be due to the divergent use of maternal diets (i.e.,
isocaloric protein restriction vs. total caloric reduction). We have just recently shown that our diet does
not resemble a stress-model, unlike other models of total intake restriction [36]. Furthermore, models
with total calorie restriction [51,52] seem more prone to develop insulin resistance after IUGR.
Thus, the observed placental reduction of rat Rarres2 expression under the condition of profound
maternal food restriction [6] might underscore its proposed role as placental adipocytokine [6,53], with
putative involvement in the development of maternal insulin resistance [54,55] and in feto-maternal
metabolic homeostasis during pregnancy [56]. However, this hypothesis and the association of markers
of insulin sensitivity with circulating RARRES2 is controversially discussed [50,57]. Unfortunately, there
was no description of the influence of IUGR on Rarres2 levels in rat maternal adipose tissue or serum
by Garces et al. [6].

In vitro findings of Wang et al. [3] indicated that RARRES2 induces NO production in HUVECs.
Our PE mouse model did not show local induction of Rarres2 despite the knockout of eNOS, which
suggests a lack of local negative feedback. At this point, systemic feedback-signaling cannot be ruled
out, as circulating Rarres2 remained undetermined in our study.

3.3. Expression of CmklR1 in Rodent Placenta

Our finding of stable placental CmklR1 expression levels in our Wistar rats resembled the gestational
findings of Sanchez-Rebordelo et al. in Sprague Dawley rats [58]. Similarly, we could not detect
significant differences or gestational changes of CmklR1-expression in our eNOS−/−mice. This finding is
of interest, as CMKLR1 activation has been shown to induce vasoconstriction of peripheral vessels [59]
and a reduced uterine blood flow is characteristic in eNOS−/− mice [60]. Thus, CmklR1 might
play a minor role in the dysregulation of vascular tone in these mice. However, as knockout of
CmklR1 seems to induce higher abortion rates in mice [61], different mechanisms of action need to be
taken into consideration.

3.4. IL-11 as a Novel Regulatory Cytokine in eNOS−/− Mice

The level of IUGR in our rats, as determined by fetal weight, was comparable to our previous
experience with this model [36,62]. Additionally, the observed level of fetal and placental weight
reduction in eNOS−/−mice (18% and 22%, respectively; E18.5) was similar to findings from the literature
(11% and 10%, respectively; E17 [28]), when compared to C57BL/6 control mice.
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Interestingly, we found an induction of placental IL-11 in our eNOS−/−mice at midgestation, which
has not been shown previously. As IL-11 has been demonstrated to contribute to the development
of inflammation in PE and placental vascular changes in mice [24,25], our finding might indicate
respective changes in our rodent placentas, which are found in a similar manner in human PE.

4. Materials and Methods

4.1. Animals and Diets

This study was carried out following the recommendations of the National Institute of Health
(NIH) Guide for the Care and Use of Laboratory Animals and the Directive 2010/63/EU. All procedures and
protocols were governmentally approved by the corresponding board (Regierung von Mittelfranken, AZ
#54-2531.31-31/09 (10 November 2010) and AZ #55.2-2532-2-820 (17 January 2019)). Surgical procedures
were performed under isoflurane anesthesia and all efforts were made to minimize suffering.

4.1.1. Alimentary Rat Model with IUGR-Like Features

Animal procedures and the dietary regimen were carried out as previously described by us in
detail [36]. Wistar rats were ordered from Charles River (Sulzfeld, Germany). Weighing 240–260 g, rats
were mated, and the beginning of gestation was determined via assessment of vaginal plug expulsion.
Subsequently, dams were randomly assigned into two groups consisting of six animals each and
received semi-purified diets (Altromin Spezialfutter GmbH & Co. KG, Lage, Germany) of either low
protein diet (LP group, 25 g/d of Altromin C1003, 8% protein) or an isocaloric diet of normal protein
content (NP group, 25 g/d of Altromin C1000, 17% protein) from day 1 of gestation. This results in
reduced birth weight and increased placental-to-fetal weight ratio, indicating preserved placental
efficiency [63]. Rat placentas were obtained at E18.5. Animal characteristics are displayed in Table 1.
Sex verification was carried out via sex-determining region Y (Sry) gene PCR, as previously described
by us in detail [36].

4.1.2. Mouse Model with PE/IUGR-Like Features

The eNOS-knockout (eNOS−/−) mice came from Jackson Laboratories (Bar Harbor, Maine, USA).
The recommended wild-type (WT) C57BL/6 mice were ordered from Charles River (Sulzfeld, Germany).
A homozygous breeding strategy was followed. Both strains were kept over ten generations in
our animal facility before being utilized in experiments. Mice were housed at 22 ± 2 ◦C and a
12 h light/dark cycle in our animal facilities. Animals had unlimited access to standard chow
(SSNIFF V1534, ssniff Spezialdiäten GmbH, Soest, Germany) and tap water. The animal model of
eNOS−/− mice was previously described in detail by others [28,64,65]. The placental dysfunction
in eNOS−/− mice [26,64,65] is caused with an impaired systemic vascularization of the dam [29]:
eNOS deficiency significantly reduces the essential maternal cardiovascular adaptive capacity via
reduction of circulating nitric oxide [28]. Thus, maintenance of constant uterine and feto-placental
blood flow and of low feto-placental vascular resistance via modulation of smooth muscle myogenic
tone is disabled [19,27,30]. Moreover, eNOS deficiency seems to be associated with an increased
inflammatory state [31–34]. We chose eNOS−/− mice over various other rodent models of PE (reviewed
by [18]) as placentas of this model lack gross anatomic alterations [28] similar to our low protein
rat model [66]. Each group of mice was mated, and the presence of a copulation plug was denoted
as day 0.5 of pregnancy. Mouse placentas were obtained from these mice at day E15 and E18.5.
Animal characteristics are displayed in Table 1. Based on our finding that sex seemed to have no
influence on Rarres1/2 expression in the rat placenta, we did not include it as a variable in the mouse
model analysis. The placental eNOS mRNA expression was well detectable in control mice but was
below the detection limit in eNOS−/− mice (data not shown).
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All rodent placentas were fixed in methyl Carnoy’s solution (Roth, Karlsruhe, Germany) for
embedding in paraffin or were snap frozen and stored at −80 ◦C for messenger RNA (mRNA)
preparation and protein extraction.

4.2. RNA Extraction, RT-PCR, and Real-Time Quantitative PCR

Gene expression analysis has previously been described by us in detail [36]. PCR was performed
in n = 5 pups (mean) per litter from 4 NP/LP dams, respectively. In our mouse model, n = 2 pups
per litter from n = 6 eNOS−/− dams and n = 5 C57BL/6 wild type controls, respectively, were
examined at two different time points (E15; E18.5). Snap-frozen placental tissues were minced using a
Mikro-Dismembrator (Sartorius Stedim Biotech GmbH, Göttingen, Germany). RNA purification of
our rat placentas was achieved with peqGold TriFast reagent (Peqlab, Erlangen, Germany), and RNA
pretreatment with DNase I (Sigma-Aldrich, Darmstadt, Germany) was used. For mouse samples,
the frozen tissue was homogenized by grinding with a T10 basic ULTRA TURRAX disperser (IKA,
Staufen im Breisgau, Germany), and total RNA was extracted using the RNeasy Mini Kit with DNase
treatment (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA concentration
was determined by NanoDrop spectrophotometry (Peqlab, Erlangen, Germany) and adjusted to 100 ng/
mL for all rodent placenta samples. Complementary DNA (cDNA) synthesis was conducted using
TaqMan Reverse Transcription (Applied Biosystems, Waltham, MA, USA) in a Biometra Trio thermal
cycler (Analytik Jena, Jena, Germany). Quantification of Rarres1, Rarres2, CmlkR1, and IL11 mRNA
expression was achieved by qRT PCR analysis using the Fast SYBR Green Master Mix and Sequence
Detector StepOnePlus (Applied Biosystems, Waltham, MA, USA) with r18s RNA as a reference gene.
Measurements were performed in duplicate. Primers were designed using Primer Express software
(version 3.0.1, Applied Biosystems, Waltham, MA, USA) or Primer-BLAST (NCBI, NIH). Primers were
ordered from Eurofins (Eurofins Genomics Germany GmbH, Ebersberg, Germany) and sequences are
listed in Table 4.

Table 4. Primer sequences.

Rat Forward Reverse

Rarres1 5′-AGGTGGACCTGGTGTTTAGCA-3′ 5′-AACACCCTCGCAGAACATTTG-3’
Rarres2 5′-AAATGGGAGGAAGCGGAAAT-3′ 5′-CCATCCGGCCTAGAACTTTACC-3′
CmlkR1 5′-AAGAGATGGAGTACGAGGGTTACAA-3′ 5′-GATGTAGTCCGAGCCGTCAGA-3′

r18s 5′-TTGATTAAGTCCCTGCCCTTTGT-3′ 5′-CGATCCGAGGGCCTCACTA-3′

Mouse

Rarres1 5′-AGCGGCTGAAAACGGATGA-3′ 5′-CCAAGTGAATACGGCAGGGA-3′
Rarres2 5′-CACTGCCCAATTCTGAAGCAA-3′ 5′-CGCCAGCCTGTGCTATCTTAA-3′
Cmlkr1 5′- CAACGGTGAACAGTGAAAGGTC-3‘ 5′- TTGTAAGCGTCGTACTCCATCTCT-3‘

eNos 5′-CACCAGGAAGAAGACCTTTAAGGA-3′ 5′-CACCGTGCCCATGAGTGA-3′
IL-11 5′-GCTCCCCTCGAGTCTCTTCA-3′ 5′-TGTCTCTCATCTGTGCAGCTAGTTG-3′
r18s 5′-TTGATTAAGTCCCTGCCCTTTGT-3′ 5′-CGATCCGAGGGCCTCACTA-3′

4.3. Western Blot Analysis

For protein expression analysis, placental tissue of rat NP/LP (4 dams with 2 pups/dam) and
mouse E18.5 eNOS−/− versus C57BL/6 control (8 dams with 1 pup each) was homogenized by mincing
in 20 mL RIPA buffer, consisting of 50 mM Tris (pH 7.2), 10 mM EDTA, 150 mM NaCl, 0.1% SDS, 1.0%
Triton X-100, 1.0% sodium deoxycholate, 20 μL/mL proteinase inhibitor (Complete proteinase inhibitor,
Santa Cruz Biotechnology Inc., Dallas, TX, USA), and 2 mM Na3VO4. Buffer amount was adjusted
to sample weight. The protein concentration was determined by the kit (Pierce, Rockford, IL, USA).
Rat samples containing 30 μg/44 μl and mouse samples containing 30 μg/40 μL of protein were boiled
at 95 ◦C for 8 min and separated on a 10% denaturing SDS-PAGE gel (for Rarres1 measurements of rat
samples, 12% gel was used). Semi-dry electro-blotting was performed using Hartenstein GB33 PVDF
membranes (Bio-Rad Laboratories, Hercules, USA), which were then blocked with Rotiblock (Roth,
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Karlsruhe, Germany) for 60 min. The membrane was incubated overnight at 4 ◦C with a polyclonal
rabbit anti-rat antibody to Rarres1 (Biorbyt, Cambridge, UK) at a concentration of 1:250, or polyclonal
rabbit anti-rat antibody to Rarres2 (Thermo Fisher, Waltham, MA, USA) at a concentration of 1:500
(rat)/1:1000 (mouse). Subsequently, the membrane was incubated for 60 min at room temperature
with a secondary donkey anti-rabbit antibody (GE Healthcare, Amersham, UK) in the concentration
1:10,000 (for Rarres1 rat–blots 5% milk powder was added). As a reference, a monoclonal mouse
anti-vinculin antibody at a concentration of 1:2000 and a monoclonal mouse anti-β-Tubulin antibody
at a concentration of 1:10,000 (both from Sigma Aldrich, St. Louis, MO, USA) followed by a secondary
sheep anti-mouse antibody (GE Healthcare, Amersham, UK) were used. As both reference genes
resulted in similar results, only β-Tubulin blots were displayed. Immunoreactivity was visualized
using the fluorescent ECL Plus Western Blotting Substrate according to the manufacturer’s instructions
(Thermo Fisher Scientific, Waltham, MA, USA) and quantified with a luminescent imager (LAS-1000,
Fujifilm, Berlin, Germany) and AIDA Image Analysis software (version 2.1, Elysia-raytest GmbH,
Straubenhardt Germany).

Coomassie Brilliant Blue staining served as the loading control.

4.4. Immunohistochemistry

For immunohistochemical (IHC) analysis, tissues were fixed in methyl Carnoy’s solution and
embedded in paraffin, as previously described [67]. Each group consisted of 6 placentas (3 sections of
the central region, each) from 2 dams. Two-micrometer paraffin sections were prepared with a HM340E
microtome (Thermo Fisher Scientific, Waltham, MA, USA). After de-paraffinization and rehydration
with intermittent Tris-buffered saline (TBS) washing, tissue sections were unmasked by cooking in
target retrieval solution (TRS, Dako Agilent, Santa Clara, CA, USA) for 10 min. Endogenous peroxidase
activity was blocked with 3% H2O2 for 20 min at room temperature. Sections were then incubated in
fetal calf serum (FCS) at 37 ◦C for 30 min and coated with the primary antibody (Rarres1: MyBioSource,
San Diego, CA, USA, 1:50; Rarres2: Thermo Fisher, Waltham, MA, USA 1:100). After incubation at 4
◦C overnight, sections were washed in TBS and layered with the secondary antibody (dilution 1:500;
biotin-conjugated, goat anti-rabbit immunoglobulin G; Vector Laboratories, Burlingame, CA, USA)
at room temperature for 30 min. Subsequently, sections were incubated with avidin-biotinylated
horseradish peroxidase complex (Vectastain PK-6100; Vector Laboratories) at RT for 30 min and with a
DAB (diaminobenzidine tetrahydrochloride) kit (SK-4100; Vector Laboratories, both supplied by Linaris,
Dossenheim, Germany) for 15 min and counterstained with hematoxylin (Merck, Darmstadt, Germany).
After embedding in Entellan (Merck, Darmstadt, Germany), imaging was performed with a DMC
6200 camera mounted on a Leica DMR microscope (Type 020-525.731) using LASX 3.4.2.18368 image
software (all from Leica Microsystems, Wetzlar, Germany). Representative photomicrographs for
antibody specificity testing are shown in supplementary Figure S1.

4.5. Statistical Analysis

Results were expressed as mean ± standard deviation (SD) unless stated otherwise.
Statistical analyses were performed using GraphPad Prism software (version 7.0, GraphPad Software,
San Diego, CA, USA). We checked for outliers by using the PRISM “robust regression and outlier
removal” (ROUT) method (Q= 1%, equivalent to a false discovery rate of 1%), as described by Motulsky
and Brown [68] and Hughes and Hekimi [69]. Excluded data points (n = 0 in rats; n = 1 for mouse PCR
of Rarres1, CmklR1, and IL-11, respectively) were not included in the calculation of the mean per litter.
Subsequently, the means per litter were subjected to further statistical analysis. Before performing
groupwise comparisons, outliers were removed [36] and a non-parametric Mann–Whitney U-test was
executed. A p value <0.05 was considered statistically significant. Data processing and imaging was
performed with Microsoft Office 2016 (Microsoft, Redmond, WA, USA) and Adobe Photoshop CS6
(Adobe Systems, San José, CA, USA).
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5. Limitations

In our study, rodent placental tissue was analyzed in toto. Thus, compartment specific changes
might have been masked. We did not analyze circulating Rarres2 levels in maternal or fetal serum.
Thus, at this point, our conclusions regarding Rarres1/2 are limited to the placental level only. In line
with this limitation, no other local sources of Rarres1/2 (e.g., adipose tissue) were evaluated in our study
and only certain gestational time-points were examined. Thus, temporal changes in placental expression
profiles remain elusive. The choice to analyze mid-/late-gestational placental tissue was based on our
previous findings in human third trimester placentas and trophoblasts [1,2]. Consequently, a potential
involvement of Rarres1/2 in placentation and early gestation of our animal models remains to be
determined. Furthermore, the use of eNOS−/− as a model for IUGR or preeclampsia has been
controversially discussed [70,71]. This model is characterized by impaired endothelial function with
uterine artery dysfunction and a lack of blood vessel expansion, as well as a placental transport
phenotype [26]. Therefore, eNOS−/− might only represent certain early subtypes of human PE and/or
IUGR, which on the other hand may not be relevant to rodents themselves.

6. Conclusions

To our knowledge, we were the first to examine Rarres1 localization in the rodent placenta.
Also, Rarres1 and 2 expressions have not been studied in the above rodent models.

Rarres1/2 findings in both animal models did not resemble placental alterations of
RARRES1/2 observed by us in human PE or PE/IUGR. These results might indicate species-specific
differences in placental regulation and compartmentation. The fact that others observed reduced
placental Rarres2 expression following more profound maternal food restriction suggests metabolic
functions of the peptide beyond its potential tumor-suppressor role that need further investigation.
Furthermore, the clarification of a potential feto-maternal crosstalk via adipocytokine Rarres2 and its
possible role in the regulation of immunologic and inflammatory processes at the placental interface
requires further functional studies. Moreover, the role of IL-11 in the placental pathophysiology of
eNOS−/− mice remains to be determined.
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Abstract: Preeclampsia/hypertensive disorders of pregnancy (PE/HDP) is a serious and potentially
life-threatening disease. Recently, PE/HDP has been considered to cause adipose tissue inflammation,
but the detailed mechanism remains unknown. We exposed human primary cultured adipocytes
with serum from PE/HDP and healthy controls for 24 h, and analyzed mRNA expression of several
adipokines, cytokines, and ligands of the receptor for advanced glycation endproducts (RAGE). We
found that the mRNA levels of interleukin-6 (IL-6), C-C motif chemokine ligand 2 (CCL2), high
mobility group box 1 (HMGB1), and RAGE were significantly increased by the addition of PE/HDP
serum. Among RAGE ligands, advanced glycation endproducts (AGE) and HMGB1 increased mRNA
levels of IL-6 and CCL2 in SW872 human adipocytes and mouse 3T3-L1 cells. The introduction of
small interfering RNA for RAGE (siRAGE) into SW872 cells abolished the AGE- and HMGB1-induced
up-regulation of IL-6 and CCL2. In addition, lipopolysaccharide (LPS), a ligand of RAGE, increased
the expression of IL-6 and CCL2 and siRAGE attenuated the LPS-induced expression of IL-6 and
CCL2. These results strongly suggest that the elevated AGE, HMGB1, and LPS in pregnant women
up-regulate the expression of IL-6 and CCL2 via the RAGE system, leading to systemic inflammation
such as PE/HDP.

Keywords: hypertensive disorders of pregnancy; RAGE; AGE; adipocyte; IL-6; CCL2; LPS

1. Introduction

Preeclampsia/hypertensive disorders of pregnancy (PE/HDP) is a serious and potentially life-
threatening disease appearing as a complication in about 2–12% of all pregnancies and associated
with significant perinatal and maternal mortality [1,2]. It is estimated that more than 60,000 women
worldwide die of the disease each year; it is one of the main causes of maternal mortality [3]. There is
considerable evidence that maternal obesity, increased insulin resistance, inflammation, and aberrant
fatty acid metabolism are involved in the pathogenesis of PE/HDP [4,5]. Inflammatory reactions
have recently been attracting attention as the pathophysiological characteristics of PE/HDP, including
vascular endothelial dysfunction and placental abnormalities [6–14]. Shallow trophoblast invasion and
inadequate artery remodeling in pregnancy may cause placental hypoperfusion, hypoxia, or ischemia,
which play an important role in the pathogenesis of PE/HDP [15]. The link between adiposity,
inflammation, and insulin resistance has been increasingly acknowledged since Spiegelman and
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his colleagues demonstrated the relationship [16]. White adipose tissue secretes pro-inflammatory
cytokines which contribute significantly to the chronic inflammatory state and metabolic complications
of obesity [17]. It is plausible that similar disturbances in adipocyte function might contribute to the
development of the clinical syndrome of PE/HDP, a state of inflammation and insulin resistance.

Adipose tissue, complex tissue composed of preadipocytes, adipocytes, and stromal vascular cells,
is one of the representative organs to contribute to worsening insulin resistance through inflammation
and subsequent dysfunction. Visceral adiposity correlates with metabolic risk factor [18] and
adverse metabolic outcomes in pregnancy including gestational diabetes mellitus and PE/HDP [19–21].
Adipokines are cytokines expressed in and secreted from adipocytes in response to the systemic
nutritional status, and some of them induce macrophage infiltration and inflammatory cytokine
secretion [22,23]. In the present study, we analyzed expression of adipokines including inflammatory
cytokines in adipocytes and found the involvement of receptor for advanced glycation endproducts
(RAGE) in expression of interleukin-6 (IL-6) and C-C motif chemokine ligand 2 (CCL2) in adipocytes.

2. Results

2.1. PE/HDP Patient Sera Up-Regulated Gene Expression of IL-6, CCL2, High Mobility Group Box (HMGB)1,
S100 Ca2+-Binding Protein B (S100B), and Receptor for Advanced Glycation Endproducts (RAGE) in Primary
Cultured Human Adipocytes

Obesity increases PE/HDP risk. Maternal obesity, increased insulin resistance, and inflammation
are involved in the pathogenesis of PE/HDP [24,25]. Furthermore, PE/HDP risk has been reported
to increase 2–4-fold among women with diabetes [26]. We therefore hypothesized that the PE/HDP
patient sera contain some of these factors that induce insulin resistance and/or inflammation. We
incubated primary cultured human adipocytes with sera from disease-free pregnant women (control)
or those from PE/HDP (patients) for 24 h, and the gene expression of IL-6, CCL2, tumor necrosis factor α
(TNFα), leptin (LEP), adiponectin (ADIP), resistin (RETN), HMGB1, S100B, and RAGE in the adipocytes
was measured via real-time reverse transcriptase-polymerase chain reaction (RT-PCR). As shown in
Figure 1, mRNA levels of IL-6, CCL2, HMGB1, S100B, and RAGE, but not TNFα, LEP, ADIP, and RETN
(P = 0.4496, P = 0.1157, P = 0.0875, and P = 0.2912, respectively) were significantly increased by the
addition of PE/HDP patient sera compared to those cells incubated with control sera.

2.2. Up-Regulation of IL-6 and CCL2 by HMGB1 and Advanced Glycation Endproducts (AGE) in Adipocytes

It is well-known that HMGB1 and S100B are typical ligands for RAGE. RAGE expression was
reported in adipocytes and SW872 cells [27,28], and furthermore immunofluorescent staining of RAGE
in 3T3-L1 adipocytes was shown [27]. RAGE expression was up-regulated by ligands for RAGE [29],
we tested whether ligands for RAGE up-regulate gene expression of inflammatory mediators, such as
IL-6 and CCL2, in human SW872 adipocytes. We added HMGB1, AGE, and S100B in SW872 culture
medium, incubated for 24 h, and the expression of IL-6 and CCL2 was analyzed via real-time RT-PCR.
As shown in Figure 2, mRNAs of IL-6 and CCL2 were significantly up-regulated by the addition of
HMGB1 and AGE. In contrast, S100B, another noted ligand for RAGE, failed to up-regulate mRNA for
IL-6 or CCL2.

In order to see whether the up-regulation of mRNAs for IL-6 and Ccl2 occurred only in SW872 or
other adipocytes, we cultured mouse 3T3-L1 preadipocytes, differentiated them into differentiated
adipocytes, and tested whether ligands for RAGE up-regulate gene expression of IL-6 and Ccl2 in
mouse 3T3-L1 undifferentiated preadipocytes and differentiated adipocytes. As shown in Figure 3,
the mRNA levels of IL-6 were significantly up-regulated by AGE and HMGB1 but not by S100B
(P = 0.6414) in differentiated 3T3-L1 adipocytes, but unchanged by any of the RAGE ligands (AGE,
HMGB1, or S100B) in undifferentiated preadipocytes (P = 0.8037 [No addition vs. AGE], P = 0.4793
[No addition vs. HMGB1], and P = 0.3138 [No addition vs. S100B]). In contrast, the mRNA levels of
Ccl2 remained unchanged in response to AGE, HMGB1, or S100B in 3T3-L1 differentiated adipocytes
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(P = 0.1892 [No addition vs. AGE], P = 0.2885 [No addition vs. HMGB1], and P = 0.4024 [No addition
vs. S100B]), but significantly up-regulated in the undifferentiated preadipocytes by the addition of
AGE but not by HMGB1 and S100B (P = 0.1241 [No addition vs. HMGB1] and P = 0.4305 [No addition
vs. S100B]) (Figure 3). Previous studies reported that S100B up-regulated TNFα in adipocytes [30,31].
In contrast, S100B induced neither IL-6 nor CCL2 in adipocytes in this study, suggesting that SW872
and 3T3-L1 cells may insensitive to S100B.

Figure 1. The mRNA levels of IL-6, CCL2, TNFα, LEP, ADIP, RETN, HMGB1, S100B, and RAGE
in primary cultured human adipocytes treated with sera from disease-free control (Control) or
preeclampsia/hypertensive disorders of pregnancy (PE/HDP) patients (Patients) for 24 h. The levels of
the mRNAs were measured via real-time reverse transcriptase-polymerase chain reaction (RT-PCR)
using β-actin as an endogenous control. Data are expressed as mean ± SE for each group (n = 4).
The statistical analyses were performed using Student’s t-test.

Figure 2. The mRNA levels of IL-6 and CCL2 in SW872 human adipocytes treated with 1 μg/mL
HMGB1, 150 μg/mL advanced glycation endproducts (AGE), or 100 ng/mL S100B for 24 h. The levels
of the mRNAs were measured via real-time RT-PCR using β-actin as an endogenous control. Data are
expressed as mean ± SE for each group (n = 4). The statistical analyses were performed using Student’s
t-test vs. No addition.
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Figure 3. The mRNA levels of IL-6 and Ccl2 in 3T3-L1 mouse cells (undifferentiated preadipocytes and
differentiated adipocytes) treated with 300 μg/mL AGE, 1 μg/mL HMGB1, or 100 ng/mL S100B for 24 h.
The levels of the mRNAs were measured via real-time RT-PCR using rat insulinoma gene (Rig)/ribosomal
protein S15 (RpS15) as an endogenous control. Data are expressed as mean ± SE for each group (n = 4).
The statistical analyses were performed using Student’s t-test vs. No addition.

2.3. Down-Regulation of RAGE Attenuated the Increases of IL-6 and CCL2 in Adipocytes Treated with Small
Interfering RNA (siRNA) for RAGE

In order to see the mechanism of HMGB1- and AGE-induced gene expression of IL-6 and CCL2,
RAGE gene was knocked down by RNA interference. The expression of IL-6 and CCL2 was significantly
increased by the addition of HMGB1 and AGE even in the presence of scrambled RNA. In contrast,
introduction of small interfering RNA (siRNA) for RAGE (siRAGE) clearly inhibited the HMGB1- and
AGE-induced increases of mRNAs for IL-6 and CCL2 in SW872 human adipocytes (Figure 4; P = 0.2638
[No addition vs. HMGB1 in IL-6], P = 0.0744 [No addition vs. AGE in IL-6], P = 0.2559 [No addition vs.
HMGB1 in CCL2], and P = 0.5541 [No addition vs. AGE in CCL2]).

We also measured the concentrations of IL-6 and CCL2 in the RAGE-knocked-down SW872 cell
culture medium via enzyme-linked immunosorbent assay (ELISA). The concentrations of IL-6 and
CCL2 were significantly increased in response to HMGB1 and AGE in scrambled RNA-introduced cell
culture medium. In contrast, the introduction of siRAGE significantly attenuated the HMGB1- and
AGE-induced increases of IL-6 and CCL2 in the medium (Figure 5).

2.4. Up-Regulation of IL-6 and CCL2 by Lipopolysaccharide (LPS) in Adipocytes

Recent reports indicated that PE/HDP is also induced by lipopolysaccharide (LPS) [32] and that
RAGE mediates LPS signaling and acts as an LPS receptor [33–38]. Thus, we tested whether LPS
up-regulate gene expression of IL-6 and CCL2 in human SW872 adipocytes. We added 10 ng/mL LPS
in SW872 culture medium, incubated for 24 h, and the expression of IL-6 and CCL2 was analyzed via
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real-time RT-PCR. As shown in Figure 6, mRNAs of IL-6 and CCL2 were significantly up-regulated by
the addition of LPS.

Figure 4. Effects of siRNA against RAGE on HMGB1- and AGE-induced gene expression of IL-6 and
CCL2. SiRNA for RAGE was transfected into SW872 cells and the cells were incubated with HMGB1 or
AGE for 24 h. The levels of IL-6 and CCL2 mRNA were measured via real-time RT-PCR using β-actin as
an endogenous control. Data are expressed as mean ± SE for each group (n = 4). The statistical analyses
were performed using Student’s t-test vs. No addition.

Figure 5. Effect of siRNA against RAGE on the HMGB1- and AGE-induced expression of IL-6 and
CCL2. SiRNA for RAGE was transfected into SW872 cells and the cells were incubated with HMGB1
or AGE for 24 h. The levels of IL-6 and CCL2 in the cell culture medium were measured via ELISA.
Data are expressed as mean ± SE for each group (n = 4). The statistical analyses were performed using
Student’s t-test vs. No addition.
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Figure 6. The mRNA levels of IL-6 and CCL2 in SW872 human adipocytes treated with 10 ng/mL
lipopolysaccharide (LPS) for 24 h. The levels of the mRNAs were measured via real-time RT-PCR
using β-actin as an endogenous control. Data are expressed as mean ± SE for each group (n = 4).
The statistical analyses were performed using Student’s t-test.

We next measured IL-6 and CCL2 in the LPS-stimulated SW872 cell culture medium and found
that the levels of IL-6 and CCL2 in the LPS-stimulated SW872 culture medium were also elevated
significantly (Figure 7).

Figure 7. The levels of IL-6 and CCL2 in culture medium of SW872 human adipocytes treated with
10 ng/mL LPS for 24 h. The levels of IL-6 and CCL2 in the cell culture medium were measured via
ELISA. Data are expressed as mean ± SE for each group (n = 4). The statistical analyses were performed
using Student’s t-test.

2.5. Down-Regulation of RAGE Attenuated the LPS-Induced IL-6 and CCL2 Increases in Adipocytes

In order to confirm whether the mechanism of LPS-induced IL-6 and CCL2 up-regulation is also
mediated by RAGE, RAGE gene was knocked down by RNA interference. The expression of IL-6
and CCL2 was significantly increased by the addition of LPS even in the presence of scrambled RNA.
In contrast, introduction of siRAGE clearly inhibited the LPS-induced increases of mRNAs for IL-6 and
CCL2 in SW872 human adipocytes (Figure 8).

We also measured the concentrations of IL-6 and CCL2 in the RAGE-knocked-down SW872
cell culture medium via ELISA. The concentrations of IL-6 and CCL2 were significantly increased
in response to the addition of LPS in scrambled RNA-introduced cell culture medium. In contrast,
the introduction of siRAGE significantly attenuated the LPS-induced increases of IL-6 and CCL2 in the
medium (Figure 9).
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Figure 8. Effects of siRNA against RAGE on the LPS-induced gene expression of IL-6 and CCL2. SiRNA
for RAGE was transfected into SW872 cells and the cells were incubated with 10 ng/mL LPS for 24 h.
The levels of IL-6 and CCL2 mRNA were measured via real-time RT-PCR using β-actin as an endogenous
control. Data are expressed as mean ± SE for each group (n = 4). The statistical analyses were performed
using Student’s t-test.

Figure 9. Effect of siRNA against RAGE on the LPS-induced expression of IL-6 and CCL2. SiRNA for
RAGE was transfected into SW872 cells and the cells were incubated with LPS for 24 h. The levels of
IL-6 and CCL2 in the cell culture medium were measured via ELISA. Data are expressed as mean ± SE
for each group (n = 4). The statistical analyses were performed using Student’s t-test.
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3. Discussion

Previous studies indicated that body mass index (BMI), anemia, lower education, maternal
age, primiparity, multiple pregnancy, PE/HDP in previous pregnancy, gestational diabetes mellitus,
preexisting hypertension, preexisting type 2 diabetes mellitus, preexisting urinary tract infection,
and a family history of hypertension, type 2 diabetes mellitus, or PE/HDP are potential risk factors
for PE/HDP [39,40]. Of the risk factors, obesity is a major risk factor and is associated with an
increased risk for obstetrical complications such as gestational diabetes mellitus, PE/HDP, pre-term
delivery, and Cesarean section [41–45], and increased neonatal morbidity and mortality [42,46,47].
Maternal obesity has been associated with low-grade metabolic inflammation due to increased release
of adipokines, which are believed to contribute to maternal glucose intolerance and insulin resistance
and cardiovascular and neuroendocrine modulation associated with increased maternal BMI [48].
Increased cytokine and decreased adiponectin release from adipose tissue have been linked to the
meta-inflammatory state of obesity [49,50].

In this study, we measured the mRNA levels for adipokines (LEP, ADIP, and RETN) in human
primary adipocytes and found that they were not up-regulated in response to the addition of sera from
PE/HDP patients. We also measured mRNA levels of TNFα, IL-6, and CCL2, which have been reported
to play important roles in pathogenesis or development of PE/HDP, and found that the expression of
IL-6 and CCL2 was elevated in response to the addition of PE/HDP sera. In addition, the mRNA levels
of RAGE system members (HMGB1, S100B, and RAGE) were significantly elevated by the addition
of PE/HDP patient sera, suggesting possible involvement of the RAGE system in the up-regulation
of IL-6 and CCL2 in adipocytes. In order to verify this possibility, we tested whether RAGE ligands
up-regulate expression of IL-6 and CCL2 using human SW872 adipocytes and mouse 3T3-L1 cells and
found that AGE and HMGB1 but not S100B significantly up-regulated gene expression of IL-6 and
CCL2 in SW872 cells. In contrast to SW872 cells, AGE and HMGB1 up-regulated the gene expression of
IL-6 in differentiated 3T3-L1 cells but not in undifferentiated cells, and the addition of AGE, but neither
HMGB1 nor S100B, up-regulated Ccl2 expression in undifferentiated 3T3-L1 cells but any of them
up-regulated Ccl2 in differentiated cells. These results indicate that RAGE ligands, especially AGE and
HMGB1, stimulate adipocytes to induce gene expression of IL-6 and CCL2.

IL-6 is a key player in tissue inflammation and insulin resistance, and was observed in higher
serum concentrations in PE/HDP patients [51]. CCL2, also referred as monocyte chemoattractant
protein-1, is a key regulator of monocyte infiltration of adipose tissue, and it plays a central role in the
development and maintenance of chronic adipose tissue inflammation and insulin resistance [23,52,53].
Therefore, IL-6 and CCL2 could be key players produced from adipocytes to induce tissue damages in
PE/HDP patients.

Exposure of the amino acid residues of proteins to reducing sugars, such as glucose, results in
non-enzymatic glycation, which forms reversible Schiff bases and subsequently Amadori compounds.
A series of further complex molecular rearrangements including dehydration, condensation,
and crosslinking, yield irreversible and heterogeneous derivatives termed AGE. AGEs are chemically
heterogeneous groups of compounds. Apart from endogenously formed AGEs, exogenous AGEs from
foods are absorbed in the gastrointestinal tract and reportedly constitute ~10% of total AGE in the
body. In animal studies, the restriction of dietary AGE intake significantly improved insulin sensitivity
and extended lifespan.

HMGB1 is a nuclear protein that stabilizes nucleosome formation and facilitates transcription.
HMGB1 is a strong inflammatory trigger from necrotic cells as a result of passive leakage, and can
be actively secreted by activated monocytes, macrophages, dendritic cells, natural killer cells,
and endothelial cells, though there is no canonical signal sequence in the HMGB1 protein. It is
well-known that the levels of AGE in serum such as hemoglobin A1c (HbA1c) are increased in diabetes
(hyperglycemia) patients and that diabetes is a typical risk factor for PE/HDP. Elevated HMGB1 was
observed in pregnant women with other pro-inflammatory conditions as obesity and pre-term labor.
It is well established that labor is associated with a pro-inflammatory systemic response. Extracellular
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HMGB1 exerts its cytokine-like activity by binding to RAGE receptor. In fact, the serum HMGB1 levels
were significantly increased in the PE/HDP patients (329.2 ± 93.18 ng/mL) than those in control patients
(35.45 ± 25.11 ng/mL) (P = 0.0473). In the management of pregnant women, monitoring of blood
glucose and HbA1c are very common but HMGB1 levels in serum are rarely monitored. Although
the numbers of PE/HDP patients in our study were relatively small, the increased tendency of serum
HMGB1 in PE/HDP patients suggests that the serum HMGB1 measuring could be a new marker for
screening of PE/HDP risk.

As AGE and HMGB1 are ligands for RAGE, it is quite possible that AGE- and HMGB1-induced
up-regulation of IL-6 and CCL2 is mediated via RAGE. In fact, the introduction of siRAGE abolished
the AGE- and HMGB1-mediated increases of gene expression of IL-6 and CCL2 in adipocytes (Figures 4
and 5), indicating involvement of AGE and/or HMGB1/RAGE system in the up-regulation of IL-6
and CCL2 in adipocytes. Among major RAGE ligands, we tested S100B, in addition to AGE and
HMGB1, but S100B failed to increase gene expression of IL-6 and CCL2. As most but not all the
ligands for RAGE up-regulate (pro)inflammatory mediators, such as IL-6 and CCL2, some other
RAGE ligands such as macrophage-1 antigen/cluster of differentiation molecule 11b [54], amyloid
β peptide [55], β-sheet fibrils [56], advanced oxidation protein products [57], complement C3a [58],
LPS [33], and phosphatidylserine on the surface of apoptotic cells [59] might increase the expression
of IL-6 and CCL2, leading to PE/HDP in pregnant women. In fact, recent reports showed that
PE/HDP was also induced by LPS [32], and that RAGE mediated LPS signaling and acted as an LPS
receptor [33–38]. Thus, we tested whether LPS up-regulate gene expression of IL-6 and CCL2 in human
SW872 adipocytes, and found that LPS significantly up-regulated the expression of IL-6 and CCL2 in
SW872 cells via RAGE (Figures 6–9).

Some soluble products of RAGE such as soluble RAGE (sRAGE) and endogenous secretory RAGE
(esRAGE) are generated from RAGE gene and modulate the RAGE signaling [60,61]. It was previously
reported that the levels of sRAGE were reduced in PE/HDP patient serum and that serum esRAGE
and the esRAGE/sRAGE ratio were elevated in PE/HDP patient serum [62]. It was also reported that
pregnancy induced a significant increase in RAGE protein levels in both myometrium and omental
vasculature and that blood vessels from women with preeclampsia had intense staining for RAGE in
both vessel beds [63]. In the present study, we showed the up-regulation of RAGE in adipocytes by
PE/HDP sera (Figure 1) but did not see sRAGE and esRAGE. Reduction of sRAGE and elevation of
esRAGE/sRAGE ratio could be a potential marker for screening of PE/HDP risk.

Nuclear factor κ-light-chain-enhncer of activated B cells (NF-κB) is a key transcription
factor for the expression of IL-6 and CCL2 [64,65]. RAGE ligands usually activate NF-κB [66].
The RAGE-NF-κB-IL-6/CCL2 pathway might function in adipocytes stimulated by RAGE ligands
(AGE, HMGB1, and LPS), resulting in the development of inflammation that may lead to PE/HDP in
pregnant women.

4. Materials and Methods

4.1. Patient Samples

The study was approved by the Local Ethics Committee at Nara Medical University (Kashihara,
Japan; approval number 873, 24 July 2014), and all participants provided written informed consent.
We included PE/HDP patients with a pregnancy and disease-free pregnant women with pregnancy
were the control (Table 1). The participants’ BMI values before pregnancy were less than 25 kg/m2

with gestational age-matched normal pregnant women at 27 weeks’ gestation or later. All subjects
were Eastern Asian origin, and none of the subjects were taking any medication or showed evidence of
any metabolic diseases or other complications besides PE/HDP. PE/HDP was defined as new onset
and diagnosed based on two consecutive measurements of diastolic and systolic blood pressure,
diastolic blood pressure greater than or equal to 90 mmHg, or systolic blood pressure was greater than
or equal to 140 mmHg, with urine protein over 300 mg/day, occurring diagnosed after 20 weeks of
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gestation [67]. All subjects (4 patients and 4 controls) provided serum samples for analysis and did
not have gestational diabetes mellitus, thyroid malfunction, or other complications. All venous blood
samples were obtained after an overnight fast at routine medical examination. The sera were separated
immediately and stored at −80 ◦C for 3 years at the longest and 6 months at the shortest. HMGB1
concentrations of the sera were measured using Human HMGB1 ELISA kit (Arigo Biolaboratories
Corp., Hsinchu, Taiwan).

Table 1. Clinical characteristics of patients/controls involved in the study.

Patients/Controls Age (Years) BMI Gestational Age at Blood Sampling (Week) Parity

PE/HDP #1 33 23.2 30 0
PE/HDP #2 27 21.9 29 1
PE/HDP #3 28 21.3 28 0
PE/HDP #4 29 23.4 27 0
Control #1 30 22.4 28 0
Control #2 29 24.6 28 0
Control #3 26 23.8 27 0
Control #4 33 22.4 28 2

4.2. Cell Culture and Treatment

Human primary visceral preadipocytes were purchased from ZenBio, Inc. (Research Triangle Park,
NC, USA). The cells were differentiated to adipocytes according to the supplier’s protocol, and their
differentiation to mature adipocyte was confirmed by Oil Red O staining. The primary adipocytes
were incubated with 10% individual PE/HDP patient serum (#1~#4) and control serum (#1~#4) for 24 h.
Human SW872 adipocytes were purchased from American Type Culture Collection (ATCC, Manassas,
VA), and cultured at 37 ◦C with 5% CO2 in DMEM medium (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) supplemented with 10% fetal calf serum (FCS), 100 units/mL penicillin G (Wako) and
100 μg/mL streptomycin (Wako) as described [68]. Mouse 3T3-L1 preadipocytes were purchased from
Japanese Collection of Research Bioresources (JCRB) Cell Bank (Ibaraki, Japan), and cell culture and
differentiation of 3T3-Ll preadipocytes were performed as described by Ntambi et al. [69,70]. Briefly,
confluent 3T3-Ll pre-adipocytes monolayers were incubated for 72 h in DMEM medium containing
10% FCS, 0.5 mM methylisobutylxanthine (IBMX; Wako), 1 μM dexamethasone (Wako), and 10 μg/mL
insulin (Wako). After 72 h the cells were washed free of IBMX and dexamethasone and maintained
in DMEM medium containing 10% FCS and 10 μg/mL insulin for 72 h. Adipocyte morphology was
monitored by the appearance of cytoplasmic triacylglycerol droplets, which is closely correlated with
the acquisition of the adipocyte phenotype. For the stimulation experiments, SW872 and 3T3-L1 cells
(undifferentiated preadipocytes and differentiated adipocytes) were treated with 150 μg/mL (for SW872)
or 300 μg/mL (for 3T3-L1) AGE-bovine serum albumin (BSA) (Calbiochem®, Merck KGaA, Darmstadt,
Germany), 1 μg/mL HMGB1 (Bio-Techne, Minneapolis, MN) or 100 ng/mL S100B (Medical & Biological
Laboratories Co., Ltd., Nagoya, Japan). SW872 cells were also treated with 10 ng/mL E. coli LPS (Wako)
for 24 h as described [33].

4.3. Real-Time Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated using a RNeasy Protect Cell Mini Kit (Qiagen, Hilden, Germany) from
primary cultured human visceral adipocytes, SW872, and 3T3-L1 adipocytes/preadipocytes, and cDNA
was synthesized from total RNA as template using a High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Foster City, CA) as described [68,70–82]. Real-time polymerase chain reaction
(PCR) was performed using SYBR® Fast qPCR kit (KAPA Biosystems, Boston, MA) and a Thermal
Cycler Dice Real Time System (Takara Bio Inc., Kusatsu, Japan). All the PCR primers were synthesized
by Nihon Gene Research Laboratories, Inc. (NGRL; Sendai, Japan), and the primer sequences for
each primer set are described in Table 2. PCR was performed with an initial step of 3 min at 95 ◦C
followed by 40 cycles of 3 s at 95 ◦C and 20 s at 60 ◦C for human β-actin, mouse rat insulinoma gene
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(Rig)/ribosomal protein S15 (RpS15), mouse IL-6, human and mouse CCL2, human LEP, human ADIP,
human RETN, human S100B, human HMGB1, and human RAGE, and with an initial step of 3 min
at 95 ◦C followed by 40 cycles of 3 s at 95 ◦C and 20 s at 62 ◦C for human IL-6 and human TNFα.
The mRNA expression levels were normalized to the mRNA level of Rig/RpS15 in mouse samples or
β-actin in human samples [68,70–85].

Table 2. Primers used for real-time reverse transcriptase-polymerase chain reaction (RT-PCR).

Target mRNA Primer Sequence (Position)

Human IL-6 (NM_000600) 5′-GGTACATCCTCGACGGCATC-3′ (289–308)
5′- GCCTCTTTGCTGCTTTCACAC-3′ (347–367)

Human CCL2 (NM_002982) 5′-GTCTCTGCCGCCCTTCTGT-3′ (80–98)
5′-TTGCATCTGGCTGAGCGAG-3′ (137–155)

Human TNFα (NM_000594) 5′-CTTCTCCTTCCTGATCGTGG-3′ (280–299)
5′-TCTCAGCTCCACGCCATT-3′ (518–535)

Human LEP (NM_000230) 5′-GGCTTTGGCCCTATCTTTTC-3′ (89–108)
5′-GGATAAGGTCAGGATGGGGT-3′ (257–276)

Human ADIP (NM_001177800) 5′-CATGACCAGGAAACCACGACT-3′ (181–201)
5′-TGAATGCTGAGCGGTAT-3′ (465–481)

Human RETN (NM_020415) 5′-TCCTCCTCCTCCCTGTCCTGG-3′ (63–83)
5′-CAGTGACATGTGGTCTGGGCG-3′ (298-318)

Human S100B (NM_006272) 5′-AGGGAGGGAGACAAGCACAA-3′ (172–191)
5′-ACTCGTGGCAGGCAGTAGTA-3′ (293–312)

Human HMGB1 (NM_001313893) 5′-ATATGGCAAAAGCGGACAAG-3′ (1126–1145)
5′-AGGCCAGGATGTTCTCCTTT-3′ (1281–1300)

Human RAGE (NM_001136) 5′-TGGAACCGTAACCCTGACCT-3′ (856–875)
5′-CGATGATGCTGATGCTGACA-3′ (1045–1064)

Human β-actin (NM_001101) 5′-GCGAGAAGATGACCCAGA-3’ (420–437)
5´-CAGAGGCGTACAGGGATA-3´ (492–509

Mouse IL-6 (NM_031168) 5′-GTATGAACAACGATGATGCACTTG-3′ (305–328)
5′-ATGGTACTCCAGAAGACCAGAGGA-3′ (418–441)

Mouse Ccl2 (NM_011333) 5′-CCACTCACCTGCTGCTACTCAT-3′ (176–197)
5′-TGGTGATCCTCTTGTAGCTCTCC-3′ (229–251)

Mouse Rig/RpS15 (NM_009091) 5′-ACGGCAAGACCTTCAACCAG-3′ (323–342)
5′-ATGGAGAACTCGCCCAGGTAG-3′ (372–392)

4.4. Measurement of IL-6 and CCL2 Concentrations in Culture Medium via ELISA

Cells were stimulated with HMGB1 (1 μg/mL), AGE (150 and 300 μg/mL), S100B (100 ng/mL),
and LPS (10 ng/mL) for 24 h, culture medium was collected, and the concentrations of IL-6 and CCL2
were measured by using a Human IL-6 ELISA kit (RayBiotech, Norcross, GA, USA) for IL-6 and a
Quantikine® ELISA Human CCL2/MCP-1 Immunoassay kit (R&D Systems, Inc., Minneapolis, MN,
USA) for CCL2, according to the instructions of suppliers.

4.5. RNA Interference (RNAi)

Small interfering RNA (siRNA) directed against human RAGE was synthesized by NGRL. The sense
sequence of siRNA for human RAGE was 5′-AUCUACAAUUUCUGGCUUCtt-3′ (corresponding
to 466-484 of NM_001136) as described [76,78]. The Silencer® Select human scrambled siRNA was
purchased from Ambion® (Waltham, MA, USA) and used as a control. Transfection of siRNAs to
SW872 cells was carried out using Lipofectamine® RNAiMAX Reagent (Life Technologies, Waltham,
MA, USA) as described [68,72,74–80]. Cells were transfected with 5 pmol siRNA per 24-well culture
dish (4.0 × 105 cells/mL in 24-well plates).

4.6. Data Analysis

Results are expressed as mean ± SE. The data obtained were checked against Shapiro-Wilk
normality test, which found that all the P values were larger than 0.05, and the statistical significance
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was determined by Student’s t-test using GraphPad Prism ver. 6.0 for Mac OSX software (GraphPad
Software, La Jolla, CA, USA).
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PE/HDP Preeclampsia/hypertensive disorders of pregnancy
RAGE Receptor for advanced glycation endproduct(s)
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Rig/RpS15 Rat insulinoma gene/Ribosomal protein S15
RT-PCR Reverse transcriptase-PCR
S100B S100 Ca2+-binding protein B
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sRAGE Soluble RAGE
TNFα Tumor necrosis factor α
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Abstract: Offspring of preeclampsia patients have an increased risk of developing neurological deficits
and cognitive impairment. While low placental perfusion, common in preeclampsia and growth
restriction, has been linked to neurological deficits, a causative link is not fully established. The goal
of this study was to test the hypothesis that placental ischemia induces neuroinflammation and
micro-hemorrhages in utero. Timed-pregnant Sprague Dawley rats were weight-matched for sham
surgery (abdominal incision only) or induced placental ischemia (surgical reduction of utero-placental
perfusion (RUPP)); n = 5/group on gestational day 14. Fetal brains (n = 1–2/dam/endpoint) were
collected at embryonic day (E19). Placental ischemia resulted in fewer live fetuses, increased fetal
demise, increased hematocrit, and no difference in brain water content in exposed fetuses. Additionally,
increased cerebral micro-bleeds (identified with H&E staining), pro-inflammatory cytokines: IL-1β,
IL-6, and IL-18, eotaxin (CCL11), LIX (CXCL5), and MIP-2 (CXCL2) were observed in RUPP-exposed
fetuses. Microglial density in the sub-ventricular zone decreased in RUPP-exposed fetuses, with
no change in cortical thickness. Our findings support the hypothesis that exposure to placental
ischemia contributes to microvascular dysfunction (increased micro-bleeds), fetal brain inflammation,
and reduced microglial density in proliferative brain areas. Future studies will determine whether
in utero abnormalities contribute to long-term behavioral deficits in preeclampsia offspring through
impaired neurogenesis regulation.

Keywords: micro-bleeds; cerebral cytokines; preeclampsia; microglia

1. Introduction

Preeclampsia (PE), a hypertensive disorder of pregnancy, is characterized by new onset
hypertension with proteinuria, or in the absence of proteinuria, symptoms of other organ damage
affecting kidney(s), the liver, or the brain [1]. Because PE is associated with increased risk of morbidity
and mortality for the mother and offspring, PE contributes significantly to an increased public health
burden. There is compelling evidence that exposure to PE has lasting effects on the offspring′s cognitive
abilities. Offspring of PE patients go on to have lower IQ scores at 3 years of age [2], have impaired
working memory [3], and have other neurobehavioral impairments [4,5] that progressively exacerbate
cognitive impairment into the geriatric years [6,7]. Even though the underlying pathophysiological
mechanisms are not known, placental insufficiency is believed to play a critical role in these poor
neurodevelopmental outcomes [8].

In addition to being the source of the maternal syndrome [9], the dysfunctional placenta fails
to meet the metabolic demands of the developing brain [10], resulting in clinical manifestations
of neurodevelopmental disorders [11]. Specifically, offspring of PE-complicated pregnancies have
a 32% increased risk of autism spectrum disorders [12–14]. Moreover, PE is an independent risk
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factor for long-term neuropsychiatric morbidity in the offspring [15] demonstrating that exposure to
maternal factors and/or maternal vascular malperfusion [16] have lasting impacts on learning and
memory-function in the offspring. The underlying pathophysiological mechanisms are not fully known.

One potential mechanism could be reduced blood flow to the developing placenta and fetus,
a finding in some PE-complicated pregnancies. Indeed, studies report increased expression of
hyoxia-inducible factor 1 alpha (HIF-1α) mRNA in placentas from women with preeclampsia [17,18].
The rodent placental ischemia model, induced by surgically reducing utero-placental perfusion pressure
(RUPP), is well characterized and shares numerous characteristics with the PE patient. For example,
RUPP rats have increased mean arterial blood pressure, with or without proteinuria [19], increased
inflammatory cytokines [20,21], and increased anti-angiogenic factors [22,23]. Studies from members
of our group have shown that RUPP dams have evidence of cerebrovascular abnormalities [24,25];
however, the impact of placental ischemia on the developing fetal cerebrovasculature has not been
investigated. Additionally, whether placental ischemia induces neuroinflammation in the developing
brain is not known.

In this study, we induced and modeled placental malperfusion by using the well-established rat
model of placental ischemia [26], and determined the effect of five days of ischemia on fetal cerebral
micro-bleeds and neuroinflammation. We measured the number of micro-hemorrhages as a marker of
micro-bleeds and vascular function, brain water content as a measure of cerebral edema, and cytokine
levels and microglia changes to assess neuroinflammation in embryonic day (E19) rat brains.

2. Results

2.1. General Characteristics and Pregnancy Outcomes:

At gestational day (GD) 19, dams (n = 5 per group) subjected to placental ischemia had reduced
body weight (266.5± 13.5 g) compared to sham-operated (control) pregnant rats (303.1± 9.1 g; p = 0.027;
Figure 1A).

Figure 1. General characteristics of dams and fetuses subjected to placental ischemia. Dams had
(A) reduced body weight, (B) reduced numbers of live fetuses, and (C) increased fetal demise at
gestational day (GD) 19 compared to the sham controls. Fetuses subjected to placental ischemia had
(D) increased hematocrits and (E) no change in brain water content. Values for individual rats (n = 5
dams per group) are shown along with the Mean ± SEM. Fetal hematocrit and pup brain water content
represent the mean of 1–2 pups/dam (n = 5 dams). Differences between groups were analyzed using an
unpaired t-test.

A key characteristic of placental ischemia, induced using the RUPP procedure, is fetal demise in
the form of increased fetal resorptions [19]. We therefore counted the number of live versus resorbed
fetuses present at GD 19. Dams subjected to placental ischemia had a trend for fewer live fetuses (7 ± 1
in RUPP group versus 9 ± 1 in the sham control; p = 0.073; Figure 1B) and more fetal resorptions (6 ± 2
in RUPP group versus 1 ± 0 in the sham control; p = 0.021; Figure 1C) compared to the sham controls.
This demonstrates that we successfully induced placental ischemia in the dams. We then assessed the
effect of placental ischemia on the developing fetus. Because placental ischemia leads to reduced blood
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flow to the fetal-placental unit, we hypothesized that fetuses would have evidence of systemic hypoxia.
We, therefore, measured pups’ hematocrits and found an increase in the hematocrits (36.7% ± 3.0%
versus 29.3% ± 2.1% in sham) of fetuses exposed to placental ischemia (p = 0.040; Figure 1D). There was
no difference in fetal brain water content between the groups (87.73% ± 0.04% in sham versus 87.73%
± 0.07% in RUPP-exposed; p = 0.485; Figure 1E), suggesting no cerebral edema. Additionally, in this
cohort, we found no differences in maternal blood pressure between the groups (98 ± 4 mmHg in
sham versus 99 ± 5 mmHg in RUPP; p = 0.405). Thus, our findings are due to utero-placental ischemia,
independent of elevated blood pressure.

2.2. Micro-Hemorrhage in Fetal Brains

Using H&E staining, red blood cells can be visualized by their red staining in tissues. Figure 2A
shows the location of brain slices used to quantify micro-bleeds. Figure 2B,C show representative
micro-bleeds observed in the parenchyma (2B, cortex) and lateral and third ventricles (2C).

Figure 2. Placental ischemia exposure leads to increased number of micro-bleeds in brains of exposed
fetuses. (A) Schematic of the regions where coronal sections were collected. (B) Representative images
of fetal brains showing micro-bleeds in the cortex and (C) ventricles. Number of micro-bleeds in the
(D) anterior (E) posterior slices of fetal brains. Points represent average micro-bleeds from 1–2 pups
per dam (n = 5 dams per group). Mean ± SEM is also depicted. Data were analyzed using unpaired
t-test and p-values are indicated.

We counted the number of micro-bleeds and found significantly higher numbers of
micro-hemorrhages in the brains of fetuses exposed to placental ischemia in the posterior sections, and a
trend for increased micro-bleeds in the anterior slices of the brain. In the anterior slices, RUPP-exposed
fetuses had 3.4 ± 0.8 bleeds compared to the sham-exposed (1.8 ± 0.4 bleeds; p = 0.056; Figure 2D).
In the posterior slices, sham-exposed fetuses had 4 ± 1 while RUPP-exposed fetuses had 7 ± 1 bleeds
(p = 0.026, Figure 2E). Thus, exposure to placental ischemia almost doubled the incidence of fetal brain
micro-bleeds in utero.

2.3. Inflammatory Profile in Fetal Brains

Due to placental ischemia inducing increased maternal, circulating and placental inflammatory
cytokines [20,21,27], we hypothesized that the developing fetal brain may mirror the maternal
pro-inflammatory environment. We therefore measured the levels of cytokines/chemokines in fetal
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brains exposed to normal pregnancy and placental ischemia. Out of 27 cytokines and chemokines, seven
were undetectable or observed in only 1–2 fetal brains per group: EGF, G-CSF, GM-CSF, GRO/KC, IL-2,
IL-5, and IL-13. We divided the remaining 20 cytokines/chemokines into pro-inflammatory/ cytotoxic,
anti-inflammatory, and chemokines/growth factors [28]. The pro-inflammatory cytokines IL-1β, IL-6,
and IL-18 increased significantly in fetal brains from placental ischemia-exposed pregnancies (Figure 3).

Figure 3. Placental ischemia leads to a shift towards a pro-inflammatory status in brains of exposed
fetuses. A rat multiplex kit array of 27 cytokine/chemokine was used. Values were normalized to
protein concentration. IL-1β, IL-6, and IL-18 increased significantly in fetal brains exposed to placental
ischemia. Blue points represent extrapolated values (one value below the lowest detectable value and
normalized to protein concentration). Not shown are: IL-2, IL-5, and IL-13. Values for individual rat
fetuses (n = 5 fetuses per group) are shown along with the mean ± SEM. Only one fetal brain was
collected per dam for cytokines/chemokines.

There was a trend toward increased anti-inflammatory cytokines, IL-4 and IL-10. Lastly, the
chemokines/growth factors eotaxin (CCL11), LIX/CXCL5, and MIP-2/CXCL2 increased significantly in
fetal brains exposed to placental ischemia compared to sham-exposed (Figure 4).

These data demonstrate that placental ischemia exposure induces a pro-inflammatory environment
in fetal brains in utero. Whether the cerebral inflammatory profile persists in the postnatal period is
unknown. Thus, future studies will determine whether the fetal cerebral pro-inflammatory status is
unique to the in utero environment or whether it persists postnatally.

Because micro-hemorrhages are associated with a pro-inflammatory environment [29],
we performed correlations to identify whether any factors were strongly associated with the number of
micro-bleeds observed. Comparing fetuses from the same dam, we found that cerebral tissue IL-6 levels
were positively associated with the number of micro-bleeds detected (Figure 5A; r = 0.673; p = 0.017).
Surprisingly, although there were no differences in brain water content between the groups, fetal
brain water content was negatively associated with the number of micro-bleeds (Figure 5B; r = −0.672;
p = 0.017).
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Figure 4. Changes in chemokines/growth factors in fetal brains. Placental ischemia exposure increased
eotaxin, LIX, and MIP2 levels. Not shown are: EGF, G-CSF, GM-CSF, and GRO/KC. Blue points
represent extrapolated values (one value below lowest detectable value and normalized to protein
concentration). Values for individual fetuses (n = 5 fetuses per group) are shown along with the mean
± SEM. Data were analyzed using unpaired t-tests, and p-values are indicated.

Figure 5. Correlation between number of micro-bleeds and IL-6 levels or brain water content.
The number of micro-bleeds is (A) positively associated with fetal brain IL-6 levels and (B) negatively
associated with fetal brain water content. Fetuses from same dam were used for the association analysis.
Values for individual rats (n = 5 fetuses per group) are shown. Relationships between factors were
analyzed using the Pearson correlation.

2.4. Microglia Changes in Fetal Brains

Microglia are key producers of cytokines in the brain, so we assessed changes in microglial density
and morphology in the brains of exposed fetuses. As reviewed in [30], microglia migrate from the
ventricles and meninges during development, making the sub-ventricular zone (SVZ) the ideal region
to quantify changes in microglial density. Representative images of a brain section and the third
ventricle from sham and placental ischemia-exposed fetuses are shown in Figure 6A, B. We found
fewer Iba1 + cells in the SVZ of the third ventricle (40 ± 3 in shams versus 19 ± 4; p = 0.003), and this
reduction was observed both in the open (23 ± 2 in sham versus 13 ± 4; p = 0.036) and closed (21 ± 1 in
shams versus 9 ± 2; p = 0.005) portion of the third ventricle (Figure 6C). We further characterized the
microglia based on morphology into primitive ramified or amoeboid microglia [31] (Figure 6D) and
counted these separately. We found a significant decrease in primitive ramified microglia in fetuses
exposed to RUPP (13 ± 4 versus 28 ± 2 in Sham, p = 0.007; Figure 6D) and no change in the number
of amoeboid microglia (13 ± 4 in Sham versus 5 ± 2 in RUPP, p = 0.089). We found no significant
difference in cortical plate thickness (a potential indicator of neuronal density) between the fetuses
exposed to normal or placental ischemic pregnancies (Figure 6E,F).
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Figure 6. Changes in microglia at the proliferative areas (sub-ventricular zones—SVZ) of the 3rd
Ventricle. (A) Representative image showing, at the brain-level, the section where the microglial analysis
was conducted. Scale bar = 100 μm. (B) Representative images of Iba1 staining in the open region and
closed region of the 3rd ventricle. Red—Iba1+ cells; Blue—DAPI+ nuclei. Scale bar represents 50 μm.
(C) Decreased number of microglia in the SVZ of pups exposed to placental ischemia. (D) Examples
of different microglia types observed (scale bar = 20 μm) and quantification of primitive ramified
and amoeboid microglia in SVZ. (E) Representative images showing the different cortical layers in
the embryonic day (E19) pup brain. Scale bar represents 100 μm. (F) Quantification of cortical plate
thickness in fetuses exposed to sham or placental ischemia. Values from 1–2 pups were averaged per
dam (n = 4–5 per group) and shown along with the mean ± SEM. Data were analyzed using unpaired
t-tests, and p-values are indicated. MZ—marginal zone, CP—cortical plate, SP—subcortical plate,
SVZ—sub-ventricular zone, VZ—ventricular zone, and LV—lateral ventricle.
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3. Discussion

Offspring born to preeclampsia patients have an increased risk of developing several neurological
complications, including neurobehavioral abnormalities, cerebral palsy, cognitive impairment, and
perinatal stroke [32–34]—the underlying mechanisms of which are not fully known. Here, we tested
the hypothesis that utero-placental ischemia leads to in utero cerebrovascular changes, including
micro-hemorrhages, which may contribute to future neurological complications. We found that
indeed, placental ischemia in the pregnant female rat induces an increased number of cerebral
micro-bleeds, a more pro-inflammatory cerebral-tissue environment, and decreased microglial density
in the sub-ventricular zone of fetal brains in utero.

Like previous findings, the RUPP procedure led to decreased maternal body weight and increased
fetal demise, demonstrating successful induction of placental ischemia [19,35]. Because we did not
see an increase in blood pressure in this small cohort of rats, our findings are attributable to placental
ischemia, independent of hypertension. We hypothesized that as a result of reduced blood flow to
the fetus, surviving fetuses would have evidence of hypoxia. We found significant increases in the
hematocrits of fetuses exposed to placental ischemia, suggesting systemic hypoxia. Whether the
increased fetal hematocrits were associated with increased angiogenesis through vascular endothelial
growth factor (VEGF) in our model is not known. While this possibility cannot be ruled out, our finding
of no difference in VEGF levels in the brain homogenates of exposed fetuses suggests that cerebral
angiogenesis may not be different between the groups. VEGF also increases vascular permeability
and could increase vessel leakage, causing extravasation of plasma proteins. Thus, as a measure of
vascular dysfunction, we quantified micro-bleeds within tissue slices.

The incidence of cerebral micro-bleeds was significantly higher in the placental ischemia-exposed
group compared to the sham control group. Micro-bleeds are thought to occur when blood vessels
are structurally damaged [36]. Thus, an increased incidence of micro-bleeds is consistent with
ongoing vascular damage in the brains of exposed fetuses. Cerebral micro-bleeds can lead to
long-term neurological damage, including cognitive and motor deficits [36]. Vascular damage and
increased blood-brain barrier permeability can result in increases in brain water content; therefore,
we hypothesized that fetuses exposed to placental ischemia would have increased cerebral water
content, a crude marker of cerebral edema. Contrary to our hypothesis, we found no difference in
brain water content between fetuses exposed to normal pregnancy and those exposed to placental
ischemia. Even more interesting is the finding of a negative association between the number of cerebral
micro-bleeds and brain water content. A recent study reported that micro-bleeds are observed in
high-altitude-induced injury long after cerebral edema has resolved [31]. Thus, our finding of no
difference in brain water content even in the presence of micro-bleeds could be an indication of a
resolution of edema. We do not know whether different fetal or postnatal time-points would yield
similar results and this is an area for future investigation. Additionally, we assessed water content in
the entire fetal brain and could have missed regional changes in water content as a result.

Maternal inflammation and cerebral micro-bleeds are associated with increases in
neuroinflammation. Therefore, we assessed the levels of different cytokines/chemokines in brain
homogenates of exposed fetuses. We found increases in the pro-inflammatory cytokines, IL-1β, IL-6,
and IL-18, and a trend for increased levels of TNFα and IL-17 in brains of fetuses exposed to placental
ischemia. Additionally, IL-10 and IL-4 levels tended to increase in brains of fetuses exposed to placental
ischemia. Those data suggest two possibilities. The first possibility is that there is an increased transfer
of maternal inflammatory factors across the placental barrier into the fetal circulation. This is plausible
since preeclampsia patients have increased circulating levels of tumor necrosis factor alpha (TNFα) [20],
interleukin (IL)-2 [37,38], IL-6 [21], and IL-17 [39–41]. Placental ischemic rats also have increased levels
of inflammatory cytokines in the circulation and cerebrospinal fluid [20,21,27,42,43]. We have not
assessed changes in placental barrier permeability in the RUPP model of placental ischemia, and this is
an area of ongoing investigation. The second possibility is that there is increased local production of
these cytokines in the fetal brains following exposure to placental ischemia.
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A key finding in this study is that exposure to placental ischemia leads to increased cerebral levels
of the pro-inflammatory cytokine, IL-1β in utero. There is evidence that placentas from preeclampsia
patients secrete more IL-1β compared to normotensive placentas [44]. Additionally, infusion of IL-1β
into the brains of young rats induces blood-brain barrier breakdown [45]. Taken together, increased
tissue levels of IL-1β may play a deleterious role at the blood-brain barrier, contributing to structural
damage and subsequent cerebral micro-bleeds. Whether increased IL-1β has a causal role in increased
cerebral micro-bleeds in placental ischemia-exposed fetuses will be assessed in future studies.

Our multi-plex cytokine analysis also revealed increased levels of IL-6 and IL-18 in the brains
of exposed fetuses. Not only was cerebral IL-6 increased in response to placental ischemia, but
fetal brain IL-6 levels positively correlated to the number of cerebral micro-bleeds. Our findings are
consistent with reports that serum levels of both IL-6 and IL-18 are higher in patients with cerebral
micro-bleeds compared to those without [46]. Another study found that in patients with ischemic
cerebrovascular disease, IL-6 was associated with an increased risk for cerebral micro-bleeds in an
elderly, community-based cohort [47]. Furthermore, in the developing brain, micro-bleeds were
observed in pups exposed to lipopolysaccharide, coupled with intrauterine ischemia, mainly if they
were vaginally delivered [48], suggesting that in utero insults make blood vessels more susceptible to
injury. Taken together, those studies and our current findings support the hypothesis that maternal
inflammation, induced by placental ischemia, contributes to weakened cerebral vessels, making them
more susceptible to blood-brain barrier (BBB) disruption and cerebral micro-bleeds.

Previously, we reported that eotaxin (CCL11) is increased in the cerebrospinal fluid of placental
ischemic dams [42,49]. In the current study, we found increased levels of eotaxin in the brains of fetuses
exposed to placental ischemia. The consequences and source of fetal brain eotaxin levels were not
directly investigated in this study, although eotaxin has been shown to promote glutamate-induced
neurotoxicity [50]. Importantly, CCL11 has been shown to directly regulate neurogenesis [51], such that
increased circulating eotaxin was associated with reduced neurogenesis in aged mice and infusion of
CCL11 into young mice resulted in decreased neurogenesis and cognitive impairment. Thus, increased
eotaxin levels in the brains of fetuses exposed to placental ischemia suggest that neurogenesis may
be impaired.

Microglia are essential during normal brain development and have important roles in pruning
synapses, phagocytizing excess neuronal progenitor cells, and regulating the number of neurons at
each stage of development [52]. Thus, changes in microglial numbers at late gestation could predict
later neurological function. Microglia are also involved in secreting pro-inflammatory cytokines;
thus, increased density of microglia could contribute to increases in local tissue inflammation.
Following strokes, immune cells (microglia and macrophages) are activated by cytokines and
chemokines, and migrate to damaged areas to remove dead neural cells. Those immune cells,
induced by a chronic inflammatory environment, may become over-activated and produce large
amounts of pro-inflammatory cytokines, disrupting neurogenesis and the BBB [53]. The presence of
a pro-inflammatory environment and vascular damage in the brains of fetuses exposed to placental
ischemia suggest that microglia may be activated. We therefore hypothesized that brains from exposed
fetuses would have an increased density of microglia. Contrary to our hypothesis, we found that
placental ischemia exposed fetuses had a decreased density of microglia in the SVZ of the third ventricle.
Microglia in that region are vital for neurogenesis and oligodendrogenesis during fetal development
and throughout life [52]. Reduced microglial density in the SVZ of placental ischemia-exposed fetuses
may predict deficits in neurogenesis and oligodendrogenesis affecting the central nervous system long
term. This possibility is a subject of ongoing investigation.

There is evidence that in both rats and mice, microglia protect neonatal brains from injury after
ischemic stroke, and that depletion of microglia led to worse outcomes [54]. Thus, increased cerebral
micro-hemorrhages, as occurred in exposed fetuses, coupled with fewer microglia, may indicate
more severe damage/outcomes. During development, microglia can be disturbed by cytokines and
chemokines released under conditions of maternal inflammation [55] seen in placental ischemia.
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To our knowledge, this is the first study reporting the impact of placental ischemia on cerebral
micro-bleed incidence and neuroinflammation in the offspring in utero. The inclusion of male and
female offspring in all analyses is a strength of the current study; however, we were unable to assess
sex differences in our endpoints. Ongoing and future studies are now utilizing genotyping for sex to
specifically assess sex differences. Additionally, this study utilized only one time-point (E19) and we are
therefore unable to extend our findings to the postnatal period. Because we used brain homogenates
to assess the inflammatory status, we were unable to address regional changes in expression of the
different cytokines, chemokines, and growth factors assessed. We limited our microglial analysis to the
SVZ associated with the third ventricle for this study; however, analysis of microglial changes in other
brain regions will be important.

In conclusion, the rat placental ischemia model induces increased cerebral micro-hemorrhages
in the developing brain in utero and may be a good model to assess the etiology of cerebral
micro-hemorrhages associated with preeclampsia-complicated pregnancies. Our data suggest that a
hypoxic environment in the fetus, induced by reducing maternal utero-placental perfusion, induces
abnormalities in cerebrovascular structure, increased blood-brain barrier disruption and micro-bleeds
in the developing fetal brain. This is associated with a pro-inflammatory environment and reduced
microglial density in proliferative brain regions, and may underlie the increased neurodevelopmental
abnormalities observed in offspring born to preeclampsia patients. Additional studies are required to
elucidate the underlying causes of these observations and to establish whether there are time-dependent
differences in the outcome measures.

4. Materials and Methods

4.1. Animals

Female timed-pregnant Sprague Dawley rats were obtained from Harlan Laboratories and arrived
on gestational day (GD) 11. For timed pregnant rats from Harlan Laboratories, the day of vaginal
plug detection was considered gestational day 0. Pregnant rats were housed singly after surgery (GD
14) and had continuous access to standard rodent chow and tap water. One to two (1–2) fetuses per
dam per endpoint were randomly selected at E19 from 5 dams per group. Both male and female
fetuses were included in all analyses; however, the sex of individual fetuses was not determined.
Rats were maintained on a 12 h light and 12 h dark cycle. All animal procedures were approved by
the University of Mississippi Medical Center’s Institutional Animal Care and Use Committee before
animal procedures commenced (1379A, June 16 2016).

4.2. Placental Ischemia Induction

On GD 14, rats were anesthetized using isoflurane and an abdominal incision was made.
The utero-placental unit was exteriorized and a silver clip (0.203 mm) was placed on the abdominal
aorta (below the kidneys and above the bifurcation). Silver clips (0.1 mm) were also placed on both
uterine artery branches between the ovaries and the first pup. This procedure induces placental
ischemia by reducing utero-placental perfusion pressure (RUPP). Pregnant rats in the sham group
were treated similarly, in that, an abdominal incision was made, the uterine horn was exteriorized,
and vessels were manipulated without clip placement. Carprofen (5 mg/kg) was used as an analgesic
in both groups.

4.3. Carotid Surgery and Blood Pressure Measurement

On GD18, rats were anesthetized using isoflurane anesthesia and the left carotid artery was
isolated and cannulated using pre-made saline-filled catheters. Catheters were secured and exteriorized
at the nape of the neck. The incision was closed and secured using Vetbond. The following morning,
rats were placed in restrainer cages and catheters were connected to a pressure transducer. After
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30 min of acclimation, blood pressure was recorded for 30 min using LabChart software. The mean
arterial pressure was calculated for the duration of 30 min.

4.4. Harvest and Collection of Tissues

On GD 19, pregnant rats were anesthetized using isoflurane, and an abdominal incision was made.
After exteriorization of the fetal-placental unit, maternal blood was collected from the abdominal
aorta. Dams were euthanized by removal of the heart. The number of live and resorbed pups were
counted. Fetuses were euthanized by decapitation. Trunk blood was collected from fetuses using
micro-capillary tubes and hematocrit was noted. Fetal heads were processed differently depending on
endpoints. For brain water content, brains were removed, weighed, and then dried for 48 h at 60 ◦C.
Brain water content was calculated as a percentage ((wet weight − dry weight)/wet weight). Brains for
molecular analyses were removed and flash frozen in liquid nitrogen, followed by storage in a −80 ◦C
freezer until processing. Brains for immunofluorescence staining or histology were kept within the
skull and placed in 4% paraformaldehyde at 4 ◦C overnight. The following day, brains were removed
from the skull and placed back in 4% paraformaldehyde overnight. Brains were then transferred to
a 30% sucrose solution at 4 ◦C for 72 h and then embedded in Cryogel, and frozen at −80 ◦C until
sectioning (1–2 fetal brains per mold). Brains were sectioned at 20 μm thickness, transferred directly to
slides, and stored at −20 ◦C until staining.

4.5. Micro-Bleed Detection

Slides were washed and stained using hematoxylin and eosin following the manufacturer’s
directions. Slides were then cover-slipped and imaged using light microscopy. Micro-bleeds were
identified as red cells within the parenchyma and outside of the blood vessel lumen or within the
ventricles. Micro-bleeds were counted by an investigator blinded to the groups (ABG) in sections from
the anterior and posterior part of the brain (Figure 2A). The number of micro-bleeds from two slices
per region was averaged per fetus and further averaged per dam.

4.6. Fetal Brain Multiplex Array

To determine the cerebral inflammatory profile of exposed fetuses, a separate group of brains (n = 1
pup per dam) were homogenized in RIPA buffer, and protein concentration was measured using the
BCA kit. Equal volumes (25 μL) of sample were loaded into 96 well-plates and incubated with magnetic
beads, pre-mixed to detect 27 cytokine/chemokines (Rat multiplex kit, Millipore Sigma, Burlington, MA,
USA). Samples were run alongside standards and kit controls in duplicate. The observed concentration
was calculated using the standard curve generated and normalized to the protein concentration of the
sample. Cytokine/chemokine concentration is, therefore, presented as pg/mg protein.

4.7. Analysis of Microglia

Slides were washed and then blocked using normal donkey serum followed by rabbit anti-Iba1
polyclonal antibody (1:500; Wako; 019-19741) overnight at 4 ◦C. This Iba1 antibody recognizes the
carboxy-terminal of the Iba1 protein and is specific to microglia/macrophages. Slides were washed
and incubated for 2 h in donkey anti-rabbit TRITC (JacksonImmuno, West Grove, PA, USA; 131591)
at room temperature. After washing, slides were mounted using Vectashield Mounting Media with
DAPI and placed on coverslips. Images were captured using confocal microscopy with a 40X objective.
Iba1+ cells were counted in the sub-ventricular zones (SVZ) associated with the third ventricle. A total
of 2 sections per fetus were used for microglial assessment. Images of the third ventricle’s open and
closed regions were captured from each fetal brain. Microglia totals from 1–2 pups were averaged per
dam. Counting was done in a blind fashion. At E19, microglia have a different morphology from those
in the adult brain; and amoeboid and primitive ramified microglia are most commonly observed [31].
We therefore counted the number of amoeboid and primitive ramified microglia in the SVZ. Image
analysis was done using ImageJ (version 1.51j8; NIH). Cortical images were captured using a 10X
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objective, and the thickness of the cortical plate was analyzed using NIS Elements’ Analysis software
(Nikon Instruments Inc., Melville, NY, USA; version 5.10.01). A total of 6 measurements per pup brain
were obtained within the cortical plate and averaged per pup, and further averaged per dam.

4.8. Statistical Analysis

All statistical analyses were conducted using GraphPad Prism software (version 7). Differences
between the sham-exposed and placental ischemia-exposed dams and fetuses were calculated using
unpaired t-tests. For analyses where variances were different, we used Welch’s t-test with corrections
for unequal variance. Pearson’s correlations were calculated to determine the association between
various factors. Outlier tests (ROUT, Q = 1%) were conducted when visible outliers were suspected.
For the microglia density data, two outliers (fetuses from the same dam from the sham-exposed group)
were removed from analysis and are not shown. All graphs depict values for individual animals along
with the mean ± SEM. The threshold for statistical difference was set at p < 0.05.

5. Conclusions

Placental ischemia, a common finding in preeclampsia-complicated pregnancies, leads to increased
pro-inflammatory cytokines, increased micro-bleeds, and reduced microglia in proliferative zones of
E19 fetal brains. Thus, our findings support the hypothesis that neuroinflammation, micro-vascular
damage, and impaired microglia function may partly explain cognitive deficits that occur in offspring
of preeclamptic pregnancies.
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Abstract: Women with pregnancies complicated by preeclampsia appear to be at increased risk
of metabolic and vascular diseases in later life. Previous research has also indicated disturbed
cardiorespiratory adaptation during pregnancy. The aim of this study was to follow up on the
physiological stress response in preeclampsia several weeks postpartum. A standardized laboratory
test was used to illustrate potential deviations in the physiological stress responding to mildly
stressful events of the kind and intensity in which they regularly occur in further everyday life after
pregnancy. Fifteen to seventeen weeks postpartum, 35 women previously affected by preeclampsia
(19 mild, 16 severe preeclampsia), 38 women after uncomplicated pregnancies, and 51 age-matched
healthy controls were exposed to a self-relevant stressor in a standardized stress-reactivity protocol.
Reactivity of blood pressure, heart rate, stroke index, and systemic vascular resistance index as well as
baroreceptor sensitivity were analyzed. In addition, the mutual adjustment of blood pressure, heart
rate, and respiration, partitioned for influences of the sympathetic and the parasympathetic branches of
the autonomic nervous system, were quantified by determining their phase synchronization. Findings
indicated moderately elevated blood pressure levels in the nonpathological range, reduced stroke
volume, and elevated systemic vascular resistance in women previously affected by preeclampsia.
Despite these moderate abnormalities, at the time of testing, women with previous preeclampsia did
not differ from the other groups in their physiological response patterns to acute stress. Furthermore,
no differences between early, preterm, and term preeclampsia or mild and severe preeclampsia were
observed at the time of testing. The findings suggest that the overall cardiovascular responses to
moderate stressors return to normal in women who experience a pregnancy with preeclampsia a
few weeks after delivery, while the operating point of the arterial baroreflex is readjusted to a higher
pressure. Yet, their regulation mechanisms may remain different.

Keywords: pregnancy complications; vagal withdrawal; baroreflex sensitivity; blunted cardiac
response; cardiovascular adaptations; autonomic nervous system
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1. Introduction

Preeclampsia is a pregnancy-specific disorder characterized by sudden onset of hypertension with
either proteinuria or end-organ dysfunction, or both, after the 20th week of gestation in a previously
normotensive woman, occurring in 3–5% of pregnancies in industrialized countries [1,2].

The pathogenesis of preeclampsia remains poorly understood, even though preeclampsia has
been recognized for at least 100 years [3]. In the last 20 years, multiple theories about the ultimate cause
of preeclampsia have been developed with little agreement, except for the conclusion that preeclampsia
is a multifactorial disease [4,5].

Many approaches have been developed for predicting preeclampsia at an early stage and promising
insights have been discovered [5–8]. Nevertheless, the etiology of preeclampsia remains incompletely
understood, although the placenta has been identified as the central organ in the pathogenesis of
preeclampsia. Impaired placentation and placental function in early pregnancy remains the leading
hypothesis [9–12], while emerging hypotheses focus on the maternal cardiovascular susceptibility to
preeclampsia and pregnancy adaptions [13]. Structural and functional cardiovascular changes were
found in women 1 year after preeclamptic pregnancies [14], where the involvement of angiogenic
factors such as soluble fms-like tyrosine kinase-1 (sFlt-1) and placental growth factor (PlGF) and
placental factors such as placental protein 13 (PP13) and the dysbalance thereof may be used to predict
severity and long-term cardiovascular complications of preeclampsia [15,16].

While the identification of etiological factors is without doubt an important task, the management
of adverse concomitant effects and consequences of preeclampsia may be even more relevant. Women
with pregnancies complicated by preeclampsia appear to be at increased risk of metabolic and
cardiovascular diseases in later life, and pregnancy complications and coronary heart disease may have
common disease mechanisms [17,18]. As cardiovascular disease (CVD) is a leading cause of death,
earlier recognition of those at risk seems vital. Therefore, the diagnosis of preeclampsia, or adverse
pregnancy more generally, could be an opportunity for the implementation of primary prevention
strategies [17,19–21].

Pregnancy is associated with huge cardiovascular and metabolic changes and can be considered
as a “stress test” of the somatic and cardiovascular system, suggesting that preeclampsia manifesting
in pregnancy is akin to a “failed stress test”. “Failing the stress-test”, that is, absence of the typical
autonomically regulated cardiovascular and cardiorespiratory adaptations to pregnancy, may be
predictive of cardiovascular disorders in later life, when the system is put under similar strain [21,22].

The autonomic nervous system plays a central role in cardiovascular and cardiorespiratory
adaptation to pregnancy-related hemodynamic changes [23–25]. Previous research has shown that
the increases in peripheral vascular resistance and blood pressure that characterize preeclampsia are
mediated, at least in part, by a substantial increase in sympathetic vasoconstrictor activity [26,27].
Autonomic nervous system functioning during pregnancy can be noninvasively assessed by analyzing
continuous measures of cardiovascular variables, baroreceptor reflex sensitivity (BRS), and the mutual
adjustment of blood pressure, heart rate, and respiration, partitioned for influences of the sympathetic
and the parasympathetic branch of the autonomic nervous system [28–31]. Now, if we can determine
abnormalities in blood pressure regulation in affected women at a time at which their preeclampsia is
no longer present by definition (i.e., from 12 weeks after delivery onwards) by use of a simple and
time-efficient test in the laboratory, this test may be used to evaluate the effectiveness of pharmacological
or behavioral interventions for reducing affected women’s cardiovascular risk. Therefore, the aim of
this study was to follow up on the regulation of the physiological response to everyday stressful events
in preeclampsia several weeks postpartum.
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2. Results

2.1. Cardiovascular and Hemodynamic Variables

The groups differed in their blood pressure levels and related variables at rest (baseline; mean
arterial pressure (MAP), F(2,121) = 5.1, p < 0.01; systolic blood pressure (SBP), F(2,121) = 3.1, p < 0.05;
diastolic blood pressure (DBP), F(2,121) = 4.7, p < 0.05), stroke index (F(2,121) = 6.1, p < 0.01), systemic
vascular resistance index (SVRI), F(2,121) = 7.3, p < 0.01). Bonferroni-corrected post-hoc tests indicated
moderately elevated blood pressure levels in the nonpathological range, reduced stroke volume, and
elevated systemic vascular resistance in women previously affected by preeclampsia. Group means
can be obtained from Table 1.

Table 1. Hemodynamic variables (mean± SD) of participants, and statistical results for group differences
in response to the stress manipulation. CO: women without gestation during the last three years;
UP: women with uncomplicated pregnancies; PE: women with a history of preeclampsia; BP: blood
pressure; SVRI: systemic vascular resistance index.

Baseline Anticipation Task Post-Task F-Statistics

Mean Arterial BP (mmHg)
CO 86.9 ± 9.4 89.7 ± 9.7 94.8 ± 10.5 90.3 ± 9.3 period F(1.7,207.2) = 2.3, p = 0.108
UP 84.9 ± 8.4 87.0 ± 8.5 94.0 ± 9.4 89.5 ± 8.2 period x group F(3.5,207.2) = 1.7, p = 0.149
PE 91.6 ± 10.0 92.7 ± 8.9 100.1 ± 10.7 95.5 ± 9.0

Systolic BP (mmHg)

CO 109.3 ±
11.0 112.8 ± 11.8 119.1 ± 12.7 113.3 ± 12.0 period F(1.2,200.7) = 1.2, p = 0.307

UP 107.0 ± 9.6 109.6 ± 10.2 118.7 ± 12.0 112.2 ± 9.5 period x group F(3.5,200.7) = 1.4, p = 0.243

PE 113.3 ±
11.8 115.2 ± 10.5 123.7 ± 12.6 118.2 ± 11.1

Diastolic BP (mmHg)
CO 70.9 ± 9.1 73.3 ± 8.8 77.5 ± 9.8 73.8 ± 8.5 period F(1.8,216.8) = 3.5, p < 0.05
UP 69.0 ± 8.2 71.2 ± 7.9 76.8 ± 8.6 73.2 ± 7.6 period x group F(3.6,216.8) = 1.9, p = 0.124
PE 75.4 ± 9.8 76.1 ± 8.9 82.6 ± 10.5 78.8 ± 8.3

Heart Rate (bpm)
CO 71.0 ± 10.9 73.6 ± 12.0 83.9 ± 15.0 72.1 ± 10.9 period F(1.3,153.2) = 1.6, p = 0.208
UP 72.6 ± 7.6 74.2 ± 8.8 83.5 ± 10.5 75.5 ± 8.7 period x group F(2.6,153.2) = 5.5, p < 0.01
PE 72.4 ± 9.3 74.5 ± 9.5 80.7 ± 11.7 74.9 ± 9.9

Stroke Index (mL/m2)
CO 43.0 ± 8.9 42.9 ± 8.6 42.4 ± 9.4 42.6 ± 8.2 period F(1.8,218.0) = 1.7, p = 0.183
UP 41.6 ± 6.4 41.1 ± 6.2 40.0 ± 6.2 40.1 ± 6.5 period x group F(3.6,218.0) = 0.8, p = 0.489
PE 38.2 ± 7.0 37.7 ± 7.0 37.3 ± 7.1 37.2 ± 6.9

SVRI (dyn·s·m2/cm5)
CO 2267 ± 541 2325 ± 548 2223 ± 589 2400 ± 561 period F(1.7,208.9) = 2.3, p = 0.438
UP 2251 ± 514 2292 ± 506 2292 ± 524 2377 ± 534 period x group F(3.5,208.9) = 1.7, p < 0.05
PE 2692 ± 650 2680 ± 614 2743 ± 660 2788 ± 625

The analyses of group differences in the time course of cardiovascular changes across the stress
manipulation revealed differences between groups in changes of heart rate and systemic vascular
resistance (significant interactions period x group). The different time courses are illustrated in Figure 1
(heart rate) and Figure 2 (SVRI). While women without previous pregnancy showed the typical pattern
of activation and recovery, women with uncomplicated pregnancies and, even more so, women with
former preeclampsia showed blunted responses during the memory task. No significant differences
were found for stress-induced changes in blood pressure variables and stroke index. Details of the
statistical findings can be found in Table 1.
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Figure 1. Barplot of the standardized residualized change scores for heart rate (HR).

Figure 2. Barplot of the standardized residualized change scores for the systemic vascular resistance
index (SVRI).

Women with mild vs. severe preeclampsia did not differ in HR and SVRI levels in resting
conditions (baseline; all p values >0.504), and no differences were seen among women with early
preeclampsia (<34 weeks), preterm preeclampsia (<37 weeks), and women with term preeclampsia
(baseline; all p values >0.185) Neither did the time courses of changes across the stress manipulation
differ between women with mild vs. severe preeclampsia (period x PE-group, all p values >0.123;
period, all p values >0.191), nor were differences seen between early, preterm, and term preeclampsia
(period x PE-time, all p values >0.221; period, all p values >0.144).

2.2. Respiration Rate and Baroreflex Sensitivity

The three groups did not differ in respiration rate (F(2,121) = 2.3, p = 0.107) and BRS (F(2,121) = 0.7,
p = 0.501) in resting conditions (baseline). Changes of respiration rate and baroreflex sensitivity across
the stress manipulation did not differ between groups (interactions period x group not significant; for
details, see Table 2).
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Table 2. Respiration rate and baroreflex sensitivity (mean± SD) of participants, and statistical results for
group differences in response to the stress manipulation. CO: women without gestation during the last
three years; UP: women with uncomplicated pregnancies; PE: women with a history of preeclampsia.

Baseline Anticipation Task Post-Task F-Statistics

Respiration Rate (breath/min)
CO 14.7 ± 3.8 14.9 ± 3.5 17.4 ± 3.3 15.4 ± 4.1 period F(1.7,205.9) = 14.3, p < 0.001
UP 15.9 ± 3.2 16.4 ± 2.5 18.0 ± 2.8 16.0 ± 2.8 period x group F(3.4,205.9) = 0.7, p = 0.565
PE 16.4 ± 4.2 16.4 ± 2.6 17.8 ± 2.4 16.2 ± 2.6

Baroreflex Sensitivity (ms/mmHg)
CO 14.4 ± 4.0 14.1 ± 3.8 11.9 ± 3.4 13.4 ± 3.8 period F(2,240) = 1.7, p = 0.177
UP 13.4 ± 4.0 12.6 ± 3.1 11.8 ± 2.7 12.3 ± 3.2 period x group F(4,240) = 2.1, p = 0.088
PE 14.0 ± 4.0 13.3 ± 3.4 11.7 ± 2.9 12.2 ± 4.2

Respiration rate and BRS at rest did not differ between women with mild vs. severe preeclampsia,
nor for women with early, preterm, or term preeclampsia (baseline; all p values >0.332 and all p values
>0.665, respectively). Differences between mild and severe preeclampsia in the time courses of changes
across the stress manipulation were also nonsignificant (interaction period x PE-group, all p values
>0.317; main effect period, respiration rate: (F(1.5,49.0) = 6.0, p < 0.01; BRS: (F(2,64) = 4.3, p < 0.05)).
Differences between early, preterm, and term preeclampsia in the time courses of changes across the
stress manipulation were also nonsignificant (interaction period x PE-time, all p values >0.330; main
effect period, respiration rate: (F(1.6,48.6) = 5.5, p < 0.05; BRS: (F(2,62) = 4.6, p < 0.05)).

2.3. Adjustment of Blood Pressure, R–R Intervals, and Respiration

2.3.1. Low-Frequency Components

The adjustment of blood pressure and R–R intervals (the interval between consecutive heart
beats; RRI) in the low-frequency domain mainly represents the sympathetically modulated mutual
interrelation between the two. There were no group differences in resting levels of the synchronization
variables γSBPxRRI,LF, γDBPxRRI,LF, and γSBPxDBP,LF (baseline; F(2,121) = 0.8, p = 0.461; F(2,121) = 0.7, p =
0.516; F(2,121) = 0.6, p = 0.567). Furthermore, the groups did not differ in their stress responses in these
variables (Table 3).

Table 3. Phase synchronization indices of the low-frequency (LF) components (mean ± SD) of
participants, and statistical results for group differences in response to the stress manipulation. CO:
women without gestation during the last three years; UP: women with uncomplicated pregnancies; PE:
women with a history of preeclampsia; γ: synchronization index; SBP: systolic blood pressure, DBP:
diastolic blood pressure; RRI: R–R intervals.

Baseline Anticipation Task Post-Task F-Statistics

γSBPxRRI,LF (−)
CO 0.41 ± 0.21 0.48 ± 0.18 0.34 ± 0.13 0.41 ± 0.19 period F(2,240) = 0.4, p = 0.675
UP 0.39 ± 0.17 0.41 ± 0.18 0.37 ± 0.15 0.42 ± 0.18 period x group F(4,240) = 2.3, p = 0.058
PE 0.36 ± 0.17 0.39 ± 0.16 0.37 ± 0.16 0.38 ± 0.16

γDBPxRRI,LF (−)
CO 0.40 ± 0.19 0.45 ± 0.17 0.32 ± 0.13 0.40 ± 0.17 period F(2,240) = 0.2, p = 0.821
UP 0.38 ± 0.15 0.38 ± 0.15 0.32 ± 0.13 0.40 ± 0.15 period x group F(4,240) = 1.0, p = 0.428
PE 0.36 ± 0.15 0.40 ± 0.16 0.31 ± 0.16 0.36 ± 0.14

γSBPxDBP,LF (−)
CO 0.75 ± 0.13 0.79 ± 0.11 0.73 ± 0.13 0.75 ± 0.12 period F(1.9,226.3) = 0.7, p = 0.481
UP 0.79 ± 0.12 0.78 ± 0.14 0.70 ± 0.17 0.78 ± 0.12 period x group F(3.8,226.3) = 1.7, p = 0.219
PE 0.75 ± 0.13 0.79 ± 0.11 0.68 ± 0.15 0.74 ± 0.12

Women with mild vs. severe preeclampsia did not differ in these variables (baseline, all p values
>0.768; period x PE-group, all p values >0.271; period, all p values >0.446). No significant results were
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seen for women with early, preterm, and term preeclampsia (baseline, all p values >0.460; period x
PE-time, all p values >0.098; period, all p values >0.591) either.

2.3.2. High-Frequency Components

The adjustment of blood pressure, R–R intervals, and respiration in the high-frequency domain
represents the parasympathetically modulated mutual interrelations. In resting conditions, the groups
did not differ in the synchronization variables γSBPxRRI,HF, γDBPxRRI,HF, γRESPxRRI,HF, γRESPxSBP,HF, and
γRESPxDBP,LF (baseline, F(2,121) = 0.9, p = 0.43; F(2,121) = 0.5, p = 0.624; F(2,121) = 0.1, p = 0.917, F(2,121)
= 0.2, p = 0.795; F(2,121) = 0.7, p = 0.523). No significant differences were observed in the changes of
these variables during the stress manipulation (Table 4). However, some statistical trends emerged
for the adjustment of respiration and blood pressure, which seemed to be attributed to the women
affected by preeclampsia.

Table 4. Phase synchronization indices of the high-frequency (HF) components (mean ± SD) of
participants, and statistical results for group differences in response to the stress manipulation. CO:
women without gestation during the last three years; UP: women with uncomplicated pregnancies; PE:
women with a history of preeclampsia; γ: synchronization index; SBP: systolic blood pressure, DBP:
diastolic blood pressure; RRI: R–R intervals; RESP: respiration.

Baseline Anticipation Task Post-Task F-Statistics

γSBPxRRI,HF (−)
CO 0.60 ± 0.19 0.50 ± 0.20 0.33 ± 0.17 0.50 ± 0.25 period F(2,240) = 0.6, p = 0.550
UP 0.63 ± 0.22 0.52 ± 0.21 0.33 ± 0.15 0.52 ± 0.22 period x group F(4,240) = 1.0, p = 0.408
PE 0.66 ± 0.17 0.53 ± 0.19 0.29 ± 0.13 0.54 ± 0.20

γDBPxRRI,HF (−)
CO 0.40 ± 0.26 0.37 ± 0.20 0.29 ± 0.12 0.36 ± 0.23 period F(2,240) = 8.4, p < 0.001
UP 0.36 ± 0.22 0.30 ± 0.20 0.29 ± 0.15 0.33 ± 0.17 period x group F(4,240) = 1.3, p = 0.258
PE 0.37 ± 0.21 0.31 ± 0.21 0.22 ± 0.13 0.31 ± 0.20

γRESPxRRI,HF (−)
CO 0.71 ± 0.19 0.62 ± 0.18 0.39 ± 0.19 0.62 ± 0.22 period F(2,240) = 0.5, p = 0.591
UP 0.69 ± 0.22 0.57 ± 0.20 0.33 ± 0.18 0.55 ± 0.26 period x group F(4,240) = 0.5, p = 0.736
PE 0.70 ± 0.23 0.57 ± 0.25 0.32 ± 0.18 0.58 ± 0.22

γRESPxSBP,HF (−)
CO 0.67 ± 0.22 0.55 ± 0.20 0.30 ± 0.18 0.58 ± 0.24 period F(1.9,223.4) = 1.1, p = 0.342
UP 0.70 ± 0.22 0.58 ± 0.19 0.27 ± 0.16 0.53 ± 0.26 period x group F(3.7,223.4) = 2.2, p = 0.080
PE 0.68 ± 0.23 0.54 ± 0.24 0.22 ± 0.15 0.57 ± 0.25

γRESPxDBP,HF (-)
CO 0.33 ± 0.25 0.26 ± 0.18 0.18 ± 0.13 0.24 ± 0.19 period F(2,240) = 3.0, p = 0.053
UP 0.33 ± 0.20 0.24 ± 0.15 0.17 ± 0.12 0.24 ± 0.16 period x group F(4,240) = 2.2, p = 0.065
PE 0.28 ± 0.18 0.20 ± 0.19 0.11 ± 0.09 0.24 ± 0.19

Women with mild vs. severe preeclampsia did not differ in these variables (baseline, all p values
>0.199; period x PE-group, all p values >0.712 except for adjustment of respiration and R–R intervals,
p = 0.084, and for respiration and systolic blood pressure, p = 0.100; period, all p values >0.199). Women
with early, preterm, and term preeclampsia did not differ in these variables (baseline, all p values
>0.649; period x PE-time, all p values > 0.162; period, all p values > 0.571).

2.4. Supplementary Analyses

No differences in chronic stress experience were seen between women with a history of
preeclampsia (PE), women with uncomplicated pregnancies (UP), and age-matched women without
gestation (CO) (F(2,121) = 0.7, p = 0.507). The rating of how difficult and how stressful the participants
had perceived the task to be showed no differences between the groups (difficult, F(2,211) = 0.1,
p = 0.932; stressful, F(2,211) = 0.2, p = 0.802). Furthermore, no differences in depressive symptoms
were seen (F(2,121) = 0.2, p = 0.784).
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3. Discussion

The results of the present study showed that the short-term blood pressure regulation in women
previously affected by preeclampsia returns to normal several weeks postpartum. However, heart rate
and systemic vascular resistance responses in women previously affected by preeclampsia indicated
impaired ability to flexibly respond to moderate stress; this indicates that their overarching regulation
mechanisms may be altered after all.

In the healthy organism, physiological mechanisms of blood pressure regulation maintain the
arterial blood pressure at a largely constant level even in stressful conditions, ensuring adequate tissue
perfusion throughout. However, the intense hemodynamic modifications during pregnancy result in a
decrease of baroreceptor sensitivity; this is even more pronounced in preeclampsia, and it jeopardizes
the proper adjustment of the physiological factors regulating the arterial blood pressure [29,32].
Impaired baroreceptor sensitivity can still be observed after pregnancy, depending on the time since
delivery. Walther et al. reported reduced baroreflex sensitivity four days after delivery and concluded
that the maternal cardiovascular system is still affected by pregnancy at that time [33]. With greater
distance since delivery, BRS returns to levels recorded at the beginning of pregnancy [28,34]. The
present findings indicate that this similarly applies to women who have had preeclampsia. Fifteen
to seventeen weeks after delivery, the BRS of women with pregnancies complicated by preeclampsia
did not differ from that of mothers with uncomplicated pregnancies, and neither did it differ from the
BRS of women who did not give birth. Thus, persistently impaired BRS does not seem to explain the
increased cardiovascular risk in later life of women who have had preeclampsia.

The assessment of BRS provides some indication of the regulatory activity of the autonomic
nervous system in stressful conditions, but for more specific information, more profound analysis of
the regulating factors is required. Important additional information is provided by more fine-grained
analysis of the variations of the state of the complex regulatory system over time. Phase synchronization
indexes, which indicate mutual adjustments of blood pressure, R–R intervals, and respiration across
time, supply this information [35,36]. However, in the present study, mutual adjustment of the mainly
sympathetically modulated low-frequency variations of heart rate and systolic blood pressure did not
differ between groups, thus basically confirming the findings obtained from the BRS.

Nevertheless, the conclusion that blood pressure regulation has entirely returned to normal
several weeks postpartum is still premature. From the mathematical approach for the estimation of
BRS alone, it follows that baroreceptor sensitivity decreases with increasing levels of heart rate. While
some heart rate acceleration during demanding conditions is adaptive, not all individuals may show
this adaptation to the same extent. In other words, it is vital to also consider the contributing factors
when interpreting the presence or absence of differences in baroreceptor sensitivity between groups
(i.e., heart rate, stroke volume, and systemic vascular resistance).

To maintain a constant arterial blood pressure—the primary regulated variable in stressful
situations—increases of heart rate (or stroke volume) must be compensated by decreased vascular
resistance in line with the fundamental Darcy’s law (or Ohm’s law) of hemodynamics. In preeclamptic
women, factors such as PP13, responsible for vasodilation and decreased vascular resistance, are
reduced early in gestation [37]. Their dysregulation may thus not only be involved in endothelial
dysfunction during pregnancy, but markers such as PlGF and sFlt-1 may also function as predictors for
long-term cardiovascular health [38]. Later in pregnancy, PP13 is massively increased and returns to
basal levels within two weeks in healthy women, while it takes more than eight weeks until it returns
to normal levels in women who experienced preeclampsia [39]. Since the effects of PP13 last even after
its disappearance, PP13 might still influence the maternal vascular system months after pregnancy [37].
Maybe only then do the true effects of preeclampsia on the maternal system become obvious.

In the present study, heart rate markedly increased and vascular resistance decreased accordingly
in response to the stress manipulation only in women without previous pregnancy. By contrast, women
who were pregnant, and in particular women with former preeclampsia, hardly showed any heart
rate responses at all. Hence, in women recovering from preeclampsia, there was no necessity for
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short-term blood pressure regulation via activation of baroreceptors and subsequent adaptation of
vascular resistance. From this, it follows that the similar outcomes in healthy women and women with
preeclampsia in terms of baroreceptor sensitivity and maintenance of largely constant arterial blood
pressure levels during brief periods of stress do not justify the conclusion that blood pressure regulation
is unimpaired after preeclampsia. Instead, it appears to be that blunted cardiac responses in affected
women did not make blood pressure regulation necessary to the same extent as in healthy women.

In women without previous pregnancy, the flexible cardiac response to the active performance
task, which provides adaptive energy mobilization and oxygen supply, indicates proper functioning
of their autonomic nervous system-mediated cardiovascular regulation [40]. In contrast, the blunted
heart rate response in women previously affected by preeclampsia may be related to their generally
elevated levels of systemic vascular resistance, and the more rigid vasoadaptation associated with
this. This idea is fueled by the elevated systemic vascular resistance levels in women with a history of
preeclampsia observed at baseline, which is in line with previous research [41].

Various proinflammatory factors, such as TNF-alpha, IL-10, IL-6, leptin, and CX3CL1, are elevated
in preeclamptic women [42–44] and are also known to mediate cardiovascular remodeling outside
of pregnancy, in crosstalk with reactive oxygen species, angiotensin II, and other proinflammatory
cytokines [45–49]. In pregnancy, vascular remodeling may also be induced by an elevated maternal
inflammatory profile. TNF-alpha induces collagen I deposition in the maternal vasculature, and MMP1
and -7 activity induce extracellular matrix degradation [50], while CYP2J2, elevated in preeclampsia,
may also be involved in uteroplacental and vascular remodeling [51].

Thus, the blunted cardiac responses in women with former preeclampsia may arise from an
attempt by the organism to protect itself against undue elevations of arterial blood pressure, which
would occur as a result of the failure to lower the systemic vascular resistance synchronously with the
rising heart rate (and/or stroke volume). With more severe stress as well as in later life when, due to
normal aging alone, vasoadaptation becomes even more rigid, this compensatory mechanism may
not suffice to prevent harmful elevations of blood pressure. One factor that may account for basally
elevated levels of systemic vascular resistance in preeclampsia is the influence of endothelium-derived
vasoconstrictors [20], which are linked to endothelial dysfunction and may be key components in
the etiology of preeclampsia [52,53]. Impaired endothelial nitric oxide synthase (eNOS) function and
decreased NO action, and on the other hand, overrepresentation of inflammatory and antiangiogenic
factors, contribute to a preeclamptic phenotype. Restoring this balance is currently in focus for
new therapeutic approaches such as capturing or silencing sFLt-1, and although still inconclusive,
evidence also shows that the NO donor and vasodilator pentaerythritol tetranitrate (PETN) reduces
the incidence of preeclampsia in a high-risk study population [54–56]. The vasoconstrictor angiotensin
II mediates stimulation of factors such as human placental lactogen and sFlt-1, as well as transcription
of inflammatory cytokines through angiotensin II type 1 receptor activation (AT1R) [57,58]. Increased
agonistic autoantibodies against AT1R (AT1-AA) in preeclampsia [59,60] also contribute to AT1R
activation, whereas AT1-AA blockade was shown to reduce preeclamptic symptoms in rats [61]. Other
endothelium-derived factors promote monocyte adhesion and migration by monocyte chemotactic
protein-1 (MCP-1) and intercellular adhesion molecule-1 (ICAM-1) expression, for example, contributing
to vascular inflammation [62]. Hypertension-induced shear stress can induce endothelium-derived
vasoconstrictors such as endothelin-1 and angiotensin II [63,64]. These do not only regulate the vascular
tone, but also vascular smooth muscle cell (VSMC) growth and migration into the intima [65,66], where
they proliferate in response to cytokines and growth factors such as platelet-derived growth factor
(PDGF) [67]. Angiotensin II, endothelin-1, and other cytokines lead to VSMC dedifferentiation to a
migratory proliferative type that is fundamental to vascular pathogenesis and remodeling [65,68],
which eventually leads to collagen and elastin deposition by VSMCs into the intima and increased
vascular rigidity [69].

When looking more closely at the contribution of the autonomic nervous system, it is important to
note that scientists primarily focus on sympathetic nervous system control, although parasympathetic
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regulation appears to play an important role in pregnancy [70]. Moreover, as heart rate levels remain
below the intrinsic heart rate, moderate active performance stressors such as the one used in the
present study primarily trigger parasympathetically mediated cardiorespiratory adaptation, i.e., fast
vagal withdrawal [29,35]. Another plausible explanation for the blunted heart rate responses to stress
in women with former preeclampsia is impaired adaptation to changing demands through vagal
withdrawal, brought about by subordinate functioning of the parasympathetic branch of the autonomic
nervous system. This notion is corroborated by the present finding that the mutual adjustments of
respiration and heart rate as well as the mutual adjustments of respiration and blood pressure during
the stress manipulation tended to be lower in women with previous preeclampsia compared to healthy
women. In line with that, previous research has shown that sympathetically mediated regulation
prevails during pregnancy, and it has been suggested that impaired parasympathetic regulation along
with sympathetic overactivity may contribute to the pathophysiology of preeclampsia [23,26,71].

Taken together, arterial blood pressure was maintained at a largely constant level throughout the
stress manipulation in healthy women as well as in women with history of preeclampsia; however,
different reasons seemed to have accounted for this outcome.

No differences were observed between women with severe compared to mild preeclampsia.
However, while severity of preeclampsia was defined in the current study by recommended criteria,
these criteria used to differentiate severe from mild preeclampsia are currently a subject of debate [12].
A further limitation may be that on average, women with preeclampsia had greater body mass, which is
an important determinant of cardiovascular function. However, it should be noted that stroke volume
and systemic vascular resistance were calculated relative to body surface area, thus mitigating the
potential confoundment, and results remained unchanged if the variables were adjusted for body mass
index (BMI). Nevertheless, possible effects of body mass cannot be completely ruled out. On the other
hand, body mass did not differ between women with preeclampsia and women with uncomplicated
pregnancies. The groups did not differ in parity either, which may also impact the development of
blood pressure in later life [72]. In addition, the fact that we have no information about the women’s
stress responses in the time before they became pregnant and the relatively small sample size should
also be considered as important limitations of this study. As the risk factors for preeclampsia are
the same as those predisposing to cardiovascular disease and might have the same effect on stress
responses, problems may already precede pregnancy and then persist after delivery. The latter to some
extent limits the interpretation of the analysis, especially within the women with preeclampsia. Due to
the relatively small sample size, some analyses are at the lower limit with regard to the statistical power,
in particular those analyzing differences between subtypes of preeclampsia. We hope that reporting
these results nevertheless may encourage other researchers to use similar methods in larger cohorts of
women with former preeclampsia, while separating women according to the subtypes of preeclampsia.
Furthermore, there are a variety of excellent methods for the description of important metabolic and
vascular changes during pregnancy and beyond which the present study did not include. Lack of
such variables without doubt limits the overall explanatory power of the study. However, the point
of the present study was to introduce a different approach that represents a novel addition to these
metabolic and vascular variables. The approach of the present study provides new and additional
information that is not easily gained from metabolic and vascular variables, particularly with regard to
the functionality of the neuro-regulation of cardiovascular adaptation on a short-term basis.

Recent longitudinal assessment of preeclampsia has suggested masked hypertension at 12 weeks
postpartum [73]. In line with this observation, the present findings indicated moderately elevated
blood pressure levels in women who were previously affected by preeclampsia. This suggests that the
operating point of the arterial baroreflex may remain readjusted to a (slightly) higher pressure several
weeks after delivery, although all blood pressure levels in the present study were in the nonpathological
range. More importantly, the present study highlights that the identification of altered regulation
mechanisms and impaired functioning of specific elements of the cardiovascular regulatory circuit in
women with history of preeclampsia may be of greater scientific and finally clinical prognostic value
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than the monitoring of blood pressure levels and baroreceptor functioning alone. As preeclampsia
has become a well-recognized risk factor for life-threatening cardiovascular complications in later life,
several attempts have been made to include obstetric history in routine screening of cardiovascular risk.
In the future, standardized stress response testing may significantly add to the identification of risk.
Given the relatively novel stress parameters evaluated here, it appears that according to such novel
lab testing to evaluate increased risk of developing cardiovascular complications (with or without
relevant symptoms for metabolic syndrome), the risk is not clearly established early after delivery in
women who experience preeclampsia during their pregnancy. Further studies are warranted to verify
these findings and also to identify when such stress measures tested here become indicative of future
cardiovascular complications for women who experienced preeclampsia. Finally, to date, very little
guidance exists on the use of tailored prevention strategies in women with history of preeclampsia.

4. Materials and Methods

4.1. Participants

The study sample included 35 women with a history of preeclampsia (PE), 38 women with
uncomplicated pregnancies (UP), and 51 age-matched women without gestation during the last three
years (CO). Women with preceding pregnancy (PE and UP groups) were asked to participate in the
study 13–15 weeks postpartum and were tested 15–17 weeks after delivery.

For twenty-one women with an uncomplicated pregnancy (UP), it was their first child (while in
PE, n = 22); for 14, it was their second child (in PE, n = 10); for two, it was their third child (in PE, n = 3);
and for one woman, it was her fourth child. Parity did not differ between women with uncomplicated
pregnancies and women with a history of preeclampsia (χ2 = 1.9, p = 0.59). Of the 35 PE pregnancies,
19 were diagnosed with mild PE and 16 had symptoms of severe PE. In 6 PE pregnancies, gestation
was terminated before 34 weeks (early PE), between weeks 34 and 37 (preterm preeclampsia) in 14 PE
pregnancies, and 15 children were delivered after 37 weeks (term PE). One woman with a history of
preeclampsia, two women with uncomplicated pregnancies, and 15 women without gestation were
smokers. All women were of Caucasian ethnicity. Characteristics of the study sample are presented in
Table 5.

Table 5. Characteristics of the participants (mean ± SD, range), and statistical differences.

PE (n = 35) UP (n = 38) CO (n = 51) p-Value

Age (years) 33.7 ± 4.8, 25–42 32.4 ± 4.0, 26–44 32.4 ± 5.3, 25–44 p = 0.41
Height (cm) 168.2 ± 6.8, 153–182 167.5 ± 5.8, 157.5–179 168.4 ± 5.6, 156–180 p = 0.78
Weight (kg) 77.9 ± 15.7 3, 48.9–121.9 68.7 ± 11.5, 49.1–97.7 65.3 ± 10.5 1, 45–93 p < 0.001
BMI (kg/m2) 27.8 ± 5.9 2,3, 20.7–44.2 24.6 ± 4.6 1, 17–36.3 23.0 ± 3.2 1, 16.9–30.9 p < 0.001
Delivery (day) 253 ± 21, 197–287 278 ± 10, 254–291 – p < 0.001
Baby height (cm) 46.9 ± 5.1, 31–57 51.3 ± 1.8, 47–56 – p < 0.001
Baby weight (g) 2568 ± 853, 800–3940 3404 ± 341, 2780–4010 – p < 0.001

1,2,3 Denotes a significant difference between PE (1), UP (2), and CO (3) based on Bonferroni-corrected post-hoc tests.
BMI: body mass idex.

Preeclampsia was confirmed using the recommendations of the American College of Obstetricians
and Gynecologists Task Force on Hypertension in Pregnancy (2013) [74]. Inclusion criteria were:
Systolic blood pressure ≥140 mmHg and/or diastolic blood pressure ≥90 mmHg, presenting at ≥20
weeks gestation and returning to normotensive values within 12 weeks postpartum, blood pressure
measured twice and at least 4 h apart. Proteinuria: either protein ≥300 mg per 24 h urine collection, or
protein/creatinine ratio ≥0.3, or protein ≥30 mg/dL or 1+ on urine dipstick. Severe preeclampsia was
confirmed in the same way as preeclampsia, as defined above, except one of the following had to be
present and proteinuria was not required: (1) systolic blood pressure ≥160 mmHg, measured twice
at least 15 min apart; (2) diastolic blood pressure ≥110 mmHg, measured twice at least 15 min apart;
(3) thrombocytopenia: platelet count <100,000/microliter; (4) impaired liver function: AST or ALT
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≥70 units/L or twice the normal concentration; (5) renal insufficiency: serum creatinine ≥1.1 mg/dL or
doubled from baseline values; (6) pulmonary edema; or (7) symptoms indicating possible cerebral or
neurologic involvement: headache or visual changes (e.g., flashing, blurring, visual loss, blindness).
Participants with uncomplicated pregnancies had singleton pregnancies with term delivery. Exclusion
criteria in both groups with preceding pregnancy and the age-matched women without gestation
were: diabetes mellitus, renal disease, chronic hypertension, antiphospholipid antibody syndrome,
kidney transplant, hypothyroidism, thyroid antibodies, pre-existing cardiovascular problems, and
seizures. Women with multiple gestations or substance abuse (alcohol, tobacco, illegal drugs) were
also excluded.

Written informed consent was provided for all participants included in the study. The study was
approved by the authorized ethics committee, Medical University Graz, Austria (No. 27-515 ex 14/15,
Pregnancy complications: challenge and/or chance for further cardiovascular risk in later life?, date of approval:
14 September 2015) and the Ethics committee Carinthia, Austria (No. A16/15, Pregnancy complications:
challenge and/or chance for further cardiovascular risk in later life?, date of approval: 10 September 2015)

4.2. Experimental Procedure

The experiment started with an approximately 30 min period in which the participating women
could adapt and settle down. In this period, general questions were asked, electrodes were attached,
and the electrophysiological signals were checked. The fully automated study protocol including
highly synchronously transmitted physiological signals started with the perceived stress questionnaire,
to measure chronic stress experience, and the depression scale (CES-D), as well as some other
questionnaires that are not relevant to this paper [75,76]. After a 5 min resting period in which the
participants were asked to remain seated, not to speak, and to relax, the memory task was explained
using a prerecorded auditory instruction backed by corresponding information on a computer screen.
To increase the self-relevance of the task and hence its stressful character, participants were told that
their test performance would be evaluated by colleagues from the psychiatry department who would
determine whether their mnemonic abilities corresponded to their age or if they indicated premature
aging of the brain. The task was to recall as many words as they could from a list of words taken
from a standardized memory test [77]. After the participants had confirmed that they had understood
the instruction, the memory task was provided in a fully automated manner. Following completion
of the memory task, there was another 5 min relaxation period, and participants subsequently rated
how difficult and how stressful they had perceived the task to be, on two 17-point rating scales
(ranging from “not difficult at all” to “extremely difficult” and from “not stressful at all” to “extremely
stressful” [78–80]. Participants remained seated during the entire study protocol.

4.3. Data Acquisition and Preprocessing

Continuous hemodynamic monitoring of blood pressure (BP), heart rate (HR), and thoracic
impedance was carried out with the Task Force Monitor® (TFM®; CNSystems, Graz, Austria)
throughout the entire test procedure. HR (3-lead electrocardiography; sampling rate = 1 kHz) and
thoracic impedance (sampling rate = 50 Hz) were recorded using specific CNSystems electrodes placed
at the neck and the thoracic region, the latter specifically at the midclavicular line at the xiphoid process
level. Continuous BP (sampling rate = 100 Hz) was derived from the finger using a refined version of
the vascular unloading technique and corrected to absolute values with oscillometric BP measurement
on the contralateral upper arm [81]. For analyzing the cardiovascular regulation, software-tools
developed in MATLAB® (MathWorks, Natick, MA, USA) were used [29,82].

To obtain R–R intervals (RRI) and blood pressure time series with equidistant time steps,
the beat-to-beat values were resampled at 4 Hz, using piecewise cubic spline interpolation after
semiautomatic artifact correction. Single artifacts were replaced by interpolation [82]. Furthermore,
the respiratory signal was derived from the thoracic impedance and downsampled to 4 Hz to obtain
corresponding sampling times as RRI and BP.
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The sequence technique was used for the assessment of baroreceptor reflex sensitivity (BRS) [83].
This technique is based on identifying consecutive cardiac beats in which an increase in systolic blood
pressure is accompanied by an increase in RRI, or in which a decrease in systolic blood pressure is
accompanied by a decrease in RRI. The regression line between the systolic blood pressure and RRI
produces an estimate of BRS. We defined an equivalent change in heart rate and systolic blood pressure
for at least three consecutive cardiac cycles as a regulatory event if the following criteria were fulfilled:
RRI variations >4 ms and systolic blood pressure changes >1 mmHg [31].

4.4. Analysis Procedure Using Phase Synchronization

The analysis of synchronization, e.g., of R–R intervals and systolic blood pressure, is based upon
the weak coupling of two different systems, which can be analyzed using the concept of analytic
signals [29,35,84]. For this purpose, a phase (but not its amplitude) needs to be defined for a time series
that contains oscillations in a narrow frequency band. That is, the adjustments of the rhythms of the R–R
intervals, blood pressure, and respiration were partitioned for the sympathetic and the parasympathetic
branches of the autonomic nervous system [29]. To permit a clear physical interpretation, we used
the Hilbert transform to compute the so-called discrete-time analytic signal XD, with XD = XR + i·XI

such that XI is the Hilbert transform of the real vector XR, from the band-pass filtered time series.
Subsequently, the phase of the resulting signals XD1(ti) and XD2(ti) at every time point ti and the
difference between these two given phase vectors for the interpolated bivariate data series, e.g., between
heart rate and respiration, was calculated.

The time series are defined as synchronized if the phase difference Ψ(ti) is constant over time. In
case of synchronization, the distribution of the phase difference, quantified by the synchronization
index γ = {cos(Ψ(ti))}2 + {sin(Ψ(ti))}2, shows a definite maximum. Theoretically, if the synchronization
index γ = 1, then both time series are completely synchronized in a statistical sense, while in the case
of γ = 0, both time series are completely desynchronized. Thus, the analysis of phase synchronization
provides a quantitative indicator of the coordinated behavior of pairs of systems (i.e., in this case,
R–R intervals and systolic blood pressure, partitioned for the sympathetic and the parasympathetic
branches of the autonomic nervous system).

4.5. Statistical Analysis

To evaluate the main research question, analyses of variance were performed with period
(anticipation, task, post-task) as the within-subjects factor, group (PE, UP, CO) as the between-subjects
factor, and the respective cardiovascular variable as the dependent variable. Scores obtained at
baseline were entered as covariates. That way, changes of cardiovascular variables produced by the
stress manipulation were adjusted for baseline levels, ensuring that the analyzed residual scores were
due to the acute stress, and not to individual differences in baseline levels. A further advantage of
this approach, compared to simple change scores or the inclusion of baseline in the within-subjects
factor, is that it controls for measurement error inherent in the use of repeated measures of the same
kind [85–87]. If necessary, Greenhouse–Geisser corrections were used to adjust for nonsphericity of
the variance–covariance matrices. In addition, the described statistical analyses were done within
the group with a history of preeclampsia, with mild and severe as well as early, preterm, and term
preeclampsia as the between-subjects factor. For graphical representation of the different time courses,
standardized residualized change scores were calculated by linear regressions using the baseline
period to predict the variables during the following periods, respectively [88,89]. These scores best
represent those constituting the statistical results in the analyses of variance; i.e., they are adjusted
for differences in baseline levels. One-way analyses of variance was performed to explore potential
differences between the three groups in age, BMI, chronic stress, depression, and hemodynamic levels
in resting conditions (at baseline). Further supplementary analyses were done to explore potential
differences between groups in day of gestation, baby weight and height (independent t-tests), and
parity (Chi-square test).
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Abbreviations

BP Blood pressure
BRS Baroreflex reflex sensitivity
CO Women without gestation during the last three years
DBP Diastolic blood pressure
MAP Mean arterial pressure
PE Women with a history of preeclampsia
SBP Systolic blood pressure
SI Stroke index
SVRI Systemic vascular resistance index
UP Women with uncomplicated pregnancies
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Abstract: Preeclampsia (PE) has been associated with placental dysfunction, resulting in fetal hypoxia,
accelerated erythropoiesis, and increased erythroblast count in the umbilical cord blood (UCB).
Although the detailed effects remain unknown, placental dysfunction can also cause inflammation,
nutritional, and oxidative stress in the fetus that can affect erythropoiesis. Here, we compared
the expression of surface adhesion molecules and the erythroid differentiation capacity of UCB
hematopoietic stem/progenitor cells (HSPCs), UCB erythroid profiles along with the transcriptome
and proteome of these cells between male and female fetuses from PE and normotensive pregnancies.
While no significant differences were observed in UCB HSPC migration/homing and in vitro erythroid
colony differentiation, the UCB HSPC transcriptome and the proteomic profile of the in vitro
differentiated erythroid cells differed between PE vs. normotensive samples. Accordingly, despite the
absence of significant differences in the UCB erythroid populations in male or female fetuses from PE or
normotensive pregnancies, transcriptional changes were observed during erythropoiesis, particularly
affecting male fetuses. Pathway analysis suggested deregulation in the mammalian target of rapamycin
complex 1/AMP-activated protein kinase (mTORC1/AMPK) signaling pathways controlling cell cycle,
differentiation, and protein synthesis. These results associate PE with transcriptional and proteomic
changes in fetal HSPCs and erythroid cells that may underlie the higher erythroblast count in the
UCB in PE.
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1. Introduction

Preeclampsia (PE) is a pregnancy related disorder that remains a major cause of maternal and fetal
mortality by affecting 3% to 8% of pregnancies worldwide [1]. Although it is diagnosed after 20 weeks of
gestation, based on the maternal symptoms, such as high blood pressure and proteinuria [2], the events
leading to PE may be triggered during trophoblast invasion and embryonic implantation [3]. Insufficient
trophoblast invasion into the decidua and the spiral arteries leads to dysfunctional placentation, altered
placental blood flow, subsequent hypoxia, and cell senescence [4–8]. Changes in cellular metabolism,
increased placental oxidative stress, and placental barrier damage lead to leakage of placental and fetal
factors into the maternal circulation [5,9]. One of these factors is free fetal hemoglobin (HbF), which
is found to be elevated in the maternal circulation as early as the first trimester in women who later
develop PE [10]. Free hemoglobin triggers inflammation, vasoconstriction, and tissue damage [11],
and particularly impairs the placenta barrier [12].

The negative consequences of a PE pregnancy affect the mother as well as the developing
fetus [13–16]. Our group has previously demonstrated higher levels of total hemoglobin in the arterial
and venous UCB [17], suggesting possible accelerated fetal erythropoiesis. Higher erythroblast count
in the UCB is a common observation in PE pregnancies [18–21] that has been linked to elevated
erythropoiesis induced by hypoxia and enhanced fetal erythropoietin (EPO) levels [22–25]. However,
previous studies investigating in vitro colony formation of UCB HSPCs have not demonstrated
any significant differences in the erythroid differentiation capacity of the cells obtained from PE
vs. normotensive pregnancies [26,27]. This suggests that a mechanism other than hypoxia-induced
EPO-dependent enhanced fetal erythropoiesis may affect erythroid maturation, underlying the higher
erythroblast count documented in the UCB of PE pregnancies. For instance, levels of glucose,
glucose/insulin ratio [28,29], lactic acid [30], and inflammatory cytokines, such as tumor necrosis
factorα (TNFα) [31], are reported to be altered in the fetuses from PE pregnancies. All these factors are
significant in regulating erythropoiesis and erythroid maturation [32–36]. However, the effects of these
changes on the molecular pathways that control HSPC differentiation and late erythroid maturation in
the fetus have not been investigated in detail.

Another important factor in regulating fetal hemoglobin levels is fetal sex [37,38], which also
determines the onset of the disease and severity of maternal symptoms in PE [39,40] as well as maternal
adaptation to pregnancy [41]. Sex-specific fetal responses in PE have been assessed in both an animal
model [42] and in humans [43–46]. However, these studies are limited to comparing clinical parameters,
such as blood pressure, height, and weight, indicating the importance of further analysis to investigate
the molecular changes.

The focus of this study was to evaluate any changes in the migration/homing or differentiation
capacity of fetal HSPCs by analyzing the expression of surface adhesion molecules (SAMs),
the transcriptome, and the erythroid differentiation capacity of UCB hematopoietic stem/progenitor
cells (HSPCs) in fetuses from PE pregnancies. Moreover, the proteomic profile of in vitro differentiated
erythroid cells was studied to explore possible differences in erythroid maturation. Finally, using an
established flow cytometry analysis [47], the profile of terminally differentiating erythroblasts in the
UCB was compared between PE and normotensive pregnancies to explore any alterations in fetal
erythroid populations. In addition, transcriptome analysis on isolated erythroid cells was performed,
with particular attention to sex-specific differences, using SE50bp RNA sequencing.

2. Results

2.1. Preeclampsia Does Not Alter Migration/Homing or Differentiation Capacity of UCB HSPCs

To study the effect of PE on migration/homing of fetal HSPCs, the expression of known surface
adhesion molecules (SAMs) was analyzed on the UCB CD34+ CD45+ cells (Figure 1A). The expression
of CD49d, CD49e, CD184 (CXCR4), and CD11a (the upper panel Figure 1B) as well as CD44 and
CD62L (L-selectin) (the lower panel Figure 1B) were not significantly different between the PE and
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normotensive groups (flow cytograms demonstrated in Supplementary Figure S1). In addition,
the frequency of viable hematopoietic stem cell-enriched cells (HSCs) expressing specific markers
(Table 1) was determined using flow cytometry (Figure 1C). The number of CD34+ cells or the
HSCs per mL of UCB obtained from each sample was not significantly different between the PE and
normotensive samples.

Figure 1. Flow cytometry analysis and isolation of UCB HSPCs and HSCs as well as assessment of
surface adhesion molecules (SAMs) and in vitro erythroid differentiation capacity of the cells isolated
from PE vs. normotensive (NO) pregnancies. (A) Flow cytometry analysis showing the UCB HSPC
population gated based on size and granularity (FSC-A and SSC-A) and CD34+ CD45+ expression.
(B) Demonstrating the median fluorescent intensity (MFI) for various SAMs in red (PE, n = 5) and
black (NO, n = 10); despite large differences in some MFI values, the differences were not statistically
significant. (C) Flow cytometry analysis of the HSC population from UCB samples; the population was
gated (from left to right) based on size and granularity followed by CD34+, CD38lo, and CD45RA−,
CD90+ expression. As previously reported by others, the CD34+ CD38lo population was very small in
the majority of our samples. This specific individual sample with a large CD34+ CD38lo population was
particularly chosen for specifically visualizing a clearly distinct CD34+ CD38lo CD45RA− and CD90+

population in the figure. (D) Example of BFU-Es in culture (10×magnification) from normotensive
(n = 8) and PE (n = 7) samples after the UCB CD34+ cells were cultured for 14 days. No significant
difference was observed BFU-E count comparison between PE and normotensive groups.

Table 1. The markers used in flow cytometry analyses.

To Recognize Markers/Profile

Hematopoietic stem/progenitor cells (HSPCs) CD34+ (clone 581)
CD45+ (clone HI30)

Surface adhesion molecules (SAMs)

CD44 (clone 515)
CD49d (clone 9F10)
CD49e (clone IIA1)
CD184 (clone 12G5)
CD11a (clone HI111)
CD62L (polyclonal)

Hematopoietic stem cells (HSCs)

CD34+ (clone 581)
CD38lo (clone HIT2)

CD45RA− (clone HI100)
CD90+ (clone 5E10)

Erythroid cells (Flow cytometry) from
proerythroblasts to mature erythrocytes

CD45− (clone HI30)
GPA+ (clone HIR2)

Band 3 (clone BRIC6)
CD49d (clone 9F10)

317



Int. J. Mol. Sci. 2019, 20, 2038

To investigate whether PE altered the erythroid differentiation capacity of fetal HSPCs, resulting
in enhanced erythropoiesis and UCB erythroblast count, CD34+ cells from normotensive and PE
UCB samples were isolated and used in a colony formation assay. Despite a large difference in the
median values between the groups, the number of burst forming units-erythroid (BFU-Es) showed no
significant difference (Figure 1D).

2.2. Preeclampsia Affects the Gene Expression in UCB HSPCs

Since there was no difference in the migration/homing or erythroid differentiation capacity
of the UCB HSPCs (CD34+ CD45+ cells) that could explain the higher UCB erythroblast count
documented in PE [18–21], cDNA subtractive hybridization was carried out to elucidate possible gene
expression differences that might affect the maturation of erythroblasts. To perform cDNA subtractive
hybridization, CD34+ CD45+ cells from normotensive and PE UCB samples were used as driver and
tester groups, respectively. Sequencing of the differential fragments resulted in 26 protein-coding
genes (Figure 2). Predictions by String suggested that the eukaryotic translation elongation factor
1 alpha 1 (EEF1A1) interacted with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as well
as several ribosomal proteins (RPs). The pathways of significance based on GSEA are presented in
Supplementary Table S1. The RPs were also associated with significant hematological phenotypes, such
as increased mean corpuscular volume, macrocytic anemia, persistence of HbF, and reticulocytopenia,
as determined by ToppFun (false discovery rate (FDR) < 0.01).

Figure 2. Gene expression analysis in the UCB HSPCs using cDNA subtractive hybridization.
The procedure is demonstrated from separating mononuclear cells (MNCs) from the umbilical cord
blood (UCB) and isolating hematopoietic stem/progenitor cells (HSPCs) to the final list of genes that
were found to be different in PE. The HSPCs (CD34+ CD45+) were sorted during SAM analysis and
were used in this experiment (PE, n = 5 and NO, n = 10).

2.3. Preeclampsia Is Associated with Changes in Metabolic and Protein Synthesis Pathways of In Vitro
Differentiated Erythroid Cells

To investigate whether changes in ribosomal and metabolic pathways in the HSPCs affected late
erythroid maturation steps in fetuses from PE pregnancies, proteomics analysis was performed using
TMT-mass spectrometry on in vitro differentiated erythroid cells. After mapping the peptide sequences
to proteins, 6222 proteins were detected (FDR ≤0.01) (Supplementary Table S2). At a threshold of
fold change ≥20% and p value ≤0.05, a total of 90 proteins were increased and 14 proteins were
decreased in PE vs. normotensive in vitro differentiated erythroid cells (Supplementary Table S2).
The heat map of the differentially expressed proteins and the enriched pathways predicted by GSEA
are presented in Figure 3. The protein–protein interaction network and the connection between the
enriched pathways are presented in Supplementary Figure S2. The affected pathways were mainly
related to ATP production (oxidative phosphorylation and the TCA cycle), as well as protein synthesis,
transport, and metabolism (Figure 3).
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Figure 3. The proteomics analysis heat map and the enriched pathways in the in vitro differentiated
erythroid colonies. (A) The heat map for the significantly differentially expressed proteins in PE (n = 5)
vs. normotensive (n = 5) in vitro differentiated erythroid cells. (B) The enrichment analysis in the gene
set analysis in CPDB human network was performed based on the protein average fold ratio in PE and
normotensive samples.

2.4. Preeclampsia Does Not Alter the UCB Profile of Terminally Differentiating Erythroblasts

Considering that the in vitro analyses indicated no changes in molecular pathways rather than
erythroid cell production, the frequency of various stages of terminally differentiating erythroid cells
was investigated in the UCB erythroblasts between male and female fetuses from PE and normotensive
pregnancies. The viable single cells were gated based on GPA and CD45 expression. The CD45−,
GPA+ erythroid population was analyzed for surface expression of CD49d and Band 3 to evaluate the
terminal erythroid differentiation stages of the UCB erythroblasts (Figure 4A). The erythroid precursors
present in the samples were predominately basophilic erythroblasts II to orthochromatic erythroblasts.
Comparing the erythroid profile of the samples, no significant differences were observed between the
venous or arterial UCB from PE or normotensive pregnancies in male nor female fetuses (Figure 4B).
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Figure 4. Comparison of the erythroid progenitor profile in the umbilical cord blood (UCB) from PE
(n = 6) and normotensive (n = 7) pregnancies. (A) The flow cytometry profile of CD45− GPA+ cells
expressing CD49d (Integrin a4) and Band 3 protein during their maturation from proerythrocytes
(CD49d+ Band 3−) to mature erythrocytes (Cd49d− Band 3+). (B) No significant differences were
observed between arterial or venous UCB from male or female in PE vs. normotensive pregnancies.

2.5. Gene Expression Differences between Male vs. Female Samples Are Irrespective of Pregnancy Outcome

The absence of a significant increase in the frequency of immature erythroid cells in PE UCB
samples was in line with the results from the in vitro differentiation cultures. Therefore, further
RNA-sequencing analysis was performed to explore possible changes in the molecular pathways that
may explain the higher erythroblast count. Gene expression of arterial vs. venous erythroid cells
did not differ significantly (Supplementary Figure S3). Sample clustering by principal component
analysis (PCA) indicated a major difference in gene expression in the male vs. female erythroid cells
irrespective of pregnancy outcome (Figure 5A). A total of 35 genes were determined by EdgeR and
Deseq2 to be differentially expressed (DE) in male vs. female fetuses, affecting pathways, such as RNA
transcription (Supplementary Table S3) (Figure 5B). A more distinct clustering of PE vs. normotensive
samples was observed in the samples from male fetuses (Figure 5A). Based on the DE genes confirmed
by Deseq2 and EdgeR, 40 genes that affected metabolism and protein processing in endoplasmic
reticulum (ER)/vesicle trafficking were downregulated in PE (Figure 5C). In addition, 21 genes that
were involved in pathways, such as heat shock response and protein kinase activation by RHO GTPases,
were upregulated (Figure 5C).
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Figure 5. Primary gene expression analysis of the UCB erythroid progenitors. (A) A distinct clustering
was observed between male and female samples in the principal component analysis (PCA) plot. Also,
among the PE (n = 6) and normotensive (n = 7) samples, a clearer clustering was observed in the
male compared to female fetuses. The heat maps of the differentially expressed genes and the related
pathways are presented when comparing (B) male vs. female and (C) PE vs. normotensive samples.
Shades of blue and red indicates down- or up-regulated genes/pathways, respectively.

2.6. Effects of PE on Gene Expression in UCB Erythroid Cells Are Sex-Specific

Taking into account the sex-specific clustering of the samples from the RNA-sequencing analysis,
the effect of PE on male and female samples was analyzed separately. In the males, a total of 40 DE
genes were determined in PE vs. normotensive groups by Deseq2 and EdgeR (Supplementary Table S3).
The affected pathways included endocytosis, protein ubiquitination, regulation of cell cycle, and
convergent extension, i.e., the process of cell lengthening and narrowing along one axis (Figure 6A).
Among the females, a total of 21 DE genes were confirmed in the PE group using Deseq2 and EdgeR
(Supplementary Table S3). The altered pathways included metabolism, mTOR signaling, and cellular
response to stress (via heat shock proteins) (Figure 6B).
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Figure 6. Sex-specific transcriptome comparison in the UCB erythroid progenitors from PE vs.
normotensive pregnancies. (A,B) The heat maps of the differentially expressed genes and the related
pathways are presented when comparing PE vs. normotensive sample from (A) male and (B) female
fetuses. Shades of blue and red indicate down- or up-regulated genes/pathways, respectively.

2.7. Data Archiving

All data generated or analyzed during this study are included in this published article (and its
Supplementary Information files). All the datasets generated during the current study are available on
European Nucleotide Archive (https://www.ebi.ac.uk/ena) under accession number PRJEB27744 and
PRIDE archive (https://www.ebi.ac.uk/pride/archive) under accession number PXD010364.

3. Discussion

This study focused on analyzing the changes in the molecular pathways regulating HSPCs and
erythroid differentiation in fetuses from PE pregnancies. Our results were in agreement with previous
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reports [27,48] demonstrating no significant differences in the frequency of UCB HSPCs or the expression
of the SAMs on these cells, despite originating from PE or normotensive pregnancies. In addition,
the absence of significant differences in the number of BFU-Es produced during in vitro differentiation
of the UCB CD34+ cells from PE and normotensive groups in our samples was in accordance with
previous reports [26,27]. Interestingly, both function and expression of SAMs on HSPCs are precisely
regulated during embryonic development [49–51] as well as lineage differentiation [47,52,53]. Thus,
the absence of significant differences in SAM expression and colony formation imply that PE may not
cause significant changes in fetal HSPC migration/homing or intrinsic differentiation capacity.

Investigation of transcriptional changes demonstrated differences in gene expression in UCB
HSPCs in PE vs. normotensive pregnancies. Many of the detected mRNAs were those of ribosomal
proteins (RPs), important in proliferating cells [54,55] and primarily known to play a role in the
maturation of ribosomal RNAs, ribosome biogenesis, and polysome formation [56,57]. However,
ribosomal dysfunction can also trigger apoptosis, autophagy, cell cycle arrest as well as cellular
senescence [58–62] and has been related to several hematological disorders, such as Diamond-Blackfan
anemia [63,64]. These results prompted us to explore whether PE might be associated with changes
in gene expression that adversely affect erythropoiesis and erythroid maturation. Analyzing the
proteomics of the in vitro differentiated erythroid cells suggested changes in pathways important in the
metabolism, immune system, protein processing, and export as well as phagosomes. Considering that
efficient erythroid differentiation and maturation requires a synchronized regulation of iron, amino
acid, and glucose metabolism [34], as well as various signaling pathways [65,66], alterations in these
pathways could lead to intracellular changes and ineffective erythroid maturation.

To investigate if the results obtained in our in vitro analyses translated into changes in vivo, we
compared the UCB erythroid profiles in PE vs. normotensive pregnancies. No significant differences
were observed in the erythroid populations from arterial or venous UCB of male or female fetuses in
either group. This observation was in agreement with our earlier results and suggested that disruption
of erythroid maturation may contribute to a higher erythroblast count in the UCB from PE pregnancies
independent of fetal hypoxia-induced EPO-dependent erythropoiesis [18–21,24]. It is also important to
consider that fetal hypoxia in pregnancy is chronic, rather than acute, and hemolysis is not commonly
observed in the fetuses born to PE. Thus, the release of immature erythroblasts into the UCB may have
explanations other than those suggested for acute hypoxia or hemolytic anemia [67].

To confirm any mechanisms that could affect fetal erythroid maturation and enucleation in
PE, the transcriptome of UCB erythroid cells were analyzed. Clustering of the male and female
erythroid cells based on transcriptome analysis indicated that the expression of some genes located on
both autosomal and sex chromosomes varied between the sexes, specifically upregulating the RNA
transcription pathway and several mitochondrial factors in the male fetuses. Comparing the male
fetuses among the PE and the normotensive groups indicated a decrease in DNA repair, convergent
extension, protein ubiquitination, and vesicle trafficking, as well as deregulation in the cell cycle.
For instance, lower CDKN2D (p19) and RRAGA, two regulators of cell cycle G1 progression [68], and
amino acid-dependent mTORC1 activity [69,70] were associated with increased BTG2 and WRINP1
that regulate G1/S transition [71] and G1/S or G2/M arrest [72], respectively. Along with these changes,
inhibitors of RNA transcription and several genes important in cell cycle S and mitosis phases were
upregulated (Supplementary Table S3). Interestingly, KLHDC8B, a factor that safeguards the cell
against mitotic errors and nuclear abnormalities, was also increased [73,74]. Due to the absence of
significant differences in UCB erythroid populations between PE and normotensive male fetuses,
the changes in gene expression could not be explained by elevated late basophilic or polychromatic
erythroblasts [75], which express high levels of mitosis-related genes. Thus, the gene expression
alterations observed in PE samples from male fetuses may be related to regulation of the cell cycle via
mammalian target of rapamycin (mTOR) and AMP-activated protein kinase (AMPK) pathways [76]
(Figure 7). Considering their role in regulating cell division, growth, or autophagy [77], altered
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phosphorylation and imbalance in AMPK/mTOR pathways can lead to a defective cell cycle and also
erythroid maturation [78–81].

Figure 7. Sex-specific disruption of fetal erythropoiesis in PE. The interplay of the intracellular pathways
that could disrupt fetal erythroid maturation has been demonstrated. A magnified erythroid cell
with various organelles is used to illustrate the altered pathways in detail. aa: amino acid; SLC7A5
(LAT1): solute carrier family 7 member 5; DNAJB1: DnaJ heat shock protein family (Hsp40) member
B1; HSPA1A: heat shock protein family A (Hsp70) member 1A; HSPA1A: heat shock protein family
A (Hsp70) member 1B; CAMK1D (CKLiK): calcium/calmodulin dependent protein kinase ID; LKB1
(STK11): serine/threonine kinase 11; AMPK: AMP-activated protein kinase; mTORC1: mammalian
target of rapamycin complex1; WRNIP1: Werner helicase interacting protein 1; FAM83D: family with
sequence similarity 83 member D; CENPF: centromere protein F; KLHDC8B: kelch domain containing
8B; RRAGA: Ras related GTP binding A; CDKN2D: cyclin dependent kinase inhibitor 2D; BTG2: BTG
anti-proliferation factor 2.

Among the female fetuses, decreased metabolism and increased cellular response to stress were
the major pathways altered in the PE UCB erythroid cells. Genes that were important in protein
processing and calcium homeostasis in Golgi, as well as calcium/calmodulin-dependent protein kinase
1D (CAMK1D) were downregulated in PE. The CAMK1D has been shown to control calcium-induced
apoptosis in serum-deprived erythroleukemia cells in vitro [82]. Also, an upstream inducer of AMPK
(STK11/LKB1) and amino acid-transporter required for mTORC1 activity (SLC7A5) [83] were lower
in UCB erythroid cells from female fetuses born to PE pregnancies. These results along with the
upregulated heat shock proteins imply a disturbance in protein processing that might affect cell
maturation and survival (Figure 7). Considering that the activity of mTOR and AMPK proteins
are regulated by phosphorylation at protein levels, future experiments are required to confirm and
evaluate possible phosphorylation changes in erythroblasts in both male and female fetuses from PE
pregnancies to indicate any sex-specific associations.

Interestingly, a surface glycoprotein was differentially expressed in each sex group in PE vs.
normotensive UCB erythroid cells. Among the male fetuses, the expression of CD99, a glycoprotein
associated with the Xg blood group, was upregulated in PE cases. While CD99 is located on the
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pseudoautosomal areas of sex chromosomes, its level of expression varies during development and
based on sex [84]. On the other hand, the female fetuses from PE pregnancies indicated a significant
decrease in expressing RP11-342M1.3, which is an antisense to erythroblast membrane associated
protein (ERMAP), the surface glycoprotein known for the Scianna blood group [84]. Gene regulation
by antisense expression can take place at different layers [85]. Considering that the expression of
ERMAP was not significantly different between female PE vs. normotensive erythroid cells, it seems
very likely that RP11-342M1.3 has a trans-regulatory effect on ERMAP mRNA. Other candidate genes
for future studies include SLC25A6, MTRNR2L1, and CD36 that were determined in various analyses
to be differentially expressed in PE and in a sex-specific manner. Further studies are required to
confirm the possible sex-specific effects and outcomes of particular changes in fetal erythropoiesis in
PE pregnancies.

There is a rising interest in evaluating the effect of various pregnancy complications on fetal
development. Long-term analyses of PE pregnancies demonstrate several health problems among
the offspring [86], with behavioral and cognitive dysfunction [87] having been a main focus. On the
other hand, more studies are shedding light on the significance of fetal sex in regulating various
aspects of a pregnancy, from maternal adaptation [41] to placental and fetal gene expression [88,89]
and metabolism [90]. Sex-specificity of the placenta function and structure [91] as well as fetal and
placental metabolism [90] have been suggested to underlie the higher vulnerability of male fetuses to
pregnancy complications, such as obesity or PE [46,92]. The data in this study suggests that besides
the nervous system, PE also affects the development of the fetal hematopoietic system. This is mainly
through the triggering of transcriptional and proteomic changes in fetal HSPCs and erythroblasts that
may disrupt erythroid maturation, explaining the higher UCB erythroblast count in these pregnancies.
Our work also suggests that the changes observed in the molecular pathways are more severe among
the male compared to the female fetuses. This is in line with higher adverse outcomes in pregnancies
with male fetuses [39,40], as well as an increased risk of diseases of the blood and blood-forming
organs, such as anemia, among the male children born to PE mothers [93].

4. Materials and Methods

4.1. Ethical Approval and Sample Collection

The study with identification number Dnr 2014/191 was approved on 24 April 2014 by the Lund
Regional Ethics Committee Review Board (EPN) for studies on human subjects at Lund University and
Skåne University Hospital, Lund, Sweden. Collection of UCB from normotensive and PE pregnancies
was performed following both Caesarean and vaginal deliveries at Skåne University Hospital, after
written informed consent from patients. All the experiments were performed in accordance with
relevant guidelines and regulations. Preeclampsia was defined as blood pressure ≥140/90 mmHg
and proteinuria ≥300 mg/L according to ISSHP definition [2]. A summary of the clinical condition of
the patients included in this study and the subsequent experiments performed is available in Table 2
(details in Supplementary Table S4). The UCB was collected in flasks containing 10 mL Dulbecco’s
Modified Eagle’s Medium, 10% fetal bovine serum (FBS), 100 IU/mL penicillin, 100 μg/mL streptomycin
(Gibco®, Stockholm, Sweden) and 25 IU/mL heparin (Vianex S.A., Athens, Greece). The samples were
stored at 4 ◦C and processed within 4 h after sampling.

Table 2. Clinical characterization of all the included patients with respect to the experiments.

Analysis N
Pregnancy
Condition

Gestational Age
(Weeks)

Comments

SAM expression on UCB
HSPCs

10 Normotensive 36–42 These samples were also used for cDNA subtractive
hybridization.5 PE 36–39

Colony formation assay
8 Normotensive 38–40 Performed in two sets of individual experiments, with

three technical replicates in each set.7 PE 30–41
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Table 2. Cont.

Analysis N
Pregnancy
Condition

Gestational Age
(Weeks)

Comments

Quantitative proteomic
analysis

5 Normotensive 38–40 The colonies were obtained from the colony formation
assay.5 PE 37–41

UCB erythroid profile and
transcriptome analysis

7 Normotensive 36–40

6 PE 36–40

4.2. Mononuclear Cell Isolation from the UCB

Total mononuclear cells (MNCs) were isolated from UCB using the density centrifugation media
Ficoll-Paque PLUS (GE Healthcare Life Sciences, Uppsala, Sweden) according to the manufacturer’s
protocol. In brief, the total UCB was mixed 1:1 (w/v) with wash buffer containing 1× phosphate
buffered saline (PBS), 2% FBS and 2 mM EDTA. Each sample was carefully laid upon Ficoll-Paque
PLUS before centrifugation at 400× g for 30 min at room temperature (RT). After the centrifugation,
the interphase layer containing the MNCs was retrieved and mixed with ice-cold Iscove′s Modified
Dulbecco’s Medium (IMDM), 10% FBS in 1:2 (w/v) (Gibco®). The MNC suspension was centrifuged
and rinsed in wash buffer for erythroid profile analysis or CD34+ cell isolation.

4.3. Isolation of UCB CD34+ Cells

Using the human CD34 MicroBead Kit (Miltenyi Biotec, Lund, Sweden), the UCB CD34+ cells
were isolated according to the manufacturer’s protocol. In summary, the MNCs were incubated with
FcR Blocking Reagent and CD34 MicroBeads at 4 ◦C for 30 min followed by rinse and centrifugation at
300× g at 4 ◦C for 10 min. The cell suspension was filtered at 40 μm and CD34+ cells were magnetically
selected on LS columns (Miltenyi Biotec, Lund, Sweden). The CD34+ cells were either resuspended in
10% Dimethyl sulfoxide (DMSO) freezing medium, stored at −80 ◦C for at least 24 h and transferred
to liquid nitrogen tank for later in vitro cell culture assays, or were stained and analyzed for surface
adhesion molecules using flow cytometry.

4.4. Flow Cytometric Analysis of SAM Expression on UCB HSPCs

The UCB HSPCs were detected by flow cytometry as CD34+ CD45+ cells and the expression
of 6 different SAMs was analyzed using phycoerythrin-conjugated mouse anti-human antibodies
(Table 1) [49,94–97]. Six separate suspensions of CD34+-enriched cells were prepared and each
was incubated for 30 min on ice with appropriate amounts of antibodies (1:25) specific for CD34
(CD34-phycoerythrin/Cy7) and CD45 (CD45-FITC) in combination with one of the SAMs. After rinse
in wash buffer, the cells were analyzed using a BD FACSAria™ I. Spectral compensation was carried
out using VersaComp Antibody Capture Beads kit (Beckman Coulter, Bromma, Sweden) and the gates
were set based on unstained and fluorescent minus one controls. 7AAD at 10 μg/mL (Sigma Aldrich,
Stockholm, Sweden) was used as a viability marker. All viable CD34+ CD45+ cells from each sample
were sorted into a tube and used for RNA extraction. Data analysis was performed using FlowJo
(V.10.0.8. Ashland, OR, US).

4.5. Flow Cytometric Analysis of UCB Stem Cells and Colony Formation Assay

Frozen CD34+ enriched cells were thawed and stored with FcR Blocking Reagent (Miltenyi Biotec)
at 4 ◦C for 30 min. The cells were then stained as described above, with the following antibodies:
CD34-phycoerythrin/Cy7, CD38-APC, CD45RA-FITC, and CD90-BV421 (1:25, BD Biosciences, San Jose,
CA, US). After performing spectral compensation and setting the gates as mentioned earlier, the
UCB HSC population was analyzed by flow cytometry (Table 1) and a total of 15000 viable CD34+

cells were collected from each sample using fluorescent activated cell sorting (FACS). The cells were
mixed with Cell Resuspension Solution (R&D Systems, Oxon, Sweden) and Human Methylcellulose
Complete Media containing EPO, Granulocyte macrophage colony-stimulating factor (GM-CSF),
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Interlukin-3 (IL-3), and Stem Cell Factor (SCF) (HSC003, R&D Systems). 500 cells/well were plated
in triplicate in 6-well plates and placed in a humid chamber incubated at 37 ◦C with 5% CO2. Burst
forming units-erythroid (BFU-Es) were counted in each well after 14 days of culture as indicated
by R&D Systems (https://www.rndsystems.com/resources/protocols/human-colony-forming-cell-cfc-
assay-using-methylcellulose-based-media).

4.6. RNA Extraction and cDNA Subtractive Hybridization

The sorted viable CD34+ CD45+ cells from aforementioned SAM expression analysis were used
for total RNA extraction was performed by lysing the cells in Trizol (Ambion, Naugatuck, CT, US).
Following addition of chloroform to the lysate, the aqueous phase was mixed with 70% ethanol
and transferred to RNeasy Mini spin columns (Qiagen, Hilden, Germany). Total RNA preparation
was completed according to the manufacturer’s protocol. Poly A+ RNA purification was performed
using Oligotex Direct mRNA mini kit (Qiagen) following the manufacturer’s instructions. Subtractive
hybridization was carried out using the Clontech® PCR-Select™ Differential Screening kit (Takara
Bio USA, Inc., Mountain View, CA 94043, USA) according to the manufacturer’s protocol. The poly
A+ RNA from PE and normotensive groups were respectively used as tester and driver for cDNA
synthesis. Enriched tester-specific amplicons from the second round of subtraction were ligated into
pGEM-T Easy Vector System I (Promega, Madison, WI, US) for insert sequencing (Beckman Coulter
Genomics, Bishop’s Stortford, United Kingdom). All retrieved sequences representing genes unique
to the tester (PE) population compared to the normotensive population were blasted using BLAST
analysis on NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

4.7. Quantitative Proteomic Analysis

Proteomic analysis was performed at the Proteomics Core Facility at Sahlgrenska Academy,
University of Gothenburg. For this purpose, the in vitro differentiated erythroid colonies were collected
from the colony formation assay. The colonies were rinsed in PBS twice to remove any residues from
the culture. The cell pellets were stored at −70 ◦C prior to lysis and protein extraction. The sample
preparation and liquid chromatography-mass spectrometry process were carried out as explained
in the Supplementary Materials and Methods [98]. Data analysis was performed using Proteome
Discoverer version 1.4 (Thermo Fisher Scientific, Stockholm, Sweden) against the Human Swissprot
Database version March 2017 (Swiss Institute of Bioinformatics, Switzerland). Mascot 2.5 (Matrix
Science, London, UK) was used as a search engine with precursor mass tolerance of 5 ppm and
fragment mass tolerance of 200 mmu. Tryptic peptides were accepted with zero missed cleavage
and variable modifications of methionine oxidation, cysteine alkylation and fixed modifications of
N-terminal TMT-label and lysine TMT-label were selected. The detected peptide threshold in the
software was set to false discovery rate (FDR)≤0.01 by searching against a reversed database. Identified
proteins were grouped by sharing the same sequences to minimize redundancy. Reporter ion intensities
were quantified in MS2 spectra at Minimum Quan Value Threshold set to 2000. The resulting ratios
were normalized in the Proteome Discoverer 1.4 on the median protein value of 1.0 in each sample.
Heat maps were generated using XLSTAT software.

4.8. Fluorescent-Activated Sorting of Erythroblasts from the UCB

To block Fc receptors, the isolated MNCs were incubated with FcR Blocking Reagent (Miltenyi
Biotec) at 4 ◦C for 30 min. The cells were rinsed and pelleted 300× g at 4 ◦C. After resuspension
and filtering through a 50 μm cup-shaped filter (BD Biosciences), the cells were stained for different
surface markers using the following mouse anti-human antibody (ab)-conjugation set: CD45-FITC
[1:25], CD235a/Glycophorin A (GPA)-BV421 [1:100] (BD Biosciences), CD49d/Integrin alpha 4-
phycoerythrin/Cy7 [1:300] (BioLegend, Täby, Sweden) and CD233/Band 3-phycoerythrin [1:300]
(Bristol Institute for Transfusion Sciences). After 30 min incubation on ice, the cells were rinsed and
analyzed by a BD FACSAria™ I. 7AAD (Sigma Aldrich, Stockholm, Sweden) at a final concentration of
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10 μg/mL was used as a viability marker. Spectral compensation was carried out using VersaComp
Antibody Capture Beads kit (Beckman Coulter) and the gates were set based on unstained and
fluorescent minus one controls. The data analysis was performed using FlowJo (version 10.0.8).

Considering the few numbers of the early-stage erythroid precursors, all the cells from
proerythroblasts (CD45− GPA+ CD49dhi Band 3−) to reticulocytes (CD45− GPA+ CD49dlo Band
3+) were pooled together for each arterial and venous UCB sample. A total of 106 cells were sorted and
collected for each sample. The cells were centrifuged at 300× g for 10 min, lysed in 350 μL of Buffer
RLT from AllPrep DNA/RNA/Protein Mini Kit (Qiagen) according to the manufacturer’s protocol and
stored at −80 ◦C until later processing.

4.9. RNA Extraction, Library Preparation and Quality Check

All samples were thawed on ice and processed for RNA extraction using AllPrep
DNA/RNA/Protein Mini (Qiagen) according to manufacturer’s instructions. All centrifugations
were performed at RT at 9000× g and the RNA was eluted in 50 μL RNase-free water. RNA samples
were frozen at −80 ◦C and thawed for quality check and library preparation. RNA integrity was
analyzed using Agilent RNA 600 Nano Kit (Agilent Technologies, Santa Clara, CA, US) on a Bioanalyzer
2100 (AgilentTM, Santa Clara, CA, US) according to the manufacturer’s instructions. All the samples
indicated an RNA integrity number (RIN) ≥ 9 and were used for library preparation and amplification
by the QuantSeq 3′ mRNA kit (LexogenTM, Vienna, Austria) according to the manufacturer’s protocol.
Quality and sequence length of the libraries were assessed by Fragment analyzer using the High
sensitivity NGS fragment analysis kit (Advanced Analytical Technologies, Inc., Heidelberg, Germany),
while concentration evaluation was performed by BioTek™ Synergy™ 2 (BioTek Instruments, Inc.,
Winooski, VT, US) microplate reader using Quant-iTTM PicoGreenTM dsDNA Assay Kit (InvitrogenTM,
Carlsbad, CA, US) for a low-range assay. The RNA library was sequenced in SE50bp mode on an
Illumina HiSeq 2500 (Illumina, San Diego, CA, US).

4.10. Bioinformatics Analysis

Using random primers, the Lexogen Quantseq kit (Lexogen) generates fragments that end with a
poly A tail. Since this random primer may introduce mistakes, the first 11bp of all reads were trimmed.
Poly A tails and adapters at the end of each read were trimmed, along with basic quality trimming.
Only reads longer than 20 bps were kept for further processing. All trimming and filtering steps were
done using bbduk of bbtools 36.84 [99]. Reads were mapped to the Human genome (hg38) using
STAR 2.5 [100]. Bam file modifications were done using elprep 2.5 [101]. Htseq 0.6.1p1 [102] was used
to count the number of mapped reads per known gene. The gene definitions of Ensembl 87 were
used. Reads were only considered in the counting process if the mapping quality was equal to or
higher than 10, the strand of the read was the same strand as the gene and the read was not mapped in
overlapping gene definitions (the union option). Differential expression analysis was performed using
tools DESeq2 [103] and EdgeR [104,105]. The results of these tools were merged. Only genes that were
significant with an FDR <0.1 in both tools were considered for further pathway analysis.

4.11. Pathway Analysis

Protein-protein interaction prediction and gene set enrichment analysis (GSEA) were performed
by String (V.10.0) [106] and ConsensusPathDB (CPDB) [107] on UCB HSPCs and in vitro differentiated
erythroid cells. The link between the genes, human phenotype and diseases were evaluated by
performing functional gene list enrichment using ToppFun analysis from ToppGene Suite [108].
Gene ontologies were recovered from Gene, NCBI (https://www.ncbi.nlm.nih.gov/gene/).

4.12. Statistical Analysis

To calculate the protein fold change percentage (FC%), the average value of the normalized
protein ratio of the PE group was divided over that of the normotensive samples. Also, the normalized
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protein ratios were used in the Student’s t-test to calculate the statistical significance of the observed FC.
Considering the low variability and high sensitivity of the TMT-MS, a FC ≥ 20% and p value ≤ 0.05 was
determined as a significant difference in protein expression between PE and normotensive samples.

GraphPad Prism (version 7, San Diego, CA, US) was used to perform Mann Whitney U Test and
to prepare the graphs.

5. Conclusions

In conclusion, our results indicate that the intrinsic migration and differentiation capacity of fetal
HSPCs does not alter significantly in PE pregnancies. However, PE is associated with transcriptional
and proteomic changes in fetal erythroid cells that may disrupt erythroid maturation, particularly in
male fetuses.
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Abstract: Children descending from pregnancies complicated by gestational hypertension (GH),
preeclampsia (PE) or fetal growth restriction (FGR) have a lifelong cardiovascular risk. The aim of
the study was to verify if pregnancy complications induce postnatal alterations in gene expression
of microRNAs associated with cardiovascular/cerebrovascular diseases. Twenty-nine microRNAs
were assessed in peripheral blood, compared between groups, and analyzed in relation to both
aspects, the current presence of cardiovascular risk factors and cardiovascular complications and the
previous occurrence of pregnancy complications with regard to the clinical signs, dates of delivery,
and Doppler ultrasound examination. The expression profile of miR-21-5p differed between controls
and children with a history of uncomplicated pregnancies with abnormal clinical findings. Abnormal
expression profile of multiple microRNAs was found in children affected with GH (miR-1-3p,
miR-17-5p, miR-20a-5p, miR-21-5p, miR-23a-3p, miR-26a-5p, miR-29a-3p, miR-103a-3p, miR-125b-5p,
miR-126-3p, miR-133a-3p, miR-146a-5p, miR-181a-5p, miR-195-5p, and miR-342-3p), PE (miR-1-3p,
miR-20a-5p, miR-20b-5p, miR-103a-3p, miR-133a-3p, miR-342-3p), and FGR (miR-17-5p, miR-126-3p,
miR-133a-3p). The index of pulsatility in the ductus venosus showed a strong positive correlation with
miR-210-3p gene expression in children exposed to PE and/or FGR. Any of changes in epigenome
(up-regulation of miR-1-3p and miR-133a-3p) that were induced by pregnancy complications are
long-acting and may predispose children affected with GH, PE, or FGR to later development of
cardiovascular/cerebrovascular diseases. Novel epigenetic changes (aberrant expression profile of
microRNAs) appeared in a proportion of children that were exposed to GH, PE, or FGR. Screening
of particular microRNAs may stratify a highly risky group of children that might benefit from
implementation of early primary prevention strategies.

Keywords: Body mass index (BMI); cardiovascular/cerebrovascular diseases; cardiovascular
risk; children; echocardiography; microRNA expression; pregnancy complications;
prehypertension/hypertension; primary prevention; screening

1. Introduction

There exists a progressive increase of data linking specific levels of risk factors in prenatal life with
cardiovascular disease outcomes in children and adolescents. Recent epidemiologic and experimental
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data substantially indicate that children descending from pregnancies complicated by gestational
hypertension (GH), preeclampsia (PE), or fetal growth restriction (FGR) have an unique, lifetime
cardiovascular risk profile that is present from early life. Young offspring of pregnancies complicated
by GH or PE already have increased body mass index (BMI) and wider waist circumference [1,2].
Systolic and/or diastolic blood pressures (BP) were also reported to be higher in offspring of mothers
with GH or PE compared with offspring of mothers without hypertensive disorders of pregnancy [1–5].
These differences were even consistent till the age of 18 years, as the patterns of blood pressure change
did not differ between children of hypertensive and normotensive pregnancies [6]. Offspring from
pregnancies with early PE (onset < 34 weeks) had at the age of 6 to 13 years a higher systolic BP and
higher nocturnal systolic and diastolic BP than those born to late onset PE [7]. Maternal central pulsatile
BP components (systolic BP and pulse pressure) during pregnancy were associated with higher BP in
the offspring of women with PE. This positive correlation was already evident at 3 years old children [8].
These results suggested a possible association between maternal hypertensive disorders of pregnancy
and offspring BP that may be driven by genetics or familial non-genetic risk factors particular to BP [5].
In addition, PE leaves a persistent alteration in the systemic and the pulmonary circulation of the
children. Pulmonary artery pressure was roughly 30% higher and flow-mediated dilation was 30%
smaller in children of PE-affected mothers than in controls. This alteration predisposes children to
exaggerated hypoxic pulmonary hypertension already during childhood and may cause premature
cardiovascular disease in the systemic circulation at some time in the future [9].

Sarvari et al. [10] reported that FGR induced cardiac remodeling persists until preadolescence
(8–12 years of age) with findings similar to those reported in their prenatal life and childhood.
Echocardiography and three-dimensional shape computational analysis revealed a more spherical
and smaller hearts, decreased longitudinal motion and impaired relaxation in children affected with
FGR [10]. Yiallourou et al. [11] revealed that preterm FGR children aged 5–12 years had smaller
left ventricular lengths, ascending aorta, and left ventricular outflow tract diameter and vascular
compliance was positively correlated with gestational age. These findings result in the hypothesis of
FGR caused primary cardiac programming for explaining the association between low birth weight
and later cardiovascular risk [10].

Birth weight influences childhood BP as well, but the effects may vary depending on ethnic group.
FGR and early gestational age were associated with higher BP in white but not African American
children at the age of 5 years [12].

Altogether, childhood obesity, hypertension, diabetes, and cardiac remodeling are the most
prevalent intermediate and long-standing health consequences of undernutrition of the fetus caused
by insufficiency of the placenta [13,14].

Although, health factors such as lipid levels, BMI, and BP normally change with age, growth, and
development, children affected by pregnancy complications including GH, PE, and FGR represent a
population that would benefit from implementation of early primary prevention strategies. At least
modification of diet and physical activity are first-line interventions. Appropriate pharmacological
intervention may be also considered when lifestyle change is not successful [15].

The goal of the study was to evaluate an epigenetic profile for the detection of cardiovascular
risk in whole peripheral blood of children at the age of 3 to 11 years born out of pregnancies
complicated by GH, PE, and FGR. Postnatal epigenetic profiling of microRNAs playing a
role in pathogenesis of diverse cardiovascular/cerebrovascular diseases (miR-1-3p, miR-16-5p,
miR-17-5p, miR-20a-5p, miR-20b-5p, miR-21-5p, miR-23a-3p, miR-24-3p, miR-26a-5p, miR-29a-3p,
miR-92a-3p, miR-100-5p, miR-103a-3p, miR-125b-5p, miR-126-3p, miR-130b-3p, miR-133a-3p,
miR-143-3p, miR-145-5p, miR-146a-5p, miR-155-5p, miR-181a-5p, miR-195-5p, miR-199a-5p,
miR-210-3p, miR-221-3p, miR-342-3p, miR-499a-5p, and miR-574-3p) was the subject of our
interest. We focused mainly on those microRNAs known to be involved in the onset of
dyslipidaemia [16,17], hypertension [18–20], vascular inflammation [21,22], insulin resistance and
diabetes [23], atherosclerosis [24,25], angiogenesis [26,27], coronary artery disease [19,22,26,28],
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myocardial infarction and heart failure [18,29–32], stroke [33], intracranial aneurysm [34], pulmonary
arterial hypertension [35], and peripartum cardiomyopathy [36].

MicroRNAs are the members of the family of small noncoding RNAs that regulate expression
of genes at the posttranscriptional level by blocking translation or degrading of target messenger
RNA [37]. MicroRNA analyses indicate that under pathological conditions a variety of tissues display
diverse microRNA expression profiles, which may be used in clinical diagnostics [38]. Recent studies
have demonstrated that GH, PE, and FGR are associated with alterations in microRNA expression in
the maternal circulation, placenta, and umbilical cord blood [39–43].

To the best of our knowledge, any study on expression profiling of microRNAs associated with
cardiovascular and cerebrovascular diseases in whole peripheral blood of children descending from
GH, PE, and FGR affected pregnancies has not been carried out.

2. Results

2.1. Distribution of Children Descending from Normal Pregnancies into Groups Based on Clinical Examination
and Consequent Findings

Children descending from normal pregnancies were divided into two groups based on the results
of examination and clinical findings. Children already dispesarized in the department of pediatric
cardiology (n = 8) and those ones indicated by the sonographer to have valve problems and heart
defects tricuspid valve regurgitation (n = 8), mitral valve regurgitation (n = 1), pulmonary valve
regurgitation (n = 2), bicuspid aortic valve regurgitation (n = 1), ventricular septum defect (n = 1), atrial
septum defect (n = 1), foramen ovale apertum (n = 5), arrhythmia (n = 1) constituted particular group
together with children confirmed over several visits to have a high BP (n = 16) (systolic blood pressure
(SBP) and/or diastolic blood pressure (DBP) ≥ 90th percentile evaluated by the Age-Based Pediatric
Blood Pressure Reference Charts calculator) and/or high BMI (n = 9) (BMI 85th percentile evaluated
by the BMI Percentile Calculator for Child and Teens). Overall, this group consisted of 38 children
(43.18%). The second group consisted from 50 children with normal anamnesis, normal BP, normal
BMI, and normal reference values of echocardiographic measurements.

2.2. Up-Regulation of miR-21-5p in Children Descending from Normal Pregnancies that are Overweight/Obese,
Prehypertensive/Hypertensive and/or have Abnormal Echocardiogram Findings

Since we identified within the group of children descending from normal pregnancies those
ones with cardiac findings who were already dispesarized in the department of pediatric cardiology,
or those ones who were overweight/obese, had prehypertension/hypertension, and/or abnormal
echocardiogram findings, we compared the microRNA profile of this group to that one consisting
of children with normal anamnesis, normal BP, normal BMI and normal reference values of
echocardiographic measurements. The performance of receivers operating characteristic (ROC) curve
analysis revealed that only miR-21-5p differentiated children descending from normal pregnancies in
dependence on the presence or absence of postnatal abnormal clinical findings with a sensitivity of
28.95% at a specificity of 90.0% (Figure 1).
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Figure 1. Up-regulation of miR-21-5p in children descending from normal pregnancies that are
overweight/obese, prehypertensive/hypertensive and/or have abnormal echocardiogram findings.
GH: gestational hypertension; PE: preeclampsia; FGR: fetal growth restriction; ROC: receivers operating
characteristic; AUC: Area under the curve; +LR: likelihood ratio positive; –LR: likelihood ratio negative.

2.3. Dysregulation of Cardiovascular/Cerebrovascular Disease Associated microRNAs in Children Descending
from Complicated Pregnancies

MicroRNA gene expression was compared between children descending from normal and
complicated pregnancies (GH, PE, and FGR). MicroRNA gene expression was analyzed in relation
to both aspects, the current presence of cardiovascular risk factors (overweight/obesity and/or
prehypertension/hypertension) and cardiovascular complications (valve problems and heart defects)
and the previous occurrence of pregnancy-related complications with respect to clinical signs (mild
versus severe preeclampsia), dates of delivery (< and > 34 weeks in case of PE, < and > 32 weeks
in case of FGR, respectively). The association between microRNA gene expression and Doppler
ultrasonography parameters (pulsatility index (PI) in the umbilical artery, PI in the middle cerebral
artery, the cerebroplacental ratio, PI in the uterine artery, PI in the ductus venosus, and the presence of
unilateral or bilateral diastolic notch in the uterine artery) was analyzed in the group of complicated
pregnancies (PE and/or FGR). Just the results that reached a statistical significance or displayed a
trend toward aberrant microRNA expression profile in complicated cases are presented below.

2.4. Multiple microRNAs are Up-Regulated in Children Descending from GH Pregnancies

The ROC curve analysis revealed a significant up-regulation of miR-1-3p, miR-17-5p, miR-20a-5p,
miR-21-5p, miR-23a-3p, miR-26a-5p, miR-29a-3p, miR-126-3p, miR-133a-3p, miR-146a-5p, and
miR-181a-5p for children descending from GH pregnancies when the comparison to the controls
was performed (Figure 2).

338



Int. J. Mol. Sci. 2019, 20, 654

Figure 2. Cont.

339



Int. J. Mol. Sci. 2019, 20, 654

Figure 2. Cont.

340



Int. J. Mol. Sci. 2019, 20, 654

Figure 2. Cont.

341



Int. J. Mol. Sci. 2019, 20, 654

 
Figure 2. Postnatal microRNA expression profile in children descending from GH pregnancies. (a–k)
Up-regulation of miR-1-3p, miR-17-5p, miR-20a-5p, miR-21-5p, miR-23a-3p, miR-26a-5p, miR-29a-3p,
miR-126-3p, miR-133a-3p, miR-146a-5p, and miR-181a-5p was observed in children descending from
GH pregnancies when the comparison to the controls was performed.

The sensitivity at 10.0% false positive rate (FPR) for miR-1-3p (46.3%), miR-17-5p (29.63%),
miR-20a-5p (20.37%), miR-21-5p (29.63%), miR-23a-3p (27.78%), miR-26a-5p (16.67%), miR-29a-3p
(35.19%), miR-126-3p (29.63%), miR-133a-3p (37.04%), miR-146a-5p (18.52%), and miR-181a-5p (31.48%)
was found (Figure 2).

2.5. Up-Regulation of miR-21-5p, miR-23a-3p, miR-26a-5p, miR-103a-3p, miR-125b-5p, miR-195-5p, and
miR-342-3p in Children with Normal Postnatal Clinical Findings Descending from GH Pregnancies

Concurrently, it was observed that the expression of miR-21-5p, miR-23a-3p, miR-26a-5p,
miR-103a-3p, miR-125b-5p, miR-195-5p, and miR-342-3p differed significantly between the groups
of children affected with GH with normal postnatal clinical findings and the controls (Figure 3).
The sensitivity of individual microRNAs at 10.0% FPR was the following: miR-21-5p (39.13%),
miR-23a-3p (34.78%), miR-26a-5p (21.74%), miR-103a-3p (30.43%), miR-125b-5p (47.83%), miR-195-5p
(34.78%), and miR-342-3p (21.74%) (Figure 3).
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Figure 3. Postnatal microRNA expression profile in children with normal postnatal clinical findings
descending from GH pregnancies. (a–g) Up-regulation of miR-21-5p, miR-23a-3p, miR-26a-5p,
miR-103a-3p, miR-125b-5p, miR-195-5p and miR-342-3p was observed in children with normal
postnatal clinical findings descending from GH pregnancies.

Screening based on the combination of miR-26a-5p and miR-195-5p showed the highest accuracy
for children with normal clinical findings with a prior exposure to GH (AUC 0.717, p = 0.001, sensitivity
86.96%, specificity 52.0%, cut off > 0.246824). It was able to identify 34.78% children with an increased
cardiovascular risk at 10.0% FPR (Figure 4).

 
Figure 4. Combined postnatal screening of microRNAs in the identification of children with normal
postnatal clinical findings descending from GH pregnancies. Postnatal combined screening of
miR-26a-5p and miR-195-5p showed the highest accuracy for the identification of children with
normal clinical findings with a prior exposure to GH at a higher risk of later development of
cardiovascular/cerebrovascular diseases.
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2.6. Up-Regulation of miR-20a-5p in Children with Abnormal Postnatal Clinical Findings Descending from
GH Pregnancies

Overall, the group with abnormal postnatal clinical findings consisted of 31/54 children (57.41%)
exposed to GH, 5 children already dispesarized in the department of pediatric cardiology, 12 children
with abnormal echocardiographic findings (6 tricuspid valve regurgitation, 1 mitral valve regurgitation,
3 pulmonary valve regurgitation, 1 bicuspid aortic valve regurgitation, 1 ventricular septum defect, 2
foramen ovale apertum), 17 children with prehypertension/hypertension, and 3 children with high
BMI. miR-20a-5p expression differed between the groups of children affected with GH with abnormal
postnatal clinical findings and the controls. miR-20a-5p differentiated between the children descending
from pregnancies affected with GH with abnormal postnatal clinical findings and the controls with a
sensitivity of 25.81% at 10.0% FPR (Figure 5).

Figure 5. Increased expression of miR-20a-5p in children with abnormal postnatal clinical findings
descending from GH pregnancies. Increased expression of miR-20a-5p was found in children with
abnormal postnatal clinical findings descending from GH pregnancies.

2.7. Up-Regulation of miR-1-3p, miR-17-5p, miR-29a-3p, miR-126-3p, miR-133a-3p, miR-146a-5p, and
miR-181a-5p in Children Descending from GH Pregnancies Irrespective of Postnatal Clinical Findings

The ROC curve analysis showed the difference in gene expression of miR-1-3p, miR-17-5p,
miR-29a-3p, miR-126-3p, miR-133a-3p, miR-146a-5p, and miR-181a-5p between the controls and the
group of children exposed to GH with postnatal normal clinical findings or children with a prior
exposure to GH that already developed any cardiovascular complication (valve problems and heart
defects) or were identified to be overweight/obese and/or prehypertensive/hypertensive (Figure 6).
The sensitivity at 10.0% FPR for miR-1-3p (47.83% versus 45.16%) and miR-17-5p (30.43% versus
29.03%) for children descending from GH pregnancies with postnatal normal and abnormal clinical
findings was approximately equal (Figure 6). The sensitivity at 10.0% FPR for miR-29a-3p (39.13%
versus 32.26%), miR-126-3p (39.13% versus 22.58%), miR-133a-3p (43.48% versus 32.26%), miR-146a-5p
(26.09% versus 12.9%), and miR-181a-5p (39.13% versus 25.81%) was slightly higher for children
descending from GH pregnancies with postnatal normal clinical findings when compared to those
ones with postnatal abnormal clinical findings (Figure 6).
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Figure 6. Postnatal microRNA expression profile in children descending from GH pregnancies
irrespective of postnatal clinical findings. (a–g) Increased expression of miR-1-3p, miR-17-5p,
miR-29a-3p, miR-126-3p, miR-133a-3p, miR-146a-5p, and miR-181a-5p was observed in children
descending from GH pregnancies with normal or abnormal postnatal clinical findings. The ROC curve
analysis showed the difference in microRNA gene expression between the controls and the group of
children exposed to GH with postnatal normal clinical findings or children with a prior exposure to
GH that already developed any cardiovascular complication (valve problems and heart defects) or
were identified to be overweight/obese and/or prehypertensive/hypertensive.

Combined screening of miR-1-3p, miR-29a-3p, miR-126-3p, miR-133a-3p, and miR-181a-5p
showed the highest accuracy for children with a prior exposure to GH with normal clinical findings
(AUC 0.803, p < 0.001, sensitivity 82.61%, specificity 74.0%, cut off > 0.224754). It was able to identify
47.83% children with an increased cardiovascular risk at 10.0% FPR (Figure 7).

In addition, the combination of all seven microRNA biomarkers (miR-1-3p, miR-17-5p,
miR-29a-3p, miR-126-3p, miR-133a-3p, miR-146a-5p, and miR-181a-5p) may be used to identify
children with a prior exposure to GH with abnormal clinical findings (AUC 0.801, p < 0.001, sensitivity
70.97%, specificity 76.0%, cut off > 0.353483). It was able to identify 38.71% children with an increased
cardiovascular risk at 10.0% FPR (Figure 8).
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Figure 7. Combined postnatal screening of microRNAs in the identification of children with normal
postnatal clinical findings descending from GH pregnancies. Postnatal combined screening of
miR-1-3p, miR-29a-3p, miR-126-3p, miR-133a-3p and miR-181a-5p showed the highest accuracy for the
identification of children with normal clinical findings with a prior exposure to GH at a higher risk of
later development of cardiovascular/cerebrovascular diseases.

Figure 8. Combined postnatal screening of microRNAs in the identification of children with abnormal
postnatal clinical findings descending from GH pregnancies. Postnatal combined screening of miR-1-3p,
miR-17-5p, miR-29a-3p, miR-126-3p, mir-133a-3p, miR-146a-5p, and miR-181a-5p showed the highest
accuracy for the identification of children with abnormal clinical findings with a prior exposure to GH
at an increased risk of later onset of cardiovascular/cerebrovascular diseases.
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2.8. Cardiovascular/Cerebrovascular Disease Associated microRNAs are Dysregulated in Children Descending
from PE Pregnancies

Overall, the group with abnormal postnatal clinical findings consisted of 63/133 children
(47.37%) exposed to PE 19 children already dispesarized in the department of pediatric cardiology,
18 children with abnormal echocardiographic findings (7 tricuspid valve regurgitation, 2 mitral valve
regurgitation, 1 pulmonary valve regurgitation, 1 ventricular septum defect, 1 atrial septum defect,
1 hypertrophic ventricular septum, 9 foramen ovale apertum, and 1 arrhythmia), 36 children with
prehypertension/hypertension and 5 children with high BMI. Abnormal clinical findings were found
in 16/27 children affected with mild PE (59.3%), 47/106 children exposed to severe PE (44.3%), 26/49
children exposed to early PE (53.1%), and 37/84 children affected with late PE (44.0%).

2.9. Increased Expression of miR-133a-3p in Children Descending from PE Pregnancies

The ROC curve analysis was able to identify up-regulated expression profile of miR-133a-3p in
22.56% children affected with PE regardless of the severity of the disease and the delivery date at 10.0%
FPR (Figure 9a).
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Figure 9. Increased expression of miR-133a-3p in children descending from PE pregnancies. (a–c)
Increased expression of miR-133a-3p was observed in children descending from PE pregnancies
regardless of the severity of the disease and delivery date, severe PE and late PE; (d,e) Increased
expression of miR-133a-3p was found in children with both normal and abnormal postnatal clinical
findings previously exposed to severe PE and late PE; (f) Increased expression of miR-133a-3p was
found in children with normal postnatal clinical findings previously exposed to early PE.

Subsequently, miR-133a-3p differentiated between children affected with severe PE and controls
with a sensitivity of 23.58% at a specificity of 90.0% (Figure 9b).

Parallel, miR-133a-3p was able to identify children exposed to late PE with a sensitivity of 21.43%
at a specificity of 90.0% (Figure 9c).

In addition to that, the consecutive analysis showed that the accuracy of miR-133a-3p biomarker
for severe PE affected children identified to have normal or abnormal clinical findings was 25.42% and
21.28% sensitivity at 10.0% FPR (Figure 9d).

Similarly, postnatal screening of miR-133a-3p was able to identify children with a history of
late PE with either normal or abnormal clinical findings with a sensitivity of 19.15% and 24.32% at a
specificity of 90.0% (Figure 9e).

Parallel, ROC curve analysis of miR-133a-3p identified a significant proportion of children with
normal clinical findings exposed to early PE during gestation (a sensitivity of 39.13% at 10.0% FPR)
(Figure 9f).

2.10. Increased Expression of miR-1-3p, miR-20a-5p, miR-103a-3p, and miR-342-3p in Children with
Abnormal Clinical Findings Descending from PE Pregnancies

The sensitivity at 10.0% FPR for miR-1-3p for children exposed to late PE was 27.38% and miR-1-3p
showed even a higher performance for children with abnormal postnatal clinical findings that were
exposed to late PE (a sensitivity of 35.14% at a specificity of 90.0%) (Figure 10a).

Furthermore, at 10.0% FPR, miR-103a-3p was up-regulated in 12.77% and 13.51% children with
abnormal clinical findings that were exposed to severe PE or late PE (Figure 10b,c).

In addition, miR-20a-5p was up-regulated in 13.51% children with abnormal clinical findings with
a prior exposure to late PE (Figure 10d).

MiR-342-3p represented the unique marker, which was able to differentiate between the group of
children with abnormal clinical findings that were exposed to early PE and the controls (a sensitivity
of 26.92% at 10.0% FPR) (Figure 11).
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Figure 10. Postnatal microRNA expression profile in children with abnormal postnatal clinical findings
descending from PE pregnancies. (a) Increased expression of miR-1-3p was found in children with
abnormal postnatal clinical findings exposed to late PE; (b,c) Increased expression of miR-103a-3p was
observed in children with abnormal postnatal clinical findings exposed to severe PE or late PE; (d)
Increased expression of miR-20a-5p was found in children with abnormal postnatal clinical findings
with a prior exposure to late PE.

 
Figure 11. Decreased expression of miR-342-3p in children with abnormal postnatal clinical findings
descending from early PE pregnancies.

The combination of miR-103a-3p and miR-133a-3p (AUC 0.637, p = 0.015, sensitivity 70.21%,
specificity 56.0%, cut off > 0.429300) was superior over using only individual microRNA biomarkers,
since it was able to identify at 10.0% FPR within the group of children with abnormal clinical findings
previously exposed to severe PE 21.28% children with an increased cardiovascular risk (Figure 12).
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Figure 12. Combined postnatal screening of microRNAs in the identification of children with abnormal
postnatal clinical findings descending from severe PE pregnancies. Postnatal combined screening of
miR-103a-3p and miR-133a-3p showed the highest accuracy for the identification of children with
abnormal clinical findings with a prior exposure to severe PE at a higher risk of later development of
cardiovascular/cerebrovascular diseases.

Parallel, combined screening of four microRNAs (miR-1-3p, miR-20a-5p, miR-103a-3p, and
miR-133a-3p) showed the highest accuracy for children with abnormal clinical findings with a prior
exposure to late PE (AUC 0.701, p < 0.001, sensitivity 59.46%, specificity 72.0%, cut off > 0.391116).
It was able to identify 32.43% children with an increased cardiovascular risk at 10.0% FPR (Figure 13).

 
Figure 13. Combined postnatal screening of microRNAs in the identification of children with abnormal
postnatal clinical findings descending from late PE pregnancies. Postnatal screening based on the
combination of miR-1-3p, miR-20a-5p, miR-103a-3p, and miR-133a-3p showed the highest accuracy
for the identification of children with abnormal clinical findings with a prior exposure to late PE at a
higher risk of later development of cardiovascular/cerebrovascular diseases.
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2.11. Up-Regulation of miR-20b-5p in Children with Normal Clinical Findings Descending from Mild PE
Pregnancies

MiR-20b-5p was the only biomarker that differentiated between the group of children with normal
clinical findings that were exposed to mild PE and the controls (a sensitivity of 36.36% at 10.0% FPR)
(Figure 14).

Figure 14. Increased expression of miR-20b-5p in children with normal postnatal clinical findings
descending from mild PE pregnancies.

2.12. Dysregulation of Cardiovascular/Cerebrovascular Disease Associated microRNAs in Children Descending
from FGR Pregnancies

Overall, the group with abnormal postnatal clinical findings consisted of 22/34 children
(64.7%) exposed to FGR (9 children already dispesarized in the department of pediatric
cardiology, 9 children with abnormal echocardiographic findings (4 tricuspid valve regurgitation,
3 pulmonary valve regurgitation, 1 atrial septum defect, 6 foramen ovale apertum), 9 children with
prehypertension/hypertension and 1 child with high BMI). Abnormal clinical findings were found in
7/13 children affected with early FGR (53.85%), and in 15/21 children exposed to late FGR (71.43%).

2.13. Increased Expression of miR-17-5p, miR-126-3p and miR-133a-3p in Children with Abnormal Clinical
Findings Descending from FGR Pregnancies

MiR-17-5p, miR-126-3p, and miR-133a-3p differentiated between the group of children with
abnormal clinical findings that were affected with FGR and the controls with a sensitivity of 22.73 %,
31.82% and 31.82% at a specificity of 90.0% (Figure 15a–c).

The combination of all examined microRNAs (AUC 0.710, p = 0.002, sensitivity 63.64%, specificity
78.0%, cut off > 0.305781) was superior over using only individual microRNA biomarkers, since it was
able to identify at 10.0% FPR within the group of children with abnormal clinical findings affected
with FGR 40.91% children with an increased cardiovascular risk (Figure 16).
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Figure 15. Postnatal microRNA expression profile in children with abnormal postnatal clinical
findings descending from FGR pregnancies. (a–c) Increased expression of miR-17-5p, miR-126-3p, and
miR-133a-3p was observed in children with abnormal postnatal clinical findings descending from
FGR pregnancies.
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Figure 16. Combined postnatal screening of microRNAs in the identification of children with
abnormal postnatal clinical findings descending from FGR pregnancies. Postnatal screening based
on the combination of miR-17-5p, miR-126-3p and miR-133a-3p showed the highest accuracy for the
identification of children with abnormal clinical findings with a prior exposure to FGR at a higher risk
of later development of cardiovascular/cerebrovascular diseases.

2.14. The Association between Postnatal Expression of miR-210-3p and the Severity of PE and/or FGR with
regard to Doppler Ultrasonography Parameters

The index of pulsatility in the ductus venosus (DV) showed a strong positive correlation with
miR-210-3p gene expression in children with a history of PE and/or FGR (Figure 17). That means that
children with prior findings of DV dilatation indicating poor outcome in severe FGR demonstrated
increased postpartum levels of miR-210-3p.

 
Figure 17. Association between postnatal miR-210-3p expression and the pulsatility index in the ductus
venosus in PE and/or FGR patients. The pulsatility index in the ductus venosus showed a strong
positive correlation with miR-210-3p gene expression in patients with a history of PE and/or FGR.

The results of aberrant expression profile of microRNAs in children descending from
pregnancy-related complications are summarized in Table 1.
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2.15. The Effect of Children Age on Particular microRNA Expression in Children Descending from Normal and
Complicated Pregnancies

The effect of children age on particular microRNA expression in children descending from normal
and complicated pregnancies is discussed in supplementary file (Figures S1–S4).

3. Discussion

Cardiovascular/cerebrovascular disease associated microRNA expression profile was assessed in
children at the age of 3 to 11 years. Subsequently, epigenetic profile was compared between groups
descending from pregnancies that had normal course of gestation or were complicated by GH, PE,
and FGR, and correlated with the severity of the disease with regard to clinical signs (mild versus
severe preeclampsia), dates of delivery (< and >34 weeks in case of PE, < and >32 weeks in case of
FGR, respectively), and Doppler ultrasound parameters.

Initially, we collected the anamnesis at children and parents, performed medical examination
(BP measurement, and BMI assessment) and utilized Doppler echocardiography to check the heart’s
anatomy and function and diagnose or rule out cardiac problems in the studied cohorts. That is the
reason why the control group of children after normal pregnancies consisted just of those children
who had normal BP, normal BMI, normal reference values of echocardiographic measurements and no
cardiac findings in anamnesis. The second group of offspring born out of normal pregnancies consisted
of children either already dispensarized in the department of pediatric cardiology, or those ones who
were indicated during our medical examination to have valve problems and heart defects, abnormal
BP or BMI. In general, the expression profile of microRNAs was equal between these two groups of
children descending from uncomplicated pregnancies with an exception of miR-21-5p, which was
up-regulated in a proportion of children with abnormal clinical findings (28.95%). According to our
opinion, this group of children would benefit from dispensarization and implementation of primary
prevention strategies, since it may be at higher risk of later development of cardiovascular diseases.

Since we identified a large proportion of children with abnormal clinical findings within groups
descending from complicated pregnancies (57.41% children with a prior exposure to GH, 47.37%
children exposed to PE, and 64.7% children affected with FGR), we analyzed also microRNA gene
expression in relation to both aspects, the current presence or absence of cardiovascular risk factors
(overweight/obesity and/or prehypertension/hypertension) and cardiovascular complications (valve
problems and heart defects) and the previous occurrence of pregnancy-related complications.

As expected, the expression profile of microRNAs differed between children with a history
of complicated pregnancies (GH, PE, and FGR) and controls. With respect to particular
pregnancy-related complication subtypes, abnormal expression profile of multiple microRNAs was
found in children affected with GH (15/29 studied microRNAs: miR-1-3p, miR-17-5p, miR-20a-5p,
miR-21-5p, miR-23a-3p, miR-26a-5p, miR-29a-3p, miR-103a-3p, miR-125b-5p, miR-126-3p, miR-133a-3p,
miR-146a-5p, miR-181a-5p, miR-195-5p, and miR-342-3p), clinically established PE (6/29 studied
microRNAs: miR-1-3p, miR-20a-5p, miR-20b-5p, miR-103a-3p, miR-133a-3p, miR-342-3p) and FGR
(3/29 studied microRNAs: miR-17-5p, miR-126-3p, miR-133a-3p).

Interestingly, a set of microRNAs associated with cardiovascular/cerebrovascular diseases
(miR-1-3p, miR-17-5p, miR-29a-3p, miR-126-3p, miR-133a-3p, miR-146a-5p, and miR-181a-5p) was
dysregulated in both groups of children with a prior exposure to GH regardless of the occurrence
of postnatal clinical findings. Seven additional microRNAs (miR-21-5p, miR-23a-3p, miR-26a-5p,
miR-103a-3p, miR-125b-5p, miR-195-5p, and miR-342-3p) were observed to be dysregulated in children
affected with GH with normal postnatal clinical findings. In addition, higher expression levels of
miR-20a-5p were detected in children with a prior exposure to GH, who were found to have abnormal
clinical findings.

With regard to miR-133a-3p, a group of children exposed to PE produced similar findings to the
group of children affected with GH. MiR-133a-3p up-regulation appeared in 37.04% and 22.56%
children descending from GH or preeclamptic pregnancies irrespective of the postnatal clinical

364



Int. J. Mol. Sci. 2019, 20, 654

findings. Nevertheless, miR-133a-3p up-regulation was detected mainly in a group of children affected
with severe PE (23.58%) and late PE (21.43%). On the other hand, up-regulation of miR-133a-3p
appeared only in those children affected with FGR that were identified to have abnormal clinical
findings (31.82%).

This study showed similar findings to our previous study [44], where we observed increased
expression of miR-133a-3p in umbilical cord blood from patients with PE and/or FGR that had
decreased values of the CPR indicating a protective reaction of the fetus against hypoxia. We suggest
that the increased expression of miR-133a-3p found in a proportion of children previously exposed to
GH, PE and/or FGR may be a long-term consequence of pregnancy-related complications. We suppose
that up-regulation of miR-133a-3p may have rather compensatory than harmful effect, but postnatal
miR-133a-3p screening may stratify a risky group of children predisposed to later cardiovascular
disease development.

Interestingly, the data resulting from our previous studies [44,45] indicated that miR-1-3p was
significantly up-regulated in placental tissues or umbilical cord blood of PE and/or FGR patients
with an abnormal index of pulsatility in the umbilical artery or the signs of centralization of the fetal
circulation, or in late PE, apparently as a consequence of an incapacity of maternal cardiovascular
system to deal with the demands of an advanced pregnancy. That’s why the increased expression
of miR-1-3p present in circulation of children born out of pregnancies complicated with GH or late
PE may also be associated with previous occurrence of hypertensive disorders of pregnancy. A large
proportion of children with an up-regulated miR-1-3p profile with a prior exposure to GH (47.83%
children with normal clinical findings and 45.16% children with abnormal clinical findings) or late PE
(35.14% children with abnormal clinical findings) was identified. We suppose that children descending
from complicated pregnancies with aberrant expression profile of miR-1-3p are at a higher risk of later
onset of cardiovascular diseases, and should be carefully monitored in the long term.

This study demonstrated that the dysregulation of at least two microRNAs (miR-1-3p and
miR-133a-3p) caused by pregnancy complications in placental tissues and/or umbilical cord blood is
present as well in circulation of children with hindsight (3 to 11 years after the birth) after the exposure
to GH, PE, or FGR. It is obvious that changes in epigenome induced by pregnancy complications
in placental tissue and umbilical cord blood may cause later development of cardiovascular and
cerebrovascular diseases in offspring. An impact of the environment on early life epigenetic
programming might support the phenomena known as developmental programming and explain the
developmental origins of diseases. It is well known that complex diseases, such as diabetes, obesity,
and heart disease, result from the interaction between genetic and environmental factors. Alternatively,
other explanations to the aberrant microRNA expression in pregnancy-related complications may
be taken into consideration. For instance, it may be that complicated pregnancies induce changes in
proportional representation of any of cell subpopulations including endothelial stem cells and immune
cells, which may be the cause of different microRNA expression.

However, it is also evident that epigenetic profiles of other microRNAs have been changing
with time by force of various circumstances, since several microRNAs which were up-regulated in
children exposed to GH (miR-17-5p, miR-20a-5p, miR-21-5p, miR-23a-3p, miR-29a-3p, miR-146a-5p,
and miR-181a-5p), PE (miR-20a-5p, and miR-20b-5p) or FGR (miR-17-5p) were not observed to be
dysregulated in placental tissues and/or umbilical cord blood during the clinical manifestation of
pregnancy-related complications [44,45].

In parallel, several microRNAs which were up-regulated in children exposed to GH (miR-26a-5p,
miR-103a-3p, miR-125b-5p, miR-126-3p, miR-195-5p, and miR-342-3p), PE (miR-103a-3p, and
miR-342-3p) or FGR (miR-126-3p) were observed to be down-regulated in placental tissues and/or
umbilical cord blood during the clinical manifestation of pregnancy-related complications [44,45].

However, existing data suggests that these microRNAs play a role in the pathogenesis of
cardiovascular/cerebrovascular diseases (Table 2) [21,23,25,29,39,46–138].
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MiR-1-3p is from the precursors for miR-1-1 and miR-1-2 encoded by distinct genes located
on chromosome 20q13.3 and on chromosome 18q11.2 [46]. MiR-1 is abundantly expressed in
cardiac and skeletal muscles, especially in myocardium. Extracellular miR-1 levels are significantly
increased in patients with acute MI and highly correlate with circulating troponin T, a reliable
marker of cardiac damage [47]. MiR-1 also represents a promising therapeutic target in treatment of
cardiovascular diseases, heart ischemia, and post-MI complications. Inhibition of miR-1 with antisense
oligonucleotides is cardioprotective, since it leads to reduction of apoptosis, increase of resistance to
oxidative stress, and attenuation of spontaneous arrhythmogenic oscillations [48–50].

A large proportion of children with an up-regulated miR-1-3p profiles with a prior exposure
to GH (47.83% children with normal clinical findings and 45.16% children with abnormal clinical
findings) or late PE (35.14% children with abnormal clinical findings) was identified. We suppose that
children descending from complicated pregnancies with aberrant expression profiles of miR-1-3p are
at a higher risk of later onset of cardiovascular diseases, and should be carefully monitored in the
long term.

MiR-17-5p, a member of miR-17-92 cluster, located on the human chromosome 13q31.3 [51,52],
is overexpressed in endothelial cells and lowly expressed in vascular smooth muscle cells [53].
MiR-17p~92 microRNAs were found to play a major role in cardiac development, since the
hearts of miR-17p~92 deficient mutant embryos presented a clear ventricular septal defect [54].
Moreover, multiple studies have also confirmed the involvement of miR-17-5p in regulating
ischemia/reperfusion-induced cardiac injury (I/R-I). Up-regulation of miR-17-5p has been reported to
promote apoptosis induced by oxidative stress via targeting Stat3 in in vivo I/R-I mouse model and
in vitro cellular model of oxidative stress induced by H202 [55]. The inhibition of miR-17-5p by its
specific inhibitors preserved cell survival and rescued cell death in both in in vivo I/R-I mouse and
in vitro cellular oxidative stress models [55] and improved cardiac function after acute myocardial
infarction via weakening of apoptosis in endothelial cells in SD rat model [56]. Kaucsar et al. reported
that miR-17-5p was activated during kidney ischemia-reperfusion injury in mice [57]. In humans,
circulating miR-17-5p represents one of the potential up-regulated biomarkers for diffuse myocardial
fibrosis in hypertrophic cardiomyopathy [58], in patients with acute ischemic stroke [59], and for the
severity of coronary artery disease [60]. Our data showed that miR-17-5p was overexpressed in a
proportion of children with a prior exposure to GH, regardless of normal or abnormal clinical findings
(30.43% versus 29.03%), and in children previously affected with FGR, however only with abnormal
clinical findings (22.73%). In view of the fact that the overexpression of miR-17-5p is associated with a
high cardiovascular risk, we suppose that children with aberrant expression profile of miR-17-5p need
to be stratified as soon as possible to prevent them from later cardiovascular disease development.

MiR-20a-5p belongs to the miR-17 family and is also transcribed from the miR-17-92 cluster
located on the human chromosome 13q31.3 [61]. MiR-20a is involved with inflammatory
signaling in pulmonary hypertension [62]. Intraperitoneal injections of antagomiR-20a significantly
down-regulated the expression levels of miR-20a-5p and restored functional levels of bone
morphogenetic protein receptor type 2 (BMPR2) in pulmonary arteries in hypoxia-induced pulmonary
hypertension mouse model [62]. A previous pilot study of Zhu et al. demonstrated increased plasma
levels of miR-17-5p and miR-20a-5p also in patients diagnosed with gestational diabetes mellitus
(GDM) at 16–19 weeks of gestation [63]. Our results support the involvement of miR-20a-5p in
pathogenesis of pathologies enhancing a cardiovascular risk, since overexpression of miR-20a-5p
was identified only in a proportion of children with abnormal clinical findings that were previously
exposed to GH (25.81%) or preeclampsia terminated after 34 weeks of gestation (13.51%). The early
identification of this risky group of children may improve their future cardiovascular health.

MiR-20b-5p also belongs to the miR-17 family, however is transcribed from the miR-106a-363
cluster located on chromosome Xq26.2 [61]. Recent study showed that increased plasmatic levels
of miR-20b served as one of selected biomarkers in hypertension-induced heart failure in adult
male Dahl salt-sensitive rats [64]. In addition, higher levels of miR-20b-5p were found in second
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trimester maternal sera of pregnancies with small-for-gestational age fetuses when compared with
appropriate-for-gestational age fetuses [65]. In our study, mir-20b-5p represented a unique biomarker
that was up-regulated in a proportion of children with contemporary normal clinical findings that
were previously affected with mild preeclampsia (36.36%). Due to the lack of information on aberrant
expression profile of miR-20b-5p in cardiovascular diseases, its role in children descending from
complicated pregnancies remains for us unclear.

MiR-21-5p and miR-21-3p are encoded by the gene located on chromosome 17q23.2 [66] and
mediate the homeostasis of the cardiovascular system [67]. Overexpression of miR-21 promotes cardiac
fibrosis and development of heart failure with preserved left ventricular ejection fraction. Inhibition of
miR-21 by miR-21 antagonists led to amelioration of cardiac atrophy and cardiac fibrosis [68]. MiR-21 is
upregulated by HIF-1α under hypoxia in cardiomyocytes and silencing of HIF-1α and inhibition of
miR-21 increase the apoptosis of hypoxic cardiomyocytes [69]. Extracellular miR-21 can be used as
a biomarker for the diagnosis and prognosis of heart failure. Serum levels of miR-21 were higher in
patients with heart failure than in controls, and correlated with ejection fraction and brain natriuretic
peptide [70]. In our study miR-21-5p was up-regulated in a proportion of children descending from
normal pregnancies with abnormal clinical findings (28.95%) and in children descending from GH
pregnancies with normal clinical findings (39.13%). According to our opinion, this group of children
would benefit from dispensarization and implementation of primary prevention strategies, since it
may be at higher risk of later development of cardiovascular diseases.

MiR-23a, encoded by a gene located at chromosome 19p13.12, has two mature microRNAs:
miR-23a-5p and miR-23a-3p. MiR-23a regulates cardiomyocyte apoptosis, a key pathogenesis factor of
heart failure, by targeting manganese superoxide dismutase [71] and the vasculogenesis of coronary
artery disease via targeting epidermal growth factor receptor [72]. Extracellular miR-23a may be a new
biomarker for coronary artery disease, since increased levels of miR-23a may be used to predict the
presence and severity of coronary lesions in patients with coronary artery disease [72]. MiR-23a-3p
also suppressed oxidative stress injury in a mouse model of focal cerebral ischemia-reperfusion [73].
Since our study demonstrated overexpression of miR-23a-3p in a proportion of children with normal
clinical findings born of GH complicated pregnancies only (34.78%), we suppose that compensatory
effect of miR-23a-3p may appear more likely in these children to normalize cardiomyocyte state
and vasculogenesis.

MiR-26a-5p is produced by miR-26a-1 and miR-26a-2, whose genes are located on chromosomes
3p22.2 and 12q14.1 [74]. MiR-26a-5p was demonstrated to regulate the autophagy in cardiac fibroblasts
by targeting a key component of autophagy pathway, ULK1 (unc-51 like autophagy activating kinase 1).
Overexpression of miR-26a-5p reduces the expression of ULK1 and decreases the activation of LC3-I to
LC3-II (microtubule-associated protein 1 light chain) participating in the formation of autophagosome
membranes during autophagy [75]. Autophagy plays a protective role in heart failure and cardiac
hypertrophy by removing damaged proteins [65]. Nevertheless, in some cases inhibited autophagy
may also improve cardiac function [75]. Since our study showed overexpression of miR-26a-5p in a
proportion of children with normal clinical findings that were affected with GH (21.74%), we suggest
that this phenomenon may have protective effect against potential development of cardiac fibrosis.

MiR-29a-3p, a member of miR-29 family, is encoded by a gene located on chromosome 7q32.3.
Antagomirs against miR-29a significantly increased Mcl-2 expression and significantly reduced
myocardial infarct size and apoptosis in rat hearts subjected to ischaemia-reperfusion injury [76].
Increased expression of miR-29a-3p was also observed in cardiac cachexia, a common complication
of heart failure, in Wistar rat models [77]. In patients with atrial fibrillation, overexpression of
miR-29a-3p found in the biopsies collected from the right atrial appendage during the general surgical
procedure was associated with underexpression of calcium voltage-gated channel subunit alpha 1C
(CACNA1C) [78]. Circulating miR-29a-3p represents one of potential up-regulated biomarkers for
diffuse myocardial fibrosis in hypertrophic cardiomyopathy [58]. Previous pilot study of Zhu et al.
demonstrated increased plasma levels of miR-29a-3p in GDM patients at 16–19 weeks of gestation [63].
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Serum mir-29a-3p levels were also shown to be elevated in patients with recent diagnosis of type 2
diabetes mellitus (T2DM) [23]. Moreover, overexpression of miR-29a-3p was found in resistance
arterioles obtained by biopsy from T2DM patients [79]. Our study indicated the presence of
overexpression of miR-29a-3p in both groups of children with normal and abnormal clinical findings
descending from pregnancies complicated by GH (39.13% versus 32.26%). We believe that this group
of children is endangered by later development of cardiovascular diseases and would benefit from
early prevention programs to decrease a cardiovascular risk.

MiR-103 and miR-107 are paralogous microRNAs binding the same target sites. MiR-103 is
encoded by two different genes located on chromosomes 5q34 and 20p13 [80]. Both genes generate
miR-103a-3p. MiR-103/107 regulate programmed necrosis and myocardial ischemia/reperfusion
injury via targeting FADD (Fas-associated protein with death domain). Both miR-103 and miR-107
are overexpressed in the ischemic zone of ischemic heart. Plasma miR-103a concentration is also
significantly elevated in patients with high blood pressure and acute myocardial infarction [81].
Injection of miR-103/107 antagomir led to a reduction of FADD and induced a reduction in the
myocardial necrosis and myocardial infarct sizes [82]. MiR-103/107 is also involved in hypoxia-induced
pulmonary hypertension through hypoxia-induced proliferation of pulmonary arterial smooth
muscle cells via targeting HIF-1β. Nevertheless, in this model miR-103/107 induced overexpression
led to inhibition of hypoxia induced pulmonary arterial smooth muscle cell proliferation and
hypoxia-induced pulmonary hypertension [83]. In addition, miR-103/107 play the central importance
in regulation of insulin sensitivity. Overexpression of miR-103/107 is present in obese mice
and silencing of miR-103/miR-107 leads to the improvement of glucose homeostasis and insulin
sensitivity [84]. Our data are similar to findings of Huang et al. [81] and Trajkovski et al. [84]. Since we
identified overexpression of miR-103a-3p in a proportion of children with abnormal clinical findings
who were exposed to severe preeclampsia (12.77%) and or preeclampsia developing after 34 weeks of
gestation (13.51%), we consider up-regulation of miR-103-3p in circulation of children as a highly risky
feature of potential development of cardiovascular diseases.

There are two paralogs, miR-125b-1 on chromosome 11q24.1 and miR-125b-2 on chromosome
21q21.1, both producing miR-125b-5p [85]. A set of upregulated circulating microRNAs including
miR-125b-5p was identified to be associated with acute ischemic stroke [86] and acute myocardial
infarction [87]. Overexpression of miR-125b-5p was shown to protect endothelial cells from apoptosis
under oxidative stress via negative regulation of SMAD4 (SMAD family member 4) [88]. In addition,
miR-125b-5p was identified as an ischemic stress-responsive protector against cardiomyocyte apoptosis.
Cardiomyocytes overexpressing miR-125b-5p have increased prosurvival signaling and protected the
heart from acute myocardial infarction by repressing pro-apoptotic bak1 and klf13 [89]. Our results are
consistent with the data of Wei et al. [88] and Bayoumi et al. [89], since we observed overexpression of
miR-125b-5p in a significant proportion of children with normal clinical findings that were previously
affected with GH (47.83%). We suggest that a protective effect of miR-125-5p may be present just in
children previously exposed to minor pregnancy-related complications, while in children exposed to
severe pregnancy-related complications it apparently vanished.

MiR-126, producing miR-126-3p, is an intronic microRNA located in intron 7 of EGFL7 (epidermal
growth factor-like protein 7) gene on chromosome 9q34.3 [90]. MiR-126 regulates endothelial
expression of vascular cell adhesion molecule 1 (VCAM-1) and controls vascular inflammation.
Overexpression of miR-126 decreases VCAM-1 expression and in opposite transfection of endothelial
cells with miR-126 antagomirs increases TNFα-stimulated VCAM-1 expression [21]. MiR-126-3p
was down-regulated in the sera derived from patients with acute myocardial infarction [91] and in
the plasma of type 2 diabetes patients [92]. Recent experiments also demonstrated that intercellular
transfer of miR-126-3p by endothelial microparticles reduced vascular smooth muscle cell proliferation
and limited neointima formation via inhibition of LRP6 (LDL receptor related protein 6) [93]. It seems
that compensatory role of miR-126-3p also appears in a proportion of children with both normal or
abnormal clinical findings with a prior exposure to GH (39.13% versus 22.58%) or FGR (31.82%), most
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likely with the aim to induce suppression of cytokine activated endothelial cells and vascular smooth
muscle cell proliferation.

MiR-133a-3p belongs to the miR-133 family. MiR-133a-1 gene is located on chromosome 18q11.2
and miR-133a-2 gene on chromosome 20q13.33, respectively. Both genes produce miR-133a-3p [94].
MiR-133 was down-regulated with hypertrophy [95], heart failure [96], and down-regulation of
miR-133 also contributed to arrhythmogenesis in the hypertrophic and failing hearts. Induction
of overexpression of miR-133 reduced hypertrophy as well as lead to correction of conduction
abnormalities [97,98]. Furthermore, circulating miR-133a-3p provides one of up-regulated candidates
as potential biomarkers for diffuse myocardial fibrosis in hypertrophic cardiomyopathy [58] and
coronary artery calcification [99]. We suggest that the overexpression of miR-133a-3p observed in our
study in a proportion of children previously exposed to GH, PE and/or FGR may be a long-term
consequence of pregnancy-related complications and we believe that postnatal miR-133a-3p screening
may stratify a risky group of children predisposed to later cardiovascular disease development.

The miR-146 family consists of 2 members, with nearly identical sequences, miR-146a-5p and
miR-146b-5p [100]. MIR146A gene was found within a larger long noncoding RNA host gene,
MIR3142HG, on chromosome 5q33.3 [101]. MiR-146a-5p is actively involved in multiple oncological
processes such as antitumor immune suppression, metastasis, and angiogenesis [102]. MiR-146a-5p
is an anti-inflammatory microRNA, since it functions as a negative regulator of inflammation by
targeting interleukin-1 receptor-associated kinase 1 (IRAK1) and tumor necrosis factor (TNF) receptor
associated factor 6 (TRAF6), resulting in inhibition of NF-κB activation [103]. Furthermore, miR-146a
is one of the microRNAs that is most sensitive to hypoxia. It seems that miR-146a overexpression
can protect the myocardium from I/R damage. Lentivirus expressing miR-146a transfected into
mouse hearts decreased I/R-induced myocardial infarct size and prevented I/R-induced decreases in
ejection fraction and fractional shortening [104]. Increased circulating plasma levels of miR-146a also
correlated with the severity of coronary atherosclerosis in patients with subclinical hypothyroidism
and have been suggested as good predictor for coronary heart disease development among individuals
with elevated TSH levels [105]. Nevertheless, a significant reduction of miR-146a expression was
observed in acute ischemic stroke. A down-regulation of miR-146a was suggested to be a self-protective
response of the brain against the consequences of acute cerebral ischemia injury via the up-regulation
of Fbxl10 expression, which protects neurons from ischemic death [103]. Since we observed the
overexpression of miR-146a-5p in both groups of children with normal and abnormal clinical findings,
whose pregnancies were complicated by GH only (26.09% versus 12.9%), we believe that a protective
role of miR-146a-5p is applied at least at a lesser group of children with the aim to reduce inflammation
and its negative consequences.

MiR-181a and miR-181b cluster together on chromosomes 1q32.1 and 9q33.3. MiR-181a generates
several mature microRNAs involving miR-181a-5p, miR-181a-3p and miR-181a2-3p [106]. The miR-181
family plays a key role in both acute and chronic inflammatory disease states such as atherosclerosis,
type 2 diabetes, and obesity [106]. Nevertheless, contradictory data are reported concerning expression
levels of miR-181a in various pathological conditions. Decreased expression of miR-181a observed
in monocytes of obese patients was associated with the metabolic syndrome and coronary artery
disease [107]. However, another study reported that overexpression of miR-181a-5p in adipocytes
upregulated insulin-stimulated AKT activation and reduced TNFα-induced insulin resistance [108].
Moreover, increased hepatic miR-181a impaired glucose and lipid homeostasis by silencing sirtuin
1 in non-alcoholic fatty liver disease [109]. Several contradictory data are also reported concerning
serum levels of miR-181a in diabetic patients. While serum levels of miR-181a-5p were decreased
in obese and diabetic patients [108], circulating levels of miR-181a were increased in type 1 diabetic
children and adolescents [110]. Nevertheless, circulating miR-181a-5p levels were increased in patients
with ischaemic stroke, transient ischaemic attack and acute myocardial infarction [111,112]. Our study
revealed overexpression of miR-181a-5p in a proportion of children with both normal and abnormal
clinical findings descending from GH pregnancies (39.13% and 25.81%). In view of the inconsistency

371



Int. J. Mol. Sci. 2019, 20, 654

between studies, the role of miR-181a-5p is not clear. Nevertheless, we believe that increased levels of
miR-181a-5p in whole peripheral blood of children previously exposed to GH may predispose to later
development of cardiovascular diseases.

MiR-195 gene is located on the chromosome 17p13.1 and generates two microRNAs, miR-195-5p
and miR-195-3p [113]. MiR-195 is increasing in cardiac hypertrophy, and cardiac miR-195
overexpression results in heart failure [29,114]. MiR-195 is also a powerful regulator of the aortic
extracellular matrix. Administration of miR-195 antagomirs led to significant elevation of elastin and
collagens in the murine aorta, but has no effect on survival and aortic diameter size. Nevertheless,
in plasma samples an inverse correlation between miR-195 and the presence of abdominal aortic
aneurysms and aortic diameter was observed. Surprisingly, miR-195 plasma levels were decreased in
abdominal aortic aneurysms [115]. On the other hand, aortic stenosis caused by leaflet calcification of
the bicuspid aortic valve was associated with down-regulation of miR-195 [116]. The mechanism of
miR-195 action is not completely understood. Since we observed overexpression of miR-195-5p in a
proportion of children with normal clinical findings previously affected with GH only (34.78%), we
suggest that overexpression of miR-195-5p may have rather protective role than harmful effect.

MiR-210-3p, encoded by a gene located on chromosome 11p15.5, is the most prominent microRNA
consistently stimulated under hypoxic conditions. A significant increase of mir-210 levels was detected
in placentas of women with preeclampsia, a condition that is characterized by hypoxia resulting from
inadequate blood supply to the placenta [39]. Several microRNAs involving miR-210 were reported to
be involved in atherosclerotic plaque formation through the regulation of endothelial apoptosis [25,117].
Nevertheless, some authors reported that up-regulated levels of miR-210 positively correlated with
the level of endothelial cell apoptosis [117], while the others found that miR-210 blockage only led
to induction of endothelial cell apoptosis and cell death in hypoxia [128]. Another study showed
that up-regulation of miR-210 had cytoprotective effects, mainly in cardiomyocytes [119] and the
skeletal muscle [118]. Increased serum levels of miR-210 may indicate early stages of atherosclerosis
obliterans [120] and heart failure [121]. MiR-210 also regulates angiogenesis in response to ischemic
injury to the brain. Overexpression of miR-210 may activate the Notch signaling pathway, which
probably contributes to angiogenesis after cerebral ischemia [122]. In view of the fact that we observed
a strong positive correlation between gene expression of miR-210-3p in whole peripheral blood of
children with a history of preeclampsia and/or FGR and the pulsatility index in the ductus venosus,
we believe that children descending from preeclampsia and/or FGR affected pregnancies who had
high postnatal levels of miR-210-3p in their circulation represent a risky group, that is endangered by
the onset of cardiovascular and cerebrovascular diseases in the future, since increased PI in the ductus
venosus is a sign of a poor perinatological outcome.

MiR-342-3p is encoded by a gene located on chromosome 14q32.2. MiR-342-3p is considered
as an obesity-associated microRNA, since it positively regulates adipogenesis of adipose-derived
mesenchymal stem cells by suppressing CtBP2 and releasing the key adipogenic regulator C/EBPα
from CtBP2 binding [123]. A set of up-regulated microRNAs expressed in peripheral blood
mononuclear cells involving mir-342-3p was shared among patients with type 1 diabetes mellitus,
type 2 diabetes mellitus and gestational diabetes mellitus [124]. Urinary exosomal miR-342 was
also expressed at significantly elevated levels in type 2 diabetes mellitus patients [125]. However,
miR-342-3p expression was significantly reduced in endothelial cells isolated from lung and heart
tissues of type 2 diabetes mellitus mice and this inhibition blocked vasculogenesis in vivo by repressing
endothelial proliferation and migration [126]. Decreased expression of miR-342 was also observed
in T regulatory cells of patients with type 1 diabetes mellitus [127]. Moreover, plasma miR-342-3p
was identified as a potential down-regulated biomarker of children aged 5–10 years with endothelial
dysfunction [128]. Our study demonstrated decreased expression of miR-342-3p in a proportion of
children with abnormal clinical findings that were previously exposed to early preeclampsia, which
required the termination of gestation before 34 weeks (26.92%). Therefore, we suggest that this group of
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children is a highly risky group, which would benefit from implementation of early primary prevention
strategies and long-term follow-up.

4. Materials and Methods

4.1. Participants

The study included prospectively collected cohort of Caucasian children born within 2007–2014
descending from pregnancies with GH (n = 54), PE (n = 133), FGR (n = 34), and children after normal
course of gestation (n = 88) that were chosen on the basis of equal age. An in-person visit was conducted
3–11 years after the pregnancy ended. Of the 133 PE pregnancies, 27 were diagnosed with mild PE
and 106 had symptoms of severe PE. In 49 PE pregnancies gestation was terminated before 34 weeks
(early PE) and 84 children were delivered after 34 weeks (late PE). PE occurred mainly in normotensive
patients (128 cases), or exceptionally was superimposed on prior hypertension (5 cases). Thirteen FGR
fetuses required delivery <32 weeks (early FGR) and 21 cases were delivered >32 weeks (late FGR).
Oligohydramnios and/or anhydramnios were present in 20 FGR fetuses and 19 PE cases.

Arterial Doppler examination showed an abnormal pulsatility index (PI) in the umbilical artery
(PI > 95th percentile) in 9 PE and 20 FGR cases and in the middle cerebral artery (PI < 5th percentile)
in 7 PE and 8 FGR cases. The cerebro-placental ratio (CPR) was 5th percentile in 15 PE and 21
FGR cases. The umbilical artery Doppler showed absent and/or zero diastolic flow in 2 PE and 4
FGR cases. The mean PI in the uterine artery >95th percentile was identified in 10 PE and 7 FGR
pregnancies with the presence of unilateral or bilateral diastolic notch in 12 PE and 6 FGR cases. Ductus
venosus examination revealed an absence of flow during atrial contraction (a wave) (deep a wave)
in 1 FGR pregnancy. In addition, abnormal PI of ductus venosus (>1) was detected in 3 PE and/or
FGR pregnancies.

The clinical characteristics of children descending from normal and complicated pregnancies are
presented in Table 3.

Normal pregnancies were defined as those without medical, obstetrical, or surgical complications
at the time of the study and who subsequently delivered full term, singleton healthy infants weighing
>2500 g after 37 completed weeks of gestation.

Gestational hypertension usually develops after 20 weeks of gestation and is defined as high
blood pressure (>140/90 mmHg) without the sign of proteinuria. On the other hand, preeclampsia
is characterized as hypertension (blood pressure > 140/90 mmHg in two determinations 4 h apart)
associated with proteinuria (>300 mg/24 h) that appears after the twentieth week of gestation [129].

Severe preeclampsia is defined by the presence of one or more of the following findings: 1) a
systolic blood pressure over 160 mmHg or a diastolic blood pressure over 110 mmHg, 2) proteinuria
(>5 g of protein in a 24-h sample), 3) very low urine output (<500 mL in 24 h), 4) signs of pulmonary
oedema or cyanosis, 5) impairment of liver function, 6) signs of severe headache, visual disturbances,
7) pain in the epigastric area or right upper quadrant, 8) thrombocytopenia, and 9) the presence of
severe FGR [129].

FGR fetuses are defined as those with the estimated fetal weight (EFW) < 3rd percentile or <10th
percentile for the evaluated gestational age after the adjustments for the appropriate population
standards of the Czech Republic (the Hadlock formula, Astraia Software GmbH). Early onset FGR was
diagnosed when the EFW was less than the third percentile or absent and/or zero diastolic flow was
present in the umbilical artery. In addition, early onset FGR was classified when fetal weight below
the threshold of the 10th percentile was associated with an abnormal pulsatility index in the umbilical
artery (>95th percentile) or an abnormal pulsatility index in the uterine artery (>95th percentile).
Late onset FGR was determined by only one parameter (EWF below the third percentile) or by the
combination of 2 parameters: EFW below the tenth percentile and the cerebro–placental ratio (CPR)
below the fifth percentile. CPR is expressed as a ratio between the middle cerebral artery and the
umbilical artery pulsatility indexes [130–132].
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The presence of absent and/or zero end-diastolic flow (AEDF) in the umbilical artery in mid to
late pregnancy usually occurs as a result of placental insufficiency. Increased resistance (the mean PI >
95th percentile) in the uterine artery with or without the presence of unilateral or bilateral diastolic
notch identifies pregnancies with a risk of placental failure. Centralization of the fetal circulation
manifests itself in redistribution of the circulation in the brain, liver and heart at the expense of the flow
reduction in the periphery and represents a protective reaction of the fetus against hypoxia [133,134].
Absence or reversal of flow during atrial contraction (a wave) (deep a wave in the ductus venosus)
indicates failure of fetal circulatory compensation to supply well oxygenated blood to vital organ.
The pulsatility index of DV more than 1 between the second trimester and term indicates of DV
dilatation and poor outcome in severe fetal growth retardation.

Patients demonstrating other pregnancy-related complications such as premature rupture of
membranes, in utero infections, fetal anomalies or chromosomal abnormalities, and fetal demise in
utero or stillbirth were not involved in the study.

Written informed consent was provided for all participants included in the study. The study
was approved by the Ethics Committee of the Institute for the Care of the Mother and Child, Prague,
Czech Republic (grant no. AZV 16-27761A, Long-term monitoring of complex cardiovascular profile
in the mother, fetus and offspring descending from pregnancy-related complications, date of approval:
28 May 2015) and by the Ethics Committee of the Third Faculty of Medicine, Prague, Czech Republic
(grant no. AZV 16-27761A, Long-term monitoring of complex cardiovascular profile in the mother, fetus
and offspring descending from pregnancy-related complications, date of approval: 27 March 2014).

4.2. BP Measurements

Standardized BP measurements were performed. BP was measured three times in the right arm
after a 5-min rest period during which the participant seated using an automated device (OMRON
M6W, Omron Healthcare Co., Kyoto, Japan) and cuff for arm circumference 17–22 cm (OMRON CS).
The average of the last 2 systolic and diastolic BP was used for the data analyses.

Normal BP was characterized as systolic blood pressure (SBP) and diastolic blood pressure (DBP)
that were below the 90th percentile for gender, age, and height. Hypertension was diagnosed when
average SBP or DBP reached on at least 3 separate occasions ≥95th percentile for gender, age, and
height. Average SBP or DBP levels that were within the range of ≥90th percentile and <95th percentile
were designated as prehypertension [135].

4.3. BMI Assessment

Body weight was measured to the nearest 0.05–0.1 kg using an electronic scale and height was
measured to the nearest 0.1 cm using a built-in stadiometer (calibrated balance scales, RADWAG WPT
100/200 OW, RADWAG, Czech Republic). The BMI Percentile Calculator was used to calculate BMI
in children and teens (https://www.cdc.gov/healthyweight/assessing/bmi/childrens_bmi/about_
childrens_bmi.html).

This calculator provides age- and sex-specific BMI. Normal or healthy weight children had BMI
within the range of the 5th percentile and the 85th percentile. Children with BMI within the 85th
percentile and the 95th percentile were in the overweight category. Children with BMI equal to or
greater than the 95th percentile were in the obese category.

4.4. Echocardiography Measurements

Examinations were performed using Philips HD15 ultrasound machine (Philips Ultrasound,
Bothell, WA, USA) with sector array transducer (3–8 MHz) incorporating color flow, pulse wave,
and continuous wave Doppler measurements with adaptive technology. Children were calm and in
supine position during ultrasound examination. A complete two-dimensional echocardiography was
performed by a single investigator experienced with pediatric echocardiography. The transducer beam
was kept as close as possible to the Doppler beam at <20% degrees to calculate valve regurgitation.
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No angle correction of Doppler signal was applied. Children with abnormal findings were referred to
pediatric cardiologist.

4.5. Processing of Samples

Homogenized cell lysates were prepared immediately after collection of whole peripheral blood
samples (EDTA tubes, 200 μL) using QIAamp RNA Blood Mini Kit (Qiagen, Hilden, Germany,
no: 52304).

Total RNA was extracted from homogenized cell lysates stored at −80 ◦C using a mirVana
microRNA Isolation kit (Ambion, Austin, USA, no: AM1560) and followed by an enrichment procedure
for small RNAs. To minimize DNA contamination, the eluted RNA was treated for 30 min at 37 ◦C
with 5 μL of DNase I (Thermo Fisher Scientific, CA, USA, no: EN0521). A RNA fraction highly enriched
in short RNAs (<200 nt) was obtained. The concentration and quality of RNA was assessed using
a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, NC, USA). If the
A(260/280) absorbance ratio of isolated RNA was 1.8–2.0 and the A(260/230) absorbance ratio was
greater than 1.6, the RNA fraction was pure and used for the consecutive analysis.

4.6. Reverse Transcriptase Reaction

Individual microRNAs were reverse transcribed into complementary DNA (cDNA) in a total
reaction volume of 10 μL using microRNA-specific stem-loop RT primers, components of TaqMan
MicroRNA Assays (Table 5), and TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems,
Branchburg, NJ, USA, no: 4366597). Reverse transcriptase reactions were performed with the following
thermal cycling parameters: 30 min at 16 ◦C, 30 min at 42 ◦C, 5 min at 85 ◦C, and then held at 4 ◦C
using a 7500 Real-Time PCR system (Applied Biosystems, Branchburg, NJ, USA).
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4.7. Relative Quantification of microRNAs by Real-Time PCR

3 μL of cDNA were mixed with specific TaqMan MGB probes and primers (TaqMan MicroRNA
Assay, Applied Biosystems, Branchburg, NJ, USA), and the ingredients of the TaqMan Universal
PCR Master Mix (Applied Biosystems, Branchburg, NJ, USA, no: 4318157). A total reaction volume
was 15 μL. TaqMan PCR conditions were set up as described in the TaqMan guidelines for a 7500
Real-Time PCR system. All PCRs were performed in duplicates with the involvement of multiple
negative controls such as NTC (water instead of cDNA sample), NAC (non-transcribed RNA samples),
and genomic DNA (isolated from equal biological samples), which did not generate any signal during
PCR reactions. The samples were considered positive if the amplification signal occurred at Ct < 40
(before the 40th threshold cycle).

The expression of particular microRNA was determined using the comparative Ct method [136]
relative to normalization factor (geometric mean of two selected endogenous controls) [137].
Two non-coding small nucleolar RNAs (RNU58A and RNU38B) were optimal for qPCR data
normalization in this setting. They demonstrated equal expression between children descending
from normal and complicated pregnancies. RNU58A and RNU38B also served as positive controls for
successful extraction of RNA from all samples and were used as internal controls for variations during
the preparation of RNA, cDNA synthesis, and real-time PCR.

A reference sample, RNA fraction highly enriched for small RNAs isolated from the fetal part of
one randomly selected placenta derived from gestation with normal course, was used throughout the
study for relative quantification.

4.8. Statistical Analysis

Data normality was assessed using the Shapiro–Wilk test [138]. Since our experimental data
did not follow a normal distribution, microRNA levels were compared between groups using the
Kruskal–Wallis one-way analysis of variance with post-hoc test for the comparison among multiple
groups. The significance level was established at a p-value of p < 0.05.

Receivers operating characteristic (ROC) curves were constructed to calculate the area under
the curve (AUC) and the best cut-off point for particular microRNA was used in order to calculate
the respective sensitivity at 90.0% specificity (MedCalc Software bvba, Ostend, Belgium). For every
possible threshold or cut-off value, the MedCalc® v16.8.4 program reports the sensitivity, specificity,
likelihood ratio positive (LR+), likelihood ratio negative (LR−).

To select the optimal combinations of microRNA biomarkers logistic regression was used
(MedCalc® v16.8.4 program, MedCalc Software bvba, Ostend, Belgium). The logistic regression
procedure allows to analyze the relationship between one dichotomous dependent variable and one
or more independent variables. Another method to evaluate the logistic regression model makes use
of ROC curve analysis. In this analysis, the power of the model’s predicted values to discriminate
between positive and negative cases is quantified by the area under the ROC curve (AUC). To perform
a full ROC curve analysis the predicted probabilities are first saved and next used as a new variable in
ROC curve analysis. The dependent variable used in logistic regression then acts as the classification
variable in the ROC curve analysis dialog box.

Correlation between variables was calculated using the Spearman’s rank correlation coefficient
(ρ). Spearman’s rank correlation coefficient, a nonparametric measure of rank correlation, assesses
how well the relationship between two variables can be described using a monotonic function.

If the correlation coefficient value ranges within <0.5; 1.0>, there is a strong positive correlation.
The significance level was established at a p-value of p < 0.05.

Box plots encompassing the median (dark horizontal line) of log-normalized gene expression
values for particular microRNAs were generated using Statistica software (version 9.0; StatSoft, Inc.,
Tulsa, OK, USA). The upper and lower limits of the boxes represent the 75th and 25th percentiles,
respectively. The upper and lower whiskers indicate the maximum and minimum values that are no
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more than 1.5 times the span of the interquartile range (range of the values between the 25th and the
75th percentiles). Outliers are marked by circles and extremes by asterisks.

5. Conclusions

In conclusion, epigenetic changes characteristic for cardiovascular/cerebrovascular diseases are
also present in children descending from complicated pregnancies. Previous occurrence of GH, PE, or
FGR may predispose to later development of cardiovascular/cerebrovascular diseases in offspring.
Consecutive large scale studies including the children with a single clinical entity are needed to verify
the findings resulting from this particular pilot study.
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