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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.
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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



Int. J. Mol. Sci. 2020, 21, 1406 3 of 18

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



Int. J. Mol. Sci. 2020, 21, 1406 4 of 18

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.

Author Contributions: This review was conceptualized by P.M. in collaboration with A.A.P. and C.S.S.; P.M. and
A.A.P. wrote the original draft and was extensively reviewed by C.S.S.; E.D. reviewed and edited the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

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

Abbreviations

PE preeclampsia
AIM2 absent melanoma-2
DAMP danger-associated molecular pattern
NLR nucleotide-binding oligomerization domain leucine-rich repeat containing protein
PRR pattern recognition receptors
PAMP pathogen-associated molecular pattern
CARD caspase-activation and recruitment domain
ASC apoptosis-associated speck-like protein containing a caspase recruitment domain
IL interleukin

NLRP
nucleotide binding oligomerization domain leucine-rich repeat containing protein and
pyrin domain containing protein

IFI16 interferon-gamma inducible protein-16
TLR Toll-like receptor
STB syncytiotrophoblast
EVT extravillous cytotrophoblast



Int. J. Mol. Sci. 2020, 21, 1406 13 of 18

References

1. Evain-Brion, D.; Malassine, A. Human placenta as an endocrine organ. Growth Horm. IGF Res. 2003, 13,
S34–S37. [CrossRef]

2. Zhou, Y.; Fisher, S.J.; Janatpour, M.; Genbacev, O.; Dejana, E.; Wheelock, M.; Damsky, C.H. Human
cytotrophoblasts adopt a vascular phenotype as they differentiate. A strategy for successful endovascular
invasion? J. Clin. Investig. 1997, 99, 2139–2151. [CrossRef]

3. Pijnenborg, R.; Vercruysse, L.; Hanssens, M. The uterine spiral arteries in human pregnancy: Facts and
controversies. Placenta 2006, 27, 939–958. [CrossRef] [PubMed]

4. Boeldt, D.S.; Bird, I.M. Vascular adaptation in pregnancy and endothelial dysfunction in preeclampsia.
J. Endocrinol. 2017, 232, R27–R44. [CrossRef] [PubMed]

5. Vinayagam, D.; Leslie, K.; Khalil, A.; Thilaganathan, B. Preeclampsia-What is to blame? The placenta,
maternal cardiovascular system or both? World J. Obstet. Gynecol. 2015, 4, 77–85. [CrossRef]

6. Roth, I.; Corry, D.B.; Locksley, R.M.; Abrams, J.S.; Litton, M.J.; Fisher, S.J. Human placental cytotrophoblasts
produce the immunosuppressive cytokine interleukin 10. J. Exp. Med. 1996, 184, 539–548. [CrossRef]

7. Pijnenborg, R. Establishment of uteroplacental circulation. Reprod. Nutr. Dev. 1988, 28, 1581–1586. [CrossRef]
8. Duley, L. The global impact of pre-eclampsia and eclampsia. Semin. Perinatol. 2009, 33, 130–137. [CrossRef]
9. Arulkumaran, N.; Lightstone, L. Severe pre-eclampsia and hypertensive crises. Best Pract. Res. Clin. Obstet.

Gynaecol. 2013, 27, 877–884. [CrossRef]
10. Smith, G.C.; Pell, J.P.; Walsh, D. Pregnancy complications and maternal risk of ischaemic heart disease:

A retrospective cohort study of 129,290 births. Lancet 2001, 357, 2002–2006. [CrossRef]
11. Saxena, A.R.; Karumanchi, S.A.; Brown, N.J.; Royle, C.M.; McElrath, T.F.; Seely, E.W. Increased sensitivity to

angiotensin II is present postpartum in women with a history of hypertensive pregnancy. Hypertension 2010,
55, 1239–1245. [CrossRef] [PubMed]

12. Craici, I.M.; Wagner, S.J.; Hayman, S.R.; Garovic, V.D. Pre-eclamptic pregnancies: An opportunity to identify
women at risk for future cardiovascular disease. Womens Health 2008, 4, 133–135. [CrossRef] [PubMed]

13. Garovic, V.D.; Hayman, S.R. Hypertension in pregnancy: An emerging risk factor for cardiovascular disease.
Nat. Clin. Pract. Nephrol. 2007, 3, 613–622. [CrossRef] [PubMed]

14. Veerbeek, J.H.; Brouwers, L.; Koster, M.P.; Koenen, S.V.; van Vliet, E.O.; Nikkels, P.G.; Franx, A.; van Rijn, B.B.
Spiral artery remodeling and maternal cardiovascular risk: The spiral artery remodeling (SPAR) study.
J. Hypertens. 2016, 34, 1570–1577. [CrossRef]

15. Cornelius, D.C.; Hogg, J.P.; Scott, J.; Wallace, K.; Herse, F.; Moseley, J.; Wallukat, G.; Dechend, R.; LaMarca, B.
Administration of interleukin-17 soluble receptor C suppresses TH17 cells, oxidative stress, and hypertension
in response to placental ischemia during pregnancy. Hypertension 2013, 62, 1068–1073. [CrossRef]

16. Irani, R.A.; Zhang, Y.; Zhou, C.C.; Blackwell, S.C.; Hicks, M.J.; Ramin, S.M.; Kellems, R.E.; Xia, Y.
Autoantibody-mediated angiotensin receptor activation contributes to preeclampsia through tumor necrosis
factor-alpha signaling. Hypertension 2010, 55, 1246–1253. [CrossRef]

17. Redman, C.W.; Sargent, I.L. The pathogenesis of pre-eclampsia. Gynecol. Obstet. Fertil. 2001, 29, 518–522.
[CrossRef]

18. LaMarca, B.; Cornelius, D.; Wallace, K. Elucidating immune mechanisms causing hypertension during
pregnancy. Physiology 2013, 28, 225–233. [CrossRef]

19. Wallace, K.; Richards, S.; Dhillon, P.; Weimer, A.; Edholm, E.S.; Bengten, E.; Wilson, M.; Martin, J.N., Jr.;
LaMarca, B. CD4+ T-helper cells stimulated in response to placental ischemia mediate hypertension during
pregnancy. Hypertension 2011, 57, 949–955. [CrossRef]

20. Conrad, K.P.; Benyo, D.F. Placental cytokines and the pathogenesis of preeclampsia. Am. J. Reprod. Immunol.
1997, 37, 240–249. [CrossRef]

21. LaMarca, B.B.; Cockrell, K.; Sullivan, E.; Bennett, W.; Granger, J.P. Role of endothelin in mediating tumor
necrosis factor-induced hypertension in pregnant rats. Hypertension 2005, 46, 82–86. [CrossRef] [PubMed]

22. LaMarca, B.; Wallukat, G.; Llinas, M.; Herse, F.; Dechend, R.; Granger, J.P. Autoantibodies to the angiotensin
type I receptor in response to placental ischemia and tumor necrosis factor alpha in pregnant rats. Hypertension
2008, 52, 1168–1172. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S1096-6374(03)00053-4
http://dx.doi.org/10.1172/JCI119387
http://dx.doi.org/10.1016/j.placenta.2005.12.006
http://www.ncbi.nlm.nih.gov/pubmed/16490251
http://dx.doi.org/10.1530/JOE-16-0340
http://www.ncbi.nlm.nih.gov/pubmed/27729465
http://dx.doi.org/10.5317/wjog.v4.i4.77
http://dx.doi.org/10.1084/jem.184.2.539
http://dx.doi.org/10.1051/rnd:19881004
http://dx.doi.org/10.1053/j.semperi.2009.02.010
http://dx.doi.org/10.1016/j.bpobgyn.2013.07.003
http://dx.doi.org/10.1016/S0140-6736(00)05112-6
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.147595
http://www.ncbi.nlm.nih.gov/pubmed/20308605
http://dx.doi.org/10.2217/17455057.4.2.133
http://www.ncbi.nlm.nih.gov/pubmed/19072514
http://dx.doi.org/10.1038/ncpneph0623
http://www.ncbi.nlm.nih.gov/pubmed/17957198
http://dx.doi.org/10.1097/HJH.0000000000000964
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.01514
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.150540
http://dx.doi.org/10.1016/S1297-9589(01)00180-1
http://dx.doi.org/10.1152/physiol.00006.2013
http://dx.doi.org/10.1161/HYPERTENSIONAHA.110.168344
http://dx.doi.org/10.1111/j.1600-0897.1997.tb00222.x
http://dx.doi.org/10.1161/01.HYP.0000169152.59854.36
http://www.ncbi.nlm.nih.gov/pubmed/15928030
http://dx.doi.org/10.1161/HYPERTENSIONAHA.108.120576
http://www.ncbi.nlm.nih.gov/pubmed/18852381


Int. J. Mol. Sci. 2020, 21, 1406 14 of 18

23. Co, E.C.; Gormley, M.; Kapidzic, M.; Rosen, D.B.; Scott, M.A.; Stolp, H.A.; McMaster, M.; Lanier, L.L.;
Barcena, A.; Fisher, S.J. Maternal decidual macrophages inhibit NK cell killing of invasive cytotrophoblasts
during human pregnancy. Biol. Reprod. 2013, 88, 155. [CrossRef] [PubMed]

24. Mor, G.; Cardenas, I.; Abrahams, V.; Guller, S. Inflammation and pregnancy: The role of the immune system
at the implantation site. Ann. N Y Acad. Sci. 2011, 1221, 80–87. [CrossRef] [PubMed]

25. Tong, M.; Abrahams, V.M. Immunology of the Placenta. Obstet. Gynecol. Clin. N. Am. 2020, 47, 49–63.
[CrossRef]

26. Mor, G.; Cardenas, I. The immune system in pregnancy: A unique complexity. Am. J. Reprod. Immunol. 2010,
63, 425–433. [CrossRef]

27. Redman, C.W.; Sargent, I.L. Immunology of pre-eclampsia. Am. J. Reprod. Immunol. 2010, 63, 534–543.
[CrossRef]

28. Cornelius, D.C. Preeclampsia: From Inflammation to Immunoregulation. Clin. Med. Insights Blood Disord.
2018, 11. [CrossRef]

29. Borzychowski, A.M.; Sargent, I.L.; Redman, C.W. Inflammation and pre-eclampsia. Semin. Fetal Neonatal
Med. 2006, 11, 309–316. [CrossRef]

30. Sargent, I.L.; Borzychowski, A.M.; Redman, C.W. NK cells and human pregnancy-an inflammatory view.
Trends Immunol. 2006, 27, 399–404. [CrossRef]

31. Tangeras, L.H.; Stodle, G.S.; Olsen, G.D.; Leknes, A.H.; Gundersen, A.S.; Skei, B.; Vikdal, A.J.; Ryan, L.;
Steinkjer, B.; Myklebost, M.F.; et al. Functional Toll-like receptors in primary first-trimester trophoblasts.
J. Reprod. Immunol. 2014, 106, 89–99. [CrossRef] [PubMed]

32. LaMarca, B.D.; Ryan, M.J.; Gilbert, J.S.; Murphy, S.R.; Granger, J.P. Inflammatory cytokines in the
pathophysiology of hypertension during preeclampsia. Curr. Hypertens Rep. 2007, 9, 480–485. [CrossRef]
[PubMed]

33. Szarka, A.; Rigo, J., Jr.; Lazar, L.; Beko, G.; Molvarec, A. Circulating cytokines, chemokines and adhesion
molecules in normal pregnancy and preeclampsia determined by multiplex suspension array. BMC Immunol.
2010, 11, 59. [CrossRef]

34. Rusterholz, C.; Hahn, S.; Holzgreve, W. Role of placentally produced inflammatory and regulatory cytokines
in pregnancy and the etiology of preeclampsia. Semin. Immunopathol. 2007, 29, 151–162. [CrossRef]

35. Stodle, G.S.; Silva, G.B.; Tangeras, L.H.; Gierman, L.M.; Nervik, I.; Dahlberg, U.E.; Sun, C.; Aune, M.H.;
Thomsen, L.C.V.; Bjorge, L.; et al. Placental inflammation in pre-eclampsia by Nod-like receptor protein
(NLRP)3 inflammasome activation in trophoblasts. Clin. Exp. Immunol. 2018, 193, 84–94. [CrossRef]

36. Gomez-Lopez, N.; Motomura, K.; Miller, D.; Garcia-Flores, V.; Galaz, J.; Romero, R. Inflammasomes: Their
Role in Normal and Complicated Pregnancies. J. Immunol. 2019, 203, 2757–2769. [CrossRef]

37. Broz, P.; Dixit, V.M. Inflammasomes: Mechanism of assembly, regulation and signalling. Nat. Rev. Immunol.
2016, 16, 407–420. [CrossRef]

38. Martinon, F.; Burns, K.; Tschopp, J. The inflammasome: A molecular platform triggering activation of
inflammatory caspases and processing of proIL-beta. Mol. Cell. 2002, 10, 417–426. [CrossRef]

39. Tschopp, J.; Martinon, F.; Burns, K. NALPs: A novel protein family involved in inflammation. Nat. Rev. Mol.
Cell. Biol. 2003, 4, 95–104. [CrossRef]

40. Khan, R.N.; Hay, D.P. A clear and present danger: Inflammasomes DAMPing down disorders of pregnancy.
Hum. Reprod. Update 2015, 21, 388–405. [CrossRef]

41. C Weel, I.; Romao-Veiga, M.; Matias, M.L.; Fioratti, E.G.; Peracoli, J.C.; Borges, V.T.; Araujo, J.P., Jr.;
Peracoli, M.T. Increased expression of NLRP3 inflammasome in placentas from pregnant women with severe
preeclampsia. J. Reprod. Immunol. 2017, 123, 40–47. [CrossRef]

42. Liu, X.; Zhang, Z.; Ruan, J.; Pan, Y.; Magupalli, V.G.; Wu, H.; Lieberman, J. Inflammasome-activated gasdermin
D causes pyroptosis by forming membrane pores. Nature 2016, 535, 153–158. [CrossRef] [PubMed]

43. Ilekis, J.V.; Tsilou, E.; Fisher, S.; Abrahams, V.M.; Soares, M.J.; Cross, J.C.; Zamudio, S.; Illsley, N.P.;
Myatt, L.; Colvis, C.; et al. Placental origins of adverse pregnancy outcomes: Potential molecular targets:
An Executive Workshop Summary of the Eunice Kennedy Shriver National Institute of Child Health and
Human Development. Am. J. Obstet. Gynecol. 2016, 215, S1–S46. [CrossRef]

44. Xie, F.; Hu, Y.; Turvey, S.E.; Magee, L.A.; Brunham, R.M.; Choi, K.C.; Krajden, M.; Leung, P.C.; Money, D.M.;
Patrick, D.M.; et al. Toll-like receptors 2 and 4 and the cryopyrin inflammasome in normal pregnancy and
pre-eclampsia. BJOG 2010, 117, 99–108. [CrossRef]

http://dx.doi.org/10.1095/biolreprod.112.099465
http://www.ncbi.nlm.nih.gov/pubmed/23553431
http://dx.doi.org/10.1111/j.1749-6632.2010.05938.x
http://www.ncbi.nlm.nih.gov/pubmed/21401634
http://dx.doi.org/10.1016/j.ogc.2019.10.006
http://dx.doi.org/10.1111/j.1600-0897.2010.00836.x
http://dx.doi.org/10.1111/j.1600-0897.2010.00831.x
http://dx.doi.org/10.1177/1179545X17752325
http://dx.doi.org/10.1016/j.siny.2006.04.001
http://dx.doi.org/10.1016/j.it.2006.06.009
http://dx.doi.org/10.1016/j.jri.2014.04.004
http://www.ncbi.nlm.nih.gov/pubmed/24933117
http://dx.doi.org/10.1007/s11906-007-0088-1
http://www.ncbi.nlm.nih.gov/pubmed/18367011
http://dx.doi.org/10.1186/1471-2172-11-59
http://dx.doi.org/10.1007/s00281-007-0071-6
http://dx.doi.org/10.1111/cei.13130
http://dx.doi.org/10.4049/jimmunol.1900901
http://dx.doi.org/10.1038/nri.2016.58
http://dx.doi.org/10.1016/S1097-2765(02)00599-3
http://dx.doi.org/10.1038/nrm1019
http://dx.doi.org/10.1093/humupd/dmu059
http://dx.doi.org/10.1016/j.jri.2017.09.002
http://dx.doi.org/10.1038/nature18629
http://www.ncbi.nlm.nih.gov/pubmed/27383986
http://dx.doi.org/10.1016/j.ajog.2016.03.001
http://dx.doi.org/10.1111/j.1471-0528.2009.02428.x


Int. J. Mol. Sci. 2020, 21, 1406 15 of 18

45. Lu, A.; Magupalli, V.G.; Ruan, J.; Yin, Q.; Atianand, M.K.; Vos, M.R.; Schroder, G.F.; Fitzgerald, K.A.; Wu, H.;
Egelman, E.H. Unified polymerization mechanism for the assembly of ASC-dependent inflammasomes. Cell
2014, 156, 1193–1206. [CrossRef]

46. Abrahams, V.M. The role of the Nod-like receptor family in trophoblast innate immune responses. J. Reprod.
Immunol. 2011, 88, 112–117. [CrossRef] [PubMed]

47. Strowig, T.; Henao-Mejia, J.; Elinav, E.; Flavell, R. Inflammasomes in health and disease. Nature 2012, 481,
278–286. [CrossRef] [PubMed]

48. Orsi, N.M.; Tribe, R.M. Cytokine networks and the regulation of uterine function in pregnancy and parturition.
J. Neuroendocrinol. 2008, 20, 462–469. [CrossRef] [PubMed]

49. Evans, J.; Salamonsen, L.A.; Winship, A.; Menkhorst, E.; Nie, G.; Gargett, C.E.; Dimitriadis, E. Fertile ground:
Human endometrial programming and lessons in health and disease. Nat. Rev. Endocrinol. 2016, 12, 654–667.
[CrossRef]

50. Romero, R.; Espinoza, J.; Goncalves, L.F.; Kusanovic, J.P.; Friel, L.A.; Nien, J.K. Inflammation in preterm and
term labour and delivery. Semin. Fetal Neonatal Med. 2006, 11, 317–326. [CrossRef]

51. Yin, Y.; Yan, Y.; Jiang, X.; Mai, J.; Chen, N.C.; Wang, H.; Yang, X.F. Inflammasomes are differentially expressed
in cardiovascular and other tissues. Int. J. Immunopathol. Pharmacol. 2009, 22, 311–322. [CrossRef]

52. Pontillo, A.; Girardelli, M.; Agostinis, C.; Masat, E.; Bulla, R.; Crovella, S. Bacterial LPS differently modulates
inflammasome gene expression and IL-1beta secretion in trophoblast cells, decidual stromal cells, and decidual
endothelial cells. Reprod. Sci. 2013, 20, 563–566. [CrossRef]

53. Tilburgs, T.; Meissner, T.B.; Ferreira, L.M.R.; Mulder, A.; Musunuru, K.; Ye, J.; Strominger, J.L. NLRP2 is a
suppressor of NF-kB signaling and HLA-C expression in human trophoblastsdagger, double dagger. Biol.
Reprod. 2017, 96, 831–842. [CrossRef]

54. Bryant, A.H.; Bevan, R.J.; Spencer-Harty, S.; Scott, L.M.; Jones, R.H.; Thornton, C.A. Expression and function
of NOD-like receptors by human term gestation-associated tissues. Placenta 2017, 58, 25–32. [CrossRef]

55. Gomez-Lopez, N.; Romero, R.; Panaitescu, B.; Leng, Y.; Xu, Y.; Tarca, A.L.; Faro, J.; Pacora, P.; Hassan, S.S.;
Hsu, C.D. Inflammasome activation during spontaneous preterm labor with intra-amniotic infection or
sterile intra-amniotic inflammation. Am. J. Reprod. Immunol. 2018, 80, e13049. [CrossRef]

56. Panaitescu, B.; Romero, R.; Gomez-Lopez, N.; Xu, Y.; Leng, Y.; Maymon, E.; Pacora, P.; Erez, O.; Yeo, L.;
Hassan, S.S.; et al. In vivo evidence of inflammasome activation during spontaneous labor at term. J Matern.
Fetal Neonatal Med. 2019, 32, 1978–1991. [CrossRef]

57. Romero, R.; Xu, Y.; Plazyo, O.; Chaemsaithong, P.; Chaiworapongsa, T.; Unkel, R.; Than, N.G.; Chiang, P.J.;
Dong, Z.; Xu, Z.; et al. A Role for the Inflammasome in Spontaneous Labor at Term. Am. J. Reprod. Immunol.
2018, 79, e12440. [CrossRef]

58. Gomez-Lopez, N.; Romero, R.; Xu, Y.; Garcia-Flores, V.; Leng, Y.; Panaitescu, B.; Miller, D.; Abrahams, V.M.;
Hassan, S.S. Inflammasome assembly in the chorioamniotic membranes during spontaneous labor at term.
Am. J. Reprod. Immunol. 2017, 77. [CrossRef]

59. Abi Nahed, R.; Reynaud, D.; Borg, A.J.; Traboulsi, W.; Wetzel, A.; Sapin, V.; Brouillet, S.; Dieudonne, M.N.;
Dakouane-Giudicelli, M.; Benharouga, M.; et al. NLRP7 is increased in human idiopathic fetal growth
restriction and plays a critical role in trophoblast differentiation. J. Mol. Med. 2019, 97, 355–367. [CrossRef]

60. Han, C.S.; Herrin, M.A.; Pitruzzello, M.C.; Mulla, M.J.; Werner, E.F.; Pettker, C.M.; Flannery, C.A.;
Abrahams, V.M. Glucose and metformin modulate human first trimester trophoblast function: A model
and potential therapy for diabetes-associated uteroplacental insufficiency. Am. J. Reprod. Immunol. 2015, 73,
362–371. [CrossRef]

61. Kohli, S.; Ranjan, S.; Hoffmann, J.; Kashif, M.; Daniel, E.A.; Al-Dabet, M.M.; Bock, F.; Nazir, S.; Huebner, H.;
Mertens, P.R.; et al. Maternal extracellular vesicles and platelets promote preeclampsia via inflammasome
activation in trophoblasts. Blood 2016, 128, 2153–2164. [CrossRef]

62. Mulla, M.J.; Weel, I.C.; Potter, J.A.; Gysler, S.M.; Salmon, J.E.; Peracoli, M.T.S.; Rothlin, C.V.; Chamley, L.W.;
Abrahams, V.M. Antiphospholipid Antibodies Inhibit Trophoblast Toll-Like Receptor and Inflammasome
Negative Regulators. Arthritis Rheumatol. 2018, 70, 891–902. [CrossRef]

63. Matias, M.L.; Romao, M.; Weel, I.C.; Ribeiro, V.R.; Nunes, P.R.; Borges, V.T.; Araujo, J.P.J.; Peracoli, J.C.;
de Oliveira, L.; Peracoli, M.T. Endogenous and Uric Acid-Induced Activation of NLRP3 Inflammasome in
Pregnant Women with Preeclampsia. PLoS ONE 2015, 10, e0129095. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2014.02.008
http://dx.doi.org/10.1016/j.jri.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21277024
http://dx.doi.org/10.1038/nature10759
http://www.ncbi.nlm.nih.gov/pubmed/22258606
http://dx.doi.org/10.1111/j.1365-2826.2008.01668.x
http://www.ncbi.nlm.nih.gov/pubmed/18266939
http://dx.doi.org/10.1038/nrendo.2016.116
http://dx.doi.org/10.1016/j.siny.2006.05.001
http://dx.doi.org/10.1177/039463200902200208
http://dx.doi.org/10.1177/1933719112459240
http://dx.doi.org/10.1093/biolre/iox009
http://dx.doi.org/10.1016/j.placenta.2017.07.017
http://dx.doi.org/10.1111/aji.13049
http://dx.doi.org/10.1080/14767058.2017.1422714
http://dx.doi.org/10.1111/aji.12440
http://dx.doi.org/10.1111/aji.12648
http://dx.doi.org/10.1007/s00109-018-01737-x
http://dx.doi.org/10.1111/aji.12339
http://dx.doi.org/10.1182/blood-2016-03-705434
http://dx.doi.org/10.1002/art.40416
http://dx.doi.org/10.1371/journal.pone.0129095
http://www.ncbi.nlm.nih.gov/pubmed/26053021


Int. J. Mol. Sci. 2020, 21, 1406 16 of 18

64. Nunes, P.R.; Peracoli, M.T.S.; Romao-Veiga, M.; Matias, M.L.; Ribeiro, V.R.; Da Costa Fernandes, C.J.;
Peracoli, J.C.; Rodrigues, J.R.; De Oliveira, L. Hydrogen peroxide-mediated oxidative stress induces
inflammasome activation in term human placental explants. Pregnancy Hypertens 2018, 14, 29–36. [CrossRef]
[PubMed]

65. Chen, Q.; Yin, Y.X.; Wei, J.; Tong, M.; Shen, F.; Zhao, M.; Chamley, L. Increased expression of high mobility
group box 1 (HMGB1) in the cytoplasm of placental syncytiotrophoblast from preeclamptic placentae.
Cytokine 2016, 85, 30–36. [CrossRef] [PubMed]

66. Ivernsen, A. Inflammatory mechanisms in preeclampsia. Pregnancy Hypertens. 2013, 3, 58.
67. Shirasuna, K.; Usui, F.; Karasawa, T.; Kimura, H.; Kawashima, A.; Mizukami, H.; Ohkuchi, A.; Nishimura, S.;

Sagara, J.; Noda, T.; et al. Nanosilica-induced placental inflammation and pregnancy complications: Different
roles of the inflammasome components NLRP3 and ASC. Nanotoxicology 2015, 9, 554–567. [CrossRef]

68. Kenny, L.C.; Kell, D.B. Immunological Tolerance, Pregnancy, and Preeclampsia: The Roles of Semen Microbes
and the Father. Front. Med. 2017, 4, 239. [CrossRef]

69. Dekker, G. The partner’s role in the etiology of preeclampsia. J. Reprod. Immunol. 2002, 57, 203–215.
[CrossRef]

70. Dekker, G.; Robillard, P.Y.; Roberts, C. The etiology of preeclampsia: The role of the father. J. Reprod. Immunol.
2011, 89, 126–132. [CrossRef]

71. Dekker, G.A.; Robillard, P.Y.; Hulsey, T.C. Immune maladaptation in the etiology of preeclampsia: A review
of corroborative epidemiologic studies. Obstet. Gynecol. Surv. 1998, 53, 377–382. [CrossRef] [PubMed]

72. Johansson, M.; Bromfield, J.J.; Jasper, M.J.; Robertson, S.A. Semen activates the female immune response
during early pregnancy in mice. Immunology 2004, 112, 290–300. [CrossRef] [PubMed]

73. Moldenhauer, L.M.; Diener, K.R.; Thring, D.M.; Brown, M.P.; Hayball, J.D.; Robertson, S.A. Cross-presentation
of male seminal fluid antigens elicits T cell activation to initiate the female immune response to pregnancy.
J. Immunol. 2009, 182, 8080–8093. [CrossRef] [PubMed]

74. Robertson, S.A.; Sharkey, D.J. The role of semen in induction of maternal immune tolerance to pregnancy.
Semin. Immunol. 2001, 13, 243–254. [CrossRef] [PubMed]

75. Kell, D.B.; Kenny, L.C. A Dormant Microbial Component in the Development of Preeclampsia. Front. Med.
2016, 3, 60. [CrossRef]

76. Robillard, P.Y.; Dekker, G.; Chaouat, G.; Hulsey, T.C.; Saftlas, A. Epidemiological studies on primipaternity
and immunology in preeclampsia–a statement after twelve years of workshops. J. Reprod. Immunol. 2011, 89,
104–117. [CrossRef]

77. Catov, J.M.; Newman, A.B.; Roberts, J.M.; Kelsey, S.F.; Sutton-Tyrrell, K.; Harris, T.B.; Colbert, L.; Rubin, S.M.;
Satterfield, S.; Ness, R.B.; et al. Preterm delivery and later maternal cardiovascular disease risk. Epidemiology
2007, 18, 733–739. [CrossRef]

78. Kirollos, S.; Skilton, M.; Patel, S.; Arnott, C. A Systematic Review of Vascular Structure and Function in
Pre-eclampsia: Non-invasive Assessment and Mechanistic Links. Front. Cardiovasc. Med. 2019, 6, 166.
[CrossRef]

79. Ray, J.G.; Vermeulen, M.J.; Schull, M.J.; Redelmeier, D.A. Cardiovascular health after maternal placental
syndromes (CHAMPS): Population-based retrospective cohort study. Lancet 2005, 366, 1797–1803. [CrossRef]

80. Rana, S.; Lemoine, E.; Granger, J.P.; Karumanchi, S.A. Preeclampsia: Pathophysiology, Challenges, and
Perspectives. Circ. Res. 2019, 124, 1094–1112. [CrossRef]

81. Dalziel, S.R.; Parag, V.; Rodgers, A.; Harding, J.E. Cardiovascular risk factors at age 30 following pre-term
birth. Int. J. Epidemiol. 2007, 36, 907–915. [CrossRef] [PubMed]

82. Pasqua, T.; Pagliaro, P.; Rocca, C.; Angelone, T.; Penna, C. Role of NLRP-3 Inflammasome in Hypertension:
A Potential Therapeutic Target. Curr. Pharm. Biotechnol. 2018, 19, 708–714. [CrossRef] [PubMed]

83. Drummond, G.R.; Vinh, A.; Guzik, T.J.; Sobey, C.G. Immune mechanisms of hypertension. Nat. Rev. Immunol.
2019, 19, 517–532. [CrossRef] [PubMed]

84. Qi, J.; Zhao, X.F.; Yu, X.J.; Yi, Q.Y.; Shi, X.L.; Tan, H.; Fan, X.Y.; Gao, H.L.; Yue, L.Y.; Feng, Z.P.; et al.
Targeting Interleukin-1 beta to Suppress Sympathoexcitation in Hypothalamic Paraventricular Nucleus in
Dahl Salt-Sensitive Hypertensive Rats. Cardiovasc. Toxicol. 2016, 16, 298–306. [CrossRef]

85. Wang, Y.; Wu, Y.; Chen, J.; Zhao, S.; Li, H. Pirfenidone attenuates cardiac fibrosis in a mouse model of
TAC-induced left ventricular remodeling by suppressing NLRP3 inflammasome formation. Cardiology 2013,
126, 1–11. [CrossRef]

http://dx.doi.org/10.1016/j.preghy.2018.07.006
http://www.ncbi.nlm.nih.gov/pubmed/30527115
http://dx.doi.org/10.1016/j.cyto.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27285673
http://dx.doi.org/10.3109/17435390.2014.956156
http://dx.doi.org/10.3389/fmed.2017.00239
http://dx.doi.org/10.1016/S0165-0378(02)00039-6
http://dx.doi.org/10.1016/j.jri.2010.12.010
http://dx.doi.org/10.1097/00006254-199806000-00023
http://www.ncbi.nlm.nih.gov/pubmed/9618714
http://dx.doi.org/10.1111/j.1365-2567.2004.01876.x
http://www.ncbi.nlm.nih.gov/pubmed/15147572
http://dx.doi.org/10.4049/jimmunol.0804018
http://www.ncbi.nlm.nih.gov/pubmed/19494334
http://dx.doi.org/10.1006/smim.2000.0320
http://www.ncbi.nlm.nih.gov/pubmed/11437632
http://dx.doi.org/10.3389/fmed.2016.00060
http://dx.doi.org/10.1016/j.jri.2011.02.003
http://dx.doi.org/10.1097/EDE.0b013e3181567f96
http://dx.doi.org/10.3389/fcvm.2019.00166
http://dx.doi.org/10.1016/S0140-6736(05)67726-4
http://dx.doi.org/10.1161/CIRCRESAHA.118.313276
http://dx.doi.org/10.1093/ije/dym067
http://www.ncbi.nlm.nih.gov/pubmed/17468503
http://dx.doi.org/10.2174/1389201019666180808162011
http://www.ncbi.nlm.nih.gov/pubmed/30091406
http://dx.doi.org/10.1038/s41577-019-0160-5
http://www.ncbi.nlm.nih.gov/pubmed/30992524
http://dx.doi.org/10.1007/s12012-015-9338-7
http://dx.doi.org/10.1159/000351179


Int. J. Mol. Sci. 2020, 21, 1406 17 of 18

86. Cero, F.T.; Hillestad, V.; Sjaastad, I.; Yndestad, A.; Aukrust, P.; Ranheim, T.; Lunde, I.G.; Olsen, M.B.;
Lien, E.; Zhang, L.; et al. Absence of the inflammasome adaptor ASC reduces hypoxia-induced pulmonary
hypertension in mice. Am. J. Physiol. Lung Cell. Mol. Physiol. 2015, 309, L378–L387. [CrossRef]

87. Krishnan, S.M.; Dowling, J.K.; Ling, Y.H.; Diep, H.; Chan, C.T.; Ferens, D.; Kett, M.M.; Pinar, A.; Samuel, C.S.;
Vinh, A.; et al. Inflammasome activity is essential for one kidney/deoxycorticosterone acetate/salt-induced
hypertension in mice. Br. J. Pharmacol. 2016, 173, 752–765. [CrossRef]

88. Chen, C.P.; Aplin, J.D. Placental extracellular matrix: Gene expression, deposition by placental fibroblasts
and the effect of oxygen. Placenta 2003, 24, 316–325. [CrossRef]

89. Luppi, P.; Deloia, J.A. Monocytes of preeclamptic women spontaneously synthesize pro-inflammatory
cytokines. Clin. Immunol. 2006, 118, 268–275. [CrossRef]

90. Peracoli, J.C.; Rudge, M.V.; Peracoli, M.T. Tumor necrosis factor-alpha in gestation and puerperium of women
with gestational hypertension and pre-eclampsia. Am. J. Reprod. Immunol. 2007, 57, 177–185. [CrossRef]

91. Cristofalo, R.; Bannwart-Castro, C.F.; Magalhaes, C.G.; Borges, V.T.; Peracoli, J.C.; Witkin, S.S.; Peracoli, M.T.
Silibinin attenuates oxidative metabolism and cytokine production by monocytes from preeclamptic women.
Free Radic. Res. 2013, 47, 268–275. [CrossRef]

92. Brubaker, D.B.; Ross, M.G.; Marinoff, D. The function of elevated plasma fibronectin in preeclampsia. Am. J.
Obstet. Gynecol. 1992, 166, 526–531. [CrossRef]

93. Caceres, F.T.; Gaspari, T.A.; Samuel, C.S.; Pinar, A.A. Serelaxin inhibits the profibrotic TGF-beta1/IL-1beta axis
by targeting TLR-4 and the NLRP3 inflammasome in cardiac myofibroblasts. FASEB J. 2019, 33, 14717–14733.
[CrossRef] [PubMed]

94. Li, W.; Cui, N.; Mazzuca, M.Q.; Mata, K.M.; Khalil, R.A. Increased vascular and uteroplacental matrix
metalloproteinase-1 and -7 levels and collagen type I deposition in hypertension in pregnancy: Role of
TNF-alpha. Am. J. Physiol. Heart Circ. Physiol. 2017, 313, H491–H507. [CrossRef] [PubMed]

95. LaMarca, B.; Speed, J.; Fournier, L.; Babcock, S.A.; Berry, H.; Cockrell, K.; Granger, J.P. Hypertension in
response to chronic reductions in uterine perfusion in pregnant rats: Effect of tumor necrosis factor-alpha
blockade. Hypertension 2008, 52, 1161–1167. [CrossRef]

96. LaMarca, B.B.; Bennett, W.A.; Alexander, B.T.; Cockrell, K.; Granger, J.P. Hypertension produced by reductions
in uterine perfusion in the pregnant rat: Role of tumor necrosis factor-alpha. Hypertension 2005, 46, 1022–1025.
[CrossRef] [PubMed]

97. Chen, J.; Khalil, R.A. Matrix Metalloproteinases in Normal Pregnancy and Preeclampsia. Prog. Mol. Biol.
Transl. Sci. 2017, 148, 87–165. [CrossRef]

98. Zhao, J.; Zheng, D.Y.; Yang, J.M.; Wang, M.; Zhang, X.T.; Sun, L.; Yun, X.G. Maternal serum uric acid
concentration is associated with the expression of tumour necrosis factor-alpha and intercellular adhesion
molecule-1 in patients with preeclampsia. J. Hum. Hypertens 2016, 30, 456–462. [CrossRef]

99. Matias, M.L.; Gomes, V.J.; Romao-Veiga, M.; Ribeiro, V.R.; Nunes, P.R.; Romagnoli, G.G.; Peracoli, J.C.;
Peracoli, M.T.S. Silibinin Downregulates the NF-kappaB Pathway and NLRP1/NLRP3 Inflammasomes in
Monocytes from Pregnant Women with Preeclampsia. Molecules 2019, 24, 1548. [CrossRef]

100. Warren, A.Y.; Harvey, L.; Shaw, R.W.; Khan, R.N. Interleukin-1 beta secretion from cord blood mononuclear
cells in vitro involves P2X 7 receptor activation. Reprod. Sci. 2008, 15, 189–194. [CrossRef]

101. Lappas, M. Caspase-1 activation is increased with human labour in foetal membranes and myometrium
and mediates infection-induced interleukin-1beta secretion. Am. J. Reprod. Immunol. 2014, 71, 189–201.
[CrossRef] [PubMed]

102. Souza, C.O.; Peracoli, M.T.; Weel, I.C.; Bannwart, C.F.; Romao, M.; Nakaira-Takahagi, E.; Medeiros, L.T.;
Silva, M.G.; Peracoli, J.C. Hepatoprotective and anti-inflammatory effects of silibinin on experimental
preeclampsia induced by L-NAME in rats. Life Sci. 2012, 91, 159–165. [CrossRef] [PubMed]

103. Coll, R.C.; Robertson, A.A.; Chae, J.J.; Higgins, S.C.; Munoz-Planillo, R.; Inserra, M.C.; Vetter, I.; Dungan, L.S.;
Monks, B.G.; Stutz, A.; et al. A small-molecule inhibitor of the NLRP3 inflammasome for the treatment of
inflammatory diseases. Nat. Med. 2015, 21, 248–255. [CrossRef]

104. Krishnan, S.M.; Ling, Y.H.; Huuskes, B.M.; Ferens, D.M.; Saini, N.; Chan, C.T.; Diep, H.; Kett, M.M.;
Samuel, C.S.; Kemp-Harper, B.K.; et al. Pharmacological inhibition of the NLRP3 inflammasome reduces
blood pressure, renal damage, and dysfunction in salt-sensitive hypertension. Cardiovasc. Res. 2019, 115,
776–787. [CrossRef] [PubMed]

http://dx.doi.org/10.1152/ajplung.00342.2014
http://dx.doi.org/10.1111/bph.13230
http://dx.doi.org/10.1053/plac.2002.0904
http://dx.doi.org/10.1016/j.clim.2005.11.001
http://dx.doi.org/10.1111/j.1600-0897.2006.00455.x
http://dx.doi.org/10.3109/10715762.2013.765951
http://dx.doi.org/10.1016/0002-9378(92)91663-U
http://dx.doi.org/10.1096/fj.201901079RR
http://www.ncbi.nlm.nih.gov/pubmed/31689135
http://dx.doi.org/10.1152/ajpheart.00207.2017
http://www.ncbi.nlm.nih.gov/pubmed/28626073
http://dx.doi.org/10.1161/HYPERTENSIONAHA.108.120881
http://dx.doi.org/10.1161/01.HYP.0000175476.26719.36
http://www.ncbi.nlm.nih.gov/pubmed/16144982
http://dx.doi.org/10.1016/bs.pmbts.2017.04.001
http://dx.doi.org/10.1038/jhh.2015.110
http://dx.doi.org/10.3390/molecules24081548
http://dx.doi.org/10.1177/1933719107310710
http://dx.doi.org/10.1111/aji.12174
http://www.ncbi.nlm.nih.gov/pubmed/24238269
http://dx.doi.org/10.1016/j.lfs.2012.06.036
http://www.ncbi.nlm.nih.gov/pubmed/22781706
http://dx.doi.org/10.1038/nm.3806
http://dx.doi.org/10.1093/cvr/cvy252
http://www.ncbi.nlm.nih.gov/pubmed/30357309


Int. J. Mol. Sci. 2020, 21, 1406 18 of 18

105. Youm, Y.H.; Nguyen, K.Y.; Grant, R.W.; Goldberg, E.L.; Bodogai, M.; Kim, D.; D’Agostino, D.;
Planavsky, N.; Lupfer, C.; Kanneganti, T.D.; et al. The ketone metabolite beta-hydroxybutyrate blocks NLRP3
inflammasome-mediated inflammatory disease. Nat. Med. 2015, 21, 263–269. [CrossRef]

106. Gan, W.; Ren, J.; Li, T.; Lv, S.; Li, C.; Liu, Z.; Yang, M. The SGK1 inhibitor EMD638683, prevents Angiotensin
II-induced cardiac inflammation and fibrosis by blocking NLRP3 inflammasome activation. Biochim. Biophys.
Acta Mol. Basis Dis. 2018, 1864, 1–10. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nm.3804
http://dx.doi.org/10.1016/j.bbadis.2017.10.001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Human Trophoblast Differentiation Establishes the Maternal–Fetal Interface 
	Preeclampsia 
	Placental Ischemia 
	The Immunology of Pregnancy 
	Inflammation in the Development of PE 


	Inflammasomes 
	Pattern Recognition Receptors (PRRs) 
	Inflammasome Components in the Gestational Tissues during Normal Pregnancy 
	Activation of Inflammasomes in Preeclampsia-Affected Pregnancies 

	Inflammasome-Mediated Downstream Molecular Pathways in Long-Term Vascular Functions 
	Activation of Inflammasomes in Hypertensive Disorders 
	Inflammasomes: A Potential Molecular Link for Long-Term Vascular Dysfunction and End-Organ Failure in Preeclampsia 

	Therapeutic Targeting for the Components of Inflammasomes 
	Conclusions 
	References

