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Abstract: Pregnancy-induced hypertension and preeclampsia are associated with significant
maternal and fetal mortality. A better understanding of those diseases, delineation of molecular
pathomechanism, and efficient treatment development are some of the most urgent tasks in
obstetrics and gynecology. Recent findings indicate a crucial role of inflammation in the
development of hypertension and preeclampsia. Although the mechanism is very complex and
needs further explanation, it appears that high levels of cholesterol, urate, and glucose activates
NLRP3 inflammasome, which produces IL-1f3, IL-18 and gasdermin D. Production of these
proinflammatory chemokines is a beginning of local and general inflammation, what results in
sympathetic outflow, angiotensin II production, proteinuria, hemolysis, liver damage,
immunothrombosis, and coagulopathy. NLRP3 inflammasome is a critical complex in the mediation
of inflammatory response, which makes it crucial for the development of pregnancy-induced
hypertension and preeclampsia, as well as its complications, such as placental abruption and
HELLP syndrome. Herein presented the article delineate molecular mechanisms of those processes,
indicating directions of future advance.
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1. Introduction

Pregnancy-induced hypertension (PIH), defined as systolic blood pressure >140 mmHg and/or
diastolic blood pressure >90 mmHg, complicates approximately 6-10 % of all pregnancies[1]. PIH is
related to significant maternal and fetal mortality and increased risk of placental abruption,
cerebrovascular events, organ failure, and disseminated intravascular coagulation. Gestational
hypertension most frequently occurs as the component of preeclampsia (PE), defined as de-novo
hypertension present after 20 weeks of gestation combined with proteinuria (>300 mg/day), other
maternal organ dysfunction, hematological complications, uteroplacental dysfunction, or fetal
growth restriction [1]. PE afflicts 2-8 % of pregnancies and is one of the three leading causes of
maternal morbidity and mortality worldwide [2]. Preeclampsia can be complicated with eclampsia,
stroke, abruptio placentae, disseminated intravascular coagulation (DIC), liver hemorrhage/rupture,
pulmonary edema, or HELLP syndrome, and the last one is the cause of 83 % of deaths in the course
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of PE [1,2]. Recognizing the gravity of this problem, scientists for decades tried to discover precise
pathomechanism of PE, and introduce efficient therapeutic options. Regarding that pursue Weel et
al. performed immunohistochemical analysis of placental tissues collected from 20 women with PE
and 20 healthy controls [3]. Researchers discovered the significantly higher expression of NOD-like
receptor family, pyrin domain-containing protein 3 (NLRP3), and related mediators such as caspase-
1, IL-13, and IL-18 in samples from women with PE in compare to controls [3]. Moreover, Xu et al.
and Pontillo et al. reported that specific NLRP3 gene polymorphisms are associated with a
significantly higher risk of PE development [4,5]. This article aims to delineate the role of NLRP3 in
the development of preeclampsia, its symptoms, and complications.

2. Role of NLRP3 in PE and PIH

2.1. General information

The innate immune system is a host's first line of defense against invading pathogens or
environmental irritants in order to maintain homeostasis. Every cell expresses germline-encoded
pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs) and nucleotide-binding
domain leucine-rich repeat-containing receptors (NLRs), which role is surveillance and recognition
of pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns
(DAMPs). Among 22 recognized members of the NLR family, NLRP3 is most extensively
investigated, among other things, due to its ability to associate with other proteins in large multimeric
complexes, called inflammasomes (Figure 1) [6]. PAMPS and DAMPs induce inflammatory response
through the activation of inflammasomes [7]. NLRP3 inflammasome consists of NLRP3, ASC, and
cysteine protease precursor procaspase-1 [8]. NLRP3 is composed of C-terminal leucine-rich repeats
(LRRs), a central nucleotide-binding and oligomerization domain (NACHT), and an effector domain,
which is an N-terminal pyrin domain (PYD). ASC is an abbreviation of apoptosis-associated speck-
like protein containing an N-terminal PYD and a C-terminal caspase recruitment domain (CARD)
what indicates what it is composed of. ASC has been also termed Pycard. Cysteine protease precursor
procaspase-1 is composed of the CARD and caspase domain. Activation of NLRP3 inflammasome is
composed of two signals, both initiated by DAMPs or PAMPs [6-8]. The first signal leads to the
activation of nuclear factor k B (NF-kB) through different receptors such as NLRs, TLRs, IL-1R1, etc.
NF-«B is a transcription factor that interacts with a vast number of genes, and among other things
induce expression of pro-IL-13 and NLRP3. These proteins are not constitutively expressed.
Therefore their concentrations in cells are insufficient to form inflammasomes [7]. The second signal
mechanism is not fully delineated. However, it appears that it involves the direct binding of DAMPs
to NLRP3. Activated NLRP3 multimerize and interact with ASC, which is responsible for the
recruitment and activation of procaspase-1 into caspase-1 [7,8]. Active caspase-1 transforms pro-IL-
1B, pro-IL-18, and gasdermin D (GSDMD) into their active forms (Figure 1) [6-8].
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Figure 1. Mechanism of formation and activation of NLRP3 inflammasome.
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2.2. NLRP3 as an inductor of hypertension

Many scientists noticed the role of the immune system in a pathomechanism of hypertension. A
vast number of studies indicating inflammation and elevated levels of plasma interleukins among
patients with hypertension were analyzed by Krishnan et al. in order to answer if IL-1p and IL-18 are
markers or mediators of hypertension [9]. As was described above, IL-13 and IL-18 are products of
the activated NLRP3 inflammasome. Therefore its role in the development of hypertension was
investigated [8]. Omi et al. examined 1911 patients (987 with hypertension, 924 controls), discovering
that homozygotes of high activity NLRP3 alleles had a greater risk of hypertension development then
heterozygotes and low activity NLRP3 alleles homozygotes combined (odds ratio 1.24, p = 0.03) [10].
Crucial for the development of hypertension is an activation of the renin-angiotensin-aldosterone
system (RAAS) and the sympathetic system. Van der Meiraker and Boomsma indicated a connection
between these two systems by discovering that the activity of both is increased in hypertension.
Moreover, ACE or AT1 inhibitors resulted in a decrease of sympathetic system outflow despite
predictions, that lowering blood pressure will increase sympathetic system activity [11]. Torretti
reported increased renin excretion and production under sympathetic system stimulation through
activation of -adrenergic receptors in juxtaglomerular cells, indicating balance and cooperation of
RAAS and sympathetic system in order to maintain proper blood pressure and sodium homeostasis
in case of low sodium intake what afflicted humans for thousands of years [12]. Rust and
Eckmekcioglu investigated the role of salt intake in the pathogenesis of hypertension, describing the
potential of increased natrium chloride concentrations to induce inflammation in the brain, leading
to sympathetic system outflow, and as a result increase of renin concentrations, all resulting in blood
pressure elevation [13]. Analysis of these findings and NLRP3 activation by NaCl prompt Liu et al.
to the conclusion that high salt intake induces NLRP3 mediated inflammation in the hypothalamic
paraventricular nucleus leading to sympathoexcitation and RAAS activation [8]. Furthermore,
Platten et al. show a significant reduction of inflammatory lesions, amount of Th lymphocytes, and
an increase of the number of Treg lymphocytes in rat experimental autoimmune encephalitis model
after treatment with ACE or AT-1 inhibitors, indicating a notable role of RAAS in inflammation
induction and maintenance [14]. In order to confirm the role of NLRP3 in the development of
hypertension in preeclampsia, Shirasuna et al. induced PE in pregnant wild type mice, NLRP3 knock-
out mice, and ASC knock-out mice [15]. Researchers divided female mice aged 8-12 weeks into seven
groups approximately 4 individuals each: wild type vehicle, wild type 500 ng/kg, wild type 1500
ng/kg, NLRP3 -/- 500 ng/kg, NLRP3 -/- 1500 ng/kg, asc -/- 500 ng/kg, asc -/- 1500 ng/kg. All animals
were implanted into dorsal space with osmotic minipump on the 10th day of gestation, which
administered continuously 500 or 1500 ng/kg of angiotensin II daily for eight days. Angiotensin II
elevated systolic blood pressure (SBP) in dosage dependant fashion. However, in both NLRP3 -/- and
asc -/- SBP was significantly lower in comparison to wild type, and this effect was considerably
more expressed among NLRP3 -/- than asc -/-, indicating the substantial role of NLRP3 in
development of hypertension in preeclampsia [15]. Moreover, Krishnan et al. describe the contractile
response of arteries directly after exposition to IL-1f3, and augmented contraction after activation of
al-adrenergic receptors in IL-1f rich environment. Furthermore, IL-1f3 and IL-18 are associated with
increase expression of pro-oxidant enzymes in blood vessels and increased thickness of intima-media
complex in carotid arteries [9]. Considering aforementioned data induction of NLRP3 i.e. by high
concentrations of NaCl induce inflammation in paraventricular nucleus of hypothalamus, leading to
sympathetic outflow resulting in activation of RAAS, and angiotensin II leads to further induction of
inflammation and NLRP3 activation, what closes the cycle of hypertension pathomechanism.

2.3. NLRP3 role in kidney injury

Along with hypertension, proteinuria is a major sign of PE, and it indicates kidney injury. Kwon
et al. assessed urine of 45 patients with confirmed lupus nephritis, 36 of them had no or mild
tubulointerstitial inflammation (TI), and 9 had moderate to severe TI. Results show significant
correlation between proteinuria and moderate to severe TI (odds ratio [OR] 3.166, 95% confidence
interval [95% CI] 1.145-8.757, p = 0.026) describing proteinuria as a diagnostic and prognostic
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parameter [16]. As was described in the previous section NLRP3 and inflammation stimulate
angiotensin II (Ang II) production, in which high concentration appears to be harmful to kidneys not
only due to induction of hypertension. Li and Zhuo report that Ang II initiates tubulointerstitial
inflammation through activation of NF-«xB, which, as a transcription factor, increases expression of
proinflammatory chemokines [17]. Grande et al. shed more light on that process, indicating that Ang
IT activates NF-kB through transforming growth factor (3 (TGF{), and production of reactive oxygen
species (ROS). Furthermore, NF-kB leads to macrophage infiltration of renal interstitium and
apoptosis of renal tubular cells [18]. Tashiro et al. assessed kidney biopsy specimens of 28 patients
with TI [19]. IL-f1 was elevated in all samples and positively correlated with the severity of the
tubulointerstitial injury. Moreover, there was a positive correlation of NLRP3 mRNA with the
severity of TI as well [19]. As it was described above, NLRP3 inflammasome products not only IL-31
and IL-18 but also gasdermin D. Li et al. reported gasdermin D mediated pyroptosis of renal tubular
cells in the course of treatment with cisplatin [20]. This information implicates that gasdermin D is a
possible inductor of renal cell apoptosis in Ang Il induced TI. NefSelhut et al. determined the urinary
protein profile in 21 healthy males, 25 healthy females, 64 patients with an uncomplicated pregnancy,
and 110 hypertensive pregnant women [21]. Researchers detected that Tamm-Horsfalls
glycoprotein was present in the urine of healthy individuals, but was significantly decreased or
absent in the urine of 83 % of hypertensive pregnant women. Based on studies indicating that Tamm-
Horsfalls glycoprotein is, in fact, uromodulin and has a significant affinity to the IL-1, NeBelhut et al.
hypothesized that the immunological system has a substantial role in the development of PIH and
PE. Therefore reduction of urine Tamm-Horsfalls glycoprotein concentration is a result of its
immunosuppressive activity and association with IL-1 [21]. Considering data above the activation of
NF-kB and NLRP3 through Ang II, leading to inflammation, renal tubular cell pyroptosis, and
proteinuria is a pathomechanism of kidney injury in hypertension, i.e., in PE or PIH. However, it
appears that TI is not the only cause of kidney injury and proteinuria in PE. Yamamoto et al.
examined urine of 34 preeclamptic patients, dividing protein profiles into four patterns: low
molecular weight (L) pattern (tubular damage), high MW (H) pattern (glomerular damage), high and
low MW (HL) pattern, and middle MW (M) pattern. The incidences of the HL, H, L, and M patterns
were 26.5 %, 14.7 %, 11.8 %, and 47.1 % respectively [22]. Kaltenbach et al. performed a similar study
investigating 107 pregnant women with PE, additionally dividing patients based on MAP: 80-100
mmHg, 100-120 mmHg, 120-200 mmHg. 47 % of all patients had mixed patterns, indicating both
glomerular and tubular pathology. Interestingly glomerular pattern prevalence in 80-100 mmHg,
100-120 mmHg, 120-200 mmHg groups was 3 %, 7 %, and 12 %, respectively indicating the correlation
of glomerulopathy with blood pressure [23]. According to this data kidney injury in PE occurs not
only due to TI, but also glomerulopathy with could be a result of coagulopathy and/or hemolysis
which are described in following sections of this article.

2.4. NLRP3 impact on the coagulation system

Engelmann and Massberg created a review regarding immunothrombosis, its activation,
and its role in fighting with pathogens [24]. Authors show that lipopolysaccharide (LPS), PAMPs,
and DAMPs associated with infections can activate macrophages through TLRs, inducing
proinflammatory chemokine production. Inflammation leads to the recruitment of more
macrophages and other white blood cells, inter alia neutrophils. Interestingly LPS, DAMPs and
PAMPs can directly activate and induce aggregation of thrombocytes, due to expression of TLRs
(TLR2 and TLR4) on their surface. Moreover, neutrophils produce neutrophils extracellular traps
(NETs), which are composed of DNA associated with histones, and histones H3 and H4 can activate
platelets [24]. Furthermore, activated macrophages, neutrophils, and platelets present active tissue
factor. Tissue factor activates the extrinsic pathway of coagulation by interaction with factor Vlla,
which activates coagulation factor X, and Xa induces the production of thrombin. The role of
immunothrombosis is to trap pathogens, i.e., bacteria, and prevent them from spreading with blood,
which facilitates the destruction of pathogens and limits inflammatory response to small loci instead
of the whole body. Interestingly, the hemolytic abilities of some bacteria are known for decades, and
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it appears that this property is a counteraction against immunothrombosis [24]. Murthy et al.
conducted a study aiming to determine whether NLRP3 is involved in the formation of thrombus
through platelet activation and aggregation. Researchers assessed the expression of NLRP3 and ASC
in non-activated and collagen-activated platelets by immunofluorescence staining, showing
significant up-regulation of NLRP3 and ASC in activated platelets [25]. Moreover, western blot
showed a notable increase of active IL-1f3 concentration in collagen-activated platelets specimen in
comparison to resting platelets. Furthermore, platelet aggregometry and flow chamber with a
collagen-coated surface showed a significant reduction of platelet activation and aggregation in the
blood of NLRP3 knock-out mice in comparison to the blood of wild type mice [25]. The same tests
were performed using blood samples of healthy humans. Platelets were isolated and pretreated for
30 minutes with a specific inhibitor against NLRP3 (MCC950; 100 nM, Cayman Chemical, Ann Arbor,
MI) or against caspase-1 (YVAD-CHO; 100 nM, Calbiochem, Darmstadt, Germany). Platelets of both
groups showed a significant reduction of activation and aggregation in comparison to samples
without inhibitors, proving that NLRP3 inflammasome is crucial for that process and thrombus
formation [25]. Brown et al. experimented on platelets isolated from human blood samples, indicating
that IL-1f3 and IL-1a stimulate pro- IL-13 production in platelets [26]. Flow cytometry showed 1ILR1
expression on platelets surface, and recombinant IL1R antagonist abolished the aforementioned effect
of IL-1, leading to the conclusion that this receptor is responsible for signal transduction. Moreover,
as it was described above, platelets through NLRP3 and caspase-1 can activate pro-IL-1f.
Considering this data, Brown et al. claimed the existence of an IL-1{3 autocrine loop, which is a part
of immunothrombosis [26]. In relation to the previous section, thrombosis in renal microvessels can
lead to glomerulopathy. Therefore, to the development of proteinuria [27]. The data mentioned above
confirm the crucial role of NLRP3 in the mechanism of immunothrobosis. Moreover, platelets
constitutively express NLRP3. Therefore, it does not need a priming signal for activation of the
inflammasome, which highlights its importance in thrombus formation [28]. Considering the
correlation of PE with NLRP3 and all described pathomechanisms, this inflammasome appears to
play a significant role in the development of PE associated coagulopathy.

2.5. NLRP3 as an inductor of placental abruption

Preeclampsia is a risk factor of placental abruption, a major obstetric complication, with
fetus mortality around 49.5 % and mothers mortality in a range of 4-8 % [29,30]. For decades scientists
struggled to delineate pathomechanism of placental abruption and development of more efficient
therapies. Nath et al. performed a histological examination of placenta samples of 160 patients with
placental abruption, and 176 patients with no evidence of placental abruption. All women delivered
at the gestation of 20 weeks or longer, and samples were taken a right after parturition [31].
Chorioamnionitis was defined as the presence of inflammatory infiltrates of neutrophils at two or
more sites on the chorionic plate and extraplacental membranes. The odds ratio for chorioamnionitis
for women with placental abruption in compare to controls was 3.6 (95% CI 1.7 to 10.5), and 2.8 (95%
CI 1.3 to 6.1) for preterm and term gestation groups respectively, indicating the participation of
immunology system in placental abruption process [31]. Moreover, analysis of the placental tissue of
20 normotensive pregnant women and 20 patients with severe PE, performed by Weel et al., revealed
a significant increase of NLRP3, caspase-1 and IL-1p expression [3]. This data indicates the
occurrence of NLRP3 inflammasome mediated inflammation in the placentae of women with PE. In
their histological study of placental abruption, Braila et al. reported edema and inflammation in both
uterus and placenta [32]. Moreover, researchers discovered thrombosis and coagulant imbalance in
the uterus, and placental infarctions in examined samples. Furthermore, myometrium presented a
vascular network poor in small blood vessels [32]. These findings can be explained by the
aforementioned placental inflammation and NLRP3 associated coagulopathy. Moreover, Major et al.
report the production of soluble fms-like tyrosine kinase-1 (sFlt-1) by monocytes stimulated by
activated platelets in the blood of women with PE [33]. Soluble fms-like tyrosine kinase-1 is a vascular
endothelial growth factor (VEGF) inhibitor, and due to this property, it can impede angiogenesis.
Therefore it can be hypothesized that placental NRLP3 mediated inflammation leads to
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immunothrombosis, and monocyte-platelet aggregates produce sFlt-1. Both coagulopathy and
angiogenesis inhibition possibly contributes to placental incapacity and placental abruption.
However, this hypothesis needs confirmation.

2.6. NLRP3 as an inductor of HELLP syndrome

HELLP is an abbreviation of hemolysis, elevated liver enzymes, and low platelets. HELLP
syndrome is a grave obstetric complication with severe maternal mortality and afflicts 10-20 % of
women with preeclampsia [34]. Abildgaard and Heimdal delineated pathomechanism of HELLP
syndrome, indicating a significant role of thrombotic microangiopathy in the development of this
disease [35]. Pathomechanism of coagulopathy and thrombosis in small vessels among women with
PE, as well as the role of NRLP3 in that process, is described in section 2.4. Red blood cells are
fragmented as they pass through vessels with fibrin strands, which results in microangiopathic
hemolytic anemia [35]. Moreover, hem released from fragmented erythrocytes acts as a DAMP,
therefore stimulates NLRP3 inflammasome activation and further induction of immunothrombosis
and erythrocyte destruction [36]. Furthermore, Mustafa and Bano discovered that bilirubin
deactivates cystatin, an inhibitor of cathepsin, which increases its activity [37]. Cathepsin is a protease
that initiates apoptosis of hepatocytes through caspase-3 and caspase-9, leading to liver damage.
Therefore bilirubin from fragmented erythrocytes can indirectly induce liver parenchyma destruction
[37,38]. Moreover, cathepsin and thrombin directly cleave complement component 5 (C5) to C5a,
facilitating the formation of membrane attack complex (C5b-9) [39]. Burwick et al. examined blood
and urine samples of 25 women with severe PE, 25 women with chronic hypertension, and 25 healthy
controls discovering higher concentrations of C5a and C5b-9 in plasma of women from the first two
groups in comparison to controls. Furthermore, researchers detected high concentrations of C5b-9 in
urine samples of 94 % of women with severe preeclampsia, and none in other groups, indicating the
participation of C5b-9 and C5a in the pathomechanism of PE [40]. Membrane attack complex directly
haemolyse red blood cells in the intravascular hemolysis process, contributing to DMAPs production
and spread of inflammation [41]. If the inflammatory response occurs in the liver, activated NLRP3
inflammasome leads to the production of gasdermin D and pyroptosis of hepatocytes [42].
Interestingly, placentas with thrombotic and ischaemic alterations, as it was described in section 2.4,
show higher expression of death receptor Fas ligand (FasL) [35]. FasL can induce apoptosis of
hepatocytes, which maintain the constitutive expression of Fas. Thus this could be another
component of liver damage in HELLP syndrome among preeclamptic women [43]. Considering
aforementioned data HELLP syndrome is most likely a result of NLRP3 mediated inflammation
(Figure 2).
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Figure 2. Pathomechanism of PIH and PE development by the NLRP3 inflammasome.

3. NLRP3 activators in PE and PIH

Regarding previous sections of this article, the role of NLRP3 inflammasome as a risk factor of
PIH and PE, and its crucial part in the pathomechanism of these diseases appear to be quite well
established. However, the cause of primary NLRP3 inflammasome activation still needs an
explanation. Assessment of blood samples performed by Stedle et al. revealed elevated plasma
concentrations of monosodium urate (MSU) and cholesterol among women with PE in comparison
to healthy controls [44]. Moreover, MSU and cholesterol showed a positive correlation with plasma
concentrations of high sensitivity C-reactive protein and soluble sFlt-1 (a marker of PE), indicating
the association of MSU and cholesterol with inflammation and PE [44]. Matias et al. assessed
monocytes isolated from blood samples of 23 women with PE and 23 normotensive pregnant women
[45]. Monocytes of women with PE showed significantly higher expression of NLRP3, caspase-1, IL-
1B, and IL-18 mRNA. Interestingly, monocyte stimulation with MSU resulted in increased expression
of NLRP3, caspase-1, and IL-18 in samples of PE women but not in samples of controls. Moreover,
MSU increased the expression of caspase-1 and IL-1f in dosage-dependent fashion in monocytes of
non-pregnant healthy women. Furthermore, this effect was abolished by glibenclamide, an NLRP3
inhibitor [45]. Another, similarly designed studies confirmed that NLRP3 is activated by cholesterol,
ROS, MSU, hyaluronan, and glucose [45—49]. These findings led to the creation of NLRP3 crystal-
induced activation theory, where MSU, alum, silica, asbestos, f-amyloid, cholesterol crystals, and
calcium crystals, induces NLRP3 inflammasome activation [6,45]. Although the exact mechanism is
not yet comprehended, this theory is vital for PE research, because it explains why high BMI, which
is usually connected with hypercholesterolemia, is a significant risk factor for PE development [1].
Therefore, crystal-induced NLRP3 inflammasome activation theory can facilitate the development of
effective prophylaxis and treatment of preeclampsia.

4. Discussion

Immunological and hormonal balance is very complex and fragile, mainly during pregnancy,
when many changes occur. One of them is an alteration of cholesterol concentration, which typically
decrease at the beginning of pregnancy achieving nadir in the second month, and significant increase
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above concentrations from before pregnancy, with zenith in the month of parturition [50]. As was
described above, cholesterol is an activator of the NLRP3 inflammasome, thus physiological for
pregnancy increase of its concentration could be a primer of preeclampsia development. However,
cholesterol level elevation is typical for pregnancy, but PE afflicts only 2-8 % of pregnancies.
Therefore there is another factor, which makes some women more susceptible to DAMPs like
cholesterol, and/or which facilitate greater inflammatory response and/or impairs self-restraint
ability of the immunological system. Interestingly Stedle et al. revealed no difference of NLRP3
expression in placenta samples of healthy and preeclamptic patients. However, if IUGR occurred, it
was associated with an increased level of IL-13, a product of NLRP3 inflammasome [44]. Similar
expression of NLRP3 exclude the previous priming, but higher IL-13 production could be an effect
of NLRP3 polymorphism and the presence of its more active forms. This finding indicates that on top
of the general inflammatory response, there are local inflammations, which could be a reason for the
variable PE spectrum. Despite many unknowns in the pathomechanism of PE development studies
proving the crucial role of NLRP3 in that process and delineating DAMPs, which can activate the
inflammasome can be a source of great change in therapy and prophylaxis of preeclampsia. For
example, by monitoring and lowering levels of cholesterol and monosodium urate, or the
introduction of new pharmacotherapy guidelines. High glucose concentrations activate the NLRP3
inflammasome in trophoblasts, and a recent study showed that metformin inhibits NLRP3 through
AMPK/mTOR pathway. Therefore this drug could be used as a PE prevention among pregnant
patients with DM2 or gestational diabetes [49,51]. Moreover, researchers investigate the potential of
different NLRP3 inhibitors, which, if safe for fetuses, would significantly decrease PE morbidity and
mortality, which is the future of obstetrics [1,52].

5. Conclusions

NLRP3 plays a crucial role in the development of PIH and PE, leading to the occurrence of
hypertension, through sympathetic outflow and RAAS activation, to proteinuria, through
tubulointerstitial inflammation and glomerulopathy, to placental abruption, through
immunothrombosis, and to development of HELLP syndrome, through immunothrobosis, cytokine-
mediated hemolysis, and induction of hepatocyte apoptosis and pyroptosis. NLRP3 inflammasome
can be activated by high concentrations of cholesterol, glucose, MSU, ROS, etc., although other
factors, like genetic susceptibility, appear to be important in the excessive activity of inflammasome
and development of PIH and PE. Therefore, inhibitors of NLRP3 could be very effective in the
treatment of pregnancy-induced hypertension and preeclampsia.

Author Contributions: Conceptualization, M.S.; literature search, M.S., B.M., O.P.; methodology, M.S., B.M,;
validation, M.W.; investigation, M.S., M.D.; resources, B.M.; writing—original draft preparation, M.S.; project
administration, M.W.; funding acquisition, M.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Acknowledgments: For creation of the graphical abstract authors used a part of free graphic designed by
Freepik.

Conflicts of Interest: The authors declare no conflict of interest

References

1. Kintiraki, E.; Papakatsika, S.; Kotronis, G.; Goulis, D.G.; Kotsis, V. Pregnancy-Induced hypertension. Horm.
Athens Greece 2015, 14, 211-223, doi:10.14310/horm.2002.1582.

2. Ghulmiyyah, L.; Sibai, B. Maternal Mortality From Preeclampsia/Eclampsia. Semin. Perinatol. 2012, 36, 56—
59, doi:10.1053/j.semperi.2011.09.011.

3. Weel, I.C;; Romao-Veiga, M.; Matias, M.L.; Fioratti, E.G.; Peracoli, ].C.; Borges, V.T.; Araujo, ].P.; Peragoli,
M.T. Increased expression of NLRP3 inflammasome in placentas from pregnant women with severe
preeclampsia. ]. Reprod. Immunol. 2017, 123, 4047, d0i:10.1016/j.jri.2017.09.002.


https://doi.org/10.20944/preprints202005.0357.v1
https://doi.org/10.3390/cells9071642

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 May 2020 doi:10.20944/preprints202005.0357.v1

9 of 11

4.  Xu, L; Li, S; Liu, Z; Jiang, S.; Wang, J.; Guo, M.; Zhao, X,; Song, W.; Liu, S. The NLRP3 rs10754558
polymorphism is a risk factor for preeclampsia in a Chinese Han population. . Matern. Fetal Neonatal Med.
2019, 32, 1792-1799, d0i:10.1080/14767058.2017.1418313.

5. Pontillo, A.; Reis, E.C.; Bricher, P.N.; Vianna, P.; Diniz, S.; Fernandes, K.S.; Chies, ].A.; Sandrim, V. NLRP1
L155H Polymorphism is a Risk Factor for Preeclampsia Development. Am. ]J. Reprod. Immunol. 2015, 73,
577-581, doi:10.1111/aji.12353.

6. Kelley, N.; Jeltema, D.; Duan, Y.; He, Y. The NLRP3 Inflammasome: An Overview of Mechanisms of
Activation and Regulation. Int. J. Mol. Sci. 2019, 20, 3328, doi:10.3390/ijms20133328.

7.  Sutterwala, F.S.; Haasken, S.; Cassel, S.L. Mechanism of NLRP3 inflammasome activation. Ann. N. Y. Acad.
Sci. 2014, 1319, 82-95, d0i:10.1111/nyas.12458.

8. Liu, D,; Zeng, X,; Li, X;; Mehta, J.L.; Wang, X. Role of NLRP3 inflammasome in the pathogenesis of
cardiovascular diseases. Basic Res. Cardiol. 2017, 113, 5, d0i:10.1007/s00395-017-0663-9.

9.  Krishnan, S.M.; Sobey, C.G; Latz, E.; Mansell, A.; Drummond, G.R. IL-1f and IL-18: inflammatory markers
or mediators of hypertension? Br. J. Pharmacol. 2014, 171, 5589-5602, doi:10.1111/bph.12876.

10. Omi, T,; Kumada, M.; Kamesaki, T.; Okuda, H.; Munkhtulga, L.; Yanagisawa, Y.; Utsumi, N.; Gotoh, T,
Hata, A.; Soma, M.; et al. An intronic variable number of tandem repeat polymorphisms of the cold-induced
autoinflammatory syndrome 1 ( CIAS1) gene modifies gene expression and is associated with essential
hypertension. Eur. . Hum. Genet. 2006, 14, 1295-1305, doi:10.1038/sj.ejhg.5201698.

11. van den Meiracker, A.H.; Boomsma, F. The angiotensin II-sympathetic nervous system connection. J.
Hypertens. 2003, 21, 14531454, doi:10.1097/00004872-200308000-00005.

12. Torretti, J. Sympathetic Control of Renin Release. Annu. Rev. Pharmacol. Toxicol. 1982, 22, 167-192,
doi:10.1146/annurev.pa.22.040182.001123.

13. Rust, P.; Ekmekcioglu, C. Impact of Salt Intake on the Pathogenesis and Treatment of Hypertension. Adv.
Exp. Med. Biol. 2017, 956, 61-84, doi:10.1007/5584_2016_147.

14. Platten, M.; Youssef, S.; Hur, EM.; Ho, P.P.; Han, M.H.; Lanz, T.V.; Phillips, L.K.; Goldstein, M.].; Bhat, R,;
Raine, C.S.; et al. Blocking angiotensin-converting enzyme induces potent regulatory T cells and modulates
TH1- and TH17-mediated autoimmunity. Proc. Natl. Acad. Sci. 2009, 106, 14948-14953,
doi:10.1073/pnas.0903958106.

15. Shirasuna, K.; Karasawa, T.; Usui, F.; Kobayashi, M.; Komada, T.; Kimura, H.; Kawashima, A.; Ohkuchi,
A.; Taniguchi, S.; Takahashi, M. NLRP3 Deficiency Improves Angiotensin II-Induced Hypertension But
Not Fetal Growth Restriction During Pregnancy. Endocrinology 2015, 156, 4281-4292, doi:10.1210/en.2015-
1408.

16. Kwon, O.C,; Park, Y,; Lee, ].S.; Oh, ].S.; Kim, Y.-G.; Lee, C.-K; Yoo, B.; Hong, S. Non-albumin proteinuria
as a parameter of tubulointerstitial inflammation in lupus nephritis. Clin. Rheumatol. 2019, 38, 235-241,
doi:10.1007/s10067-018-4256-2.

17. Li, X.C.; Zhuo, J.L. Nuclear factor-«B as a hormonal intracellular signaling molecule: focus on angiotensin
II-induced cardiovascular and renal injury. Curr. Opin. Nephrol. Hypertens. 2008, 17, 37-43,
doi:10.1097/MNH.0b013e3282f2903c.

18. Grande, M.T.; Pérez-Barriocanal, F.; Lopez-Novoa, ].M. Role of inflammation in tiibulo-interstitial damage
associated to obstructive nephropathy. J. Inflamm. 2010, 7, 19, doi:10.1186/1476-9255-7-19.

19. Tashiro, M.; Sasatomi, Y.; Watanabe, R.; Watanabe, M.; Miyake, K.; Abe, Y.; Yasuno, T.; Ito, K.; Ueki, N.;
Hamauchi, A. et al IL-13 promotes tubulointerstitial injury in s MPO-ANCA-associated
glomerulonephritis. Clin. Nephrol. 2016, 86, 190-199, doi:10.5414/CN108902.

20. Li Y, Xia, W; Wu, M,;Yin, J.; Wang, Q.; Li, S;; Zhang, A.; Huang, S.; Zhang, Y.; Jia, Z. Activation of GSDMD
contributes to acute kidney injury induced by cisplatin. Am. . Physiol.-Ren. Physiol. 2019, 318, F96-F106,
doi:10.1152/ajprenal.00351.2019.

21. Nefselhut, T.; Rath, W.; Grospietsch, G.; Weber, M.H.; Kuhn, W. Urinary protein electrophoresis profile in
normal and hypertensive pregnancies. Arch. Gynecol. Obstet. 1989, 246, 97-105, doi:10.1007/BF00934126.

22.  Yamamoto, T.; Yoshimura, S.; Sasamori, Y.; Sakamoto, T.; Ogino, M.; Kambegawa, A.; Okinaga, S.; Arai, K.
Analysis of Urinary Protein by Immunoblot Method Using Unconcentrated Urine in Preeclampsia. Asia.
Oceania |. Obstet. Gynaecol. 1992, 18, 177-185, doi:10.1111/j.1447-0756.1992.tb00319.x.

23. Kaltenbach, F.J.; Boesken, W.H.; Wilhelm, C.; Ziupa, J.; Toussaint, M.N.; Quaas, L. Urinary Protein Patterns
and Preeclampsia. Clin. Exp. Hypertens. B. 1983, 2, 133-144, doi:10.3109/10641958309023466.


https://doi.org/10.20944/preprints202005.0357.v1
https://doi.org/10.3390/cells9071642

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 May 2020 doi:10.20944/preprints202005.0357.v1

10 of 11

24. Engelmann, B.; Massberg, S. Thrombosis as an intravascular effector of innate immunity. Nat. Rev. Immunol.
2013, 13, 34-45, d0i:10.1038/nri3345.

25.  Murthy, P,; Durco, F.; Miller-Ocuin, J.L.; Takedai, T.; Shankar, S.; Liang, X.; Liu, X.; Cui, X,; Sachdev, U,;
Rath, D.; et al. The NLRP3 inflammasome and bruton's tyrosine kinase in platelets co-regulate platelet
activation, aggregation, and in vitro thrombus formation. Biochem. Biophys. Res. Commun. 2017, 483, 230-
236, d0i:10.1016/j.bbrc.2016.12.161.

26. Brown, G.T.; Narayanan, P.; Li, W, Silverstein, R.L.; McIntyre, T.M. Lipopolysaccharide Stimulates
Platelets through an IL-1p3 Autocrine Loop. J. Immunol. 2013, 191, 5196-5203, d0i:10.4049/jimmunol.1300354.

27. Brocklebank, V.; Wood, K.M.; Kavanagh, D. Thrombotic Microangiopathy and the Kidney. Clin. J. Am. Soc.
Nephrol. 2018, 13, 300-317, doi:10.2215/CJN.00620117.

28. Vogel, S.; Thein, S.L. Platelets at the crossroads of thrombosis, inflammation and haemolysis. Br. J. Haematol.
2018, 180, 761-767, doi:10.1111/bjh.15117.

29. Berhan, Y. Predictors of Perinatal Mortality Associated with Placenta Previa and Placental Abruption: An
Experience from a Low Income Country. J. Pregnancy 2014, 2014, 307043, doi:10.1155/2014/307043.

30. Oyelese, Y., Ananth, C. Placental Abruption. Obstet. Gynecol. 2006, 108, 1005-1016,
doi:10.1097/01.AOG.0000239439.04364.9a.

31. Nath, CA,; Ananth, C.V,; Smulian, ].C; Shen-Schwarz, S.; Kaminsky, L. Histologic evidence of
inflammation and risk of placental abruption. Am. ]. Obstet. Gynecol. 2007, 197, 319.e1-319.e6,
doi:10.1016/j.ajog.2007.06.012.

32. Brdila, A.D.; Gluhovschi, A.; Neacsu, A.; Lungulescu, C.V.; Braila, M.; Vircan, E.L.; Cotoi, B.V.; Goganau,
A .M. Placental abruption: etiopathogenic aspects, diagnostic and therapeutic implications. Romanian ].
Morphol. Embryol. Rev. Roum. Morphol. Embryol. 2018, 59, 187 —195.

33. Major, H.D.; Campbell, R.A.; Silver, RM.; Branch, D.W.; Weyrich, A.S. Synthesis of sFlt-1 by platelet-
monocyte aggregates contributes to the pathogenesis of preeclampsia. Am. J. Obstet. Gynecol. 2014, 210,
547.e1-547.e7, doi:10.1016/j.ajog.2014.01.024.

34. Karumanchi, S.A.; Maynard, S.E.; Stillman, LE.; Epstein, F.H.; Sukhatme, V.P. Preeclampsia: A renal
perspective. Kidney Int. 2005, 67, 2101-2113, doi:10.1111/j.1523-1755.2005.00316.x.

35. Abildgaard, U.; Heimdal, K. Pathogenesis of the syndrome of hemolysis, elevated liver enzymes, and low
platelet count (HELLP): a review. Eur. ]. Obstet. Gynecol. Reprod. Biol. 2013, 166, 117-123,
doi:10.1016/j.ejogrb.2012.09.026.

36. Erdei, ].; Téth, A.; Balogh, E.; Nyakundi, B.B.; Banyai, E.; Ryffel, B.; Paragh, G.; Cordero, M.D.; Jeney, V.
Induction of NLRP3 Inflammasome Activation by Heme in Human Endothelial Cells. Oxid. Med. Cell.
Longev. 2018, 2018, 4310816, doi:10.1155/2018/4310816.

37. Mustafa, M.F,; Bano, B. Bilirubin binding with liver cystatin induced structural and functional changes. J.
Fluoresc. 2014, 24, 967—974, doi:10.1007/s10895-014-1381-4.

38. Ben-Ari, Z; Mor, E.; Azarov, D.; Sulkes, J.; Tor, R.; Cheporko, Y.; Hochhauser, E.; Pappo, O. Cathepsin B
inactivation attenuates the apoptotic injury induced by ischemia/reperfusion of mouse liver. Apoptosis 2005,
10, 1261-1269, doi:10.1007/s10495-005-2358-1.

39. Regal, J.F.; Burwick, R M,; Fleming, S.D. The Complement System and Preeclampsia. Curr. Hypertens. Rep.
2017, 19, 87, doi:10.1007/s11906-017-0784-4.

40. Burwick Richard M.; Fichorova Raina N.; Dawood Hassan Y.; Yamamoto Hidemi S.; Feinberg Bruce B.
Urinary Excretion of C5b-9 in Severe Preeclampsia. Hypertension 2013, 62, 1040-1045,
doi:10.1161/HYPERTENSIONAHA.113.01420.

41. Chapin, J.; Terry, H.S.; Kleinert, D.; Laurence, J. The role of complement activation in thrombosis and
hemolytic anemias. Transfus. Apher. Sci. 2016, 54, 191-198, doi:10.1016/j.transci.2016.04.008.

42. Xu, B.;Jiang, M.; Chu, Y.; Wang, W.; Chen, D.; Li, X.; Zhang, Z.; Zhang, D.; Fan, D.; Nie, Y.; et al. Gasdermin
D plays a key role as a pyroptosis executor of non-alcoholic steatohepatitis in humans and mice. ]. Hepatol.
2018, 68, 773-782, doi:10.1016/j.jhep.2017.11.040.

43. Faletti, L.; Peintner, L.; Neumann, S.; Sandler, S.; Grabinger, T.; Mac Nelly, S.; Merfort, 1., Huang, C.-H;
Tschaharganeh, D.; Kang, T.-W.; et al. TNFa sensitizes hepatocytes to FasL-induced apoptosis by NF«B-
mediated Fas upregulation. Cell Death Dis. 2018, 9, 1-14, doi:10.1038/s41419-018-0935-9.

44. Stedle, 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.; Bjerge, L.; et al. Placental inflammation in preeclampsia by Nod-like receptor protein


https://doi.org/10.20944/preprints202005.0357.v1
https://doi.org/10.3390/cells9071642

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 May 2020 doi:10.20944/preprints202005.0357.v1

11 of 11

(NLRP)3 inflammasome activation in trophoblasts. Clin. Exp. Immunol. 2018, 193, 84-94,
doi:10.1111/cei.13130.

45. Matias, M.L.; Romao, M.; Weel, I.C.; Ribeiro, V.R.; Nunes, P.R; Borges, V.T.;Jr, ].P.A.; Peracoli, ].C.; Oliveira,
L. de; Peragoli, M.T. Endogenous and Uric Acid-Induced Activation of NLRP3 Inflammasome in Pregnant
Women with Preeclampsia. PLOS ONE 2015, 10, e0129095, doi:10.1371/journal.pone.0129095.

46. 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,
doi:10.1016/j.preghy.2018.07.006.

47. Mulla, M.].; Myrtolli, K.; Potter, ].; Boeras, C.; Kavathas, P.B.; Sfakianaki, A.K.; Tadesse, S.; Norwitz, E.R;
Guller, S.; Abrahams, V.M. Uric Acid Induces Trophoblast IL-13 Production Via the Inflammasome:
Implications for the Pathogenesis of Preeclampsia. Am. ]. Reprod. Immunol. 2011, 65, 542-548,
doi:10.1111/j.1600-0897.2010.00960.x.

48. Romao-Veiga, M.; Matias, M.L.; Ribeiro, V.R;; Nunes, P.R.; M. Borges, V.T.; Peracoli, ].C.; Peracoli, M.T.S.
Induction of systemic inflammation by hyaluronan and hsp70 in women with preeclampsia. Cyfokine 2018,
105, 23-31, doi:10.1016/j.cyto.2018.02.007.

49. Han, CS,; Herrin, M.A,; Pitruzzello, M.C.; Mulla, M.].; Werner, E.F.; Pettker, CM.; 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, doi:10.1111/aji.12339.

50. Wiznitzer, A.; Mayer, A.; Novack, V.; Sheiner, E.; Gilutz, H.; Malhotra, A.; Novack, L. Association of lipid
levels during gestation with preeclampsia and gestational diabetes mellitus: a population-based study. Am.
J. Obstet. Gynecol. 2009, 201, 482.e1-482.e8, doi:10.1016/j.ajog.2009.05.032.

51. Yang, F;Qin, Y.; Wang, Y.; Meng, S.; Xian, H.; Che, H.; Lv, J.; Li, Y.; Yu, Y.; Bai, Y.; et al. Metformin Inhibits
the NLRP3 Inflammasome via AMPK/mTOR-dependent Effects in Diabetic Cardiomyopathy. Int | Biol Sci
2019, 15, 1010-1019, doi:10.7150/ijbs.29680.

52. Liu, Z,; Zhao, X.; Shan, H.; Gao, H.; Wang, P. microRNA-520c-3p suppresses NLRP3 inflammasome
activation and inflammatory cascade in preeclampsia by downregulating NLRP3. Inflamm. Res. 2019, 68,
643-654, doi:10.1007/s00011-019-01246-8.


https://doi.org/10.20944/preprints202005.0357.v1
https://doi.org/10.3390/cells9071642

