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Placental vascularization is a tightly regulated physiological process in which

the maternal immune system plays a fundamental role. Vascularization of the

maternal-placental interface involves a wide range of mechanisms primarily orchestrated

by the fetal extravillous trophoblast and maternal immune cells. In a healthy

pregnancy, an immune cross-talk between the mother and fetal cells results in

the secretion of immunomodulatory mediators, apoptosis of specific cells, cellular

differentiation/proliferation, angiogenesis, and vasculogenesis, altogether favoring a

suitable microenvironment for the developing embryo. In the context of vasculopathy

underlying common pregnancy disorders, it is believed that inefficient invasion of

extravillous trophoblast cells in the endometrium leads to a poor placental blood

supply, which, in turn, leads to decreased secretion of angiogenic factors, hypoxia, and

inflammation commonly associated with preterm delivery, intrauterine growth restriction,

and preeclampsia. In this review, we will focus on studies published by Latin American

research groups, providing an extensive review of the role of genetic variants from

candidate genes involved in a broad spectrum of biological processes underlying

the pathophysiology of preeclampsia. In addition, we will discuss how these studies

contribute to fill gaps in the current understanding of preeclampsia. Finally, we discuss

some trending topics from important fields associated with pregnancy vascular disorders

(e.g., epigenetics, transplantation biology, and non-coding RNAs) and underscore their

possible implications in the pathophysiology of preeclampsia. As a result, these efforts

are expected to give an overview of the extent of scientific research produced in Latin

America and encourage multicentric collaborations by highlighted regional research

groups involved in preeclampsia investigation.
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INTRODUCTION

In all pregnancies that can potentially lead to living birth, a major concern is the high prevalence of
disorders that can affect healthy pregnancies. Maternal mortality is a global health issue. One of the
eight goals of the United Nations Millennium Development Goals (MDG) was to reduce maternal
mortality by three quarters from 1990 to 2015. As of 2013, the worldwide maternal mortality ratio
has dropped 45%, yet maternal deaths are still the primary cause of death. For the same period, an
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estimated 289,000 maternal deaths due to pregnancy- or
childbirth-related complications occurred, particularly in
developing countries, since mortality rates vary according to
geographical area and different social and ethnic characteristics.
These estimates expose the alarming healthcare situation in
developing countries where the maternal mortality ratio is ∼14
times higher than in developed countries. Actual numbers might
be even higher because only 51% of the countries evaluated
in the MDG had data on maternal causes of death (United
Nations, 2015). In Latin America, pregnancy vascular disorders
are the leading cause of maternal mortality and morbidity
(Khan et al., 2006). These disorders cover a wide range of
clinically characterized phenotypes with a common underlying
dysfunction in the endothelial and vascular systems, including
preeclampsia (PE), and will be appropriately discussed in this
review.

Owing to a lack of robust experimental animal models and
ethical issues related to early pregnancy tissue usage, elucidation
of the underlying mechanisms involved in the pathophysiology
of pregnancy disorders remains the “holy grail” of reproductive
biology. Considering that fetal cells inherit half paternal genetic
material, this “non-self ” status (compared to the mother)
represents a challenge to the maternal immunological system.
In this sense, a question naturally arises: How does the fetus
avoid rejection by the maternal immune system? Since rejection
occurs at different levels, it is reasonable to consider that genetic
disparity, or the genetic background of the parents may account
for an increased risk of pregnancy disorders (Goldenberg et al.,
2009; Gardosi et al., 2013; Lisonkova and Joseph, 2013). Human
pregnancy is a phenomenon that relies on immunological
adaptations (Aghaeepour et al., 2017). Since maternal immune
tolerance is essential to the maintenance of pregnancy, breakage
of such tolerance is an accepted hypothesis for the occurrence of
pregnancy-related disorders, including PE (Christiansen, 2013;
Redman et al., 2014), which is briefly reviewed in sections
Placental Vasculogenesis and Angiogenesis: Immune System and
Vascular Remodeling During Pregnancy and Preeclampsia.

Pregnancy is a highly coordinated process that requires
the involvement of a well-regulated network of biological
mechanisms. Briefly, pregnancy establishment initiates through
blastocyst implantation and endometrial invasion. Blastocyst
invasion requires the expression of a wide range of factors by both
maternal and fetal cells, including adhesionmolecules, pregnancy
hormones, and inflammatory mediators (Norwitz et al., 2001).
In this context, inefficient blastocyst implantation is related to
impaired endometrial vascular remodeling and immunological
tolerance, which are commonly observed in a broad spectrum
of pregnancy disorders. The extent of maternal physiological
responses driven by the foreign developing embryo involves
both maternal/paternal and fetal aspects. The response for such
stimuli varies between healthy and pathological pregnancies, or
even among individuals of the same group. This implies that
the genetic variability is a critical component and accounts in
the susceptibility for (but not limited to) pregnancy vascular
disorders by influencing both local and systemic responses. In
Latin America, the genetic and molecular basis of PE is a rapidly
developing field of investigation, and many studies approaching

basic science or even extending to cutting-edge technologies have
been published and will be reviewed in the sections Genetic
Studies in Latin-American Populations, Genetic Variation in
Histocompatibility-Related Genes in PE, Gene Variants Involved
in Metabolic Processes, and Variants in Detoxification, DNA-
Repair, and Apoptosis-Related Genes.

Latin America contains a highly diverse human population.
This admixed population is also under the influence of
environmental factors, such as climate, lifestyle, and pathogen
exposure. As pregnancy disorders are affected by both genetic
and environmental factors, it is difficult to extrapolate data
obtained in specific human populations to other ones. Therefore,
we provide an extensive review of studies developed in Latin
America (Figure 1) as a contribution to the understanding
of pregnancy disorders, mainly focusing on PE. Since Brazil
and Mexico are at the forefront of PE investigation in Latin
America, we call attention to the lack of investigative studies in
countries not represented here. Also, we highlight the urgent
need for collaborative studies and extensive efforts to fill gaps
in the current scenario of hypertensive pregnancy disorder
epidemiology in Latin America. Here, we will discuss current
knowledge about the role of the maternal immune system in
pregnancy vasculogenesis and PE. Also, we will review the
literature concerning genetic studies evaluating the contribution
of single nucleotide polymorphisms (SNPs) in candidate genes
from distinct biological systems and discuss their involvement in
PE pathogenesis by analyzing data from Latin America as well as
from other human populations when appropriate. For the sake
of clarity, reference SNP cluster (rs#) will be cited as it appears in
the text and the SNP nomenclature will be maintained according
to the original cited article.

PLACENTAL VASCULOGENESIS AND
ANGIOGENESIS: IMMUNE SYSTEM AND
VASCULAR REMODELING DURING
PREGNANCY

Tissue remodeling and angiogenesis are the results of a tightly
regulated interaction between the immune system and the
vascular system (Ribatti and Crivellato, 2009). In pregnancy, an
adequate placental vascularization depends on the proliferation
and differentiation of the trophoblast cells in the placental
villi (Herr et al., 2010). Adaptation and changes in maternal
anatomy and physiology are fundamental for the establishment
of an adequate blood supply for the developing fetus (Boeldt
and Bird, 2017). After implantation, the invasion of the
endometrium by the cytotrophoblast drives the first steps of
human placentation. Initially, myometrial spiral arteries are
remodeled in the second trimester, changing from a high-
resistance state of coiled vessels to dilated low-resistance vessels
(Boeldt and Bird, 2017). In low-resistance vessels, the exchange
of gas and nutrients is highly facilitated, since there is a decrease
in blood flow to the intervillous spaces of the placenta (Boeldt
and Bird, 2017). According to the immunological aspects of
pregnancy, it is accepted that a mild pro-inflammatory stimulus
is essential for local tissue remodeling, neovascularization, and
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FIGURE 1 | The contribution from Latin American countries to the

understanding of genetic predisposition in pregnancy vascular disorders. In

the map, areas in red represent the number of published articles covered by

our review in Latin America. Areas in weak red represent low numbers of

publications, and areas in strong red represent countries/populations with a

production of 50 articles or more.

the establishment of successful embryo attachment enabling fetal
development (Chaouat, 2002). Decidual immune cells, invading
trophoblasts and endothelial cells interact and orchestrate
placental vascularization. Leukocytes represent 15–30% of all
cells in human early pregnant decidua (Mincheva-Nilsson
et al., 1994). The organization of these immune cells is
unique and includes lymphoid cell clusters, and randomly
distributed immune cells, such as uterine natural killer
(uNK) cells, αβ-T, and γδ-T cells, dendritic cells (DCs),
and macrophages. B cells and regulatory B cells are less
represented in number, and their emerging roles in pregnancy
are discussed elsewhere (Muzzio et al., 2013; Fettke et al.,
2014; Mor et al., 2017; Esteve-Solé et al., 2018). uNK cells
represent ∼70% of leukocytes in the decidua (Moffett-King,
2002), and are essential to the angiogenesis and maintenance
of vascular stability by secreting specific sets of cytokines: the
vascular endothelial growth factor C (VEGFC), the placental
growth factor (PIGF), and angiopoietin 2 (ANG2) (Li et al.,
2001).

PREECLAMPSIA

Worldwide, PE affects 2–8% of pregnant women. In addition, it
accounts for ∼40% of preterm births (<35 weeks of gestation)
(Khan et al., 2006; Duley, 2009). PE incidence differs mainly
between low- and high-income countries. In Latin American
countries, ∼26% of maternal deaths are attributed to PE.

However, the actual impact of PE in developing countries is
underestimated due to differences in PE diagnostic criteria and
the fact that reporting the maternal cause of death is not
compulsory in several countries (Giachini et al., 2017).

PE usually manifests in the second trimester. Although new
definitions for PE include organ dysfunction (Tranquilli et al.,
2014) and no longer require proteinuria if other severe PE
features are present (ACOG, 2013), traditionally PE is defined
by onset of hypertension after 20 weeks of gestation (systolic
≥140 mmHg; diastolic ≥90 mmHg), proteinuria (≥300 mg/24 h
or protein/creatinine ratio ≥0.5 in random sample) and edema.
While untreated PE can be lethal, the clinical complications vary
and include seizures, liver rupture, pulmonary edema, and renal
insufficiency (Adu-Bonsaffoh et al., 2013). Despite advances in
the clinical management of PE (symptomatic treatment), the only
effective treatment remains clinical intervention and delivery,
resulting in low birth weight and premature birth. In fact, ∼23%
of low birth weight and ∼20% of preterm birth occurrences
in Latin America are attributed to PE (Bilano et al., 2014).
In clinical practice, therapies involving antiplatelet agents such
as low aspirin doses (Duley et al., 2007; Roberge et al., 2013;
Xu et al., 2015; ACOG, 2018) and calcium supplementation in
womenwith low calcium diets (Hofmeyr et al., 2014) have proven
to bring small to moderate benefit to women with high risk
pregnancies. Symptomatic treatments include different strategies
targeting gestational hypertension (antihypertensive therapy),
eclamptic seizures (anticonvulsive therapy), and other symptoms
as reviewed elsewhere (Ramos et al., 2017).

The impact of PE on both maternal and fetal health goes
beyond pregnancy, and represents a significant burden on public
health services, especially, in low-income countries where the
incidence rates can reach up to 6% in Latin America, 2.3%
in Africa, and 3.2% in Asia (Bilano et al., 2014). Preeclamptic
women have an increased risk of post-partum depression,
cardiovascular disorders, metabolic diseases and hypertension
later in life (Ramsay et al., 2003; Hoedjes et al., 2011; Behrens
et al., 2017; Neiger, 2017; Timpka et al., 2017; Zoet et al., 2018),
while newborns are at higher risk to develop autistic spectrum
disorders, cerebral palsy, and bronchopulmonary dysplasia due
to low birth weight and preterm birth (Hansen et al., 2010; Mann
et al., 2010; Strand et al., 2013).

Despite extensive efforts in the last two decades, the
etiopathology of PE is still unclear, although some environmental
and genetic risk factors have been reported (Fong et al., 2014; Ye
et al., 2017). The variety of candidate genes evaluated by Latin
American research groups and the critical events of each stage of
PE development are summarized in Figure 2 (formore details see
Redman, 2014; Redman et al., 2014). Classically, PE development
follows a two-stage model including a pre-clinical and a clinical
period (Redman, 1991). This model was recently updated into
a sequential four- and six-stage model to accommodate all
immune aspects of PE: In the first stage of PE, environmental
and genetic factors represent a critical component. The latter
element involves several genes from different signaling pathways,
revealing the polygenic nature of PE (for example, it is suggested
that limited exposure to paternal antigens likely increases PE
risk, being clinically relevant in primiparous women). In the next
stage, inefficient trophoblast invasion in the decidua may result
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in poor placentation and abnormal uteroplacental perfusion.
In the third stage, placental ischemia and hypoxia result in
local oxidative stress and inflammatory response. Secondary to
placental damage, in the fourth stage, impaired secretion of
placental and maternal factors lead to the manifestation of the
clinical symptoms of PE. In the fifth stage, diagnosis of PE is clear.
At this stage, the vascular damage is augmented in response to
systemic inflammation (i.e., Th1/Th17 cytokines). The last stage
characterizes a more severe form of the disorder (observed in
up to 40% of placentas) and involves atherosis, a focal lesion in
the spiral arterial wall associated with placental infarction and
arterial thrombosis (Harsem et al., 2007).

Placental hypoxia and impaired perfusion lead to the release of
reactive oxygen species (ROS) and endothelial damage. Thus, the
release of fetal cell debris and syncytiotrophoblast microparticles
into maternal circulation prompts an intense pro-inflammatory
response by maternal immune cells (Redman and Sargent, 2000;
Sibai et al., 2005). Also worth mentioning is the pregnancy stress
test hypothesis, which postulates that pregnancy is a maternal
stress test for the vascular, metabolic or immunological systems
(Williams, 2003; Roberts and Hubel, 2010; Myatt and Roberts,
2015). Following this idea, women with pre-existing vascular
dysfunction would present a lower threshold for the stress test,
and a higher predisposition to develop PE and chronic disorders
later in life.

PE might also be the manifestation of two extreme situations
converging in a common phenotype. Sometimes, in maternal
PE, normal placentation occurs in women with the pre-
existing chronic disease. Conversely, in placental PE, abnormal
placentation results in poor placental perfusion (Valenzuela et al.,
2012). This concept highlights a not exclusive dependency of
PE in placentation failure and explains the variability of clinical
phenotypes and timing of PE development.

Familial history and hypertensive disorders increase the risk of
PE, implying that the genetic components are also risk-modifying
factors (Bezerra et al., 2010). PE is a polygenic disorder, and
although no single genetic variant is believed to be responsible
for all cases of PE, individual loci, environmental factors,
and epistasis are components that should not be neglected
(Staines-Urias et al., 2012; Williams, 2016). In this sense, the
evaluation of genetic variants in PE risk could partially explain
disorder susceptibility and would be of great importance to
identify candidate targets for gene-gene interaction analyses, as
well as to better follow-up/management of women at higher
risk.

GENETIC STUDIES IN LATIN-AMERICAN
POPULATIONS

Pro- and Anti-inflammatory Mediators in
PE
In Latin America, several immune-related genes have been
evaluated, and most of the studies are summarized in Table 1.

For example, costimulatory molecules play a role in immune cell
differentiation and activation, SNPs in the CTLA4 (rs231775),
CD28 (rs3116496), and ICOS (rs4675378) were evaluated in

Brazilian womenwith PE (Pendeloski et al., 2011). An association
between the ICOS (−1564 T/C) SNP and PE was suggested
based on a lower frequency of the ICOS “T” allele and
the “TT” genotype in PE cases compared to controls. A
systemic inflammatory response mediated by cytokines can
cause endothelial damage, and thus it plays a central role in
PE severity. In this scenario, six SNPs of pro-inflammatory
genes were studied: IL1R1 (rs2234650), IL12 (rs3212227),
IL18 (rs187238), IL18 (rs1946519), TLR2 (rs5743708), and
TLR4 (rs4986790). However, no differences in genotypic and
allelic frequencies between PE and controls were observed
(Franchim et al., 2011). In a Northern Mexico population
study, the association between PE risk and the TGFB1 SNPs:
−800G/A (rs1800468), −509C/T (rs1800469), and +869T/C
(rs1800470) and their haplotypes were evaluated. No association
between PE development and the SNPs or haplotypes was
observed, although the +869TT genotype was suggested as
a protective factor against severe PE (Aguilar-Duran et al.,
2014).

Since different cytokine profiles have been associated with
PE development (Saito and Sakai, 2003), de Lima et al. (2009)
investigated SNPs of cytokine genes in eclampsia and PE in
northwestern Brazilian individuals. They evaluated the SNPs
TNFA (−308 G>A), IL6 (−174 G>C), IFNG (+874 A>T),
IL10 (−1082 A>G, −819 C>T, −592 C>A), and TGFB1 (+869
T>C, +915 G>C). No differences in genotypes and allelic
frequencies were observed (de Lima et al., 2009). However, in
a previous study by the same group, individuals were stratified
according to ethnic origin in Caucasian and non-Caucasian, and
the association of PE with TNFA (−308), TGFB1 (+10;25), IL10
(−1082), IL6 (−174), and IFNG (+874) SNPs was evaluated.
Intriguingly, the IL10 −1082G/G SNP was associated with PE
in Caucasian women, which is the most frequent allelic variant
in people of African ancestry (Daher et al., 2006). A possible
association between SNPs in IL1B was investigated in Brazilian
women with severe PE. In this study, the “rs1143630 T” allele was
associated with PE (Leme Galvão et al., 2016). In a Maya-Mestizo
population sample, no association between TNFA (−308G/A,
−850C/T) SNPs and PEwas observed (Canto-Cetina et al., 2007).
Another study reported no association of IL10 (rs1800896), IL6
(rs1800795), and IL1RA variable number of tandem repeats
(VNTR) in intron 2 with PE susceptibility in Mexican-Mestizo
women and Maya-Amerindian women from Mexico (Valencia
Villalvazo et al., 2012).

The influence of TNFA, IL6, IFNG, and IL10 gene SNPs
and their relationship with cytokine plasma levels in severe PE,
normotensive pregnancy, and in non-pregnant women from
Brazil was investigated by Pinheiro et al. (2015). The SNPs
evaluated in the study were TNFA (−308), TGFB1 (+10;25),
IL10 (−1082), IL6 (−174), and IFNG (+874). Interesting, they
observed higher IL-10 levels in normotensive pregnant women
compared to preeclamptic women. Conversely, higher plasma
levels of IL-6 and IFN-γ were detected in PE in comparison
to non-pregnant and normotensive pregnant women. Also, a
positive correlation between IFN-γ plasma levels and the IFNG
+874T allele was observed, and when the three groups were
evaluated separately, a positive correlation between IL-6 levels
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FIGURE 2 | An integrated view of the genes evaluated by Latin American research groups, a summary of key events of PE stages and areas of future investigation in

PE. S, stages. Genes are listed according to their approved gene symbol by the HUGO gene nomenclature committee. Detailed information about PE stages are

found in Redman et al. (2014). All the genes mentioned and their SNPs are addressed in detail in Tables 1–5.

and the presence of the IL6 −174C allele in normotensive
pregnant women was observed (Pinheiro et al., 2015).

Mannose-binding lectin (MBL) is a pro-inflammatory protein
that modulates inflammation and ultimately induces apoptosis
(Turner, 2003). Polymorphisms in theMBL2 gene located at exon
1: at codons 54 (allele B, rs1800450), 57 (allele C, rs1800451),
and 52 (allele D, rs5030737) were evaluated in women with PE
and in healthy pregnant controls from Brazil. The absence of all
the variants characterize the wild-type allele “A.” In this study,
an association between genotypes coding for low MBL levels
and a severe PE was evidenced. In the AD genotype, the C
and D alleles were more frequent in PE compared to controls.
Moreover, in relation to MBL levels, three groups of haplotypes
were observed: group 1 (H/L)YA/(H/L)YA and (H/L)YA/LXA

genotypes were related to high MBL serum levels; group 2
encompasses LXA/LXA and (H/L)YA/O genotypes, which were
related to intermediate MBL serum levels; and group 3 was
defined by low MBL serum levels, resulting in MBL deficiency,
corresponding to LXA/O and O/O genotypes (Vianna et al.,
2010). Cysteine-cysteine chemokine receptor type 5 (CCR5) is
an essential receptor for inflammatory reactions expressed in
leukocytes and other cell types (Barmania and Pepper, 2013).
CCR5132 is a 32-base pair deletion in the CCR5 that, in
homozygosis, results in a lack of expression of the functional
CCR5 on the cell surface. Heterozygous carriers express lower
levels of functional CCR5 compared to wild-type homozygous
individuals (Venkatesan et al., 2002). Considering the intense
inflammatory response in PE, and based on the high frequency
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of the deletion allele in healthy pregnant women, Telini et al.
(2014) suggested a protective role of the CCR5∆32 allele against
PE development in a Brazilian study.

Adipocytokines are involved in trophoblast invasion and
successful placentation. Visfatin is an adipocytokine also
known as nicotinamide phosphoribosyltransferase (NAMPT),
which has a potential role in the pathophysiology of metabolic
disorders such as hypertension and obesity (Dahl et al., 2012).
A study by Luizon et al. (2015) evaluated visfatin/NAMPT
plasma levels in healthy pregnant women and in patients with
gestational hypertension or PE, in the context of the NAMPT
SNPs −423T<C (rs1319501) and rs3801266A<G in intron 1.
No effects were observed concerning rs1319501. Nevertheless,
gestational hypertensive patients carrying the rs3801266
“AG” and “GG” genotypes had higher visfatin/NAMPT levels
compared to gestational hypertensive patients carrying the
“AA” genotype (Luizon et al., 2015). Moreover, Luizon et al.
(2017) evaluated whether NAMPT SNPs (rs1319501T>C,
rs3801266A>G), haplotypes and gene-gene interactions in
the NAMPT pathway could affect plasma visfatin/NAMPT
levels, and the response to antihypertensive therapy in PE and
hypertensive pregnant women. Low circulating visfatin/NAMPT
levels were seen in non-responsive PE patients with the
rs1319501 TC+CC genotypes. Conversely, high circulating
visfatin/NAMPT levels were detected in non-responsive PE
patients with the rs3801266 AG+GG genotypes. Haplotype
analysis revealed an association of the ‘C, A’ haplotype
with response to antihypertensive treatment and with low
visfatin/NAMPT levels in PE (Luizon et al., 2017). Since
lymphotoxin alpha (LTα) is an inflammatory mediator, this
molecule was evaluated in the context of PE development, but no
association of LTA+252 (rs909253) with PE risk was reported in
a Brazilian study (Pissetti et al., 2015).

In order to evaluate the contribution of the inflammasome
in PE development, SNPs in the genes coding for nod-like
receptors with a pyrin domain 1 (NLRP1), NLRP3, caspase
recruitment domain 8 (CARD8), and IL1B were studied in
a Brazilian population. The NLRP1 rs12150220A/T SNP was
associated with PE. The minor “T” allele was more frequent
in PE compared to healthy pregnancy controls, indicating that
this allele might be relevant in PE susceptibility. A strong
association with NLRP1 (rs12150550) was also observed in this
study, suggesting a role for this molecule in the pathogenesis of
PE. Besides, NLRP1 SNPs produce six main haplotypes, and the
rs11651270/C-rs12150220/A-rs2670660/A combination was less
frequent amongst PE women compared to controls, suggesting a
protective effect against PE (Pontillo et al., 2015).

In the context of gestational hypertension, the relationship
between aldosterone levels and SNPs of the aldosterone synthase
(CYP11B2) gene (−344T/C) and the mineralocorticoid receptor
gene (S810L) was investigated in a Mexican population. No
differences in genotype distributions or in aldosterone levels
were found (Ramírez-Salazar et al., 2011). Similar results were
obtained for a Brazilian population (de Vasconcelos et al., 2009).

In summary, several studies covered in this review (Table 1),
and other approaches have reinforced that PE is a polygenic
disorder and manifests as complex phenotypes, resulting from

both maternal and fetal genetic features (Triche et al., 2014).
In Latin American populations, conflicting results regarding
genetic variants and PE risk were observed, implying that
genetic variability does account for this complex phenomenon.
Therefore, the search for potential genetic components involved
in PE, or its severity, is of paramount importance for a
better understanding of the genetic basis of PE pathophysiology
(Figure 2). Importantly, we observed a worrying lack of family-
based studies evaluating the genetic components of both the
fetus/placenta and its biological parents. Thus, such an approach
would provide a more actual picture of the genetic risk factors
involved in PE and possibly a more accurate disease monitoring
and clinical management.

Vascular and Angiogenic Mediators
Studies also examined gene variants involved in vasculogenesis
and angiogenesis, given the importance of establishing an
adequate and efficient placental vascular system for a favorable
gestational outcome (Herr et al., 2010). Studies from Latin
America are summarized in Table 2. Nitric Oxide (NO) has
a primary role in the circulatory system. Also, NO is a
critical regulatory molecule in ovulation, embryo implantation,
pregnancy maintenance, labor, and delivery. Imbalances in
NO levels during gestation were suggested as a cause of the
development of pregnancy-induced hypertension and PE (Maul
et al., 2003). Several studies have evaluated SNPs in both
endothelial and inducible nitric oxide synthase genes (eNOS and
iNOS, respectively). In a multicenter study in Colombia, Serrano
et al. (2004) evaluated the role of eNOS SNPs: Glu298Asp,
−786T→ C, and VNTR b/a (27 bp-tandem repeat, where
“a” and “b” refer to PCR product size, comprising 420 bp for
“b” and 393 bp for “a” alleles) as potential risk factors for
PE. Young Colombian women homozygous for the Asp298
allele were reported to have an increased risk for PE. The
authors suggested that homozygous women for the Asp298
allele are more susceptible to endothelial dysfunction and at
increased risk for PE development, since the homozygous state
is likely to generate low NO levels. In addition, the presence
of the “Asp298-786C-4b” haplotype was associated with an
increased PE risk (Serrano et al., 2004). Similarly, Sandrim
et al. (2008) compared the same eNOS SNPs in women with
and without PE from Brazil. Interestingly, the study observed
that two eNOS haplotypes (“T Glu a” and “C Glu a”) were
associated with PE and gestational hypertension. The same SNPs
were also evaluated in a Maya-Mestizo Mexican population.
The Asp298 allele was associated with PE in a recessive
model. In addition, the “−786C-4b-Asp298” haplotype was
more frequent in PE than in controls, whereas the “−786T-
4b-Asp298” and “−786C-4b-Glu298” haplotypes had lower
frequencies or were absent in patients (Díaz-Olguín et al., 2011).
In another study, Alpoim et al. (2014) evaluated these same
eNOS SNPs in early and late severe preeclamptic Brazilian
women, and in a group of normotensive/healthy pregnant
controls. The frequency of the 894T allele was higher in late
severe PE compared to early severe PE. Also, the overall
894T frequency was higher in PE when compared to controls.
Regarding the VNTR b/a SNP, higher “aa” genotype and “a”
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TABLE 1 | Summary of studies developed in Latin America evaluating the role of genetic variation in pro- and anti-inflammatory mediators in PE.

Factors Sample size† Key findings Country References

ICOS (T-1564C)

CTLA4 (A49G)

CD28 (T17C)

130/260 Association with protection for PE:

ICOS−1564T allele and−1564TT genotype.

Brazil Pendeloski et al., 2011

TGFB1 (G800A, C509T, T869C) 175/253 Association with protection for severe PE:

TGFB1 869TT genotype.

Mexico Aguilar-Duran et al., 2014

IL1R1 (rs2234650)

IL12 (rs3212227)

IL18 (rs187238, rs1946519)

TLR2 (rs5743708)

TLR4 (rs4986790)

109/174 No association with PE. Brazil Franchim et al., 2011

TNFA (G308A)

IL6 (G174C)

IFNG (A874T)

IL10 (A1082G, C819T, C592A)

TGFB1 (T869C, G915C)

165/101a No association with PE. Brazil de Lima et al., 2009

TNFA (G308A)

TGFB1 (T10C, C25G)

IL10 (G1082A)

IL6 (G174C)

IFNG (A874T)

151/189b Association with PE risk: IL10−1082GG

genotype in white women.

Brazil Daher et al., 2006

IL1B (rs1143630) 169/287 Association with PE risk: IL1B rs1143630

‘T’ allele.

Brazil Leme Galvão et al., 2016

TNFA (G308A,C850T) 105/200 No association with PE. Mexico Canto-Cetina et al., 2007

IL10 (G1082A)

IL6 (G174C)

IL1RA (86bp-VNTR)

411/613 No association with PE. Mexico Valencia Villalvazo et al., 2012

TNFA (G308A)

IL6 (G-174C)

IFNG (A874T)

IL10 (A1082G, C819T, C592A)

TGFB1 (T869C,G915C)

116/165c Association with protection for PE:

IL6−174C allele.

Brazil Pinheiro et al., 2015

MBL2

allele B (rs1800450),

allele C (rs1800451),

allele D (rs5030737)

157/162 Association with PE severity: “AD”

genotype, “C” and “D” alleles.

Brazil Vianna et al., 2010

CCR5 (CCR5132) 155/144 Association with protection for PE:

CCR5132 allele.

Brazil Telini et al., 2014

NAMPT (rs3801266) 389/212d Association with GH: rs3801266 “AG” and

“GG” genotypes.

Brazil Luizon et al., 2015

NAMPT (rs1319501; rs3801266) 379/207e Association with PE risk: rs1319501

“TC+CC” and rs3801266 “AG+GG”

genotypes.

Brazil Luizon et al., 2017

LTA (+252A>G) 30/115 No association with PE. Brazil Pissetti et al., 2015

NLRP1 (rs11651270,

rs12150550, rs2670660)

NLRP3 (rs35829419,

rs10754558)

CARD8 (rs2043211, rs6509365)

IL1B (rs1143634)

286/309 Association with risk for PE: rs12150220

(L155H) and the “rs11651270/C-

rs12150220/A-rs2670660/A”

haplotype.

Brazil Pontillo et al., 2015

CYP11B2 (T344C)

MR (S810L)

100/100 No association with PE. Mexico Ramírez-Salazar et al., 2011

CYP11B2 (T344C) 185/118f No association with PE. Brazil de Vasconcelos et al., 2009

†
Pooled cases/controls.

aCases were grouped according severity: PE (n = 92) and eclampsia (n = 73).
bStudied population was grouped according to skin color (white and non-white); white: PE (n = 56) and control (n = 92); non-white: PE (n = 95) and control (n = 97).
cCases were compared to healthy pregnant (n =107) and non-pregnant women (n = 58).
dCases correspond to PE (n = 208) and gestational hypertension (GH) cases (n=181).
eCases were grouped according to disorder severity and response to anti-hypertensive therapy: PE responsive (n = 60) and non-responsive (n = 145); GH responsive (n = 120) and

non-responsive (n= 54).
fCases were grouped in PE (n = 70) and GH (n = 115).
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allele frequencies were observed in early severe PE compared
to late severe PE and controls. Also, the “T-b-C” haplotype was
more frequent in late severe PE compared to early severe PE and
controls.

Although anti-hypertensive treatment has never been
demonstrated to reverse PE outcome, its usage could prevent
cardiovascular and cerebrovascular adverse consequences, due
to severe and rapid elevations of the blood pressure, being a
critical tool for clinical PE management. In this sense, it was
proposed that anti-hypertensive therapy can enable maintenance
of gestation and increase the gestational age of delivery, thus
decreasing adverse fetal and maternal outcomes (Podymow
and August, 2008). In this context, an elegant study compared
the distribution of eNOS variants in gestational hypertensive
and PE cases who were responsive to anti-hypertensive therapy
versus cases who did not respond to treatment. Interestingly,
a difference in the overall distribution of eNOS haplotypes
was observed when PE responsive to treatment groups and PE
nonresponsive to treatment groups were compared. The “C Glu
a” haplotype was more frequent in the responsive PE group than
in the nonresponsive PE group, and the “T Asp a” haplotype was
less frequent in the active PE group than in the nonresponsive
PE group. This was a pioneer study approaching the genetic
background in the context of gestational hypertension treatment
(Sandrim et al., 2010b).

The distribution of two eNOS Tag SNPs, rs743506 and rs7830,
as well as the SNPs T-768C, Intron-4, and G894T, among healthy
pregnant controls, gestational hypertensive subjects, and PE
subjects was assessed by Muniz et al. (2012). No differences were
detected among genotype frequencies in the three groups studied.
However, the haplotype H5 “CbGGC” (“C” of rs2070744, “b” of
intron 4, “G” of rs1799983, “G” of rs743506, and “C” of rs7830)
was more frequent in the control group compared to gestational
hypertensive and PE individuals, suggesting a potential protective
effect against hypertensive disorders development in pregnancy.

Two iNOS SNPs, C-1026A (rs2779249) and G2087A
(rs2297518), were evaluated in Brazilian healthy
pregnant/control, gestational hypertension, and PE groups.
The “GA” genotype and the “A” allele for the G2087A were more
commonly found amongst PE subjects. No differences were
observed concerning the other variants evaluated (Amaral et al.,
2012).

Considering that increased levels of hemoglobin (Hb)
and haptoglobin (Hp) complexes contribute to impaired NO
bioavailability in PE (Sandrim et al., 2010a), the role of a
haptoglobin SNP (duplication of exons 3 and 4 of HP gene)
was evaluated in PE and non-pregnant women, in the context
of NO bioavailability. Higher NO consumption was detected
in association with increased cell-free Hb in plasma from PE
patients carrying the allele HP2 (duplicated exons 3 and 4 of
the HP1), suggesting a functional association between HP SNPs
and the hemodynamic imbalances observed in PE (Sertório et al.,
2013).

Thrombin-activated fibrinolysis inhibitor (TAFI) gene has
also attracted attention in the context of SNPs and their possible
association with vascular disorders in pregnancy. In this scenario,
a case-control study investigated the possible association between

PE and TAFI SNPs (G505A, C1040T, and G-438A), together
with TAFIa plasma levels in a Mexican-Mestizo population. No
associations with increased PE risk were observed. However, due
to higher plasma TAFIa levels and the presence of the G505A
mutant genotype, together with wild-type forms of C1040C and
G-438G, it was suggested that TAFI SNPs in the coding region or
in nearby regulatory elements could contribute to variations in
TAFIa plasma concentrations (Acosta-Tejeda et al., 2011).

The methylenetetrahydrofolate reductase (MTHFR) enzyme
is critical for homocysteine (HCY)metabolism, where it catalyzes
the NADPH-linked reduction of 5,10-MTHF to 5-MTHF, and
subsequently the methylation of HCY to methionine in a vitamin
B12-dependent manner (Barbosa et al., 2008). In a Tunisian
study, low MTHFR activity levels were associated with mild to
moderate increases in plasma HCY levels in placental vascular
complications (Klai et al., 2011). In the same study, the MTHFR
A1298C variant was associated with recurrent pregnancy loss,
intrauterine growth restriction, and placental abruption. In
the context of PE, a differential distribution of the MTHFR
C677T alleles was associated with thrombosis markers and
endothelial activation in a study with Mexican women (Rojas
et al., 2010). Moreover, a possible association between C677T
SNP ofMTHFR gene and PEwas investigated in pregnant women
from the Yucatan Peninsula in southeastern Mexico, although
no differences between cases and controls were observed (Pérez-
Mutul et al., 2004).

In another study evaluating MTHFR (C677T) in Maya-
Mestizo PE women, it was observed that MTHFR “T” allele
and the “TT” genotype were more frequent in controls,
suggesting a decreased risk of PE in women carrying this
variant (Canto et al., 2008). Amongst a Mestizo-Ecuadorian
population, the prevalence of C677T and A1298C MTHFR
SNPs was also investigated in the context of PE, with the
“CC” genotype of A1298C occurring in higher prevalence in
PE women than controls (Chedraui et al., 2014). Nevertheless,
contradictory results regarding PE, the placental genotype, and
allele frequencies of theMTHFRC677Twere observed (Chedraui
et al., 2015). Interestingly, for the C677T SNP, the mutant “TT”
genotype was threefold more frequent in preeclamptic placentas
than controls. In a Chilean population, epistatic interactions
between MTHFR and catechol-O-methyltransferase (COMT)
gene were evaluated in maternal-fetus dyads. The increased PE
risk was observed exclusively when the fetus harbored both the
COMT “ATCA” haplotype (respectively composed by the SNPs
rs6269, rs4633, rs4818, rs4680) and theMTHFR 677T allele (Hill
et al., 2011a).

SNPs in the vascular endothelial growth factor (VEGF) gene
are also largely studied in PE. Importantly, the low production
of VEGF by peripheral blood mononuclear cells is associated
with PE (Cardenas-Mondragon et al., 2014). The possible role of
SNPs at the promoter region of VEGF was addressed by Sandrim
et al. (2009). The study reported an association between PE
development and the SNPs −2578C/A (rs699947), −1154G/A
(rs1570360), and −634G/C (rs2010963). Importantly, inter-
ethnic differences account for differential allelic and haplotype
distributions, and this is particularly relevant for Latin American
populations. In this context, the authors observed that VEGF
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TABLE 2 | Summary of studies developed in Latin America evaluating the role of genetic variation in vascular- and angiogenesis-related genes in PE.

Factors Sample size† Key findings Country References

eNOS (−786T>C, intron-4 b/a,

Glu298Asp)

322/522 Association with PE risk: 298Asp/Asp genotype and

eNOS C-b-Asp haplotype.

Colombia Serrano et al., 2004

eNOS (−786T>C, intron-4 b/a,

Glu298Asp)

216/110a Association with PE and GH risk: eNOS C-a-Glu

haplotype.

Association with protection for PE and GH: eNOS

T-a-Glu haplotype

Brazil Sandrim et al., 2008

eNOS (−786T>C, intron-4 b/a,

Glu298Asp)

127/263 Association with PE risk: 298Asp/Asp genotype and

eNOS C-b-Asp.

Mexico Díaz-Olguín et al., 2011

eNOS (−786T>C, intron-4 b/a,

Glu298Asp)

MMP2 (C-1306T)

MMP9 (C-1562T)

77/266 Association with PE risk and severity: −786CC

genotype and −786C allele, respectively.

Brazil Leonardo et al., 2015

eNOS (−786T>C, intron-4 b/a,

Glu298Asp)

98/103b Association with late-onset PE risk: 298Asp/Asp

genotype and 298Asp allele; intron-4 aa genotype

and a allele; eNOS C-b-Asp.

Brazil Alpoim et al., 2014

eNOS (−786T>C), intron-4 b/a,

Glu298Asp

152/152c Association with anti-hypertensive therapy in PE,

eNOS haplotypes: C-a-Glu responsive and T-a-Asp

non-responsive.

Brazil Sandrim et al., 2010a

eNOS (−786T>C, intron-4 b/a,

Glu298Asp, rs743506, rs7830)

295/122d Association with protection for PE and GH: eNOS

C-b-Glu-G-C haplotype.

Brazil Muniz et al., 2012

eNOS (C-1026A, G2087A) 353/212e Association with PE risk: 2087GA genotype and the

2087A allele.

Brazil Amaral et al., 2012

HP (Hp1-1, Hp2-1, Hp2-2) 92/105 No association with PE risk. Nitric Oxide byproducts

in PE associated with Hp2-1 and Hp2-2 genotypes.

Brazil Sertório et al., 2013

TAFI (G505A, C1040T, G-438A) 87/87 No association with PE. Mexico Acosta-Tejeda et al., 2011

MTHFR (C677T)

FV LEIDEN (G1691A)

PROTHROMBIN (G20210A)

28/41 No association with PE. Mexico Rojas et al., 2010

MTHFR (C677T) 148/490f No association with PE Mexico Pérez-Mutul et al., 2004

MTHFR (C677T, A1298C) 150/150 Association with PE risk: 1298CC genotype. Ecuador Chedraui et al., 2014

MTHFR (C677T) 125/274 Association with protection for PE: 677TT genotype

and 677T allele.

Mexico Canto et al., 2008

VEGF (C-2578A, G-1154A,

G-634C)

195/108g Association with protection for PE:

VEGF−2578C/-1154G/-634C haplotype. Low

proportion of-2578AA and−634GG genotypes in

white PE women.

Brazil Sandrim et al., 2009

VEGF (C936T, C-2578A) 52/28 Association with protection for PE: VEGF−2578A

allele.

Brazil Cunha et al., 2011

VEGF (C2578A, G634C) 113h No association with PE. Brazil Sandrim et al., 2015

VEGF (G634C)

IL1A (rs3783550)

79/210 Association with PE risk: IL1A rs3783550 “A” allele. Brazil Silva et al., 2015

VEGF (A2578C, C1498T,

A1154G, C634G,C936T)

31/31i No association with PE. Ecuador Chedraui et al., 2013

eNOS (T786C, VNTR, G894T)

MTHFR (C677T)

AGT (C704T)

230/350 No association with PE. Mexico Coral-Vázquez et al., 2013

MMP9 (C1562T, (CA)n repeats) 300/176j Association with risk for GH: MMP9 C1562T allele.

No association with PE.

Brazil Palei et al., 2010

eNOS (T786C, VNTR, G894T)

MMP9 (C1562T, (CA)n repeats)

VEGF (C2578A, G634C)

229/102k Association with protection for PE: combination of

MMP9-1562CC with VEGF-634GG genotypes.

Association with PE risk: combination of

MMP9-1562CC with VEGF-634CC or

MMP9-1562CT with VEGF-634CC or-634GG

genotypes.

Brazil Luizon et al., 2012

MMP2 (C1306T, C735T) 263/130l No association with PE. Brazil Palei et al., 2012a

MMP9 (C1562T, (CA)n repeats) 399/214m Association with GH: combination of the “T” allele

for the C1562T and “H” allele of 90(CA)13–25.

Brazil Palei et al., 2012b

(Continued)
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TABLE 2 | Continued

Factors Sample size† Key findings Country References

MTHFR (C677T)

Factor II (G20210A)

FV LEIDEN (G1691A)

PAI1 (4G/5G I/D)

75/145 No association with PE. Brazil Dalmáz et al., 2006

MTHFR (C677T)

FV LEIDEN (G1691A)

33/62 No association with PE. Mexico Dávalos et al., 2005

ACVR2A (rs1424954,

rs1014064, rs1424941,

rs2161983, rs3768687)

613/693n Association with severe early-onset PE risk: SNPs

rs1014064 “G,” rs1424954 “A,” and rs2161983 “A.”

Brazil Ferreira et al., 2015

ACE (287 bp I/D in intron 16) 51/71 No association with PE. Brazil Galão et al., 2004

FV LEIDEN (G1691A)

Factor II (G20210A)

MTHFR (C677T)

30/83 No association with PE. Brazil Dusse et al., 2007

ACE (287 bp I/D in intron 16) 66/37 Association with risk for PE: ACE “DD” genotype. Mexico González-Garrido et al.,

2017

EDN1 (G5665T) 61/49o Association with protection for PE: paternal EDN1

“GG” and “GT” genotypes.

Mexico Galaviz-Hernandez et al.,

2016

MTHFR (C677T, A1298C) 50/50p Association with risk for PE: MTHFR 677TT

genotype.

Ecuador Chedraui et al, 2015

ACE (287 bp I/D in intron 16) 665/1,046 No association with PE. Colombia Serrano et al., 2006

HIF1A (C1772T, G1790A) 150/105 No association with PE. Mexico Nava-Salazar et al., 2011

VDR (FokI, ApaI, BsmI) 316/213q No association with PE. Brazil Rezende et al., 2012

COMT (rs6269, rs4633, rs4680,

and rs4818), MTHFR (C677T)

528/575r Association with PE risk: “ATCA” haplotype of

COMT (SNPs rs6269, rs4633, rs4818, rs4680, and

MTHFR 677T)

Chile Hill et al., 2011a

†
Pooled cases/controls.

aCases were stratified in PE (n = 113) and gestational hypertension (GH, n = 103).
bCases were stratified in early severe PE (n = 53) and late severe PE (n = 45).
cCases were stratified in PE (n = 152) and GH (n = 152).
dCases were stratified in PE (n = 157) and GH (n = 138).
eCases were stratified in PE (n = 187) and GH (n = 166).
fSample size composed by PE cases (n = 148), health pregnant woman (N = 177), and health non-pregnant volunteers (313).
gCases were stratified in PE (n = 94) and GH (n = 101).
hSample size was composed by 113 PE white women who were responsive (n = 46) and non-responsive (n = 67) to anti-hypertensive treatment.
iSample size was composed by 62 cord vessels of singleton gestations with severe PE (n = 31) and controls (n = 31).
jCases were stratified in PE (n = 154) and GH (n = 146).
kCases were stratified in PE (n = 122) and GH (n = 107).
lCases were stratified in PE (n = 133) and GH (n = 130).
mCases were stratified in PE (n = 214) and GH (n = 185).
nCases were stratified in PE (n = 443), eclampsia (n = 138), and HELLP syndrome (n = 693).
◦Sample size composed by PE cases (n = 61) and their partners (n = 61), and the control group was health pregnant woman (N = 49) and their partners (n = 49).
pSample size composed by 100 placental tissues of PE cases (n = 50) and controls (n = 50).
qCases were stratified in PE (n = 162) and GH (n = 154).
rSample size was composed by maternal-fetus dyads from PE cases (n = 528) and controls (n = 575).

−2578A and −1154A alleles were more frequent in European-
descendants subjects compared to Afro-descendants, while no
inter-ethnic differences were observed regarding the G-634C
SNP. Ethnic origin is also correlated with differences in VEGF
haplotypic frequencies (Muniz et al., 2009). Cunha et al. (2011)
evaluated VEGF variants +936C/T and −2578C/A in PE cases
and controls. The VEGF −2578A allele showed a higher
frequency in the control group, suggesting a possible protective
effect against PE, while no association of VEGF +936C/T was
observed in PE or controls (Cunha et al., 2011).

In the context of antihypertensive therapy, VEGF SNPs
(C-2578A and G-634C) were evaluated in European-derived

Brazilian women with PE classified according to response
to antihypertensive therapy. No associations were observed,
suggesting that these VEGF SNPs does not influence the
antihypertensive therapy responsiveness in PE (Sandrim et al.,
2015). The VEGF G-634C and IL1A (rs3783550) SNPs were
evaluated in Brazilian women with PE and in controls. An
association between IL1A (rs3783550) SNP and PE development
was observed in this population sample. However, no differences
were observed regarding the VEGF G-634C variant (Silva et al.,
2015).

An elegant study investigated VEGF SNPs (−2578 A/C,
−1498 C/T, −1154 A/G, −634 C/G, and +936 C/T) in samples
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from cord vessels of singleton gestations with severe PE.
Additionally, they investigated NO plasmatic levels, asymmetric
dimethyllarginine and VEGF levels in fetal circulation. The SNPs
showed similar distributions in cases and controls. Significantly
higher NO plasma levels in umbilical vessels were seen in PE.
Arterial VEGF levels were significantly lower in PE cases, and
a positive correlation was found between NO and asymmetric
dimethylarginine levels amongst PE cases (Chedraui et al., 2013).

The influence of SNPs in eNOS, MTHFR, GSTP1, and
angiotensinogen (AGT) genes on PE was evaluated by
Coral-Vázquez et al. (2013). The eNOS variants covered
in the study were: −786T→C (rs2070744), VNTR (27 bp)
in intron 4, and G-894T→Glu298Asp (rs1799983). The
C-704T→Met235Thr (rs699) was the variant studied in
MTHFR, the C-704T→Met235Thr (rs699) in AGT, and the
A-313G→Ile105Val (rs1695) in GSTP1. No differences in the
distribution of the genotypes or haplotypes between controls and
PE cases were observed.

Matrix metalloproteinases (MMPs) are enzymes responsible
for the degradation of various extracellular matrix molecules.
In pregnancy, a disturbance in MMP activity could indicate
abnormal trophoblast invasion. Moreover, detection ofMMP up-
regulation could reflect an interaction between oxidative stress
and inflammatory mediators, which could result in the delivery
of cell debris in maternal circulation and accumulation in various
maternal organs (Chen and Khalil, 2017). The involvement
of MMPs in vascular disorders of pregnancy may worsen the
response to antihypertensive therapy (Palei et al., 2012a). In
this context, a study investigated two matrix metalloproteinase 9
(MMP9) SNPs, the g.−1562C>T (rs3918242) and microsatellite
g.−90(CA)13-25 (rs3222264). They report an association of the
MMP9 SNP with gestational hypertension, but not with PE (Palei
et al., 2010).

The association of PE and SNPs of nitric oxide synthase
3, NOS3 (G894T, T-786C, and a VNTR with intron 4),
MMP2 (C-1306T), andMMP9 (C-1562T) genes was investigated
through a prospective case-control study in a southeastern
Brazilian population. No association with PE development
was found regarding MMP2 and MMP9 variants. Considering
the NOS3 gene, the SNP T-786C showed association with
PE development (Leonardo et al., 2015). Luizon et al. (2012)
evaluated whether epistatic interactions among seven clinically
relevant SNPs of eNOS (T-786C, rs2070744, a VNTR in intron
4, and Glu298Asp, rs1799983),MMP-9 [C-1562T, rs3918242 and
−90(CA)13-25, rs2234681] and VEGF (C-2578A, rs699947, and
G-634C, rs2010963) could be associated with PE or gestational
hypertension. Significant interactions between the MMP9 and
VEGF genes were seen in PE samples (Luizon et al., 2012).
The MMP2 SNPs: g-1306 C>T (rs243865) and g-735 C>T
(rs2285053) were analyzed in the context of both PE and
gestational hypertension together with circulating MMP-2 and
tissue inhibitor of metalloproteinase (TIMP)-2 levels. High
MMP-2/TIMP-2 ratios were observed in gestational hypertensive
patients, but no differences in the genotype and allelic frequencies
were found (Palei et al., 2012a). The same above-mentioned
approach was used regarding MMP9 SNPs: g.−90(CA)13-25
(rs3222264) and g.−1562C>T (rs3918242) and circulating levels

of MMP-9 and TIMP-1. Higher plasma concentrations of MMP-
9 and TIMP-1 were detected in gestational hypertensive patients
compared to controls. TIMP-1 levels were higher in PE cases, but
MMP-9 and MMP-9/TIMP-1 ratios were similar between PE and
gestational hypertensive subjects. Haplotype analyses suggested
that the presence of the H4 haplotype increases susceptibility to
gestational hypertension (Palei et al., 2012b).

Dalmáz et al. (2006) assessed the prevalence of four
thrombophilic genes in women with mild or severe PE in
Southern Brazil. Variants studied include the MTHFR C677T,
prothrombin gene (F II) G20210A, Factor V (FV Leiden)
G1691A, and insertion/deletion (4G/5G) in the plasminogen
activator inhibitor type 1 (PAI1) gene promoter region. No
association between PE and the SNPs was observed (Dalmáz
et al., 2006). MTHFR C677T and Factor V Leiden SNPs were
also investigated as potential genetic risk factors for eclampsia
and PE in a group of women from western Mexico, without
statistically significant results (Dávalos et al., 2005). Furthermore,
Factor V Leiden (G1691A), Factor II (G20210A), and MTHFR
(C677T) variants were investigated in the context of inherited
thrombophilia in Brazilian PE women and controls. Again, no
differences were observed (Dusse et al., 2007).

The gene ACVR2A encodes the activin A type II receptor
(ActRIIA), an essential factor for pregnancy establishment
during decidualization, trophoblast invasion, and placentation.
Concerning the regulation of trophoblast invasion, abnormal
decidual ACVR2A expression may affect placentation and lead
to PE development (Yong et al., 2018a). In this context, five
ACVR2A SNPs (rs1424954, rs1014064, rs1424941, rs2161983,
and rs3768687) were investigated in a northwestern Brazilian
population approaching PE cases and controls. These five SNPs
showed no association with PE. Nevertheless, haplotype analysis
revealed a strong association among SNPs rs1014064, rs1424954,
and rs2161983 and severe early-onset PE (Ferreira et al., 2015).

Considering that the cardiovascular system of a pregnant
woman adapts to allow and support increased blood flow
toward the placenta, angiotensin-converting enzyme gene (ACE)
SNPs were investigated in vascular disorders of pregnancy. A
common 287-bp insertion/deletion SNP within ACE (ACE-I/D)
was investigated as a possible risk factor for PE development
in a south Brazilian population. The allele frequencies of this
ACE variant were not associated with PE development (Galão
et al., 2004). Subsequently, a case-control study andmeta-analysis
were also unable to show the association between the ACE-I/D
variant and PE (Serrano et al., 2006). In a Mexican population,
González-Garrido et al. (2017) evaluated the ACE-I/D SNP in
relation to ACE activity and oxidative damage in PE. Higher
ACE activity was found in PE cases compared to controls. Also,
higher “DD” genotype and “D” allelic frequencies were found
in PE compared to the control group. In summary, the results
suggested that ACE-I/D SNP, high ACE activity, body mass index
and oxidative damage are important factors in the pathogenesis
of PE (González-Garrido et al., 2017).

The Endothelin 1 protein is a potent vasoconstrictor molecule,
and its encoding gene, END1, is also a candidate gene for PE. A
case-control study investigated women affected with PE and their
partners in comparison to healthy pregnant women and their

Frontiers in Physiology | www.frontiersin.org 11 December 2018 | Volume 9 | Article 1771

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Michita et al. Genetic Variants in Preeclampsia

partners regarding the EDN1 rs5370 SNP. A negative association
between the rs5370 SNP and PE in the male sub-group was
observed, while no association was observed between cases and
controls in the female sub-group (Galaviz-Hernandez et al.,
2016). This study reminds us of the importance of including the
paternal genetic background and the effect of the male genetic
contribution in pregnancy outcomes.

Hypoxia-inducible factor (HIF) is a highly conserved
transcription factor that coordinates an adaptive response in
physiological and pathophysiological situations. Several cell types
up-regulate HIF in response to low oxygen levels. In human
pregnancy, HIF signaling in the gravid uterus is critical for fetal
and placental development (Macklin et al., 2017). The Influence
ofHIF1AC1772T andG1790A SNPs was evaluated in PE patients
and controls in a Mexican population, although no association
of these variants with PE risk was observed (Nava-Salazar et al.,
2011).

Finally, vitamin D is an essential molecule during pregnancy.
The levels of its active form increase throughout healthy gestation
and are critical for an adequate calcium supply for fetal growth
(Urrutia and Thorp, 2012). Given its importance and relevance in
gestational outcome, Vitamin D Receptor (VDR) SNPs have been
studied in PE and gestational hypertension. Rezende et al. (2012)
evaluated three VDR SNPs (FokI, ApaI, and BsmI) in a Brazilian
population, and also investigated the potential association of
hypertensive pregnancy disorders with VDR haplotypes. No
differences in genotype, allele, or haplotype frequencies were
observed between PE or pregnant hypertensive women and
controls, these findings suggested that the investigated SNPs do
not influence pregnancy outcome (Rezende et al., 2012).

Studies in vascular and angiogenic gene polymorphisms have
shown conflicting results in Latin American populations
(Table 2). Besides genetic variants alone, PE-associated
haplotypes and the interaction among SNPs of distinct genes
further support the importance of exploratory studies in this
rapidly developing field. The conflicting results evidenced in this
review are partially explained by the differences in the genetic
background of distinct Latin American populations, which
result from high admixture (Salzano and Sans, 2014). Besides,
the different genotypic and allelic frequencies of the studied
SNPs corroborate the PE classification as a complex disease.
For a better understanding of the whole scenario involving
this disease, robust studies and several exploratory studies still
need to be put into practice. Also, the publication of negative
results is important, mainly for the correct performance of
meta-analyses encompassing preexisting data that would better
reflect the actual frequency of genetic variants in Latin American
populations.

GENETIC VARIATION IN
HISTOCOMPATIBILITY-RELATED GENES
IN PE

The major histocompatibility complex (MHC) is fundamental to
the immunological system allowing the development of immune
responses against foreign antigens or immunogenic epitopes

through recognition of self- and non-self. Traditionally, the
MHC complex is defined by two well-known genetic loci: MHC
class-I and MHC class-II, although MHC class-III and -IV
also exist and are relevant to complex diseases (Gruen and
Weissman, 2001; Yau et al., 2016). MHC class-I members split in
“classical” [human leukocyte antigen (HLA)-A, -B, and -C] and
“non-classical” (HLA-E, -F, -G and -H: or MHC-Ib) molecules.
Classical genes are ubiquitously expressed on virtually all
nucleated cells (with a few exceptions), are highly polymorphic,
and their primary function is as peptide presenting molecules.
On the contrary, expression of non-classical molecules are
restricted to some cellular types (for example, EVT), have a
limited degree of polymorphism, and do not present peptides
as a major function but rather act as signaling molecules to
immune cells. Classical MHC class-II (HLA-DR, -DQ, and -DP)
expression is restricted to antigen presenting cells, such as B
cells, macrophages, and DCs.MHC class-III and IV are otherwise
very distinct molecules comprising members of the complement
system and induced-stress/inflammatory proteins, respectively
(Gruen and Weissman, 2001).

The role of the MHC-Ib molecules in pregnancy has been
a focus since the discovery of HLA-G expression in human
trophoblast cells (Kovats et al., 1990). In the maternal-placental
interface, an exciting aspect is the expression of HLA-G, -E, -F,
and -C antigens on EVT cells (Hackmon et al., 2017).

Among the non-classical MHC-I molecules, HLA-G is a
most enigmatic member. It interacts with several maternal
immune cells, including those in the decidua (i.e., dNK, decidual
macrophages, dCD4+, dCD8+), and has the potential to
inhibit or activate their immunologic functions. Recently, it was
reported that soluble HLA-G (sHLA-G) affinity for its cognate
receptors [i.e., dimers binding to LILRB1 (leukocyte Ig-like
receptor 1) with increased affinity] is likely impacted by sHLA-G
heterodimerization in inflamed patients, which is likely to occur
in PE and explains the variable findings reported so far (Veit et al.,
2015). Also, LILRB1 receptors bind to β2-microglobulin(m)-
associated HLA-G, whereas the LILRB2 receptors bind to non-
β2m-associated HLA-G molecules. Alternative splicing of the
gene results in seven isoforms: four membrane-bound HLA-
G isoforms (HLA-G1 to -G4) and three soluble isoforms
(HLA-G5 to G7). HLA-G1 undergoes proteolytic cleavage by
metalloproteinase-2 (MMP-2) giving rise to sHLA-G1 (Rizzo
et al., 2013).

In Latin America, several groups have evaluated the role of
candidate genes belonging to the MHC loci and PE susceptibility
(Table 3). HLA-G is the most studied MHC gene due to its
immunotolerogenic properties, and several aspects of HLA-G
have been explored. An SNP located in the 3′ untranslated region
(UTR) of the gene, namely 14-bp insertion(ins)/deletion(del)
(rs66554220), is well-known due to its influence on mRNA
stability which affects the expression patterns of the gene
(Rousseau et al., 2003; Porto et al., 2015). We have recently
reported that specific haplotypes and variants in the 3′UTR
increase the risk for recurrent pregnancy loss in Brazilian women
(Michita et al., 2016). Also, we suggested that a maternal 14
bp del/del homozygous status might predispose primiparous
women to PE (Vianna et al., 2007). An increased risk for
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PE was also observed in neonates who preferentially inherit
the maternal HLA-G∗0104 allele (Carreiras et al., 2002), which
has been associated with the 14 bp del allele present in the
UTR-3 haplotype (Castelli et al., 2014). In another study, a
concomitantly low frequency of CD8+CD28- T cells (CD8+T
memory cells), low monocyte (CD14+HLA-G+), and low T
cell (CD3+HLA-G+) counts in PE women were associated
with a pro-inflammatory status, which was confirmed by pro-
inflammatory cytokine measurements (Vianna et al., 2016);
however, no differences in 14 bp ins/del and +3142C/G
(rs1063320) SNP frequencies between PE and non-PE women
were observed. Similarly, in a Mexican PE cohort, although
HLA-G expression was not evaluated, a reduced frequency of
CD3+ T cells was observed in third trimester decidual tissue,
and most importantly, dNK cells (CD3-CD56+CD16-CD9+)
persisted throughout pregnancy and shared the same phenotype
as the ones detected in early pregnancy (Sánchez-Rodríguez et al.,
2011). This implies that long-term persistence of dNK cells could
play important physiological roles in labor by the secretion of
inflammatory mediators and fighting against infectious agents.
Still considering HLA-G, Ferreira et al. (2017) reported that the
14 bp variant had no influence on PE predisposition, although the
specific contribution of this SNP for PE in primiparous women
was not evaluated. Hitherto, the role of the 14 bp variant in PE
has been a matter of debate (Vianna et al., 2007; Pabalan et al.,
2015; Ferreira et al., 2017). However, in a recent meta-analysis,
the ethnicity (European-derived) and the 14 bp ins/ins genotype
status in neonates were pointed as likely involved in PE risk in
primiparous women (Pabalan et al., 2015).

PE development probably involves the interaction of maternal
and fetal features. Also, a contribution of paternal origin has
been suggested (Dahl et al., 2014; Saftlas et al., 2014). Functional
variants within the endoplasmic reticulum aminopeptidase gene
(ERAP2) have been associated with PE in non-Latin American
populations (Johnson et al., 2009). In a study byHill et al. (2011a),
the ERAP variants rs2549782 and rs17408150 were evaluated
in Chilean dyads (mother-neonate) and African American
subjects (78% were dyads) with PE. In this study, no influence
of ERAP SNPs in PE predisposition was reported. The lack
of association with PE risk could be partially explained by
differences in population structure and linkage disequilibrium
patterns (Hill et al., 2011b). A study evaluating Venezuelan dyads
reported an increased risk for PE in both mothers and neonates
carrying the HLA-DRB1∗07 DQA1∗0201 DQB1∗0201 haplotype.
In addition, mothers carrying the HLA-DRB1∗06/07 allele were
more likely to be infected by the human cytomegalovirus
(HCMV) (Carreiras et al., 2002). Since the recent Zika virus
epidemics in Brazil (Schuler-Faccini et al., 2016), the relevance
of viral infections during pregnancy is once more in the
spotlight. Of note, recent evidence suggests that some viral
infections modify the threshold of placental cell immunologic
response to bacterial lipopolysaccharides (LPS) resulting in an
exacerbated inflammatory response, and thus contributing to the
development of pregnancy disorders including PE (Cross et al.,
2017; Nourollahpour Shiadeh et al., 2017).

Other polymorphic loci immunologically relevant in PE
comprise the KIR (Killer-cell immunoglobulin-like receptors)

family. This gene family encompasses both activating (S) and
inhibitory (L) receptors and can be functionally characterized
in two additional groups: A (inhibitory) or B (activating)
group. There is evidence of maternal KIR contribution in PE
development. Indeed, it was suggested that the predominance
of inhibitory receptors in PE women conferred an increased
risk for PE in Mexican women (Sánchez-Rodríguez et al., 2011).
Interestingly, a higher frequency of CMV-positivity was observed
in third trimester Mexican women carrying the inhibitory KIR
bB03|tA01 haplotype (KIR A) (Alvarado-Hernández et al., 2016),
reinforcing the theory that imbalances between activating and
inhibitory receptors expressed on cytotoxic cells influence viral
infection predisposition and are possibly a risk-modifying factor
for pregnancy disorder development.

GENE VARIANTS INVOLVED IN
METABOLIC PROCESSES

Changes in maternal metabolism occur during gestation,
allowing adaptation to the energetic and nutritional needs of
the developing fetus and ensuring its healthy development.
Some changes involve the metabolism of carbohydrates and
lipids. Such metabolic changes occur in a spatial and temporal
manner as pregnancy develops. Early in gestation, glucose
and insulin levels are comparable to those of non-pregnant
women, with a slight increase in insulin sensitivity (Butte,
2000). A decrease in insulin sensitivity occurs naturally,
becoming evident in the second trimester, however, a noticeable
loss of insulin sensitivity can lead to systemic resistance,
hyperglycemia, and gestational diabetes mellitus (DM). The
effects of hyperglycemia in pregnancy are associated with
several adverse clinical outcomes for both mother and newborn,
the latter associated with overweight and cardiometabolic risk
later in life (Thaware et al., 2015; Zhu et al., 2016; Tam
et al., 2017). It was suggested that gestational hyperglycemia
or pre-pregnancy DM are risk factors for gestational disorders,
including PE (Wendland et al., 2008). Interestingly, the
expression of cytokines (i.e., IL-10 and TNF-alpha) relevant
to the pathophysiology of PE (Daher et al., 2006; Pinheiro
et al., 2015) is associated with maternal glycemia (Moreli et al.,
2012), implying that maternal glycemia not only affects the
metabolic status but also the immunological profile of pregnant
women.

Some studies have evaluated the role of critical mediators
in metabolic processes and their influence on PE development
(Table 4). Adiponectin (ADIPOQ) is an adipokine, a term
referring to adipose tissue-derived signaling molecules with
broad biological functions (Ruan and Dong, 2016). ADIPOQ
enhances cellular insulin sensitivity and thus is involved
in adipose tissue expansion. Besides metabolic signaling,
ADIPOQ has anti-inflammatory, anti-atherogenic and anti-
proliferative functions, but paradoxically it is associated with
coronary diseases (Sattar and Nelson, 2008). In addition,
it enhances human EVT cell invasion in vitro by means of
MMP-9 and -2 expression and TIMP-2 repression (Benaitreau
et al., 2010). Expression of both MMPs in EVT cells may
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TABLE 3 | Summary of studies in Latin America evaluating the role of genetic variants in histocompatibility-related genes in PE.

Factors Sample size† Key findings Country References

HLA-A, -G, -DRB1, -DQA1,

-DQB1 alleles

27/29a Association with PE risk: HLA-G*0104

allele, DRB1*07 DQA1*0201 DQB1*0201

haplotype and DRB1*07 and/or DRB1*06

alleles in presence of HCMV detection.

Venezuela Carreiras et al., 2002

HLA-G (14 bp ins/del) 157/162 No association with PE. Brazil Vianna et al., 2007

KIR inhibitory(2DL1, 2DL2,

2DL3, 2DL4, 2DL5, 3DL1,

3DL2, 3DL3); activating

(2DS1, 2DS2, 2DS3, 2DS4,

2DS5, 3DS1); pseudogenes

(2PQ1, 3DP1)

90/86 No association with PE. Mexico Sánchez-Rodríguez et al.,

2011

HLA-G (14 bp ins/del,

+3142C>G).

26/32b No association with PE. Brazil Vianna et al., 2016

HLA-G (14 bp ins/del) 409/332c No association with PE. Brazil Ferreira et al., 2017

ERAP2 (rs2549782,

rs17408150)

528/575d No association with PE. Chile Hill et al., 2011b

†
Pooled cases/controls.

aSamples were mother-neonate dyads.
bControls were grouped in non-PE (n = 25) and healthy group (n = 7).
cCases were grouped in PE (n = 246), eclampsia (n = 57), and HELLP (n = 106). PE, preeclampsia; HLA, human leukocyte antigen; HCMV, human cytomegalovirus; ins, insertion; del,

deletion; KIR, killer cell immunoglobulin-like receptor; ERAP2, endoplasmic reticulum aminopeptidase-2
dOnly Chilean mother-neonate dyads.

increase membrane cleavage of the immunomodulatory
molecules MIC-A and HLA-G (Sun et al., 2011; Rizzo et al.,
2013). SNPs in ADIPOQ influence basal expression of the
gene and predispose occurrences of metabolic disorders
in French and Japanese populations (Hara et al., 2002;
Fumeron et al., 2004). In a cohort of Brazilian PE women
ADIPOQ variants −11391G/A (rs17300539), −11377C/G
(rs266729), 45T/G (rs2241766), and 276G/T (rs1501299) were
evaluated. The rs266729 GG genotype presented a higher
frequency in PE (Machado et al., 2014). The −11377G allele
is suggested to decrease the affinity of nuclear proteins in the
ADIPOQ promoter and putatively the transcriptional activity
(Bouatia-Naji et al., 2006; Wang et al., 2009; Zhang et al.,
2009). Therefore, preeclamptic -11377GG genotype carriers
are likely to express low levels of adiponectin, resulting in
impaired control of glycemia. Also, −11377G allele carriers
have been associated with chronic hypertension (Ong et al.,
2010), recurrent pregnancy loss (Dendana et al., 2018), and
gestational diabetes (Pawlik et al., 2017) in non-Latin American
populations.

Lipid metabolism and plasmatic concentration are regulated
by an enzyme encoded in lipase hepatic gene LIPC. LIPC
−514C/T (rs1800588) is a promoter SNP which influences
hepatic lipase levels. In fact, the −514TT genotype is associated
with the lowest enzyme activity, although the variant effect is
variable among non-Latin American populations (Tahvanainen
et al., 1998; Ordovas et al., 2002; Isaacs et al., 2004). This variant
was evaluated in a cohort of PE Peruvian women (Enquobahrie
et al., 2005). Although no direct association with PE risk was
observed, overweight status during pregnancy was a modifying
risk factor for PE in LIPC −514TT genotype.

Changes in insulin responsiveness are essential in pregnancy
and affect both mother and fetus. As pregnancy develops,
maternal insulin resistance increases, which in turn facilitates
glucose transport across the placenta and stimulates fetal insulin
production, favoring normal fetal growth and development
(Farrar, 2016). Hyperinsulinemia is harmful and resembles
the endothelial dysfunction observed in PE pathophysiology
(Muniyappa and Sowers, 2014). An interesting Mexican study
evaluating the role of genetic variants of genes involved in
insulin responsiveness in PE development focused on: insulin
[(INS); PstI (rs3842752) and MaeIII (rs689)], insulin receptor
[(INSR); NsiI (rs2059806)], and insulin receptor substrate
[(IRS1); Ala513Pro (rs1801276) and Gly972Arg (rs1801278)]
(Machorro-Lazo et al., 2009). Although no statistical difference
in SNPs frequencies was observed, a previous study evaluating
different ethnic groups in Mexico observed differences in the
MaeII, PstI, and NsiI genotype distribution when stratified by
fasting insulin and serum triglyceride levels (Flores-Martínez
et al., 2004; Sánchez-Corona et al., 2004). Also, the IRS1 972Arg
allele was associated with gestational diabetes in a meta-analysis
(Zhang et al., 2013) and the INSR NsiI SNP (rs2059806AA
genotype) was associated with PE in an Australian cohort and
also in PE newborns small for the gestational age in a Sinhalese
cohort (Andraweera et al., 2017). The lack of association with PE
is possibly due to the stringent inclusion/exclusion criteria of the
study since pregnant women with undiagnosed insulin resistance
before pregnancy were excluded.

As insulin signaling involves an intricate network of
molecules, it is unlikely that a single gene or SNP results in an
insulin-resistant phenotype. Nevertheless, SNPs in leptin (LEP)
and leptin receptor (LEPR) genes seem to have the potential to
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TABLE 4 | Summary of studies in Latin America evaluating the role of genetic variants within genes involved in metabolic changes during pregnancy.

Factors Sample size† Key findings Country References

ADIPOQ

(-11391G>A,−11377C>G,

45T>G, 276G>T)

240/161a Association with PE risk: −11377GG

genotype.

Brazil Machado et al., 2014

INS (PstI, MaeIII)

INSR (NsiI)

IRS1 (Ala513Pro, Gly972Arg)

43/46 No association with PE. Mexico Machorro-Lazo et al., 2009

LEP (G2548A)

LEPR (Gln223Arg, Lys109Arg)

146b Association with GH clinical findings: LEP

2548AA genotype with BMI and 2548G

allele with systemic BP; LEP 109 Lys/Lys

genotype with BMI and Insulin resistance.

Brazil Farias et al., 2017

LIPC (-514C>T) 157/180 Association with PE risk: LIPC −514TT

genotype in overweight pregnant women.

Peru Enquobahrie et al., 2005

†
Pooled cases/controls.

aCases were grouped in PE (n = 127) and gestational hypertension (n = 113).
bProspective cohort of pregnant women. PE, preeclampsia; ADIPOQ, adiponectin; INS, insulin; INSR, insulin receptor; IRS1, insulin receptor substrate-1; LEP, leptin; LEPR, leptin

receptor; GH, gestational hypertension; BP, blood pressure; BMI, body mass index; LIPC, hepatic lipase.

influence blood pressure during pregnancy as an indirect effect
on insulin sensitivity and BMI, and therefore are relevant in
PE pathophysiology (Fan and Say, 2014; Taylor et al., 2015).
In a Brazilian study, LEP G2548A (rs7799039), LEPR Q223R
(rs1137101), and K(Lys)109R(Arg) (rs1137100) variants were
evaluated regarding their influence on maternal blood pressure
during pregnancy and the postpartum period (Farias et al.,
2017). Although no association with leptin levels and SNPs
were observed, homozygous individuals for 2548AA genotype
had lower BMI in early pregnancy, and the effect of BMI on
blood pressure levels was higher in 2548AA homozygous carriers
compared to G allele carriers (GA+GG). On the contrary,
2548GG+GA showed a positive increase in systemic blood
pressure in early pregnancy. In a more recent study, the 2548A
allele was associated with an increased risk for gestational
weight gain (Martins et al., 2017). The influence of G2548A
SNP in leptin levels during pregnancy is still not evident
(Sugathadasa et al., 2010; Yang et al., 2016; Farias et al., 2017).
Nevertheless, in non-pregnant Brazilian women, associations
with obesity risk and increased leptin levels for 2548GG genotype
and 2548G allele were reported (Hinuy et al., 2008). In PE,
plasma levels of leptin are higher than in normotensive pregnant
women (Sugathadasa et al., 2010). Also, women with impaired
fasting glucose have higher levels of both insulin and leptin
compared to euglycemic pregnant women (Yang et al., 2016).
These observations are relevant since leptin-induced obesity is
associated with hyperglycemia, hypertension, and endothelial
damage.

VARIANTS IN DETOXIFICATION,
DNA-REPAIR, AND APOPTOSIS-RELATED
GENES

Vascular dysfunction is one hallmark of PE that is intensified by
positive feedback involving altered maternal immune tolerance
and placental hypoxia. In addition, endothelial damage observed

in PE is the prima facie of impaired clearance of oxidative
stress byproduct by endogenous detoxifying agents. Oxidative
stress causes membrane lipid peroxidation, DNA damage and is
possibly implicated in the pathogenesis of essential hypertension
(González, 2014). Functional SNPs in candidate genes of the
detoxification system, DNA repair, and apoptosis genes have
been suggested to play roles in PE development (Table 5).
Glutathione-S-transferase (GST) is an endogenous detoxifying
enzyme superfamily that protects against oxidative stress and
exogenous toxins or xenobiotics. The functional variant GSTP1
313A/G (rs1695) lies within the active site of the GSTP1 enzyme,
and the 313G allele (valine) is associated with low catalytic
activity (Ali-Osman et al., 1997). Studies evaluating this variant
in different continental cohorts of PE have reported conflicting
results (Zusterzeel et al., 2000; Gerhardt et al., 2004; Canto et al.,
2008; Coral-Vázquez et al., 2013; Gao et al., 2016). On the one
hand, it was observed that GSTP1 313G allele and 313GG/AG
genotypes are protective factors for PE development in Maya-
Mestizo women (Canto et al., 2008), a finding inconsistent with
a Dutch study (Zusterzeel et al., 2000). This same variant had no
influence on severe PE development in Mexican-Mestizo women
(Coral-Vázquez et al., 2013), highlighting differences in results
according to ethnic origin. Studies evaluating the role of GSTP1
313A/G in PE risk reported conflicting results, probably due to
the high inter-variation and intra-variation (i.e., admixture) of
the GSTP1 313G allele frequency (Zerbino et al., 2018). Another
interesting GST variant is the complete deletion of GSTM1 and
GSTT1 (Anvar et al., 2011). It is reported that Mexican-Mestizo
women homozygous for GSTT1 null genotype have a higher
risk for PE, and those double homozygous for both GSTM1
and GSTT1 null genotypes have a 5-fold increased risk for PE
(Sandoval-Carrillo et al., 2014a). These findings contribute to the
conflicting body of evidence as pointed out by a meta-analysis
(Anvar et al., 2011; Ge et al., 2015). Although the frequency of
single deletions varies (Palma-Cano et al., 2017), we hypothesized
that populations showing a high frequency of bothGSTs deletions
could have a high frequency of individuals carrying both deletion
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TABLE 5 | Summary of the studies in Latin America evaluating the role of genetic variants in genes involved in detoxification, DNA repair and apoptosis in PE.

Factors Sample size† Key findings Country References

GSTP1 (313A>G) 125/274 Association with protection for PE: 313GG

and AG genotypes.

Mexico Canto et al., 2008

GSTP1 (313A>G) 230/352 No association with PE. Mexico Coral-Vázquez et al., 2013

GSTM1, GSTT1 112/233 Association with PE risk: GSTT1 deletion,

and combined GSTM1/GSTT1 deletion

(highest risk).

Mexico Sandoval-Carrillo et al.,

2014a

APEX1 (Asp148Glu)

XPD (Lys751Gln)

XRCC (Arg399Gln)

XRCC3 (Thr241Met)

202/350 Association with PE risk and disorder

severity: APEX1 148Glu allele.

Mexico Sandoval-Carrillo et al.,

2014b

TP53 (Arg72Pro)

MDM2 (309T>G)

119/99 No association with PE. Brazil Busatto et al., 2015

CASP-8 (rs13416436,

rs2037815)

55/162 No association with PE. Brazil Orlando et al., 2018

†
Pooled cases/controls. PE, preeclampsia; GSTP, glutathione s-transferase Pi-1; GTSM1, glutathione s-transferase Mu-1; GSTT1, glutathione s-transferase Theta-1; APEX1, Apex

nuclease 1; XPD, Xeroderma pigmentosum complementation group D; XRCC, x-ray repair cross-complementing protein; XRCC3, x-ray repair cross-complementing protein 3; TP53,

tumor protein p53; MDM2, mouse double minute-2 homolog; CASP8, caspase-8.

alleles, implying an increased risk to oxidative stress-related
disorders such as PE or vasculopathies.

Most DNA damage caused by endogenous ROS generated
from oxidative stress is corrected by the DNA repairing
machinery through diverse pathways (see Chatterjee andWalker,
2017). It is not clear whether DNA damage is an effect or
cause of PE pathophysiology, although impaired DNA repair
is observed in placental tissue from PE women (Tadesse et al.,
2014). Also, accumulation of DNA errors results in cell death,
and DNA repair efficiency is impacted by genetic variation in
DNA repair genes. Hitherto, few studies have investigated such
variants in PE development (Vural et al., 2009; Saadat et al., 2012;
Sandoval-Carrillo et al., 2014b). In a study enrolling Mexican
women with PE, SNPs in DNA repair genes from nucleotide
and base excision pathways, homologous recombination and
single-strand break repair mechanisms were evaluated. Among
the variants evaluated, a possible role for the functional variant
T1349G (Asp148Glu; rs1130409) in the apurinic/apyrimidinic
(AP) endonuclease (APEX1) gene in PE development was
observed. Although no difference in overall genotype distribution
between PE and normotensive pregnant women was observed,
consistent with a previous study (Vural et al., 2009), the 1349G
(148Glu) allele frequency was higher in PE subjects compared to
normotensive women. Also, the G allele frequency was higher
in severe PE compared to mild-PE (Sandoval-Carrillo et al.,
2014b). Although a functional study reported no difference
in endonuclease activity between APEX1-148Glu and APEX1-
148Aspmolecules (Hadi et al., 2000), the role of this variant in PE
is supported by impaired enzyme functionality (impaired DNA-
binding and endonuclease activity) associated with the 1349G
(148Glu) allele (Almutairi et al., 2015), and also by the fact
that APEX-1 is essential for the base excision repair pathway,
apoptosis, response to oxidative stress, and cell cycle control.

Essential for genomic stability and cell cycle control, the
tumor suppressor protein p53 is also implicated in human
reproduction (Kang and Rosenwaks, 2018). Our research group

has investigated the role of the TP53 Arg72Pro (rs1042522) and
MDM2 309T/G (rs2279744) variants in PE development (Busatto
et al., 2015). Despite a lack of association with PE risk in our
study, it is reported that MDM2 309GG genotype confers an
increased risk for PE in an Iranian population (Salimi et al., 2017).
Interestingly, MDM2 309G allele frequency in normotensive
and PE women was similar in both studies, although genotypic
frequencies differed. These findings highlight that interaction
among SNPs from the regulatory TP53 network are likely
to account for observed differences and should be addressed
in further studies (Jacovas et al., 2015). Genetic variants in
apoptosis-related genes, such as CASPASE-8 (rs13416436T/A
and rs2037815G/A) were evaluated in PE in a small cohort of
Brazilian women, although no association with disorder risk was
observed (Orlando et al., 2018).

FUTURE DIRECTIONS: CHALLENGES AND
PERSPECTIVES

Over the past decade, our understanding of the molecular basis
of many disorders has increased in an unprecedented manner.
Despite improvements in understanding the contribution of
paternal, maternal, and placental factors in PE pathophysiology,
the identification of reliable predictive biomarkers for PE remains
elusive. We do not wish to distract from the importance
and biological implications of the many other advances in PE
understanding, however, based on our knowledge we suggest
future directions/studies and challenges in PE research by
highlighting and discussing some emerging trends from distinct
but related biological fields (Figure 2).

MHC Class-I Related Sequence A
It is well known that some biological aspects inherent to host
immunologic tolerance to solid organ allograft transplantation
(tx) could overlap to some extent with those directly related
to human pregnancy (sometimes considered as a naturally
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occurring grafting event). Relevant in human pregnancy, the
MHC Class-Ib molecules are becoming a target of studies in
human transplantation, since the rejection of allografts fully
matched for HLA antigens still occur. In this context, the non-
classical MHC class-I related sequence A (MIC-A or MICA),
a stress-induced protein has attracted attention due to its
immunomodulatory properties (Baranwal andMehra, 2017; Risti
and Bicalho, 2017). MICA has restricted tissue expression in
normal physiological conditions (i.e., gastrointestinal tract and
endothelial cells) (Baranwal and Mehra, 2017). MICA mRNA
transcripts are detected in decidual, placental, and trophoblast
cells from healthy pregnancies, although the MICA molecule
is barely detected on placental tissues (Mincheva-Nilsson et al.,
2006; Apps et al., 2008). It has been proposed that soluble
MICA (sMICA) in pregnant women may participate in fetal
immune escape (Mincheva-Nilsson et al., 2006; Huang et al.,
2011), although high levels of sMICA were considered a
predictive biomarker for in vitro fertilization failure (Porcu-
Buisson et al., 2007). Indeed, in pathological situations, MICA
expression patterns might change. A dimorphism known as
MICA-129Val/Met (rs1051792), is reported to influence both
sMICA levels and affinity to the NKG2D receptor expressed on
cytotoxic cells, including uNK cells. It was observed that soluble
NKG2D has a higher affinity to 129Met molecules (range 10-
to 50-fold) compared to 129Val MICA (Steinle et al., 2001).
Thus, this variant seems relevant in inflammatory disorders
(Isernhagen et al., 2016), but its influence on pregnancy disorders
is yet to be addressed. Besides, high sMICA levels are observed in
PE and other vascular pregnancy disorders, often being absent in
healthy pregnancies. Further, sMICA maternal plasma from PE
women downregulates NKG2D expression on CD3-CD56+NK
cells from healthy donors (Haumonte et al., 2014), suggesting that
sMICA impairs vascular remodeling through downregulation of
NK effector functions by means of interferon-gamma secretion
and cytotoxicity (Haumonte et al., 2014; Zhou et al., 2014).
Additionally, microvesicles derived from early placenta harbor
MICA which has potential to downregulate NKG2D (Hedlund
et al., 2009).

Non-coding RNAs and Epigenetics
In the era of genomics, next-generation DNA sequencing is
becoming a technique accessible to most laboratories. The
possibility of massively interrogating millions of DNA strands
at the same time has fostered research in the search of causal
genetic variation involved in PE pathophysiology (see Yong
et al., 2018b). The profile of non-coding RNA (ncRNA) in
distinct tissues, body fluids and disorders has revealed a universe
of RNAs, which is currently under extensive investigation.
Traditionally, ncRNAs are divided into two classes based on
size: small ncRNA (<200 nt) and long ncRNA (>200 nt). The
small ncRNA includes microRNA (miRNA), small interfering
RNA, small nuclear RNA, small nucleolar RNA, ribosomal
RNA, transfer RNA, and P-element-induced-wimpy testis (piwi)-
interacting RNA. Their regulatory activity extends to different
levels of transcription and post-transcriptional control (Anfossi
et al., 2018). Although little is known about long non-coding
RNA (lncRNA) functions, they participate in several biological

processes such as epigenetic regulation, transcriptional and post-
transcriptional control, regulation of miRNAs (by acting as
sequence decoys) and acting as scaffolds for protein complex (Li
et al., 2014), suggesting a more extensive biological versatility
compared to small ncRNAs.

Currently, ncRNAs are considered promising diagnostic tools
and disease progression biomarkers in the clinical setting,
because their level of presence is expected to correlate with
repressive activity (Bounds et al., 2017). In PE, an increasing
number of studies have identified potential regulatory ncRNAs,
most of them miRNAs such as miR-155 and miR-210 (Bounds
et al., 2017;Wei et al., 2017;Winger et al., 2018; Yoffe et al., 2018).
miRNAs are of particular interest due to their high stability in
body fluids (Brase et al., 2010) and their potential to be released
inside microvesicles (Salomon et al., 2017). An emerging role of
genetic variants within miRNAs (even virally encoded miRNAs)
highlights their influence in the susceptibility to viral infections
(Ellwanger et al., 2018).

Despite the promising applications of ncRNAs as biomarkers
in distinct pathologies, the increasing complexity for use due to
ncRNA heterogeneity as well as the diversity of methodologies
implemented for their isolation (Anfossi et al., 2018) highlight
some challenges that should be addressed, including the need
for sample collection, processing, and analysis standardization in
order to increase the feasibility and replicability of studies.

It is clear that epigenetics is a mechanism involved in the
development of a healthy pregnancy. Partially methylated
domains (PMDs) are regions showing reduced average
methylation levels which cover up to 40% of the genome. PMDs
are observed in only a few cell types: cultured cells, malignant
cells and placental cells (Hansen et al., 2011; Schroeder and
LaSalle, 2013). Interestingly, PMD covers 37% of the placental
genome, and most of the genes in PMD are repressed, suggesting
that repression of specific genes within PMD during pregnancy
is needed for healthy development (Schroeder et al., 2013).
Following this reasoning, disruption in the epigenetic program
could lead to placental dysfunction and associated disorders
(Robinson and Price, 2015). Some studies have evaluated the
methylation status, or methylome, of the placenta in pregnancy
disorders such as preterm birth (Hong et al., 2017), intrauterine
growth restriction (Hillman et al., 2015), and PE (Blair et al.,
2013; Anton et al., 2014; Chu et al., 2014; Liu et al., 2014). Owing
to the fact that different methodologies exist, the comparison
between studies is not always possible. Nonetheless, two genes
(DAPK3 and PAPPA2) were observed to share methylation
patterns in preeclamptic placenta (Blair et al., 2013; Chu
et al., 2014; Bianco-Miotto et al., 2016). Apart from pregnancy
disorders, the methylation patterns in placental PMD suggest
a causal link to autism spectrum disorders because behavioral
genes are overrepresented in placental PMD (Schroeder et al.,
2016). There is also a suggestion of an interaction between
environmental factors and DNA, altering epigenetic features and
therefore susceptibility to many disorders including PE (Chelbi
and Vaiman, 2008).

Analysis of DNA methylation in cord blood cells may
improve our knowledge of epigenetic signatures in pregnancy
(and PE) and improve understanding of their implications
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for adult life. For example, hypomethylation of the 11β-
hydroxysteroid dehydrogenase type-2 (HSD11B2) gene promoter
is suggested to increase fetal glucocorticoid levels identified as
risk factors for metabolic diseases (Hu et al., 2014). In a study
evaluating cord blood in early preeclamptic women, different
sets of genes from lipid metabolism, cellular proliferation and
inflammation showed variable levels of methylation in their
promoter regions, suggesting that early epigenetic signatures are
detected in newborns and could be associated with predisposition
to cardiovascular diseases in adulthood (Ching et al., 2015).
Nevertheless, whether early risk epigenetic modifications remain
constant and act as disease triggers or risk-modifying factors is
still an open question.

Genomic imprinting is closely associated with parental
origin, which highlights that epigenetic disruption can result
in abnormal expression of imprinted genes in the placenta
and contributes to PE development. The distal-less homeobox-
5 (DLX5) gene is paternally imprinted (maternally expressed
gene) in normal healthy placenta, but its status is upregulated
in PE as a result of the loss of paternal imprinting. DLX5
was upregulated in up to 70% of PE placentas correlating
positively with classical PE markers (i.e., PlGF:sFLT). Of note,
overexpression of DLX5 in vitro led to reduced proliferation
and endoplasmic reticulum stress of trophoblast cells (Zadora
et al., 2017). GATA-binding protein 3 (GATA3), a gene
relevant to trophoblast invasion, was also identified as a
candidate for future research concerning dysregulated imprint
and pregnancy disorders (Chiu and Chen, 2016; Zadora et al.,
2017).

Overall, the methylome opens new perspectives for
comprehension of the phenomenon of inherited traits unrelated
to classical nucleotide sequence changes in the genome (SNPs
or mutations) and how they affect phenotype. The future is
promising, but some important issues should be addressed. For
example, PMD is overrepresented in the placental methylome,
but most of the studies published so far have ignored them,
raising the question of whether PMD occurs in specific
trophoblast cell lineages or at specific stages of development
(Schroeder et al., 2013; Bianco-Miotto et al., 2016). Interestingly,
methylation patterns in early extraembryonic tissues resemble
those commonly observed in cancer (Smith et al., 2017),
implying that comprehension of the epigenomic landscape of
these two phenomena would provide some clues to the inherent
process of cellular invasion, proliferation, and vasculogenesis.
Also, the paradox of high methylation of CpG islands in genes
within placental PMD is yet to be addressed. Lastly, future
studies should differentiate hypomethylation patterns occurring
in PMD regions from those occurring in other genomic regions
(Schroeder et al., 2013).

Placental Microbiome—Friend or Foe
The fact that microorganisms are detected in the placenta, the
womb, and the fetus, once thought of as sterile entities, has
attracted much attention. The detection of bacterial DNA in the
placenta (Aagaard et al., 2014; Collado et al., 2016) and in the
amniotic fluid (Collado et al., 2016) has brought the “placental
microbiome” into the spotlight. This concept challenges the
traditional belief that newborns acquire their first bacteria only

FIGURE 3 | Summary of preeclampsia-associated genetic variants addressed in Latin American studies. Only single locus polymorphisms are shown. Risk and

protection associated variants are shown where the intersection represents variants found in both protective and risk factors in different studies. Additional information

and haplotypes are detailed in Tables 1–5.
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as they pass through the birth canal. The observation that
Enterococcus faecium from human breast milk orally inoculated
in pregnant mice can be detected in the amniotic fluid, and the
pup’s meconium (Jiménez et al., 2005, 2008; Aagaard et al., 2014)
further supports the concept of the placental microbiome. In
this same line, it seems that the newborn gut microbiome shares
similarities to the maternal oral microbiome (Aagaard et al.,
2014). The nature of symbiosis between extraembryonic tissues
and the local community of microorganisms is still unknown.
Although studies support the existence of fetal microbiomes,
there is currently skepticism surround the concept, as discussed
in other studies (Lauder et al., 2016; Perez-Muñoz et al., 2017).

The presence of placental microbiota in normal pregnancy
(Aagaard et al., 2014; Parnell et al., 2017) intuitively implies
that an altered microbiome would underlie pregnancy disorders
such as chorioamnionitis and preterm birth (Antony et al.,
2015; Prince et al., 2016). In this sense, a novel mechanism by
which viruses may alter immunologic tolerance to intrauterine
bacteria was suggested (Cross et al., 2017). It demonstrated
that polymicrobial exposure of human fetal membranes (FM;
amnion and chorion) explanted to bacterial LPS and virus
[Herpes simplex virus type 2 (HSV2)] samples result in the
aberrant expression of IL-1β, which is commonly observed
in chorioamnionitis and preterm birth (Gomez-Lopez et al.,
2017). The mechanism is not fully understood, however, it
involves downregulation of the MER tyrosine kinase proto-
oncogene (MERKT) receptor, allowing the activation of Nod-
like receptor protein-3 (NLRP3) also known as the NLRP3
inflammasome through a synergistic signaling by LPS/TLR4
(TLR: toll-like receptor-4) and viral double strand dsRNA/TLR3
(dsRNA: double strand RNA) (Cross et al., 2017). It is worth
mentioning that some viruses exploit TAM receptors for cell
attachment and entry, but whether they are surrogates capable of
suppressing TLR signaling is unclear (Best, 2013; Bhattacharyya
et al., 2013). This observation is relevant since NLRP3 expression
seems to be higher in the placental villi of preeclamptic
women compared to normotensive women (Weel et al., 2017).
However, if polymicrobial exposure underlies NLRP3 expression
in preeclamptic placentas, and if different herpesviruses (i.e.,
congenital Cytomegalovirus infection) besides the ones evaluated
are also able to reduce LPS threshold response are still open
questions.

GENERAL CONCLUDING REMARKS

In Latin America, several studies approached the molecular basis
of PE pathogenesis, documented by the increasing amount of

scientific study and its impact on local and international scientific
communities. In this endeavor, Brazil and Mexico are at the
forefront of scientific production. However, we call attention to
the need for studies in other Latin American countries, since
these regions are characterized by a highly genetically diverse
human population. Additionally, PE and gestational hypertensive
disorders are a heavy burden in Latin America, strongly affecting
maternal and fetal health.

Several genetic variants influencing PE predisposition were
reported (Figure 3), some consistently associated with PE across
different populations, despite disparities in the genetic/ethnic
background inherent in Latin American populations. Genetic
intra- and inter-variation have a great influence on genetic
predisposition to PE. Although a comprehensive literature review
was performed in this study, it may not be representative of
the genetic variability present in Latin America since human
population studies focus on small samples and therefore may
not represent the genetic variability of entire local populations.
Additionally, in developing countries, medical specialties (i.e.,
high-risk pregnancy care) are often centralized in the biggest
cities. Therefore, replication of studies in different populations
and multicentric collaborative studies are encouraged and would
provide a better evaluation of the maternal genetic components
of PE development in Latin America. Finally, PE and other
hypertensive pregnancy disorders are the primary cause of
maternal-fetal morbidity and mortality in low- and middle-
income countries, representing a significant burden on public
healthcare services. Therefore, it is imperative that public health
policies assure prenatal care, perinatal monitoring, and health
education in order to reduce the risk of pregnancy-related
complications.

AUTHOR CONTRIBUTIONS

RM designed the review, planned the topics, wrote the review,
reviewed the literature, and designed the figures and tables. VK
wrote the review, reviewed the literature, designed the figures,
and proofread the review. JC designed the review, contributed to
writing the topics and critically reviewed the manuscript.

FUNDING

RM received a doctoral scholarship from Conselho Nacional
de Desenvolvimento Científico e Tecnológico (CNPq)—Brazil.
VK received a doctoral scholarship from Coordenação de
Aperfeiçoamento de Pessoal de Nível Superior (CAPES)—Brazil.
JC received a fellowship from CNPq.

REFERENCES

Aagaard, K., Ma, J., Antony, K. M., Ganu, R., Petrosino, J., and Versalovic, J.
(2014). The placenta harbors a unique microbiome. Sci. Transl. Med. 6:237ra65.
doi: 10.1126/scitranslmed.3008599

ACOG (2013). Hypertension in pregnancy. Report of the American College of
Obstetricians and Gynecologists’ Task Force on Hypertension in Pregnancy.
Obstet. Gynecol. 122, 1122–1131. doi: 10.1097/01.AOG.0000437382.03963.88

ACOG (2018). ACOG committee opinion No. 743: low-dose
aspirin use during pregnancy. Obstet. Gynecol. 132, e44–e52.
doi: 10.1097/AOG.0000000000002708

Acosta-Tejeda, M., Baptista-González, H., Rosenfeld-Mann, F., Trueba-Gómez,
R., and García-Latorre, E. (2011). Association between genotype and plasma
levels of thrombin-activated fibrinolysis inhibitor (TAFI) in the development
of preeclampsia. Thromb. Res. 128, e39–e42. doi: 10.1016/j.thromres.2011.
05.019

Frontiers in Physiology | www.frontiersin.org 19 December 2018 | Volume 9 | Article 1771

https://doi.org/10.1126/scitranslmed.3008599
https://doi.org/10.1097/01.AOG.0000437382.03963.88
https://doi.org/10.1097/AOG.0000000000002708
https://doi.org/10.1016/j.thromres.2011.05.019
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Michita et al. Genetic Variants in Preeclampsia

Adu-Bonsaffoh, K., Samuel, O. A., Binlinla, G., and Samuel, O. A. (2013).
Maternal deaths attributable to hypertensive disorders in a tertiary hospital
in Ghana. Int. J. Gynecol. Obstet. 123, 110–113. doi: 10.1016/j.ijgo.2013.
05.017

Aghaeepour, N., Ganio, E. A., Mcilwain, D., Tsai, A. S., Tingle, M., Van Gassen, S.,
et al. (2017). An immune clock of human pregnancy. Sci. Immunol. 2:eaan2946.
doi: 10.1126/sciimmunol.aan2946

Aguilar-Duran, M., Salvador-Moysén, J., Galaviz-Hernandez, C., Vázquez-Alaniz,
F., Sandoval-Carrillo, A. A., Velázquez-Hernández, N., et al. (2014). Haplotype
analysis of TGF-β1 gene in a preeclamptic population of northern Mexico.
Pregnancy Hypertens. 4, 14–18. doi: 10.1016/j.preghy.2013.07.007

Ali-Osman, F., Akande, O., Antoun, G., Mao, J.-X., and Buolamwini, J. (1997).
Molecular cloning, characterization, and expression in Escherichia coli of full-
length cDNAs of three human glutathione S -transferase Pi gene variants. J.
Biol. Chem. 272, 10004–10012. doi: 10.1074/jbc.272.15.10004

Almutairi, F., Ali Khan Pathan, A., Alanazi, M., Shalaby, M., Alabdulkarim,
H. A., Alamri, A., et al. (2015). Association of DNA repair gene APE1
Asp148Glu polymorphism with breast cancer risk. Dis. Markers 2015:869512.
doi: 10.1155/2015/869512

Alpoim, P. N., Gomes, K. B., Pinheiro, Mde. B., Godoi, L. C., Jardim, L. L.,
Muniz, L. G., et al. (2014). Polymorphisms in endothelial nitric oxide synthase
gene in early and late severe preeclampsia. Nitric oxide Biol. Chem. 42, 19–23.
doi: 10.1016/j.niox.2014.07.006

Alvarado-Hernández, D. L., Benítez-Sánchez, A., Rodríguez-Cuevas, J. S., Rosales-
Saavedra, T., Guerra-Palomares, S. E., Comas-García, A., et al. (2016). Killer-
cell immunoglobulin-like receptors and cytomegalovirus reactivation during
late pregnancy. Int. J. Immunogenet. 43, 189–199. doi: 10.1111/iji.12271

Amaral, L. M., Palei, A. C., Sandrim, V. C., Luizon, M. R., Cavalli, R. C., Duarte, G.,
et al. (2012).Maternal iNOS genetic polymorphisms and hypertensive disorders
of pregnancy. J. Hum. Hypertens. 26, 547–552. doi: 10.1038/jhh.2011.65

Andraweera, P. H., Gatford, K. L., Dekker, G. A., Leemaqz, S., Jayasekara,
R. W., Dissanayake, V. H. W., et al. (2017). The INSR rs2059806 single
nucleotide polymorphism, a genetic risk factor for vascular and metabolic
disease, associates with pre-eclampsia. Reprod. Biomed. Online 34, 392–398.
doi: 10.1016/j.rbmo.2017.01.001

Anfossi, S., Babayan, A., Pantel, K., and Calin, G. A. (2018). Clinical utility of
circulating non-coding RNAs — an update. Nat. Rev. Clin. Oncol. 15, 541–563.
doi: 10.1038/s41571-018-0035-x

Anton, L., Brown, A. G., Bartolomei, M. S., and Elovitz, M. A. (2014). Differential
methylation of genes associated with cell adhesion in preeclamptic placentas.
PLoS ONE 9:e100148. doi: 10.1371/journal.pone.0100148

Antony, K. M., Ma, J., Mitchell, K. B., Racusin, D. A., Versalovic, J., and Aagaard,
K. (2015). The preterm placental microbiome varies in association with excess
maternal gestational weight gain. Am. J. Obstet. Gynecol. 212, 653.e1–653.e16.
doi: 10.1016/j.ajog.2014.12.041

Anvar, Z., Saadat, I., Namavar-Jahromi, B., and Saadat, M. (2011). Genetic
polymorphisms of glutathione S-transferaseM1 (GSTM1) and T1 (GSTT1) and
susceptibility to pre-eclampsia: a case-control study and ameta-analysis. EXCLI
J. 10, 44–51.

Apps, R., Gardner, L., Traherne, J., Male, V., and Moffett, A. (2008). Natural-killer
cell ligands at the maternal-fetal interface: UL-16 binding proteins, MHC class-
I chain related molecules, HLA-F and CD48. Hum. Reprod. 23, 2535–2548.
doi: 10.1093/humrep/den223

Baranwal, A. K., and Mehra, N. K. (2017). Major histocompatibility complex class
I chain-related A (MICA) molecules: relevance in solid organ transplantation.
Front. Immunol. 8:182. doi: 10.3389/fimmu.2017.00182

Barbosa, P. R., Stabler, S. P., Machado, A. L., Braga, R. C., Hirata, R. D.,
Hirata, M. H., et al. (2008). Association between decreased vitamin levels and
MTHFR, MTR and MTRR gene polymorphisms as determinants for elevated
total homocysteine concentrations in pregnant women. Eur. J. Clin. Nutr. 62,
1010–1021. doi: 10.1038/sj.ejcn.1602810

Barmania, F., and Pepper, M. S. (2013). C-C chemokine receptor type five (CCR5):
An emerging target for the control of HIV infection. Appl. Transl. Genomics 2,
3–16. doi: 10.1016/j.atg.2013.05.004

Behrens, I., Basit, S., Melbye, M., Lykke, J. A., Wohlfahrt, J., Bundgaard, H.,
et al. (2017). Risk of post-pregnancy hypertension in women with a history of
hypertensive disorders of pregnancy: nationwide cohort study. BMJ 358:j3078.
doi: 10.1136/bmj.j3078

Benaitreau, D., Dos Santos, E., Leneveu, M. C., Alfaidy, N., Feige, J. J.,
de Mazancourt, P., et al. (2010). Effects of adiponectin on human
trophoblast invasion. J. Endocrinol. 207, 45–53. doi: 10.1677/JOE-
10-0170

Best, S. M. (2013). Viruses play dead to TAMe interferon responses. Cell Host
Microbe 14, 117–118. doi: 10.1016/j.chom.2013.07.014

Bezerra, P. C., Leão, M. D., Queiroz, J. W., Melo, E. M., Pereira, F. V., Nóbrega,
M. H., et al. (2010). Family history of hypertension as an important risk factor
for the development of severe preeclampsia. Acta Obstet. Gynecol. Scand. 89,
612–617. doi: 10.3109/00016341003623720

Bhattacharyya, S., Zagórska, A., Lew, E. D., Shrestha, B., Rothlin, C. V., Naughton,
J., et al. (2013). Enveloped viruses disable innate immune responses in dendritic
cells by direct activation of TAM receptors. Cell Host Microbe 14, 136–147.
doi: 10.1016/j.chom.2013.07.005

Bianco-Miotto, T., Mayne, B. T., Buckberry, S., Breen, J., Rodriguez Lopez, C.
M., and Roberts, C. T. (2016). Recent progress towards understanding the
role of DNA methylation in human placental development. Reproduction 152,
R23–R30. doi: 10.1530/REP-16-0014

Bilano, V. L., Ota, E., Ganchimeg, T., Mori, R., and Souza, J. P. (2014). Risk
factors of pre-eclampsia/eclampsia and its adverse outcomes in low- and
middle-income countries: a WHO secondary analysis. PLoS ONE 9:e91198.
doi: 10.1371/journal.pone.0091198

Blair, J. D., Yuen, R. K., Lim, B. K., McFadden, D. E., von Dadelszen, P., and
Robinson, W. P. (2013). Widespread DNA hypomethylation at gene enhancer
regions in placentas associated with early-onset pre-eclampsia. Mol. Hum.

Reprod. 19, 697–708. doi: 10.1093/molehr/gat044
Boeldt, D. S., and Bird, I. M. (2017). Vascular adaptation in pregnancy

and endothelial dysfunction in preeclampsia. J. Endocrinol. 232, R27–R44.
doi: 10.1530/JOE-16-0340

Bouatia-Naji, N., Meyre, D., Lobbens, S., Séron, K., Fumeron, F., Balkau,
B., et al. (2006). ACDC/adiponectin polymorphisms are associated
with severe childhood and adult obesity. Diabetes 55, 545–550.
doi: 10.2337/diabetes.55.02.06.db05-0971

Bounds, K. R., Chiasson, V. L., Pan, L. J., Gupta, S., and Chatterjee, P.
(2017). MicroRNAs: new players in the pathobiology of preeclampsia. Front.
Cardiovasc. Med. 4:60. doi: 10.3389/fcvm.2017.00060

Brase, J. C., Wuttig, D., Kuner, R., and Sültmann, H. (2010). Serum
microRNAs as non-invasive biomarkers for cancer. Mol. Cancer 9:306.
doi: 10.1186/1476-4598-9-306

Busatto, M., Fraga, L. R., André Boquett, J., Rovaris, D. L., Luiz Vianna, F. S.,
Faccini, L. S., et al. (2015). Polymorphisms of the Apoptotic genes TP53 and
MDM2 and Preeclampsia Development. J. Fertil. In Vitro IVFWorldw. Reprod.

Med. Genet. Stem. Cell Biol. 3:135. doi: 10.4172/2375-4508.1000135
Butte, N. F. (2000). Carbohydrate and lipid metabolism in pregnancy:

normal compared with gestational diabetes mellitus. Am. J. Clin. Nutr. 71,
1256S−1261S. doi: 10.1093/ajcn/71.5.1256s

Canto, P., Canto-Cetina, T., Juárez-Velázquez, R., Rosas-Vargas, H., Rangel-
Villalobos, H., Canizales-Quinteros, S., et al. (2008). Methylenetetrahydrofolate
reductase C677T and glutathione S-transferase P1 A313G are associated with
a reduced risk of preeclampsia in Maya-Mestizo women. Hypertens. Res. 31,
1015–1019. doi: 10.1291/hypres.31.1015

Canto-Cetina, T., Canizales-Quinteros, S., de la Chesnaye, E., Coral-Vázquez,
R., Méndez, J. P., and Canto, P. (2007). Analysis of C-850T and G-
308A polymorphisms of the tumor necrosis factor-alpha gene in Maya-
Mestizo women with preeclampsia. Hypertens. Pregnancy 26, 283–291.
doi: 10.1080/10641950701372732

Cardenas-Mondragon, M. G., Vallejo-Flores, G., Delgado-Dominguez, J., Romero-
Arauz, J. F., Gomez-Delgado, A., Aguilar-Madrid, G., et al. (2014). Preeclampsia
is associated with lower production of vascular endothelial growth factor
by peripheral blood mononuclear cells. Arch. Med. Res. 45, 561–569.
doi: 10.1016/j.arcmed.2014.10.004

Carreiras, M., Montagnani, S., and Layrisse, Z. (2002). Preeclampsia: a
multifactorial disease resulting from the interaction of the feto-maternal
HLA genotype and HCMV infection. Am. J. Reprod. Immunol. 48, 176–183.
doi: 10.1034/j.1600-0897.2002.01076.x

Castelli, E. C., Ramalho, J., Porto, I. O., Lima, T. H., Felício, L. P., Sabbagh, A.,
et al. (2014). Insights into HLA-G genetics provided by worldwide haplotype
diversity. Front. Immunol. 5:476. doi: 10.3389/fimmu.2014.00476

Frontiers in Physiology | www.frontiersin.org 20 December 2018 | Volume 9 | Article 1771

https://doi.org/10.1016/j.ijgo.2013.05.017
https://doi.org/10.1126/sciimmunol.aan2946
https://doi.org/10.1016/j.preghy.2013.07.007
https://doi.org/10.1074/jbc.272.15.10004
https://doi.org/10.1155/2015/869512
https://doi.org/10.1016/j.niox.2014.07.006
https://doi.org/10.1111/iji.12271
https://doi.org/10.1038/jhh.2011.65
https://doi.org/10.1016/j.rbmo.2017.01.001
https://doi.org/10.1038/s41571-018-0035-x
https://doi.org/10.1371/journal.pone.0100148
https://doi.org/10.1016/j.ajog.2014.12.041
https://doi.org/10.1093/humrep/den223
https://doi.org/10.3389/fimmu.2017.00182
https://doi.org/10.1038/sj.ejcn.1602810
https://doi.org/10.1016/j.atg.2013.05.004
https://doi.org/10.1136/bmj.j3078
https://doi.org/10.1677/JOE-10-0170
https://doi.org/10.1016/j.chom.2013.07.014
https://doi.org/10.3109/00016341003623720
https://doi.org/10.1016/j.chom.2013.07.005
https://doi.org/10.1530/REP-16-0014
https://doi.org/10.1371/journal.pone.0091198
https://doi.org/10.1093/molehr/gat044
https://doi.org/10.1530/JOE-16-0340
https://doi.org/10.2337/diabetes.55.02.06.db05-0971
https://doi.org/10.3389/fcvm.2017.00060
https://doi.org/10.1186/1476-4598-9-306
https://doi.org/10.4172/2375-4508.1000135
https://doi.org/10.1093/ajcn/71.5.1256s
https://doi.org/10.1291/hypres.31.1015
https://doi.org/10.1080/10641950701372732
https://doi.org/10.1016/j.arcmed.2014.10.004
https://doi.org/10.1034/j.1600-0897.2002.01076.x
https://doi.org/10.3389/fimmu.2014.00476
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Michita et al. Genetic Variants in Preeclampsia

Chaouat, G. (2002). A brief review of recent data on some cytokine
expressions at the materno- foetal interface which might challenge
the classical Th1 / Th2 dichotomy. J. Reprod. Immunol. 53, 241–256.
doi: 10.1016/S0165-0378(01)00119-X

Chatterjee, N., andWalker, G. C. (2017). Mechanisms of DNA damage, repair, and
mutagenesis. Environ. Mol. Mutagen. 58, 235–263. doi: 10.1002/em.22087

Chedraui, P., Andrade, M. E., Salazar-Pousada, D., Escobar, G. S., Hidalgo, L.,
Ramirez, C., et al. (2015). Polymorphisms of the methylenetetrahydrofolate
reductase gene (C677T and A1298C) in the placenta of pregnancies
complicated with preeclampsia. Gynecol. Endocrinol. 31, 569–572.
doi: 10.3109/09513590.2015.1031104

Chedraui, P., Salazar-Pousada, D., Villao, A., Escobar, G. S., Ramirez, C.,
Hidalgo, L., et al. (2014). Polymorphisms of the methylenetetrahydrofolate
reductase gene (C677T and A1298C) in nulliparous women
complicated with preeclampsia. Gynecol. Endocrinol. 30, 392–396.
doi: 10.3109/09513590.2014.895807

Chedraui, P., Solis, E. J., Bocci, G., Gopal, S., Russo, E., Escobar, G. S., et al.
(2013). Feto-placental nitric oxide, asymmetric dimethylarginine and vascular
endothelial growth factor (VEGF) levels and VEGF gene polymorphisms
in severe preeclampsia. J. Matern. Fetal. Neonatal Med. 26, 226–232.
doi: 10.3109/14767058.2012.733760

Chelbi, S. T., and Vaiman, D. (2008). Genetic and epigenetic factors
contribute to the onset of preeclampsia. Mol. Cell. Endocrinol. 282, 120–129.
doi: 10.1016/j.mce.2007.11.022

Chen, J., and Khalil, R. A. (2017).Matrix Metalloproteinases in Normal Pregnancy

and Preeclampsia, 1st Edn. Boston, MA: Harvard Medical School, Brigham and
Women’s Hospital, Elsevier Inc.

Ching, T., Ha, J., Song, M. A., Tiirikainen, M., Molnar, J., Berry, M. J., et al. (2015).
Genome-scale hypomethylation in the cord blood dnas associated with early
onset preeclampsia. Clin. Epigenetics 7:21. doi: 10.1186/s13148-015-0052-x

Chiu, Y. H., and Chen, H. (2016). GATA3 inhibits GCM1 activity and trophoblast
cell invasion. Sci. Rep. 6, 1–10. doi: 10.1038/srep21630

Christiansen, O. B. (2013). Reproductive immunology. Mol. Immunol. 55, 8–15.
doi: 10.1016/j.molimm.2012.08.025

Chu, T., Bunce, K., Shaw, P., Shridhar, V., Althouse, A., Hubel, C., et al. (2014).
Comprehensive analysis of preeclampsia-associated DNA methylation in the
placenta. PLoS ONE 9:107318. doi: 10.1371/journal.pone.0107318

Collado, M. C., Rautava, S., Aakko, J., Isolauri, E., and Salminen, S. (2016). Human
gut colonisation may be initiated in utero by distinct microbial communities in
the placenta and amniotic fluid. Sci. Rep. 6:23129. doi: 10.1038/srep23129

Coral-Vázquez, R. M., Romero Arauz, J. F., Canizales-Quinteros, S.,
Coronel, A., Valencia Villalvazo, E. Y., Hernández Rivera, J., et al.
(2013). Analysis of polymorphisms and haplotypes in genes associated
with vascular tone, hypertension and oxidative stress in Mexican-
Mestizo women with severe preeclampsia. Clin. Biochem. 46, 627–632.
doi: 10.1016/j.clinbiochem.2012.12.016

Cross, S. N., Potter, J. A., Aldo, P., Kwon, J.Y., Pitruzzello, M., Tong, M.,
et al. (2017). Viral infection sensitizes human fetal membranes to bacterial
lipopolysaccharide by MERTK inhibition and inflammasome activation. J

Immunol. 199, 2885–2895. doi: 10.4049/jimmunol.1700870
Cunha, V. M., Grecco, R. L., Paschoini, M. C., Silva, S. R., Ruiz, M. T.,

and Balarin, M. A. (2011). [Genetic polymorphisms of vascular endothelial
growth factor in pre-eclampsia]. Rev. Bras. Ginecol. Obstet. 33, 158–163.
doi: 10.1590/S0100-72032011000700007

Daher, S., Sass, N., Oliveira, L. G., and Mattar, R. (2006). Cytokine
genotyping in preeclampsia. Am. J. Reprod. Immunol. 55, 130–135.
doi: 10.1111/j.1600-0897.2005.00341.x

Dahl,M., Perin, T. L., Djurisic, S., Rasmussen,M., Ohlsson, J., Buus, S., et al. (2014).
Soluble human leukocyte antigen-g in seminal plasma is associated with HLA-
GGenotype: possible implications for fertility success.Am. J. Reprod. Immunol.

72, 89–105. doi: 10.1111/aji.12251
Dahl, T. B., Holm, S., Aukrust, P., and Halvorsen, B. (2012). Visfatin/NAMPT: a

multifaceted molecule with diverse roles in physiology and pathophysiology.
Annu. Rev. Nutr. 32, 229–243. doi: 10.1146/annurev-nutr-071811-150746

Dalmáz, C. A., Santos, K. G., Botton, M. R., Tedoldi, C. L., and Roisenberg,
I. (2006). Relationship between polymorphisms in thrombophilic genes and
preeclampsia in a Brazilian population. Blood Cells, Mol. Dis. 37, 107–110.
doi: 10.1016/j.bcmd.2006.07.005

Dávalos, I. P., Moran, M. C., Martínez-Abundis, E., González-Ortiz, M., Flores-
Martínez, S. E., Machorro, V., et al. (2005). Methylenetetrahydrofolate
reductase C677T polymorphism and Factor V Leiden variant in Mexican
women with preeclampsia/eclampsia. Blood Cells Mol. Dis. 35, 66–69.
doi: 10.1016/j.bcmd.2005.03.008

de Lima, T. H., Sass, N., Mattar, R., Moron, A. F., Torloni, M. R., Franchim, C.
S., et al. (2009). Cytokine gene polymorphisms in preeclampsia and eclampsia.
Hypertens. Res. 32, 565–569. doi: 10.1038/hr.2009.58

de Vasconcelos, D., Izidoro-Toledo, T. C., Sandrim, V. C., Tanus-Santos, J. E., Palei,
A. C. T., and Cavalli, R. C. (2009). Aldosterone synthase gene polymorphism is
not associated with gestational hypertension or preeclampsia. Clin. Chim. Acta

400, 139–141. doi: 10.1016/j.cca.2008.11.002
Dendana, M., Bahia, W., Finan, R. R., Al-Mutawa, M., and Almawi, W. Y. (2018).

Association of adiponectin gene variants with idiopathic recurrent miscarriage
according to obesity status: a case-control study. J. Transl. Med. 16, 1–9.
doi: 10.1186/s12967-018-1453-3

Díaz-Olguín, L., Coral-Vázquez, R. M., Canto-Cetina, T., Canizales-Quinteros, S.,
Ramírez Regalado, B., Fernández, G., et al. (2011). Endothelial nitric oxide
synthase haplotypes are associated with preeclampsia in Maya mestizo women.
Dis. Markers 31, 83–89. doi: 10.1155/2011/380153

Duley, L. (2009). The Global Impact of Pre-eclampsia and Eclampsia. Semin.

Perinatol. 33, 130–137. doi: 10.1053/j.semperi.2009.02.010
Duley, L., Henderson-Smart, D. J., Meher, S., and King, J. F. (2007). Antiplatelet

agents for preventing pre-eclampsia and its complications. Cochrane Database
Syst. Rev. CD004659. doi: 10.1002/14651858.CD004659.pub2

Dusse, L. M., Carvalho, M. d., Bragança, W.F., Paiva, S. G., Godoi, L. C.,
Guimarães DA et al. (2007). Inherited thrombophilias and pre-eclampsia
in Brazilian women. Eur. J. Obstet. Gynecol. Reprod. Biol. 134, 20–23.
doi: 10.1016/j.ejogrb.2006.09.006

Ellwanger, J. H., Zambra, F. M. B., Guimarães, R. L., and Chies, J. A. B. (2018).
microrna-related polymorphisms in infectious diseases-tiny changes with a
huge impact on viral infections and potential clinical applications. Front.
Immunol. 9:1316. doi: 10.3389/fimmu.2018.01316

Enquobahrie, D. A., Sanchez, S. E., Muy-Rivera, M., Qiu, C., Zhang, C., Austin, M.
A., et al. (2005). Hepatic lipase gene polymorphism, pre-pregnancy overweight
status and risk of preeclampsia among Peruvian women. Gynecol. Endocrinol.
21, 211–217. doi: 10.1080/09513590500279626

Esteve-Solé, A., Luo, Y., Vlagea, A., Deyà-Martínez, Á., Yagüe, J., Plaza-Martín, A.
M., et al. (2018). B regulatory cells: Players in pregnancy and early life. Int. J.
Mol. Sci. 19, 1–17. doi: 10.3390/ijms19072099

Fan, S.H., and Say, Y.H. (2014). Leptin and leptin receptor gene polymorphisms
and their association with plasma leptin levels and obesity in a multi-
ethnic Malaysian suburban population. J. Physiol. Anthropol. 33:15.
doi: 10.1186/1880-6805-33-15

Farias, D. R., Franco-Sena, A. B., Rebelo, F., Salles, G. F., Struchiner, C. J.,
Martins, M. C., et al. (2017). Polymorphisms of leptin (G2548A) and leptin
receptor (Q223R and K109R) genes and blood pressure during pregnancy
and the postpartum period: a cohort. Am. J. Hypertens. 30, 130–140.
doi: 10.1093/ajh/hpw147

Farrar, D. (2016). Hyperglycemia in pregnancy: Prevalence, impact,
and management challenges. Int. J. Womens. Health 8, 519–527.
doi: 10.2147/IJWH.S102117

Ferreira, L. C., Gomes, C. E., Araújo, A. C., Bezerra, P. F., Duggal, P., and Jeronimo,
S. M. (2015). Association between ACVR2A and early-onset preeclampsia:
replication study in a Northeastern Brazilian population. Placenta 36, 186–190.
doi: 10.1016/j.placenta.2014.11.007

Ferreira, L. C., Lopes, T. P. B., Guimarães, T. B., Gomes, C. E. M., and Jeronimo,
S. M. B. (2017). The maternal 14 bp Ins/Del polymorphism in HLA-G is
not associated with preeclampsia risk. Int. J. Immunogenet. 44, 350–355.
doi: 10.1111/iji.12344

Fettke, F., Schumacher, A., Costa, S. D., and Zenclussen, A. C. (2014). B cells:
the old new players in reproductive immunology. Front. Immunol. 5:285.
doi: 10.3389/fimmu.2014.00285

Flores-Martínez, S. E., Islas-Andrade, S., Machorro-Lazo, M. V., Revilla, M.
C., Juárez, R. E., Mújica-López, K. I., et al. (2004). DNA polymorphism
analysis of candidate genes for type 2 diabetes mellitus in a Mexican
ethnic group. Ann. Génétique 47, 339–348. doi: 10.1016/j.anngen.2004.
05.004

Frontiers in Physiology | www.frontiersin.org 21 December 2018 | Volume 9 | Article 1771

https://doi.org/10.1016/S0165-0378(01)00119-X
https://doi.org/10.1002/em.22087
https://doi.org/10.3109/09513590.2015.1031104
https://doi.org/10.3109/09513590.2014.895807
https://doi.org/10.3109/14767058.2012.733760
https://doi.org/10.1016/j.mce.2007.11.022
https://doi.org/10.1186/s13148-015-0052-x
https://doi.org/10.1038/srep21630
https://doi.org/10.1016/j.molimm.2012.08.025
https://doi.org/10.1371/journal.pone.0107318
https://doi.org/10.1038/srep23129
https://doi.org/10.1016/j.clinbiochem.2012.12.016
https://doi.org/10.4049/jimmunol.1700870
https://doi.org/10.1590/S0100-72032011000700007
https://doi.org/10.1111/j.1600-0897.2005.00341.x
https://doi.org/10.1111/aji.12251
https://doi.org/10.1146/annurev-nutr-071811-150746
https://doi.org/10.1016/j.bcmd.2006.07.005
https://doi.org/10.1016/j.bcmd.2005.03.008
https://doi.org/10.1038/hr.2009.58
https://doi.org/10.1016/j.cca.2008.11.002
https://doi.org/10.1186/s12967-018-1453-3
https://doi.org/10.1155/2011/380153
https://doi.org/10.1053/j.semperi.2009.02.010
https://doi.org/10.1002/14651858.CD004659.pub2
https://doi.org/10.1016/j.ejogrb.2006.09.006
https://doi.org/10.3389/fimmu.2018.01316
https://doi.org/10.1080/09513590500279626
https://doi.org/10.3390/ijms19072099
https://doi.org/10.1186/1880-6805-33-15
https://doi.org/10.1093/ajh/hpw147
https://doi.org/10.2147/IJWH.S102117
https://doi.org/10.1016/j.placenta.2014.11.007
https://doi.org/10.1111/iji.12344
https://doi.org/10.3389/fimmu.2014.00285
https://doi.org/10.1016/j.anngen.2004.05.004
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Michita et al. Genetic Variants in Preeclampsia

Fong, F. M., Sahemey, M. K., Hamedi, G., Eyitayo, R., Yates, D., Kuan, V., et al.
(2014). Maternal genotype and severe preeclampsia: a HuGE review. Am. J.

Epidemiol. 180, 335–345. doi: 10.1093/aje/kwu151
Franchim, C. S., Sass, N., Mattar, R., Pendeloski, K. P., Lin, L. H., Torloni, M. R.,

et al. (2011). Inflammatory mediators gene polymorphisms in preeclampsia.
Hypertens. Pregnancy 30, 338–346. doi: 10.3109/10641950903455389

Fumeron, F., Aubert, R., Siddiq, A., Betoulle, D., Péan, F., Hadjadj, S., et al. (2004).
Adiponectin gene polymorphisms and adiponectin levels are independently
associated with the development of hyperglycemia during a 3-year period:
the epidemiologic data on the insulin resistance syndrome prospective study.
Diabetes 53, 1150–1157. doi: 10.2337/diabetes.53.4.1150

Galão, A. O., de Souza, L. H., da Costa, B. E., Scheibe, R. M., and Poli de
Figueiredo, C. E. (2004). Angiotensin-converting enzyme gene polymorphism
in preeclampsia and normal pregnancy. Am. J. Obstet. Gynecol. 191, 821–824.
doi: 10.1016/j.ajog.2004.01.047

Galaviz-Hernandez, C., Arámbula-Meraz, E., Medina-Bastidas, D., Sosa-Macías,
M., Lazalde-Ramos, B. P., Ortega-Chávez, M., et al. (2016). The paternal
polymorphism rs5370 in the EDN1 gene decreases the risk of preeclampsia.
Pregnancy Hypertens. 6, 327–332. doi: 10.1016/j.preghy.2016.07.002

Gao, H., Liu, C., Lin, P., Xu, L., Li, X., Chen, Y., et al. (2016). Effects of GSTP1 and
GPX1 polymorphisms on the risk of preeclampsia in Chinese han women. Cell.
Physiol. Biochem. 39, 2025–2032. doi: 10.1159/000447898

Gardosi, J., Madurasinghe, V., Williams, M., Malik, A., and Francis, A. (2013).
Maternal and fetal risk factors for stillbirth: population based study. BMJ

346:f108. doi: 10.1136/bmj.f108
Ge, B., Song, Y., Zhang, Y., Liu, X., Wen, Y., and Guo, X. (2015).

Glutathione S-transferase M1 (GSTM1) and T1 (GSTT1) null polymorphisms
and the risk of hypertension: a meta-analysis. PLoS ONE 10:e0118897.
doi: 10.1371/journal.pone.0118897

Gerhardt, G. S., Peters, W. H. M., Hillermann, R., Odendaal, H. J., Carelse-
Tofa, K., Raijmakers, M. T. M., et al. (2004). Maternal and fetal single
nucleotide polymorphisms in the epoxide hydrolase and gluthatione S-
transferase P1 genes are not associated with pre-eclampsia in the Coloured
population of theWestern Cape, South Africa. J. Obstet. Gynaecol. 24, 866–872.
doi: 10.1080/01443610400018841

Giachini, F. R., Galaviz-Hernandez, C., Damiano, A. E., Viana, M., Cadavid, A.,
Asturizaga, P., et al. (2017). Vascular dysfunction in mother and offspring
during preeclampsia: contributions from Latin-American Countries. Curr.
Hypertens. Rep. 19:83. doi: 10.1007/s11906-017-0781-7

Goldenberg, R. L., Culhane, J. F., Iams, J. D., and Romero, R. (2009). Preterm
birth 1: epidemiology and causes of preterm birth. Obstet. Anesth. Dig. 29, 6–7.
doi: 10.1097/01.aoa.0000344666.82463.8d

Gomez-Lopez, N., Romero, R., Xu, Y., Plazyo, O., Unkel, R., Than, N.
G., et al. (2017). A role for the inflammasome in spontaneous labor
at term with acute histologic chorioamnionitis. Reprod. Sci. 24, 934–953.
doi: 10.1177/1933719116675058

González, J. (2014). Essential hypertension and oxidative stress: New insights.
World J. Cardiol. 6:353. doi: 10.4330/wjc.v6.i6.353

González-Garrido, J. A., García-Sánchez, J. R., Tovar-Rodríguez, J. M., and
Olivares-Corichi, I. M. (2017). Preeclampsia is associated with ACE I/D
polymorphism, obesity and oxidative damage in Mexican women. Pregnancy
Hypertens. 10, 22–27. doi: 10.1016/j.preghy.2017.04.001

Gruen, J. R., andWeissman, S. M. (2001). HumanMHC class III and IV genes and
disease associations. Front. Biosci. 6, D960–D972.

Hackmon, R., Pinnaduwage, L., Zhang, J., Lye, S. J., Geraghty, D. E., and Dunk, C.
E. (2017). Definitive class I human leukocyte antigen expression in gestational
placentation: HLA-F, HLA-E, HLA-C, and HLA-G in extravillous trophoblast
invasion on placentation, pregnancy, and parturition. Am. J. Reprod. Immunol.

77, 1–11. doi: 10.1111/aji.12643
Hadi, M. Z., Coleman, M. A., Fidelis, K., Mohrenweiser, H. W., and Wilson, D. M.

(2000). Functional characterization of Ape1 variants identified in the human
population. Nucleic Acids Res. 28, 3871–3879. doi: 10.1093/nar/28.20.3871

Hansen, A. R., Barnés, C. M., Folkman, J., and McElrath, T. F. (2010). Maternal
preeclampsia predicts the development of bronchopulmonary dysplasia. J.
Pediatr. 156, 532–536. doi: 10.1016/j.jpeds.2009.10.018

Hansen, K. D., Timp, W., Bravo, H. C., Sabunciyan, S., Langmead, B., McDonald,
O. G., et al. (2011). Increased methylation variation in epigenetic domains
across cancer types. Nat. Genet. 43, 768–775. doi: 10.1038/ng.865

Hara, K., Boutin, P., Mori, Y., Tobe, K., Dina, C., Yasuda, K., et al. (2002). Genetic
variation in the gene encoding adiponectin is associated with an increased
risk of type 2 diabetes in the Japanese population. Diabetes 51, 536–540.
doi: 10.2337/diabetes.51.2.536

Harsem, N. K., Roald, B., Braekke, K., and Staff, A. C. (2007). Acute atherosis in
decidual tissue: not associated with systemic oxidative stress in preeclampsia.
Placenta 28, 958–964. doi: 10.1016/j.placenta.2006.11.005

Haumonte, J. B., Caillat-Zucman, S., Bretelle, F., Lambert, M., Lyonnet, L., Levy-
Mozziconacci, A., et al. (2014). Enhanced prevalence of plasmatic soluble MHC
class I chain-related molecule in vascular pregnancy diseases. Biomed Res. Int.

2014, 1–11. doi: 10.1155/2014/653161
Hedlund, M., Stenqvist, A.C., Nagaeva, O., Kjellberg, L., Wulff, M., Baranov,

V., et al. (2009). Human placenta expresses and secretes NKG2D Ligands
via exosomes that down-modulate the cognate receptor expression:
evidence for immunosuppressive function. J. Immunol. 183, 340–351.
doi: 10.4049/jimmunol.0803477

Herr, F., Baal, N., Widmer-Teske, R., McKinnon, T., and Zygmunt, M. (2010).
How to study placental vascular development? Theriogenology 73, 817–827.
doi: 10.1016/j.theriogenology.2009.11.003

Hill, L. D., Hilliard, D. D., York, T. P., Srinivas, S., Kusanovic, J. P., Gomez,
R., et al. (2011a). Fetal ERAP2 variation is associated with preeclampsia
in African Americans in a case-control study. BMC Med. Genet. 12:64.
doi: 10.1186/1471-2350-12-64

Hill, L. D., York, T. P., Kusanovic, J. P., Gomez, R., Eaves, L. J., Romero,
R., et al. (2011b). Epistasis between COMT and MTHFR in maternal-
fetal dyads increases risk for preeclampsia. PLoS ONE 6, e16681.
doi: 10.1371/journal.pone.0016681

Hillman, S. L., Finer, S., Smart, M. C., Mathews, C., Lowe, R., Rakyan, V.
K., et al. (2015). Novel DNA methylation profiles associated with key gene
regulation and transcription pathways in blood and placenta of growth-
restricted neonates. Epigenetics 10, 50–61. doi: 10.4161/15592294.2014.989741

Hinuy, H. M., Hirata, M. H., Forti, N., Diament, J., Sampaio, M. F.,
Armaganijan, D., et al. (2008). Leptin G-2548A promoter polymorphism is
associated with increased plasma leptin and BMI in Brazilian women. Arq.
Bras. Endocrinol. Metabol. 52, 611–616. doi: 10.1590/S0004-273020080004
00006

Hoedjes, M., Berks, D., Vogel, I., Franx, A., Bangma, M., Darlington, A. S., et al.
(2011). Postpartum depression after mild and severe preeclampsia. J. Women’s

Health 20, 1535–1542. doi: 10.1089/jwh.2010.2584
Hofmeyr, J. G., Lawrie, T. A., Atallah, A. N., Duley, L., and Torloni, M. R. (2014).

Calcium supplementation during pregnancy for preventing hypertensive
disorders and related problems. Cochrane Database Syst. Rev. 24:CD001059.
doi: 10.1002/14651858.CD001059.pub4

Hong, X., Sherwood, B., Ladd-Acosta, C., Peng, S., Ji, H., Hao, K., et al. (2017).
Genome-wide DNA methylation associations with spontaneous preterm birth
in us blacks: findings in maternal and cord blood samples. Epigenetics 13,
163–172. doi: 10.1080/15592294.2017.1287654

Hu, W., Weng, X., Dong, M., Liu, Y., Li, W., and Huang, H. (2014).
Alteration in methylation level at 11β-hydroxysteroid dehydrogenase type 2
gene promoter in infants born to preeclamptic women. BMC Genet. 15:96.
doi: 10.1186/s12863-014-0096-5

Huang, S. Y., Chiang, C. H., Chen, F. P., and Yu, C. L. (2011). The
alteration of placental-derived soluble MHC class I chain-related protein
A and B during pregnancy. Acta Obstet. Gynecol. Scand. 90, 802–807.
doi: 10.1111/j.1600-0412.2011.01131.x

Isaacs, A., Sayed-Tabatabaei, F. A., Njajou, O. T., Witteman, J. C., and van Duijn,
C. M. (2004). The-514 C->T hepatic lipase promoter region polymorphism
and plasma lipids: a meta-analysis. J. Clin. Endocrinol. Metab. 89, 3858–3863.
doi: 10.1210/jc.2004-0188

Isernhagen, A., Malzahn, D., Bickeböller, H., and Dressel, R. (2016). Impact of the
MICA-129Met/val dimorphism on NKG2D-mediated biological functions and
disease Risks. Front. Immunol. 7:588. doi: 10.3389/fimmu.2016.00588

Jacovas, V. C., Rovaris, D. L., Peréz, O., de Azevedo, S., Macedo, G. S., Sandoval, J.
R., et al. (2015). Genetic variations in the TP53 pathway in native americans
strongly suggest adaptation to the high altitudes of the andes. PLoS ONE

10:e137823. doi: 10.1371/journal.pone.0137823
Jiménez, E., Fernández, L., Marín,M. L., Martín, R., Odriozola, J. M., Nueno-Palop,

C., et al. (2005). Isolation of commensal bacteria from umbilical cord blood

Frontiers in Physiology | www.frontiersin.org 22 December 2018 | Volume 9 | Article 1771

https://doi.org/10.1093/aje/kwu151
https://doi.org/10.3109/10641950903455389
https://doi.org/10.2337/diabetes.53.4.1150
https://doi.org/10.1016/j.ajog.2004.01.047
https://doi.org/10.1016/j.preghy.2016.07.002
https://doi.org/10.1159/000447898
https://doi.org/10.1136/bmj.f108
https://doi.org/10.1371/journal.pone.0118897
https://doi.org/10.1080/01443610400018841
https://doi.org/10.1007/s11906-017-0781-7
https://doi.org/10.1097/01.aoa.0000344666.82463.8d
https://doi.org/10.1177/1933719116675058
https://doi.org/10.4330/wjc.v6.i6.353
https://doi.org/10.1016/j.preghy.2017.04.001
https://doi.org/10.1111/aji.12643
https://doi.org/10.1093/nar/28.20.3871
https://doi.org/10.1016/j.jpeds.2009.10.018
https://doi.org/10.1038/ng.865
https://doi.org/10.2337/diabetes.51.2.536
https://doi.org/10.1016/j.placenta.2006.11.005
https://doi.org/10.1155/2014/653161
https://doi.org/10.4049/jimmunol.0803477
https://doi.org/10.1016/j.theriogenology.2009.11.003
https://doi.org/10.1186/1471-2350-12-64
https://doi.org/10.1371/journal.pone.0016681
https://doi.org/10.4161/15592294.2014.989741
https://doi.org/10.1590/S0004-27302008000400006
https://doi.org/10.1089/jwh.2010.2584
https://doi.org/10.1002/14651858.CD001059.pub4
https://doi.org/10.1080/15592294.2017.1287654
https://doi.org/10.1186/s12863-014-0096-5
https://doi.org/10.1111/j.1600-0412.2011.01131.x
https://doi.org/10.1210/jc.2004-0188
https://doi.org/10.3389/fimmu.2016.00588
https://doi.org/10.1371/journal.pone.0137823
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Michita et al. Genetic Variants in Preeclampsia

of healthy neonates born by cesarean section. Curr. Microbiol. 51, 270–274.
doi: 10.1007/s00284-005-0020-3

Jiménez, E., Marín, M. L., Martín, R., Odriozola, J. M., Olivares, M., Xaus, J., et al.
(2008). Is meconium from healthy newborns actually sterile? Res. Microbiol.

159, 187–193. doi: 10.1016/j.resmic.2007.12.007
Johnson, M. P., Roten, L. T., Dyer, T. D., East, C. E., Forsmo, S.,

Blangero, J., et al. (2009). The ERAP2 gene is associated with preeclampsia
in Australian and Norwegian populations. Hum. Genet. 126, 655–666.
doi: 10.1007/s00439-009-0714-x

Kang, H. J., and Rosenwaks, Z. (2018). P53 and reproduction. Fertil. Steril. 109,
39–43. doi: 10.1016/j.fertnstert.2017.11.026

Khan, K. S., Wojdyla, D., Say, L., Gülmezoglu, A. M., and Van Look, P. F. (2006).
WHO analysis of causes of maternal death: a systematic review. Lancet 367,
1066–1074. doi: 10.1016/S0140-6736(06)68397-9

Klai, S., Fekih-Mrissa, N., El Housaini, S., Kaabechi, N., Nsiri, B., Rachdi, R., et al.
(2011). Association of MTHFR A1298C polymorphism (but not of MTHFR
C677T) with elevated homocysteine levels and placental vasculopathies.
Blood Coagul. Fibrinolysis 22, 374–378. doi: 10.1097/MBC.0b013e32834
4f80f

Kovats, S., Main, E. K., Librach, C., Stubblebine, M., Fisher, S. J., and DeMars, R.
(1990). A class I antigen, HLA-G, expressed in human trophoblasts. Science 248,
220–223.

Lauder, A. P., Roche, A. M., Sherrill-Mix, S., Bailey, A., Laughlin, A. L., Bittinger,
K., et al. (2016). Comparison of placenta samples with contamination controls
does not provide evidence for a distinct placenta microbiota. Microbiome 4,
1–11. doi: 10.1186/s40168-016-0172-3

Leme Galvão, L. P., Menezes, F. E., Mendonca, C., Barreto, I., Alvim-Pereira, C.,
Alvim-Pereira, F., et al. (2016). Analysis of association of clinical aspects and
IL1B tagSNPs with severe preeclampsia. Hypertens. Pregnancy 35, 112–122.
doi: 10.3109/10641955.2015.1116554

Leonardo, D. P., Albuquerque, D. M., Lanaro, C., Baptista, L. C., Cecatti, J.
G., Surita, F. G., et al. (2015). Association of nitric oxide synthase and
matrix metalloprotease single nucleotide polymorphisms with preeclampsia
and its complications. PLoS ONE 10:e136693. doi: 10.1371/journal.pone.01
36693

Li, X., Wu, Z., Fu, X., and Han, W. (2014). LncRNAs: Insights into their function
and mechanics in underlying disorders.Mutat. Res. Rev. Mutat. Res. 762, 1–21.
doi: 10.1016/j.mrrev.2014.04.002

Li, X. F., Charnock-Jones, D. S., Zhang, E., Hiby, S., Malik, S., Day, K., et al.
(2001). Angiogenic growth factor messenger ribonucleic acids in uterine
natural killer cells. J. Clin. Endocrinol. Metab. 86, 1823–1834. doi: 10.1210/jc.86.
4.1823

Lisonkova, S., and Joseph, K. S. (2013). Incidence of preeclampsia: risk factors and
outcomes associated with early-versus late-onset disease.Am. J. Obstet. Gynecol.

209, 1–12. doi: 10.1016/j.ajog.2013.08.019
Liu, L., Zhang, X., Rong, C., Rui, C., Ji, H., Qian, Y. J., et al. (2014).

Distinct DNA methylomes of human placentas between pre-eclampsia
and gestational diabetes mellitus. Cell. Physiol. Biochem. 34, 1877–1889.
doi: 10.1159/000366386

Luizon, M. R., Belo, V. A., Palei, A. C., Amaral, L. M., Lacchini, R., Sandrim, V. C.,
et al. (2015). Effects of NAMPT polymorphisms and haplotypes on circulating
visfatin/NAMPT levels in hypertensive disorders of pregnancy. Hypertens. Res.
38, 361–366. doi: 10.1038/hr.2015.15

Luizon, M. R., Palei, A. C. T., Belo, V. A., Amaral, L. M., Lacchini, R.,
Duarte, G., et al. (2017). Gene-gene interactions in the NAMPT pathway,
plasma visfatin/NAMPT levels, and antihypertensive therapy responsiveness
in hypertensive disorders of pregnancy. Pharmacogenomics J. 17, 427–434.
doi: 10.1038/tpj.2016.35

Luizon, M. R., Sandrim, V. C., Palei, A. C., Lacchini, R., Cavalli, R. C.,
Duarte, G., et al. (2012). Epistasis among eNOS, MMP-9 and VEGF maternal
genotypes in hypertensive disorders of pregnancy.Hypertens. Res. 35, 917–921.
doi: 10.1038/hr.2012.60

Machado, J. S., Palei, A. C., Amaral, L. M., Bueno, A. C., Antonini, S.
R., Duarte, G., et al. (2014). Polymorphisms of the adiponectin gene in
gestational hypertension and pre-eclampsia. J. Hum. Hypertens. 28, 128–132.
doi: 10.1038/jhh.2013.53

Machorro-Lazo,M. V., Sanchez-Corona, J., Martínez-Abundis, E., González-Ortiz,
M., Galaviz-Hernandez, C., Perea, F. J., et al. (2009). Analysis of the association

of preeclampsia with polymorphisms of the INS, INSR and IRS1 genes in
Mexican women. Gynecol. Obstet. Invest. 67, 14–19. doi: 10.1159/000151500

Macklin, P. S., McAuliffe, J., Pugh, C. W., and Yamamoto, A. (2017).
Hypoxia and HIF pathway in cancer and the placenta. Placenta 56, 8–13.
doi: 10.1016/j.placenta.2017.03.010

Mann, J. R., McDermott, S., Bao, H., Hardin, J., and Gregg, A. (2010). Pre-
eclampsia, birth weight, and autism spectrum disorders. J. Autism Dev. Disord.

40, 548–554. doi: 10.1007/s10803-009-0903-4
Martins, M. C., Trujillo, J., Farias, D. R., and Kac, G. (2017). Polymorphisms in

the leptin (rs7799039) gene are associated with an increased risk of excessive
gestational weight gain but not with leptin concentration during pregnancy.
Nutr. Res. 47, 53–62. doi: 10.1016/j.nutres.2017.09.003

Maul, H., Longo, M., Saade, G. R., and Garfield, R. E. (2003). Nitric oxide and
its role during pregnancy: from ovulation to delivery. Curr. Pharm. Des. 9,
359–380. doi: 10.2174/1381612033391784

Michita, R. T., Zambra, F. M. B., Fraga, L. R., Sanseverino, M. T. V.,
Callegari-Jacques, S. M., Vianna, P., et al. (2016). A tug-of-war between
tolerance and rejection – New evidence for 3′UTR HLA-G haplotypes
influence in recurrent pregnancy loss. Hum. Immunol. 77, 892–897.
doi: 10.1016/j.humimm.2016.07.004

Mincheva-Nilsson, L., Baranov, V., Yeung, M. M., Hammarström, S., and
Hammarström, M. L. (1994). Immunomorphologic studies of human decidua-
associated lymphoid cells in normal early pregnancy. J. Immunol. 152,
2020–2032.

Mincheva-Nilsson, L., Nagaeva, O., Chen, T., Stendahl, U., Antsiferova, J., Mogren,
I., et al. (2006). Placenta-derived soluble MHC class I chain-related molecules
down-regulate NKG2D receptor on peripheral blood mononuclear cells during
human pregnancy: a possible novel immune escape mechanism for fetal
survival. J. Immunol. 176, 3585–3592. doi: 10.4049/jimmunol.176.6.3585

Moffett-King, A. (2002). Natural killer cells and pregnancy. Nat. Rev. Immunol. 2,
656–663. doi: 10.1038/nri886

Mor, G., Aldo, P., and Alvero, A. B. (2017). The unique immunological
and microbial aspects of pregnancy. Nat. Rev. Immunol. 17, 469–482.
doi: 10.1038/nri.2017.64

Moreli, J. B., Morceli, G., De Luca, A. K. C., Magalhães, C. G., Costa, R. A. A.,
Damasceno, D. C., et al. (2012). Influence of maternal hyperglycemia on IL-
10 and TNF-α production: the relationship with perinatal outcomes. J. Clin.
Immunol. 32, 604–610. doi: 10.1007/s10875-011-9634-3

Muniyappa, R., and Sowers, J. R. (2014). Role of insulin resistance
in endothelial dysfunction. Rev. Endocr. Metab. Disord. 14, 5–12.
doi: 10.1007/s11154-012-9229-1

Muniz, J. J., Izidoro-Toledo, T. C., Metzger, I. F., Sandrim, V. C., and Tanus-Santos,
J. E. (2009). Interethnic differences in the distribution of clinically relevant
vascular endothelial growth factor genetic polymorphisms. DNA Cell Biol. 28,
567–572. doi: 10.1089/dna.2009.0925

Muniz, L., Luizon, M. R., Palei, A. C., Lacchini, R., Duarte, G., Cavalli, R. C., et al.
(2012). eNOS tag SNP haplotypes in hypertensive disorders of pregnancy.DNA
Cell Biol. 31, 1665–1670. doi: 10.1089/dna.2012.1768

Muzzio, D., Zenclussen, A. C., and Jensen, F. (2013). The role of B cells in
pregnancy: the good and the bad. Am. J. Reprod. Immunol. 69, 408–412.
doi: 10.1111/aji.12079

Myatt, L., and Roberts, J. M. (2015). Preeclampsia: syndrome or disease? Curr.
Hypertens. Rep. 17:83. doi: 10.1007/s11906-015-0595-4

Nava-Salazar, S., Sánchez-Rodríguez, E. N., Mendoza-Rodríguez, C. A., Moran,
C., Romero-Arauz, J. F., and Cerbón, M. A. (2011). Polymorphisms in the
hypoxia-inducible factor 1 alpha gene in Mexican patients with preeclampsia: a
case-control study. BMC Res. Notes 4:68. doi: 10.1186/1756-0500-4-68

Neiger, R. (2017). Long-term effects of pregnancy complications on maternal
health: a review. J. Clin. Med. 6:76. doi: 10.3390/jcm6080076

Norwitz, E. R., Schust, D. J., and Fisher, S. J. (2001). Implantation and
the survival of early pregnancy. N. Engl. J. Med. 345, 1400–1408.
doi: 10.1056/NEJMra000763

Nourollahpour Shiadeh, M., Behboodi Moghadam, Z., Adam, I., Saber, V.,
Bagheri, M., and Rostami, A. (2017). Human infectious diseases and risk
of preeclampsia: an updated review of the literature. Infection 45, 589–600.
doi: 10.1007/s15010-017-1031-2

Ong, K. L., Li, M., Tso, A. W., Xu, A., Cherny, S. S., Sham, P. C., et al. (2010).
Association of genetic variants in the adiponectin gene with adiponectin level

Frontiers in Physiology | www.frontiersin.org 23 December 2018 | Volume 9 | Article 1771

https://doi.org/10.1007/s00284-005-0020-3
https://doi.org/10.1016/j.resmic.2007.12.007
https://doi.org/10.1007/s00439-009-0714-x
https://doi.org/10.1016/j.fertnstert.2017.11.026
https://doi.org/10.1016/S0140-6736(06)68397-9
https://doi.org/10.1097/MBC.0b013e328344f80f
https://doi.org/10.1186/s40168-016-0172-3
https://doi.org/10.3109/10641955.2015.1116554
https://doi.org/10.1371/journal.pone.0136693
https://doi.org/10.1016/j.mrrev.2014.04.002
https://doi.org/10.1210/jc.86.4.1823
https://doi.org/10.1016/j.ajog.2013.08.019
https://doi.org/10.1159/000366386
https://doi.org/10.1038/hr.2015.15
https://doi.org/10.1038/tpj.2016.35
https://doi.org/10.1038/hr.2012.60
https://doi.org/10.1038/jhh.2013.53
https://doi.org/10.1159/000151500
https://doi.org/10.1016/j.placenta.2017.03.010
https://doi.org/10.1007/s10803-009-0903-4
https://doi.org/10.1016/j.nutres.2017.09.003
https://doi.org/10.2174/1381612033391784
https://doi.org/10.1016/j.humimm.2016.07.004
https://doi.org/10.4049/jimmunol.176.6.3585
https://doi.org/10.1038/nri886
https://doi.org/10.1038/nri.2017.64
https://doi.org/10.1007/s10875-011-9634-3
https://doi.org/10.1007/s11154-012-9229-1
https://doi.org/10.1089/dna.2009.0925
https://doi.org/10.1089/dna.2012.1768
https://doi.org/10.1111/aji.12079
https://doi.org/10.1007/s11906-015-0595-4
https://doi.org/10.1186/1756-0500-4-68
https://doi.org/10.3390/jcm6080076
https://doi.org/10.1056/NEJMra000763
https://doi.org/10.1007/s15010-017-1031-2
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Michita et al. Genetic Variants in Preeclampsia

and hypertension in Hong Kong Chinese. Eur. J. Endocrinol. 163, 251–257.
doi: 10.1530/EJE-10-0251

Ordovas, J. M., Corella, D., Demissie, S., Cupples, L. A., Couture, P.,
Coltell, O., et al. (2002). Dietary fat intake determines the effect of a
common polymorphism in the hepatic lipase gene promoter on high-density
lipoprotein metabolism: evidence of a strong dose effect in this gene-
nutrient interaction in the Framingham study. Circulation 106, 2315–2321.
doi: 10.1161/01.CIR.0000036597.52291.C9

Orlando, I. C., Tanaka, S. C. S. V., Balarin, M. A. S., da Silva, S. R., and Pissetti, C.
W. (2018). CASPASE-8 gene polymorphisms (rs13416436 and rs2037815) are
not associated with preeclampsia development in Brazilian women. J. Matern.

Neonatal Med. 31, 289–293. doi: 10.1080/14767058.2017.1285882
Pabalan, N., Jarjanazi, H., Sun, C., and Iversen, A. C. (2015). Meta-analysis

of the human leukocyte antigen-G (HLA-G) 14 bp insertion/deletion
polymorphism as a risk factor for preeclampsia. Tissue Antigens 86, 186–194.
doi: 10.1111/tan.12627

Palei, A. C., Sandrim, V. C., Amaral, L. M., Machado, J. S., Cavalli, R. C., Duarte,
G., et al. (2012a). Association between matrix metalloproteinase (MMP)-2
polymorphisms andMMP-2 levels in hypertensive disorders of pregnancy. Exp.
Mol. Pathol. 92, 217–221. doi: 10.1016/j.yexmp.2012.01.008

Palei, A. C., Sandrim, V. C., Amaral, L. M., Machado, J. S., Cavalli, R.
C., Lacchini, R., et al. (2012b). Matrix metalloproteinase-9 polymorphisms
affect plasma MMP-9 levels and antihypertensive therapy responsiveness
in hypertensive disorders of pregnancy. Pharmacogenomics J. 12, 489–498.
doi: 10.1038/tpj.2011.31

Palei, A. C., Sandrim, V. C., Duarte, G., Cavalli, R. C., Gerlach, R. F., and
Tanus-Santos, J. E. (2010). Matrix metalloproteinase (MMP)-9 genotypes and
haplotypes in preeclampsia and gestational hypertension. Clin. Chim. Acta 411,
874–877. doi: 10.1016/j.cca.2010.03.002

Palma-Cano, L. E., Córdova, E. J., Orozco, L., Martínez-Hernández, A., Cid, M.,
Leal-Berumen, I., et al. (2017). GSTT1 and GSTM1 null variants inMestizo and
Amerindian populations from northwestern Mexico and a literature review.
Genet. Mol. Biol. 40, 727–735. doi: 10.1590/1678-4685-GMB-2016-0142

Parnell, L. A., Briggs, C. M., Cao, B., Delannoy-Bruno, O., Schrieffer, A. E.,
and Mysorekar, I. U. (2017). Microbial communities in placentas from
term normal pregnancy exhibit spatially variable profiles. Sci. Rep. 711200.
doi: 10.1038/s41598-017-11514-4

Pawlik, A., Teler, J., Maciejewska, A., Sawczuk, M., Safranow, K., and
Dziedziejko, V. (2017). Adiponectin and leptin gene polymorphisms in women
with gestational diabetes mellitus. J. Assist. Reprod. Genet. 34, 511–516.
doi: 10.1007/s10815-016-0866-2

Pendeloski, K. P., Sass, N., Torloni, M. R., Mattar, R., Moron, A. F., Franchim,
C. S., et al. (2011). Immunoregulatory gene polymorphisms in women with
preeclampsia. Hypertens. Res. 34, 384–388. doi: 10.1038/hr.2010.247

Perez-Muñoz, M. E., Arrieta, M. C., Ramer-Tait, A. E., and Walter, J. (2017).
A critical assessment of the “sterile womb” and “in utero colonization”
hypotheses: implications for research on the pioneer infant microbiome.
Microbiome 5:48. doi: 10.1186/s40168-017-0268-4

Pérez-Mutul, J., González-Herrera, L., Sosa-Cabrera, T., and Martínez-Olivares, R.
(2004). Amutation in the 5,10-methylenetetrahydrofolate reductase gene is not
associated with preeclampsia in women of southeast Mexico. Arch. Med. Res.

35, 231–234. doi: 10.1016/j.arcmed.2004.02.004
Pinheiro, M. B., Gomes, K. B., Ronda, C. R., Guimarães, G. G., Freitas, L. G.,

Teixeira-Carvalho, A., et al. (2015). Severe preeclampsia: association of genes
polymorphisms and maternal cytokines production in Brazilian population.
Cytokine 71, 232–237. doi: 10.1016/j.cyto.2014.10.021

Pissetti, C. W., Bianco, T. M., Tanaka, S. C., Da Silva, S. R., and Balarin, M. A.
(2015). Polymorphism in the lymphotoxin-α gene, position +252 (rs909253),
is not associated with preeclampsia development in Brazilian women. Rev. Bras.
Ginecol. Obstet. 37, 516–519. doi: 10.1590/SO100-720320150005454

Podymow, T., and August, P. (2008). Update on the use of
antihypertensive drugs in pregnancy. Hypertension 51, 960–969.
doi: 10.1161/HYPERTENSIONAHA.106.075895

Pontillo, A., Reis, E. C., Bricher, P. N., Vianna, P., Diniz, S., Fernandes, K. S.,
et al. (2015). NLRP1 L155H polymorphism is a risk factor for preeclampsia
development. Am. J. Reprod. Immunol. 73, 577–581. doi: 10.1111/aji.12353

Porcu-Buisson, G., Lambert, M., Lyonnet, L., Loundou, A., Gamerre, M., Camoin-
Jau, L., et al. (2007). Soluble MHC Class I chain-related molecule serum levels

are predictive markers of implantation failure and successful term pregnancies
following IVF. Hum. Reprod. 22, 2261–2266. doi: 10.1093/humrep/dem157

Porto, I. O., Mendes-Junior, C. T., Felício, L. P., Georg, R. C., Moreau, P., Donadi,
E. A., et al. (2015). MicroRNAs targeting the immunomodulatory HLA-G gene:
a new survey searching for microRNAs with potential to regulate HLA-G.Mol.

Immunol. 65, 230–241. doi: 10.1016/j.molimm.2015.01.030
Prince, A. L., Ma, J., Kannan, P. S., Alvarez, M., Gisslen, T., Harris, R. A., et al.

(2016). The placental membrane microbiome is altered among subjects with
spontaneous preterm birth with and without chorioamnionitis. Am. J. Obstet.

Gynecol. 214, 627e1–627e16. doi: 10.1016/j.ajog.2016.01.193
Ramírez-Salazar, M., Romero-Gutiérrez, G., Zaina, S., Malacara, J. M., Kornhauser,

C., and Pérez-Luque, E. (2011). Relationship of aldosterone synthase gene (C-
344T) andmineralocorticoid receptor (S810L) polymorphisms with gestational
hypertension. J. Hum. Hypertens. 25, 320–326. doi: 10.1038/jhh.2010.58

Ramos, J. G. L., Sass, N., and Costa, S. H. M. (2017). Preeclampsia. Rev. Bras.
Ginecol. Obstet. 39, 496–512. doi: 10.1055/s-0037-1604471

Ramsay, J. E., Stewart, F., Greer, I. A., and Sattar, N. (2003). Microvascular
dysfunction: a link between pre-eclampsia and maternal coronary
heart disease. BJOG An Int. J. Obstet. Gynaecol. 110, 1029–1031.
doi: 10.1111/j.1471-0528.2003.02069.x

Redman, C. (2014). The six stages of pre-eclampsia. Pregnancy Hypertens. 4:246.
doi: 10.1016/j.preghy.2014.04.020

Redman, C. W. (1991). Immunology of preeclampsia. Semin. Perinatol. 15,
257–262.

Redman, C. W. G., and Sargent, I. L. (2000). Placental debris, oxidative stress and
pre-eclampsia. Placenta 21, 597–602. doi: 10.1053/plac.2000.0560

Redman, C. W. G., Sargent, I. L., and Taylor, R. N. (2014). Immunology of Normal

Pregnancy and Preeclampsia, Fourth Edition. Elsevier Inc.
Rezende, V. B., Sandrim, V. C., Palei, A. C., Machado, L., Cavalli, R. C., Duarte, G.,

et al. (2012). Vitamin D receptor polymorphisms in hypertensive disorders of
pregnancy.Mol. Biol. Rep. 39, 10903–10906. doi: 10.1007/s11033-012-1988-y

Ribatti, D., and Crivellato, E. (2009). Immune cells and angiogenesis. J. Cell. Mol.

Med. 13, 2822–2833. doi: 10.1111/j.1582-4934.2009.00810.x
Risti, M., and Bicalho, M. D. (2017). MICA and NKG2D: is there

an impact on kidney transplant outcome? Front. Immunol. 8:179.
doi: 10.3389/fimmu.2017.00179

Rizzo, R., Trentini, A., Bortolotti, D., Manfrinato, M. C., Rotola, A., Castellazzi,
M., et al. (2013). Matrix metalloproteinase-2 (MMP-2) generates soluble HLA-
G1 by cell surface proteolytic shedding. Mol. Cell. Biochem. 381, 243–255.
doi: 10.1007/s11010-013-1708-5

Roberge, S., Nicolaides, K. H., Demers, S., Villa, P., and Bujold, E. (2013).
Prevention of perinatal death and adverse perinatal outcome using low-
dose aspirin: a meta-analysis. Ultrasound Obstet. Gynecol. 41, 491–499.
doi: 10.1002/uog.12421

Roberts, J. M., and Hubel, C. A. (2010). Pregnancy. A screening test
for later life cardiovascular disease. Women’s Health Issues 20, 304–307.
doi: 10.1016/j.whi.2010.05.004

Robinson, W. P., and Price, E. M. (2015). The human placental methylome. Cold
Spring Harb. Perspect. Med. 5, 1–16. doi: 10.1101/cshperspect.a023044

Rojas, J. C., Luna, M., Rangel-Nava, H., Baños, D., and Collados, M. T. (2010).
[Genetic thrombophilia and markers of endothelial activation in patients with
preeclampsia]. Ginecol. Obstet. Mex. 78, 401–409. Available online at: http://
www.medigraphic.com/pdfs/ginobsmex/gom-2010/gom108b.pdf

Rousseau, P., Le Discorde, M., Mouillot, G., Marcou, C., Carosella, E. D., and
Moreau, P. (2003). The 14 bp deletion-insertion polymorphism in the 3′ UT
region of the HLA-G gene influences HLA-G mRNA stability. Hum. Immunol.

64, 1005–1010. doi: 10.1016/j.humimm.2003.08.347
Ruan, H., and Dong, L. Q. (2016). Adiponectin signaling and function in

insulin target tissues. J. Mol. Cell Biol. 8, 101–109. doi: 10.1093/jmcb/
mjw014

Saadat, I., Beyzaei, Z., Aghaei, F., Kamrani, S., and Saadat, M. (2012).
Association between polymorphisms in DNA repair genes (XRCC1 and
XRCC7) and risk of preeclampsia. Arch. Gynecol. Obstet. 286, 1459–1462.
doi: 10.1007/s00404-012-2471-7

Saftlas, A. F., Rubenstein, L., Prater, K., Harland, K. K., Field, E., and Triche, E.
W. (2014). Cumulative exposure to paternal seminal fluid prior to conception
and subsequent risk of preeclampsia. J. Reprod. Immunol. 101–102, 104–110.
doi: 10.1016/j.jri.2013.07.006

Frontiers in Physiology | www.frontiersin.org 24 December 2018 | Volume 9 | Article 1771

https://doi.org/10.1530/EJE-10-0251
https://doi.org/10.1161/01.CIR.0000036597.52291.C9
https://doi.org/10.1080/14767058.2017.1285882
https://doi.org/10.1111/tan.12627
https://doi.org/10.1016/j.yexmp.2012.01.008
https://doi.org/10.1038/tpj.2011.31
https://doi.org/10.1016/j.cca.2010.03.002
https://doi.org/10.1590/1678-4685-GMB-2016-0142
https://doi.org/10.1038/s41598-017-11514-4
https://doi.org/10.1007/s10815-016-0866-2
https://doi.org/10.1038/hr.2010.247
https://doi.org/10.1186/s40168-017-0268-4
https://doi.org/10.1016/j.arcmed.2004.02.004
https://doi.org/10.1016/j.cyto.2014.10.021
https://doi.org/10.1590/SO100-720320150005454
https://doi.org/10.1161/HYPERTENSIONAHA.106.075895
https://doi.org/10.1111/aji.12353
https://doi.org/10.1093/humrep/dem157
https://doi.org/10.1016/j.molimm.2015.01.030
https://doi.org/10.1016/j.ajog.2016.01.193
https://doi.org/10.1038/jhh.2010.58
https://doi.org/10.1055/s-0037-1604471
https://doi.org/10.1111/j.1471-0528.2003.02069.x
https://doi.org/10.1016/j.preghy.2014.04.020
https://doi.org/10.1053/plac.2000.0560
https://doi.org/10.1007/s11033-012-1988-y
https://doi.org/10.1111/j.1582-4934.2009.00810.x
https://doi.org/10.3389/fimmu.2017.00179
https://doi.org/10.1007/s11010-013-1708-5
https://doi.org/10.1002/uog.12421
https://doi.org/10.1016/j.whi.2010.05.004
https://doi.org/10.1101/cshperspect.a023044
http://www.medigraphic.com/pdfs/ginobsmex/gom-2010/gom108b.pdf
http://www.medigraphic.com/pdfs/ginobsmex/gom-2010/gom108b.pdf
https://doi.org/10.1016/j.humimm.2003.08.347
https://doi.org/10.1093/jmcb/mjw014
https://doi.org/10.1007/s00404-012-2471-7
https://doi.org/10.1016/j.jri.2013.07.006
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Michita et al. Genetic Variants in Preeclampsia

Saito, S., and Sakai, M. (2003). Th1/Th2 balance in preeclampsia. J. Reprod.
Immunol. 59, 161–173. doi: 10.1016/S0165-0378(03)00045-7

Salimi, S., Mohammadpour-Gharehbagh, A., Rezaei, M., Sajadian, M., Teimoori,
B., Yazdi, A., et al. (2017). The MDM2 promoter T309G polymorphism
was associated with preeclampsia susceptibility. J. Assist. Reprod. Genet. 34,
951–956. doi: 10.1007/s10815-017-0941-3

Salomon, C., Guanzon, D., Scholz-Romero, K., Longo, S., Correa, P., Illanes, S. E.,
et al. (2017). Placental exosomes as early biomarker of preeclampsia: Potential
role of exosomalmicrornas across gestation. J. Clin. Endocrinol. Metab. 102,
3182–3194. doi: 10.1210/jc.2017-00672

Salzano, F. M., and Sans, M. (2014). Interethnic admixture and the evolution
of Latin American populations. Genet. Mol. Biol. 37(1 Suppl), 151–170.
doi: 10.1590/S1415-47572014000200003

Sánchez-Corona, J., Flores-Martínez, S. E., Machorro-Lazo, M. V., Galaviz-
Hernández, C., Morán-Moguel, M. C., Perea, F. J., et al. (2004). Polymorphisms
in candidate genes for type 2 diabetes mellitus in a Mexican population
with metabolic syndrome findings. Diabetes Res. Clin. Pract. 63, 47–55.
doi: 10.1016/j.diabres.2003.08.004

Sánchez-Rodríguez, E. N., Nava-Salazar, S., Mendoza-Rodríguez, C. A., Moran,
C., Romero-Arauz, J. F., Ortega, E., et al. (2011). Persistence of decidual NK
cells and KIR genotypes in healthy pregnant and preeclamptic women: a case-
control study in the third trimester of gestation. Reprod. Biol. Endocrinol. 9,
1–9. doi: 10.1186/1477-7827-9-8

Sandoval-Carrillo, A., Aguilar-Duran, M., Vázquez-Alaniz, F., Castellanos-Juárez,
F. X., Barraza-Salas, M., Sierra-Campos, E., et al. (2014a). Polymorphisms
in the GSTT1 and GSTM1 genes are associated with increased risk of
preeclampsia in the Mexican mestizo population. Genet. Mol. Res. 13,
2160–2165. doi: 10.4238/2014.January.17.3

Sandoval-Carrillo, A., Méndez-Hernández, E., Vazquez-Alaniz, F., Aguilar-Durán,
M., Téllez-Valencia, A., Barraza-Salas, M., et al. (2014b). Polymorphisms
in DNA repair genes (APEX1, XPD, XRCC1 and XRCC3) and risk of
preeclampsia in a Mexican Mestizo population. Int. J. Mol. Sci. 15, 4273–4283.
doi: 10.3390/ijms15034273

Sandrim, V. C., Montenegro, M. F., Palei, A. C., Metzger, I. F., Sertorio, J. T.,
Cavalli, R. C., et al. (2010a). Increased circulating cell-free hemoglobin levels
reduce nitric oxide bioavailability in preeclampsia. Free Radic. Biol. Med. 49,
493–500. doi: 10.1016/j.freeradbiomed.2010.05.012

Sandrim, V. C., Palei, A. C., Cavalli, R. C., Araújo, F. M., Ramos, E. S.,
Duarte, G., et al. (2008). eNOS haplotypes associated with gestational
hypertension or preeclampsia. Pharmacogenomics 9, 1467–1473.
doi: 10.2217/14622416.9.10.1467

Sandrim, V. C., Palei, A. C. T., Cavalli, R. C., Araújo, F. M., Ramos, E. S., Duarte,
G., et al. (2009). Vascular endothelial growth factor genotypes and haplotypes
are associated with pre-eclampsia but not with gestational hypertension. Mol.

Hum. Reprod. 15, 115–120. doi: 10.1093/molehr/gan076
Sandrim, V. C., Palei, A. C. T., Eleuterio, N., Tanus-Santos, J. E., and

Cavalli, R. C. (2015). Antihypertensive therapy in preeclampsia is not
modulated by VEGF polymorphisms. Arch. Gynecol. Obstet. 291, 799–803.
doi: 10.1007/s00404-014-3475-2

Sandrim, V. C., Palei, A. C. T., Luizon, M. R., Izidoro-Toledo, T. C., Cavalli, R. C.,
and Tanus-Santos, J. E. (2010b). ENOS haplotypes affect the responsiveness to
antihypertensive therapy in preeclampsia but not in gestational hypertension.
Pharmacogenomics J. 10, 40–45. doi: 10.1038/tpj.2009.38

Sattar, N., and Nelson, S. M. (2008). Adiponectin, diabetes, and coronary heart
disease in older persons: unraveling the paradox. J. Clin. Endocrinol. Metab. 93,
3299–3301. doi: 10.1210/jc.2008-1435

Schroeder, D. I., Blair, J. D., Lott, P., Yu, H. O. K., Hong, D., Crary, F., et al. (2013).
The human placenta methylome. Proc. Natl. Acad. Sci. U.S.A. 110, 6037–6042.
doi: 10.1073/pnas.1215145110

Schroeder, D. I., and LaSalle, J. M. (2013). How has the study of the human placenta
aided our understanding of partiallymethylated genes? Epigenomics 5, 645–654.
doi: 10.2217/epi.13.62

Schroeder, D. I., Schmidt, R. J., Crary-Dooley, F. K., Walker, C. K., Ozonoff,
S., Tancredi, D. J., et al. (2016). Placental methylome analysis from
a prospective autism study. Mol. Autism 7:51. doi: 10.1186/s13229-016-
0114-8

Schuler-Faccini, L., Ribeiro, E. M., Feitosa, I. M., Horovitz, D. D., Cavalcanti, D.
P., Pessoa, A., et al. (2016). Possible association between Zika virus infection

and microcephaly — Brazil, 2015. Morb. Mortal. Wkly. Rep. 65, 59–62.
doi: 10.15585/mmwr.mm6503e2

Serrano, N. C., Casas, J. P., Díaz, L. A., Páez, C., Mesa, C. M., Cifuentes,
R., et al. (2004). Endothelial NO synthase genotype and risk of
preeclampsia: a multicenter case-control study. Hypertension 44, 702–707.
doi: 10.1161/01.HYP.0000143483.66701.ec

Serrano, N. C., Díaz, L. A., Páez, M. C., Mesa, C. M., Cifuentes, R., Monterrosa,
A., et al. (2006). Angiotensin-converting enzyme I/D polymorphism and
preeclampsia risk: evidence of small-study bias. PLoS Med. 3:e30520.
doi: 10.1371/journal.pmed.0030520

Sertório, J. T., Lacchini, R., Amaral, L. M., Palei, A. C., Cavalli, R. C., Sandrim, V.
C., et al. (2013). Haptoglobin polymorphism affects nitric oxide bioavailability
in preeclampsia. J. Hum. Hypertens. 27, 349–354. doi: 10.1038/jhh.2012.57

Sibai, B., Dekker, G., and Kupferminc, M. (2005). Pre-eclampsia. Lancet 365,
785–799. doi: 10.1016/S0140-6736(05)71003-5

Silva, V. R., Soardi, F. C., Tanaka, S. C., da Silva-Grecco, R. L., Paschoini, M. C.,
and Balarin, M. A. (2015). Investigation of polymorphisms in pre-eclampsia
related genes VEGF and IL1A. Arch. Gynecol. Obstet. 291, 1029–1035.
doi: 10.1007/s00404-014-3503-2

Smith, Z. D., Shi, J., Gu, H., Donaghey, J., Clement, K., Cacchiarelli, D., et al. (2017).
Epigenetic restriction of extraembryonic lineagesmirrors the somatic transition
to cancer. Nature 549, 543–547. doi: 10.1038/nature23891

Staines-Urias, E., Paez, M. C., Doyle, P., Dudbridge, F., Serrano, N. C.,
Ioannidis, J. P., et al. (2012). Genetic association studies in pre-eclampsia:
systematic meta-analyses and field synopsis. Int. J. Epidemiol. 41, 1764–1775.
doi: 10.1093/ije/dys162

Steinle, A., Li, P., Morris, D. L., Groh, V., Lanier, L. L., Strong, R. K., et al.
(2001). Interactions of human NKG2D with its ligands MICA, MICB, and
homologs of the mouse RAE-1 protein family. Immunogenetics 53, 279–287.
doi: 10.1007/s002510100325

Strand, K. M., Heimstad, R., Iversen, A. C., Austgulen, R., Lydersen, S.,
Andersen, G. L., et al. (2013). Mediators of the association between pre-
eclampsia and cerebral palsy: population based cohort study. BMJ 347:f4089.
doi: 10.1136/bmj.f4089

Sugathadasa, B. H., Tennekoon, K. H., Karunanayake, E. H., Kumarasiri, J. M.,
and Wijesundere, A. P. (2010). Association of 2548 GA polymorphism in
the leptin gene with preeclampsiapregnancy-induced hypertension. Hypertens.
Pregnancy 29, 366–374. doi: 10.3109/10641950903214617

Sun, D., Wang, X., Zhang, H., Deng, L., and Zhang, Y. (2011). MMP9
mediates MICA shedding in human osteosarcomas. Cell Biol. Int. 35, 569–574.
doi: 10.1042/CBI20100431

Tadesse, S., Kidane, D., Guller, S., Luo, T., Norwitz, N. G., Arcuri, F., et al. (2014).
In vivo and in vitro evidence for placental DNA damage in preeclampsia. PLoS
ONE 9:e86791. doi: 10.1371/journal.pone.0086791

Tahvanainen, E., Syvanne, M., Frick, M. H., Murtomaki-Repo, S., Antikainen,
M., Kesaniemi, Y. A., et al. (1998). Association of variation in hepatic lipase
activity with promoter variation in the hepatic lipase gene. The LOCAT study
invsestigators. J. Clin. Invest. 101, 956–960. doi: 10.1172/JCI1144

Tam, W. H., Ma, R. C. W., Ozaki, R., Li, A. M., Chan, M. H. M., Yuen,
L. Y., et al. (2017). In utero exposure to maternal hyperglycemia increases
childhood cardiometabolic risk in offspring. Diabetes Care 40, 679–686.
doi: 10.2337/dc16-2397

Taylor, B. D., Ness, R. B., Olsen, J., Hougaard, D. M., Skogstrand, K., Roberts, J. M.,
et al. (2015). Serum leptinmeasured in early pregnancy is higher in womenwith
preeclampsia compared with normotensive pregnant women.Hypertension 65,
594–599. doi: 10.1161/HYPERTENSIONAHA.114.03979

Telini, B., Veit, T. D., Chies, J. A. B., and Vianna, P. (2014). The
CCR5132 polymorphism as a pre-eclampsia susceptibility marker:
an evaluation in Brazilian women. Arch. Gynecol. Obstet. 290, 1–3.
doi: 10.1007/s00404-014-3246-0

Thaware, P. K., McKenna, S., Patterson, C. C., Hadden, D. R., Pettitt, D. J., and
McCance, D. R. (2015). Untreated mild hyperglycemia during pregnancy and
anthropometric measures of obesity in offspring at age 5-7 years. Diabetes Care
38, 1701–1706. doi: 10.2337/dc14-2797

Timpka, S., Stuart, J. J., Tanz, L. J., Rimm, E. B., Franks, P. W., and Rich-Edwards,
J. W. (2017). Lifestyle in progression from hypertensive disorders of pregnancy
to chronic hypertension in Nurses’ Health Study II: observational cohort study.
BMJ 358:j3024. doi: 10.1136/bmj.j3024

Frontiers in Physiology | www.frontiersin.org 25 December 2018 | Volume 9 | Article 1771

https://doi.org/10.1016/S0165-0378(03)00045-7
https://doi.org/10.1007/s10815-017-0941-3
https://doi.org/10.1210/jc.2017-00672
https://doi.org/10.1590/S1415-47572014000200003
https://doi.org/10.1016/j.diabres.2003.08.004
https://doi.org/10.1186/1477-7827-9-8
https://doi.org/10.4238/2014.January.17.3
https://doi.org/10.3390/ijms15034273
https://doi.org/10.1016/j.freeradbiomed.2010.05.012
https://doi.org/10.2217/14622416.9.10.1467
https://doi.org/10.1093/molehr/gan076
https://doi.org/10.1007/s00404-014-3475-2
https://doi.org/10.1038/tpj.2009.38
https://doi.org/10.1210/jc.2008-1435
https://doi.org/10.1073/pnas.1215145110
https://doi.org/10.2217/epi.13.62
https://doi.org/10.1186/s13229-016-0114-8
https://doi.org/10.15585/mmwr.mm6503e2
https://doi.org/10.1161/01.HYP.0000143483.66701.ec
https://doi.org/10.1371/journal.pmed.0030520
https://doi.org/10.1038/jhh.2012.57
https://doi.org/10.1016/S0140-6736(05)71003-5
https://doi.org/10.1007/s00404-014-3503-2
https://doi.org/10.1038/nature23891
https://doi.org/10.1093/ije/dys162
https://doi.org/10.1007/s002510100325
https://doi.org/10.1136/bmj.f4089
https://doi.org/10.3109/10641950903214617
https://doi.org/10.1042/CBI20100431
https://doi.org/10.1371/journal.pone.0086791
https://doi.org/10.1172/JCI1144
https://doi.org/10.2337/dc16-2397
https://doi.org/10.1161/HYPERTENSIONAHA.114.03979
https://doi.org/10.1007/s00404-014-3246-0
https://doi.org/10.2337/dc14-2797
https://doi.org/10.1136/bmj.j3024
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Michita et al. Genetic Variants in Preeclampsia

Tranquilli, A. L., Dekker, G., Magee, L., Roberts, J., Sibai, B. M., Steyn, W.,
et al. (2014). The classification, diagnosis and management of the hypertensive
disorders of pregnancy: A revised statement from the ISSHP. Pregnancy

Hypertens. 4, 97–104. doi: 10.1016/j.preghy.2014.02.001
Triche, E. W., Uzun, A., DeWan, A. T., Kurihara, I., Liu, J., Occhiogrosso, R., et al.

(2014). Bioinformatic approach to the genetics of preeclampsia.Obstet Gynecol.
123, 1155–1161. doi: 10.1097/AOG.0000000000000293

Turner, M. (2003). The role of mannose-binding lectin in health and disease.Mol.

Immunol. 40, 423–429. doi: 10.1016/S0161-5890(03)00155-X
United Nations (2015). The Millennium Development Goals Report. United

Nations, 72.
Urrutia, R. P., and Thorp, J. M. (2012). Vitamin D in pregnancy: current concepts.

Curr. Opin. Obstet. Gynecol. 24, 57–64. doi: 10.1097/GCO.0b013e3283505ab3
Valencia Villalvazo, E. Y., Canto-Cetina, T., Romero Arauz, J. F., Coral-

Vázquez, R. M., Canizales-Quinteros, S., Coronel, A., et al. (2012). Analysis
of polymorphisms in interleukin-10, interleukin-6, and interleukin-1 receptor
antagonist in Mexican-Mestizo women with pre-eclampsia. Genet. Test. Mol.

Biomarkers 16, 1263–1269. doi: 10.1089/gtmb.2012.0181
Valenzuela, F. J., Pérez-Sepúlveda, A., Torres, M. J., Correa, P., Repetto, G. M., and

Illanes, S. E. (2012). Pathogenesis of preeclampsia: the genetic component. J.
Pregnancy 2012:632732. doi: 10.1155/2012/632732

Veit, T. D., Chies, J. A., Switala, M., Wagner, B., Horn, P. A., Busatto, M., et al.
(2015). The paradox of high availability and low recognition of soluble HLA-
G by LILRB1 receptor in rheumatoid arthritis patients. PLoS ONE 10:e123838.
doi: 10.1371/journal.pone.0123838

Venkatesan, S., Petrovic, A., Van Ryk, D. I., Locati, M., Weissman, D., and
Murphy, P. M. (2002). Reduced cell surface expression of CCR5 in CCR5Delta
32 heterozygotes is mediated by gene dosage, rather than by receptor
sequestration. J. Biol. Chem. 277, 2287–2301. doi: 10.1074/jbc.M108321200

Vianna, P., Da Silva, G. K., Dos Santos, B. P., Bauer, M. E., Dalmáz, C. A.,
Bandinelli, E., et al. (2010). Association between mannose-binding lectin
gene polymorphisms and pre-eclampsia in Brazilian women. Am. J. Reprod.

Immunol. 64, 359–374. doi: 10.1111/j.1600-0897.2010.00846.x
Vianna, P., Dalmáz, C. A., Veit, T. D., Tedoldi, C., Roisenberg, I., and Chies, J. A. B.

(2007). Immunogenetics of pregnancy: role of a 14-bp deletion in the maternal
HLA-G gene in primiparous pre-eclamptic Brazilian women. Hum. Immunol.

68, 668–674. doi: 10.1016/j.humimm.2007.05.006
Vianna, P., Mondadori, A. G., Bauer, M. E., Dornfeld, D., and Chies, J. A. (2016).

HLA-G and CD8+ regulatory T cells in the inflammatory environment of
pre-eclampsia. Reproduction 152, 741–751. doi: 10.1530/REP-15-0608

Vural, P., Degirmencioglu, S., Dogru-Abbasoglu, S., Saral, N. Y., Akgül, C., and
Uysal, M. (2009). Genetic polymorphisms in DNA repair gene APE1, XRCC1
and XPD and the risk of pre-eclampsia. Eur. J. Obstet. Gynecol. Reprod. Biol.
146, 160–164. doi: 10.1016/j.ejogrb.2009.06.007

Wang, X., Zhang, S., Chen, Y., Liu, H., Lan, C., Chen, X., et al. (2009). APM1
gene variants−11377C/G and 4545G/C are associated respectively with obesity
and with non-obesity in Chinese type 2 diabetes. Diabetes Res. Clin. Pract. 84,
205–210. doi: 10.1016/j.diabres.2009.03.004

Weel, I. C. , Romão-Veiga, M., Matias, M. L., Fioratti, E. G., Peraçoli, J. C., Borges,
V. T., et al. (2017). Increased expression of NLRP3 inflammasome in placentas
from pregnant women with severe preeclampsia. J. Reprod. Immunol. 123,
40–47. doi: 10.1016/j.jri.2017.09.002

Wei, J., Blenkiron, C., Tsai, P., James, J. L., Chen, Q., Stone, P. R., et al.
(2017). Placental trophoblast debris mediated feto-maternal signalling via
small RNA delivery: implications for preeclampsia. Sci. Rep. 7:14681.
doi: 10.1038/s41598-017-14180-8

Wendland, E. M., Duncan, B. B., Belizán, J. M., Vigo, A., and Schmidt, M. I. (2008).
Gestational diabetes and pre-eclampsia: common antecedents? Arq. Bras.

Endocrinol. Metabol. 52, 975–984. doi: 10.1590/S0004-27302008000600008
Williams, D. (2003). Pregnancy: A stress test for life. Curr. Opin. Obstet. Gynecol.

15, 465–471. doi: 10.1097/00001703-200312000-00002
Williams, P. J. (2016). “Molecular genetics of preeclampsia,” in eLS (Chichester:

John Wiley & Sons, Ltd), 1–8. doi: 10.1002/9780470015902.a0025247
Winger, E. E., Reed, J. L., Ji, X., and Nicolaides, K. (2018). Peripheral blood

cell microRNA quantification during the first trimester predicts preeclampsia:
proof of concept. PLoS ONE 13:ee0190654. doi: 10.1371/journal.pone.01
90654

Xu, T., Zhou, F., Deng, C., Huang, G., Li, J., and Wang, X. (2015). Low-dose
aspirin for preventing preeclampsia and its complications: a meta-analysis. J.
Clin. Hypertens. 17, 567–573. doi: 10.1111/jch.12541

Yang, M., Peng, S., Li, W., Wan, Z., Fan, L., and Du, Y. (2016). Relationships
between plasma leptin levels, leptin G2548A, leptin receptor Gln223Arg
polymorphisms and gestational diabetes mellitus in Chinese population. Sci.
Rep. 6:e23948. doi: 10.1038/srep23948

Yau, A. C., Tuncel, J., Haag, S., Norin, U., Houtman, M., Padyukov, L.,
et al. (2016). Conserved 33-kb haplotype in the MHC class III region
regulates chronic arthritis. Proc. Natl. Acad. Sci. U.S.A. 113, E3716–E3724.
doi: 10.1073/pnas.1600567113

Ye, Y., Zhou, Q., Feng, L., Wu, J., Xiong, Y., and Li, X. (2017). Maternal serum
bisphenol A levels and risk of pre-eclampsia: a nested case-control study. Eur.
J. Public Health 27, 1102–1107. doi: 10.1093/eurpub/ckx148

Yoffe, L., Gilam, A., Yaron, O., Polsky, A., Farberov, L., Syngelaki, A., et al. (2018).
Early detection of preeclampsia using circulating small non-coding RNA. Sci.
Rep. 8, 1–11. doi: 10.1038/s41598-018-21604-6

Yong, H. E. J., Murthi, P., Brennecke, S. P., and Moses, E. K. (2018b).
Genetic approaches in preeclampsia. Methods Mol. Biol. 1710, 53–72.
doi: 10.1007/978-1-4939-7498-6_5

Yong, H. E. J., Murthi, P., Kalionis, B., Keogh, R. J., and Brennecke, S. P.
(2018a). Decidual ACVR2A regulates extravillous trophoblast functions of
adhesion, proliferation, migration and invasion in vitro. Pregnancy Hypertens.
12, 189–193. doi: 10.1016/j.preghy.2017.11.002

Zadora, J., Singh, M., Herse, F., Przybyl, L., Haase, N., Golic, M., et al. (2017).
Disturbed placental imprinting in preeclampsia leads to altered expression of
DLX5, a human-specific early trophoblast marker. Circulation 136, 1824–1839.
doi: 10.1161/CIRCULATIONAHA.117.028110

Zerbino, D. R., Achuthan, P., Akanni, W., Amode, M. R., Barrell, D.,
Bhai, J., et al. (2018). Ensembl 2018. Nucleic Acids Res. 46, D754–D761.
doi: 10.1093/nar/gkx1098

Zhang, C., Bao, W., Rong, Y., Yang, H., Bowers, K., Yeung, E., et al. (2013). Genetic
variants and the risk of gestational diabetes mellitus: a systematic review.Hum.

Reprod. Update 19, 376–390. doi: 10.1093/humupd/dmt013
Zhang, D., Ma, J., Brismar, K., Efendic, S., and Gu, H. F. (2009). A single nucleotide

polymorphism alters the sequence of SP1 binding site in the adiponectin
promoter region and is associated with diabetic nephropathy among type 1
diabetic patients in the Genetics of Kidneys in Diabetes Study. J. Diabetes
Complications 23, 265–272. doi: 10.1016/j.jdiacomp.2008.05.004

Zhou, J., Xiao, X.-M., andWu, Y.-H. (2014). Expression of interferon-γ in decidual
natural killer cells from women with hypertensive disorder complicating
pregnancy. J. Obstet. Gynaecol. Res. 40, 670–676. doi: 10.1111/jog.12216

Zhu, Y., Olsen, S. F., Mendola, P., Yeung, E. H., Vaag, A., Bowers, K., et al. (2016).
Growth and obesity through the first 7 y of life in association with levels of
maternal glycemia during pregnancy: a prospective cohort study. Am. J. Clin.

Nutr. 103, 794–800. doi: 10.3945/ajcn.115.121780
Zoet, G. A., Benschop, L., Boersma, E., Budde, R. P. J., Fauser, B. C. J. M.,

van der Graaf, Y., et al. (2018). Prevalence of subclinical coronary artery
disease assessed by coronary computed tomography angiography in 45- to
55-year-old women with a history of preeclampsia. Circulation 137, 877–879.
doi: 10.1161/CIRCULATIONAHA.117.032695

Zusterzeel, P. L., Visser, W., Peters, W. H., Merkus, H. W., Nelen, W.
L., and Steegers, E. A. (2000). Polymorphism in the glutathione S-
transferase P1 gene and risk for preeclampsia. Obstet. Gynecol. 96, 50–54.
doi: 10.1016/S0029-7844(00)00845-0

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Michita, Kaminski and Chies. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Physiology | www.frontiersin.org 26 December 2018 | Volume 9 | Article 1771

https://doi.org/10.1016/j.preghy.2014.02.001
https://doi.org/10.1097/AOG.0000000000000293
https://doi.org/10.1016/S0161-5890(03)00155-X
https://doi.org/10.1097/GCO.0b013e3283505ab3
https://doi.org/10.1089/gtmb.2012.0181
https://doi.org/10.1155/2012/632732
https://doi.org/10.1371/journal.pone.0123838
https://doi.org/10.1074/jbc.M108321200
https://doi.org/10.1111/j.1600-0897.2010.00846.x
https://doi.org/10.1016/j.humimm.2007.05.006
https://doi.org/10.1530/REP-15-0608
https://doi.org/10.1016/j.ejogrb.2009.06.007
https://doi.org/10.1016/j.diabres.2009.03.004
https://doi.org/10.1016/j.jri.2017.09.002
https://doi.org/10.1038/s41598-017-14180-8
https://doi.org/10.1590/S0004-27302008000600008
https://doi.org/10.1097/00001703-200312000-00002
https://doi.org/10.1002/9780470015902.a0025247
https://doi.org/10.1371/journal.pone.0190654
https://doi.org/10.1111/jch.12541
https://doi.org/10.1038/srep23948
https://doi.org/10.1073/pnas.1600567113
https://doi.org/10.1093/eurpub/ckx148
https://doi.org/10.1038/s41598-018-21604-6
https://doi.org/10.1007/978-1-4939-7498-6_5
https://doi.org/10.1016/j.preghy.2017.11.002
https://doi.org/10.1161/CIRCULATIONAHA.117.028110
https://doi.org/10.1093/nar/gkx1098
https://doi.org/10.1093/humupd/dmt013
https://doi.org/10.1016/j.jdiacomp.2008.05.004
https://doi.org/10.1111/jog.12216
https://doi.org/10.3945/ajcn.115.121780
https://doi.org/10.1161/CIRCULATIONAHA.117.032695
https://doi.org/10.1016/S0029-7844(00)00845-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Genetic Variants in Preeclampsia: Lessons From Studies in Latin-American Populations
	Introduction
	Placental Vasculogenesis and Angiogenesis: Immune System and Vascular Remodeling During Pregnancy
	Preeclampsia
	Genetic Studies in Latin-American Populations
	Pro- and Anti-inflammatory Mediators in PE
	Vascular and Angiogenic Mediators

	Genetic Variation in Histocompatibility-Related Genes in PE
	Gene Variants Involved in Metabolic Processes
	Variants in Detoxification, DNA-repair, and Apoptosis-Related Genes
	Future Directions: Challenges and Perspectives
	MHC Class-I Related Sequence A
	Non-coding RNAs and Epigenetics
	Placental Microbiome—Friend or Foe

	General Concluding Remarks
	Author Contributions
	Funding
	References


