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Pharmacogenetics in the treatment of pre-
eclampsia: current findings, challenges and
perspectives

Pre-eclampsia (PE) is defined as pregnancy-induced hypertension and proteinuria,
and is a major cause of maternal and perinatal morbidity and mortality. A large
subgroup of pregnant women with PE is nonresponsive to antihypertensive drugs,
including methyldopa, nifedipine and hydralazine. Pharmacogenomics may help to
guide the individualized therapy for this nonresponsive subgroup. However, just a
few pharmacogenetic studies examined the effects of genetic polymorphisms on
response to antihypertensive drugs in PE, and the criteria of responsiveness used to
define responsive or nonresponsive subgroups to antihypertensive therapy should
be replicated by others. We review these gene—drugs interactions, novel approaches
to pharmacogenomics research and potential novel drugs for PE therapy. Finally, we
discuss the challenges and perspectives of pharmacogenetics in the treatment of PE.
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Hypertensive disorders of pregnancy (HDP)
are defined in accordance to the National
High Blood Pressure Education Program
Working Group on High Blood Pressure
in Pregnancy [1]. Gestational hypertension
(GH) is defined as systolic blood pressure of
2140 mmHg or diastolic blood pressure of
290 mmHg at two or more measurements
after 20 weeks of gestation, and returning
to normal by 12 weeks postpartum. Pre-
eclampsia (PE), defined as GH plus signifi-
cant proteinuria (0.3 g per 24 h), is a multi-
system disorder that can affect maternal
brain, kidneys, liver and the blood clotting
system [2]. PE has implications for future
maternal health 3], in particular an increased
risk of cardiovascular disease [45]. Notably,
PE is a major cause of maternal and perinatal
morbidity and mortality, with prevalence of
0.2-9.2% worldwide [3,6].

Antihypertensive therapy is mandatory
for high blood pressure control in PE [2], and

includes methyldopa, nifedipine, hydralazine
and labetalol. These antihypertensive drugs
allow the prolongation of gestation, thereby
decreasing fetal and maternal adverse out
comes [7.8]. However, a large subgroup of
pregnant women with PE is nonresponsive
to antihypertensive therapy and is associated
with the worst clinical parameters, according
to the criteria of responsiveness defined in our
pharmacogenetic studies (Box 1) [9-14]. Impor-
tantly, this nonresponsive subgroup could
benefit from a more individualized treatment
and monitoring. These findings suggest that
the use of pharmacogenomics may maximize
the treatment outcome by reducing maternal
and fetal morbidity and mortality associated
with PE, as well as reducing adverse events
associated with pharmacological therapy [15].

However, there are a few studies focusing
on the pharmacogenetics in the treatment
of PE, which examined the association of
polymorphisms in candidate genes for PE
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Box 1. The criteria of responsiveness to antihypertensive therapy in gestational hypertension and

pre-eclampsia used by our group.

as nonresponsive to the antihypertensive therapy:
quadrant or epigastric pain;

blood pressure curve;

ultrasound.

e Responsiveness to antihypertensive therapy was based on the evaluation of clinical and laboratory parameters
(see below) in response to the administration of antihypertensive drugs. The initial antihypertensive drug
of choice was methyldopa (1000-1500 mg per day), followed by nifedipine (40-60 mg per day), which was
added in case of lack of significant responses to methyldopa. Hydralazine (5-30 mg) was used only in cases of
hypertensive crisis. One of the following clinical and laboratory outcomes were considered to classify a patient

- Clinical symptoms including blurred vision, persistent headache or scotomata, persistent right upper
- Systolic blood pressure above 140 mmHg and diastolic blood pressure above 90 mmHg, as assessed by the

- Hemolysis, elevated liver enzymes and a low platelet count syndrome; or proteinuria >2.0 g per 24 h;
creatinine >1.2 mg per 100 ml or blood urea nitrogen >30 mg per 100 ml; aspartate aminotransferase
>70 Ul and alanine aminotransferase >60 Ul"; and

- Fetal hypoactivity or nonreactive fetus, as revealed by cardiotocography; intrauterine growth restriction,
oligoamnio, abnormal biophysical profile score and Doppler velocimetry abnormalities, as evaluated by

with subgroups of patients who are responsive or non-
responsive to antihypertensive therapy [9-14]. Here,
we briefly discuss about the pathophysiology and the
genetics of PE. We review the current findings from
the available pharmacogenetic studies [9-14] (Table 1),
novel approaches to pharmacogenomics research in
PE and potential novel drugs for PE therapy. Finally,
we also discuss the challenges and perspectives of
pharmacogenetics in the treatment of PE.

Pathophysiology of pre-eclampsia

Although the exact mechanisms remain unclear, pla-
cental ischemia and hypoxia is implicated as a pivotal
causative factor in the pathophysiology of PE [16].
A two-stage disorder model has been proposed for
PE (17). The first stage is marked by reduced placen-
tal perfusion, secondary to abnormal implantation
and development of placental vasculature. The second
stage is depicted by placental release of detrimental fac-
tors into the maternal circulation that prompts wide-
spread endothelial dysfunction, which in turn leads to
the clinical symptoms of PE. Both stages need to occur
for PE to be manifested. In addition, they interact with
maternal constitutional factors (genetic, behavioral or
environmental) resulting in different PE subtypes [17].
Recent research has revealed glimpses into pathways
playing a role in either one or both stages.

Early on pregnancy, fetal-derived cytotrophoblasts
migrate toward the decidua and myometrium to
invade and replace the endothelial cells of uterine spiral
arteries. This process results in the conversion of high-
resistance, small-diameter vessels into high capacitance,
large-diameter vessels to accommodate proper delivery
of maternal blood to the forming fetal-placental unit.
Degradation and remodeling of the uterine extra-
cellular matrix is required for a successful trophoblastic

invasion, angiogenesis and embryogenesis [18]. Indeed,
reduced vascular remodeling of uterine—placental tis-
sues and decreased invasion of cytotrophoblasts into
spiral arteries were shown in placentas from pregnan-
cies with PE [19]. Failure in any step of the process of
invasion and remodeling of uterine spiral arteries may
lead to inadequate delivery of oxygen and nutrients to
the fetal-placental unit, triggering the secretion of sig-
nals from the placenta to overcome the restricted blood
flow [20.21].

Key studies into the placental factors related to the
etiology of PE have focused on the interplay between
pro- and antiangiogenic proteins. sFlt-1 is a splice vari-
ant of the VEGFR-1 in which the cytoplasmic and
transmembrane domains are post-transcriptionally
excised. sEng is a truncated form of endoglin. While
sFlt-1 antagonizes the proangiogenic actions of VEGF
and PIGF, sEng inhibits the signaling of TGF-f, by
sequestering free protein in the circulation and thus
hindering protein interaction with their respective
receptors [22]. Circulating levels of sFle1 and sEng
were found increased in PE [23-25]. Notably, these two
antiangiogenic factors seem to be altered several weeks
before the onset of the clinical symptoms and are
positively correlated with PE severity [26,27).

The shedding of placental factors into maternal
circulation was shown to be increased in PE 28], and
may activate peripheral immune cells, exacerbating the
normal inflammatory response evoked during gesta-
tion. Activated T lymphocytes can contribute to the
development of hypertension by secreting various cyto-
kines, such as TNF-a and IL-6, and by stimulating
B lymphocytes to produce autoantibodies [29]. Notably,
PE patients show increased and decreased circulating
levels of pro- and anti-inflammatory cytokines, respec-
tively [3031]. Autoantibodies against the AGTRI, which
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were consistently found to be elevated in PE, may also
play a role in enhancing the maternal vascular sensitivity
to the vasoconstriction actions of Ang II 32,33].

Many of the factors generated through placental isch-
emia and hypoxia target the maternal vascular endo-
thelium, and activate pathways that cause increased
total peripheral resistance, decreased renal excretory
function, and ultimately hypertension [34]. The major
mediators linked to endothelial dysfunction in PE are
the vasoconstrictor peptide ET-1, the vasodilator gas
nitric oxide (NO) and oxidative stress. Elevated ET-1
and reduced NO metabolites levels were shown in the
circulation of PE patients [25,35-37]. Notably, these three
molecular mechanisms of endothelial dysfunction,
along with VEGF, were shown to be strictly connected
to each other during hypertension [38,39)].

Aberrant placental and circulating levels of MMPs
were also reported in PE [40]. Increased MMP activity
upon vasoactive molecules was shown to generate vaso-
constrictors and degrade vasodilators, thereby causing
exaggerated vasoconstriction and hypertension [41-43).
Interestingly, activated MMPs may also contribute
to endothelial dysfunction via proteolysis of cell sur-
face receptors that mediate vasodilatation, such as
VEGEFR-2 [44,45].

Pharmacogenomics of pre-eclampsia

We therefore speculate that MMPs, NO bioavaila-
bility, oxidative stress and inflammation interact to
promote hypertension during pregnancy. However,
this suggestion remains to be proven. Notably, these
pathophysiological processes may be further explored
to reveal potential therapeutic targets.

Genetics of pre-eclampsia

The identification of genetic variants that affect PE
risk could substantially aid the understanding of its
susceptibility, and therefore its prevention and treat-
ment [46]. However, candidate gene studies are limited
by the incomplete understanding of the pathophysi-
ology of PE [15]. Over 70 candidate genes selected on
the basis of prior knowledge from pathophysiological
mechanisms in PE have been investigated, such as
vasoactive proteins, thrombophilia, oxidative stress,
immune and inflammatory mediators. However, no
single candidate gene has been accepted as a causal
gene for PE [15]. Genome-wide association studies
were also performed to identify maternal SNPs and
copy-number variants associated with PE. Two studies
found no SNP associations that reached genome-wide
significance, and copy-number variants on regions that
warrant further replication [47.48]. Other study found
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Table 1. Pharmacogenetics studies on the response to antihypertensive therapy in patients with pre-eclampsia and

gestational hypertension.

Genes Polymorphisms Patients: subgroups' (n) Summary findings Ref.?
NOS3 T-786C (rs2070744), PE: R (82) and NR (70); NOS3 genotypes or alleles did not differ between [14]
Glu298Asp (rs1799983), GH: R (127) and R (25) R and NR subgroups of PE or GH patients. NOS3
VNTR a/b in intron 4 haplotypes combining the °C, Glu, a” alleles and 'T, Asp,
a’ alleles were more frequent in R and NR subgroups of
PE patients, respectively
MMP9  C-1562T (rs3918242), PE: R (114) and NR (99); MMP9 haplotypes combining the 'C, H" and the 'T, H’ 1
-90(CA),, ,, (rs2234681)  GH: R (159) and NR (22) alleles were more frequent in the NR subgroup of PE
and GH patients, respectively
MMP2  C-1306T (rs243865), PE: R (115) and NR (100); MMP2 genotypes or haplotypes did not differ between  [12]
C-735T (rs2285053) GH: R (159) and NR (22) R and NR subgroups of PE or GH patients
TIMP1, rs2070584 T>G, PE: R (112) and NR (93); The GG genotype and the G allele of the TIMP1 [10]
TIMP3  rs9619311 T>C GH: R (155) and NR (23) polymorphism were associated with PE and were more
frequent in the NR subgroup of PE patients
TIMP3 polymorphism had no effects on response to
the antihypertensive therapy both groups
VEGF C-2578A (rs699947), PE: R (46) and NR (67) VEGF genotypes or haplotypes did not differ between [13]
G-634C (rs2010963) R and NR subgroups of PE patients
NAMPT rs1319501 T>C, PE: R (110) and NR (95); The 'C, A" haplotype was more frequent in the NR [9]
rs3801266 A>G GH: R (153) and NR (21) subgroup of PE patients and was associated with lower
visfatin/NAMPT levels. Interactions among NAMPT,
TIMP1 and MMP2 genotypes were associated with PE
and with NR subgroup of PE patients
R or NR to total antihypertensive therapy, including methyldopa and nifedipine and/or hydralazine.
*References are organized chronologically, from the first to the most recent study.
GH: Gestational hypertension; NR: Nonresponsive; PE: Pre-eclampsia; R: Responsive.
future science group www.futuremedicine.com 573
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two SNP associations which were not replicated in
other cohorts, and it is more likely that these SNPs are
linked with as yet unidentified causal variants [49].

The major obstacles to the identification of genetic
variants that affect PE risk are the likely small influ-
ence of individual genetic loci, the complex interplay
between environmental exposures and polygenic sus-
ceptibility, and the lack of replication findings from
genetic association studies [46]. Most of the stud-
ies using a candidate gene approach have focused on
maternal genotypes of a single or a few genetic poly-
morphisms [46,50,51]. However, PE is a complex genetic
disorder, and it is probable that no single gene or vari-
ant will be identified as responsible for all cases of
PE [15]. This scenario highlights the need to focus on
more than one candidate gene, and in the interaction
among polymorphisms of different genes rather than
on the effect of single loci. Indeed, gene—gene interac-
tions were postulated as an important component of
complex diseases, including PE [s1].

Interestingly, we have characterized interactions
between VEGF and MMP9 and between MMP9 and
TIMPI genes which were associated with the suscep-
tibility to PE [10,52]. Further analysis of gene—gene
interaction may be focused on pathways relevant to the
pathophysiology of PE. For example, although NOS2
gene variants may affect the susceptibility to PE (s3], the
nonlinear interactions between variants in the NOS2
and NOS3 genes may also have an effect on disease
susceptibility, as previously shown for migraine (54].
Notably, the interplay among genes related to NO pro-
duction, oxidative stress and endothelial dysfunction
in PE give support for hypotheses about the underlying
molecular mechanisms, which may guide further inter-
action analysis among functional variants affecting the
expression of these genes.

The combination of genetic, epigenetic and environ-
mental factors may contribute to the pathophysiology of
PE f55. Thus, further gene—gene interaction and epigen-
etic studies may elucidate the genetic susceptibility to
PE, which will help in the identification of pharmaco-
genomic biomarkers related to pathophysiological
processes of PE [56].

Pharmacogenetics of pre-eclampsia

There is evidence for genetic polymorphisms as deter-
minants of the susceptibility to benign and malignant
gynecologic and obstetric conditions [57]. Moreover,
the therapeutic effects of drugs used in reproductive
and perinatal medicine are likely to be modulated by
genetic factors [s58]. Notably, the lack of evidence in
reproductive medicine in relation to genetic variability
is compounded by the fact that many drugs currently
used were not specifically studied in pregnancy, and

are thus used off-label (s8]. Pharmacogenetics in preg-
nancy is still a developing field (9. Further efforts
are needed to determine whether pharmacogenetics
will aid in individualizing drug therapy in pregnancy,
although emerging findings from obstetric thera-
peutics give glimpses into future possibilities, including
antihypertensive therapy [59].

Indeed, there are few studies focusing on the pharma-
cogenetics of the response to antihypertensive therapy
in PE (Table 1). These studies examined the association
of genetic polymorphisms with subgroups of patients
who were responsive or nonresponsive to antihyper-
tensive therapy [9-14]. Methyldopa was the initial anti-
hypertensive drug of choice, followed by nifedipine,
which was added in case of lack of significant response
to methyldopa. Hydralazine was used only in cases of
hypertensive crisis. Therefore, we examined patients
according to response to methyldopa or to total anti-
hypertensive therapy, which included methyldopa and
nifedipine and/or hydralazine. The criteria of respon-
siveness to the antihypertensive drugs are defined in
Box 1. Patients were carefully monitored for signs and
symptoms of PE, with fetal surveillance and laboratory
tests once a week. Women with pre-existing hyper-
tension or other comorbidities were not included. These
pharmacogenetic studies included polymorphisms that
modify the expression of candidate genes related to
different pathophysiological processes in PE.

Gene-drugs interactions impacting the
endothelial function pathway

Among several mediators released by the endothelium,
NO plays an important role in regulating endothelial
function, vasodilatation and vascular remodeling [15].
NO is produced by the NOS3 enzyme in the cardio-
vascular system. Reduced expression of NOS3 gene
leads to diminished NO formation, which plays a
major role in the endothelial dysfunction associated
with PE [25]. Moreover, PE is associated with decreased
NO bioavailability, which is inversely related to serum
levels of the antiangiogenic factors sFlt-1 and sEng
in PE p25]. Notably, several NOS3 polymorphisms, or
the combinations of their alleles into haplotypes, were
associated with PE [60,61] and related to response to
cardiovascular drugs [62].

The haplotypes formed by the combination of the
NOS3 polymorphisms T-786C (rs2070744) in the pro-
moter region, Glu298Asp (rs1799983) in exon 7, and
a 27 bp variable number of tandem repeats (VNTRs)
a/b in intron 4, were associated with susceptibility to
PE (61] and with modulation of NO bioavailability
in PE [63]. The genotypes and alleles frequencies for
these NOS3 polymorphisms did not differ between the
responsive and nonresponsive subgroups of patients
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with PE or GH [14]. Moreover, the NOS3 haplotype
frequencies did not differ between responsive and non-
responsive patients with GH. However, NOS3 haplo-
types affected the response to total antihypertensive
therapy in PE. Specifically, the haplotypes combining
the ‘C, Glu, 2’ and ‘T, Asp, a’ alleles were more frequent
in the responsive and in the nonresponsive subgroup of
PE patients, respectively [14].

There is no evidence that methyldopa produces
antihypertensive effects by mechanisms involving
increased NO production. However, it was shown that
several calcium channel blockers (including nifedip-
ine) may improve endothelial function and restore NO
bioavailability [64.65]. Moreover, hydralazine, which is
widely used in the treatment of PE, enhanced cyclic
guanosine monophosphate (cGMP, the second mes-
senger of NO) concentrations in pregnant women
with PE, thus suggesting that this drug produces its
effects by activating the NO-cGMP system [66]. It is
possible that nifedipine and hydralazine used to treat
PE produce their effects by enhancing NO formation,
thus counteracting the impaired NO bioavailability
reported in PE [25]. Therefore, NOS3 polymorphisms
that modulate NO synthesis could also interfere with
the response to these drugs.

Visfatin, an adipokine also known as NAMPT, is con-
sidered a potential biomarker for vascular endothelial dys-
function [67). NAMPT polymorphisms rs1319501 T>C
and 153801266 A>G and NAMPT haplotypes were
shown to affect plasma visfatin/NAMPT levels in GH
and the susceptibility to PE [68]. Notably, in patients with
PE who were nonresponsive to total antihypertensive
therapy, the TC+CC genotypes of the rs1319501 poly-
morphism and the AG+GG genotypes of the 153801266
polymorphism were associated with lower and higher
plasma visfatin/INAMPT levels, respectively. Moreover,
the haplotype combining the ‘C, A’ alleles had higher fre-
quency and was associated with lower visfatin/NAMPT
levels in this subgroup of nonresponsive patients with
PE [9]. Visfatin was shown to stimulate NOS3 expression
and function in endothelial cells [69]. Conversely, visfatin
was shown to impair endothelium-dependent relaxation
through a mechanism involving NADPH oxidase stim-
ulation, and therefore arises as a potential player in the
development of endothelial dysfunction [70]. However,
further research regarding the interplay among visfa-
tin/NAMPT, endothelial dysfunction and the response
to antihypertensive therapy in PE is needed.

VEGEF is an angiogenic factor with an essential role
in placental vasculogenesis and angiogenesis. PE is asso-
ciated with higher sFlt-1 expression, which prevents the
interaction of VEGF with its receptors downregulating
its biological effects [24]. Notably, haplotypes formed
by the combination of the C-2578A (rs699947) and

Pharmacogenomics of pre-eclampsia

G-634C (rs2010963) polymorphisms in the VEGF
promoter region were associated with the susceptibil-
ity to PE but not to GH [71]. Currently, no antihyper-
tensive drug used during pregnancy involves a mecha-
nism of action targeting the VEGF biology. Notably,
no differences were found for the distribution of VEGF
genotypes or haplotypes between the subgroups of
patients with PE who were responsive or nonrespon-
sive to total antihypertensive therapy. These findings
suggest that the response to antihypertensive therapy
in PE is not modulated by VEGF polymorphisms [13].

Gene-drugs interactions, metalloproteinases &
their inhibitors

MMPs are a family of endopeptidases that degrade
the components of the extracellular matrix, which
may interact with vasoactive peptides and contribute
to the endothelial dysfunction in PE. Altered placental
expression of MMPs may cause shallow cytotropho-
blastic invasion and incomplete remodeling of the spiral
arteries. Specifically, MMP-9 and MMP-2 are involved
in remodeling of placental and uterine arteries (72].

MMP-9 activity is regulated at different levels,
including at transcriptional level by promoter poly-
morphisms which affect MMP-9 gene expression such
as the C-1562T (rs3918242) and the microsatellite
-90(CA),, ,, (rs2234681), as reviewed elsewhere [73].
MMP9 polymorphisms were associated with GH, but
not with PE [74]. The CT or TT genotypes for the
rs3918242 polymorphism and the MMP9 haplotype
combining the “T, H’ alleles were more frequent in
GH patients who were nonresponsive to methyldopa
or to total antihypertensive therapy. However, The
MMP9 haplotype combining the ‘C, H’ alleles was
more frequent in PE patients who were nonrespon-
sive to methyldopa or to the total antihypertensive
therapy, but not in GH patients [11]. These findings
suggest that MMP9 haplotypes affect the response to
antihypertensive therapy in GH and in PE.

MMP-9 activity is also regulated by its interaction
with tissue inhibitors of MMPs, including TIMP-1
and TIMP-3. Of note, TIMP-1 binds to MMP-9 with
high affinity (75]. We found increased plasma MMP-9
and TIMP-1 levels in GH patients and TIMP-1 levels
in PE patients, but no differences in MMP-9/TIMP-1
ratios in both groups [11. We examined the effect
of the 7IMPI rs2070584 T>G polymorphism on
TIMP-1 levels, and found that PE patients with the
TG genotype had higher TIMP-1 levels [10]. We also
examined the effects of 7IMPI and TIMP3 poly-
morphisms on response to antihypertensive therapy
in PE. The TIMP3 159619311 polymorphism had
no effects on response to antihypertensive therapy in
PE. Notably, the GG genotype and G allele of the
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TIMPI 1s2070584 polymorphism were associated
with PE and were more common in patients with
PE who were nonresponsive to total antihypertensive
therapy, which included methyldopa and nifedipine
and/or hydralazine [10]. These findings suggest that the
TIMPI rs2070584 polymorphism not only is associ-
ated with PE but also decreases the responses to total
antihypertensive therapy in PE [10].

Antihypertensive drugs including calcium chan-
nel blockers (like nifedipine) were shown to affect
circulating MMP levels in essential hypertensive
patients [76,77]. Plasma concentrations of MMP-2 and
MMP-9 were shown to be decreased in patients with
essential hypertension compared with normotensive
controls. MMP-9 concentrations, but not MMP-2,
were increased in hypertensive patients treated with
amlodipine for 6 months. In addition, MMP-2 level
was increased by treatment with felodipine, whereas
diltiazem had no effects on circulating MMPs [76,77].
In this context, we examined whether circulating
MMP-2 and MMP-9 levels were different between
patients with PE who were nonresponsive or responsive
to antihypertensive therapy. Lower plasma MMP-9
concentrations and MMP-9/TIMP-1 ratio (an index
of net MMP-9 activity) were shown in nonresponsive
compared with responsive patients, thus suggesting
that the most severe cases of the disease may have
undergone abnormal remodeling of placental and
uterine tissues [11]. Conversely, higher plasma MMP-2
concentrations and MMP-2/TIMP-2 ratio (an index
of net MMP-2 activity) were shown in nonrespon-
sive compared with responsive patients [12], thus sug-
gesting that antihypertensive drugs may ameliorate
pre-eclamptic symptoms by decreasing net MMP-2
activity.

MMP-2 activity is also regulated at transcriptional
level, and the polymorphisms C-1306T (rs243865)
and C-735T (rs2285053) affect MMP2 expression, as
reviewed elsewhere [78]. The genotypes and haplotypes
frequencies for these MMP2 polymorphisms did not
differ between the responsive and nonresponsive sub-
groups of patients with PE or GH, which suggest that
MMP2 polymorphisms do not affect the response to
antihypertensive therapy [12].

Gene-gene interactions & antihypertensive
response

Gene—gene interactions must also be taken into
account in pharmacogenomics research. Interest-
ingly, interactions among NAMPT, TIMPI and
MMP?2 genotypes were found to be associated with
PE and with responsiveness to total antihypertensive
therapy in PE (9. The GG genotype of the TIMPI
rs2070584 polymorphism was combined with the

AA or the AG genotype of the NAMPT rs3801266
polymorphism with higher frequency in the respon-
sive or in the nonresponsive subgroups of PE patients,
respectively. These combinations were significant
only when combined with the CC genotype of the
MMP2 rs2285053 polymorphism. These findings are
obscured when single MMP2 and NAMPT genotypes
alone are considered, and highlight the importance
of gene—gene interactions in the genetics [52] and
pharmacogenetics of PE [9.10]. These genotype combi-
nations within the NAMPT pathway were not associ-
ated with a single drug, but with the total antihyper-
tensive therapy, including methyldopa and nifedipine
and/or hydralazine. Noteworthy, gene—gene interac-
tions within the ACE inhibitor pathway, including
the PRKCA, NOS3 and BDKRB2 polymorphisms,
were shown to affect the antihypertensive response
to enalapril in hypertensive patients [79.80]. Further
research into the molecular mechanisms underlying
the interactions among NAMPT, TIMPI and MMP2,
and their relation with response to antihypertensive
therapy in PE is needed.

Novel approaches to pharmacogenomics
research in PE

In vitro model as an approach to search for
novel targets

Although a large subgroup of patients with PE is
nonresponsive to antihypertensive therapy [9-14], the
underlying mechanisms are unknown. These find-
ings suggest the need for the development of new
therapies, which may be guided by pharmacogenomics
approaches [56]. The endothelial dysfunction in PE
supports the rationale for iz vitro studies which have
examined the effects of incubation of plasma from
patients with PE and healthy pregnant women on
endothelial cells [81.82].

Takinga step further, we studied the effects of plasma
from nonresponsive and responsive patients with PE
on endothelial gene expression in human umbilical
vein endothelial cells (HUVECs) using PCR array [83].
We found differential gene expression in HUVECs
incubated with plasma from nonresponsive relative
to responsive patients, and used Ingenuity Pathway
Analysis to identify gene networks and interactions
among genes and antihypertensive drugs used in PE.
Interestingly, the genes found to be downregulated or
upregulated in HUVECs incubated with plasma from
nonresponsive patients in the PCR array were reported
as upregulated or downregulated by nifedipine and
hydralazine, respectively. For example, while MMP2
was found to be upregulated, hydralazine was shown to
decrease MMP2 expression [84]. Conversely, NOS3 was
found to be downregulated, and nifedipine was shown
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to increase PI3K/Akt pathway, NOS3 and soluble gua-
nylyl cyclase activities [ss5]. These findings suggest that
plasma from nonresponsive and responsive patients
with PE evoke different responses in HUVECs, and
support the incubation of plasma in HUVECs as a
model to study the effects of antihypertensive drugs on
gene expression.

We further explored the pathway analysis to search
for interactions among the genes and drugs of poten-
tial use for treatment of nonresponsive patients. We
found interactions among FGFRI and VEGFR2 and
sorafenib, regorafenib and pazopanib, which are inhib-
itors of FGFRI and VEGFR2 used for cancer therapy,
as these drugs inhibit the angiogenesis. While PE is
characterized by an antiangiogenic state, the use of
these drugs is thus not supported for antihypertensive
therapy in PE [83]. However, it is important to note that
pathway analysis is a powerful tool to explore poten-
tial novel targets in pharmacogenomics. For example,
a recent study using pathway analysis found networks
enriched for differentially expressed genes upon met-
formin treatment, the first-line therapy for Type 2 dia-
betes [86]. Several genes in the networks were not previ-
ously related to gluconeogenesis or metformin, further
implicating novel molecular pathways to metformin
hepatic response [86].

In summary, the incubation of plasma from non-
responsive patients in HUVECs might help in the
identification of novel targets for the antihypertensive
therapy in PE [83]. However, these preliminary findings
should be replicated. Further pathway analysis of gene
expression data might advance the pharmacogenomics
research in PE.

Pharmacogenomics of pre-eclampsia

Potential novel drugs for the treatment of
pre-eclampsia

Despite the burden of PE, the only definitive treatment
is delivery of the baby and placenta. The lack of effec-
tive pharmacological therapies may be attributable
to a partial understanding of its pathophysiological
mechanisms, an inability to predict women who will
develop PE, and a paucity of robust animal models
with which to test new treatments [87]. Further stud-
ies are needed to consolidate the genetic contribution
for the lack of response to current or future drugs
used in PE, and then pharmacogenomics will likely
be considered in treatment of PE. Current efforts in
identifying potential new therapeutic targets have been
reviewed elsewhere [87-90]. Next, we review examples of
drugs whose responsiveness may be affected by genetic
polymorphisms.

The potential use of PDE-5 inhibitors such as silde-
nafil and vardenafil in PE has been studied. These
drugs prolong the vasodilatory effects of NO on the
systemic vasculature by inhibiting the breakdown of
c¢GMP. Another possible advantage of PDE-5 inhibi-
tors is their vasodilatory actions in uterine-placental
vessels. In this context, sildenafil and vardenafil were
shown to improve endothelial dysfunction in myo-
metrial/umbilical arteries of pregnant with PE [91,92].
A randomized study with PE patients found that silde-
nafil administered in a slow-escalation dosing regi-
men did not prolong pregnancy, although there was
a trend for amelioration of blood pressure and fetal
growth [93]. These studies reported no maternal or fetal
adverse effects, and it seems that PDE-5 inhibitors are
safe during pregnancy. However, further studies are

Current antihypertensive treatment and perspectives

Methyldopa
Nifedipine

Hydralazine

Labetalol

Perspectives and approaches:

— Novel drugs and targets
— In vitro and in vivo studies
— Epigenetics and regulatory pathways

Criteria of responsiveness
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Individualized
Non-

therapy and
monitoring

U
D

Figure 1. A schematic workflow of current antihypertensive treatment and perpectives to guide further studies in

the pharmacogenetic in pre-eclampsia.
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warranted to confirm their indication and posology
for PE. Interestingly, genetic polymorphisms related to
the NO and ¢cGMP pathway were suggested to affect
the responsiveness to therapy with PDE-5 inhibitors
in erectile dysfunction (94). This pharmacogenetic
information would also need to be addressed for the
treatment of PE.

Statins are also considered of potential use for the
treatment of PE. A clinical study showed that pravas-
tatin (40 mg, daily) stabilized blood pressure, protein-
uria and circulating levels of sFle-1, sEng and ET-1 in
a cohort of preterm women with PE [95]. A recent trial
provided safety and pharmacokinetics data for admin-
istration of pravastatin (10 mg, daily) to women at high
risk for PE from 12 to 17 weeks of gestation until deliv-
ery. Notably, no identifiable safety risks were noted
and signs of possible efficacy were described, includ-
ing restored proangiogenic profile and lower rates of
PE and preterm delivery [96]. Although statins are
contraindicated due to the risk of fetal malformations,
especially in first trimester, hydrophilic statins were
not associated with such risk, and the administration
of pravastatin and rosuvastatin would be preferred dur-
ing pregnancy. Moreover, the quality of studies report-
ing congenital abnormalities attributable to statins has
been argued [97]. Interestingly, genetic polymorphisms
may also affect the responsiveness to treatment with
statins [98]. Hence, further studies are required to con-
firm the indication and dosage of statins for PE, and to
evaluate whether treatment can be optimized based on
the pharmacogenetic information.

Conclusion & future perspective

A few studies focused on pharmacogenetics in the
treatment of PE, which examined the distribution of
genetic polymorphisms with subgroups of patients
with PE who were responsive or nonresponsive to
antihypertensive therapy. The chosen polymorphisms
have been shown to modify the expression of candi-
date genes related to the pathophysiology of PE. Geno-
types, haplotypes and interactions of polymorphisms
were differently distributed between the responsive
and nonresponsive subgroups of patients with PE
(Table 1). Importantly, these association findings must
be replicated in different populations. Moreover, fur-
ther pharmacogenetic studies should be focused on
other candidate genes and gene—gene interactions
within pathways of relevance to the pathophysiology
of PE.

It is important to note the challenges on the defini-
tion of the criteria used to assess the responsiveness to
antihypertensive therapy in PE. The criteria we use in
the definition of responsive and nonresponsive groups
to antihypertensive therapy (Box 1) should be discussed

by other researchers, including its limitations and
application to different clinical scenarios and coun-
tries. For example, labetalol is not used for the treat-
ment of HDP in Brazil. Currently, it is not clear how to
precisely define the severity of HDP, and it is possible
that our criteria of responsiveness denote disease sever-
ity instead. Further studies are required to improve
our understanding of the HDP. However, some of the
parameters included in our criteria are in agreement
with the clinical criteria observed in a study regarding
the effects of less-tight versus tight control of hyper-
tension on pregnancy [99]. In this study, the pregnant
women in the less-tight control group were associated
with a significantly higher frequency of severe maternal
hypertension and target-organ lesions [99,100].

Nonresponsive patients with PE are associated with
the worst clinical parameters [9-14], and could benefit
from a more individualized treatment and monitoring,.
However, the antihypertensive drugs currently used
were not specifically developed for PE. Pharmaco-
genomics approaches may benefit nonresponsive
patients either by guiding individualized treatment
and/or the identification of novel drugs for treacment
of PE. Unfortunately, few research efforts have been
focused on this matter to date, and the collaboration
among research groups is required. Furthermore, the
translation of these findings into clinical applications
would be completely justifiable considering the poten-
tial reduction of both the maternal and fetal morbidity
and mortality.

In addition, although a large subgroup of patients
with PE is nonresponsive to antihypertensive ther-
apy [9-14], the underlying mechanisms are unknown.
Indeed, a small percentage of the genetic variability
associated with response to antihypertensive drugs has
been explained. Further studies on epigenetics and reg-
ulatory pathways related to the response to antihyper-
tensive drugs might help to identify novel targets for
antihypertensive therapy [101], including in PE. These
findings suggest the need for the development of new
therapies, which may be guided by pharmacogenomic
approaches. For example, the incubation of plasma
from pregnant women with PE in HUVECs may be an
efficient model to study the effects of antihypertensive
drugs on gene expression [83], and additional path-
way analysis might advance the pharmacogenomics
research in PE.

The perspectives that may guide the individualized
therapy and the identification of novel drugs and tar-
gets for treatment of PE are shown in Figure 1. Poten-
tial therapies are currently being studied which might
represent a significant positive impact on maternal and
neonatal health. However, it is vital that basic research
continues to identify potential mechanisms and tar-
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gets, and that any potential therapy is thoroughly
tested before progression to clinical trial (87). We expect
an increase in the number of pharmacogenetic stud-
ies in the treatment of PE within the next years. The
increasing knowledge of the pathophysiology of PE
might shed light on novel candidate genes and path-

Pharmacogenomics of pre-eclampsia

ways, which may help in the pharmacogenetics in the
treatment of PE.
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Executive summary

e Pre-eclampsia (PE) is a major cause of maternal and perinatal morbidity and mortality, defined as
pregnancy-induced hypertension and proteinuria.

e Antihypertensive therapy allows the prolongation of gestation, thereby decreasing fetal and maternal adverse
outcomes. However, a large subgroup of pregnant women with PE is nonresponsive to antihypertensive therapy.

Pathophysiology of PE

¢ Although the exact mechanisms remain unclear, placental ischemia/hypoxia is implicated as a pivotal causative
factor in the pathophysiology of PE.

e MMPs, nitric oxide bioavailability, oxidative stress and inflammation are mechanisms related to hypertension
during pregnancy.

Genetics of PE

e Candidate gene studies are limited by the incomplete understanding of the pathophysiology of PE.

e Further gene—gene interaction and epigenetic studies may help to identify potential pharmacogenomic
biomarkers.

Pharmacogenetics of PE

e A few studies examined the effects of genetic polymorphisms on response to total antihypertensive therapy in PE,
including methyldopa and nifedipine and/or hydralazine, and considered responsive or nonresponsive patients.

Gene-drugs interactions impacting the endothelial function pathway

e NOS3 haplotypes with the "C, Glu, a” and ‘T, Asp, a” alleles of the T-786C (rs2070744), Glu298Asp (rs1799983), and
27 bp VNTR a/b polymorphisms were associated with response or lack of response in PE patients, respectively.

e NAMPT genotypes of the rs1319501 T>C and rs3801266 A>G polymorphisms affect visfatin/NAMPT levels in
nonresponsive PE patients. The "'C, A" haplotype was associated with lower visfatin/NAMPT levels and with lack
of response in PE patients.

e VEGF polymorphisms did not affect response to antihypertensive therapy in PE patients.

Gene-drugs interactions, matrix metalloproteinases & their inhibitors

* MMP9 haplotypes with the 'C, H and 'T, H" alleles of the C-1562T (rs3918242) and -90(CA),, ,, (rs2234681)
polymorphisms were associated with lack of response in PE and gestational hypertension patients, respectively.

e MMP2 polymorphisms did not affect response to antihypertensive therapy in PE or gestational hypertension
patients.

* The GG genotype and G allele of the TIMP1 rs2070584 T>G polymorphism were associated with PE and with
lack of response in PE patients.

Gene-gene interactions & antihypertensive response

e Interactions among NAMPT, TIMP1 and MMP2 were associated with PE and with lack of response to total
antihypertensive therapy in PE patients.

Novel approaches to pharmacogenomics research in PE

In vitro model as an approach to search for novel targets

¢ The incubation of plasma from nonresponsive and responsive patients with PE evokes different responses in
human umbilical vein endothelial cells.

e This model may enable the study of the effects of antihypertensive drugs on gene expression and the
identification of novel targets for PE therapy.

Potential novel drugs for the treatment of PE

e The potential use of phosphodiesterase-5 inhibitors, such as sildenafil and vardenafil, and statins are considered
for the treatment of PE. However, further studies are warranted to confirm their indication and dosage for PE.

Conclusion & future perspective

e These association findings must be replicated in different populations. Further pharmacogenetic studies should
focus on other candidate genes and gene—gene interactions within pathways relevant to PE pathophysiology.

e The criteria of responsiveness to antihypertensive therapy in PE should be replicated by other researchers,
including its limitations and application to different clinical scenarios and countries.

e Pharmacogenomics approaches may help the identification of novel targets and drugs, which may guide the
individualized therapy of PE.
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