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Abstract

Endothelins are 21-amino acid peptides involved in vascular homeostasis. Three types of peptide
have been identified, with endothelin-1 (ET-1) being the most potent vasoconstrictor currently
known. Two endothelin receptor sub-types are found in various tissues, including the brain, heart,
blood vessel, lung, and placenta. The ET 5-receptor is associated with vasoconstriction in vascular
smooth muscle. Conversely, the ETg-receptor can elicit a vasoconstrictor effect in vascular
smooth muscle and a vasodilator effect via its action in endothelial cells. Both receptors play a key
role in maintaining circulatory homeostasis and vascular function. Changes in ET-1 expression are
found in various disease states, and overexpression of ET-1 is observed in hypertension and
preeclampsia in pregnancy. Placental localization of ET-1 implies a key role in regulating the
uteroplacental circulation. Additionally, ET-1 is important in the fetal circulation and is involved
in the pulmonary circulation and closure of the ductus arteriosus after birth, as well as fetal growth
constriction in utero. ET receptor antagonists and nitric oxide donors may provide therapeutic
potential in treating conditions associated with overexpression of ET and hypertension.
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1. ENDOTHELINS AND ENDOTHELIN RECEPTORS

Endothelin (ET) is a 21-amino acid peptide involved in regulating vascular homeostasis. The
endothelium-derived peptide was originally isolated from porcine aortic endothelial cells in
1988 [1]. This original peptide was identified as endothelin-1 with the subsequent
discoveries of two other isoforms, endothelin-2 (ET-2) and endothelin-3 (ET-3) [2].
Endothelin-1 (ET-1) is currently the most potent vasoconstrictor known [1, 3, 4] and is
mainly secreted from vascular endothelial cells [5]. The ET-2 peptide differs from ET-1 by
two amino acids whereas the ET-3 peptide differs by six amino acids [6].

As shown in (Fig. 1), the endothelin synthesis pathway begins with the transcription of pre-
proendothelin mMRNA that is then translated into pre-proendothelin, a 212-residue peptide [5,
7]. A short secretory sequence is cleaved before furin-like proteases process the prepro-ET
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into the 38 to 39-residue peptide, big-endothelin [5, 7]. A number of endothelin converting
enzyme isoforms (ECE-1, ECE-2, ECE-3) cleave the big-ET into the functional 21-residue
peptide, endothelin [5, 7, 8]. ECE-1 is mainly found in endothelial cells and ECE-2 is often
found in neurons. These two converting enzymes have a higher affinity for big ET-1 versus
big ET-2 or big ET-3 [6]. In addition to ECE, it has been shown that chymase and neprilysin
can convert big-ET-1 into its active form ET-1 [9]. Furthermore, matrix metallo-
proteinase-2 (MMP-2, gelatinase A) can also convert human big ET-1 (1-38) to ET-1 (1-
32), which preferentially acts on ETgR [10, 11].

The ET peptides are strong vasoactive substances that can bind one of two types of G-
protein coupled receptors, the ET - or ETg-receptor. The ET a-receptor (ETR) is found in
vascular smooth muscle [12] and therefore is associated with the vasoconstrictor effects of
ET. It has the highest binding affinity for ET-1 followed by ET-2 and then ET-3 [4, 13-15].
All three isoforms have equal binding affinity for the ETg-receptor (ETgR), which is
involved in both vasoconstriction and vasodilatation effects [4, 13-16]. Due to the ETgR’s
involvement in constriction and dilatation, it has been categorized into two subtypes, ETgl
and ETg2 [6, 17]. The ETg1 subtype is mainly found in endothelial cells [15] regulating the
vasodilator effect and ETg2 is found predominantly in vascular smooth muscle cells [14]
exerting vasoconstrictor effects along with ETaR. The ETgR is also involved in the
clearance of endothelins from tissues [18].

ET signaling acts via autocrine and paracrine secretion as opposed to acting as an endocrine
hormone [5, 19, 20]. It has been well established that ET acts as an autacoid [18]. The
endothelial cell is the main site of ET-1 production [2]. ET-2 is secreted in endothelial cells,
heart and kidney [5], while ET-3 is not produced in endothelial cells [21] but rather in the
endocrine, gastrointestinal, and central nervous systems [5]. Endothelin is important in
normal physiological processes, especially during growth and development. The general
effect of ET is an increase in both blood pressure and vascular tone [5, 22], as well as
reducing cardiac output and heart rate [22]. The most potent vasoconstrictor, ET-1, has been
implicated in various diseases such as asthma, essential and pulmonary hypertension,
cardiac failure and uterine dysfunction. ET-1 can act as a growth factor and play a key role
in tissue development and differentiation and induce proliferation and vascular smooth
muscle cell growth [23]. An upregulation of ET-1 [24, 25] and ET AR and a downregulation
of ETgR were observed in the myocardium of human end-stage heart failure patients [25].
There are many stimuli for the secretion of ET-1 including: vasoactive hormones, growth
factors, hypoxia, shear stress, ischemia, lipoproteins, free radicals, endotoxin and
cyclosporine [8]. Endothelium-derived NO, vasodilators, natriuretic peptides, heparin and
prostaglandins, can inhibit ET-1 production [5].

2. ROLE OF ET IN THE UTEROPLACENTAL CIRCULATION

2.1. Placental Localization of ET

ET-1-like immunoreactivity is localized in human placentas. It has been observed that ET is
involved in constricting fetoplacental vessels and is distributed throughout the vascular
endothelium of the placenta. Additionally, the ETgR is highly localized in placental tissues
[18].

ET-1-like immunoreactivity was found in endothelial cells lining small to medium sized
arteries and veins of the placenta as well as the capillaries. Focal staining was also observed
in the medium and large arteries and veins. Altogether, this study suggests that
overexpression of ET-1 may be involved in diseases associated with excessive constriction
of fetoplacental vessels [18]. Barros et al. compared ET-1 expression localization in the
human placenta of both normal and preeclamptic pregnancies [26]. ET-1 localization was
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identified in the endothelium of the blood vessels. The seventh week of gestation was the
earliest stage that ET-1 expression was observed. Within the normal placenta group, there
was no obvious difference in ET-1 expression between the 7" and 2219 week of gestation.
ET-1 immunoreactivity was found in normal placental villi from all gestational ages studied,
including: 7, 9, 12, 16, 19, 22, 29 to 36, and 38 to 40 weeks. There was intense distribution
of ET-1 in the syncytiotrophoblast layer of the chorionic villi for all gestational ages. During
the first and second trimester placentas, ET was also localized in the cytotrophoblasts. The
extravillous cytotrophoblasts (EVT) in second and third trimester as well as term placentas
stained positive with variable intensity of ET-1 expression [26].

Trophaoblasts are essential in the normal development of the placenta providing adequate
nutrients to the fetus. The process of trophoblast invasion is a key step in the implantation
and formation of the placenta. It has been suggested that trophoblasts may serve as an
extravascular source for growth factors necessary for cell proliferation and differentiation
within the placenta [26]. ET-1 binding sites and immunoreactivity were observed in cultured
trophoblasts. After five days of culture, the trophoblasts mostly differentiated into
syncytiotrophoblasts with high amounts of ET-1 and ET-2 [27]. Thus ET localization to
these cells may indicate the importance of the potent vasoactive agents in placental
involvement.

It has been shown that amniotic cells secrete ET leading to high levels of this peptide in the
amniotic fluid [28, 29]. However there are no ET-receptors present in amniotic cells [30].
Both ETAR and ETgR have been observed in the placenta to regulate constriction of
placental arteries [31], and also present in the chorion laeve and decidua vera at high
concentrations [30], suggesting that the amnion may secrete the ET which then acts on the
receptors found in the chorion laeve and decidua vera to induce its effects. Production of
ET-1 in the placenta supports the mechanism of both autocrine and paracrine secretion.
Within the placental villi, the endothelium and muscle cells are closely associated implying
a paracrine mode of secretion [27]. The presence of receptors on endothelial cells that
secrete ET themselves indicates autocrine function.

ECE-1, the enzyme that converts ET-1 into its active form, has been localized to specific
areas of the placenta corresponding with ET-1 distribution. The five cell populations with
ECE-1 localization include: (1) endothelial cells lining the maternal basal plate blood
vessels, (2) intermediate trophoblasts, (3) endothelial cells lining the chorionic villous blood
vessels, (4) chorionic villous stromal cells, and (5) chorionic villous trophoblasts [32].

2.2. ET and Preeclampsia

Changes in ET expression levels have been seen in many disease states [5, 33, 34].
Endothelin is found in increased levels during hypertension [35] as well as in preeclampsia
[36-38]. Pregnancy-induced hypertension after mid-gestation is known as preeclampsia
(PE). This condition is characterized by increased blood pressure, a systolic blood pressure
over 140 mmHg or a diastolic blood pressure over 90 mmHg. Additionally, proteinuria is a
key characteristic at more than 300 mg per 24-hour [39]. The cause of this disease is most
likely due to an imbalance of vasoactive agents, thus supporting its vascular nature [40]. The
potent vasoconstrictor, ET-1, appears to be key in the disruption of vascular homeostasis
during PE.

There are two stages of preeclampsia. In the first, the vascular remodeling is disrupted
leading to placental hypoxia, which then allows for the release of various factors [41, 42].
The release of factors leads to an imbalance in which vasoconstrictors, such as ET, are
favored [41], resulting in vessel constriction. The symptomatic phase is the second stage
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[42] where the release of these vasoactive factors during the first stage causes maternal
endothelial dysfunction to occur [41, 42].

Trophaoblasts invade the vessels via the endothelial lining therefore causing vascular
remodeling in the placenta. Normally under these conditions, the low-capacitance and high-
resistance vessels convert into high-capacitance and low-resistance vessels. This remodeling
is key to facilitate adequate blood flow through the placenta to the fetus [42]. Oxygen
tension is a key element in the regulation of cytotrophoblast differentiation. When the cells
are in hypoxic conditions, they are only able to carry out the first phase of normal
differentiation. A lack of trophoblast invasion can lead to shallow placentation and potential
diseases, such as preeclampsia [43]. In preeclampsia, the vascular remodeling is greatly
disrupted. The spiral arteries do not undergo this conversion and remain at the low-
capacitance, high-resistance state thus leading to insufficient blood flow to the placenta and
consequently the fetus [42, 44].

Increased levels of the anti-angiogenic proteins soluble fms-like tyrosine kinase-1 (sFlt-1)
and soluble endoglin (sEng) have been associated with preeclampsia [45, 46] as well as with
increased circulating levels of ET-1 [45]. Preeclampsia is also associated with high levels of
sE-selection and sVCAM-1 (soluble vascular cell adhesion molecule 1) in maternal
circulation, and has been correlated with low NO synthesis in fetal endothelium [47].
Altered levels of angiogenic factors associated with preeclampsia may disrupt fetal vascular
development and function.

Preeclamptic women are at an increased risk for developing cardiovascular (CV) disease
later in life [48-50]. Women with preeclamptic pregnancies were found years later to have
increased blood pressure compared to women who had a normotensive pregnancy [51] as
well as a higher risk for ischemic heart disease [52]. There is also evidence to support the
idea that the infants of preeclamptic women have a greater risk for preeclampsia [53, 54] as
well as CV disease later in life [41]. Fetal undernutrition can result from poor blood flow
caused by the disruption of vascular remodeling and the malformation of blood vessels. Poor
nutrition in the mother can lead to an increased risk of CV disease in offspring [41, 55].
David Barker has established the idea of developmental programming of CV disease in
which the development of the fetus and intrauterine environment are key participants in the
risk factor of developing CV disease during adult life [56]. Therefore poor fetal
development due to preeclampsia may influence the newborn’s predisposition to adult-onset
CV disease.

In severe preeclamptic placentas with preterm pregnancies, the ET-1 expression was weak
or nonexistent in syncytiotrophoblasts and endothelial cells of the blood vessels. However in
less severe PE, many placentas had positive staining similar to that of normal pregnancies.
The binding of ET-1 to the placenta was lower in PE, most likely due to fewer receptors. In
PE, the binding of ET-1 to trophoblast membranes was higher in preterm pregnancies
compared to normal pregnancies [26]. The expression was sparse in the syncytiotrophoblasts
between the 29t and 32" weeks of gestation however it became more variable at the 33"
week of gestation. Syncytiotrophoblasts stained positive during the 35" and 36™ week of
gestation. The fetal vessels found in the placental villi were more intensely stained for ET-1.
The EVT demonstrated strong ET-1 staining in preeclamptic placentas during all gestational
ages. However there was no clear difference between normal and preeclamptic placentas in
regards to ET-1 expression in the EVT [26]. Overall, the staining pattern differences
between the placentas from normal and preeclamptic patients were consistent between 29 to
32 weeks and 33 to 36 weeks [26].
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Several studies have shown increased ET-1 expression levels in preeclamptic women [40,
57-59]. ET-1 concentration in amniotic fluid of women who later developed PE was seen as
significantly increased compared to that of controls [60]. One study showed that the addition
of exogenous ET-1 to both normotensive and preeclamptic trophoblasts lead to an
upregulation of ET-1 mRNA [40]. The same study showed decreased expression of
inducible nitric oxide synthase (iNOS) and increased expression of endothelial NOS (eNOS)
in preeclamptic trophoblasts. This indicates that ET-1 may cause increased expression of
itself as well as altering expression levels of the NOS isoforms in the trophoblasts for both
preeclamptic and normal cells [40]. Preeclamptic patients had significantly increased ET-1
expression in the amnion, chorion laeve, placental plate chorion and fetal placenta compared
to normotensive placentas [61]. This is contrary to another study that showed no significant
difference in ET-1 concentrations between preeclamptic and normotensive placentas [62].
The high expression levels of ET-1 in preeclamptic women can be potentially due to an
upregulation in ECE activity [63]. ECE cleaves big ET into the mature and active ET form,
which can exert its vasoactive effects via the ET-receptors.

Hypoxia is a strong inducer of ET expression via hypoxia-inducible factor 1-alpha (HIF-1c)
[64]. HIF-1a is expressed in a low-oxygen environment such as the placenta. This factor is
key in placental development and has been seen to be upregulated in preeclamptic placentas
[65, 66]. Abnormal trophoblast invasion and uterine spiral artery remodeling result in high
levels of HIF-1a. This increased expression arrests differentiation of the trophoblasts,
causing them to remain in an immature state [67]. Studies in pregnant mice suggest that
increased HIF-1a expression induces preeclampsia as well as intrauterine growth restriction
[68]. Thus hypoxia and its relatedness to ET expression may be indicative of poor
uteroplacental circulation and vascular function leading to the disease.

3. ROLE OF ET IN THE FETAL CIRCULATION

3.1. ET and Pulmonary Circulation

In the fetus, the pulmonary artery demonstrated greater pressure than the systemic artery
[69]. Fetal pulmonary vascular resistance is higher than that of newborn and adult [70, 71].
In a concentration-dependent manner, fetal pulmonary resistance arteries and veins are
constricted by ET-1 [72]. Together these findings indicate that greater vasoconstriction
occurs in the pulmonary circulation than the systemic circulation leading to the observed
increased pressure in the pulmonary system in the fetus.

The lung development occurs in five stages characterized by histological differences. These
stages include embryonic (1-7 weeks of gestation), pseudoglandular (7-17 weeks of
gestation), canalicular (17-27 weeks of gestation), saccular (28—-36 weeks of gestation), and
alveolar (36 week of gestation until term) [73]. In a study by Levy et al., ET-1 expression in
the human lung is higher in the saccular and alveolar stages compared to the canalicular
stage. The expression of the ET-receptors in the lung was also analyzed showing a constant
strong expression of the ET o-receptor throughout gestation. However the ETg-receptor was
expressed weakly in the canalicular stage but the expression was increased greatly during
the saccular and alveolar stages [74].

ET-1 plays a key role in maintaining high basal pulmonary vascular resistance by acting
mainly on ETaR in both pulmonary arteries and veins in the fetus [75-78]. Fetal pulmonary
endothelial cells express ECE-1 that produces the majority of ET-1 in fetal lungs. The
expression of ECE-1 is developmentally regulated and falls just prior to birth, resulting in a
fall in ET-1 in fetal pulmonary vasculature [79]. It appears that the greater activity of ETAR
that mediates vasoconstriction than that of ETgR that induces vasodilatation in fetal
pulmonary vasculature favors vasoconstriction in normal fetal lungs [75, 76]. The
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expression of ETgR in pulmonary endothelial cells increases at the end of gestation and after
birth, which, combined with the decreased ET-1 expression just prior to birth may play an
important role in perinatal pulmonary vasodilatation [76, 79, 80]. Thus, the abnormal
increase in pulmonary ET-1 concentrations, progressive ET oR-mediated vasoconstriction,
and the loss of ETgR-mediated vasodilatation may contribute to the pathophysiology of
persistent pulmonary hypertension in the newborn [16, 70, 77, 81-83].

3.2. ET and Ductus Arteriosus

The ductus arteriosus (DA) of the fetus is a muscular artery consisting of vascular smooth
muscle cell layers with elastin separating them [84]. The DA is a shunt from the pulmonary
artery to the aortic arch. It plays an important functional role in the fetus by shunting the
blood away from the lungs and directly to the aortic arch to be distributed throughout the
body. Since the blood is coming across the placenta from the mother where it has been
oxygenated, the majority of the blood travels through the DA and thus bypasses the lungs.
This also prevents the heart and lungs from having to perform unnecessary work.

At birth, the lungs take on the role of oxygenating the blood; at this point the DA is no
longer necessary and begins to close. The changes involved in birth, mainly the lungs’
exposure to air, are necessary for the remodeling and closure of the DA [84]. There are two
stages of the postnatal closure. The first stage occurs within a few hours after birth and is
instigated by smooth muscle contraction in the DA. The second stage of DA closure is more
permanent, characterized by intimal thickening and loss of smooth muscle cells, which can
occur within several days to weeks depending on the species [85, 86].

Blood oxygen tension increases at the onset of respiration to facilitate DA closure [85]. The
role of vascular smooth muscle cells (VSMCs) in regulating the closure of the DA is
essential. The VSMCs begin contracting with the increase in oxygen tension [84]. A major
regulating factor in the closure of the DA involves the decrease in the levels of prostaglandin
E, (PGE)) [87], the most potent vasodilator in the DA [88]. The VSMCs sense the change in
oxygen as well as the change in PGE; levels, causing the DA to close off [87].

In the lamb fetus, ET-1’s ability to constrict the DA progressively increases throughout
gestation [89]. Ductal smooth muscle development may be regulated by ET-1 [87]. The
active ET-1 peptide can bind ET a-receptors in VSMCs of the DA to induce vasoconstriction
[87, 89, 90]. ET a-receptors have been suggested to regulate the postnatal DA closure of rats
since rats with defects in the ET ao-receptors suffered from suffocation and death [91].
Although several studies have demonstrated that ET-1 is the key vasoconstrictor
involvement in the contractile response of the DA to oxygen [92-95], it has also been
reported that ET-1 is not necessarily responsible for the closure of the DA. Thus,
pharmacological blockade or knockout of ET AR did not prevent postnatal DA closure [92,
96].

Patency of the DA, in which the shunt does not fully close, is seen in many pre-term and
term infants. Both the closure and the patency of the DA are regulated by vasoactive factors.
Vasoconstrictors are mainly responsible for the closure while vasodilators maintain patency.
The mechanism in which DA constriction occurs in the fetus is not fully known however the
mechanism of vasodilatation has been better identified. In the pre-term infant, the capacity
to respond to PGE», remains in addition to an increased production of nitric oxide (NO). The
contribution of these two vasodilators allows the DA to remain open after birth [86].
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4. ROLE OF ET IN FETAL GROWTH RESTRICTION

Restriction of fetal nutrient supply can result in insufficient growth. The placenta is
imperative in the transfer of blood, oxygen, and other necessary nutrients from the mother to
the fetus. Therefore placental formation is essential for adequate fetal development.

Intrauterine growth restriction (IUGR) is characterized by low birth weight, below the 10t
percentile [97]. However there is a distinction between those with growth restriction and
those who are simply small-for-gestational age but not actually growth restricted. IUGR is
often associated with preeclampsia, occurring in about 25% of PE cases [98]. Endothelial
dysfunction and abnormal placentation are characteristics common to both PE and IUGR
[99]. While some preeclamptic women give birth to infants with low birth weights, others do
not have this problem, indicating an independent effect of fetal growth restriction in
preeclampsia [60]. The foremost idea surrounding the development of PE and IUGR is
resultant placental ischemia due to defects in spiral artery remodeling and trophoblast
invasion [100].

It has been shown that severe IUGR resulted in rats exposed to chronic hypoxia compared to
rats in normoxic conditions [101]. The rats with IUGR had both lower fetal weights as well
as lower placental weights by 20% and 11% respectively, compared to controls [101].
HIF-1a is suggested to induce IUGR when overexpressed in pregnant mice. Both fetal and
maternal blood vessels were abnormally constricted in pregnant mice with HIF-1a
overexpression [68], suggesting that upregulation of HIF-1a restricts adequate blood flow to
the fetus leading to poor development. However there was no observation of abnormal
trophoblast invasion in HIF-1a overexpression pregnant mice, which is a characteristic of
preeclampsia [68].

Plasma levels of ET-1 in both the mother and fetus are significantly increased in patients
with [IUGR. Additionally, ET-1 levels are higher in pregnancies with both IUGR and PE
versus those without PE as well as normal controls. A negative correlation between plasma
ET-1 levels and birth weight has been established in IUGR patients with and without PE
[102]. A major stimulus of ET-1 expression is hypoxia. Chronic hypoxia is shown to
upregulate ET-1 circulating levels in rats [103]. Thus ET-1 may play a role in hypoxia-
induced IUGR. The increased vasoconstriction of the placenta restricts blood supply to the
fetus leading to growth restriction. ET-1 is involved in uteroplacental blood supply
regulation under pathological conditions by inhibition of NOS [104]. Activation of NOS
leads to the formation of nitric oxide (NO), a vasodilator substance that counteracts the
vasoconstrictor effects of ET-1. NOS is critical in the placenta in order to maintain sufficient
perfusion to the fetus. Fetal growth restriction in the rat can result from chronic NOS
inhibition [104]. Increased levels of ET-1 are found when NOS is inhibited, leading to
hypertension during pregnancy and poor perfusion of the uteroplacental bed [104]. In
placentas with fetal growth restriction, there was found to be a decrease in iNOS in
syncytiotrophoblasts compared to controls. However, iNOS staining was increased in
endothelial cells of growth-restricted placentas. These results suggest that differential local
production of iINOS may be greatly involved in the fetal-placental communication [105].

Abnormal ET-1 levels found in IUGR fetuses may adversely affect the heart development.
ET-1 expresses in the fetal heart and plays an important role in regulating cardiomyocyte
differentiation during the heart development [106-110]. ECE-1 knockout mice show defects
in the developing heart. While ECE-2 null mice develop normally, ECE-1(-/-) and
ECE-2(—/-) double null mice exhibit abnormal atrioventricular valve formation that is not
seen in ECE-1 single knockout fetuses [110]. Several studies have demonstrated that ET-1
induces hypertrophy of cardiomyocytes [111-115] and promotes cardiac fibrosis [116-118].
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ET-1-induced cardiomyocyte hypertrophy is mainly mediated by activating ET AR and by
promoting overexpression of VEGF. While both ET-1 and ET-3 can induce the synthesis of
type I and 111 collagens in the heart via the activation of both ETAR and ETgR, ET-1, but
not ET-3, may reduce collagenase activity mainly through ETAR. In a rat model of IUGR
induced by maternal hypoxia, the fetal heart was found to have decreased cardiomyocyte
proliferation and increased transition of mononucleated cells to binucleated cells with larger
cell sizes [119, 120]. In rat heart development, the transition of proliferative and hyperplasic
growth of mononucleated cells to hypertrophic growth of binucleated cells and terminal
differentiation of cardiomyocytes take place within the first two weeks after birth [121]. The
premature exit of the cell cycle with a larger number of terminally differentiated
cardiomyocytes in the fetal heart and early morphologic indication of cardiomyocyte
hypertrophy found in JUGR fetuses resulted in fewer but larger cardiomyocytes in offspring
[122, 123]. Additionally, the IUGR fetal heart showed abnormal expression patterns of
MMPs and an increase in collagen deposition [119]. The functional impact of these changes
has been demonstrated in the adult heart in which a sustained reduction of MMP-2 and
enhanced collagen accumulation were found along with left ventricular hypertrophy and
stiffening, diastolic dysfunction, and increased ischemic injury [122-127]. Whether and to
what extent the increased ET-1 in IUGR fetuses contribute to the premature transition of
proliferative mononucleated cells to terminally differentiated binucleated cells and
programming of increased risk of cardiac fibrosis present intriguing questions that warrant
further investigation.

5. THERAPEUTIC POTENTIAL OF ET RECEPTOR INHIBITORS

Numerous studies have shown that ET receptor antagonists [37, 128] and nitric oxide [33,
129] can inhibit vasoconstriction induced by high levels of ET expression. It has been
suggested that ECE-1 may be a useful target for treating hypertensive diseases due to its key
role in converting ET-1 into its active form [32, 130]. In spontaneously hypertensive rats
that underwent treatment with BQ123, an ET AR antagonist, or BQ788, an ETgR antagonist,
VSMC proliferation was attenuated [131]. BQ123 inhibited an increase in intracellular
calcium concentration due to high levels of ET-1. The ET R antagonist in combination with
BQ788 was even more efficient in inhibiting intracellular calcium increase due to ET-1
[132]. Nitric oxide can inhibit endothelial ET-1 expression and inhibition of nitric oxide
synthesis lead to increased expression of ET-1 [133]. ET antagonists may be beneficial in
treating cardiac and vascular diseases that involve vasoconstriction and hypertension [5,
131, 134].

5.1. Preeclampsia

The pathophysiology of preeclampsia appears to have a common pathway in which
endothelin is involved [135]. This indicates that ET antagonism may have potential in
treating preeclampsia [135-137]. Experimentally, hypertension during pregnancy has been
reduced using ET antagonists, mainly ET 5 receptor antagonists. The ETaR acted on by
ET-1 seems clearly involved in preeclampsia [138] due to its induction of vasoconstriction.
However, complete knockout of the ET p receptor in mice leads to cranial and cardiac
defects. Blocking the receptor showed windows before and after mid-gestation in which
similar birth defects were observed [139]. Therefore use of ET AR antagonists as treatment
for preeclampsia may be harmful to the developing fetus.

However, ET-1 plasma levels are typically highest during the late stage of preeclampsia,
thus not necessarily involved in its initiation but rather its progression [140]. As of yet,
ETaR antagonists have not been administered in late gestation to determine their efficacy.
More severe forms of PE may have potential to be treated via an ET a receptor antagonist,
especially during late gestation [42]. In a rat model of preeclampsia, induced by reduction in
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uterine placental pressure (RUPP), the values for uterine artery resistive index (UARI) and
the mean arterial pressure (MAP) were increased compared to controls. However when the
RUPP dams were pretreated with an ET AR antagonist both the MAP and UARI values were
attenuated, with no significant effect on the normal rats’ blood pressure [141]. Angiotensin
receptor-activating autoantibodies (AT1-AAs) are present in preeclamptic women where
they can bind and activate AT, receptors [142, 143]. High levels of AT1-AA lead to
activation of the ET system in preeclamptic women. This hypertension was attenuated by
administration of ET oR antagonists [144, 145]. Hypoxia is a stimulus for ET production
thus there is a higher incidence of preeclampsia in high altitude. Treatment by moving to a
lower altitude, promoting vasodilators, or using ET antagonists may be beneficial for high
altitude preeclampsia [146].

In preeclamptic women, the use of isosorbide dinitrate (ISDN) improved both maternal
blood circulation and fetoplacental circulation. ISDN is a nitrate that donates NO and thus
acts as a relaxant by causing vasodilatation [147]. Both ET-receptor antagonists and NO
donors may provide therapeutic potential in the treatment of preeclampsia.

5.2. Pulmonary Arterial Hypertension (PAH)

PAH is a serious and fatal condition in which ET-receptor antagonists have been examined
for treatment efficacy. Bosentan is a dual ET-receptor antagonist that is currently used to
treat PAH patients who are class 111 or IV [148]. This drug is a sulfonamide-based
competitive drug for both ET 5 and ETg receptors, with a slightly higher affinity for the ETp
receptor over the ETg receptor [149]. Treatment of rats with PAH using vasoactive intestinal
peptide (VIP) almost completely prevented PAH pathology. More so, the combination
treatment of VIP with bosentan entirely reversed the PAH pathology in these rats [150].
Hepatocellular injury is the major toxicity associated with bosentan treatment [151, 152].

Sitaxsentan, also a sulfonamide drug, is a selective ET 5 receptor antagonist that is currently
only available in EU and Canada and is used for the treatment of WHO class 111 PAH [153].
Ambrisentan is the second ET receptor antagonist that is FDA-approved to treat PAH
patients who are WHO class 11 or I11. Patients who have failed the treatment with bosentan
or sitaxsentan due to liver problems have been better able to tolerate ambrisentan [153, 154].
This propionic acid-based drug has high specificity for the ET 5 receptor over the ETg
receptor. Efficacy of ambrisentan was seen in the form of increased exercise capacity and
delay of clinical worsening of PAH [153]. Eisenmenger syndrome (ES), known for its
association with congenital heart disease, is the most severe form of PAH. Studies using
either the dual-receptor antagonist bosentan or the ET pR antagonist sitaxsentan have shown
improvement in treating ES [155]. In ES patients with congenital heart defects who were
treated with ETR antagonists, improvement in 6-minute walk distance, oxygen saturation,
and pulmonary artery pressures was observed [156]. Macitentan, is a dual ETR antagonist
that is currently undergoing clinical trials. It is designed to target tissues with overexpression
of ET receptors and antagonize the binding of ET-1. More data on macitentan must be
collected to determine its efficacy in treating pulmonary hypertension [157-159].

It is still unclear at this point as to whether selective or nonselective ET receptor antagonists
are more effective in treating PAH. As of current, both selective and nonselective
antagonists show efficacy in the PAH treatment by reducing pulmonary artery pressure [4,
160]. Therefore combination treatment appears to be a logical next step for reducing this
hypertension.
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5.3. Ductus Arteriosus

The NSAID (non-steroidal anti-inflammatory drug), indomethacin, has strong tocolytic
properties and inhibits the production of prostaglandins, a key vasodilator. Ibuprofen is a
second NSAID used for DA closure with a similar efficacy rate to that of indomethacin
[161, 162]. The use of indomethacin suppresses vasodilatation and thus leads to the closure
of the fetal DA prematurely while still in utero. ET 5 receptor antagonists have been tested in
pregnant rats with indomethacin administration to prevent premature closure of the DA in
utero. The results showed that DA closure was prevented with co-administration of the
ET AR antagonist. This suggests the potential for the treatment with ET 5 receptor
antagonists to keep the fetal DA open during the administration of tocolysis-causing
NSAIDs [91]. Both prostaglandins and NO are involved in patency of the DA in pre-term
newborns. Treatment using a NOS-inhibitor and indomethacin facilitates DA closure more
effectively than indomethacin alone, suggesting that combined NO inhibition may provide a
better therapeutic treatment of DA patency in premature newborns [163]. DA contraction
was attenuated by treatment with both BQ123 and phosphoramindon, an inhibitor of big
ET-1 conversion to active ET-1 [164, 165], suggesting a role for ETR antagonists in the
treatment of patent DA.

6. CONCLUSION

Since its discovery in 1988, many aspects of endothelin’s physiological function have been
identified. However there is more work to be done to fully elucidate its role in disease states.
Endothelin-1 is the most potent vasoconstrictor currently known and subsequently is
implicated to be involved in hypertensive conditions including preeclampsia and pulmonary
arterial hypertension. An overexpression of ET-1 is observed in preeclamptic patients and
patients with PAH, as shown in (Fig. 2).

Furthermore, the vasoconstrictor peptide is involved in the uteroplacental circulation and
fetal development (see Fig. 2). The ductus arteriosus is a necessary shunt for the fetal
circulation, however at birth its closure is crucial. ET-1 is believed to be involved in the
constrictive response to oxygen and the closure of DA after birth. High levels of ET-1 have
been observed in fetal growth constriction for both the mother and the fetus. The
upregulation of ET-1 in the fetus restricts proper growth and development. Overall more
studies on endothelin’s role and its full effects on the uteroplacental circulation and fetal
development are needed.

Some therapeutic agents of ET receptor antagonists have been developed, mainly for the
treatment of PAH. Several studies have suggested the potential of ET receptor antagonists in
reducing high levels of vasoconstriction in other hypertensive conditions as well. Nitric
oxide, a vasodilator that counteracts ET-1 effects, may also be a target for treatment. Several
studies using a NO donor were able to reduce high levels of vasoconstriction implying its
therapeutic potential.

There are critical windows of development in which organs and their systems are most
sensitive to their environment, and adverse conditions may cause them to adapt. These
critical periods typically occur during phases of rapid cell division and thus the fetus
compensates by slowing cellular division [166] which leads to poor growth. For most
organisms, the most critical point occurs in utero during the fetal development [55].
Placental development is a key in determining if the fetus will have adequate nutrient and
blood supply available. Abnormal placental development may cause the fetus to undergo
compensatory growth that can lead to additional health problems later in life. Endothelin’s
role in maintaining vascular homeostasis appears to be an important factor in influencing the
fetal development. Further studies into the role of ET within the developing fetus should be
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a priority in clarifying its effects on in utero life as well as disease predisposition later in
life.
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Fig. 1. Endothelin Sythesisand Action Pathway

ET: endothelin; ECE: endothelin-converting enzyme; NOS: nitric oxide synthase; NO: nitric
oxide; ETpR: endothelin receptor A; ETg1R: endothelin receptor B subtype 1; ETg,R:
endothelin receptor B subtype 2
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Fig. 2. Role of Endothélin in the Uteroplacental and Fetal Circulation

ET: endothelin; NO: nitric oxide; DA ductus arteriosus; PAH: pulmonary arterial
hypertension; IUGR: intrauterine growth restriction.
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