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Abstract

Endothelins (ET) are a group of endogenous peptides, which have a strong and long-lasting vasoconstrictive effect. Three isoforms of endothelins
coded by three different genes have been identified to date. Endothelin-1 (ET-1) is the most potent vasoconstrictive agent currently identified, and
it was originally isolated and characterized from the culture media of aortic endothelial cells. Two other isoforms, named endothelin-2 (ET-2) and
endothelin-3 (ET-3), were subsequently identified, along with structural homologues isolated from the venom of Actractapis engaddensis known as
the sarafotoxins. The biological effects of endothelin production are determined via activation of one or two G-protein coupled receptors, endothe-
lin receptors A (ETRA) and B (ETRB1 and ETRB2). Recently endothelin receptor C (ETRC) was discovered, however, its functions and distribution still
remain unclear. The effects mediated by ET-1 via ETRA are vasoconstriction, bronchoconstriction and secretion of aldosterone. Agonists related to
the ETRB1 activation cause vasodilatation by stimulating NO, PGI2 and endothelium-derived hyperpolarizing factor (EDHF). In contrast, coupling to
ETRB2 causes vasoconstriction. Involvement of ET has been demonstrated in the pathophysiology of certain disorders. In this review, we discuss the
physiological and pathophysiological role of endothelium-derived ET-1, the pharmacology of its two receptors, focusing on the role of ET-11in the de-

velopment of some pathophysiological conditions.

Key words: endothelin 1; endothelin receptor; endothelin receptor antagonist; endothelin converting enzyme

Received: April 21,2011

Accepted: August 15,2011

Introduction

Endothelins were first identified in a paper by Ya-
nagisawa et al. as potent vasoactive peptides, re-
gulating vascular tone, blood pressure, cell prolife-
ration and hormone production (1). Diversity in
biological function became rapidly apparent with
many other roles for these peptides now descri-
bed (2,3). To date, three isoforms of endothelins
(ET-1, ET-2 and ET-3) coded by three different ge-
nes have been identified (2). The human gene for
ET-1 is located on chromosome 6, the ET-2 gene is
on the first chromosome, and ET-3 gene is on chro-
mosome 20 (2). The plasma concentration of ET-1
in adults is normally between 0.4-8.1 pg/mL (4).
Each isoform, however, shows a tissue type-de-
pendent pattern of expression. ET-1 is widely
expressed in endothelial cells, vascular smooth
muscles, central nervous system (CNS), and repro-

ductive tissues. Levels of ET-2 are high in the intes-
tine and kidney, whereas ET-3 is mainly expressed
in the brain (5,6).

Endothelin biosynthesis starts from the precursor
molecule called pre-pro-endothelin (pre-pro-ET),
which in humans consists of 212 amino acids. Pre-
pro-ET hydrolyzes to “big ET” or pro-endothelin
(pro-ET). Furthermore, endothelin converting en-
zymes (ECE) in the secretion of pro-endothelin con-
verts pro-endothelin to mature endothelin (ET).

Endothelin converting enzymes (ECE)

Endothelin converting enzymes are atypical endo-
peptidases (metalloproteases), predominantly fou-
nd in the same, or in close proximity to, those cells
expressing each endothelin (7,8). Three forms of
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ECE have been described: ECE-1 (9), ECE-2 (10), and
ECE-3 (11), with different specificities for the isofor-
ms of big ET. ECE-1 specifically hydrolyzes the Tr-
p21-Val/lle22 bonds of big-ETs to produce biologi-
cally active ETs (12,13). Four isoforms of human
ECE-1 (1a, 1b, 1c and 1d) have been identified to
date (12,14). The four proteins are encoded by one
gene, but each is expressed from a distinct promo-
ter that regulates the expression of the four unique
amino termini (12). Similarly to ECE-1, four different
isoforms of ECE-2 have been identified: ECE-2a-1,
ECE-2a-b, ECE-2b-1 and ECE-2b-2 (15), also with dif-
ferent subcellular localizations (16). ECE-3 is speci-
fic for big ET-3 (11). Previous studies indicate that
ECE-1 is the main enzyme responsible for the tran-
sformation of big ET into ET (16). Several studies
have shown that ECE-1 efficiently hydrolyzes a
number of peptide hormones other than ETs, the-
se include bradykinin, substance P and neuroten-
sin (12,14). An exciting novel substrate for ECE-1 is
the beta-amyloid peptide that is implicated in the
pathogenesis of Alzheimer disease (12). Inhibitors
of ECE-1 are considered to be valuable therapeutic
agents and were developed for the treatment of
various disorders linked to elevated ET-1 levels
(12,14). Numerous peptides or non-peptidyl ECE-1
inhibitors have already been produced, but neit-
her is currently used for therapeutic purposes, per-
haps because of insufficient knowledge of the ECE-1
family of proteins in naturally expressing cells.

Factors affecting the secretion of
endothelin

ET-1 is the most potent vasoconstrictor in the ET
family, exhibiting a long duration of action. This
peptide is produced by vascular endothelial cells
and is the major form of ET in the circulation. Sti-
muli for ET synthesis are the mediators which can
be divided into three groups:

« Local factors (activated platelets, endotoxins,
thrombin, cytokines (IL-1), growth factors, oxidi-
zed LDL);

« Hormones (antidiuretic hormone, adrenaline,
insulin, angiotensin Il); and

« Physical factors (hypoxia, hypovolemia, slightly
tangential strain the arteries) (17-21).
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Inhibitors of endothelin synthesis are: nitric oxide
(NO), atrial natriuretic peptide (ANP), prostaglan-
din E2 (PGE2), prostaglandin E1 (PGE1), heparin,
hepatocyte growth factor (HGF), epidermal growth
factor (EGF) and strong shear stress (increased blo-
od flow) (17,22). Recent studies have shown that
the generated ET-1 may be stored in endothelial
cells, which are the main biological source of ET-1
(17). Normal plasma level of ET-1 is low (0.4-8.1 pg/
mL), which is insufficient to activate endothelin re-
ceptors. It is believed that the ET-1 levels are hig-
her in the intercellular space between endothelial
cells and vascular smooth muscle cells (4,17).

Endothelins are secreted in two ways: the consti-
tutive and the regulatory. Constitutive secretion is
the most common type of supervision and invol-
ves gene transcription and increased stability of
mRNA for pre-pro-ET. In this way the secretion af-
ter appropriate stimulus is very slow. In the regula-
tory mode, stimulation leads to rapid secretion of
ET. ET-1 half-life is less than 5 minutes, yet it mani-
fests its effect much longer (23) (Figure 1.).

Endothelin receptors

The biological effects of ET production are deter-
mined via activation of one of two G-protein coup-
led receptors, endothelin receptors A (ETRA) and B
(ETRB1 and ETRB2). Recently endothelin receptor C
(ETRC) was discovered, but its” functions and dis-
tribution are still unclear (24). Endothelin receptors
subtypes are also distinctive in their localization,
with colocalization to various tissues signifying the
presence of autocrine and paracrine functions.
ETRA can be found in many human tissues (vascu-
lar smooth muscle, heart, lung and kidney) while
expression in the endothelium does not exist.
ETRB is primary expressed in the brain (cerebral
cortex and cerebellum), moderate in the aorta,
heart, lung, kidney and adrenal gland. Recently,
subtypes of ETRB have been described (25). ETRB
is highly expressed in the endothelium (ET (B1)), as
well as in vascular smooth muscle (ET(B2)). Selecti-
vity of these receptors for certain isoforms of en-
dothelin was also proved. ETRA has a high affinity
for both ET-1 and ET-2 (and low affinity for ET-3)
whereas ETRB has a similar affinity for all the iso-
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Ficure 1. Regulation of ET-1 synthesis, pathway of ET genera-
tion and ET-receptor-mediated actions on smooth muscle cells.
The product of ET1 transcription is prepro-ET-1, which is clea-
ved by a neutral endopeptidase to form the active precursor
pro-ET-1 or big ET-1. Big ET-1 is converted to the mature pepti-
de by the metalloproteinase endothelin-converting enzyme-1
(ECE-1). Two ET receptors have been identified in the vasculatu-
re: ET type-A receptors (ETA) reside in vascular smooth muscle
cells and mediate vasoconstriction and cell proliferation, whe-
reas ETB receptors reside on endothelial cells and are mainly va-
sodilatory through NO (which in turn can mediate the anti-a-
poptotic effects of ET-1), and regulate the synthesis of ET-1. ETB
receptors on smooth muscle cells can elicit vessel contraction.

forms (25). Upon activation by ligand binding,
ETRA and ETRB often elict opposite physiological
responses in their target tissues. Activation of ETRA
leads to vasoconstriction, bronchoconstriction and
secretion of aldosterone. Activation of ETRB1 sti-
mulates the formation of NO, PGI2 and endothe-
lium-derived hyperpolarizing factor (EDHF) and
causes vasodilatation. In contrast, activation of ET-
RB2 receptor causes vasoconstrictive response. It
is still unclear whether the various biological effec-
ts of endothelin are mediated by activation of dif-
ferent signaling pathways, which probably contri-
bute to different responses to stimuli. Binding of
ET-1 to cell surface of ETR results in the generation
of a number of second messengers; these messen-
gers activate kinases or phosphatases, which in tu-
rn phosphorylate or dephosphorylate downstream
signaling molecules, leading to a diverse range of

inhibition of

biological responses. ET-stimulated effects can be
classified into short-term and long-term respon-
ses, which are regulated trough different signaling
pathways. In short term responses, ET-induced
phospholipase C (PLC) activation leads to the Ca?*
generation of inositol-1,4,5-triphosphatase (IP3) re-
sulting in influx, and of diacylglycerol (DAG), resul-
ting in protein kinase C (PKC) activation. ET-1 sti-
mulates the translocation of cytosolic PKC to the
plasma membrane, and PKC subsequently phos-
phorylates specific cellular proteins, resulting in
multiple biological effects (ET-> ETR-> PLC—> PKCQ).
In some tissues ET-1 also activates phospholipase
A2 (PLA2) and leads to the formation of arachido-
nic acid metabolites, including leukotrienes, pros-
taglandins, and thromboxanes (ET-> ETR-> PLA2).
In long-term responses, ET-1 plays a significant ro-
le in the chronic modulation of cell proliferation
and differentiation, and MAPK (mitogen-activated
protein kinase) may serve as the key regulator in
these nuclear and cytoplasmic events (25-27).

Effects of endothelin on organs function

Endothelin gains its effects mainly with paracrine
and in minor part with autocrine mode of action,
and that is supported by the fact that the ETRs we-
re usually placed on or near the membranes of the
cell which produces ET (28). Studies with endothe-
lins and specific endothelin-receptor antagonists
have suggested that these peptides are important
in vascular physiology (29).

Effects of ET-1 on organs and organ systems can
be divided, as mentioned previously, into short-te-
rm (hormone secretion, muscle contraction, con-
trol of cellular transport) and long-term (control of
gene expression, effect on cell hypertrophy, mito-
genesis, etc.). ET is a paracrine mediator, which sti-
mulates the release of several hormones including
ANP, aldosterone, adrenaline and hypothalamus
and pituitary hormones. High concentration of
ET-1 was observed in thyroid follicles and in the
amniotic fluid, and therefore it could be conside-
red that the ET-1 participates in the synthesis of
thyroglobulin and in controlling of uteroplacenta-
ry blood flow (28). Also, ET-1 causes renal and ce-
rebral vasospasm, and has an important role in the
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development of cardiorespiratory syndrome (28).
Strong experimental proofs indicate the role of ET
in the pathophysiology of certain disorders such
as myocardial infarction, coronary vasospasm, acu-
te renal failure, Raynaud’s disease, asthma, primary
pulmonary hypertension and fibrosis in liver disea-
se (2,3). The role of ET in essential and renal hyper-
tension, and in left ventricular hypertrophy is not
well supported experimentally (28) (Table 1).

TasLE 1. Effects of endothelin on the organs and organ systems

Organs and

Effects of endothelin
organ systems

Contraction of hepatic stellate cell
Vasoconstriction of hepatic blood
Liver vessels
Activation of glycogenolysis
Cellular relaxation

Central nervous

Vasoconstriction of cerebral arteries
system

Vasoconstriction of the coronary vessels
Positive chronothropic effect
Positive inotropic effect

Cardiovascular
system

Blood vessels The direct vasoconstrictive effect

Cell cultures . .
Mitogenic effect
(level)
Vasoconstriction of afferent and efferent
. arterioles
Kidney

Decrease in renal plasma flow
Reduced glomerular filtration

Respiratory

Vasoconstriction of lung and bronchial

system blood vessels
. Increased secretion of renin, aldosterone
Endocrine .
and adrenaline
system

ANP secretion

Role of endothelin on liver function

Distribution of ETRs on the membranes of liver cel-
Is varies. A diversified presence of ETRB has been
confirmed on endothelial cells of sinusoidal capil-
laries, hepatic stellate cells (HSC — Hepatic stellate
cells of fat store), portal vein endothelial cells and
epithelial cells of the bile ducts. Previous studies
have shown the highest expression of ETRA and
ETRB on the membranes of HSC cells and on the
membranes of hepatocytes (30,31). ET-1 is synthe-
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sized in endothelial cells of sinusoidal capillaries,
HSC cells and in epithelial cells of bile ducts. Seve-
ral studies reported a weak expression of ET-1 in
the healthy liver cells, while in liver cirrhosis signifi-
cantly higher synthesis of ET-1 was noted. These
findings were supported by the increased expres-
sion of MRNA for ET-1 isolated from HSC in the cir-
rhotic rat liver biopsy (32,33). Several studies have
shown that ET-1 stimulates the reversible contrac-
tion of HSC in culture, mediated by elevated intra-
cellular calcium via the both ETRA and ETRB (32-
34). Elevation of intracellular calcium and sub-
sequent HSC contractility was reduced after admi-
nistration of BQ-123 antagonist of ETRA. Thus, it
can be concluded that the HSC contractility is pro-
bably mediated by ETRA and that in chronic liver
disease ET-1 regulates the flow through the sinu-
soids by stimulating contraction of HSC (32). There
is also evidence that the release of ET-1 promotes
vasoconstriction of the hepatic veins (35). Further-
more, it is confirmed that high concentrations of
ET-1 reduce bile flow, which probably plays a role
in the pathogenesis of cholestatic liver disease.
Coupling of ET-1 with the ETRB on the membrane
of hepatocytes activates system of phospholipase
C leading to the release of calcium from the intra-
cellular pool and blocks the efflux of calcium from
the cells which results in long lasting and strong
activation of glycogenolysis (36). Binding of ET to
receptors in the liver do not have only vasocon-
strictive effects. Binding of ET-1 to ETRBs on the
cell membrane of Kupffer cells activates PLA2, whi-
ch leads to the release of prostaglandin E2 and NO
that mediate vasodilation (37,38).

The role of ETRA and NADPH oxidase in
the vascular abnormalities

Normal vascular activity is essential for maintaini-
ng normal function of organs depending on the
balance of vasoconstrictive and vasodilative sub-
stances derived from the vascular endothelium.
Substances mainly include NO to dilate and ET-1 to
constrict the vascular smooth muscle. Endotheliu-
m-dependent relaxation directly relates to the bio-
synthesis and release of NO by the activity of en-
dothelial NO synthase (eNOS) (39,40). Endothelial
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dysfunction characterized by impaired endothe-
lium-dependent vasodilatation has been linked to
each of the known risk conditions (diabetes melli-
tus, hypertension, dyslipidemia, obesity, smoking
and aging). The more impaired vascular endothe-
lium, the more severe is the risk for cardiovascular
diseases, thus it is likely to take an impaired vascu-
lar endothelium as the early stage of coronary in-
farction (39). Increased activity of NADPH oxidase
(NOX) in diabetes mellitus leads to increased levels
of reactive oxygen compounds (ROS). It has been
widely accepted that ROS induced by hiperglyce-
mia contribute to vascular endothelium dysfun-
ction in diabetes (27,39). Concentrations of ET-1 are
also elevated in patients with diabetes mellitus,
expression of ETRs in blood vessels is increased
and bioavailability of NO is reduced. NOX is stimu-
lated mostly by ETRA via PKC activity (39). The va-
soconstrictive activity of ET-1 is mediated by the
activity of NOX, and an activation of L-type calci-
um channels by ET-1 causes an influx of Ca2+
through activating NOX. An interaction of ET-1 wi-
th ROS is known as ET-ROS signaling pathway, whi-
ch activates ERK signaling pathway and AP-1 tran-
scription factor (41). The impaired vasodilative res-
ponses and the reduced NO bioavailability may be
addressed by an excess of ET-1 resulting in up-re-
gulation of ETRA in the vascular wall, due to diabe-
tes, hypercholesterolemia, hypertension and agi-
ng (41). Agents reducing hyperglycemia and hyper-
cholesterolemia may not be sufficient in relieving
the endothelial insults. A reversal of the abnormal
endothelial status can be achieved by cell protec-
tive effects through suppressing the ET-NOX-PKC
pathway. Agents may relieve the endothelium
dysfunction by suppressing this pathway. Use of
medications that suppress activated ET-NADPH
oxidase in the vascular wall may diminish vascular
abnormalities. Testing of the activity of these agen-
ts is valuable for the further potential in relieving
abnormal vascular activity, reducing the risk of
morbidity and mortality in patients at risk (39).

Role of endothelin in the
pathophysiology of cerebral vasospasm

Recent studies have shown that changes of the
ETR expression and function in the wall of cerebral

arteries are a considerable factor for development
of cerebral vasospasm (CVS) (42).

Under physiological conditions, the dominant va-
socontractive effect of ET-1 is mediated by ETRA
on smooth muscle cells (SMC), which is attenuated
by an ETRB dependent release of NO from endot-
helial cells (EC). In the physiological cerebrovascu-
lature ECs express exclusively ETRB and SMCs only
ETRA. In the case of CVS an increased expression
of the ETRB could be detected in cerebral vessels.
However, the loss of the vasodilative and the missi-
ng of a vasocontractile ETRB mediated effect was
demonstrated (42). Therefore, any ETRB mediated
vasoactivity seems to be lost in the case of CVS
and the biological impact of the increased expres-
sion remains unclear so far. The ETRA expression
seems not to be increased during the developme-
nt of CVS (42). Therefore, the proven increase of
the ET-dependent vasocontractility seems to be
the result of deficiency of ETRB mediated effect
rather than the result of increased ETRA activity.
Despite of the more significant changes of the
ETRB expression, the pathophysiological effect of
ET, namely the vasoconstriction, seems to be
exclusively mediated by the ETRA (42). Therefore,
tailored approaches for the treatment of CVS re-
main to be ETRA receptor selective antagonists.

Effects of endothelin on smooth muscle
cells and cardiomyocites

It was believed that smooth muscle cells expresses
only ETRA. More recently, ETRBs have also been
identified in vascular smooth muscle cells, and the-
se two receptors mediate vasoconstriction (43).
The presence of ETRB with the variation of ETRA/
ETRB ratio was detected on endothelial cells and it
is higher in arteries than in veins. Interestingly, the
level of ETRB expression in smooth muscle cells
can also be increased in vascular disease (44). The
main role of ET is smooth muscle cells-mediated
vasoconstriction. However, the precise role of ET-1
and ETRA in the maintenance of systemic circula-
tion and their contribution to the maintenance of
blood pressure is not clearly understood. Unlike
the ETRB which is explored by genetic models,
knowledge about the impact of ETRA in the regu-
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lation of blood pressure arises only from studies of
pharmacological antagonists (45). Model of inten-
tionally induced hypertension has shown that an-
tagonists of ETRA suppress increase or even par-
tially reduce mean arterial pressure after induced
hypertension (45). Therefore, it seems that antago-
nists of ET-1 receptors may play an important role
in treating some forms of hypertension. However,
in spite of their antihypertensive effect, the usage
of ETRA antagonists remains a problem, mainly
because of potential side effects and the availabili-
ty of safer drugs such as ACE inhibitors (angioten-
sin-converting enzyme inhibitors) or antagonists
of angiotensin Il.

Effects of endothelin in pulmonary
arterial hypertension

Pulmonary arterial hypertension (PAH) is only con-
dition when ET receptor antagonists are effective
as antihypertensive drugs (44,45). Various studies
have shown that ET receptor antagonists prevent
the development of PAH, both pulmonary vaso-
constriction and hypertension (44-46). It is still un-
clear why the pulmonary circulation is especially
sensitive to such ET-1 regulation. Therefore, the
lungs remain the target organ for testing anti-
hypertensive effect of ET receptor antagonists
(47,48). There are two commercially available ET re-
ceptor antagonists for the treatment of PAH: am-
brisentan and bosentan. Significant improvement
was described in symptoms of patients treated wi-
th these drugs (48). Coronary endothelial cells are
a major source of ET-1. On cardiomyocites ETRA
and ETRB were found, with predominant ETRA.
ET-1 causes a positive inotropic effect on cardiac
muscle cells. It was also observed that ET-1 affects
the contractile ability of myocytes (48). Binding of
ET-1 on the ETRA stimulates the formation of IP3
and diacylglycerol by PLC and activation of PKC
(ET-1-> ETRA-> PLC-> PKC). Activated PKC stimula-
tes Na*/H* exchange. Increased contractile effect
of myocytes is a result of calcium release from the
endoplasmic reticulum (ER). The sensitivity of car-
diac myofilaments on endothelin binding leads to
alkalosis mediated by Na*/H* exchange and in-
creased release of calcium leads to the accumula-
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tion of Na*, mediated by Na*/H* pump (49). It has
been shown that ET-1 causes hypertrophy in cultu-
re of neonatal rat cardiac myocytes, and it is consi-
dered that it leads to hypertrophy of adult cells.
Recent studies have shown that transcription fac-
tor ZFP 260 reduces blocked ET-1 induced hyper-
trophy of cardiomyocytes (49,50). In other words, it
was shown that increased expression of that tran-
scription factors was involved in the induction of
hypertrophic response (50).

Effects of endothelin on fibroblasts

Fibroblasts are located in the extracellular matrix
(ECM) of connective tissue, where they serve as the
main helpers of ECM synthesis, not only in the car-
diovascular system, but in the whole organism.
Fibroblasts are normally present in tissues, but
they are also able to modify the phenotype (myo-
fibroblasts) during the regeneration of tissues. Du-
ring normal wound healing, myofibroblasts disap-
pear and organ function is restored. However, in
abnormal wound healing they are withheld in lo-
cations of tissue damage which leads to delay
hypercontractile ECM, which is the main chara-
cteristic of fibrotic conditions such as idiopathic
pulmonary fibrosis (IPF) and scleroderma (SSc)
(51,52). Fibroblasts synthesize ET-1. Some studies
have demonstrated increased levels of ET-1 in the
fibrotic conditions (after lung biopsy in scleroder-
ma) (52,53). In recent years, ET-1 is considered as a
profibrotic factor and it’s suitable for research in
the treatment of fibrotic conditions. It has been al-
ready proven that bosentan (ET receptor antago-
nist in PAH) prevents the formation of finger ulcers
in patients with scleroderma (54). Numerous stu-
dies have described the initial phase of the deve-
lopment of fibrosis which involves the injury of en-
dothelial cells of blood vessels when the release of
mediators of inflammation occurs (NO and ET-1)
(53,54). These factors are mitogenic for endothelial
cells surrounding the injury. Therefore, it is belie-
ved that the injury of blood vessel presents patho-
logical mechanism that leads to tissue fibrosis. The
presence of such vasculopathy is a feature of SSc,
which is clinically manifested as Raynaud'’s Syndro-
me and ulceration of the fingers (55). Whether ET-1
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is key mediator of vasculopathy has not yet been
fully clarified. So far, studies have shown a correla-
tion between Raynaud’s Syndrome and plasma
ET-1 concentrations in patients with SSc. This the-
sis is supported by clinical use of bosentan in
Raynaud’s Syndrome and ulceration of the fingers
(55). There is also evidence that cardiac fibrosis, oc-
curred as a consequence of diabetes mellitus, is as-
sociated with accumulation of cardiac fibroblasts
from endothelial cells. ET-1 has important role in
this process (56).

Effects of endothelin on the
cardiovascular system

ET-1 causes contraction of arteries and veins, whi-
ch results in total peripheral resistance and mean
arterial pressure increase. Contraction is often pre-
ceded by transient vasodilatation. These proper-
ties make ET-1 an important mediator in many ce-
rebrovascular complications, including coronary
artery diseases. Measured levels of ET-1, together
with coronary magnetic resonance (CMR), have
proved to be a useful prognostic parameter in mic-
rovascular obstruction (57). Increased levels of ET-1
can accelerate CMR microvascular obstruction and
myocardial recovery assessment. High levels of this
marker have proved to be associated with poor
prognosis after myocardial infarction. Also, the
concentrations of ET-1 can be used to identify pa-
tients who may yet develop microvascular ob-
struction. Therefore anti-endothelin therapy in is-
chemic heart disease treatment may offer additio-
nal benefits and effectively modify the progres-
sion of heart disease. The results of these studies
indicate the value of measuring ET-1 concentration
in patients with ischemic heart diseases (44,57).
Future studies will show if increased concentra-
tions of ET-1 lead to the development of microvas-
cular obstruction, or it is just a secondary con-
sequence of cardiac damage.

The role of endothelin in the treatment
of hypertension

Many studies have shown that endothelin can be a
pharmacological target for the hypertension treat-

ment (58-65). ET receptor antagonists could be
used as potential drugs for the hypertension treat-
ment. However, ET receptor antagonists are in cli-
nical use only for treatment of patients with pul-
monary arterial hypertension (PAH). The reason for
that are many possible side effects associated with
ET receptor antagonists, as well as the existence of
safer drugs for alleviating symptoms and for treati-
ng systemic hypertension. Adverse effects of ET
receptor antagonists in clinical trials are common.
The most frequently reported clinical adverse
events are headache, peripheral edema, dizziness,
nausea, nasal congestion, and dyspnea (58,59,62,
66). These appear to be a class effect, likely relate
to vasodilation, and do not often lead to treatme-
nt withdrawal (66). Ambrisentan, an orally active,
highly selective antagonist of the ETRA, is indica-
ted for the treatment of pulmonary arterial hyper-
tension (PAH). It has a low potential for drug-to-
drug interactions and requires only once-daily
administration. Ambrisentan was associated with
a low risk of clinical worsening and of death (60).
Bosentan, a dual endothelin receptor antagonist,
is an effective and well-tolerated oral therapy for
the management of pulmonary arterial hyperten-
sion (PAH; WHO group 1 pulmonary hypertension).
Bosentan improves cardiopulmonary hemodyna-
mics, exercise capacity, WHO functional class and
quality of life, as well as delaying time to clinical
worsening in patients with PAH (58,64). Recent stu-
dies have opened new possibilities for clinical use
of ET receptor antagonists in the treatment of cer-
tain forms of drug-resistant hypertension (67,68).

The course of the disease and decrease of the
symptoms were studied in a group of patients that
showed resistance to the classic combination of
three antihypertensive drugs (including diuretic),
and underwent treatment with darusentan (selec-
tive ETRA antagonist) compared to the placebo
group. Significant reduction of blood pressure was
shown in the group that used darusentan when
compared with the control group (67,68). Future
studies should determine the effectiveness of da-
rusentan for each patient with resistant hyperten-
sion (67).
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The role of endothelin in the
pathophysiology of atherosclerosis

It was shown that ET-1 is a key factor in the endot-
helial dysfunction development in various cardio-
vascular diseases including atherosclerosis. Endot-
helial dysfunction includes vasoconstriction, in-
flammation, thrombosis, blood vessel walls cell
proliferation and fibrosis, thus leading to blood
vessels clogging (microvascular obstruction). ET-1
is locally elevated in atherosclerotic plaques and
circulating levels in the vascular tissue correlate wi-
th atherosclerotic lesions (69,70). Elevated levels of
ET-1 induce gene expression for lipid metabolism
products and thus lead to atherosclerosis develop-
ment. Furthermore, increased expression of ET-1
aggravates atherosclerosis in Apo E-deficient mice
(widely used hyperlipidemia model), and plaque
formation and endothelial dysfunction can be re-
stored in such atherosclerotic model using ETRA
and even ETRB antagonists (71,72).

The role of endothelin in controlling
utheroplacentary blood flow -occurrence
of preeclampsia

Reduced uteroplacental perfusion is the initial eve-
nt in pre-eclampsia, a disorder of pregnancy cha-
racterized by pregnancy-induced hypertension (>
140 mmHg systolic and/or = 90 mmHg diastolic
blood pressure), new on-set proteinuria (= 300 mg
protein/day), and edema occurring in the second
half of pregnancy (73). It is considered to be asso-
ciated with increased synthesis of ET-1 which leads
to vasoconstriction of uterine arteries and con-
sequently to increased blood pressure. By monito-
ring the effect of antihypertensive drugs and ET-1
receptor antagonists it was proven that drugs that
are currently used to treat pre-eclampsia, will not
restore ET-1 induced contraction of the uterine ar-
teries (74). Previous conclusion shows that they are
not very effective. Only dihydropyridines partially
relaxed previously contracted uterine artery. Thus,
dihydropyridines could offer an interesting per-
spective for improving placental perfusion in pre-
eclampsia (74).

Biochemia Medica 2011,;21(3):231-42

Effects of endothelin on tumor
development

ET-1 is the most potent cellular mitogen. Most of
the patients with advanced bladder cancer deve-
lop lethal lung metastases. ET-1 has been implica-
ted in this process, even though the mechanism(s)
by which it promotes metastasis remains unclear.
Evaluation of ET-1 mRNA and protein expression in
four patient cohorts revealed that levels of ET-1 are
higher in patients with muscle-invasive bladder
cancers, which are associated with higher inciden-
ce of metastasis, and that high ET-1 levels are asso-
ciated with decreased disease-specific survival
(75). Consistent with its proinflammatory activity,
tumor-derived ET-1 acts through ETRA to enhance
migration of macrophages and induces expression
of inflammatory cytokines. Tumor ET-1 expression
and ETRA activity are necessary for metastatic lu-
ng colonization and this process is preceded by
and dependent on macrophage infiltration of the
lung. In contrast, tumor ET-1 expression and ETRA
activity are less important in established primary
or metastatic tumor growth. These findings stron-
gly suggest that ETRA inhibitors might be more ef-
fective as adjuvant therapeutic agents than as ini-
tial treatment for advanced primary or metastatic
disease (75).

Prostate cancer (PCA) is the most diagnosed can-
cer in men. The initial approach to advanced PCA
is medical or surgical androgen deprivation thera-
py (ADT) or antiandrogens. Novel therapies com-
plement the modest success that chemotherapy
has demonstrated in recent years (76,77). These in-
clude agents targeting the epidermal growth fac-
tor receptor, endothelin receptor antagonists, an-
giogenesis inhibitors, immunomodulatory agents,
immunotherapy, novel antiandrogens, and delive-
ry of cytotoxic agents via therapeutic antibodies (76).

Endothelins are important regulators of angioge-
nesis and signal transduction. Generally, binding
ET-1 to ETRA induces a survival pathway, whereas
binding to ETRB promotes apoptosis. In PCA,
hypermethylation of the ETRB promoter elimina-
tes the negative growth response activating the
ETRA pathway exclusively (76).
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Atrasentan is an ETRA antagonist that prolonged
time to PSA (prostate-specific antigen) progression
when compared to placebo in a study conducted
in asymptomatic men with PCA (75). ETRA induces
a survival pathway, whereas binding to ETRB pro-
motes apoptosis. Furthermore, combining atra-
sentan with docetaxel proved safe and effective
with promising results (75,76).

Effect of endothelin on bones

A growing number of literature documents the
presence and effects of endothelins in bones (77-
81). Both ETRA and ETRB have been demonstrated
in osteoblastic cells by ligand binding. Major signal
transduction pathways for endothelin in bone cel-
Is appear to be stimulation of phospholipid turno-
ver, activation of A, C and D phospholipases, sti-
mulation of calcium flux from intracellular and
extracellular stores and activation of tyrosine kina-
ses (78). Endothelins also modulate calcium signa-
ling elicited by other agents in osteoblastic cells.
The parathyroid hormone-stimulated calcium
transient in UMR-106 cells is enhanced by endot-
helins, acting through an ETBR, whereas the parat-
hyroid hormone-stimulated increase in CAMP is in-
hibited by endothelins (78). Phenotypic responses
to endothelin-1 include changes in alkaline phos-
phatase activity, stimulation of osteocalcin and os-
teopontin message, stimulation of collagen and
noncollagenous protein synthesis, inhibition of os-
teoclast motility and stimulation of prostaglandin-
dependent resorption (78). It is proven that ET-1 in-
hibits alkaline phosphatase in mouse osteoblastic
cells and has biphasic effects on alkaline phospha-
tase in human osteoblastic cells (78). Similar to its
effects in other tissues, ET-1 stimulates calcium/
phospholipid signaling pathways in bones. Treat-
ment with ET-1 increases calcium and inositol tris-
phosphate in the endothelial cells in human parat-
hyroid glands. Endothelin was found to inhibit the
secretion of parathyroid hormone from human
adenoma cells and in an in vivo parathyroid gland
perfusion model (78). These findings suggest that
endothelin could have a regulatory function in pa-
rathyroid hormone secretion. Endothelin-1 also

enhances the interleukin-1-induced increase in in-
terleukin-6 (78-81). Inflammatory markers are key
players in bone biology and are involved in the re-
gulation of osteocytes; as a result, the dynamic ba-
lance of bone formation and resorption are in-
fluenced by inflammatory markers (82). It has been
shown that local administration of endothelin re-
ceptor antagonists reduces edema, neutrophil infil-
tration and production of inflammatory mediators
(83). Endothelins can also potentially affect calcium
metabolism by inhibiting the secretion of parat-
hyroid hormone (78). These observations raise the
need for further studies to elucidate the physiologic
role of endothelins as possible endocrine, paracrine
or autocrine factors in calcium metabolism and
even the possible therapeutic applications of recep-
tor-selective endothelins and antagonists in disor-
ders of bone and calcium metabolism.

Conclusion

Within 20 years after its initial discovery it has be-
come clear that endothelin is not merely a vaso-
constrictor but that it is a multifunctional peptide
with cytokine-like activity which affects almost all
aspects of cell function (84).

Many studies point towards a beneficial effect of
the blockade of ET receptors on vascular function
in these diseases. However, despite of this enor-
mous experimental work, the clinical use of ET re-
ceptor antagonists is limited to pulmonary arterial
hypertension and digital ulceration in SSc to date.
The future is not as pessimistic as a new era is bei-
ng unveiled with the generation of powerful ge-
netic models, which will allow the dissection of the
complex physiology of the ET-1 system, and also
with the recent discovery of specific roles of ET-1.
In order to translate this new knowledge to the cli-
nical practice, more experimental studies together
with the commitment of the pharmaceutical in-
dustry to develop the corresponding preclinical
and clinical trials are required.
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Endotelini (ET) su skupina endogenih peptida koji imaju snazan i dugotrajan vazokonstriktivan ucinak. Do danas su identificirana tri izooblika
endotelina kodirana s tri razli¢ita gena. Endotelin-1 (ET-1) je najmocniji vazokonsriktivni peptid dosada otkriven. Originalno je izoliran i karakteri-
ziran iz hranjivog medija endotelnih stanica aorte. Druga dva izooblika, endotelin-2 (ET-2) i endotelin-3 (ET-3) su identificirana kasnije zajedno sa
strukturalnim homolozima izoliranim iz zmijskog otrova poznatima kao sarafotoksini. Bioloski ucinci stvaranja endotelina odredeni su aktivaci-
jom jednog ili dvaju receptora vezana za G protein (engl. G-protein coupled receptors), endotelinski receptori tipa A (ETRA) i tipa B (ETRB1 i ETRB2).
Nedavno je otkriven i endotelinski receptor tipa C (ETRC), no njegova su distribucija i funkcije jos nerazjasnjene. Ucinci koje stvara ET-1 preko ETRA
su vazokonstrikcija, bronhokonstrukcija i izlucivanje aldosterona. Agonisti vezani za aktivaciju ETRB1 uzrokuju vazodilataciju stimulirajuci NO,
PGI2 i hiperpolarizirajuci endotelni faktor (engl. endothelium-derived hyperpolarizing factor, EDHF). Suprotno tome spajanje s ETRB2 uzrokuje va-
zokonstrikciju. Sudjelovanje ET dokazano je u patofiziologiji odredenih poremecaja. U ovom pregledu raspravljamo o fiziolokoj i patofizioloSkoj
ulozi endotelnog ET-1, farmakologiji njegova dva receptora, usredotocavajuci se na ulogu ET-1 u razvoju nekih patofizioloskih stanja.

Kljucne rijeci: endotelin 1; endotelinski receptor; antagonist endotelinskog receptora; endotelin-konvertirajuci enzim
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