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Abstract:

Endothelin (ET) was first isolated and described by Yanagisawa et al. and has since been described as one of the most potent known

vasoconstrictor compounds. ET-1 mediates its effects via two types of receptors, ET� and ET�, which are expressed in the vascular

smooth muscle cells, endothelial cells, intestines and brain. Secretion of ET-1 results in long-lasting vasoconstriction, increased

blood pressure and, in turn, overproduction of free radicals. As dysregulation of the endothelin system is an important factor in the

pathogenesis of several diseases including atherosclerosis, hypertension and endotoxic shock, the ET� and ET� receptors are attrac-

tive therapeutic targets for treatment of these disorders. The biosynthesis and release of ET-1 are regulated at the transcriptional

level. Studies have shown that p38MAP kinase, nuclear factor �B (NF-�B), PKC/ERK and JNK/c-Jun all take part in the ROS-

activated production of ET-1. Furthermore, administration of ET� significantly reduces the generation of free radicals. However,

treatment with ET� receptor blockers does not elicit the same effect. Therefore, the effects of endothelin receptor blockers on blood

pressure and the generation of free radicals remain debatable. This review summarizes recent investigations into the role of endothe-

lin receptor blockers with respect to the modulation of hemodynamic parameters and the generation of free radicals.
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Abbreviations: BP – blood pressure, CAT – catalase, DAG –

diacylglycerol, ET-1 – endothelin-1, ET�-R – type A of endo-

thelin receptor, ET�-R – type B of endothelin receptor, HR –

heart rate, H�O� – hydrogen peroxide, IP3 – inositol-3 phosphate,

LPS – lipopolysaccharide, MAP – mean arterial pressure,

MAPK – mitogen-activated protein kinases, NF-�B – nuclear

factor �B, NO – nitric oxide, O�

�� – superoxide anion, OH�

–

hydrogen radical, ONOO� – peroxynitrite, pp-ET-1 – pre-pro

endothelin-1, ROS – reactive oxygen species, SOD – superox-

ide dismutase, TNF-� – tumor necrosis factor-�.

Introduction

Endothelin-1 (ET-1) was first isolated from porcine

aortic endothelial cells by Yanagisawa et al. [63].

Since its discovery, endothelin-1 has been demon-

strated as one of the most potent known vasoconstric-

tors. Three structurally related isoforms of ET-1 have
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been identified: ET-1, ET-2 and ET-3. The physiologi-

cal effects of ETs are mediated through two types of

receptors, subtype A and subtype B. ET release causes

massive vasoconstriction, increased blood pressure

and, in turn, excessive production of reactive oxygen

species (ROS). This review will focus on the role of

ET-1 and blockers of the ET-1 receptor in hemody-

namic changes and oxidative stress.

ET biochemistry

ETs are a family of 21-amino acid cysteine-rich pep-

tides. They act as vasoconstrictors and are synthe-

sized de novo, as opposed to being stored in cells.

ET-1 is synthesized in bulk by endothelial cells and

smooth muscle cells [38] as well as by macrophages

[6], cadiomiocytes [49], neurons [13], and renal me-

dulla [7] and Kupffer cells; ET-2 is primarily synthe-

sized in the intestines, and ET-3 is synthesized in the

brain, the lungs, and the intestines [41].

ET-1 synthesis begins with the precursor pre-pro

endothelin-1 (pp-ET-1), which is cleaved by endopep-

tidases to form big-ET-1. The active form of ET-1 is

formed when an endothelin-converting enzyme trims

18 amino acids from big-ET-1. Mature ET-1 is ex-

creted directly into the bloodstream and accumulates

in the liver and lungs. The plasma concentration of

ET-1 in adults is normally between 0.4–8.1 pg/ml [14,

56] and between 4.2 fmol/ml and 8 pg/ml in the

plasma of Wistar rats [17, 26]. Maeda et al. [25]

showed that levels of ET-1 increase with age, from

1.02 pg/ml in young women to 2.9 pg/ml in older

women.

Factors that stimulate the release of ET-1 include

endotoxins, tumor necrosis factor-� (TNF-�), inter-

leukin-1, adrenaline, insulin, thrombin and angio-

tensin II [53]. Well-known inhibitors of ET-1 synthe-

sis include prostacyklines, nitric oxide (NO), atrial

natriuretic peptide, heparin, prostaglandin E2 (PGE2)

and PGI2 [58].

ET-1 receptors

The ET-1 receptors (ET-Rs) belong to the family of

G-protein coupled receptors. Three types of ET-Rs

have been characterized in humans, the ETA, ETB

(subtypes 1 and 2) and ETC receptors [8]. The ETA-R

and ETB2-R, which are responsible for vasoconstric-

tion, are predominately expressed in peripheral tissue

such as vascular smooth muscle, airway smooth mus-

cle, cardiomyocytes, hepatocytes, neurons [34, 40,

48]. In contrast, expression of the ETB1-R is predomi-

nantly observed in the endothelium, the kidney and

the brain. The ETB1-R is responsible for vasodilata-

tion via NO, prostacyclin and endothelium-derived

hyperpolarizing factor release [50, 55]. Exposure to

NO inhibits ET-1 synthesis by blocking the expres-

sion of the ET-1 gene [58].

Activation of ETA-Rs or ETB2-Rs increases intra-

cellular levels of inositol-3 phosphate (IP3) and dia-

cylglycerol (DAG). The increased levels of IP3

stimulate release of calcium from the endoplasmic re-

ticulum and are responsible for the vasoconstrictive

effect mediated by the activation of the ET-Rs. In con-

trast, DAG activates protein kinase C and ameliorates

vasoconstriction through the mitogen-activated pro-

tein kinase (MAPK) pathway [24].

ET-1 in oxidative stress

ROS take part in physiological reactions and signal

transduction. However, excessive synthesis of ROS

can generate deleterious effects, often resulting in the

development of cardiovascular disorders. The most

important oxygen reactive compounds are hydrogen

radicals (OH•), superoxide anions (O2
•–), hydrogen

peroxide (H2O2), and reactive nitrogen radicals such

as NO and its derivate peroxynitrite (ONOO–). O2
•– is

generated both enzymatically (e.g., NADPH oxidase,

horseradish peroxidase, xantine oxidase, NO synta-

ses) and non-enzymatically (e.g., phagocytosis, bacte-

riolysis, cell aggregation during inflammation pro-

cesses) by nearly every cell type, including endothe-

lial and smooth muscle cells. O2
•– is reduced to H2O2

by superoxide dismutase (SOD). Catalase (CAT) and

glutathione peroxidase convert H2O2 into H2O under

normal physiological conditions. H2O2 plays an es-

sential role in inhibiting the spread of infection but

can cause cell damage when it is present at high con-

centrations [46]. The most aggressive and reactive

oxygen radical is OH•. It is generated in phagocytes

during the Harber-Weiss reaction and it reacts with
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many neighboring compounds (e.g., enzymes, DNA,

phospholipids), contributing to lipid peroxidation and

apoptosis [16].

ROS are involved in the modulation of ET-1 and in

ET-1-induced activation of various signaling path-

ways. In vitro studies have shown that ROS can be

generated in response to ET-1 via a small G protein

p21ras (Ras)-dependent mechanism [37]. Ras is a po-

tent myogenic cell growth and differentiation factor

[3]. Other studies have shown that ET-1 activates

MAPK [4], which include p38MAP kinase, NF-�B

[44], PKC/ERK [43], and JNK/c-Jun [10], all of

which are involved in cell growth, proliferation and

inflammation [4, 57].

In response to various inflammatory (e.g., TNF-�,

IL-1) and non-inflammatory compounds (e.g., ET-1,

angiotensin II), epithelial cells synthesize NO through

the action of NO synthases (NOS). In the presence of

a superoxide anion, hydrogen radical or transient

metal, nitric oxide (vasodilator and neurotransmitter)

is converted into peroxynitrite (ONOO–) and nitrogen

dioxide (NO2
•), a highly cytotoxic compound that can

damage all cell structures. ET-1 stimulates NOS to

synthesize NO in endothelial cells through the

ETB1-R. The elevated levels of ET-1 observed during

the inflammation process, hypertension and athero-

sclerosis [23, 47, 53] lead to excessive production of

NO and ONOO– and a decrease in antioxidant status

[47]. These alterations of cellular physiology may

cause irreversible changes in protein residues (e.g., in

tyrosine), intracellular lipids and DNA, escalating the

severity of these pathological processes.

Influence of ET-1 receptor blockers on

blood pressure

Endocrine secretion of ET-1 exerts two opposite and

consecutive effects on vessel tension and heart rate

(HR). First, secretion of NO and prostacycline trig-

gers ET-1 to cause rapid and short-lived vasodilata-

tion via the ETB2-R. The duration of these effects is

no longer than 5 min and only slight changes in HR

are visible [63]. Next, ET-1 combines with the ETA-R

that is stored in cardiomiocytes and mobilizes calcium

ions from the endoplasmic reticulum. This association

causes long-lasting and powerful vasoconstriction

with HR augmentation via the ETA-R and ETB1-R.

Matsuura et al. [29] showed that injection of ET-1 into

anaesthetized rats causes an initial transient depressor

response, followed by a sustained pressor response.

Changes in blood pressure (BP) and HR can be re-

duced by blocking action of ET-1 receptors. However,

non-selective blockers and selective antagonists exert

different effects on the cardiovascular response. Injec-

tion of BQ 788 (a selective ETB-R blocker) 5 min af-

ter ET-1 treatment (0.1 nmol/kg) completely abolishes

the depressive effect of ET-1, while administration of

an ETA-R selective blocker, FR 139317, has no effect

[29]. Additionally, treatment with BQ 3020, an

ETB-R-selective antagonist, caused a dose-dependent

pressor response in conscious rats [11]. A constant

10 min infusion of BQ 123 and BQ 123+BQ 788 aug-

mented HR but did not influence mean arterial pres-

sure (MAP). Under the same conditions, treatment

with BQ 788 alone had no effect [31]. Moreover, BQ

123 infusion (at 1000 nmol/min for 15 min) signifi-

cantly reduces BP in patients with chronic kidney dis-

ease [5].

Rapid persistent changes in BP are observed after

lipopolysaccharide (LPS) challenge. LPS is a Gram-

negative bacterial endotoxin that contributes to multi-

ple organ failure. Injection with LPS increases the

plasma concentration of both ET-1 and NO. Hirata et

al. [15] observed that changes in MAP after LPS chal-

lenge were abolished by treatment with a non-

selective ET-R blocker, TAK 044. They further found

that administration of BQ 123 decreased MAP and in-

creased mortality rate [15]. In addition, increased lev-

els of NO and ET-1 have been observed in endotoxic

shock patients [61]. Some studies have shown that

treatment with BMS 182874 (the ETA-R-selective

blocker) significantly reduces BP elevation in DOCA

salt rats [30]. Similar results were obtained recently

for atrasentan (a nonselective ET-R blocker) [54].

Thus, it appears that blockage of ETA-R completely

ablates the vasoconstrictive effect of ET-1 and intensi-

fies the vasodilative effect of LPS. However, the use

of ETA-R antagonists increases the mortality rate in

rats with endotoxic shock [15].

In addition to endotoxic shock, the enhancing ef-

fects of ET-1 were also demonstrated during ische-

mia/reperfusion [I/R] [9, 20, 45, 52]. Treatment with

BQ 123 significantly increases MAP levels. However,

it also decreased HR to a small degree in I/R rats [32].

Nevertheless, I/R had little influence on MAP or HR.

The protective effect of BQ 123 might be related to

the diminished vasoconstrictive effects of endogenous
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ET-1 in that study. However, no significant changes in

MAP or HR were observed when BQ 123 was admin-

istered before ET-1 and induction of I/R [32]. Further-

more, some studies have shown that ETA-R blockers

chronically administered to diabetic rats significantly

reduce cardiac damage during I/R [60]. Moreover,

Feng et al. [9] showed that a novel nonselective ET-R

antagonist, CPU 0213, significantly suppresses ven-

tricular fibrillation during I/R and corrected the ab-

normal expression of ET-1. CPU 0213 is also shown

to suppress myocardial remodeling caused by in-

creased thyroid hormone level [51].

ET-1 receptor blockers and their

influence on oxidative stress

The proinflammatory effect that ET-1 exerts on an or-

ganism is connected to the activation of inflammatory

cells, such as neutrophils and mast cells, as well as the

stimulation of oxygen radical production by macro-

phages and the release of NO from endothelial cells

[21].

Most studies agree that ET-1 augments ROS pro-

duction via the ETA-R [2, 3], as the inhibition of

ETA-R decreases ET-1-induced generation of ROS,

while inhibition of ETB receptors has no significant

effect. This finding suggests that the enhancement of

generation of ROS in response to ET-1 is largely me-

diated through the binding of ET-1 to the ETA-R re-

ceptor [3]. However, it is unclear whether ET-1 pro-

motes the production of the OH• or the O2
•– oxygen

radical. Callera et al. [2] suggest that increased levels

of ET-1 stimulate synthesis of O2
•– via the ETA-R.

This hypothesis is in agreement with Kähler et al.

[19], whose studies show that superoxide anion,

rather than hydrogen peroxide, is the decisive stimu-

lus that increases ET-1 levels in human coronary ar-

tery smooth muscle cells. Kähler’s studies found that

ET-1 levels are significantly reduced by SOD but not

by CAT [4]. Ozdemir et al. [32] demonstrated that the

decreased levels of reduced glutathione, SOD and

CAT observed after ET-1 administration are com-

pletely restored by treatment with BQ 123. Moreover,

blockage of this receptor reduces the levels of NO.

These findings are in agreement with Xu et al. [62],

who reported that PD 156707 (an ETA-R blocker) en-

hances SOD activity and decreased lipid peroxidation

in ischemic myocardium.

Both the vasoconstrictive effect and the level of

O2
•– generation are diminished after treatment of

DOCA-salt rats with the ETA-R antagonist BMS

182874 [30]. Li et al. [23] demonstrated that ET-1 in-

creases levels of O2
•– through the ETA-R and that

O2
•– augments ET-1 induced vasoconstriction. Treat-

ment with the ETA-R antagonist AB T678 completely

reverses the ET-1-mediated effects on O2
•– production

in normotensive rats, while treatment with the ETB-R

selective blocker sarafotoxin 6c (S6c) has no effect. In

contrast to these findings, Rajapurohitam et al. [36]

showed that neither BQ 123 nor BQ 788 has an effect

on leptin-induced ROS generation in rat cardiomio-

cytes. However, this negative result might indicate

that the rats were exposed to leptin for too short

a time.

Increased amounts of ET-1 often accompany

angiotensin II-induced hypertension [2]. Angiotensin

II, characterized by excessive levels of cytokines and

growth factors, leads to increased expression of the

enzymes involved in production of ROS. The increase

in superoxide anion levels in angiotensin II-induced

hypertension occurs via activation of NADPH oxi-

dase [35]. The increased production of vascular O2
•–

in the DOCA-salt hypertension rat model is mediated

by ET-1 through activation of the ETA-R, as O2
– lev-

els were normalized and both BP and vasoconstriction

are reduced by treatment with these ETA-R selective

antagonists (BMS 182874 and ABT 678) [2]. Addi-

tionally, decreased blood flow and diminished vaso-

constriction during hypertension, I/R or endotoxic

shock improve the effectiveness of tissue perfusion,

reduce the risk of anoxia, and decrease the production

of ROS. However, blockage of ETA-R did not de-

crease pulmonary BP and HR after LPS-induced en-

dotoxic shock in fetal sheep lung [12]. This finding

may be a consequence of the higher expression level

of the ETB-R and the intensive eNOS activity in the

lung. Augmented O2
•– production contributes to vaso-

constriction by inactivating NO in both animals and

humans with cardiovascular disease [33, 59]. In addi-

tion, NO is known to inhibit the production of ET-1,

probably via suppression of O2
•– [1]. Since NO plays

an important role in vascular tone and the regulation

of blood pressure, its bioavailability has a large influ-

ence on oxidative stress [1, 27]. Moreover, Kanie and

Kamata [18] found that chronic treatment with the

nonselective ET-R antagonist J-104132 ameliorates
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acetylcholine-mediated endothelium-dependent rela-

xation, reduces the generation of O2
•– and prevents

the formation of the NADH/NADPH oxidase subunit

p22phox in diabetic rats.

In addition to increasing the production of ROS,

ET-1 also enhances expression of TNF-� in vitro and

in vivo [42], a process which can be successfully in-

hibited by treatment with BQ 123 but not BQ 788

[64]. TNF-�, as a proinflamatory cytokine, amelio-

rates the body’s response to destructive substances.

Increased levels of ET-1 observed in such a state are

associated with increased cardiac oxidative stress, in-

flammation and apoptosis, indicated by up-regulation

of cardiac lipid peroxidation and TNF-� expression

[39].

Blockers of ET-Rs influence the effects of ET-1 by

impeding the activation of different signaling path-

ways. The nonselective ET-R blocker bosentan and

the ETB-R antagonist BQ 788 decrease ET-1-depen-

dent JNK phosphorylation in astrocytes to a level suf-

ficient for preventing cell proliferation and post-

lesion alterations [10]. Similarly, Zhang et al. [65] ob-

served that the selective ETB-R blocker S6c decreases

contractile response via the ECE, JNK, and ERK 1/2

pathways in the airway system. Cheng et al. [4]

showed that BQ 485 potentially inhibits the ET-1-

induced Ras-Raf-MAPK pathway in cardiomiocytes

and therefore diminishes the inflammation process

and cell injury. Kyaw et al. [22] obtained similar re-

sults in vascular smooth muscle cells. Recent findings

suggest that ET-1 may act through the MEK/ERK

pathway, as ET-1-induced contraction is reduced by

MEK/ERK pathway inhibitors [28].

Conclusion

Our understanding of the role of ET-1 and blockers of

its receptors in the generation of free radicals is far

from complete. Many studies have indicated that ET-1

triggers hemodynamic changes through its receptors,

leading to the excessive production of free oxygen

and/or nitrogen species. However, the identity of the

specific cellular pathways involved in this process re-

mains unclear. Additional exploration of the biologi-

cal role of endothelin-1 may aid in the development of

new drugs as useful therapies for those diseases char-

acterized by excessive production of endothelin-1,

such as hypertension, atherosclerosis, and diabetes

[18, 23, 46, 52].
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