Contribuicéo

| nternacional

Role of endothdin in cardiovascular disease

Alexei V. Agapitov, William G. Haynes

Abstract

The endothelins are a family of peptides secreted by
vascular endothelium that possess potent and sustained
vasoconstrictor properties. Endothelin-1 also hasinotropic
actions, influences sat and water homeostasis, alters
central and peripheral sympathetic activity, stimulates
the renin-angiotensin-aldosterone system, andisinvolved
in cell growth and inflammation. There are 2 major
endothelin receptors — ET, and ETg receptors, which
typicaly have opposite effects. Stimulation of smooth
muscle ET, receptors by endothelin-1 contributes to
basal vascular tone and blood pressure. Stimulation of
endothelial ETg receptorsleadstothereleaseof vasodilator
substances and opposes ET, receptor mediated
vasoconstriction.

Due to the potent vasoconstrictor and mitogenic
properties of endothelin-1, it has been implicated in the
pathogenesis of cardiovascular and rena disease. Studies
with endothelin receptor antagonists have elucidated
possible beneficial effects of ET, and/or ETg antagonism
in systemic hypertension, pulmonary hypertension,
coronary artery disease, heart failure and rena disease. In
addition, there have been studies suggesting possible
beneficial effects of endothelin antagonism in organ
transplantation, respiratory and gastrointestinal disease.
The purpose of this review is to give an overview of the
biology of endothelins, focusing on their role in
cardiovascular disease, and discuss the recently
accumulated body of knowledge on the effects and
potential uses of endothelin receptor antagonists.
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Introduction

Vascular endothelia cells produce
anumber of important vasodilator and
constrictor substances. Prostacyclin

and nitric oxidearepotent vasodilators
secreted by vascular endothelium®2.
The isolation of endothelium-derived
vasodilators initiated a search for
counterbalancing constricting factors

(or EDCFs). A long acting vasocons-
trictor substance was isolated from
porcineaorticendothelial cellsin1988,
and caled endothelin3. Endothelins
are family of peptides, which
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comprises endothelin-1, endothelin-2
and endothelin-3, each containing 21
amino acids* (Figure 1). In addition,
human chymase selectively cleaves
big endothelins at the Tyr31-Gly32
bond and produces novel 31-amino
acid-length endothelins, ETs (1-31)88.
Endothelin-1 is the predominant
isoform expressed in vasculature and
the most potent vasoconstrictor
currently known?5.,

Endothelin-1 is a potent vasocons-
trictor and has inotropic, chemotactic
and mitogenic properties. In addition,
endothelin-1 influences salt and water
homeostasis through its effects on the
renin-angiotensin-aldosterone,
vasopressin and atrial natriuretic
peptide and stimulates sympathetic
nervous system. The overal action of
endothelinistoincreaseblood pressure
and vascular tone. Therefore,
endothelin antagonists may play an
important role in the treatment of
cardiac, vascular and renal diseases
associated with regional or systemic
vasoconstrictionand cell proliferation,
such as essential hypertension,
pulmonary hypertension, chronic heart
fallure and chronic rena failure. In
this article we review the biology of
the endothelins and the accumulated
evidence from preclinical and clinical
studies on the potential role of
endothelinantagonistsinthetreatment
of avariety of human disorders.

Endothelin production

Regulation and sites of
generation

Each member of the endothelin
family is represented by a separate
genethat encodes a specific precursor
for the mature isoform* (Figure 1).
Endothelin-1 generation is increased
by many stimuli, including vasoactive
hormones, growth factors, hypoxia,
shear stress, lipoproteins, freeradicals,

endotoxinand cyclosporin®. Production
of endothelin-1 is inhibited by
endothelium-derived nitric oxide,
nitrovasodilators, natriuretic peptides,
heparin and prostaglandins®.

The major site of generation of
endothelin-1isin endothelial cells*®.
Endothelin-1 is also produced in the
heart, kidney, CNS and posterior
pituitary®. Endothelin-2 is produced
in endothelial cells, heart and
kidney’8. Endothelin-3 is expressed
intheendocrine, gastro-intestinal and
central nervous systems, but not in
endothelial cells’.

Biosynthesis, clearance and
significance of plasma
endothelin levels

The initid product of the human

endothelin-1 geneisa 212 amino acid
peptide called preproendothelin-1,

which is converted to proendothelin-1
after removal of a short secretory
sequence. Proendothelin-1 is then
cleaved by furin to generate a
biologically inactive 38 amino acid
precursor, big endothelin-13° (Figure
1). The formation of mature
endothelin-1 requires cleavage of big
endothelin-1 by one of several
endothelin converting enzymes
(ECE’s), unrelated to angiotensin
converting enzyme. ECE-1 is the
physiologicaly active ECE®, which
is relatively selective for big
endothelin-1. There are two splice
variants, ECE-1a and ECE-1b, that
have functionaly distinct roles and
tissue distributions'*. ECE-1a is
expressed in the Golgi network of
endothelin-producing cells, such as
endothelial cells, and cleaves big
endothelin-1 to form endothelin-1.
ECE-1b is localized at the plasma

Big Endothelin-1

Endothelin
converting
enzymes

Endothelin-1

Chymase

Endothelin-1 (1-31)

Figure 1 - The synthetic pathway for the generation of endothelin-1 and endothelin-
1 (1-31). Amino acid sequences of the four members of the endothelin family. Each
isoform contains two intra-chain disulphide bridges linking paired cysteine amino
acid residues, thus producing an unusua semi-conical structure. Shaded circles
indicate where amino acids differ from endothelin-1.
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membrane where it cleaves
extracellular big endothelin-1. Both
ECE-1 and ECE-2 are inhibited by
phosphoramidon, but not by selective
neutral endopeptidase or ACE
inhibitors’. ECE has also been found
on alphaactin filaments in smooth
muscle cells®. More recently, it was
discovered that chymase from human
mast cells can selectively cleave big
endothelins at the Tyr31-Gly32 bond
to produce novel trachea-congtricting
31l-aminoacid-lengthendothelins, ETs
(1-31), without any further degradation
products® (Figure 1).

Intra-arterial infusion of big
endothelin-1 producesdose-dependent
forearmvasoconstrictionin humans'®.
ECE inhibition by phosphoramidon
completely blocks vasoconstriction
to big endothelin-1. Thus, it is likely
that vasoconstriction to big
endothelin-1 reflects vascular
conversion to the mature peptide by a
phosphoramidon-sensitive ECE,
located in endothelial and smooth
muscle cells.

A significant part of endothelin-1
clearance occurs through receptor
binding and internalisation. Pre-
treatmentwithalargedoseof unlabelled
endothdlin-1 blocks pulmonary clea-
rance of radiolabelled endothelin-1,
supporting receptor mediated clea-
rance'?. Selective ETg inhibition
increases plasma endothelin-1 con-
centrations* and does not affect big
endothelin-1 or C-termina fragment
concentrationst314, confirming that the
increase is mediated by displacement
of endothelin-1 fromreceptors. Neutral
endopeptidase also plays a role
in enzymatic degradation of the
endothelins!6.177,

Concentrations of endothelin-1 in
blood are lower than those that cause
vascular contraction invitroor invivo.
Cultured endothelial cells secrete
substantially more endothelin-1
towards the adjacent vascular smooth
muscle than into the lumenii.

Therefore, endothelin isthought to be
a locdly acting paracrine substance
rather than a circulating endocrine
hormone. Nevertheless, venousplasma
concentrations of endothelin-1 have
been used asamarker for synthesis of
the peptide by vascular endothelium.
Measurement of big endothelins and
the C-terminal fragment formed when
they are cleaved by ECE substantially
assists interpretation of plasma
endothelin levels!’®179, Table 1
summarizes currently known ECE
inhibitors.

Signal transduction

ET, and ETg are two distinct
endothelin receptor typeswithdifferent
pharmacologic characteristics. The
ET 4 receptor affinity for endothelin-1
is much higher than for endothelin-
31718 ET, receptors are located in
vascular smooth muscle cells, but not
in endothelid cells® (Figure 2). A
number of peptide and non-peptide
ET, antagonists have been
synthesised; the prototype being the
cyclic pentapeptide BQ-123%°. ETg
receptors are located on endothelia
cells?t. Endothelin-1 and endothelin-3
equally activate the ETg receptor,

Endothelial
Cell

89

whichin turn leadsto vasodilation via
production of nitric oxide and
prostaglandins. ET-1 (1-31) has aso
been demonstrated to cause vascular
smooth muscle congtriction via ET,
receptor stimulation®® and to induce
NO productionin endothelia cellsvia
ET g receptors®?, Some ETg receptors
are located in vascular smooth
muscle??, where they may mediate
vasoconstriction® (Figure 2).
Sarafotoxin S6¢ and endothelin-3 are
selective peptide agonists and BQ-
788 isaselective peptide antagonist at
the ETg receptor®?,

The number of endothelin
receptors is regulated by various
factors. Angiotensin Il and phorbol
esters downregulate endothelin
receptors® whereas ischaemia and
cyclosporin increase the number of
endothelin receptors?®?’. Table 1
summarizes currently known
selective ET,, ETg and nonselective
ET A receptor antagonists.

Intracellular events

The main intracellular pathway
after activationof ET 5 or ETg receptors
includes a G-protein dependent
activation of phospholipase C and

ETg receptor

A

/ I: : :l N I: ET/i|
‘ nitric oxide ‘ ‘ prostacyclin‘

ETg receptor

ETa receptor
Vasoconstriction

Vascular Smooth Muscle Cell

A/

Vasodilatation

Figure 2 — Vascular actions of endothelin-1 (ET).
Big ET = Big endothelin-1; ECE = endothelin converting enzyme.
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subsequent hydrolysisof phosphatidyl
inositol and generation of membrane-
bound diacylglycerol and cytosolic
inositol trisphosphate?®2°. Inositol
trisphosphate causes release of [Ca?*]
from intracellular stores and opening
of membrane Ca2* channels30.
Diacylglyceral increasessensitivity of
the contractile apparatus to elevation
in intracellular Ca&* by activating
proteinkinase C3L, Diacylglycerol also
affectsnuclear signaling with possible
effects on cell growth regulation.
Adtions (mgor physiologic actions
of endothdin-1 relevant to cardiovas-
cular dissesearesummarizedin Table2).

Vascular

Endothelin-1 is the most potent
vasoconstrictor agent of conduit
arteries in vitrod. Endothelin-1, 2 and
3 induce transient vasodilatation due
to nitric oxide and prostacycline
release before the development of
sustai ned vasoconstriction®85, \ asocon-
striction to endothelin-1 is mediated
by vascular smooth muscle cell ET4
and ETg receptors. Endothelial cell
ETg receptors mediate vasodil atation
through production of endothelium-
derived vasodilators (Figure 2).
Vasoconstriction to ETg receptor

agonists varies with species, vessel
type and vessel size?.
Bolusinjections of endothelinsin
animals cause a blood pressure
increase which persistsfor at least 60
mine. Thecoronary andrenal vascular
beds exhibit maximal vasocon-
gtriction to systemic administration
endothelin-1 in animals®®. Bolus
injections of endothelin usually also
cause transient hypotension which is
most marked for endothelin-3%, and
is mediated by endothelial ETg
receptors. This initial hypotensive
response does not occur if endothelin
concentrations rise more slowly,

Table 1 — Currently known anti-endothelin agents

ET, receptor ET g receptor ETg receptor ECE inhibitors
antagonists antagonists antagonists

A-127722 (non-peptide) A-182086 (non-peptide) A-192621 (non-peptide)  B-90063 (non-peptide)
ABT-627 (non-peptide) CGS 27830 (non-peptide) A-308165 (non-peptide)  CGS 26393 (non-peptide)

BMS 182874 (non-peptide)
BQ-123 (peptide)

BQ-153 (peptide)

BQ-162 (peptide)

BQ-485 (peptide)

BQ-518 (peptide)

BQ-610 (peptide)
EMD-122946 (non-peptide)
FR 139317 (peptide)
IPI-725 (peptide)

L-744453 (non-peptide)
LU 127043 (non-peptide)
LU 135252 (non-peptide)
PABSA (non-peptide)

PD 147953 (peptide)

PD 151242 (peptide)

PD 155080 (non-peptide)
PD 156707 (non-peptide)
RO 611790 (non-peptide)
SB-247083 (non-peptide)

Sitaxsentan sodium (non-peptide)

TA-0201 (non-peptide)
TBC 11251 (non-peptide)
TTA-386 (peptide)
WS-7338B (peptide)
ZD-1611 (non-peptide)
Aspirin (non-peptide)

CP 170687 (non-peptide)
J-104132 (non-peptide)
L-751281 (non-peptide)
L-754142 (non-peptide)
LU 224332 (non-peptide)
LU 302872 (non-peptide)
PD 142893 (peptide)

PD 145065 (peptide)

PD 160672 (non-peptide)

RO-470203 (bosentan) (non-peptide)

RO 462005 (non-peptide)
RO 470203 (non-peptide)
RO 485695 (non-peptide)

RO61-0612 (tezosentan) (non-peptide)

SB 209670 (non-peptide)
SB 217242 (non-peptide)
TAK-044 (peptide)

BQ-788 (peptide)
BQ-017 (peptide)

IRL 1038 (peptide)

IRL 2500 (peptide)
PD-161721 (non-peptide)
RES 701-1 (peptide)

RO 468443 (non-peptide)

CGS 26303 (non-peptide)
CGS 35066 (non-peptide)
Phosphoramidon (peptide)
PP-36 (peptide)
SM-19712 (non-peptide)
TMC-66 (non-peptide)

ET = endothelin; ECE = endothelin converting enzyme.
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which is likely to occur under
physiological conditions®.

Brachial artery infusion of
endothelin-1 in humans causes a dow
dose-dependent decrease in forearm
blood flow3839, whichissustained for 2
hours after discontinuation of
endothelin-138, Inaddition, endothelin-1
causes slow-onset, sustained
constriction of cutaneous veins in
vivae40, |dentical doses of endothelin
cause greater vasocongriction when
infused over alonger period of time>.
Endothelin-1 increases blood pressure
inhuman subjectsby 5-10%whengiven
intravenoudy at doses of ~1 pmol/kg/
minover 60 min“-3, Asin animals, the
haemodynamic effects develop dowly
and are sustained for morethan 1 hour.
Systemicadministrationof endothelin-1
also causes renal and splanchnic
vasoconstriction in humans®4243,

Cardiac

Endothelin-1 has positive
chronotropic and inotropic effects in
Vitro®2, Intracoronary administration
of endothelin-1 causes coronary

vasoconstriction, resulting in
myocardial ischaemia and lethal
ventricular arrhythmias®. Inanimals,
low doses of endothelin have a
positive inotropic effect in vivo,
whereas higher doses have negative
inotropic effect®, possibly due to
myocardial ischaemiafrom coronary
vasoconstriction and high afterload.
Systemic administration of endo-
thelin-1 in humans decreases cardiac
output, probably through increased
afterload and abaroreceptor mediated
decrease in heart rate®.

Interactions with other
endothelial mediators

Nitric oxide synthase inhibitors
attenuate the transient initial
vasodilatation to endothelin
administration and potentiate the
constrictor and pressor effects of
endothelin-1%. This suggests that the
endothelins stimulate nitric oxide
production by vascular endothelia
cells® (Figure 2). Cyclo-oxygenase
inhibitors potentiate the constrictor
effects of endothelin-1%, suggesting

91

that endothelin-1 also increases
prostacyclin  production by
endothelial cells* (Figure 2). In
addition, adrenomedullin generation
by endothelia cells is increased by
endothelin-144. The endothelial
effects of endothelin-1 to increase
production of vasodilator substances
are mediated by the ETg receptor,
which thus acts to physiologically
antagonize ET, receptor mediated
vasoconstriction.

Role of endothdin-1 in
maintenance of vascular
tone and blood pressure

Inhibition of ECE or ET 4 receptors
has a d ow-onset hypotensive effect in
normotensive animals*484950 This
hypotensive effect of anti-endothelin
therapy is not observed in short term
studies(i.e. <10min)>-5253, §ow onset
vasodilatation to anti-endothelin
agentsis consistent with the sustained
vasocongtriction to endothelin-1 and
also with the slow effect of endothelin
receptor antagonists to reverse the
pressor effects of endothelin-1 in

Table 2 — Major physiologic actions of endothelin-1 relevant to cardiovascular disease

Organs and organ systems

Effects of Endothelin-1

Systemic vascular bed

Causes vasoconstriction through vascular smooth muscle cell ET, and ETg receptors.

Causes vasodilatation through ETg receptors located on endothelial cells.
Mitogenic effect on vascular smooth muscle cells.

Pulmonary vascular bed

Heart

Causes vasoconstriction through vascular smooth muscle cell ET, and ETg receptors.

Positive chronotropic and inotropic effects in vitro.

Decreases cardiac output in vivo, due to increased afterload and a baroreceptor mediated
decrease in heart rate.

Mitogenic effect on cardiac myocytes and coronary vascular smooth muscle cells.

Kidneys

Condtriction of afferent and efferent arterioles, decrease in renal plasma flow and
glomerular filtration rate through ET » receptors.

Preventing tubular reabsorbtion of sodium and water through ETg receptors.
Mitogenic effect on human mesangial cells.

Endocrine

Stimulates ACE and aldosterone rel ease.

ET = endothelin; ACE = angiotensin converting enzyme.
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animals**. Intra-arterial administration
of the ECE and neutral endopeptidase
inhibitor phosphoramidon causess ow
onset forearm vasodilatation in
humans, whereas selective neutral
endopeptidase inhibition alone does
not cause vasodilatation®. Local
administration of peptide ET 5 receptor
antagonist BQ-123, or peptide ET,
and ETg receptor antagonist TAK-
044 cause slow onset forearm
vasodilatation1%%. In humans,
systemic administration of TAK-044
causes systemic vasodilatation and
decreases arterial pressure by 10-
20%°%5. These findings suggest that
endogenous endothelin-1 has an ET,
receptor mediated physiological
vasocongtrictor effect important for
blood pressure maintenance. Thenon-
peptide ET /5 antagonist bosentan also
decreases blood pressure in
normotensive humans™.

Local administration of ETj
receptor antagonist causes greater
vasodilatation than local ETasp
antagonism in humanst®®5, | ocal
forearm ETg receptor antagonism by
BQ-788 causes sustained vasocon-
striction in humans, which opposes
the vasodilator action of BQ-123%.
ETg receptor antagonists can cause
vasoconstriction by blockade of tonic
endothelial ETg receptor mediated
stimulation of nitric oxide and
prostacyclin generation (Figure 2).
However, ETy receptor antagonists
also block clearance receptors,
thereby increasing endothelin-1
concentrations461, The pressor
effects of ETg receptor antagonism
are present even when nitric oxide
generation is inhibited, and these
effects can be blocked by ETx
antagonism, suggesting an effect on
clearance of endothelin-1%. Renal
ETg receptors cause natriuresis by
preventing tubular reabsorption of
sodi um58,59,60_

In summary, the overall phys-
iological effect of endothelin-1 isto

increase blood pressure. The
cardiovascular effect of endogenous
endothelin-1 depends on the balance
between ET, and ETg mediated
effects. Therefore, the cardiovascular
effects of endogenous endothelin-1
generation may change in disease
states if the number or function of
ET, and ETg receptors are altered.
For example, endothelial dysfunction
withlossof nitric oxideactivity would
beexpectedtoattenuate ETg mediated
vasodilatation and promote ET,
mediated vasoconstriction.

Rend effects

Endothelin-1 causes equal con-
striction of afferent and efferent
arterioles in vitro®’, and decreases
renal plasma flow and glomerular
filtration rate (GFR)%869.70, ET,
receptors mediate renal vasocon-
gtriction in humans™8’. In humans,
ET A5 receptor antagonismwith TAK -
044 increases rena plasmaflow by ~
20%, without any effect on GFR18L,
suggesting that the efferent arteriole
is the predominant site of action of
endogenous endothelin-1.

Endothelin-1 blocks sodium
reabsorption by tubular Na‘/K+*-
ATPase inhibition in the proximal
tubule and collecting duct?. More
recently it was demonstrated that
endothelin-1 decreases chloride flux
in the thick ascending limb of the
loop of Henle, thus contributing to
the natriuretic effect®®. Endothelin-1
also blocks water reabsorbtion in the
collecting duct by inhibiting the
effectsof ADH?3. Involume depleted
rats, endothelin-1 production in the
renal tubule decreasesand endothelin
receptor number in glomeruli and
tubules increases’™. These tubular
effects occur with ETg receptor
agonists and are not blocked by BQ-
123, suggesting that they are mediated
by ETg receptors™ 7686, Deletion of
renal ETg receptorsin ETg knockout

rats causes salt-sensitivity and
hypertension that is not reversible
with ET 5 antagonism*®, Insummary,
endothelin-1 has two direct renal
actions, causing renal vasocon-
striction (ET,) and tubular sodium
and water loss (ETg), these actions
probably reflecting separate sites of
production in renal blood vesselsand
tubules.

Effects on cell growth and
inflammation

Endothelin-1 increases mRNA
expression for the growth promoting
proto-oncogenes c-fos and c-myc®.
Endothelin-1 (1-21) has a potent
mitogenic effect on vascular smooth
musclecells®, cardiac myocytes® and
glomerular mesangial cells®,
Endothelin-1 (1-31) aso stimulates
proliferation of porcine and human
coronary artery smooth muscle
cel %9 and human mesangial cells®.
The endothelins are also potent
stimulators of monocyte production
of cytokines such astumour necrosis
factor, interleukins (1, 6 and 8) and
granulocyte-macrophage colony-
stimulating factorté. Endothelin-1
enhances neutrophil adhesion to
human coronary artery endothelial
cells, which is mediated by ET,
receptors®,

Endocrine effects

Endothelin-1 stimulates ACE
activity in cultured endothelial cells”
and stimulates the tissue renin-
angiotensin system in the rat isolated
mesenteric bed’®. In addition,
endothelin-1 stimulates release of
aldosteronefromisolated cortical zona
glomerulosa cells”®, and adrenaline
from medullary chromaffin cells®.
Angiotensin |1 increases endothelin-1
tissue levels and ECE activity in vivo,
and the haemodynamic and
proliferative effects of angiotensin 11
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can be blocked by ET, receptor
antagonism?L82, Thesefindingssuggest
that a positive feedback loop linking
angiotensin Il and endothdlin-1 may
exist in disease states such as heart
falure. Antagonism of the endothelin
system may help in patients with
persistent RAAS activation despite
maximally tolerated ACE inhibition or
angiotensin receptor blockade.
Anti-endothelin agents in
essential hypertension (potential
clinical indications for selected

endothelin antagonistsaresummarized
in Table 3).

Endothdin actsasamediator in the
pathogenes's of hypertenson and its
complications because of its actionsto
increase vascular tone, activate the
sympathetic nervous and renin-
angiotensin-aldosterone systems and
increasemitogenesis. Inanima studies,
anti-endothelin therapy seems to have
different blood-pressure-lowering
effect in different models of hyper-
tension. Models of salt-sensitive

93

hypertension (DOCA-salt and Dahl
rats) and malignant hypertension
(stroke-prone spontaneously hyper-
tensiverats[SHRSPs]) are especialy
sensitive to the antihypertensive
effect of endothelin receptor
b| ockade105,106,107,108,109_ PABSA’ a
potent long-acting oral ET, receptor
antagonist with weak ETg antagonist
activity, reduced blood pressure in
DOCA-salt hypertensive rats,
spontaneoudy hypertensiveras(SHRS)
and SHRSPs*®, Combined ET, andETg

Table 3 — Potentia clinical indications for selected endothelin antagonists

Clinical indications

Anima modds

Clinica studies

Systemic hypertension

Pulmonary hypertension

Coronary artery disease

Renal failure

Chronic heart failure

Bosentan. Antihypertensive effect in angiotensin
I1-induced, perinephritic, DOCA-salt, and SHRSP
hypertenSl ong4,97,105,108 .

LU135252. Antihypertensive effect in Dahl salt-
sensitive hypertension'®,

Tezosentan. Antihypertensive effect in SHR1S,

Bosentan. Attenuates hypoxia-reoxygenation-
induced pulmonary hypertension, decreases
leukocyte-mediated injury and improves pulmonary
function?®,

Bosentan. Antiatherosclerotic effect!1.112116,
Suppresses intrapericardial endothelin-1-

induced ventricular arrhythmias!®s.

LU135252. Reduces the number of cyclic coronary
flow reductionsin amode! of variant anginat®e.
ABT-627. Preserves coronary endothelial function
in experimental hypercholesterolemial’.

Tezosentan. Prevents acute renal failure due to
experimental rhabdomyolysis!®,

Basentan. Improves hemodynamics, prevents the
progression of |eft ventricular dysfunction,
attenuates left ventricular remodeling and improves
long-term survival 138.146.153,

LU135252. Restores cardiac output dose-
dependently, decreases blood pressure and heart

rate, and limits left ventricular remodeling.

Bosentan. Antihypertensive effect in essential
hypertension, this effect similar to treatment
with 20 mg of enalapril®.

Bosentan. Improves exercise capacity,
improves pulmonary hemodynamics, reduces
Borg dyspneaindex, and improves WHO
functional classin primary or secondary
pulmonary hypertension34183,

Bosentan. Increases coronary diameter in
angiographically documented stable coronary
artery disease!®s,

ABT-627. Prevents the decrease in renal
perfusion and glomerular filtration rate caused
by ET-1 infusion!%.

Bosentan. Improves hemodynamics, clinical
status and favorably alters the progression of
heart failure!37.151.176,

LU135252. Improves hemodynamics,
attenuates the impairment of conduit vessel
endothelial functiont®”-189,

Tezosentan. Improves hemodynamics'e>,

DOCA = deoxycorticosterone acetate; SHR = spontaneously hypertensive rats; SHRSP = stroke-prone spontaneously hypertensive rats; WHO = World Health

Organization.
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receptor blockadeby TAK-044 resulted
in adecreasein arterial pressure, ET-1
contents and mRNA expression level
in the kidney, heart and brain of
SHRSPs!®, In contrast, rats with
renovascular hypertension (Goldblatt)
are relaively insendtive to endothelin
receptor blockade™. In adrenocor-
ticotrophic hormone-induced hyper-
tensioninrats, combined ET, and ETg
receptor blockade by bosentan had no
effect on blood pressurel®l, The latter
finding may be attributed to blocking
the natriuretic effects of endothelin-1
viaET g receptor blockade by bosentan.
SHR have exaggerated vasoconstrictor
responses of coronary arteries to
endothdlin-1 mediated via both ET4
and ETg receptors™. Despitetheknown
positive inotropic effect of endothelin-
1, bosentan reduces arteria pressurein
dogs with perinephritic hypertension
andin DOCA-sdt hypertensiverats by
decreasing tota peripherd resstance
without affecting myocardial
contractility97:99,

In humans with essential hyper-
tension, the ET, and ETg receptor
antagonist TAK-044 caused greater
forearm vasodilatation compared to
normotensive controls, perhaps
because of decreased ETg-mediated
tonicNOreleasefromendothelial cells
inessentia hypertension!®, Combined
blockade of ET , and ETg receptors by
BQ-123and BQ-788resultsinagreater
forearm vasodilatation compared to
selective ET, receptor blockade by
BQ-123 in patients with essential
hypertension'®. Interestingly, ETg
receptor blockade by BQ-788
produced forearm vasodilatation in
hypertensive patients as opposed to
vasoconstriction in normotensive
controls'®, This can be attributed to
relative upregulation of vasocon-
strictory smooth muscle ET greceptors
and downregulation of ETg receptors
located onendothelial cellsinessential
hypertension, as well as to hyper-
tensive endothelia dysfunction.

In humans, four-week treatment
with bosentan at a dose of 1000 mg
twicedaily decreases24 hr ambulatory
diastolicblood pressurein patientswith
essentia hypertension by ~10 mmHg,
thiseffect similar to treatment with 20
mg of enalapril. Thiseffect of bosentan
was hot accompanied by activation of
the sympathetic nervous or renin-
angiotensin systems®.

Anti-endothelin agents and
complications of
hypertension

Theeffectsof endothelin-1onrena
function, cardiac and vascular growth
may indicate their potential in
preventing the complications of
hypertension. Bosentan treatment
entirely prevented the effects of a 10-
day angiotensin |l infusion in rats,
such as hypertension, cardiovascular
hypertrophy, reduction in renal blood
flow and abuminurig®. Thereductions
in blood pressure and cardiovascular
hypertrophy by bosentan were similar
to the effects of losartan in this model
of hypertension, which suggests
possible modulation of local action of
angiotensin-1l by endothelin'®, In
additiontoitsblood pressurelowering
effect, combined ET , and ET g receptor
blockade by TAK-044 in SHRSPs
resulted in a decrease in blood urea
nitrogen, creatinine concentrations,
plasma adosterone, heart and kidney
weight1%3, Combined ET,g receptor
blockade in SHRSP completely
prevents cerebral  arteriolar
hypertrophy, despite only partial
decrease in arterial pressurel®.

Anti-endothelin agents
and pulmonary
hypertension

Thevasoconstrictor and mitogenic
effectsof endothelin-1 makeitalikely

participant in the pathophysiology of
pulmonary hypertension, because
pulmonary  hypertension is
characterized by endothelial injury,
vascular smooth muscle proliferation
and vasoconstriction of pulmonary
resistance vessels. In porcine hypoxic
pulmonary hypertension, endothelin
contributes to pulmonary vasocon-
striction through ET, receptor
stimulation'28. Endothelin-1levelsare
increased inair embolization-induced
pulmonary hypertension in sheep's!
and hypoxia-reoxygenation-induced
pulmonary hypertensionin pigletst®,
which suggests that endothelin-1 is
involved in the pathogenesis of these
forms of pulmonary hypertension.
In monocrotaine-induced pulmo-
nary hypertension in rats, the ET,
antagonist TA-0201 is as effective as
an ora prostacyclin analog in the
prevention of progression of pulmo-
nary hypertension and right
ventricular hypertrophy'?°. Both ET 5
receptor antagonism by FR139317
and ET,;g receptor antagonism by
TAK-044 significantly attenuated the
increasein pulmonary artery pressure
during air embolization in sheep!sL.
In piglets, bosentan treatment
attenuated hypoxia-reoxygenation-
induced pulmonary hypertension,
decreased |eukocyte-mediated injury
and improved pulmonary function'2.
Pretreatment with ET, receptor
antagonist PD156707 blocksrebound
pulmonary hypertension observed on
acute withdrawal of inhaled NO in
lambs'®2. Sitaxsentan sodium, an oral
selective ET, receptor antagonist,
dose-dependently attenuated chronic
hypoxia-induced and monocrotaline-
induced pulmonary hypertension,
right heart hypertrophy and
pulmonary vascular remodeling in
rats'®. Patients with primary and
secondary pulmonary hypertension
exhibitincreased pulmonary vascul ar
endothelin-1 mMRNA expression, with
the degree of expression proportional
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to pulmonary vascular resistancels,
Therefore, anti-endothelin treatment
might be of interest in the treatment
of patients with various forms of
pulmonary hypertension.

Adminigtration of the ET 4 receptor
antagonist BQ-123 in 3 infants with
postoperative pulmonary hypertension
following corrective surgery for
congenital heart disease resulted in
improvement  in  pulmonary
hemodynamics, however associated
with a reduction in systemic blood
pressure and ventilation-perfusion
mismatch'®, Bosentan treatment in
patients with primary pulmonary
hypertension and pulmonary hyper-
tension due to limited scleroderma
resulted in favorable pulmonary
hemodynamic changes but caused
systemic hypotension®, As it was
demonstratedinarandomised, placebo-
controlled clinical trial, 12-week
Bosentan trestment in patients with
severeprimary or secondary pulmonary
hypertension improved exercise
capacity, increased cardiac index,
decreased pulmonary vascular
resistance, reduced Borgdyspneaindex,
andimproved WHO functional class'®,
The frequency and characteristics of
adverse events did not differ between
bosentan and placebo groups in this
trial'®. Bosentan was approved by the
FDA for treatment of pulmonary hyper-
tension in November 2001.

Anti-endothelin agents
and atherosclerosis

There is subgtantial evidence that
mitogenic effects of endothelin-1
contribute to the development of
atheroscleross. Endothelin-1 markedly
potentiates human vascular smooth
muscle cdl (VSMC) praliferation to
platelet-derived growth factor (PDGF),
basc fibroblast growth factor (bFGF)
and epidermd growth factor (EGF),
acting mainly via ET  receptorstt3114,

In cultured mouse VSMC, ECE
inhibition by phosphoramidon and
ET, receptor blockade by BQ-123
inhibits DNA synthesis induced by
oligosaccharides of hyaluronic
acid15, ET 4 receptor blockadeby BQ-
123 inhibits endothelin-1-induced
proliferation of human coronary
smooth musclecel s, ET 55 receptor
antagonism by bosentan inhibited
neointimal development in collared
carotid arteries of rabbits, a known
model of atherosclerosis'*t. Bosentan
significantly attenuated the
development of graft atherosclerosis
in rat cardiac allograftsii2, ET,
receptor blockade in hyperlipidemic
hamsters inhibits formation of early
atherosclerotic lesions by decreasing
the number and size of macrophage-
foam cellsti®. Therefore, in addition
to its antihypertensive effects, anti-
endothelin therapy may be anti-
atheroscleratic.

Anti-endothelin agents
and coronary artery
disease

Ischemia/reperfusion injury

In rabbits subjected to coronary
occlusion and reperfusion, ECE
inhibitionby SM-19712reducedinfarct
size, the serum activity of creatinine
phosphokinase (CPK) and theincrease
in serum endothelin-1'**. Reperfusion
of hearts treated with BQ-123 showed
a 30% incresse in the proportion of
competent capillaries after 15" of
ischemia and 300% increase in the
proportion of competent capillariesand
a dramatic decrease in necross after
60" of ischemiacompared to untreated
hearts'®>. Even if administered
simultaneously with coronary
reperfusion, ET,g antagonism by
TAK-044  improved cardiac
hemodynamics, myocardia energy
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metabolismand decreased CPK release
after 35 minutes of ischemia in rat
hearts'®6. Pretreatment of rabbit hearts
with TAK-044 and the ACE inhibitor
temocaprilat demonstrated asignificant
potentiation of the positive effects on
myocardial energy metabolism of each
agent alone during ischemia and
reperfusion’™. TAK-044 significantly
reduced ischemic cdlular injury in
ischemialreperfused rat hearts!'>8. Both
sdlective ET, antagonism by BQ-123
and selective ETg antagonism by BQ-
788 improved myocardia contractility
and endothelium-dependent
vasodilatation in a heterotopically
transplanted rat heart reperfused after
ischemia'®®1%0, BQ-123 significantly
increased myocardid bloodflow during
early reperfusion'®. Other investigators
have reported that BQ-123 abolished
post-ischemicincreaseincoronary flow
rateinisolated rat hearts after ischemia
and reperfusion and that bosentan
significantly impaired the recovery of
systolic function during reperfusion16l,
athough the mgjority of investigators
report favorable actions of anti-
endothelin agents in ischemia/
reperfuson modéels.

Clinically, plasma endothelin
levels predict 1-year mortality in
patients after acute myocardial
infarction'’t. Aspirin is known to
reduce reinfarction and mortality in
patients who suffered an MI.
Interestingly, millimolar concentrations
of aspirin and sodium salicylate, its
major blood metabolite, act as
allosteric selective ET, receptor
antagonigtsinhumaninterna mammary
arteries in vitro'®. However, these
concentrations of salicylates are not
achieved in patients receiving 300
mg of aspirin once daily.

Antiarrhythmic effects of
endothelin antagonists

Endothelin antagonists may have
apotential as antiarrhythmic agents.
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Selective ET 4 receptor antagonism by
BQ-123 or sdlective ETg antagonism
by PD161721 both reduced ischemia
induced ventricular arrhythmias in
rats'®*. Mixed ET,g antagonism by
TAK-044 significantly reduced
reperfusionventricular tachycardiain
ischemia/reperfused rat hearts!®8,
Endogenouspulmonary bigendothelin
produces arrhythmogenic effects that
are aggravated in Watanabe heritable
hyperlipidemia in rabbits!62, Mixed
ET,g antagonism by bosentan
significantly suppressesintrapericardial
endothelin-1-induced ventricular
arrhythmias in animal s'62,

Endothelial dysfunction

Endothelial dysfunction is a
predictor of the development of
atherosclerosis and coronary artery
disease. Hypercholesterolemia is
known to lead to endothelial
dysfunction. In vitro, the ECE
inhibitor phosphoramidon improved
bradykinin-induced vasodilatation of
isolated porcine coronary arteryl’2,
Acuteintracoronary administration of
ET, antagonist FR-139317 or ET s
receptor antagonist bosentan did not
affect vasodilatation to acetylcholine
inexperimental hypercholesterolemia
in pigst™. However, chronic ET,g
antagonism by RO 48-5695 and ET 4
receptor antagonism by ABT-627
preservescoronary endothelia function
in experimental hypercholesterolemia
inpigst’3. Forearmvasodilator response
to ET, antagonist BQ-123 isincreased
in hypercholesterolemic patients,
whereasvasocongtriction to exogenous
endothelin-1 is unchanged®’>.

Stable coronary artery
disease

The potent vasoconstrictor and
mitogenic actions of endothelin make
it a possible participant in the
pathophysiology of coronary artery

disease. Coronary vasoconstriction in
dogs persists 120 minutes after
intracoronary adminigtration of the a-1-
adrenoreceptor agonist phenylephrine! .
Pretreatment with ECE inhibitor
phosphoramidon or the ET 5 receptor
antagonist FR-139317 abolishes this
vasocondtriction, which is congstent
withthehypothesisthat ET-1isreleased
duringa phal-adrenergicactivationand
causes sustained coronary vasocon-
driction'™, ET, receptor antagonism
by LU 135252 sgnificantly reduces
the number of cyclic coronary flow
reductionsinananimal model of variant
anginatee,

Intravenous administration of a
mixed ET,g antagonist bosentan to
patients with angiographically
documented stable CAD increased
coronary diameter, particularly in
vessels with no or mild angiographic
changes'®. Selective ET, receptor
antagonism by BQ-123in patientswith
stable angina pectoris prevents distal
coronary vasoconstriction occurring
after percutaneous transluminal
coronary angioplasty (PTCA)5.
However, thesedatamust beinterpreted
with caution, because intracoronary
administration of BQ-123 can also
prevent the normal reduction of
myocardial ischemia on repeated
balooninflationsduring PTCA, which
may be explained by a “stedl” effect
through coronary collateralsté”.

Anti-endothelin agents
and chronic rena
failure

Established chronic renal failure
tends to progress to end-stage renal
failure requiring dialysis. There is
evidence that endothelin-1 plays an
important role in progression of
chronicrena failure. Inanimal models
of progressive chronic rena failure
induced by partial nephrectomy,
there are increases in renal

preproendothelin-1 mRNA, cortical
tissueimmunoreectiveendothelin-1and
urinary endothelin excretion. Renal
endothelin-1 generation positively
correlatedwithglomerul osclerosisand
urinary protein excretion in such
animalst23 124, Glomerul ar expression
of ET, and ETg receptor mRNA is
increased in experimental glomeru-
losclerosist?. Endothelin apparently
participates in induction and
progression of scleroticrenal changes,
leading to progression to end-stage
renal disease. ET, receptor
stimulation by endothelin-1 (1-31)
stimulates proliferation of cultured
rat zona glomerulosa cellstl?,
Endothelin-1 induces growth of
cultured human mesangia cells by
stimulating their ETg receptors'?’. As
was shown in mice, endothelin
participates in the pathophysiology
of renal vascular fibrosisby activating
thecollagen| gene. Treatment of mice
with L-NAM E-induced hypertension
with bosentan decreased mortality,
normalized expression of collagen |
geneaugmented by hypertension, and
led to the regression of renal vascular
fibrosis'?,

Therefore, anti-endothelin therapy
might be a promising new direction
in the prevention of progression of
chronic renal failure in addition to
the known benefits of RAAS
inhibition. Four-week treatment with
both hydralazine and bosentan
decreased arterial pressureand cardiac
hypertrophy in rats harboring both
human renin and angiotensinogen
genest®, Importantly, the decreasein
mortality was higher with bosentan,
and only bosentan treatment
decreased abuminuriaandfocal renal
necrosist®. Thisis a very important
finding given that human proteinuric
renal disease tends to progress faster
with more severe proteinuria?’, and
that in patients with chronic renal
failure, plasma concentrations of
endothelin-1 are increased, up to 4-
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fold in those on haemodialysisi<,
However, some investigators have
been unable to demonstrate any
benefit of ET, receptor blockade or
ET,g receptor blockade in animal
models of progressiverenal injury®,

Endothelinisalso involved in the
development of ischemic acute renal
failure (ARF). Inamodel of ischemic
ARF in rats, administration of SM-
19712, apotent ECE inhibitor, caused
a dose-dependent attenuation of the
renal histopathological changes and
ischemia/reperfusion-induced renal
dysfunction122,

Anti-endothelin agents
and heart failure

Endothelin playsanimportant role
in the pathophysiology of chronic
heart failure (CHF). Baseline plasma
endothelin levels progressively
increasewiththedevelopment of CHF
in dogs with rapid right ventricular
pacing!®®. The gene expression of
endothelin-1 precursor and ECE is
up regulated 4 and 3-fold,
respectively, in the failing human
heart'®>, The cardiac production of
endothelin-1 is markedly increased
in cardiomyopathic hamsters with
CHF, and chronic ET, receptor
antagonism by TA-0201 improves
cardiac hemodynamics and survival
in these animals!#?,

Long-termET 4 receptor antagonism
withBQ-123inratswith CHFimproves
survival and alterations in the
expression of various cardiac genes
and inhibits the change from apha-
myosin heavy chain (MHC) to beta-
MHC, which is regarded as a
molecular marker for CHF%144, |n
low cardiac output heart failure in
dogs, bosentan decreased aortic
pressure and increased stroke
volume!®, Despite the possible role
of endogenous endothelin in the
maintenance of cardiac contractility,

anti-endothelintherapy inheart failure
increases cardiac output, presumably
by favorably altering loading
characteristics. Although ECE
inhibition by phosphoramidon and
selective ET, receptor antagonism
by BQ 123 impairs cardiac
contractility in isolated animal hearts
perfused at constant flow!4!, ET4
receptor antagonism by LU 135252
restores cardiac output dose-
dependently, decreases blood
pressure and heart rate, and limits|eft
ventricular remodeling in rats with
coronary ligation and developing
heart failure'®. Indogswith moderate
CHF induced by intracoronary
microembolizations, long-term
therapy with the ET,p receptor
blocker bosentan prevents the
progression of left ventricular
dysfunction and attenuates left
ventricular remodeling#6]. However,
mixed ET,/g receptor antagonism by
TAK-044 did not alter hemodynamics
or vascular remodeling inrabbitswith
sustained volume overload’. In pigs
with rapid atrial pacing and CHF,
combined AT(1) receptor blockade
by valsartan and ET,,;z receptor
blockade by bosentan resulted in a
greater improvement in left
ventricular function than with
valsartan alone*8. In dogswith CHF,
both the selective ET, receptor
antagonist FR 139317 and the ET, g
receptor antagonist TAK-044
decreased cardiac pressures, increased
cardiac output and sodium
excretion*4°. However, only TAK-
044 decreased plasma aldosterone
levels, which may prove to be an
additional advantage of ETajs
receptor antagonism in the treatment
of CHF%. Long-term survival of
coronary ligated CHF animals
increasesfrom 43% to 85% after ET 4
blockadewith BQ-123, but only from
47% to 65% after ET,s blockade
with bosentan52153, Possible
deleterious effects of ETg receptor
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blockade may explain the higher
survival benefit with selective ET,
receptor antagonism by BQ-123.
Plasma endothelin levels are
elevated in patients with CHF#9 and
correlate closely with the degree of
haemodynamic and functional
impairment1%0. |n patients with
symptomatic stable heart failure,
acute (4-6 h) infusion of intravenous
non-peptide ET g receptor blocker
tezosentan significantly increased
cardiac index and decreased
pulmonary and systemic vascular
resistances without changes in heart
rate or hemodynamic rebound after
discontinuation of the drug®+18.
Prolonged (48 h) tezosentan infusion
inpatientswith advanced heart failure
was well tolerated and improved
cardiac index, pulmonary capillary
wedge pressure, and diastolic and
systolic function85, Chronic oral
administration of the ET g antagonist
bosentan reduces systemic and
pulmonary vascular resistances by
24% and 20% and does confer
additional hemodynamic benefits in
CHF patients receiving ACE
inhibitorstt. Onethird of patientson
bosentan demonstrated improvement
in clinical status compared to 0% on
placebo'®. Two-week treatment with
bosentan 1 g/day in addition to
diuretics, digoxinand ACE inhibitors
was evaluated in patients with
symptomatic NYHA class Il heart
failure. This short-term treatment
decreased peripheral and pulmonary
vascular resistances, decreased
systemic, pulmonary and right atrial
pressures, and increased cardiac
output’®”, The REACH-1 trial
demonstrated that initiation of
bosentan therapy in patientswith CHF
leads to increased risk of worsening
heart failure, whereas long-term
bosentan therapy may improve
symptoms and favorably alter the
progression of heart failurel’s. In
addition, there is evidence that
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endothelin-1 may have a negative
inotropiceffectinhumanswithdilated
cardiomyopathy, suggesting that
endothelin antagonism may directly
improve myocardial contractility in
this condition143, Chronic ET,
blockade with LU 135252 attenuates
the impairment of conduit vessel
endo'®”.

Therefore, endothelin receptor
antagonists apparently are promising
new agents in the treatment of heart
failure with possible added benefits
to RAAS antagonism in terms of
morbidity and mortality. Further
research is necessary to determine
whether selective ETg receptor
blockade or mixed ETgjg receptor
blockade has greater benefits in
patients with CHF.

Conclusions

Endothelin-1 isapeptide secreted
mostly by vascular endothelial cells

References

1. Moncada S, Grygewski R, Bunting S,
Vane JR. An enzyme isolated from
arteries transforms prostaglandin
endoperoxides to an unstable substance
that inhibits platelet aggregation.
Nature 1976;263:663-5.

2.  Padmer RM, Ferrige AG, Moncada S.
Nitric oxide release accounts for the
biological activity of endothelium-
derived relaxing factor. Nature 1987;
327:524-6.

3. Yanagisawa M, Kurihawa H, Kimura
S, Tomobe Y, Kobayashi M, Mitsui Y
et a. A novel potent vasoconstrictor
peptide produced by vascular
endothelial cells. Nature 1988;332:
411-5.

4. Inoue A, Yanagisawa M, Kimura S,
Kasuya Y, Miyauchi T, Goto K et al.
The human endothelin family: three
structurally and pharmacologically

that possesses potent vasoconstrictor
and mitogenic properties. Endothelin-
1 is involved in salt and water
homeostasis and stimulates the
sympathetic and renin-angiotensin-
aldosterone system. These actions
make endothelin a potentially
important mediator in hypertension
and its complications, including
coronary artery disease, heart failure
and renal disease.

Endothelin appears to act as a
mediator in the pathogenesis of
hypertension and its complications.
Further clinical trials are needed to
examine whether combined ETpjg
blockade or sdlective ET, blockade
are superior in the treatment of hyper-
tension. The effects of endothelin-1
onrenal function, cardiac and vascular
growth indicate the potential of anti-
endothelin therapy in preventing the
complications of hypertension, such
asvascular remodeling, left ventricular
hypertrophy, hypertensive kidney

distinct isopeptides predicted by three
separate genes. Proc Natl Acad Sci
USA 1989;86:2863-7.

5. Inoue A, Yanagisawa M, Takuwa Y,
Mitsui Y, Kobayashi M, Masaki T. The
human preproendothelin-1 gene:
complete nucleotide sequence and
regulation of expression. J Biol Chem
1989;264:14954-9.

6. Gray GA. Generation of endothelin. In:
Molecular Biology and Pharmacology
of the Endothelins. Edited by Gray GA,
Webb DJ. Austin: R.G. Landes;
1995;13-32.

7. Howard PG, Plumpton C, Davenport
AP. Anatomical localisation and
pharmacological activity of mature
endothelins and their precursors in
human vascular tissue. J Hypertens
1992;10:1379-86.

8.  Plumpton C, Champeney R, Ashby MJ,
Kuc RE, Davenport AP.
Characterization of endothelin

damage and atherosclerosis.
Endothelin also appearsto beinvolved
inthepathophysiology of heart failure.
Long-term anti-endothelin therapy
may improvesymptomsand favorably
alter the progression of heart failure.

Established chronic rena failure
tends to progress to end-stage renal
failure requiring dialysis. Endothelin
appears to participate in induction
and progression of sclerotic rena
changes, leading to progression to
end-stage renal disease. Anti-
endothelin therapy might offer
additional benefits in the prevention
of progression of chronicrenal failure
in addition to the known benefits of
RAAS inhibition.

Further studies are necessary to
determine the role of anti-endothelin
therapy in the treatment of
cardiovascular diseasesand determine
the different roles of selective ET, or
ETg receptor antagonism versus
mixed ET,g receptor antagonism in
human diseases.

isoforms in human heart: endothelin-2
demonstrated. J Cardiovasc Pharmacol
1993;22(suppl 8):S26-S28.

9. Hirata Y, Kanno K, Watanabe TX,
Kumagaya S, Nakgiima K, Kimura T
et al. Receptor binding and
vasoconstrictor activity of big
endothelin. Eur J Pharmacol 1990;
176:225-8.

10. Haynes WG, Webb DJ. Contribution
of endogenous generation of
endothelin-1 to basal vascular tone.
Lancet 1994;344.852-4.

11. Yoshimoto S, Ishizaki Y, Sasaki T,
Murota Sl. Effect of carbon dioxide
and oxygen on endothelin production
by cultured porcine cerebral
endothelia cells. Stroke 1991;22:378-
83.

12. Sirvio ML, Metsdrinne K, Saijonmaa,
Fyrquist F. Tissue distribution and
half-life of 125]-endothelin in the rats:
importance of pulmonary clearance.

Agapitov AV, Haynes WG

Rev Bras Hipertens vol 10(2): abril/junho de 2003



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Biochem Biophys Res Commun 1990;
167:1191-5.

Plumpton C, Ferro CJ, Haynes WG,
Webb DJ, Davenport AP. The increase
in human plasma immunoreactive
endothelin but not big endothelin-1 or
its C-terminal fragment induced by
systemic administration of the
endothelin antagonist TAK-044. Br J
Pharmacol 1996;119:311-4.

Loffler BM, Breu V, Clozel M. Effect
of different endothelin receptor
antagonists and of the novel non-
peptide antagonist Ro 46-2005 on
endothelin levels in rat plasma. FEBS
L eft 1993;333:108-10.

Xu D, Emoto N, Giaid A, Slaughter C,
Kaw S, deWit D et al. ECE-1: A
membrane bound metalloprotease that
catalyses the proteolytic activation of
big endothelin-1. Cell 1994;78:473-85.

Abassi ZA, Golomb E, Bridenhaugh
R, Keiser HR. Metabolism of
endothelin-1 and big endothelin-1 by
recombinant neutral endopeptidase
EC.3.4.24.11. Br J Pharmacol
1993;109:1024-8.

Arai H, Hori S, Aramori |, Ohkubo H,
Nakanishi S. Cloning and expression
of a cDNA encoding an endothelin
receptor. Nature 1990;348:730-2.

Williams DL, Jones KL, Pettibone DJ,
LisEV, Clineschmidt BV. Sarafotoxin
S6¢: an agonist which distinguishes
between endothelin receptor subtypes.
Biochem Biophys Res Commun 1991;
175:556-61.

Hosoda K, Nakao K, Aral H, Suga S,
OgawaY, MukoyamaM et a. Cloning
and expression of human endothelin-1
receptor cDNA. FEBS Lett 1991,
287:23-6.

lhara M, Noguchi K, Saeki T,
Fukuroda T, Tsuchida S, Kimura S et
al. Biological profiles of highly potent
novel endothelin antagonists selective
for the ETa receptor. Life Sci
1992;50:247-55.

Ogawa Y, Nakao K, Arai H, Nakagawa
O, Hosoda K, Suga S et d. Molecular
cloning of a non-isopeptide-selective
human endothelin receptor. Biochem
Biophys Res Commun1991;178:248-55.

Davenport AP, Maguire JJ. Is
endothelin-induced vasoconstriction
mediated only by ETa receptors in
humans? Trends Pharmacol Sci 1994;
15:9-11.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Haynes WG, Strachan FE, Webb DJ.
Endothelin ETp and ETp receptors
mediate vasoconstriction of human
resistance and capacitance vessels in
vivo. Circulation 1995;92:357-63.

IshikawaK, IharaM, Noguchi K, Mase
T, Mino N, Saeki T et al. Biochemical
and pharmacological profile of apotent
and selective endothelin B-receptor
antagonist, BQ-788. Proc Natl Acad
Sci USA 1994;91:4892-6.

Roubert P, Gillard V, Plas P, Guillon
JM, Chabrier PE, Braquet P.
Angiotensin Il and phorbol-esters
potently down-regulate endothelin
(ET-1) binding sitesin vascular smooth
muscle cells. Biochem Biophys Res
Commun 1989;164:809-15.

LiuJ, Chen R, Casley DJ, Nayler WN.
Ischemia and reperfusion increase 129] -
labelled endothelin-1 binding in rat
cardiac membranes. Am J Physiol
1990; 258:H829-H835.

Nambi P, Pullen M, Contino LC,
Brooks DP. Upregulation of renal
endothelin receptors in rats with
cyclosporin A-induced nephrotoxicity.
Eur J Pharmacol 1990;187:113-6.

Resink TJ, Scott-Burden T, Buhler FR:
Endothelin stimulates phospholipase C
in cultured vascular smooth muscle
cells. Biochem Biophys Res Commun
1988; 157:1360-8.

Griendling KK, Tsuda T, Alexander
RW. Endothelin stimulates
diacylglycerol accumulation and
activates protein kinase C in cultured
vascular smooth muscle cells. J Biol
Chem 1989;264:8237-40.

Hirata Y, Yoshimi H, Takata S,
Watanabe TX, Kumagi S, Nakagjima K
et a. Cellular mechanism of action by
a novel vasoconstrictor endothelin in
cultured rat vascular smooth muscle
cells. Biochem Biophys Res Commun
1988;154:868-75.

KodamaM, Kanaide H, Abe S, Hirano
K, Ka H, Nakamura M. Endothelin-
induced Ca-independent contraction
of the porcine coronary artery.
Biochem Biophys Res Commun 1989;
160:1302-8.

Ishikawa T, Yanagisawa M, Kimura S,
Goto K, Masaki T. Positive inotropic
action of novel vasoconstrictor peptide
endothelin on guinea pig atria. Am J
Physiol 1988;255:H970-H973.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

99

Ezra D, Goldstein RE, Czaja JF,
Feuerstein GZ. Lethal ischaemia due
tointracoronary endothelinin pigs. Am
J Physiol 1989;257:H339-H343.

Clozel M, Clozel JP. Effects of
endothelin on regional blood flows in
squirrel monkeys. J Pharmacol Exp
Ther 1989;250:1125-31.

Wagner OF, Vierhapper H, Gasic S,
Nowotny P, Waldhéusl W. Regional
effects and clearance of endothelin-1
across pulmonary and splanchnic
circulation. Eur J Clin Invest 1992;
22:277-82.

Cocks TM, Broughton A, Dib M,
Sudhir K, Angus JA. Endothelin is
blood vessel selective: studies on a
variety of human and dog vessels in
vitro and on regional blood flow in the
conscious rabbit. Clin Exp Pharmacol
Physiol 1989;16:243-6.

Mortensen LH, Fink GD. Hemodynamic
effect of human and rat endothelin
administration into conscious rats. Am J
Physiol 1990;258:H362-H368.

Clarke JG, Benjamin N, Larkin SW,
Webb DJ, Davies GJ, Maseri A.
Endothelin is a potent long-lasting
vasoconstrictor in men. Am J Physiol
1989;257:H2033-H2035.

Cockceroft JR, Clarke JG, Webb DJ. The
effect of intra-arterial endothelin on
resting blood flow and sympathetically
mediated vasoconstriction in the
forearm of man. Br J Clin Pharmacol
1991;31:521-4.

Haynes WG, Webb DJ: Endothelium-
dependent modulation of responses to
endothelin-1 in human veins. Clin Sci
1993;84:427-33.

Vierhapper H, Wagner OF, Nowotny
P, Waldhausl W. Effect of endothelin-1
in man. Circulation 1990;81:1415-8.

Rabelink TJ, Kaasager KAH, Boer P,
Stroes EG, Braam B, Koomans HA.
Effects of endothelin-1 on renal
function in humans: implications for
physiology and pathophysiology.
Kidney Int 1994;46:376-81.

Pernow J, Ahlborg G, Lundberg JM,
Kaijser L. Long-lasting coronary
vasoconstrictor effects and myocardial
uptake of endothelin-1in humans. Acta
Physiol Scand 1997;159:147-53.

Jougasaki M, Schirger JA, Simari
RD, Burnett JC Jr. Endothelin-B

Agapitov AV, Haynes WG

Rev Bras Hipertens vol 10(2): abril/junho de 2003



100

45,

46.

47.

48.

49.

50.

51.

52.

53.

receptor activation of adrenomedullin
production and release from cultured
endothelial cells. Hospitalis 1998;
68:8S.

De Nucci G, Thomas R, D’'Orleans-
Juste P, Antunes E, Walder C, Warner
TD et a. Pressor effects of circulating
endothelin are limited by itsremoval in
the pulmonary circulation and by the
release of prostacyclin and
endothelium-derived relaxing factor.
Proc Natl Acad Sci USA 1988;85:9797-
800.

Suzuki S, Kgjikuri J, Suzuki A, Itoh T.
Effects of endothelin-1 on endothelial
cells in the porcine coronary artery.
Circ Res 1991;69:1361-8.

McMahon EG, Palomo MA, Moore
WM. Phosphoramidon blocks the
pressor activity of big endothelin[1-39]
and lowers blood pressure in
spontaneously hypertensive rats. J
Cardiovasc Pharmacol 1991;17(Suppl
7):S29-S33.

Pollock DM, Opgenorth TJ. Evidence
for  endothelin-induced  renal
vasoconstriction independent of ETa
receptor activation. AmJPhysiol 1993;
264:R222-R226.

Clozel M, Breu V, Burri K, Cassal M,
Fischli W, Gray GA et al.
Pathophysiological role of endothelin
revealed by the first orally active
endothelin receptor antagonist. Nature
1993;365:759-61.

Véniant M, Clozel JP, Hess P, Clozel
M. Endothelin plays a role in the
maintenance of blood pressure in
normotensive guinea pigs. Life Sci
1994,55:445-54.

Gardiner SM, Compton AM, Kemp
PA, Bennett T. The effects of
phosphoramidon on the regional
haemodynamic responses to human
proendothelin [1-38] in conscious rats.
Br J Pharmacol 1991;103:2009-15.

Douglas SA, Elliot JD, Ohlstein EH.
Regional vasodilatation to endothelin-
1 is mediated by a non-ETa receptor
subtype in the anaesthetised rat: effect
of BQ-123 on systemic haemodynamic
responses. Eur J Pharmacol 1992;
221:315-24.

Cirino M, Battistini B, Yano M,
Rodger IW. Dual cardiovascular
effects of endothelin-1 dissociated by
BQ-153, a novel ETa receptor

55.

56.

57.

58.

59.

60.

61.

62.

63.

antagonist. J Cardiovasc Pharmacol
1994;24:587-94.

Warner TD, Allcock GH, Vane JR.
Reversal of established responses to
endothelin-1 in vivoand in vitro by the
endothelin receptor antagonists, BQ-
123 and PD 145065. Br J Pharmacol
1994;112:207-13.

Haynes WG, Ferro CE, O'Kane K,
Somerville D, Lomax CL, Webb DJ.
Systemic endothelin receptor blockade
decreases peripheral  vascular
resistance and blood pressure in man.
Circulation 1996;93:1860-70.

Weber C, Schmitt R, Birnboeck H,
Hopfgartner G, van Marle SP, Peeters
PA et al. Pharmacokinetics and
pharmacodynamics of the endothelin-
receptor antagonist bosentan in healthy
human subjects. Clin Pharm Ther
1996;60:124-37.

Verhaar MC, Strachan FE, Newby DE,
Cruden NL, Koomans HA, Rabelink
TJ et al. Endothelin-A receptor
antagonist-mediated vasodilatation is
attenuated by inhibition of nitric oxide
synthesis and by endothelin-B receptor
blockade. Circulation 1998;97:752-6.

Terada Y, Tomita K, Nonoguchi H,
Marumo F. Different localization of
two types of endothelin receptor
mMRNA in microdissected rat nephron
segments using reverse transcription
and polymerase chain reaction assay. J
Clin Invest 1992;90:107-12.

Kohan DE, Padilla E. Osmolar
regulation of endothelin-1 production
by rat inner medullary collecting duct.
J Clin Invest 1993;91:1235-40.

Kohan DE, Hughes AK. Autocrinerole
of endothelin-1in rat IMCD: inhibition
of AVP-induced cAMP accumulation.
Am J Physiol 1993;265:F126-F129.

Fukuroda T, Fujikawa T, Ozaki S,
Ishikawa K, Yano M, Nishikibe M.
Clearance of circulating endothelin-1 by
ETp receptorsin rats. Biochem Biophys
Res Commun 1994;199:1461-5.

Gratton JP, Cournoyer G, Loffler BM,
Sirois P, D’'Orleans-Juste P. ETg
receptor and nitric oxide synthase
blockade induce BQ-123-sensitive
pressor effects in the rabbit.
Hypertension 1997;30:1204-9.

Komuro |, Kurihara H, Sugiyama T,
Yoshizumi M, Takaku F, Yazaki Y.
Endothelin stimulates c-fos and c-myc

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

expression and proliferation of
vascular smooth muscle cells. FEBS
L ett 1988;238:249-52.

Ito H, Hirata Y, Hiroe M, Tsujino M,
Adachi S, Takamoto T et al.
Endothelin-1 induces hypertrophy with
enhanced expression of muscle-
specific genes in cultured neonatal rat
cardiomyocytes. Circ Res 1991;69:
209-15.

Badr KF, Murray JJ, Breyer MD,
Takahashi K, Inagami T, Harris RC.
Mesangia cell, glomerular and renal
vascular responses to endothelin in the
rat kidney: elucidation of signal
transduction pathways. J Clin Invest
1989;83:336-42.

Cunningham ME, Huribal M, Bala RJ,
McMillen MA. Endothelin-1 and
endothelin-4 stimulate monocyte
production of cytokines. Crit Care Med
1997;25:958-64.

Edwards RM, Trizna W, Ohlstein EH.
Renal microvascular effects of
endothelin. Am J Physiol 1990;
259:F217-F221.

Firth JD, Raitcliffe PJ, Raine AE,
Ledingham JG. Endothelin: an
important factor in acute rena failure?
Lancet 1988;ii:1179-82.

Lopez-Farré A, Montanes |, Millas I,
Lopez-Nova JM. Effect of endothelin
on renal function in rats. Eur J
Pharmacol 1989;163:187-9.

King AJ, Brenner BM, Anderson S.
Endothelin: apotent renal and systemic
vasoconstrictor peptide. Am J Physiol
1989;256:F1051-F1058.

Maguire JJ, Kuc RE, O'Reilly G,
Davenport AP. Vasoconstrictor
endothelin receptors characterised in
human renal artery and vein in vitro.
Br J Pharmacol 1994;113:49-54.

Zeidel ML, Brady HR, Kone BC,
Gullans SR, Brenner BM. Endothelin,
a peptide inhibitor of sodium Na*-K*-
ATPase, in intact renal tubular
endothelia cells. Am J Physiol 1989;
257:C1101-C1107.

Oishi R, Monoguchi H, Tomita K,
Murumo F. Endothelin-1 inhibits AVP
stimulated osmotic water permeability
in rat inner medullary collecting duct.
Am JPhysiol 1991;261:F951-F956.

Michel H, Backer A, Meyer-Lehnert,
Migas |, Kramer HJ. Rat renal, aortic

Agapitov AV, Haynes WG

Rev Bras Hipertens vol 10(2): abril/junho de 2003



75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

and pulmonary endothelin-1 receptors:
effects of changesin sodium and water
intake. Clin Sci 1993;85:593-7.

Kohan DE, Padilla E, Hughes AK.
Endothelin B receptor mediates ET-1
effects on cAMP and PGE2
accumulation in rat IMCD. Am J
Physiol 1993;265:F670-F676.

Yukimura T, Yamashita Y, Miura K,
Kim S, lwao H, Takai M, Okada T.
Renal vasodilating and diuretic actions
of a selective endothelin ETB receptor
agonist, I1RL1620. Eur J Pharmacol
1994;264:399-405.

Kawaguchi H, Sawa H, Yasuda H.
Effect of endothelin on angiotensin
converting enzyme in cultured
pulmonary artery endothelia cells. J
Hypertens 1991; 9:171-4.

Rakugi H, Tabuchi Y, Nakamaru M,
Nagano M, Higashimori H, Mikami H
et a. Endothelin activates the vascular
renin-angiotensin system in rat
mesenteric arteries. Biochem Int 1990;
21:867-72.

Cozza EN, Gomez-Sanchez CE,
Foecking M, Chiou S. Endothelin
binding to cultured calf adrenal zona
glomerulosa cells and stimulation of
aldosterone secretion. J Clin Invest
1989, 84:1032-5.

Boarder MR, Marriott DB.
Characterization of endothelin-1
stimulation of catecholamine release
from adrenal chromaffin cells. J
Cardiovasc Pharmacol 1989;13(Suppl
5):S223-S224.

Barton M, Shaw S, Duscio LV, Moreau
P, Luscher TF. Angiotensin I increases
vascular and renal endothelin-1 and
functional endothelin converting
enzyme activity in vivo — Role of ETa
receptors for endothelin regulation.
Biochem Biophys Res Comm
1997;238:861-5.

Moreau P, Duscio LV, Shaw S, Takase
H, Barton M, Luscher TF. Angiotensin
Il increases tissue endothelin and
induces vascular hypertrophy - reversal
by ETa-receptor antagonist. Circulation
1997,96:1593-7.

Barnes K, Turner AJ. Endothelin
converting enzymeislocated on alpha-
actin filaments in smooth muscle cells.
Cardiovasc Res 1999, 42(3):814-22.

Zouki C, Baron C, Fournier A, Filep
JG. Endothelin-1 enhances neutrophil

85.

86.

87.

88.

89.

90.

91.

92.

adhesion to human coronary artery
cells: role of ET(A) receptors and
platelet-activatin 1999;127(4):969-79.

Cardillo C, Kilcoyne CM, Cannon RO
3rd, Panza JA. Interactions between
nitric oxide and endothelin in the
regulation of vascular tone of human
resistance vesselsin vivo. Hypertension
2000;35(6):1237-41.

Plato CF, Pollock DM, Garvin JL.
Endothelin inhibits thick ascending
limb chloride flux via ET(B) receptor-
mediated NO release. Am J Phys —
Renal Fluid and Electrolyte Physiology
2000, 279(2): F326-33.

Schmetterer L, Dallinger S, Bobr B,
Selenko N, Eichler HG, Wolzt M.
Systemic and renal effects of an ET(A)
receptor subtype-specific antagonist in
healthy subjects. Br J Pharmacol 1998;
124(5):930-4.

Nakano A, Kishi F, Minami K,
Wakabayashi H, Nakaya Y, Kido H.
Selective conversion of big endothelins
to tracheal smooth muscle-constricting
31-amino acid-length endothelins by
chymase from human mast cells. J
Immunol 1997;159(4):1987-92.

Nagata N, Niwa Y, Nakaya Y. A novel
31-amino-acid-length endothelin, ET-
1(1-31), canact asabiologically active
peptide for vascular smooth muscle
cells. Biochem Biophys Res Comm
2000;275(2):595-600.

Yoshizumi M, Kim S, Kagami S,
Hamaguchi A, Tsuchiya K, Houchi H,
Iwao H, Kido H, Tamaki T. Effect of
endothelin-1 [1-31] on extracellular
signal-regulated kinase and proliferation
of human coronary artery smooth
muscle cells. Br J Pharmacol 1998;
125(5):1019-27.

Kishi F, Minami K, Okishima N,
Murakami M, Mori S, Yano M, Niwa
Y, Nakaya Y, Kido H. Novel 31-
amino-acid-length endothelins cause
constriction of vascular smooth
muscle. Biochem Biophys Res Comm
1998;248(2):387-90.

Niwa Y, Nagata N, Oka M,
Toyoshima T, Akiyoshi H, Wada T,
Nakaya Y. Production of nitric
oxide from endothelial cells by 31-
amino-acid-length endothelin-1, a
novel vasoconstrictive product by
human chymase. Life Sci 2000;67(9):
1103-9.

93.

94.

95.

96.

97.

98.

99.

100.

101.

101

Yoshizumi M, Kagami S, Suzaki Y,
Tsuchiya K, Houchi H, Hisayama T,
Fukui H, Tamaki T. Effect of
endothelin-1 (1-31) on human
mesangial cell proliferation. Jon J
Pharmacol 2000;84(2):146-55.

Herizi A, Jover B, Bouriquet N, Mimran
A. Prevention of the cardiovascular and
renal effects of angiotensin Il by
endothelin blockade. Hypertension
1998;31(1):10-4.

Miki S, TakedaK, KiyamaM, HattaT,
Morimoto S, Kawa T, Itoh H, Nakata
T, Sasaki S, Nakagawa M. Augmented
response of endothelin-A and
endothelin-B receptor stimulation in
coronary arteries of hypertensive
hearts. J Cardiovasc Pharmacol
1998;31(Suppl 1):S94-8.

Krum H, Viskoper RJ, Lacourciere Y,
Budde M, Charlon V. The effect of an
endothelin-receptor antagonist, bosentan,
on blood pressure in patients with
essential hypertension. Bosentan
Hypertension Investigators. New Engl
J Med 1998;338:784-90.

Massart PE, Hodeige D, Van Mechelen
H, Heyndrickx GR, Donckier J.
Endothelin-1 receptor antagonism does
not influence myocardia function in
hypertensive dogs. Eur J Clin Invest
1998;28:798-806.

Iwasaki T, Mihara S, Shimamura T,
Kawakami M, Hayasaki-Kgjiwara Y,
Naya N, Fujimoto M, Nakajima M.
Pharmacological characterization of
PABSA, an oraly active and highly
potent endothelin-receptor antagonist.
J Cardiovasc Pharmacol 1999;34:139-
47.

Yu M, Gopalakrishnan V, McNeill JR.
Total peripheral conductance mediates
antihypertensive effect of nonpeptide
mixed endothelin receptor antagonist
in deoxycorticosterone acetate-salt
hypertensive rats. Am J Hypertens
1999;12:845-8.

Taddei S, Virdis A, Ghiadoni L,
Sudano |, Notari M, Salvetti A.
Vasoconstriction to endogenous
endothelin-1 is increased in the
peripheral circulation of patients with
essential hypertension. Circulation
1999;100:1680-3.

Fraser TB, Mangos GJ, Turner SW,
Whitworth JA. Adrenocorticotrophic
hormone-induced hypertensionintherat:
effects of the endothelin antagonist

Agapitov AV, Haynes WG

Rev Bras Hipertens vol 10(2): abril/junho de 2003



102

102.

103.

104.

105.

106.

107.

108.

1009.

110.

bosentan. Clin Exp Pharmacol Physiol
1999;26:628-33.

Herizi A, BelabbasH, Mimran A, Jover
B. Cardiac and vascular hypertrophy in
hypertension due to angiotensin II.
Effect of losartan and bosentan.
Archives des Maladies du Goeur et des
Vaisseaux 2000;93:983-6.

Naruse M, Tanabe A, Naruse K,
Adachi C, Yoshimoto T, Seki T,
Takagi S, Imaki T, Watanabe T,
Takano K. Hemodynamic and
biochemical effects of endothelin-A-
and -B-receptor antagonist TAK-044
in stroke-prone spontaneously
hypertensive rats. J Cardiovasc
Pharmacol 2000;36:S334-6.

Cardillo C, Kilcoyne CM, Waclawiw
M, Cannon RO 3'd, Panza JA: Role of
endothelin in the increased vascular
tone of patients with essential
hypertension. Hypertension 1999;33:
753-8.

Chillon JM, Heistad DD, Baumbach
GL: Effects of endothelin receptor
inhibition on cerebral arterioles in
hypertensive rats. Hypertension 1996;
27:794-798.

Fujita K, Matsumura Y, Miyazaki Y,
Takaoka M, Morimoto S. Effects of
the endothelin ET 5 -receptor antagonist
FR139317 on development of
hypertension and cardiovascular
hypertrophy in deoxycorticosterone
acetate-salt hypertensive rats. Jon J
Pharmacol 1996;70:313-9.

Stasch JP, Hirth-Dietrich C, Frobel K,
Wegner M. Prolonged endothelin
blockade prevents hypertension and
cardiac hypertrophy in stroke-prone
spontaneously hypertensive rats. Am J
Hypertens 1995;8:1128-34.

Schiffrin EL, Sventek P, Li J-S,
Turgeon A, Reudelhuber T. Anti-
hypertensive effect of an endothelin
receptor antagonist in DOCA-salt
spontaneously hypertensive rats. Br J
Pharmacol 1995;115:1377-81.

d'Uscio LV, Barton M, Shaw S,
Moreau P, Luscher TF. Structure and
function of small arteries in salt-
induced hypertension — Effects of
chronic endothelin-subtype-A-receptor
blockade. Hypertension 1997;30:
905-11.

Li JS, Knafo L, Turgeon A, GarciaR,
Schiffrin EL. Effect of endothelin

111

112.

113.

114.

115.

116.

117.

118.

antagonism on blood pressure and
vascular structure in renovascular
hypertensive rats. Am J Physiol 1996;
271:H88-H93.

Marano G, Palazzesi S, Bernucci P,
Grigioni M, Formigari R, Ballerini L.
ET(A)/ET(B) receptor antagonist
bosentan  inhibits  neointimal
development in collared carotid arteries
of rabbits. Life Sci 1998;63:PL 259-66.

Okada K, Nishida Y, Murakami H,
Sugimoto |, Kosaka H, Morita H,
Y amashita C, Okada M. Role of
endogenous endothelin in the
development of graft atherosclerosisin
rat cardiac alografts: antiproliferative
effects of bosentan, a nonselective
endothelin receptor antagonist.
Circulation 1998;97:2346-51.

Yang Z, Krasnici N, Luscher TF.
Endothelin-1 potentiates human
smooth muscle cell growth to PDGF:
effects of ETA and ETB receptor
blockade. Circulation 1999;100:5-8.

Hafizi S, Allen SP, Goodwin AT,
Chester AH, Y acoub MH. Endothelin-
1 stimulates proliferation of human
coronary smooth muscle cells via the
ET(A) receptor and is co-mitogenic
with growth factors. Atherosclerosis
1999;146:351-9.

Tanaka Y, Makiyama Y, Mitsui Y.
Endothelin-1 isinvolved in the growth
promotion of vascular smooth muscle
cells by hyaluronic acid. Intl J Cardiol
2000;76:39-47.

Kowala MC, Rose PM, Stein PD,
Goller N, Recce R, Beyer S et al.
Selective blockade of the endothelin
subtype A receptor decreases early
atherosclerosis in hamsters fed
cholesterol. Am J Path 1995;146:819-
26.

Mazzocchi G, Rossi GP, Malendowicz
LK, Champion HC, Nussdorfer GG:
Endothelin-1 (1-31), acting asan ETA-
receptor selective agonist, stimulates
proliferation of cultured rat zona
glomerulosa cells. FEBS Lett 2000;
487:194-8.

Muller DN, Mervadla EM, Schmidt F,
Park JK, Dechend R, Genersch E, Breu
V, Loffler BM, Ganten D, Schneider W,
Haller H, Luft FC. Effect of bosentan on
NF-kappaB, inflammation, and tissue
factor in angiotensin |l-induced end-
organ damage. Hypertension 2000;
36:282-90.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Cao Z, Cooper ME, Wu LL, Cox AJ,
Jandeleit-Dahm K, Kelly DJ, Gilbert
RE. Blockade of the renin-angiotensin
and endothelin systems on progressive
renal injury. Hypertension
2000;36:561-8.

Orth SR, Amann K, Gehlen F, Unger
L. Wagner J, Raschack M, Ritz E.
Aduld human mesangia cells express
endothelin-B-receptors which mediate
endothelin-1-induced cell growth. J
Cardiovasc Pharmacol 2000;36(5
Suppl 1):S232-7.

Boffa JJ, Tharaux PL, Dussaule JC,
Chatziantoniou C. Regression of renal
vascular fibrosis by endothelin receptor
antagonism. Hypertension
2001;37:490-6.

Matsumura Y, Kuro T, Kobayashi Y,
Umekawa K, Ohashi N, Takaoka M.
Protective effect of SM-19712, anovel
and potent endothelin converting
enzyme inhibitor, on ischemic acute
rena failure in rats. Jon J Pharmacol
2000;84:16-24.

Brooks DP, Contino LC, Storer B,
Ohlstein EH. Increased endothelin
excretion in rats with renal failure
induced by partial nephrectomy. Br J
Pharmacol 1991;104:987-9.

Orisio S, Benigni A, Bruzzi I, Corna D,
Perico N, ZojaC et d . Rena endothelin
gene expression isincreased in remnant
kidney and correlates with disease
progression. Kidney Int 1993; 43:354-8.

Nakamura T, Fukui M, Ebihara I,
Osada S, Takahashi T, Tomino Y et al.
Effects of a low protein diet on
glomerular endothelin family gene
expression in experimental focal
glomerular sclerosis. Clin Sci 1995;
88:29-37.

Koyama H, Tabata T, Nishzawa Y,
Inoue T, Morii H, Yamagji T. Plasma
endothelin levels in patients with
uraemia. Lancet 1989;333:991-2.

Ruggenenti P, Perna A, Mosconi L,
Matalone M, Pisoni R, Gaspari F,
Remuzzi G. Proteinuria predicts end-
stage renal failure in non-diabetic
chronic nephropathies. Kidney Int
1997;52(Suppl 63):S54-S57.

Franco-Cereceda A, Holm P. Selective
or nonselective endothelin antagonists
in porcine hypoxic pulmonary
hypertension? J Cardiovasc Pharmacol
1998;31(Suppl 1):S447-52.

Agapitov AV, Haynes WG

Rev Bras Hipertens vol 10(2): abril/junho de 2003



129.

130.

131

132.

133.

134.

135.

136.

Ueno M, Miyauchi T, Sakai S, Goto K,
Yamaguchi |: Endothelin-A-receptor
antagonist and oral prostacyclin analog
are comparably effectivein ameliorating
pulmonary hypertension and right
ventricular hypertrophy in rats. J
Cardiovasc Pharmacol 2000;36(5
Suppl 1):S305-10.

Prendergast B, Newby DE, Wilson LE,
Webb DJ, Mankad PS: Early
therapeutic experience with the
endothelin antagonist BQ-123 in
pulmonary  hypertension  after
congenital heart surgery. Heart 1999;
82:505-8.

Miyahara T, Koizumi T, Kubo K,
Nanaoka M, Kaneki T, Yamamoto H, Ge
RL, Fujimoto K, Kobayashi T, Shibamoto
T. Endothelin receptor blockade
attenuates air embolization-induced

pulmonary hypertension in sheep. Eur J
Pharmacol 1999;385:163-9.

Pearl IM, Wellmann SA, McNamara
JL, Lombardi JP, Wagner CJ, Raake
JL, Nelson DP. Bosentan prevents
hypoxia-reoxygenation-induced
pulmonary hypertension and improves
pulmonary function. Ann Thorac Surg
1999;68:1714-21.

Tilton RG, Munsch CL, Sherwood SJ,
Chen SJ, Chen YF, Wu C, Block N,
Dixon RA, Brock TA. Attenuation of
pulmonary vascular hypertension and
cardiac hypertrophy with sitaxsentan
sodium, an orally active ET(A)
receptor antagonist. Pulm Pharmacol
Ther 2000;13:87-97.

Williamson DJ, Wallman LL, Jones R,
Keogh AM, Scroope F, Penny R,
Weber C, Macdonald PS.
Hemodynamic effects of Bosentan, an
endothelin receptor antagonist, in
patients with pulmonary hypertension.
Circulation 2000;102:411-8.

Giaid A, Yanagisawa M, Langleben D,
Michel RP, Levy R, Shenib H, Kimura
S, Masaki T, Duguid WP, Stewart DJ.
Expression of endothelin-1 in lungs of
patients with pulmonary hypertension.
N Engl J Med1993;328:1732-9.

Sakai S, Miyauchi T, Kobayashi T,
Yamaguchi |, Goto K, Sugishita Y.
Altered expression of isoforms of
myosin heavy chain mRNA in the
failing rat heart is ameliorated by
chronic treatment with an endothelin
receptor antagonist. J Cardiovasc
Pharmacol 1998;31(Suppl 1):S302-5.

137.

138.

139.

140.

141.

142.

143.

144.

Sutsch G, Kiowski W, Yan XW,
Hunziker P, Christen S, Strobel W,
Kim JH, Rickenbacher P, Bertel O.
Short-term oral endothelin-receptor
antagonist therapy in conventionally
treated patients with symptomatic
severe chronic heart failure. Circulation
1998;98:2262-8.

Choussat R, Hittinger L, Barbe F,
Maistre G, Carayon A, Crozatier B, Su
J. Acute effects of an endothelin-1
receptor antagonist bosentan at
different stages of heart failure in
conscious dogs. Cardiovasc Res
1998;39:580-8.

Mulder P, Richard V, Bouchart F,
Derumeaux G, Munter K, Thuillez C.
Selective ETA receptor blockade
prevents left ventricular remodeling
and deterioration of cardiac functionin
experimental heart failure. Cardiovasc
Res 1998;39:600-8.

Ohnishi M, Wada A, Tsutamoto T,
Fuka D, Kinoshita M. Comparison of
the acute effects of a selective
endothelin ETA and amixed ETA/ETB
receptor antagonist in heart failure.
Cardiovasc Res 1998;39:617-24.

Fontaine ER, Viau S, Jasmin G,
Dumont L. Effects of phosphoramidon,
BQ 788, and BQ 123 on coronary and
cardiac dysfunctions of the failing
hamster heart. J Cardiovasc
Pharmacol 1998;32:12-20.

Y amauchi-Kohno R, Miyauchi T,
Hoshino T, Kobayashi T, Aihara H,
Sakai S, Yabana H, Goto K, Sugishita
Y, Murata S. Role of endothelin in
deterioration of heart failure due to
cardiomyopathy in hamsters: increase
in endothelin-1 production in the heart
and beneficial effect of endothelin-A
receptor antagonist on survival and
cardiac function. Circulation 1999;
99:2171-6.

MacCarthy PA, Grocott-Mason R,
Prendergast BD, Shah AM.
Contrasting inotropic effects of
endogenous endothelin in the normal
and failing human heart: studies with
an intracoronary ET(A) receptor
antagonist. Circulation 2000;101:
142-7.

Sakai S, Miyauchi T, Yamaguchi |I.
Long-term endothelin receptor
antagonist administration improves
alterations in expression of various
cardiac genes in failing myocardium of

145.

146.

147.

148.

149.

150.

151.

152.

153.

103

rats with heart failure. Circulation
2000;101:2849-53.

Ergul A, GrubbsAL, Zhang Y, Spinde
FG. Selective upregulation of
endothelin converting enzyme-1ainthe
human failing heart. Journal of
Cardiac Failure 2000;6:314-20.

Mishima T, Tanimura M, Suzuki G,
Todor A, Sharov VG, Goldstein S,
Sabbah HN. Effects of long-term
therapy with bosentan on the
progression of left ventricular
dysfunction and remodeling in dogs
with heart falure. J Am Coll Cardiol
2000;35:222-9.

Tojo T, Tsunoda Y, Nakada S,
Tomoike H. Effects of long-term
treatment with nonselective endothelin
receptor antagonist, TAK-044, on
remodeling of cardiovascular system
with sustained volume overload. J
Cardiovasc Pharmacol 2000;35:777-
85.

New RB, Sampson AC, King MK,
Hendrick JW, Clair MJ, McEImurray
JH 3@ Mandel J, Mukherjee R, de
Gasparo M, Spinale FG. Effects of
combined angiotensin 11 and endothelin
receptor blockade with developing
heart failure: effects on left ventricular
performance. Circulation 2000;102:
1447-53.

McMurray JJ, Ray SG, Abdullah I,
Dargie HJ, Morton JJ. Plasma
endothelin in chronic heart failure.
Circulation 1992;85:1374-9.

Pacher R, Bergler-Klein J, Globits S,
Teufelsbauer H, Schuller M, Krauter A
et al. Plasma big endothelin-1
concentrations in congestive heart
failure patients with or without
systemic hypertension. Am J Cardiol
1993; 71:1293-9.

Sutsch G, Christen S, Y an X-W, Strobel
W, Rickenbacher P, Hunziker P et al.
Clinica and hemodynamic effects of an
orally active endothelin-1 receptor
antagonist in patients with refractory
chronic heart falure. Circulation 1997;
96(Suppl 1):1-93-194.

Sakal S, Miyauchi T, Kobayashi M,
Yamaguchi 1, Goto K, Sugishita Y.
Inhibition of myocardial endothelin
pathway improves long-term survival in
heart faillure. Nature 1996;384:353-5.

Mulder P, Richard V, Derumeaux G,
Hogie M, Henry JP, Lallemand F et al.
Role of endogenous endothelin in

Agapitov AV, Haynes WG

Rev Bras Hipertens vol 10(2): abril/junho de 2003



104

154.

155.

156.

157.

158.

159.

160.

161.

162.

chronic heart failure — Effect of long-
term treatment with an endothelin
antagonist on survival, hemodynamics,
and cardiac remodeling. Circulation
1997;96:1976-82.

Umekawa K, Hasegawa H, Tsutsumi Y,
Sato K, Matsumura Y, Ohashi N.
Pharmacological characterization of a
novel sulfonylureid-pyrazole derivative,
SM-19712, apotent nonpeptidic inhibitor
of endothelin converting enzyme. Jon J
Pharmacol 2000; 84:7-15.

Maxwell L, Harrison WR, Gavin JB:
Endothelin antagonists diminish
postischemic microvascul ar
incompetence and necrosisin the heart.
Microvasc Res 2000;59:204-12.

limuro M, Kaneko M, Matsumoto Y,
FujiseY, Watanabe T, Hayashi H.Effects
of an endothelin receptor antagonist
TAK-044 on myocardial energy
metabolism in ischemiareperfused rat
hearts. J Cardiovasc Pharmacol
2000;35:403-9.

Kawabata H, Ryomoto T, Ishikawa K.
Effect of an endothelin receptor
antagonist and an angiotensin
converting enzyme inhibitor on
metabolism and contraction in the
ischemic and reperfused rabbit heart.
Jon Circ | 1999;63:770-4.

Geshi E, Nomizo A, ArataY, Nakatani
M, Katagiri T. Effect of non-selective
endothelin blockade, TAK-044, on the
ischemic cellular injury of rat heart.
Basic Res Cardiol 1999;94: 94-101.

Szabo G, Fazekas L, Bahrle S,
MacDonald D, Stumpf N, Vahl CF, Hagl
S. Endothelin-A and -B antagonists
protect myocardial and endothelial
function after ischemialreperfusion in a
rat heart transplantation model.
Cardiovasc Res 1998;39:683-90.

Szabo G, Bahrle S, Fazekas L,
MacDonald D, Stumpf N, Vahl CF, Hagl
S. Endothelin-A receptor antagonist
BQ123 protects against myocardial and
endothelia reperfusion injury. Thorac
Cardiovasc Surg 1998;46:232-6.

Zhang Y, Oliver JR, Horowitz JD.
Endothelin B receptor-mediated
vasoconstriction induced by endothelin
A receptor antagonist. Cardiovasc Res
1998;39:665-73.

Alexiou K, Dschietzig T, SimschO,
Laule M, HundertmarkJ, Baumann G,
Stangl K: Arrhythmogenic effects
induced by coronary conversion of

163.

164.

165.

166.

167.

168.

169.

170.

171

pulmonary big-endothelin to endothelin:
aggravation of this phenomenon in
heritable hyperlipidemia. J Am Coll
Cardiol 1998;32:1773-8.

Horkay F, Geller L, KissO, Szabo T, Vago
H, Kekes V, Juhasz-Nagy A, Merkely B.
Bosentan, the mixed endothelin-A- and -B-
receptor  antagonist,  suppresses
intrapericardial endothelin-1-induced
ventricular arrhythmias. J Cardiovasc
Pharmacol 2000;36(5 Suppl 1):S320-2.

Sharif 1, Kane KA, Wainwright CL.
Endothelin and ischaemic arrhythmias-
antiarrhythmic or arrhythmogenic?
Cardiovasc Res 1998;39:625-32.

Kyriakides ZS, Kremastinos DT,
Psychari SN, Kolettis T, Sharouni E,
Webb DJ. Coronary vasoconstriction
after coronary angioplasty is attenuated
by endothelin A receptor antagonism.
Am J Cardiol 2001;87:1011-13.

Wenzel RR, Fleisch M, Shaw S, Noll
G, Kaufmann U, Schmitt R, Jones CR,
Closel M, Meier B, Luscher TF.
Hemodynamic and coronary effects of
the endothelin antagonist bosentan in
patients with coronary artery disease.
Circulation 1998;98:2235-40.

Kyriakides ZS, Kremastinos DT,
Kolettis TM, Tasouli A, Antoniadis A,
Webb DJ. Acute endothelin-A receptor
antagonism prevents normal reduction
of myocardial ischemia on repeated
balloon inflations during angioplasty.
Circulation 2000;102:1937-43.

Kirchengast M, Hergenroder S, Schult
S, Munter K, Rubsamen K. Endothelin-
1 and unstable angina: effect of either
endothelin ET(A) or ET(B) receptor
antagonism in a locally injured canine
coronary artery. Eur J Pharmacol
1998;341:187-90.

Tabodec A, Berkane N, Blandin V,
Breittmayer JP, Ferrari E, Frelin C,
Vigne P. Aspirin and sodium salicylate
inhibit endothelin ETA receptors by an
allosteric type of mechanism. Mol
Pharmacol 2000;57:797-804.

DeFily DV, Nishikawa Y, Chilian
WM. Endothelin antagonists block
alphal-adrenergic constriction of
coronary arterioles. AmJPhysiol 1999;
276:H1028-34.

Omland T, Terje LR, Aakvaag A,
Aarsland T, Dickstein K. Plasma
endothelin determination as a
prognostic indicator of 1-year mortality

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

after acute myocardial infarction.
Circulation 1994; 89:1573-79.

Krassoi |, Pataricza J, Torday LL, Kun
A, Papp JG. Improvement by
phosphoramidon of damaged endothelia
function in porcine coronary artery. Ann
Thorac Surg 2000;70:878-82.

Best PJ, McKenna CJ, Hasdai D,
Holmes DR Jr., Lerman A. Chronic
endothelin  receptor antagonism
preserves coronary endothelia function
in experimental hypercholesterolemia.
Circulation 1999;99:1747-52.

Hasdai D, Best PJ, Cannan CR,
Mathew V, Schwartz RS, Holmes DR
Jr., Lerman A: Acute endothelin-
receptor inhibition does not attenuate
acetylcholine-induced  coronary
vasoconstriction in experimental
hypercholesterolemia. Arterioscler
Thromb Vasc Biol 1998;18:108-13.

Cardillo C, Kilcoyne CM, Cannon RO
34, Panza JA. Increased activity of
endogenous endothelin in patients with
hypercholesterolemia. J Am Coll
Cardiol 2000;36:1483-8.

Mylona P, Cleland JG. Update of
REACH-1 and MERIT-HF clinical
trials in heart failure. Cardio.net
Editorial Team. European Journal of
Heart Failure 1999;1:197-200.

Ferro CJ, Spratt JC, HaynesWG, Webb
DJ: Inhibition of neutral endopeptidase
causes vasoconstriction of human
resistance vessels in vivo. Circulation
1998;97:2323-30.

Plumpton C, Haynes WG, Webb DJ,
and Davenport AP. Phosphoramide
inhibition of the in vivo conversion of
big endothelin-1 to endothelin-1 in
human forearm. Bt J Pharmacol 1995;
116:1821-28.

Plumpton C, Haynes WG, Webb DJ,
Davenport AP. The increase in human
plasma immunoreactive endothelin but
not big endothelin-1 or its C-termina
fragment induced by systemic
administration of the endothelin
antagonist TAK-044. Br J Pharmacol
1996;119:311-14.

Gariepy CE, Ohuchi T, Williams SC,
Richardson JA, Yanagisawa M. Salt-
sensitive hypertension in endothelin-B
receptor-deficient rats. J Clin Invest
2000;105:925-33.

Fleisch M, Sutsch G, Yan XW, Wenzel
RR, Binggeli C, Bianchetti MG, Meier

Agapitov AV, Haynes WG

Rev Bras Hipertens vol 10(2): abril/junho de 2003



182.

183.

184.

B, Kiowski W, Luscher TF. Systemic,
pulmonary, and renal hemodynamic
effects of endothelin ETa/g-receptor
blockade in patients with maintained
left ventricular function. J Cardiovasc
Pharmacol 2000;36:302-3009.

Wedgwood S, McMullan DM, Bekker
M, Fineman JR, Black SM. Role for
endothelin-1-induced superoxide and
peroxynitrite production in rebound
pulmonary hypertension associated
with inhaled nitric oxide therapy. Circ
Res 2001;89:357-64.

Channick RN, Simonneau G, Sitbon O,
Robbins IM, Frost A, Tapson VF,
Badesch DB, Roux S, Rainisio M, Bodin
F, Rubin LJ. Effects of the dual
endothelin-receptor antagonist bosentan
in patients with pulmonary hypertension:
a randomized placebo-controlled study.
Lancet 2001;358:1119-23.

Schalcher C, Cotter G, Reisin L, Bertel
O, Kobrin I, Guyene TT, Kiowski W.

185.

186.

187.

The dual endothelin receptor antagonist
tezosentan  acutely  improves
hemodynamic parameters in patients
with advanced heart failure. Am Heart
J 2001;142:340-9.

Torre-Amione G, Durand JB, Nagueh
S, Vooletich MT, Kobrin I, Pratt C. A
pilot safety trial of prolonged (48 h)
infusion of the dual endothelin-receptor
antagonist tezosentan in patients with
advanced heart failure. Chest 2001;
120:460-6.

Torre-Amione G, Young JB, Durand JB,
Bozkurt B, Mann DL, Kobrin |, Pratt CM.
Hemodynamic effects of tezosentan, an
intravenous dua endothelin receptor
antagonig, in patients with class 111 to 1V
congestive heart failure. Circulation
2001;103:973-80.

Berger R, Stanek B, Hulsmann M, Frey
B, Heher S, Pacher R, Neunteufl T.
Effects of endothelin A receptor
blockade on endothelial function in

188.

189.

190.

105

patients with chronic heart failure.
Circulation 2001;103:981-86.

Clozel M, Ramuz H, Clozel JP, Breu
V, Hess P, Loffler BM, Coassolo P,
Roux S. Pharmacology of tezosentan,
new endothelin receptor antagonist
designed for parenteral use. J
Pharmacol Exp Ther 1999;290:840-6.

Spieker LE, Mitrovic V, Noll G, Pacher
R, Schulze MR, Muntwyler J, Schalcher
C, Kiowski W, Luscher TF. Acute
hemodynamic and neurohumoral effects
of selective ET(A) receptor blockade in
patients with congestive heart failure.
ET 003 Investigators. JAm Coll Cardiol
2000;35:1745-52.

Honing ML, Hijmering ML, Ballard
DE, Yang YP, Padley RJ, Morrison PJ,
Rabelink TJ. Selective ET(A) receptor
antagonism with ABT-627 attenuates
all renal effects of endothelin in
humans. J Am Soc Nephrol 2000;
11:1498-504.

Agapitov AV, Haynes WG

Rev Bras Hipertens vol 10(2): abril/junho de 2003



