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Abstract It is now becoming clear that two major sys-

tems namely the sympathetic nervous system and the renin-

angiotensin system are activated in response to ischemic

injury; these result in the elevation of plasma catechola-

mines and angiotensin II during the development of myo-

cardial infarction as well as congestive heart failure.

Although plasma levels of several other hormones includ-

ing aldosterone, endothelin, vasopressin, natriuretic pep-

tides, growth factors and inflammatory cytokines are also

increased in heart failure, their relationship with changes in

catecholamine and/or angiotensin levels as well as their

significance for the induction of congestive heart failure are

poorly understood. In this article we have examined the

evidence regarding the role of endothelin and vasopressin

in the pathogenesis of cardiac hypertrophy and congestive

heart failure in addition to evaluating the significance of

their antagonism by using their receptor blockade for

treatment of congestive heart failure. Endothelin appears to

maintain blood pressure by its vasoconstricting action

whereas vasopressin primarily produces similar effect by

retention of body fluid. Myocardium is also known to

express both ET-A and ET-B receptors in addition to V1

and V2 receptors for vasopressin, which have been shown

to induce cardiac remodeling. Out of various ET-1 receptor

antagonists, which are available, a non-selective endothelin

receptor antagonist, bosentan, as well as an ET-A receptor

antagonist, BQ-123, seem most promising for the treat-

ment of congestive heart failure. Likewise, vasopressin

antagonists such as a non-selective antagonist, conivaptan,

as well as V2 selective antagonist, tolvaptan, may prove

highly valuable for the therapy of this condition. Since

most of the existing interventions are helpful in treating

patients with congestive heart failure only partially, there

appears to be a real challenge for developing some com-

bination therapy for the treatment of congestive heart

failure.
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Introduction

In the past two decades, congestive heart failure has

emerged as a major public health hazard with grave

implications. According to the Framingham Heart Study,

the lifetime risk of congestive heart failure is 1 in 5 for both

men and women [1]. Currently, 2.5% of the entire adult

American population, approximately 5.3 million men and

women, suffer from congestive heart failure and the total

burden of heart failure in the United States is estimated to

be $35 billion to $60 billion per year [2]. Even after

devoting such high resources on the treatment of heart

failure, the average rate of 5-year survival is about 50% [3].

Evidence based medicine has resulted in the acceptance of

angiotensin converting enzyme inhibitors, angiotensin-

receptor blockers, diuretics, b-adrenoreceptor blockers,

digitalis glycosides and inotropic agents as the standard

treatment by the American Heart Association [4]. These

modalities have however failed to reduce the mortality and

produce adequate results, as the average survival period

from the time of diagnosis of congestive heart failure is

N. S. Rehsia � N. S. Dhalla (&)

Institute of Cardiovascular Sciences, St Boniface General

Hospital, Research Centre, Department of Physiology, Faculty

of Medicine, University of Manitoba, 351 Tache Avenue,

Winnipeg, MB R2H 2A6, Canada

e-mail: nsdhalla@sbrc.ca

123

Heart Fail Rev (2010) 15:85–101

DOI 10.1007/s10741-009-9152-z



about 1.7 years in men and 3.2 years in women [5].

Therefore, there is an urgent need to discover new

modalities of treatment for heart failure but for this purpose

it is important to understand the pathogenesis of ventricular

remodeling, which is considered to be responsible for

causing congestive heart failure.

Congestive heart failure and the activation

of neurohumoral system

Congestive heart failure is a syndrome caused by inability

of the heart to pump sufficient blood for the perfusion of

various organs in the body. Despite sufficient filling of

chambers of the heart, cardiac output decreases and the

heart is unable to meet the metabolic needs of different

organs and thus results in the activation of neurohumoral

systems as well as development of apoptosis and adaptive

changes in the myocardium at the cellular and molecular

levels. Alterations in the ventricular size, shape, and

function that occur over time in response to an insult on the

heart are collectively called cardiac remodeling. The insult

preceding the left ventricular remodeling could be myo-

cardial infarction, valvular heart disease, uncontrolled

hypertension, myocarditis, congenital heart disease, genetic

mutation and hyperthyroidism. Earlier it was thought that

an increase in body fluid and hemodynamic changes are

responsible for congestive heart failure, but now the

importance of systemic reactions such as neurohumoral

activation and cardiomyocyte subcellular alterations are

being appreciated. Neurohumoral systems are involved in

maintaining the circulatory hemostasis by modulating

various vascular reactions or by increasing inotropic and

chronotropic responses of the failing myocardium. Various

mediators, which either dilate or constrict blood vessels

regulate the vascular tension in order to ensure blood flow

through active organs while maintaining adequate perfu-

sion pressure by vasoconstriction [6]. These mechanisms

which are life saving in acute situations like myocardial

infarction continue beyond the compensatory phase and

contribute to ventricular remodeling as well as progression

to congestive heart failure. Although the exact sequence of

events following myocardial infarction is not known, the

changes taking place at the cellular level in the myocar-

dium and the activation of neurohormonal systems are

discussed in the following sections.

Blockade of coronary flow by thrombosis, atheroscle-

rosis or coronary spasm produces myocardial cell damage

associated with a wide variety of arrhythmias. The acutely

injured area of the heart becomes the site of myocardial

infarct and sets in several mechanisms in motion leading to

the activation of different neuroendocrine systems and

restructuring of the viable myocardium. Within hours of an

acute myocardial infarction, different collagenases known

as matrix metalloproteinases (MMPs) are activated and

cause disruption of the collagen network in the extracel-

lular matrix which is responsible for holding cardiomyo-

cytes together [7]. The disruption of the collagen network

results in slipping of cardiomyocytes and loss of their

parallel alignment. This process results in thinning and

dilatation of the myocardium at the infarct site. The dila-

tation of the cardiac muscle causes an increase in wall

stress of the myocardium, which serves as a stimulus for

cardiac hypertrophy in the non-infarcted portion of the

ventricle [8].

After acute myocardial infarction, stimuli such as pain,

anxiety and reflexes are carried through the afferent nerves

from the ischemic myocardial area to the brain and cause

activation of the sympathetic nervous system and release of

catecholamines [9–11]. Stimulation of the sympathetic

nervous system during myocardial infarction releases cat-

echolamines from different organs including local release

of catecholamines from the cardiac sympathetic nerve

endings; however, contribution of the heart to the total

norepinephrine release for raising the plasma level of cat-

echolamines is about 3% [12]. It has been documented that

there is a persistent sympathetic hyperactivity in patients

after an acute myocardial infarction, which could last for

6 months; this hyperactivity was greater in patients with

lower left ventricular ejection fraction [13]. Acute effects

of the sympathetic activation include vasoconstriction,

positive inotropy, positive chronotropy, and enhanced

ventricular relaxation (lusitropism) [14]. Chronic effects of

sympathetic stimulation result in intracellular calcium

overload, ventricular hypertrophy and fibrosis [15, 16] and

thus are considered to produce maladaptive changes in the

heart during the development of myocardial infarction.

These effects of sympathetic stimulation are mediated

through beta-adrenoreceptors, which result in the activation

of protein kinase A, as well as alpha receptors, which result

in the activation of protein kinase C. These subcellular

alterations in the heart lead to the activation of MAP kinase

and expression of proto-oncogenes, transcription factor

production and gene expression changes, cardiac hyper-

trophy and ventricular remodeling subsequent to the

occurrence of myocardial infarction. Prolonged sympa-

thetic activation is considered to result in heart failure by

increasing metabolic demand of the infracted heart or by

decreasing myocardial oxygen supply and is also involved

in the stimulation of renin release from the juxtaglomerular

cells of kidney, which leads to the activation of renin-

angiotensin-aldosterone system [17].

Depressed cardiac output due to loss of myocardium

during the development of myocardial infarction is also

considered to release renin from the kidney and promote

the formation of angiotensin II. This peptide then binds
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with type I angiotensin receptors and results in the acti-

vation of protein kinase C leading to growth of cardio-

myocytes as a compensatory mechanism at initial stages

[18, 19]. However, over a prolonged period angiotensin II

has cytotoxic effects on cardiomyocytes causing necrosis,

fibrosis and disruption of myocardial integrity. It also

causes increase in coronary artery permeability resulting

in diffusion of growth factors into the myocardial inter-

stitium, which are responsible for enhanced collagen

proliferation in the interstitium [20]. Such events lead to

an increased myocardial stiffness and ventricular filling

defects. It has been documented that the local production

of angiotensin II in the heart is increased in cardiac

hypertrophy as well as post myocardial infarction and

contributes to ventricular remodeling [21]. Angiotensin II

is also responsible for aldosterone secretion from the

suprarenal glands; aldosterone not only causes sodium

and water retention, which is detrimental in heart failure,

but also exerts direct effects on heart function by inducing

cardiac fibrosis because of the presence of mineralocor-

ticoid receptors in the heart [22]. It is known that aldo-

sterone is produced by heart tissue and is increased in

congestive heart failure as is the activity of angiotensin

converting enzyme (ACE) [23]. Aldosterone is involved

in collagen deposition in the extracellular matrix post

myocardial infarction, which can be prevented by spiro-

nolactone [24]. It also causes upregulation of ACE mRNA

expression in heart and thus initiates a vicious circle

resulting in ventricular remodeling [25].

Although plasma levels of several other hormones

including endothelin, vasopressin, different cytokines,

various peptides and growth factors are elevated in con-

gestive heart failure due to myocardial infarction, the

temporal relationship of their changes with activation of

the sympathetic and renin angiotensin systems is poorly

understood. Endothelin is secreted from the vascular

endothelial layer in response to hypoxia, shear stress and

other changes occurring as a consequence of myocardial

infarction [26, 27]; its secretion is enhanced by angiotensin

II [28]. Endothelin together with angiotensin and norepi-

nephrine stimulate expression of different proteins and

cause cardiomyocyte hypertrophy [29]. Endothelin has also

been shown to cause increase in the activity of endothelial

ACE, as well as secretion of aldosterone and thus has been

proposed to play a major role in ventricular remodeling

[30, 31]. Endothelin-1, angiotensin II, tumor necrosis fac-

tor-a (TNF-a) and catecholamines are probably associated

with increase in MMPs [32]. There is inter-dependency

between the endogenous endothelin and the renin-angio-

tensin system as angiotensin II increases tissue endothelin

and induces vascular hypertrophy [28] while endogenous

endothelin contributes to the cardiovascular and renal

effects of angiotensin II [33]. Both endothelin and

angiotensin II activate the Na?/H? exchange and couple

ventricular stretch to cardiac hypertrophy [34].

In addition to endothelin, it should be noted that vaso-

pressin secretion also takes place during the development

of myocardial infarction and congestive heart failure.

Vasopressin is released from the pituitary gland mainly

through baroreceptors in the left atrium, aortic arch and

carotid sinus in response to underfilling [35]. Vasopressin

not only causes water retention but also causes increase in

the protein synthesis and hypertrophy of cardiomyocytes

[36]. It also causes increase in the collagen deposition and

thus contributes to the ventricular remodeling [37]. Various

studies have also shown the role of inflammatory cytokines

like TNF-a and IL-1 in the pathogenesis of heart failure as

these were observed to induce contractile dysfunction,

ventricular dilation, apoptosis and cardiac cell hypertrophy

[38, 39]. The circulating levels of two natriuretic hormones

namely atrial natriuretic peptide (ANP) and B-type natri-

uretic peptide (BNP) have been shown to be elevated in

heart failure. Both of these hormones are secreted by the

heart in response to wall stretch and are also released by

different agonists like catecholamines, endothelin, vaso-

pressin and angiotensin II [40]. However, these hormones

have a protective role in heart failure and cause smooth

muscle relaxation and vasodilatation and they counteract

the effects of sympathetic nervous system [41]. Thus there

are a wide variety of hormones, the circulating levels of

which are elevated during the development of congestive

heart failure due to myocardial infarction. Some of these

hormones, which are vasoconstrictor and produce cardiac

hypertrophy, appear to be beneficial at initial stages of

myocardial infarction but become harmful at chronic stages

and thus participate in inducing heart dysfunction. On the

other hand, hormones, peptides and growth factors, which

do not produce vasoconstriction, are considered to play a

compensatory role for the heart to adapt against the insult

of myocardial infarction. In view of the vast information in

the literature on several of these hormones such as angio-

tensin II, catecholamines and aldosterone in congestive

heart failure and relatively scattered information available

for other hormones including endothelin and vasopressin,

we have chosen to discuss the role of endothelin and

vasopressin in the development of heart failure in this

article. Furthermore, we have attempted to analyze the

evidence for the potential use of endothelin antagonists and

vasopressin antagonists for the therapy of congestive heart

failure.

Endothelin-1 and mode of its action

It is now well-known that the endothelium is not just a

barrier between the blood and the vascular wall but it
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releases a potent constricting factor [42]. After the dis-

covery of endothelin-1 (ET-1, the constricting factor) in

1988 [43], it was found that it plays a major role in

the pathogenesis of various cardiovascular diseases [44].

This led several investigators to work on the methods to

control the endothelin activity and in fact pharmacolog-

ical blockade of endothelin synthesis showed a great

promise in this regard [45]. Blocking the endothelin

receptors was also attempted to control the endothelin

activity and this resulted in Bosentan becoming the first

ET receptor antagonist to find clinical use [46]. But after

the initial success of the ET receptor antagonist, results

with other agents to attenuate the increased endothelin

activity in congestive heart failure were not encouraging

[47].

Endothelins are a family of three 21-amino acid peptides

(ET-1, ET-2 and ET-3) out of which ET-1 is the principal

cardiovascular isoform. Transcription of a gene on chro-

mosome 6 generates mRNA encoding the 212 amino-acid

peptide, prepro ET-1, which is stripped of its signal

sequence and secreted into the cytoplasm as pro ET-1 [48].

Pro ET-1 is further cleaved by furin like endopeptidase to

the 38 amino-acid precursor molecule big ET-1, which

circulates in plasma at low concentrations [43]. Removal of

a further 17 COOH terminal residues results in the for-

mation of the 21 amino-acid ET-1 [49]; this reaction is

mediated by a family of membrane bound zinc matallo-

proteases, from the neprilysin superfamily, termed endo-

thelin converting enzyme (ECE) [50]. In addition to these

proteases, other enzymes such as non-ECE metallopro-

teinase contribute to the final processing step [51]; this was

evident in mice lacking both ECE-1 and ECE-2 where the

level of mature endothelin peptides is reduced by one-third

[52]. ET-1 is produced by vascular endothelial and smooth

muscle cells as well as airway epithelial cells, macro-

phages, fibroblasts, cardiac myocytes, posterior pituitary,

kidney and pancreatic islet [48, 53–55]. ET-1 is a unique

peptide as it has a dual secretory pathway. It is continu-

ously released from vascular endothelial cells by a con-

stitutive pathway, thereby maintaining the endogenous

vascular tone [56]. It is also secreted by the endothelial

cell-specific storage granules in response to external path-

ophysiological stimuli, producing vasoconstriction [57].

The induction of prepro ET-1 mRNA in endothelial cells is

augmented by several agents, such as thrombin, calcium

ionophore, transforming growth factor, cytokines and shear

stress [26, 27]. Generation of ET-1 is also increased by

vasoactive hormones, hypoxia, lipoproteins, endotoxin,

free radicals and cyclosporin. ET-1 synthesis is inhibited

by nitric oxide, nitrovasodilators, natriuretic peptides,

heparin and prostaglandins [55]. In this regard, it is pointed

out that nitric oxide, which is also produced in the endo-

thelium along with endothelin, may represent one of the

endogenous mechanism for the control of endothelin

activity during the development of myocardial infarction.

In humans, two G protein coupled endothelin receptors

(ET-A and ET-B) have been identified, which have seven

hydrophobic membrane-spanning domains [58]. ET-A

receptor binds ET-1 and ET-2 with greater affinity than that

for ET-3 whereas ET-B receptor binds all three isoforms

with similar affinity [59]. The ET-A is the primary vaso-

constrictor and growth promoting receptor, while the ET-B

receptor inhibits vasoconstriction and cell growth. ET-B

also functions as a clearance receptor, which is particularly

important in the lung, which clears about 80% of circulating

ET-1 [60]. These receptors are expressed in a variety of

human tissues. For example vascular smooth muscle cells

express both ET-A and ET-B while the endothelial

cells typically express only ET-B. Furthermore, in the

human heart, cardiomyocytes and fibroblasts predominantly

express ET-A, whereas the cardiac conducting tissue,

express ET-B [61]. Electron microscopic autoradiography

of ET-A and ET-B receptors in human coronary arteries has

revealed that both receptors are located on the cell mem-

brane and plasmalemmal vesicles of vascular smooth cells

but neither receptor was observed on endothelial cell [62].

Non ET-A/ET-B receptors for ET-1 are also present [63].

There are many factors, which regulate the expression of

endothelin receptors; ischemia and cyclosporin increase the

number of endothelin receptors, angiotensin II, phorbol

esters and endothelin-1 decrease the number of these

receptors [64–67].

Endothin-1 is considered to play a major role in patho-

genesis of cardiovascular disease by its direct effects on

cardiomocytes and vascular smooth muscle cells. The

mechanism of action of endothelin include interaction with

endothelin receptors on the cell surface, activation of

phospholipase C through G-proteins, and increase in intra-

cellular concentration of Ca2? through the increase in

phosphoinositol turnover. Different endothelins were

observed to exert no effects on the sarcolemmal Na?/

K?ATPase, Na?–Ca2? exchange and Ca2?-pump systems

nor on the sarcoplasmic reticular Ca2? pump and myofibr-

illar ATPase activities in rat heart [68]. However, endoth-

elins have two major effects on cardiomyocytes; they affect

the contractile properties and they stimulate the myocyte

growth and myofibrillogenesis, thereby causing cardiac

hypertrophy. These changes are produced by the modulation

of the intracellular signaling pathways because ET-1 binds

to the ET-A receptor on the cell surface and stimulates

hydrolysis of phosphatidylinositol 40,50-biphosphate to

diacylglycerol and inositol 1,4,5-triphosphate (IP3). Diac-

ylglycerol causes the translocation of the delta and epsilon

isoforms of protein kinase C to the membrane and results in

activation of the small G-protein Ras and of the extracellular

signal regulated kinase 1/2 (ERK1/2) cascade. As the signals
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originating from the ET-A receptors are transmitted through

these protein kinase pathways, other signaling molecules

become phosphorylated and change their biological activity.

These molecules include nuclear transcription factors, pro-

tein kinases, and ion channels and are responsible for the

effects of endothelins on cardiomyocytes [69]. The signal

transduction pathway for endothelin action on cardiomyo-

cytes leading to the development of cardiac hypertrophy is

given in a schematic sketch (Fig. 1).

The activity of endothelin-1 is normally inhibited by

endothelin receptor antagonists and there are three cate-

gories of antagonists depending on their relative affinity for

the endothelin receptor, ET-A selective, ET-B selective,

and mixed ET-A/ET-B antagonists. Among the mixed or

non-selective antagonists are Bosentan, Tezosentan and

Enrasentan. It is important to keep in consideration that

these antagonist do not have an equal affinity for both

receptors. The difference between ET-A selective and the

non-selective antagonist is that selective antagonists dis-

play more than 100 times selectivity for ET-A receptor

than that by the non-selective antagonists. ET-A selective

antagonist are BQ123 (highest selectivity), darusentan,

ambrisentan, atrasentan, sitaxsentan and FR 139317

whereas ET-B selective antagonists are BQ788, IRL2500

and RES7011 [58]. The effects of endothelin can also be

inhibited by ECE inhibitors, which decrease the production

of endothelin. Intra-arterial administration of phophora-

midon, an ECE inhibitor, reversed the effects of endothelin

and caused vasodilation [56]. There is also evidence that

ECE-1 is overexpressed in certain cardiovascular diseases

like atherosclerosis [70]. There is a theoretical advantage in

using ECE inhibitors because by decreasing ET-1 con-

centration, these agents will inhibit both ET-A and ET-B

mediated actions. However, there has been little progress in

the development of drugs in this category and the ongoing

efforts seem to be in the direction of dual inhibition of ECE

and ACE by a single agent [71].

Role of endothelin in cardiovascular dysfunction

Endothelin-1 has been shown to be involved in patho-

physiology of myocardial infarction and congestive cardiac

failure. This view is based on observations that ET-1

causes vasoconstriction of coronary vessels resulting in

myocardial ischemia and ventricular arrhythmias when

injected in the porcine coronary circulation [72]. Further-

more, blocking the endothelin activity by administering

BQ-123, an ET-A selective antagonist, decreased the

infarct size by 40% in dogs upon inducing myocardial

infarction [73]. In humans there is a fivefold increase in

ET-1 levels within few hours of myocardial infarction [74].

It was also documented that ET-1 maintained the basal

coronary vasoconstrictor tone by its action on ET-A

receptors because ET-A receptor antagonist BQ-123, when

administered directly in coronary arteries, results in their

dilatation in humans [75].

In some studies ET-1 was found to act as a potent survival

factor against apoptosis. In neonatal cardiomyocytes,

administration of ET-1 blocked the isoproterenol-induced

apoptosis; this effect of ET-1 is prevented by an ET-A

receptor antagonist, FR139317 but not by an ET-B receptor

antagonist, BQ788 [76]. Accordingly, it was suggested that

the anti-apoptotic effect of ET-1 is mediated through ET-A

receptors. The anti-apoptotic effect of ET-1 on cardiomyo-

cytes was neutralized by an MEK1 specific inhibitor,

PD098059, indicating that the anti-apoptotic effect requires

MEK-ERK pathway. It was also found that the anti-apop-

totic effect of ET-1 was abolished by rapamycin (an

immunosuppressant) by blocking mTOR pathway and by

wortmannin (a fungal metabolite) by blocking P13 K-Akt

pathway [76]. It has been shown that ET-1 activates S6 K in

MEK-dependent manner in adult cardiomyocytes [77].

Those observations indicate that all three signaling path-

ways, P13-kinase, mTOR and MEK1-ERK1/2, converge

into activation of S6 K, which may be involved in inducing

translational changes in cardiomyocytes. In another study, a

selective ET-A antagonist was observed to reduce the

hypoxia-induced apoptosis in primary cultured neonatal rat

cardiomyocytes suggesting the role of ET-1 in apoptosis

through ET-A receptors [78]. Thus there are conflicting

reports with respect to the action of endothelin on cardiac

apoptosis but it is possible that such actions of endothelin

may depend on the type of endothelin receptors, which may

ET-1

Cardiomyocytes
ET-A

Phospholipase C

IP3

Ca2+

DAG

PKC

ERK 1/2

Cardiac Hypertrophy

Fig. 1 Signaling pathway of ET-1. It binds to the ET-A receptors on

cardiac cells and cause hydrolysis of phospholipase C to inositol

triphosphate (IP3) and diacylglycerol (DAG). DAG causes transloca-

tion of delta and epsilon isoforms of protein kinase C which result in

activation of extracellular signal regulated kinase 1/2 (ERK 1/2). IP3

causes increase in the intracellular calcium concentration. These

changes result in cardiac hypertrophy which may lead to the

development of congestive heart failure over time
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be participating in inducing opposite changes in the myo-

cardium. This view is supported by the observations that,

another pathway activated by ET-A receptors is calcium-

calcineurin signaling [79] and in fact ET-1 has been dem-

onstrated to increase the intracellular level of calcium that

activates calcineurin [80]. It should be noted that calcineurin

is involved in the transcriptional pathways that modulate

cardiac hypertrophy [81] and ET-1 receptor antagonists,

bosentan and BQ123, were observed to prevent remodeling

of the heart and improve survival following myocardial

infarction [82]. It is likely that ET-1 is also involved in

causing heart failure independent of cardiac cell apoptosis

because it may decrease the intracellular level of cAMP and

thereby may decrease the systolic function of the heart [83].

On the basis of the beneficial effects of some ET-1

antagonists, it has been suggested that ET-1 may be

involved in causing hypertension as well as atherosclerosis

[84, 85]. In this regard, it is noteworthy that both ET-A and

ET-B receptors are highly expressed in smooth muscle

cells as well as foamy macrophages in atherosclerotic

animals [86]. Since ET-1 is a proinflammatory hormone, it

has been indicated to promote the development of athero-

sclerosis [87]. Blockade of endothelin receptors was also

observed to result in a marked reduction of atherosclerosis

in LDL receptor deficient mice [88]. In addition to their

actions on smooth muscle, both ET-1 and ET-3 were found

to exert positive inotropic and chronotropic effects on rat

atria; the inotropic action of ET-1 was greater than that of

ET-3 wheras the chronotropic action of ET-1 was equi-

potent to that of ET-3 [89]. This suggests the possibility

that the ET receptors mediating the chronotropic response

are different from that mediating the inotropic response. It

is pointed out that the inotropic response to ET-1 in ven-

tricles is weak compared with that in atria.

In order to appreciate the role of endothelin in congestive

heart failure, it is important to understand their actions on

organs other than the heart. Endothelin has been reported to

cause contraction of afferent as well as efferent arterioles

resulting in reduction of both renal flow and glomerular

filtration rate [90, 91]. There is also evidence which shows

that ET-1is produced by renal medullary collecting duct

cells and there is a high concentration of ET-B receptors in

renal tubular epithelial cells [92, 93]. The local production

of ET-1 in kidneys is believed to play a role in regulating

the transport of salt and water in the terminal nephrons,

resulting in natriuresis and diuresis by their action on ET-B

receptors [55]. Endothelin, like other vasoconstrictor hor-

mones such as angiotensin II, vasopressin and noradrena-

line, was found to inhibit renin release by increasing the

intracellular concentration of calcium [94]. Clinically, a

selective ET-A receptor antagonist BQ 123 was seen to

lower the systemic blood pressure, increase the renal blood

flow and reduce the renal vascular resistance in patients

with chronic renal failure [95]. Endogenous ET-1 also plays

an important role in the central autonomic control of cir-

culation and respiration because ET-1 deficient mice, pro-

duced by gene targeting, were observed to show elevated

arterial blood pressure and attenuated reflex control of

respiration [96]. It has also been reported that chronic in-

tracerebro-ventricular infusion of endothelin results in

increase in arterial blood pressure in rats [97] possibly due

to its Faction as a neuromodulator or as a hormone that

functions either locally in an autocrine or paracrine manner.

Topical application of endothelin at carotid bifurcation

inhibits baroreceptor responses and stimulates chemore-

ceptor responses in cats [98]. The intravenously adminis-

tered ET-1 did not cross blood brain barrier but when

applied directly, it was localized in hypothalamus, thala-

mus, lateral ventricle region, globus pallidum and caudate

putamen [99]. It should be noted that apart from its inter-

action with ACE, rennin and angiotensin; endothelin also

affects aldosterone and atrial natriuretic peptide (ANP)

because the secretion of both these hormones is increased

by endothelin [31, 100]. ET-1 also stimulates the release of

catecholamines from adrenal chromaffin cells [101]. It is

thus possible that ET-1 may induce congestive heart failure

by acting directly on cardiomyocytes or indirectly through

the release of different hormones in the body. The events

associated with opposing actions of endothelin on vascular

smooth muscle and endothelial cells for the resultant

changes in blood pressure and subsequent development of

ET-1

Vascular Smooth Muscle Cells Endothelial Cells
ET- B

Ca2+ NO

Vasoconstriction Vasodilation

Blood Pressure Blood Pressure

Hypertension

Cardiac Hypertrophy

Heart Failure

ET- A

Fig. 2 Effect of ET-1 on cardiac function through different receptors.

Vascular smooth muscle cells express ET-A receptors which may

cause vasoconstriction and increase the blood pressure. On the other

hand endothelial cells express only ET-B receptors which increase

nitric oxide and thus result in vasodilation and decrease in blood

pressure. The net result of these changes is an increase in blood

pressure which may cause cardiac hypertrophy and heart failure
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cardiac hypertrophy and heart failure are given in Fig. 2.

Such effects of endothelin may be occurring in addition to

the direct effects of this hormone on the myocardium.

Endothelin receptor blockade in heart failure

There is considerable experimental and clinical data

available on the effects of different endothelin antagonists

in congestive heart failure in both humans and animals

(Tables 1, 2) [102–116] as described below:

Human trials

Various reports have shown beneficial effects of endothelin

antagonists in heart failure. Nonselective endothelin receptor

antagonist, tezosentan, improved cardiac index and reduced

systemic and pulmonary vascular resistance and capillary

wedge pressure in patients with severe chronic heart failure

as well as in patients with acute heart failure [94]. Simi-

larly, another nonselective endothelin antagonist, Bosentan

500 mg given twice daily in patients with heart failure of

NYHA class III–IV increased the likelihood of clinical

improvement, and reduced the combined endpoint of death

and worsening of congestive heart failure after 6 months of

treatment, but this was accompanied by an asymptomatic

increase in liver enzymes [117]. This led to a trial of bosentan

125 mg twice daily in patients with severe congestive heart

failure which, showed that there were only minor increases in

liver enzymes but no benefits in cardiac failure [118].

In the Enrasentan Clinical Outcomes Randomised

(ENCORE) Study, effects of enrasentan were compared to

placebo and a high dose of an ACE inhibitor for 9 months

in patients with NYHA class II/III heart failure. Enrasentan

was associated with worsening heart failure, increased

mortality and increased rate of withdrawal for adverse

events [104]. Then another trial, the Endothelin-A Recep-

tor Antagonist Trial in Heart Failure (EARTH), showed no

effect of darusentan on the incidence of death, hospital-

izations related to congestive heart failure or worsening

heart failure [119]. This study was a multicentre trial in

patients in NYHA class II–IV heart failure who were on

standard treatment. At baseline, patients had an average LV

ejection fraction of 26%, LV end-diastolic volume of

249 ml. Although there was a trend of reduction of LV

end-diastolic volume in the darusentan group with dosage

more than 50 mg per day, this effect was statistically not

significant. Similarly, the Randomized Intravenous Tezos-

entan (RITZ)-4 Study did not show any significant

improvement in worsening heart failure, recurrent or new

MI or clinical end point of death [105]. Earlier study with

the same agent had demonstrated significant improvement

in cardiac index and a reduction in pulmonary capillary

wedge pressure at 6 h compared with placebo [104].

Animal experiments

In a study, an infusion of BQ-123, a selective ET-A

receptor antagonist, when started 10 days after myocardial

infarction in rats and maintained for 12 weeks, improved

Table 1 Effects of some non-selective endothelin antagonists on experimental and clinical congestive heart failure

Endothelin-1

antagonist

Effects Reference

Tezosentan No improvement in symptoms or clinical outcome but evidence of improved

hemodynamics in acute heart failure

John et al. [102]

Tezosentan No change in dyspnoea Coletta et al. [103]

Tezosentan Improvement in cardiac index and reduction in pulmonary capillary wedge pressure Louis et al. [104]

Tezosentan No improvement in heart failure or deaths in patients O’Connor et al. [105]

Tezosentan In patients with congestive heart failure, low dose had a better outcome while the

patients on high dose had worse outcome

Kaluski et al. [106]

Tezosentan Administration first day after MI, increased long term survival and improved

hemodynamics

Clozel et al. [107]

Bosentan Improved survival rates in rats with chronic heart failure Breu et al. [108]

Bosentan In humans with heart failure, increased symptoms in first month but decreased

during fourth to sixth months

Packer et al. [109]

Bosentan Attenuation of progressive ventricular dilatation and improvement in cardiac

function in rats with MI

Fraccarollo et al. [110]

Enrasentan Adverse ventricular remodeling in chronic heart failure, despite an increase

in resting cardiac index

Parsad et al. [111]

LU-420627 Reduced survival and promoted LV dilatation and dysfunction whether started

early or late after MI

Nguyen et al. [112]

The selectivity of agents is based on their effects on ET-A and ET-B receptors; MI myocardial infarction, LV left ventricle
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survival and cardiac function [81]. Similarly, it was

observed that bosentan, a non-selective antagonist, started

immediately or 7 days after MI in rats, attenuated pro-

gressive ventricular dilatation and improved cardiac func-

tion [110]. Even in chronic heart failure, oral bosentan

improved survival rates in rats [108] and it was demon-

strated that a selective ET-A receptor antagonist, YM598,

improved exercise tolerance and cardiac function in rats

with chronic heart failure [114]. In another study, effects of

a selective ET-A antagonist, ABT-627, and a selective

ET-B antagonist, A-192621, were studied in cardiomyo-

pathic hamsters. It was found that ABT-627 decreased the

ET-1 level as well as NADPH diaphorase activity and

resulted in modest improvement of LV function in addition

to preventing tissue damage. On the other hand, A-192621

had no effect on ET-1 levels and it worsened the degen-

eration of cardiomyocytes despite improving the hemody-

namic parameters [115]. In a similar study, BQ-123, a

selective ET-A antagonist, caused no change in plasma

ET-1, but caused systemic vasodilation, while a selective

ET-B antagonist, BQ-788, resulted in systemic vasocon-

striction and increase in ET-1 level [116]. It has also been

observed that LV dilatation was aggravated by the use of

an ET-A receptor antagonist early after MI [120] but in

another study, timing of the therapy was found to have no

effect on the outcome because LU-420627, a nonselective

ET-A and ET-B antagonist, reduced survival and promoted

LV dilatation and dysfunction whether it was started early

or late after MI [112]. On the contrary, tezosentan, a dual

receptor antagonist, given on the first day after MI

increased long term survival and improved hemodynamic

conditions [107]. It was also shown to have protective

effects on myocardial injury induced by ischemia–reper-

fusion [121]. Even a selcective ET-A receptor blocker in

acute setting has been documented to be superior to chronic

blockade in attenuating ischemia/reperfusion injury in

failing hearts [122]. A detailed analysis of data with dif-

ferent ET- receptor antagonists (Tables 1, 2) reveal that

a non-selective agent bosentan, and an ET-A receptor

antagonist, BQ-123, show a great promise for use in the

treatment of congestive heart failure.

Vasopressin and mode of its action

Vasopressin is a nonapeptide neurohormone with a six

member disulfide ring and a three member tail with an

amidated terminal carboxyl group [123, 124]. This antidi-

uretic hormone is increased in patients with chronic heart

failure as well as acute decompensated heart failure [125–

128]. The secretion of vasopressin takes place in response

to the activation of osmotic and non-osmotic receptors;

osmotic secretion is controlled by osmoreceptors sensing

change in sodium concentration whereas non-osmotic

release takes place through baroreceptors in left atrium,

aortic arch and carotid sinus in response to underfilling

[33]. Vasopressin results in retention of water but not

sodium and thus predisposing to hyponatremia [129] and

the activation of receptors on vascular smooth muscle cells

leads to vasoconstriction and increased responsiveness to

sympathetic nervous system.

Vasopressin is produced in the supraoptic and the

paraventricular nuclei of the hypothalamus, from where it

migrates down the axons and is stored in the posterior

pituitary. The secretion is regulated through osmoreceptors

in the hypothalamus, which detect even small changes in

plasma osmolality and stimulate or inhibit vasopressin

secretion, thus maintaining a tight control of serum sodium

and plasma osmolality [130]. Other pathway for its release

is through mechanreceptors in the carotid sinus, aortic arch

and left ventricle. Arterial underfilling resulting from a

decrease in cardiac output or peripheral vascular resistance

stimulates mechanoreceptors to activate sympathetic cen-

tral nervous system causing vasopressin production [131].

It has also been documented that there is de novo synthesis

of vasopressin in the heart in response to acute pressure

overload or NO, which may have local or systemic effects

[132]. In the setting of low cardiac output state such as

Table 2 Effects of some selective endothelin receptor antagonists on clinical and experimental congestive heart failure

Endothelin-1 antagonist Effects Reference

Darusentan selective

ET-A

Safe and effective in resistant hypertension in humans Epstein et al. [113]

YM-598 selective ET-A Improved exercise tolerance and cardiac function in rats with chronic heart failure Miyauchi et al. [114]

BQ-123 selective ET-A Improved survival and LV function, reduced cardiac filling pressure and remodeling Sakai et al. [81]

ABT-627 selective ET-A Modest improvement in LV function and prevent tissue damage in cardiomyopathic

hamsters

Nishida et al. [115]

A-192621 selective ET-B Degeneration of cardiomyocytes despite improving hemodynamic parameters

in cardiomyopathic hamsters

Nishida et al. [115]

BQ-123 selective ET-A Causes systemic vasodilatation without any change in plasma ET-1level Cowburn et al. [116]

BQ-788 selective ET-B Causes systemic vasoconstriction and increases plasma ET-1 level Cowburn et al. [116]

92 Heart Fail Rev (2010) 15:85–101

123



heart failure, the nonosmotic mechanisms have a greater

influence than osmoreceptors on conrolling vasopressin

release, thus leading to water retention in an already

overloaded state [133]. Endogenous angiotensin II also

plays a role in the control of vasopressin secretion [134].

There are three vasopressin receptors, which belong to a

family of rhodopsin-like G-protein coupled receptors

[135]. The two major receptors are V1 receptor (also called

V1a) and the V2 receptor. The third receptor, which is

pituitary-specific is named as V3 receptor (also called V1b)

[136, 137]. V2 receptors are mainly located on the baso-

lateral membrane of the collecting ducts in the renal

medulla, and are responsible for the antidiuretic action of

vasopressin [138]. This can lead to water retention, which

is detrimental in heart failure. There is also evidence of

their presence on endothelial cells where they are involved

in the secretion of von Willebrand factor [139]. V1a

receptors are located on the vascular smooth muscle and

cardiomyocytes and the stimulation of these receptors

cause vasoconstriction and a positive inotropic effect

[140]; these receptors are also responsible for causing

hypertrophy of the cardiac cells [141]. Therefore, vaso-

pressin is considered to increase the systemic vascular

resistance and cause cardiac hypertrophy, which result in

the development of congestive heart failure.

Vasopressin binds to V1 receptors and activates the

Gq-phospholipase C pathway; this results in an increase in

intracellular IP3 and diacylglycerol levels and the sub-

sequent increase in intracellular Ca2 levels [137]. The

increase in intracellular IP3 leads to the activation of pro-

tein kinase C, which results in vasoconstriction, platelet

aggregation and growth of smooth muscle cells. Some of

the effects of V1 receptor activation are mediated by

stimulation of small G proteins as well as activation of

phospholipase D and phospholipase A2 [142]. On the other

hand, V2 receptors are coupled to Gs proteins and thus

cause stimulation of adenylyl cyclase activity and result in

an increase in the cellular cyclic AMP [137]. Intracellular

cAMP elevation activates protein kinase A, which triggers

an increased rate of insertion of water channel containing

vesicles into the apical membrane and a decreased rate of

endocytosis of these vesicles from the apical membrane

[143]. Since the apical membrane compartment has higher

concentration of water channel containing vesicles than the

cytosolic compartment, these vesicles contain functional

water channels (aquapouin 2), resulting in increased water

permeability of the apical membrane [138]. The effects of

vasopressin on smooth muscles, cardiomyocytes and renal

function are described in Fig. 3 to show their involvement

in the pathogenesis of congestive heart failure.

Many cyclic and linear peptide vasopressin antagonists,

that have varying degrees of selectivity for vasopressin

receptors, have been synthesized [144]. These peptide

antagonists are effective in animals, but human studies with

the same agents have shown partial agonist actions [145,

146]. This could be due to marked species-differences,

short biological half-life and poor oral bioavailability. The

first discovered nonpeptide vasopressin antagonist, OPC-

31260, has different properties than the peptide antago-

nists. It does not have V2 receptor agonist effects in human

and is orally bioavailable having a longer half-life than

most of the peptides. However, being lipophilic, it passes

the blood brain barrier and can have central nervous system

side effects [147]. Vasopressin antagonists currently under

investigation for heart failure are OPC-31260 (mozavap-

tan), OPC-41061 (tolvaptan), VPA-985 (lixivaptan) and

SR-121463 (satavaptan), which are selective V2 receptor

antagonist and YM-087 (conivaptan), which is a non-

selective antagonist [148].

Role of vasopressin in heart failure

During the development of heart failure, vasopressin is

secreted in response to stimulation of the baroreceptors by

reduction in the arterial pressure [130]. This reduction in

the arterial pressure detected by the sinoaortic baroreceptor

outweighs the hypothalamic osmoreceptor response to a

small decrease in the plasma osmolality seen in such sub-

jects [149]; therefore a net increase in vasopressin release

Vasopressin

Smooth Muscle Cells
V1a

Cardiomyocyte
V1a

Renal Medulla
V2

Vasoconstriction Positive inotropic action Water retention

Increased
afterload

Stimulation of Protein kinase C
mediated signal transduction

Increased
preload

LV Hypertrophy

Heart Failure

Fig. 3 Effect of vasopressin on cardiac function through different

receptors. Vasopressin binds to V1a receptors in smooth muscle cells

and causes vasoconstriction resulting in increased afterload, cardiac

hypertrophy and heart failure. Vasopressin has been shown to act on

V1a receptors on the cardiomycytes resulting in protein kinase C

mediated signal transduction to cause heart failure. Vasopressin also

acts on V2 receptors in renal medulla causing water retention and

increased afterload, which has detrimental effect leading to the

development of heart failure
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is seen in patients with heart failure, even though there is

reduced plasma osmolality as compared to normal humans.

The increase in vasopressin results in impaired excretion of

free water in patients with heart failure due to an increase

in the number of AQ2 water channels in the collecting duct

[138]. This not only results in abnormal water retention,

but also causes hyponatremia [149]. The water retention is

a detrimental event in heart failure as it results in increased

congestion. Likewise, the hyponatremia caused by vaso-

pressin is also associated with increased mortality in

patients with heart failure [150].

Intravenous infusion of vasopressin in heart failure

patients increases systemic vascular resistance and pul-

monary capillary wedge pressure and decreases cardiac

output and stroke volume. These changes were seen with-

out any significant alteration in blood pressure or heart rate

[151] and could be caused by an increase in the afterload

because of stimulation of V1a receptors and resulting

vasoconstriction [152]. At the same time, stimulation of V2

receptors causing water retention results in an increase in

venous blood volume; this in turn leads to increased pre-

load and pulmonary capillary wedge pressure. There is also

ample evidence that vasopressin stimulates cardiac cell

hypertrophy by enhancing protein synthesis and cellular

growth without affecting cell division in neonatal rat

cardiomyocytes as well as adult rat heart [34, 141, 153]. It

has also been documented that activation of V1a receptors

is associated with left ventricular hypertrophy and collagen

deposition in spontaneously hypertensive rats; these chan-

ges were attenuated with a V1a receptor antagonist [35].

Vasopressin blockade in heart failure

Treatment of heart failure with loop diuretics to get rid of

the excess water can result in worsening of hyponatremia;

even mild hyponatremia in patients with heart failure

indicates a worse prognosis [154]. Vasopressin antagonists,

which cause the loss of free water and conserve sodium,

seem to be an ideal choice for such patients. Several studies

have been conducted in both humans and animals to find if

these agents are beneficial in congestive heart failure

(Tables 3, 4) [155–165] and following is the analysis of

these data:

Human trials

The ACTIV (Acute and Chronic Therapeutic Impact of a

Vasopressin) trial evaluated the short-term and intermedi-

ate-term effects of tolvaptan in patients hospitalized with

heart failure. Patients, with signs and symptoms of con-

gestive heart failure and left ventricular ejection fraction

less than 40%, were given 30, 60, or 90 mg/day of tol-

vaptan for 60 days in addition to the standard therapy. The

treatment group showed an increase in the net fluid loss

resulting in decreased body weight as compared to the

standard therapy group; there was improvement in the

survival rate and hyponatremia [155]. However, no

reduction in the rate of worsening of heart failure was

evident but at the same time, there were no adverse effects

like changes in blood pressure, heart rate and electrolytes

[155].

Table 3 Effect of some V2 selective vasopressin antagonists in congestive heart failure

Vasopressin

antagonist

Effects Reference

Tolvaptan Improvement in survival rates, Na? and fluid loss in humans. No reduction in worsening

of heart failure after discharge

Gheorghiade et al. [155]

Tolvaptan Improvement in dyspnoea, body wt, edema, Na?, JVP and chest rales in humans. No change

in clinical status, morbidity and mortality

Gheorghiade et al. [156],

Konstam et al. [157]

Tolvaptan Decreased mortality and hospital admissions with 1 year treatment, but no reductions in LV

volumes in patients

Udelson et al. [158]

Lixivaptan Increased urine output in heart failure patients Abraham et al. [159]

Tolvaptan Tolvaptan compared to furosemide in heart failure in rats. It produced free water loss with

no renin or aldosterone activation

Veeraveedu et al. [160]

OPC-31260 In dogs with pacing induced heart failure. Increased urine output, Na?, renin and vasopressin

levels. No improvement in hemodynamics. Combined therapy resulted in supra-additive

hemodynamic, renal and metabolic effects

Naitoh et al. [161]

OPC-31260 Post MI induced heart failure in rats. Increased urine output, vasopressin levels. No activation

of RAS and no long-term survival benefits

Burrell et al. [162]

OPC-31260 Rats in heart failure induced by aortocaval shunt. Decrease in wt. of right ventricle, right

ventricular systolic pressure, LVEDP and ANP

Nishikimi et al. [163]

The selectivity of agents is based on their effects on V2 and V1 receptors; JVP jugular venous pressure, LV left ventricle, MI myocardial

infarction, RAS renin angiotensin system, LVEDP left ventricular end diastolic pressure, ANP atrial natriuretic peptide
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The EVEREST (Efficacy of Vasopressin Antagonism in

Heart Failure Outcome Study with Tolvaptan) trial was

conducted to evaluate the short-term and long-term effects

of tolvaptan added to standard therapy within 48 h of

hospital admission for heart failure [156]. This treatment

for 60 days revealed that oral tolvaptan, in addition to the

standard therapy including diuretics, improved many signs

and symptoms of heart failure without any serious side

effects. There was improvement in body weight, peripheral

edema and patient-assessed dyspnoea on day 1 and day 7 of

the tolvaptan treatment but there was no significant change

in the patient-assessed global clinical status. A greater

correction of hyponatremia was observed in the tolvaptan

group and improvement in physician-assessed dyspnoea,

orthopnoea, fatigue, jugular venous distension and rales

was also seen [156]. The long-term follow-up of tolvaptan

treated patients over a median period of 9.9 months did not

show any significant change in long-term mortality or heart

failure related morbidity. However there were no excess

adverse effects like changes in heart rate, blood pressure,

renal function or potassium levels [157].

For another clinical trial, 142 patients with symptomatic

heart failure having dyspnoea of NYHA class III, were

randomized to double blind, short-term treatment with

conivaptan, a non-selective vasopressin antagonist, or a

placebo [158]. It was observed that the treatment group had

a significant reduction in pulmonary capillary wedge

pressure and right atrial pressure during 3–6 h interval after

intravenous administration of conivaptan. Urine output also

increased significantly but there was no significant change

in cardiac index, systemic and pulmonary vascular resis-

tance, blood pressure or heart rate [158]. In a multicenter,

randomized, double blind, placebo controlled study, it was

observed that conivaptan significantly increased the urine

output and decreased the body weight but failed to improve

the clinical status of patients [166]. Another multicenter,

randomized, double blind study showed that 1-year treat-

ment with tolvaptan did not reduce the LV volume sig-

nificantly but the mortality and hospital admissions were

reduced significantly [158]. Selective V2 receptor blocker,

lixivaptan, was studied to examine the renal effects in heart

failure. The results confirmed the role of vasopressin in

renal water retention associated with heart failure as sig-

nificant dose related increase in the urine output was seen

with lixivaptan administration [159].

Animal experiments

Various animal studies have demonstrated the role of

vasopressin antagonists in the treatment of heart failure. In

an experiment on conscious dogs, heart failure was

induced, by rapid right ventricular pacing [161]. It was

observed that, oral administration of a selective V1 receptor

antagonist, OPC-21268, significantly improved the cardiac

output and renal functions. On the other hand, OPC-31260,

a selective V2 receptor antagonist, given orally, induced

marked diuresis, increase in sodium levels, plasma renin

and vasopressin levels but there was no improvement in the

hemodynamics [161]. The combined administration of

these two agents resulted in supra-additive hemodynamic

response like prolonged decrease in mean arterial pressure

and increase in cardiac output as well as renal and meta-

bolic responses [161]. In a similar study, conivaptan was

given intravenously to dogs with pacing induced heart

failure. It resulted in significant increase in left ventricular

pressure and cardiac output [165]. A significant decrease in

the left ventricular end-diastolic pressure and total

peripheral vascular resistance was seen with conivaptan

which also caused increased urine output and decreased

urine osmolality [165]. Another study was carried out to

assess the long-term effects of V2 antagonism in heart

failure in rats [162]. Chronic V2 antagonism in rats with

postinfarction-induced heart failure resulted in increased

urine output and decreased urine osmolality. This study did

not show any improvement in the long-term survival but

affirmed the role of V2 antagonist in management of water

retention in heart failure [162]. V2 antagonism has also

been shown to alter the hemodynamics of heart due to its

Table 4 Effects of some V1 selective and non-selective vasopressin antagonists in congestive heart failure

Vasopressin antagonist Effects Reference

Conivaptan non-selective Reduction in PCWP, right atrial pressure in humans. Increase in urine output.

No change in hemodynamics

Udelson et al. [164]

Conivaptan non-selective In dogs with pacing induced heart failure, significant increase in LVP, CO,

urine output. Decrease in LVEDP, PVR

Yatsu et al. [165]

OPC-21268 V1 selective In dogs with pacing induced heart failure, improvement in CO and renal function Naitoh et al. [161]

OPC-21268 V1 selective Rats in heart failure induced by aortocaval shunt. No change in hemodynamics,

wt. of right ventricle and ANP

Nishikimi et al. [163]

CO cardiac output; PCWP pulmonary capillary wedge pressure, LVP left ventricular pressure, LVEDP left ventricular end diastolic pressure,

ANP atrial natriuretic peptide, PVR peripheral vascular resistance
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affect on water retention. In this trial chronic administra-

tion of a V2 receptor antagonist, OPC-31260, in rats with

heart failure induced by aortocaval fistula, significantly

reduced weight of the right ventricle, right ventricle sys-

tolic pressure, left ventricular end-diastolic pressure and

plasma concentration of ANP [163]. Chronic administra-

tion of a V1 receptor antagonist, OPC-21268; however, did

not alter hemodynamics, weight of right ventricle or ANP.

This showed that vasopressin affected the heart indirectly,

by its action on V2 receptors causing water retention [163].

In a comparison of the effects of tolvaptan on congestive

heart failure in rats with those of furosemide, it was found

that the diuretic effects of tolvaptan at 3 and 10 mg/kg

were almost equal to that of furosemide at 30 and 100 mg/

kg, respectively [160]. However, tolvaptan produced a free

water loss while furosemide resulted in the loss of potas-

sium and sodium in urine. Furosemide also resulted in the

activation of renin and aldosterone but no such activity was

seen in the tolvaptan group. It was observed that furose-

mide, unlike tolvaptan, had adverse effect on glomerular

filtration rate [160]. It was also documented that the

diuretic therapy resulted in activation of renin, and the

plasma concentrations of norepinephrine, atrial natriuretic

peptide as well as vasopressin were significantly higher in

patients with left ventricular dysfunction; these neuroen-

docrine factors had even higher values in patients with

overt heart failure [125]. In an interesting study, the effects

of a selective vasopressin antagonist, an angiontensin II

antagonist or dual blockade were studied in congestive

heart failure in which three groups of pigs with pacing-

induced heart failure were treated with, either a V1a

blocker, SR49059, an AT1 blocker, irbesartan, or with both

the blockers [167]. It was observed that left ventricular end-

diastolic dimension and peak wall stress were reduced in all

the groups. However, left ventricular fractional shortening

and the basal left ventricle myocyte percent shortening were

increased in the dual blockade group [167].

Summary and concluding remarks

From the foregoing discussion it is evident that vasopressin

and endothelin are increased in congestive heart failure and

play an important part in the cascade of events that take

place after the initiating insult is inflicted on the heart. The

essential task is to control these protective mechanisms so

that they do not overshoot. For example, in the event of

acute ischemia with hypotension and arterial underfilling,

both endothelin and vasopressin cause vasoconstriction to

maintain blood pressure and thus perfusion to important

organs. Vasopressin in addition also causes water retention

to maintain the blood pressure and ET-1 is known to have a

role in preventing apoptosis in early stages of congestive

heart failure. However, at later stages, both endothelin and

vasopressin are responsible for cardiac hypertrophy and

fibrosis. Therefore the timing of the therapy with their

antagonists is of utmost importance. Although it was

shown that endothelin protect cardiomyocytes in acute

phase after myocardial infarction and yet tezosentan was

found to improve hemodynamics in acute heart failure. On

the other hand, LU-420627, a nonselective ET-A and ET-B

antagonist, reduced survival and promoted LV dilatation

and dysfunction whether it was started early or late after

myocardial infarction [112]. Such disparities are hard to

explain as both of these agents are non-selective endothelin

antagonists.

Vasopressin and endothelin act through different recep-

tors, which at times have opposite effects on congestive

heart failure. Endothelin for instance causes natriuresis and

diuresis through ET-B receptors whereas vasopressin cau-

ses water retention through V2 receptors. For their antago-

nist therapy to be successful, regular monitoring of

hemodynamics and other factors is required to adjust the

dose of various drugs accordingly. For instance, when the

patient with congestive heart failure is overloaded with fluid

in association with hyponatremia, it would be prudent to use

a V2 selective antagonist but sodium concentration and

water status should be monitored and the dosage should be

adjusted in an appropriate manner. For preventing the

adverse effects of cardiac hypertrophy, long-term selective

V1a antagonists may be tried but there appears to be some

hindrance to this approach, because antagonism of V1a

receptors could lead to increased plasma vasopessin con-

centration, which can act on V2 receptors to cause water

retention.

Another important point which needs to be emphasized

is that, most of the studies have focused on the effects of

vasopresssin antagonists on heart failure patients who were

already on diuretics and thus the results are difficult to

interpret. Accordingly, new studies are required to directly

compare the effects of diurectics with those of vasopressin

antagonists. It is also noted that bosentan, a non-selective

endothelin antagonist has showed consistent results in rats

with congestive heart failure but in humans the results were

seen at a higher dose, which resulted in raising the liver

enzymes. It is therefore necessary to carry out studies with

appropriately adjusted dose of bosentan. Another issue is to

monitor the cental effects of endothelin antagonists care-

fully in addition to their renal effects. Since ET-1 is pro-

duced locally in kidney and this can be seen to cause

natriuresis and diuresis, blockade of this effect can be

detrimental in patient with heart failure.

It seems appropriate to point out that congestive heart

failure is not a one-time event but a progressively changing

process with episodes of ischemia, inflammation, pressure

overload, volume overload and the associated neurohumoral
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activation. There are numerous factors, like symptehetic

nervous system, renin angiotensin system, vasopressin,

aldosterone, natriuretic peptides and endothelins, which

play a complex and yet well coordinated role in the devel-

opment of cardiac dysfunction in this morbid syndrome.

Other disease entities such as hypertension, atherosclerosis

and diabetes also affect the genesis of cardiac dysfunction in

congestive heart failure. Accordingly, it is not surprising

that no single drug has proven satisfactory for the treatment

of heart failure. Extensive studies using a combination of

drugs that block various neurohumoral pathways involved

in the pathogenesis of congestive heart failure are the need

of the day. As endothelin and vasopressin seem to act

through a number of pathways and have different effects on

various systems of the body, newer agents which may affect

multiple sites to antagonize their actions in various tissues

should be developed for the treatment of heart failure. The

timing of starting the administration of endothelin and

vasopressin antagonists is also crucial for obtaining maxi-

mal beneficial effects as these hormones are essential to

maintain the cardiac structure early after myocardial

infarction, but may contribute to pathological cardiac

hypertrophy, fibrosis and chronic dilatation at later stages.

Therefore, new studies are needed that are started not too

late in the process of cardiac remodeling but also not started

too early in the post-infarct compensatory stage.

Acknowledgments The research reported in this article was sup-

ported by a grant from the Canadian Institute of Health Research. The

infrastructure support for this project was provided by the St. Boni-

face General Hospital Research Foundation.

References

1. Lloyd-Jones DM, Larson MG, Leip EP, Beiser A, D’Agostino

RB, Kannel WB et al (2002) Lifetime risk for developing con-

gestive heart failure: The Framingham Heart Study. Circulation

106:3068–3072

2. Rosamond W, Flegal K, Furie K, Go A, Greenlund K, Wilson M

et al (2008) Heart disease and stroke statistics 2008 update: a

report from the American Heart Association Statistics Committee

and Stroke Statistics Committee. Circulation 117:e25–e146

3. Croft JB, Giles WH, Pollard RA, Keenan NL, Casper ML, Anda

R (1999) Heart failure survival among older adults in United

States: a poor prognosis for an emerging epidemic in the

medicare population. Arch Intern Med 159:2225–2226

4. Hunt SA, Abraham WT, Francis GS, Konstam MA, Silver MA,

Yancy CW et al (2005) American College of Cardiology, Amer-

ican Heart Association Task Force on Practice Guidelines. ACC/

AHAguideline update for the diagnosis and management of

chronic heart failure in the adult: a report of the American College

of Cardiology/American Heart Association Task Force on Prac-

tice Guidelines. J Am Coll Cardiol 46:e1–e82

5. Pilote L, Dasgupta K, Guru V, Humphries KH, McGrath J, Norris

C et al (2007) A comprehensive view of sex-specific issues related

to cardiovascular diseases. Can Med Assoc J 176:S1–S44

6. Braunwald E (2001) Congestive heart failure: a half century

perspective. Eur Heart J 22:825–836

7. Cleutjans JPM, Kandala JC, Guarda E, Guntaka RV, Weber KT

(1995) Regulation of collagen degradation in the rat myocar-

dium after infarction. J Mol Cell Cardiol 27:1281–1292

8. Sadoshima J, Jahn L, Takahashi T, Kulik TJ, Izumo S (1992)

Molecular characterization of the stretch-induced adaptation of

cultured cardiac cells. J Biol Chem 267:10551–10560

9. Schomig A (1990) Catecholamines in myocardial ischemia.

Systemic and cardiac release. Circulation 82:1113–1122

10. Floras JS (2003) Sympathetic activation in human heart failure:

diverse mechanisms, therapeutic opportunities. Acta Physiol

Scand 177:391–398

11. Kara T, Narkiewicz K, Somers VK (2003) Chemoreflexes—

physiology and clinical implications. Acta Physiol Scand 177:

377–384

12. Esler M, Jennings G, Korner P, Blombery P, Sacharias N, Leonard

P (1984) Measurements of total and organ-specific norepinephrine

kinetics in humans. Am J Physiol 247:E21–E28

13. Graham LN, Smith PA, Stoker JB, Mackintosh AF, Mary DASG

(2002) Time course of sympathetic neural hyperactivity after

uncomplicated acute myocardial infarction. Circulation 106:

793–797

14. Schrier RW, Abraham WT (1999) Hormones and hemodynamics

in heart failure. N Eng J Med 341:577–585

15. Katz AM (2003) Heart failure: a hemodynamic disorder com-

plicated by maladaptive proliferative responses. J Cell Mol Med

7:1–10

16. Opie LH (2008) Mechanisms of cardiac contraction and relaxa-

tion. In: Braunwaldt E (ed) Heart disease: a textbook of cardio-

vascular medicine, 8th edn. Saunders, Philadelphia, pp 509–537

17. Persson PB (2003) Renin: origin secretion and synthesis. J Physiol

552:667–671

18. Ju H, Zhao S, Tappia PS, Panagia V, Dixon IMC (1998) Expres-

sion of Gqa and PLC-b in scar and border tissue in heart failure due

to myocardial infarction. Circulation 97:892–899

19. Baker KM, Aceto JF (1990) Angiotensin II stimulation of pro-

tein synthesis and cell growth in chick heart cells. Am J Physiol

Heart Circ Physiol 259:H610–H618

20. Ollivier JP, Bouchet VA (1992) Prospects of cardioreparation.

Am J Cardiol 70:27C–36C

21. Schunkert H, Jackson B, Tang SS, Schoen FJ, Smits JF, Apstein

CS, Lorell BH (1993) Distribution and functional significance of

cardiac angiotensin converting enzyme in hypertrophied rat

hearts. Circulation 87:1328–1339

22. Bonvalet JP, Alfaidy N, Farman N, Lombes M (1995) Aldo-

sterone: intracellular receptors in human heart. Eur Heart J 16:

92–97

23. Mizuno Y, Yoshimura M, Yasue H, Sakamoto T, Ogawa H,

Kugiyama K et al (2001) Aldosterone production is activated in

failing ventricle in humans. Circulation 103:72–77

24. Zannad F, Alla F, Dousset B, Perez A, Pitt B (2000) Limitation of

excessive extracellular matrix turnover may contribute to survival

benefit of spironolactone therapy in patients with congestive heart

failure: insights from the randomized aldactone evaluation study

(RALES). Circulation 102:2700–2706

25. Harada E, Yoshimura M, Yasue H, Nakagawa O, Nakagawa M,

Harada M et al (2001) Aldosterone induces angiotensin-convert-

ing enzyme gene expression in cultured neonatal rat cardiomyo-

cytes. Circulation 104:137–139

26. Kurihara H, Yoshizumi M, Sugiyama T, Takaku F, Yanagisawa

M, Masaki T et al (1989) Transforming growth factor-beta stim-

ulates the expression of endothelin mRNA by vascular endothelial

cells. Biochem Biophysics Res Commun 159:1435–1440

27. Yoshizumi M, Kurihara H, Sugiyama T, Takaku F, Yanagisawa

M, Masaki T et al (1989) Hemodynamic shear stress stimulates

endothelin production by cultured endothelial cells. Biochem

Biophys Res Commun 160:93–100

Heart Fail Rev (2010) 15:85–101 97

123



28. Moreau P, d’ Uscio L, Shaw S, Takase H, Barton M, Luscher TF

(1997) Angiotensin II increases tissue endothelin and increases

vascular hypertrophy: reversal by ET-A receptor antagonist.

Circulation 96:1593–1597

29. Francis GS (2001) Pathophysiology of chronic heart failure. Am

J Med 110:37S–46S

30. Kawaguchi H, Sawa H, Yasuda H (1991) Effect of endothelin on

angiotensin converting enzyme in cultured pulmonary artery

endothelial cells. J Hypertens 9:171–174

31. Cozza EN, Gomez-Sanchez CE, Foecking MF, Chiou S (1989)

Endothelin binding to cultured calf adrenal zona glomerulosa

cells and stimulation of aldosterone secretion. J Clin Investig 84:

1032–1035

32. Nagase H (1997) Activation mechanisms of matrix metallo-

proteinases. Biol Chem 378:151–160

33. Herizi A, Jover B, Bouriquet N, Mimran A (1998) Prevention of

the cardiovascular and renal effects of angiotensin II by endo-

thelin blockade. Hypertension 31:10–14

34. Dostal DE, Baker KM (1998) Angiotensin and endothilin:

messengers that couple ventricular stretch to Na?/H? exchanger

and cardiac hypertrophy. Circ Res 83:870–873

35. Holmes CL, Patel BM, Russell JA, Walley KR (2001) Physi-

ology of vasopressin relevant to management of septic shock.

Chest 120:989–1002

36. Fukuzawa J, Haneda T, Kikuchi K (1999) Arginine vasopressin

increases the rate of protein synthesis in isolated perfused adult

rat heart via the V1 receptor. Mol Cell Biochem 195:93–98

37. Fan YH, Zhao LY, Zheng QS, Dong H, Wang HC, Yang XD

(2007) Arginine vasopressin increases iNOS-NO system activity

in cardiac fibroblasts through NF-jB activation and its relation

with myocardial fibrosis. Life Sci 81:327–335

38. Mann DL (2002) Inflammatory mediators and the failing heart:

past, present, and the foreseeable future. Circ Res 91:988–998

39. Cohn JN, Ferrari R, Sharpe N (2000) Cardiac remodeling-con-

cepts and clinical implications: a consensus paper from an inter-

national forum on cardiac remodeling. J Am Coll Cardiol 35:

569–582

40. Suttner SW, Boldt J (2004) Natriuretic peptide system: physi-

ology and clinical utility. Curr Opin Crit Care 10:336–341

41. Lucas KA, Pitari GM, Kazerounian S, Park J, Waldman SA et al

(2000) Guanylyl cyclases and signaling by cyclic GMP. Phar-

macol Rev 52:375–414

42. Hickey KA, Rubanyi G, Paul RJ, Highsmith RF (1985) Char-

acterization of a coronary vasoconstrictor produced by cultured

endothelial cells. Am J Physiol 248:C550–C556

43. Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi

M, Mitsui Y et al (1988) A novel potent vasoconstrictor peptide

produced by vascular endothelial cells. Nature 332:411–415

44. Haynes WG, Webb DJ (1993) The endothelin family of pep-

tides: local hormones with diverse roles in health and disease?

Clin Sci 84:485–500

45. Dickstein K, De Voogd HJ, Miric MP, Willenbrock R, Mitrovic V,

Pacher R et al (2004) Effect of single doses of SLV306, an

inhibitor of both neutral endopeptidase and endothelin-converting

enzyme, on pulmonary pressures in congestive heart failure. Am J

Cardiol 15:237–239

46. Clozel M, Breu V, Gray GA, Kalina B, Loffler BM, Burri K et al

(1994) Pharmacological characterization of bosentan, a new

potent orally-active nonpeptide endothelin receptor antagonist.

J Pharmacol Exp Ther 270:228–235

47. Torre-Amione G, Young JB, Colucci WS, Lewis BS, Pratt C,

Cotter G et al (2003) Hemodynamic and clinical effects of te-

zosentan, an intravenous dual endothelin receptor antagonist, in

patients hospitalized for acute decompensated failure. J Am Coll

Cardiol 42:140–147

48. Inoue A, Yanagisawa M, Kimura S, Kasuya Y, Miyauchi T, Goto

K et al (1989) The human endothelin family: three structurally and

pharmacologically distinct isopeptides predicted by 3 separate

genes. Proc Natl Acad Sci USA 86:2863–2867

49. Hirata Y, Kanno K, Watanabe TX, Kumagaye S, Nakajima K,

Kimura T, Sakakibara S, Marumo F (1990) Receptor binding and

vasoconstrictor activity of big endothelin. Eur J Pharmacol 176:

225–228

50. Kedzierski RM, Yanagisawa M (2001) Endothelin system: the

double-edged sword in health and disease. Annu Rev Pharmacol

Toxicol 41:851–876

51. Ikeda K, Emoto N, Raharjo SB, Nurhantari Y, Saiki K, Yokohama

M et al (1999) Molecular identification and characterization of

novel membrane bound metalloprotease, the soluble secreted

form of which hydrolyzes a variety of vasoactive peptides. J Biol

Chem 274:32469–32477

52. Yanagisawa H, Hammer RE, Richardson JA, Emoto N, Wil-

liams SC, Takeda S et al (2000) Disruption of ECE-1 and ECE-2

reveals a role of endothelin-converting enzyme-2 in murine

cardiac development. J Clin Investig 105:1373–1382

53. Ortmann J, Nett PC, Celeiro J, Traupe T, Tornillo L, Hofmann-

Lehmann R et al (2005) Endothelin inhibition delays onset of

hyperglycemia and associated vascular injury in type I diabetes:

evidence for endothelin release by pancreatic islet beta-cells.

Biochem Biophys Res Commun 334:689–695

54. Inoue A, Yanagisawa M, Takuwa Y, Mitsui Y, Kobayashi M,

Masaki T (1989) The human preproendothelin-1 gene: complete

nucleotide sequence and regulation of expression. J Biol Chem

264:14954–14959

55. Haynes WG, Webb DJ (1998) Endothelin as a regulator of

cardiovascular function in health and disease. J Hypertens 16:

1081–1098

56. Haynes WG, Webb DJ (1994) Contribution of endogenous gen-

eration of endothelin-1 to basal vascular tone. Lancet 344:

852–854

57. Russel FD, Skepper JN, Davenport AP (1998) Human endothelial

cell storage granules: a novel intracellular site for isoforms of the

endothelin-converting enzyme. Circ Res 83:314–321

58. Davenport AP (2002) International union of pharmacology.

XXIX. Update on endothelin receptor nomenclature. Pharmacol

Rev 54:219–226

59. Schiffrin EL (2001) Role of endothelin-1 in hypertension and

vascular disease. Am J Hypertens 14:83S–89S

60. Luscher TF, Barton M (2000) Endothelins and endothelin

receptor antagonists: therapeutic considerations for a novel class

of cardiovascular drugs. Circulation 102:2434–2440

61. Molenaar P, O’Reilly G, Sharkey A, Kuc RE, Harding DP,

Plumpton C et al (1993) Characterization and localization of

endothelin receptor subtypes in the human atrioventricular con-

ducting system and myocardium. Circ Res 72:526–538

62. Russell FD, Skepper JN, Davenport AP (1997) Detection of

endothelin receptors in human coronary artery vascular smooth

muscle cells but not endothelial cells by using electron micro-

scope autoradiography. J Cardiovasc Pharmacol 29:820–826

63. Burrell KM, Molenaar P, Dawson PJ, Kaumann AJ (2000)

Contractile and arrhythmic effects of endothelin receptor agonist

in human heart in vitro: blockade with SB 209670. J Pharmacol

Exp Ther 292:449–459

64. Liu J, Chen R, Casley DJ, Nayler WN (1990) Ischemia and

reperfusion increase 125I-labelled endothelin-1 binding in rat

cardiac membranes. Am J Physiol Heart Circ Physiol 258:H829–

H835

65. Nambi P, Pullen M, Contino LC, Brooks DP (1990) Upregula-

tion of renal endothelin receptors in rats with cyclosporin

A-induced nephrotoxicity. Eur J Pharmacol 187:113–116

98 Heart Fail Rev (2010) 15:85–101

123



66. Hirata Y, Yoshimi H, Takaichi S, Yanagisawa M, Masaki T

(1988) Binding and receptor down-regulation of novel vasocon-

strictor endothelin in cultured rat vascular smooth cells. FEBS

Lett 239:13–17

67. Roubert P, Gillard V, Plas P, Guillon JM, Chabrier PE, Braquet

P (1989) Angiotensin II and phorbol-esters potently down-reg-

ulate endothelin (ET-1) binding sites in vascular smooth muscle

cells. Biochem Biophys Res Commun 164:809–815

68. Golfman LS, Hata T, Beamish RE, Dhalla NS (1993) Role of

endothelin in heart function and disease. Can J Cardiol 9:

635–653

69. Sugden PH (2003) An overview of endothelin signaling in the

cardiac myocyte. J Mol Cell Cardiol 35:871–886

70. Martinez-Miguel P, Roach V, Zaragoza C, Valdivielso JM,

Rodriguez-Puyol M, Rodriguez-Puyol D et al (2009) Endothelin-

converting enzyme-1 increases in atherosclerotic mice: potential

role of oxidized low density lipoproteins. J Lipid Res 50:364–376

71. Cerdeira AS, Bras-Silva C, Leite-Moreira AF (2008) Endothe-

lin-converting enzyme inhibitors: their application in cardio-

vascular diseases. Rev Port Cardiol 27:385–408

72. Ezra D, Goldstein RE, Czaja JF, Feuerstein GZ (1989) Lethal

ischemia due to intracoronary endotelin in pigs. Am J Physiol

Heart Circ Physiol 257:H339–H343

73. Grover GJ, Dzwonczyk S, Parham CS (1993) The endothelin-1

receptor antagonist BQ-123 reduces the infarct size in canine

model of coronary occlusion and reperfusion. Cardiovasc Res 27:

1613–1618

74. Stewart DJ, Kubac G, Costello K, Cernacek P (1991) Increased

plasma endothelin-1 in early hours of acute myocardial infarc-

tion. J Am Coll Cardiol 18:38–43

75. Halcox JPJ, Nour KRA, Zalos G, Quyyumi AA (1991) Coronary

vasodilation and improvement in endothelial dysfunction with

endothelin ET-A receptor blockade. Circ Res 89:969–976

76. Araki M, Hasegawa K, Iwai-Kanai E, Fujita M, Sawamura T,

Kakita T et al (2000) Endothelin-1 as a protective factor against

beta-adrenergic agonist-induced apoptosis in cardiac myocytes.

J Am Coll Cardiol 36:1411–1418

77. Wang L, Gout I, Proud CG (2001) Cross-talk between the ERK

and p70 S6 kinase (S6 K) signaling pathways. J Biol Chem

276:32670–32677

78. Ren A, Yan X, Lu H, Shi J, Yin Y, Bai J et al (2008) Antagonism of

endothelin-1 inhibits hypoxia-induced apoptosis in cardiomyo-

cytes. Can J Physiol Pharmacol 86:536–540

79. Kakita T, Hasegawa K, Iwai-Kanai E, Adachi S, Morimoto T,

Wada H et al (2001) Calcineurin pathway is required for

endothelin-1-mediated protection against oxidant stress-induced

apoptosis in cardiac myocytes. Circ Res 88:1239–1246

80. Klee CB, Ren H, Wang X (1998) Regulation of the calmodulin-

stimulated protein phosphate, calcineurin. J Biol Chem 273:

13367–13370

81. Molkentin JD, Lu JR, Antos CL, Markham B, Richardson J,

Robbins J et al (1998) A calcineurin-dependent transcriptional

pathway for cardiac hypertrophy. Cell 93:215–228

82. Sakai S, Miyauchi T, Kobayashi M, Yamaguchi I, Goto K,

Sugishita Y (1996) Inhibition of myocardial endothelin path-

way improves long-term survival in heart failure. Nature 384:

353–355

83. Iwai-Kanai E, Hasegawa K (2004) Intracellular signaling path-

ways for norepinephrine- and endothelin-1-mediated regulation

of myocardial cell apoptosis. Mol Cell Biochem 259:163–168

84. Enseleit F, Luscher TF, Ruschitzka F (2008) Darusentan: a new

perspective for treatment of resistant hypertension? Expert Opin

Investig Drugs 17:1255–1263

85. Raichlin E, Prasad A, Mathew V, Kent B, Holmes DR Jr,

Pumper GM, Nelson RE, Lermon LO, Lermon A (2008)

Efficacy and safety of atresentan in patients with cardiovascular

risk and early atherosclerosis. Hypertension 52:522–528

86. Kowala MC, Rose PM, Stein PD, Goller N, Recce R, Beyer S

et al (1995) Selective blockade of endothelin subtype-A receptor

decreases early atherosclerosis in hamsters fed cholestrol. Am J

Pathol 146:819–826

87. Dhaun N, Goddard J, Webb DJ (2006) The endothelin system

and its antagonism in chronic kidney disease. J Am Soc Nephrol

17:943–955

88. Babaei S, Picard P, Ravandi A, Monge JC, Lee TC, Stewart DJ

et al (2000) Blockade of endothelin receptors markedly reduces

atherosclerosis in LDL receptor deficient mice: role of endo-

thelin in macrophage foam cell formation. Cardiovasc Res 48:

158–167

89. Ishikawa T, Li LM, Shinmi O, Kimura S, Yanagisawa M, Goto

K et al (1991) Characteristics of binding of endothelin-1 and

endothelin-2 to rat hearts. Development changes in mechanical

responses and receptor subtypes. Circ Res 69:918–926

90. Edwards RM, Trizna W, Ohlstein EH (1990) Renal microvas-

cular effects of endothelin. Am J Physiol 259:F217–F221

91. Lopez-Farre A, Montanes I, Millas I, Lopez-Novoa JM (1989)

Effect of endothelin on renal functions in rats. Eur J Pharmacol

163:187–189

92. Kohan DE, Fiedorek FT (1991) Endothelin synthesis by the rat

inner medullary collecting duct cells. J Am Soc Nephrol 2:

150–155

93. Terada Y, Tomita K, Nonoguchi H, Marumo F (1992) Different

localization of two types of endothelin receptor mRNA in mi-

crodissected rat nephron segments using reverse transcription

and polymerase chain reaction assay. J Clin Investig 90:107–112

94. Rakugi H, Nakamaru M, Saito H, Higaki J, Ogihara T (1988)

Endothelin inhibits renin release from isolated rat glomeruli.

Biochem Biophys Res Commun 155:1244–1247

95. Goddard J, Johnston NR, Hand MF, Cumming AD, Rabelink TJ,

Webb DJ et al (2004) Endothelin-A receptor antagonism reduces

blood pressure and increases renal blood flow in hypertensive

patients with chronic renal failure. Circulation 109:1186–1193

96. Kuwaki T, Kurihara H, Cao W-H, Kurihara Y, Kumada M,

Unekawa M et al (1997) Physiological role of brain endothelin

in the central autonomic control: from neuron to knockout

mouse. Prog Neurobiol 51:545–579

97. Nishimura M, Takahashi H, Matsusawa M, Ikegaki I, Sakamoto

M, Nakanishi T et al (1991) Chronic intracerebroventricular

infusions of endothelin elevate arterial pressure in rats. J Hy-

pertens 9:71–76

98. Spyer KM, McQueen DS, Dashwood MR, Sykes RM, Daly MB,

Muddle JR (1991) Localisation of [125I] endothelin binding sites

in the region of the carotid bifurcatioin and brainstem of the cat:

possible baro-and chemoreceptor involvement. J Cardiovasc

Pharmacol 17:S385–S389

99. Koseki C, Imai M, Hirata Y, Yanagisawa M, Masaki T (1989)

Autoradiographic distribution in rat tissues of binding sites for

endothelin: a neuropeptide? Am J Physiol Regul Physiol 256:

R858–R866

100. Fakuda Y, Hirata Y, Yoshimi H, Kojima T, Kobayashi Y, Ya-

nagisawa M et al (1988) Endothelin is a potent secretagogue for

atrial natriuretic peptide in cultured rat atrial myocytes. Bio-

chem Biophys Res Commun 155:167–172

101. Boarder MR, Marriot DB (1989) Characterization of endothelin-

1 stimulation of catecholamine release from adrenal chromaffin

cells. J Cardiovasc Pharmacol 13:S223–S224

102. McMurray JJV, Teerlink JR, Cotter G et al (2007) Effects of

tezosentan on symptoms and clinical outcomes in patients with

acute heart failure: the VERITAS randomized controlled trials.

J Am Med Assoc 298:2009–2019

Heart Fail Rev (2010) 15:85–101 99

123



103. Coletta AP, Cleland JGF (2001) Clinical trials update: highlights

of the scientific sessions of the XXIII Congress of the European

Society of Cardiology—WARIS II, ESCAMI, PAFAC, RITZ-1

and TIME. Eur J Heart Fail 3:747–750

104. Louis A, Cleland JGF, Crabbe S, Ford S, Thackray S, Clark A

et al (2001) Clinical trials update: CAPRICORN, COPERNI-

CUS, MIRACLE, STAF, RITZ-2, RECOVER and RENAIS-

SANCE and cachexia and cholestrol in heart failure: highlights

of the Scientfic Sessions of the American College of Cardiology,

2001. Eur J Heart Fail 3:381–387

105. O’Connor CM, Gattis WA, Adams KF, Hasselblad V, Teerlink

J, Gheorghiade M et al (2003) Tezosentan in patients with acute

heart failure and acute coronary syndromes: results of the

Randomized Intravenous Tezosentan Study (RITZ-4). J Am Coll

Cardiol 41:1452–1457

106. Kaluski E, Kobrin I, Zimlichman R, Marmor A, Vered Z, Cotter

G et al (2003) RITZ-5: randomized intravenous tezosentan (an

endothelin-a/b antagonist) for the treatment of pulmonary

edema: a progressive, multicenter, double blind, placebo con-

trolled study. J Am Coll Cardiol 41:204–210

107. Clozel M, Qiu C, Qiu CS, Hess P, Colzel JP (2002) Short-term

endothelin receptor blockade with tezosentan has both imme-

diate and long-term beneficial effects in rats with myocardial

infarction. J Am Coll Cardiol 39:142–147

108. Breu V, Ertel SI, Roux S, Clozel M (1998) The pharmacology of

bosentan. Expert Opin Investig Drug 7:1173–1192

109. Packer M, McMurray J, Massie BM, Anderson S, Swedberg K,

Demets DL et al (2005) Clinical effects of endothellin receptor

antagonism with bosentan in patients with severe chronic heart

failure: results of a pilot study. J Card Fail 11:12–20

110. Fraccarollo D, Hu K, Galuppo P, Gaudron P, Ertl G (1997)

Chronic endothelin receptor blockade attenuates progressive

ventricular dilatation and improves cardiac function in rats with

myocardial infarction: possible involvement of myocardial

endothelin system in ventricular remodeling. Circulation 96:

3963–3973

111. Prasad SK, Dargie HJ, Smith GC, Barlow MM, Grothues F,

Groenning BA, Cleland JGF, Pennell DJ (2006) Comparison of

the dual receptor endothelin antagonist enrasentan with enalapril

in asymptomatic left ventricular systolic dysfunction: a cardio-

vascular magnetic resonance study. Heart 92:798–803

112. Nguyen QT, Cernacek P, Sirois MG, Calderone A, Lapointe N,

Stewart DJ, Rouleau JL (2001) Long term effects of nonselec-

tive endothelin A and B receptor antagonism in post-infarction

rat: importance and timing. Circulation 104:2075–2081

113. Epstein BJ (2008) Efficacy and safety of darusentan: a novel

endothelin receptor antagonist. Ann Pharmacother 42:1060–1069

114. Miyauchi T, Fujimori A, Maeda S, Iemetsu M, Sakai S, Yamag-

uchi I et al (2004) Chronic administration of an Endothelin-A

receptor antagonist improves exercise capacity in rats with myo-

cardial infarction-induced congestive heart failure. J Cardiovasc

Pharmacol 44:S64–S67

115. Nishida M, Hayashi T, Ieshima M, Eshiro K, Akiyoshi K, Mat-

sumura Y et al (2005) Selective endothelin ET-B receptor

antagonist improves left ventricular function but exaggerates

degeneration of cardiomyocytes in J2 N-k hamsters. Circ J 69:

107–113

116. Cowburn PJ, Cleland JGF, McDonagh TA, McArthur JD, Dar-

gie HJ, Morton JJ (2005) Comparison of selective ET(A) and

ET(B) receptor antagonists in patients with chronic heart failure.

Eur J Heart Fail 7:37–42

117. Mylona P, Cleland JGF (1999) Update of REACH-1 and

MERIT-HF clinical trials in heart failure. Eur J Heart Fail 1:

197–200

118. Kalra PR, Moon JC, Coats AJ (2002) Do results of the ENABLE

(Endothelin Antagonist Bosentan for Lowering Cardiac Events

in Heart Failure) study spell the end for non-selective endothelin

antagonism in heart failure? Int J Cardiol 85:195–197

119. Anand I, McMurray J, Cohn JN, Konstam MA, Ruschitzka F,

Luscher TF et al (2004) Long-term effects of darusentan on left-

ventricular remodeling and clinical outcomes in the Endotheli-

nA Receptor Antagonist Trial in Heart Failure (EARTH): ran-

domized, double-blind, placebo-controlled trial. Lancet 364:

347–354

120. Hu K, Gaudron P, Schmidt TJ, Hoffmann KD, Ertl G (1998)

Aggravation of left ventricular remodeling by a novel specific

endothelin ET-A antagonist EMD94246 in rats with myocardial

infarction. J Cardiovasc Pharmacol 32:505–508

121. Narin C, Kiris I, Gulmen S, Toy H, Yilmaz N, Sutcu R (2008)

Endothelin receptor blockade with tezosentan ameliorates

myocardial injury induced by abdominal aortic ischemia–

reperfusion. Tohoku J Exp Med 216:267–276

122. Trescher K, Bauer M, Dietl W, Hallstrom S, Wick N, Wolfs-

berger M, Ullrich R, Jurgens G, Wolner E, Podesser BK (2009)

Improved myocardial protection in the failing heart by selective

endothelin-A receptor blockade. J Thorac Cardiovasc Surg 137:

1005–1011

123. Turner RA, Pierce JG, Du Vigneaud V (1951) The purification and

the amino acid content of vasopressin preparations. J Biol Chem

191:21–28

124. Davoll H, Turner RA, Pierce JG, Du Vigneaud V (1951) An

investigation of the free amino groups on oxytocin and desul-

furized oxytocin preparations. J Biol Chem 193:363–370

125. Francis GS, Benedict C, Johnstone DE, Kirlin PC, Nicklas J, Yusuf

S (1990) Comparison of neuroendocrine activation in patients with

left ventricular dysfunction with or without congestive heart failure.

A substudy of the Studies of Left Ventricular Dysfunction (SOL

VD). Circulation 82:1724–1729

126. Szatalowicz VL, Arnold PE, Chaimovitz C, Bichet D, Berl T,

Schrier RW (1981) Radioimmunoassay of plasma arginine

vasopressin in hyponatremic patients with congestive heart fail-

ure. N Eng J Med 305:263–266

127. Goldsmith SR, Francis GS, Cowley AW, Levine TB, Cohn JN

(1983) Increased plasma arginine vasopressin levels in patients

with congestive heart failure. J Am Coll Cardiol 1:1385–1390

128. Xu DL, Martin PY, Ohara M, Pattison T, Morris K, Kim JK et al

(1997) Upregulation of aquaporin-2 water channel expression in

chronic heart failure rat. J Clin Investig 99:1500–1505

129. Verbalis JG (2006) AVP receptor antagonist as aquaretics:

review and assessment of clinical data. Cleve Clin J Med 73:

S24–S33

130. Guyton AC (2006) The body fluids and kidneys. In: Guyton AC,

Hall JE (eds) Textbook of medical physiology. Saunders, Phil-

adelphia, pp 291–414

131. Kamoi K, Ishibashi M, Yamaji T (1997) Interaction of osmotic

and nonosmotic stimuli in regulation of vasopressin secretion in

hypo-osmolar state of man. Endocr J 44:311–317

132. Hupf H, Grimm D, Riegger GA, Schunkert H (1999) Evidence

of vasopressin system in the rat heart. Circ Res 84:365–370

133. Uretsky BF, Verbalis JG, Generalovich T, Valdes A, Reddy PS

(1985) Plasma vasopressin response to osmotic and hemody-

namic stimuli in heart failure. Am J Physiol 248:396–402

134. Brooks VL, Keil LC, Reid IA (1986) Role of the renin-angio-

tensin system in the control of vasopressin secretion in con-

scious dogs. Circ Res 58:829–838

135. Carmichael MC, Kumar R (1994) Molecular biology of vaso-

pressin receptors. Semin Nephrol 14:341–348

136. Baertschi AJ, Friedli M (1985) A novel type of vasopressin

receptor on anterior pituitary corticotrophs. Endocrinol 116:

499–502

137. Birnbaumer M (2000) Vasopressin receptors. Trends Endocrinol

Metab 11:406–410

100 Heart Fail Rev (2010) 15:85–101

123



138. Nielson S, Kwon TH, Christensen BM, Promeneur D, Frokiaer J,

Marples D (1999) Physiology and pathophysiology of renal aqu-

aporins. J Am Soc Nephrol 10:647–663

139. Kaufmann JE, Oksche A, Wollheim CB, Gunther G, Rosenthal W,

Vischer UM (2000) Vasopressin-induced von Willebrand factor

secretion from endothelial cells involves V2 receptors and cAMP.

J Clin Investig 106:107–116

140. Xu YJ, Gopalakrishnan V (1991) Vasopressin increases cyto-

solic free Ca2? in the neonatal rat cardiomyocyte. Evidence for

V1 subtype receptors. Circ Res 69:239–245

141. Nakamura Y, Haneda T, Osaki J, Miyata S, Kikuchi K (2000)

Hypertrophic growth of cultured neotatal rat heart cells mediated

by vasopressin V1a receptor. Eur J Pharmacol 391:39–48

142. Jackson EK (2006) Vasopressin and other agents affecting the

renal conservation of water. In: Brunton LL (ed) Goodman &

Gilman’s the pharmacological basis of therapeutics, 11th edn.

McGraw Hill, New York, pp 771–788

143. Snyder HM, Noland TD, Breyer MD (1992) cAMP-dependent

protein kinase mediates hydro-osmotic effect of vasopressin in

collecting duct. Am J Physiol 263:C147–C153

144. Manning M, Sawyer WH (1989) Discovery, development and

some uses of vasopressin and oxytocin antagonists. J Lab Clin

Med 114:617–632

145. Mah SC, Opperman JR, Baum HP, Hofbauer KG (1988) Bio-

logic response to chronic blockade of vasopressin receptors in

Spragur–Dawley rats. J Pharmacol Exp Ther 245:1021–1027

146. Thibonnier M (1988) Use of vasopressin antagonists in human

diseases. Kidney Intl Suppl 26:S48–S51

147. Yamamura Y, Ogawa H, Yamashita H, Chihara T, Tominaga M,

Yabuuchi Y et al (1992) Characterization of a novel aquaretic

agent, OPC-31260, as an orally effective, nonpeptide vasopressin

V2 receptor antogonist. Br J Pharmacol 105:787–791

148. Lee CR, Watkins ML, Patterson H, Gattis W, Gheorghiade M,

Adams KF et al (2003) Vasopressin: a new target for the treatment

of heart failure. Am Heart J 146:9–18

149. Schrier RW, Martin PY (1998) Recent advances in the under-

standing of water metabolism in heart failure. Adv Exp Med

Biol 449:415–426

150. Chin MH, Goldman L (1996) Correlates of major complications

or death in patients admitted to the hospital with congestive

heart failure. Arch Intern Med 156:1814–1820

151. Goldsmith SR, Francis GS, Cowley AW, Goldenberg IF, Crohn

JN (1986) Hemodynamic effects of infused arginine vasopressin

in congestive heart failure. J Am Coll Cardiol 8:779–783

152. Goldsmith SR (1987) Vasopressin as vasopressor. Am J Med 82:

1213–1219

153. Tahara A, Tomura Y, Wada K, Kusayama T, Yatsu T, Tanaka A

et al (1998) Effect of YM087, a potent nonpeptide vasopressin

antagonist, on vasopressin-induced protein synthesis in neonatal

rat cardiomyocyte. Cardiovasc Res 38:198–205

154. Klein L, O’Connor CM, Leimberger JD, Adams KF, Califf RM,

Gheorghiade M et al (2005) Lower serum sodium is associated

with increased short-term mortality in hospitalized patients with

worsening heart failure: results from the Outcomes of a Pro-

spective Trial of Intravenous Milrinone for Exacerbations of

Chronic Heart Failure (OPTIME-CHF) Study. Circulation 111:

2454–2460

155. Gheorghiade M, Gattis WA, O’Connor CM, Klapholz M,

Orlandi C, Ghali JK et al (2004) Effects of tolvaptan, a vaso-

pressin antagonist, in patients hospitalized with worsening

heart failure: a randomized controlled trial. J Am Med Assoc

291:1963–1971

156. Gheorghiade M, Konstam MA, Zimmer C, Burnett JC, Udelson

JE, Orlandi C et al (2007) Short-term clinical effects of tol-

vaptan, an oral vasopressin antagonist, in patients hospitalized

for heart failure. The EVEREST clinical status trials. J Am Med

Assoc 297:1332–1342

157. Konstam MA, Gheorghiade M, Ouyang J, Cook T, Zimmer C,

Orlandi C et al (2007) Effects of oral tolvaptan in patients

hospitalized for worsening heart failure: the EVEREST Out-

come trial. J Am Med Assoc 297:1319–1331

158. Udelson JE, McGrew FA, Flores E, Ibrahim H, Orlandi C,

Konstan MA et al (2007) Multicenter, randomized, double-blind

placebo-controlled study on the effect of oral tolvaptan on left

ventricular dilation and function in patients with heart failure

and systolic dysfunction. J Am Coll Cardiol 9:2151–2159

159. Abraham WT, Shamshirsaz AA, McFann K, Oren RM, Schrier

RW (2006) Aquaretic effects of lixivaptan, an oral, non-peptide,

selective V2 receptor vasopressin antagonist, in New York Heart

Association class II and III chronic heart failure patients. J Am

Coll Cardiol 47:1615–1621

160. Veeraveedu PT, Watanabe K, Palaniyandi SS, Yamaguchi K,

Kodama M, Aizawa Y et al (2009) Effects of V2-receptor

antagonist tolvaptan and the loop diuretic furosemide in rats

with heart failure. Biochem Pharmacol 75:1322–1330

161. Naitoh M, Suzuki H, Murakami M, Matsumoto A, Arakawa K,

Saruta T et al (1994) Effects of oral AVP receptor antagonist OPC-

21268 and OPC-31260 on congestive heart failure in conscious

dogs. Am J Physiol Heart Circ Physiol 267:H2245–H2254

162. Burrell LM, Phillips PA, Risvanis J, Chan RK, Aldred KL,

Johnston CI (1998) Long-term effects of nonpeptide vasopressin

V2 antagonist OPC-31260 in heart failure in the rat. Am J

Physiol Heart Circ Physiol 275:H176–H182

163. Nishikimi T, Kawano Y, Saito Y, Matsuoka H (1996) Effect

of long-term treatment with selective vasopressin V1 and V2

receptor antagonist on the development of heart failure in rats.

J Cardiovasc Pharmacol 27:275–282

164. Udelson JE, Smith WB, Hendrix GH, Painchaud CA, Ghazzi M,

Konstan MA et al (2001) Acute hemodynamic effects of coni-

vaptan, a dual V1a and V2 vasopressin receptor antagonist, in

patients with advanced heart failure. Circulation 104:2417–2423

165. Yatsu T, Tomura Y, Tahara A, Wada K, Kusayama T, Honda K et al

(1999) Cardiovascular and renal effects of conivaptan hydrochlo-

ride (YM087), a vasopressin V1a and V2 receptor antagonist, in

dogs with pacing-induced congestive heart failure. Eur J Pharmacol

376:239–246

166. Goldsmith SR, Elkayam U, Haught W, Barve A, He W (2008)

Efficacy and safety of the vasopressin V1A/V2-receptor antago-

nist conivaptan in acute decompensated heart failure: a dose-

ranging pilot study. J Card Fail 14:641–648

167. Clair MJ, King MK, Goldberg AT, Hendrick JW, Nisato D,

Spinale FG et al (2000) Selective vasopressin, angiotensin II, or

dual receptor blockade with developing congestive cardiac

failure. J Pharmacol Exp Ther 293:852–860

Heart Fail Rev (2010) 15:85–101 101

123


	Potential of endothelin-1 and vasopressin antagonists �for the treatment of congestive heart failure
	Abstract
	Introduction
	Congestive heart failure and the activation �of neurohumoral system
	Endothelin-1 and mode of its action
	Role of endothelin in cardiovascular dysfunction
	Endothelin receptor blockade in heart failure
	Human trials
	Animal experiments

	Vasopressin and mode of its action
	Role of vasopressin in heart failure
	Vasopressin blockade in heart failure
	Human trials
	Animal experiments

	Summary and concluding remarks
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


