
Abstract. Effects of vasopressin via V1a- and V2-recep-
tors are closely implicated in a variety of water-retain-
ing diseases and cardiovascular diseases, including heart 
failure, hyponatraemia, hypertension, renal diseases, 
syndrome of inappropriate antidiuretic hormone secre-
tion, cirrhosis and ocular hypertension. As vasopressin 
receptors are found in many different tissues, vasopressin 
antagonists may benefit the treatment of disorders such 
as cerebral ischaemia and stroke, Raynaud’s disease, 
dysmenorrhoea and tocolytic treatment. V1b selective 

vasopressin antagonists are discussed in terms of their 
usefulness in the treatment of emotional and psychiatric 
disorders. The vaptans are vasopressin receptor antago-
nists with V1a (relcovaptan) or V2 (tolvaptan, lixivaptan) 
selectivity or non-selective activity (conivaptan) which 
may be advantageous in some disorders. The V1a/V2 
non-selective vasopressin antagonist conivaptan is the 
first vaptan which is approved by the FDA for the treat-
ment of euvolaemic hyponatraemia.
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Introduction

The biological effects of vasopressin are mediated by the 
vasopressin receptor subtypes V1a (vascular), V1b (V3, 
pituitary) V2 (renal) [1–6], and oxytocin receptors [7]. 
The V1a-receptor subtype is located in vascular smooth 
muscle cells, cardiomyocytes, hepatocytes and platelets. 
It mediates vasoconstriction, vascular smooth muscle cell 
proliferation [8], glycogen metabolism, platelet aggrega-
tion, positive inotropy, hypertension and coronary vaso-
spasm. Furthermore, the V1a-receptor promotes hyper-
trophic growth of myocardial cells [9–10]. Antagonism 
of V1a-receptors may result in increased cardiac output, 
reduced total peripheral resistance, reduced mean arte-
rial blood pressure and inhibition of vasopressin-induced 
protein synthesis of cardiomyocytes.  
The V1b receptor subtype is present in the anterior pitu-
itary, Langerhans islets of the pancreas, adrenal medulla, 

phaeochromocytoma and the kidney inner medullary col-
lecting duct [11]. This receptor subtype mediates the re-
lease of adrenocorticotropin [12–13], glucagon secretion 
and cell proliferation [14]. The vasopressin V1b receptor 
is located in the central nervous system, and animal ex-
periments point to a role for vasopressin in the modula-
tion of emotional processes via the V1b receptor.
The V2 subtype is located in the collecting tubules of 
the kidney, and regulates the antidiuretic action of vaso-
pressin. Blockade of V2-receptors results in aquaresis, 
with increased serum sodium concentration and reduced 
cardiac preload. Thus, V2-receptor antagonists may be 
beneficial in the treatment of water-retaining diseases of 
various pathogeneses.
In the following chapters the mode of action of vasopres-
sin and vasopressin antagonists is briefly reviewed in order 
to present the rationale for the pharmacotherapy of various 
diseases with vasopressin antagonists. In the section ‘Bind-
ing sites’, interspecies selectivity and its consequences for 
the interpretation of results from animal experiments are 
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briefly discussed. Furthermore, the chemical structure of 
potent vasopressin antagonists is listed. The main part of 
the paper deals with the numerous indications for vasopres-
sin antagonists, which were evaluated in animal models and 
clinical studies. Finally, we review completed and ongoing 
clinical trials with vasopressin antagonists. 

Mode of action

The vasopressin receptors belong to the GTP-binding 
G-protein-coupled receptor family. Both the V1a and 
V1b receptors activate phospholipases via Gq/11 [15]. 
The activated phospholipase Cβ promotes hydrolysis of 
phosphatidylinositol(4,5)-biphosphate, thereby increas-
ing the intracellular concentration of diacylglycerol and 
inositol(1,4,5)-triphosphate. The latter stimulates calcium 
release from the endoplasmatic reticulum. In addition, the 
emptying of calcium stores activates calcium influx via 
divalent cationic channels. This rise in intracellular cal-
cium concentration initiates the cascade of calcium-medi-
ated effects such as vasoconstriction.
In ventricular myocytes of the guinea pig, a vasopressin-
induced increase in [Ca2+]i originates from an increase 
in the open-state probability of the L-type calcium chan-
nel. This effect is due to an increased number of chan-
nel openings and increased open times [16]. In isolated 
guinea pig papillary muscles, this vasopressin-induced 
activation of calcium influx causes a slowly developing 
positive inotropic effect and an increase in resting ten-
sion. These vasopressin effects were antagonized by the 
V1-receptor antagonist OPC-21268, but not by the V2-re-
ceptor antagonist OPC-31260 [17, 18], indicating that the 
V1a-receptor is responsible for the positive inotropic ac-
tion of vasopressin. In cultured rat hippocampal neurons, 
vasopressin-induced increase of [Ca2+]i is due to an influx 
of calcium through V1-vasopressin receptor-coupled N-
type calcium channels. The increase of [Ca2+]i was inhib-
ited by OPC-21268 [19] and other V1 antagonists.
In contrast to the V1a and V1b receptors, the V2-recep-
tor activates adenylyl cyclase by interacting with Gs [15]. 
Stimulation of Chinese hamster ovary (CHO) cells ex-
pressing the human V2-receptor resulted in accumulation 
of cyclic AMP (cAMP) [9]. The increase in cAMP acti-
vates protein kinase A and the insertion of the preformed 
aquaporin channel into the apical membrane of cells in 
the kidney collecting duct [15], which contribute to the 
regulation of water homeostasis. Vasopressin-induced 
cAMP production of cultured renal epithelium cells was 
significantly blocked by the non-selective V1a/V2 antag-
onist conivaptan [20], but was not inhibited by the selec-
tive V1a antagonist YM218 [21].
Vasopressin also exerts a mitogenic action; several ki-
nases are phosphorylated, DNA synthesis is increased, 
S- and G2-M phases of the cell cycle progress, and cell 

proliferation is increased. These effects are initiated by 
V1-receptor activation, and are mediated by calcium mo-
bilization, coupling to a G (q) protein. Simultaneously, 
several kinases are activated; in particular, calcium/
calmodulin-dependent kinase II, phosphatidylinositol-3-
kinase, protein kinase C and p42/p44 mitogen-activated 
protein kinase [22, 23]. When added to growth-arrested 
vascular smooth muscle cells, the non-selective V1a/V2-
receptor antagonists conivaptan and YM471 prevented 
the vasopressin-induced hyperplasia and hypertrophy of 
these cells [8, 24]. The selective V1a antagonist relcovap-
tan exerts a potent antiproliferative effect since it com-
pletely blocked vasopressin-stimulated 3T3 cell growth 
from G1/G0 into the S/G2-M phase, and it inhibited va-
sopressin-induced DNA synthesis [25].

Binding sites

The residues responsible for vasopressin binding have 
been identified, and a different mechanism of vasopres-
sin binding to the V2-receptor as compared with the V1a-
receptor has been proposed [26]. Isolation of the com-
plementary DNAs (cDNAs) encoding the V1a and V1b 
receptor subtypes explained the tissue variability of V1 
antagonist binding, whereas identification of the cDNA 
and gene encoding the V2-receptor provided information 
to identify the mutations responsible for the X-linked 
nephrogenic diabetes insipidus [15, 27].
Binding properties of potent vasopressin antagonists were 
studied using cloned human vasopressin receptors stably 
expressed in CHO cells, and human uterine smooth muscle 
cells expressing oxytocin receptors. Specific binding of H3-
labelled vasopressin was measured [9, 21]. After binding to 
the V1a-receptor, vasopressin receptor antagonists potently 
and concentration-dependently inhibit the vasopressin-in-
duced increase in intracellular free calcium concentration, 
and activation of mitogen-activated protein kinase.
Site-directed mutagenesis experiments were performed in 
CHO cells, stably transfected with the human vasopressin 
receptor sybtypes. Molecular modelling of the results of 
these experiments revealed that non-peptide antagonists 
establish key contacts with a few amino acid residues 
of the receptor subtypes. For example, residue Phe225, 
which is located in transmembrane domain V, participates 
in the binding of the V1a-selective vasopressin antagonist 
relcovaptan [28]. The major component for binding of 
OPC-21268 to the rat V1a-receptor [29] was found to be 
the amino acid residue Ala-342 in domain VII. In contrast, 
Thibonnier et al. [30] identified Ala-337 as the important 
residue for OPC-21268 binding in a docking model. These 
amino acid residues for antagonist binding, however, are 
different from those involved in agonist binding [31].
The interactions of the vasopressin antagonists with the 
amino acid residues are species-specific. A few residues 
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in the amino acid sequence of the rat and human vaso-
pressin receptor control interspecies selectivity [30]. The 
V1-receptor antagonist OPC-21268, for example, showed 
a markedly higher affinity for the rat V1a-receptor than 
for the human V1a-receptor. For the V2-receptor antago-
nist SR121463, however, similar binding affinities were 
found for the human V2-receptor and the V2-receptor of 
several animal species [32]. For the human V1b receptor, 
selectivity by four amino acids, located in distinct mem-
brane helices (fourth, fifth, and seventh), were found to 
be responsible for antagonist binding [33].
Not only do distinct amino acid residues seem to deter-
mine drug binding, but binding pockets also play a role in 
specificity. Mutagenesis data point to significant differ-
ences in the shape of the V1 and V2-receptor antagonist-
binding pockets. The most important factor determining 

the specificity of non-peptide antagonists seems to be the 
shape of the binding pocket on the receptor [34].

Chemical structure and selectivity of in vivo and in 
vitro tested vasopressin antagonists

No structure-activity relationship for receptor selectivity 
could be found for vasopressin antagonistic compounds. 
For example, benzazepines may act as selective V2 (Ta-
ble 1), non-selective V1a/V2 (Tables 1, 2) or selective 
V1a antagonists (Table 2). Some of the oxindoles exert 
selective antagonistic activity to V2-receptors (Tables 1, 
2). However, some of them do show selectivity for V1b 
receptors (Table 1). Most of the compounds were charac-
terized by receptor binding assays, and a few have already 

Table 1. Vasopressin antagonists which were tested in animal models and in human trials.

Receptor subtype Antagonist Structure Lab where developed References Studies

Selective V1a relcovaptan 
(SR49059)

OPC-21268 

pyrrolidine

quinolinone

Sanofi-Synthelabo

Otsuka

[90, 100, 104, 105, 
112, 113, 115, 116]

[35, 103, 106, 107, 
108, 111]

[36, 102, 114]

clinical trials

animal models

animal models

Selective V1b (V3) SSR149415 oxindole Sanofi-Synthelabo [37–39, 119]

Sanofi

animal model

clinical trial

Selective V2 tolvaptan
(OPC-41061)

lixivaptan 

(VPA-985)

SR121463 

OPC-31260

benzazepine

benzodiazepine

N-arylsulfonyl-
oxindole

benzazepine 

Otsuka

Wyeth-Ayerst, 

CardioKine

Sanofi-Synthelabo

Otsuka

[74, 75, 77, 78, 79]

[87, 88, 99]

[85, 86, 93]

[12, 40]

[42]

[42, 95]

[89]

[99, 103]

clinical trials 
(ACTIV in CHF 
[77], EVEREST 
[78])

animal models

clinical trials

animal models

clinical trials

animal models

clinical trial

animal model

Non-selective 
V1a/V2

conivaptan 
(YM087, 
Vaprisol) 

benzazepine Yamanouchi, 
Astellas

[70, 71, 84]

[20, 43, 44, 65–69, 
72, 73, 91]

clinical trials 
(ADVANCE [71])

animal models

Table 2. Compounds which receptor selectivity was tested by receptor-binding assays or other in vitro models.

V1a-selective V1b-selective V2-selective Non-selective V1a/V2

Benzazepine-furanilides (YM218) 
[46]

Benzazepine-benzanilides [48]

N-Methylbenzanilides [49]

Triazoles [49]

oxindoles [37–39] 2,5-disubstituted benzothiazepines [50]

indoloazepines [51]

benzodiazepine ring fused to a bridged 
bicyclic amine [53]

quinoxaline (vp-343) [54]

benzodiazepines [52, 55]

benzodiazepine ring fused to a 
bridged bicyclic amine [53]

benzoazepines [22, 45, 47, 55, 56]

thienoazepines [41]

thiazepines and thiazines [57, 58]
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being tested in clinical trials (Table 1). Only one of the 
agents has been approved recently by the U.S. Food and 
Drug Administration (FDA). The structures of the vap-
tans are shown in Figure 1.

Indications for vasopressin receptor antagonists

Early peptide vasopressin receptor antagonists proved ex-
pensive, difficult to formulate for oral consumption and 
to have limited efficacy. The non-peptide vasopressin an-
tagonists, however, are promising agents in the treatment 
of various diseases.
Vasopressin mediates vasoconstriction, platelet aggrega-
tion and coronary vasospasm via the V1a-receptor. Thus, 
blockade of this receptor subtype should contribute to the 
beneficial effect of V1a antagonists in the treatment of 
vascular diseases such as cardiac heart failure, Raynaud’s 
disease, myocardial infarction, cerebral vasospasm and 
stroke as well as dysmenhorroea and preterm labour.
The vasopressin V1b receptor in the central nervous sys-
tem plays a role in the modulation of emotional processes 
and psychiatric disorders. Experimental data suggest a 
therapeutic impact of selective V1b antagonists.
The V2-receptor has a prominent function in the regula-
tion of water homeostasis. Effects of vasopressin via the 
V2-receptors are closely implicated in a variety of water-
retaining diseases and cardiovascular diseases, including 
heart failure, hyponatraemia, renal diseases, syndrome of 
inappropriate antidiuretic hormone secretion (SIADH), 
cirrhosis and ocular hypertension.

The treatment of the above-mentioned diseases in which 
vasopressin is involved is presented and discussed below, 
beginning with heart failure, which can be treated with 
V1/V2 or V2 antagonists, and followed by disorders posi-
tively responding to V2, V1a and V1b antagonists. 

Congestive heart failure
Congestive heart failure (CHF) is the state of reduced 
myocardial performance. Its most common causes are 
coronary heart disease, hypertension, valvar defects, car-
diomyopathies and also extracardiac diseases. The sample 
of patients admitted with acute decompensated heart fail-
ure is heterogeneous. During cardiac dysfunction, activa-
tion of the sympathetic nervous system, vasopressin and 
the renin-angiotensin-aldosterone system (RAAS) occurs 
to maintain cardiac output and blood supply to vital or-
gans. In recent large trials [59–62], angiotensin-convert-
ing enzyme inhibitors and β-adrenoceptor antagonists 
have been shown to improve mortality in chronic heart 
failure patients.
Newer approaches for the therapy of CHF, such as antago-
nists to a number of neurohumoral targets, are promising. 
The release of the neurohormones adrenaline, angioten-
sin II, endothelin-1, tumour necrosis factor, natriuretic 
peptide and vasopressin increases as patients become 
symptomatic. The levels of these hormones correlate with 
mortality [63]. However, recent clinical trials, using endo-
peptidase inhibitors, endothelin antagonists or cytokine 
antagonists, suggest that selective inhibition of neurohor-
monal systems may not be advantageous [64].

Figure 1. Chemical structure of vaptans.
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Conivaptan has been characterized as a V1a/V2-recep-
tor antagonist [65]. In an open-label, crossover study, 
conivaptan was administered to six healthy normotensive 
subjects in both oral and intravenous formulations [43]. 
The blockade of the V2-receptors in the renal collect-
ing tubules results in aquaresis with minimal effects on 
electrolytes. In addition, V1a-receptors are also blocked 
by conivaptan, which results in vasodilation of vascular 
smooth muscle leading to increased cardiac output and 
lower systemic vascular resistance. A further beneficial 
effect of V1a blockade in patients with CHF is the pre-
vention of vasopressin-caused coronary artery vasocon-
striction. These effects were evaluated in animal models 
[10, 20, 44, 66–69] and humans [70].
A randomized, prospective, placebo-controlled trial was 
performed on 142 patients with CHF of NYHA class III 
(92%) and class IV (8%). The patients received conivaptan 
intravenously at a single dose of 10, 20 or 40 mg. In these 
patients with advanced heart failure, vasopressin antago-
nism with conivaptan resulted in favourable changes in 
haemodynamics and urine output without affecting blood 
pressure or heart rate. The urine output was dose-depend-
ently and significantly increased at 3 h after administra-
tion, while the pulmonary capillary wedge pressure was 
decreased by 20 and 40 mg of conivaptan [70].
In a double-blind, multi-centre trial (ADVANCE trial) 
345 patients with heart failure received placebo or one 
of three doses of conivaptan for 12 weeks. These results 
indicate progress in the therapy of vasoconstriction and 
volume overload in patients with CHF, although long-
term safety and efficacy remain to be determined [71].
In a rat model of CHF, the effects of conivaptan in the 
presence or absence of the ACE inhibitor captopril was 
studied. Conivaptan treatment alone reduced body weight 
by loss of free water, and in combination with captopril, 
blood pressure, plasma natriuretic peptide, left and right 
ventricular mass, and lung mass also decreased [67, 72].
Results from animal experiments suggest that dual vaso-
pressin V1a- and V2-receptor antagonists provide greater 
benefit than selective V2-receptor antagonists in the 
treatment of CHF [73]. Wada et al. [73] investigated the 
effects of intravenously administered conivaptan, a dual 
V1a- and V2-receptor antagonist, on cardiac function in 
rats with CHF following myocardial infarction, and com-
pared the results with those for the selective V2-recep-
tor antagonist SR121463A. Although the aquaretic and 
pre-load reducing effects of SR121463A were similar to 
those of conivaptan, the V2-receptor antagonist failed to 
improve the pressure in the left ventricle. These results 
suggest that dual vasopressin V1a- and V2-receptor an-
tagonists provide greater benefit than selective V2-re-
ceptor antagonists in the treatment of CHF. The positive 
effect of dual V1/V2 antagonists is probably due to the 
inhibitory effect on both vasoconstriction and water re-
tention.

Tolvaptan is an oral, specific V2-receptor antagonist 
which induces aquaresis in animals and humans [12, 74, 
75, 76]. In a double-blind, placebo-controlled trial on 
254 patients with CHF NYHA class II and III, tolvaptan 
was administered orally at doses of 30, 45 or 60 mg once 
daily for 25 days [77]. In addition to standard therapy, 
tolvaptan significantly increased urine output, reduced 
body weight, and improved clinical signs and symptoms 
of CHF. Normalization of serum sodium and reduction 
of oedema were observed in patients with hyponatraemia 
only in the tolvaptan-treated group, but not in the placebo 
group. Haemodynamic parameters and renal function 
were not changed. Dry mouth, thirst and polyuria were 
described as unwanted side effects.
The Acute and Chronic Therapeutic Impact of a Vasopres-
sin Antagonist in Congestive Heart Failure trial (ACTIV 
in CHF) was a multi-centre, randomized, double-blind, 
placebo-controlled, parallel-group trial with 319 patients 
suffering from acute exacerbation of CHF [78]. Patients 
were administered tolvaptan at doses of 30, 60 or 90 mg/
day orally for 60 days in addition to standard therapy. 
Haemodynamic parameters and renal function were not 
altered as reported in the other trial. After 60 days, no 
significant differences in outpatient outcome of worsen-
ing CHF were observed between the tolvaptan and pla-
cebo groups, although event-free survival was longer for 
the tolvaptan group, and total mortality was lower in pa-
tients with elevated blood urea nitrogen levels and severe 
systemic congestion. In the EVEREST study (Efficacy 
of Vasopressin Antagonism in Heart Failure: Outcome 
Study with Tolvaptan) the effect of tolvaptan on mortality 
is currently being evaluated on mortality in hospitalized 
patients with heart failure [79].
The vaptans are promising agents for the symptomatic 
treatment of CHF. However, long-term studies are re-
quired to demonstrate their role in the outcome and qual-
ity of life of these patients.

Hyponatraemia
Hyponatraemia is estimated to affect up to 4% of hospi-
talized patients in the United States each year [80]. While 
many patients with hyponatraemia have no symptoms, 
severe cases are medical emergencies that can result in 
swelling of the brain, respiratory arrest and death. Hypo-
natraemia is primarily due to excessive or inappropriate 
vasopressin secretion that occurs in response to non-os-
motic stimuli. Vasopressin secretion increases free-water 
absorption, thereby increasing intravascular volume and 
diluting the sodium concentration. These effects often 
occur in patients with CHF due to excessive vasopressin-
induced water retention, but also during diuretic therapy. 
An increase in total body water with little increase in so-
dium is also often observed in patients with cancer, hypo-
thyroidism, advanced kidney failure, chronic high blood 
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pressure, pulmonary disorders, and drug regimens such 
as the use of some antidepressants [81]. Hyponatraemia 
in CHF is associated with increased morbidity and mor-
tality, underlining the importance for adequate correction 
of this electrolyte imbalance. The current treatment op-
tions for hyponatraemia are only moderately effective, 
and their use is limited by serious side effects [82]. The 
vaptans are a new class of aquaretic agents that increase 
water excretion while maintaining the level of sodium and 
other electrolytes. Especially, V2-receptor-antagonists 
may be advantageous in the treatment of hyponatraemia, 
because they induce diuresis without promoting sodium 
excretion and without activating the RAAS. Conivaptan, 
lixivaptan and tolvaptan are three such aquaretic drugs, 
which may redefine the treatment of heart failure-related 
hyponatraemia [83].
The V1a/V2-receptor antagonist conivaptan was effective 
in the treatment of chronic symptomatic hyponatraemia 
due to the syndrome of inappropriate antidiuretic hor-
mone secretion [84].
Lixivaptan is an orally active V2-receptor antagonist 
which is effective in hyponatraemia in animals [12] and 
humans [85, 86]. The study included 33 patients with cir-
rhosis, 6 with CHF, and 5 with SIADH [85]. Patients re-
ceived 25, 125 or 250 mg of lixivaptan or placebo twice 
daily for 7 days. Fluid intake was adjusted according to 
the urine output of the previous day. Lixivaptan increased 
free-water clearance, serum sodium levels, and serum os-
molality significantly and in a concentration-dependent 
manner. At day 7 the plasma level of the antidiuretic hor-
mone increased significantly at the two higher doses. In 
the group with the regimen of 250 mg of lixivaptan twice 
daily, significant dehydration occurred, so that dosage 
had to be reduced. In the second lixivaptan trial [86], the 
effects were evaluated in 60 patients with cirrhosis and 
dilutional hyponatraemia who received 100 or 200 mg/
day of lixivaptan or placebo for 7 days. In this study fluid 
intake was restricted to 1 l/day. The serum sodium con-
centration was normalized concentration-dependently, 
but not in the placebo group.
In animal models, analogous to the hyponatraemia forms 
seen in humans, tolvaptan presents exciting therapeutic 
implications for the management of patients with se-
vere hyponatraemia [87]. In the presence of furosemide, 
tolvaptan produced further diuresis without activating the 
RAAS, and it elevated serum sodium levels in rat [88]. 
Similar results were found when OPC-31260 was co-ad-
ministered with furosemide [89].

Liver cirrhosis and ascites
The main pathophysiological states associated with high 
plasma vasopressin concentrations are cirrhosis, cardiac 
failure and SIADH secretion. Water retention in cirrhosis 
is a common problem, leading to ascites, peripheral oe-

dema and hyponatraemia. Selective V2-receptor antago-
nists are effective in inducing aquaresis in humans and 
rats with cirrhosis, hyponatraemia and water retention 
[90]. Blockade of V1a-receptors could aggravate car-
diocirculatory function in decompensated cirrhosis. The 
dual V1a/V2-receptor antagonist conivaptan was given to 
rats with CCL4-induced cirrhosis, ascites and severe wa-
ter retention. The data suggest that V1a/V2 antagonists 
may be therapeutically useful for the treatment of water 
retention in human cirrhosis [91].
In the lixivaptan trial [86] in which the effects were evalu-
ated in 60 patients with cirrhosis and dilutional hypona-
traemia, serum sodium concentration was normalized, 
and body weight and urine osmolality were reduced. An 
increase in serum creatinine, a sign of renal impairment, 
was observed only in 2 patients in each group. No other 
serious adverse effects were detected. These results were 
confirmed by several other research groups [85, 92, 93].

Ocular hypertension
V1a-receptors are present in the iris, and V1a-receptor 
antagonists can decrease the intraocular pressure without 
miosis [94]. In the rabbit model of ocular hypertension, 
either a single or repeated instillation of the selective V2-
receptor antagonist SR121463 caused a decrease in intra-
ocular pressure [42, 95].

Nephrogenic diabetes insipidus
In most cases, nephrogenic diabetes insipidus results 
from mutations in the V2 vasopressin receptor gene, 
which causes intracellular retention of improperly folded 
receptors. Relcovaptan and conivaptan act as pharmaco-
logical chaperones that rescue folding, trafficking and the 
function of several V2-receptor mutants [96, 97].

Polycystic kidney diseases
Polycystic kidney diseases (PKDs) are a group of genetic 
disorders. Approximately 12.5 million patients with PKD 
are estimated worldwide. In persons suffering from PKD, 
fluid-filled cysts progressively grow on their kidneys, 
often leading to renal failure and death. Cyst formation 
originates from proliferating renal tubular epithelial cells 
and epithelial-to-myofibroblast transition, which contrib-
utes to the progressive loss of renal function [98]. Dialy-
sis and transplantation are the only options, as no other 
treatments are effective. Since cAMP plays a major role 
in cystogenesis in that it stimulates B-Raf/ERK activation 
and proliferation of cyst-derived cells in a Ca2+-inhibited, 
Ras-dependent manner, vasopressin antagonists theoreti-
cally could interfere with this mechanism. The V2-recep-
tor antagonists OPC-31260 and tolvaptan were shown to 
lower renal cAMP, and to inhibit renal disease develop-
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ment and progression in animal models orthologous to 
human cystic diseases. The V2-receptor antagonists in-
hibit Ras/mitogen-activated protein kinase signalling in 
polycystic kidneys [99].

Hypertension
A recent study investigated the effects of the V1a-se-
lective vasopressin antagonist relcovaptan on uterine 
contraction in non-pregnant women. This study showed 
a marked reduction of diastolic blood pressure, which 
indicates an inhibition of vascular vasopressin receptors 
by relcovaptan [100]. However, in a double-blind cross-
over-versus-placebo study with 24 essential hyperten-
sive patients at stage I or II, who received a single oral 
dose of 300 mg of relcovaptan 2 h before stimulation of 
vasopressin secretion, relcovaptan only caused a tran-
sient vasodilation. This effect was not associated with a 
sustained blood pressure reduction, but with a signifi-
cant reduction of vasopressin-induced aggregation of 
blood platelets [101]. Furthermore, in animal models 
OPC-21268 [102], and in healthy volunteers, relcovap-
tan failed to demonstrate clinical efficacy in lowering 
blood pressure [90].

Myocardial infarction
After myocardial infarction, the load on the uninvolved 
myocardium increases, and forward heart failure devel-
ops due to diminished contractility. Heart failure induces 
a number of compensatory mechanisms that are primar-
ily directed at restoring cardiac output and blood pres-
sure. Most important in this is an increased sympathetic 
tone together with greater release of noradrenaline and 
adrenaline. As a result, renal perfusion is reduced, lead-
ing to activation of the RAAS, and to increased release of 
vasopressin. Angiotensin II and vasopressin have a vaso-
constrictor effect. In coronary and mesenteric vessels of 
rats the vasoconstrictor responses to vasopressin are me-
diated by the V1a-receptor, as the effects were more sus-
ceptible to the V1a-selective antagonist relcovaptan than 
to the V2-selective antagonist OP-31260 [103]. Relco-
vaptan was shown to have potent cardioprotective effects 
in a conscious rabbit model. The increase of the T-wave 
amplitude, which was a significant index of coronary va-
soconstriction-induced cardiac ischaemia, was prevented 
by relcovaptan, as well as bradycardia [35].

Raynaud’s disease
Relcovaptan was found to be a potent and specific V1-
receptor antagonist which blocks vasopressin-induced 
vasoconstriction [104]. In a single-centre, double-blind, 
placebo-controlled, randomized crossover study, favour-
able effects on finger systolic pressure and temperature 

recovery after cold immersion were found in patients suf-
fering from Raynaud’s phenomenon [105].

Cerebral vasospasm
It has been suggested that vasopressin and inflammation 
are involved in the development of cerebral vasospasm 
after subarachnoid haemorrhage (SAH). Relcovaptan 
significantly reduced cerebral vasospasm after SAH in-
duction in rats. Inhibition of 5-lipoxygenase attenuated 
the vasopressin-induced contraction of basilar arterial 
strips in both control and SAH groups. The results sug-
gest that cerebral vasospasm in SAH rats is at least partly 
due to endogenous vasopressin, and may involve an in-
crease in 5-lipoxygenase activity. Relcovaptan may rep-
resent a potential therapeutic strategy for the treatment 
of cerebral vasospasm [106]. Although relcovaptan is not 
able to enter brain tissue from the peripheral circulation, 
it does bind specifically to regions devoid of blood-brain 
barrier and known to be involved in autonomic regula-
tions [107].

Stroke
Cerebral oedema develops very early after the onset of 
focal cerebral ischaemia and may be a major factor in 
early disability after an acute ischaemic stroke. Relco-
vaptan was shown to be a potent neuroprotective agent 
when used early after the onset of arterial occlusion in an 
embolic focal ischaemia model in rats [108]. Vasopressin 
antagonists might also be advantageous in neuroprotec-
tion. Since vasopressin contributes to impaired ATP-sen-
sitive and calcium-sensitive potassium channel function 
after brain injury, vasopressin may blunt ATP-sensitive 
and calcium-sensitive potassium channel-mediated cere-
brovasodilation [109]. 

Dysmenorrhoea and tocolytic treatment
Both oxytocin and vasopressin cause potent and long-
lasting vasoconstriction of uterine arteries of several 
species, including humans. The resulting ischaemia is 
thought to be involved in the pathogenesis of primary 
dysmenorrhoea. In women with primary dysmenorrhoea, 
the plasma concentration of vasopressin is elevated. The 
in vivo effect of vasopressin on uterine activity in non-
pregnant women is about five times more pronounced 
than that of oxytocin, and it increases premenstrually. 
Correspondingly, the density of vasopressin V1a and 
oxytocin receptors was found to vary to the same degree, 
and a premenstrual rise of V1a-receptors was observed 
[110].
Relcovaptan could antagonize vasopressin- and oxytocin-
induced vasoconstriction in rat uterus, and it was shown 
that V1a-receptors are responsible for vasoconstriction 
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[111]. A therapeutic effect of relcovaptan in the preven-
tion of dysmenorrhoea was shown [112, 113]. In 16 non-
pregnant women pre-treatment by relcovaptan caused a 
dose-related reduction of intrauterine pressure for vaso-
pressin, but not for oxytocin. The much higher potency of 
vasopressin compared with oxytocin on uterine activity 
in non-pregnant women at menstruation was confirmed 
[100].
The V1-vasopressin receptor antagonist OPC-21268 in-
hibits oxytocin- and vasopressin-induced contractions of 
myometrial strips from rats and from full-term pregnant 
women [114]. Conivaptan not only binds to V1a and V2 
vasopressin receptors, but also binds to OT receptors in 
the rat uterus, although with weaker affinity [24].
At the onset of labour preterm and at term, there is a 
tendency for an increase in the density of oxytocin and 
vasopressin V1a-receptors. The importance of oxytocin 
and vasopressin in mechanisms of preterm labour is con-
firmed by the therapeutic effect of the oxytocin and vaso-
pressin V1a-receptor blocking oxytocin analogue, atosi-
ban [110]. When relcovaptan was administered at a single 
dose of 400 mg to women with preterm labour [115], the 
frequency of uterine contractions significantly decreased 
in the relcovaptan group, but not in the placebo group. 
However, it has to be kept in mind that moderate amounts 
of relcovaptan are transferred from the maternal to foetal 
circulation [116].

ACTH-secreting tumours
V1b (V3)-receptor agonists and antagonists could be 
valuable additions to the diagnosis, imaging, localization, 
and medical treatment of adrenocorticotropic hormone-
secreting tumours [33].

Emotional diseases/psychiatric indications
Vasopressin modulates many social and non-social be-
haviours, including emotionality. V1a, V1b and V2-re-
ceptors are located in the central nervous system, and 
thus are molecular targets for the treatment of particular 
psychiatric disorders [117]. Using site-specific injec-
tions of a V1a vasopressin receptor-specific antagonist, 
it could be demonstrated that the lateral septum of mice, 
but not the medial amygdale, is critical for social recog-
nition [118].
The vasopressin V1b receptor antagonist SSR149415 
was tested in a variety of classical and atypical rodent 
models of anxiety, and in two models of depression. 
SSR149415 improved the degradation of the physical 
state, anxiety, despair and the loss of coping behaviour 
produced by stress. These findings point to a role for 
vasopressin in the modulation of emotional processes 
via the V1b receptor, and suggest that its blockade may 
represent a novel possibility for the treatment of affec-

tive disorders [37, 38]. The antidepressant-like potential 
of SSR149415 and the anxiolytic effect were confirmed 
in the Flinders Sensitive Line rat, which is a selectively 
bred animal model of depression [39]. The blockade of 
aggressive behaviour in hamsters with SSR149415 was 
also reported [119].

Drugs under clinical investigation

In the following section, clinically tested V1a, V1b, V2 
and V1/V2 vasopressin antagonists are presented in more 
detail, giving an overview about the state of experimental 
and clinical testing.

V1a-receptor antagonists

Relcovaptan
A therapeutic effect of relcovaptan in the prevention 
of dysmenorrhoea was shown in a placebo-controlled, 
double-blind, crossover trial with non-pregnant women 
[112], and in a double-blind, randomized, placebo-con-
trolled, crossover trial in complete block design [113]. 
In a placebo-controlled, double-blind, parallel-group, 
four-dose comparison, the inhibitory effect of relcovap-
tan on oxytocin- and vasopressin-induced uterine con-
tractions in 16 non-pregnant women was investigated 
[100].
In a double-blind study, relcovaptan was administered at a 
single dose of 400 mg to 12 women with preterm labour 
in pregnancy weeks 32–36, and six women received pla-
cebo [115]. The frequency of uterine contractions signifi-
cantly decreased in the relcovaptan group, whereas in the 
placebo group, a decrease was only observed in women 
receiving rescue tocolytic treatment, i.e. beta-adrenocep-
tor stimulating drug.
A single-centre, double-blind, placebo-controlled, ran-
domized crossover study investigated the effect of 300 mg 
of relcovaptan once daily in two 7-day periods, separated 
by 21 days of washout. Beneficial effects on finger sys-
tolic pressure and temperature recovery after cold im-
mersion were found in patients suffering from Raynaud’s 
phenomenon [105].

V1b receptor antagonists

SSR149415
In animal studies, the selective V1b-receptor antagonist 
SSR149415 showed beneficial effects in psychiatric dis-
orders [37–39, 119]. Thus a phase I trial has been started 
to investigate the efficacy of SSR149415 in the treatment 
of depression and anxiety (Sanofi-Synthelabo).



1774       R. Lemmens-Gruber and M. Kamyar Vasopressin antagonists

V2-receptor antagonists

SR121463
The V2-receptor antagonist SR121463 has been studied 
in a phase IIb trial on patients (n = 27/group) with hy-
ponatraemia at doses of 5, 12.5 and 25 mg once daily. 
In another phase IIb trial, SR121463 was tested on pa-
tients with cirrhotic ascites (n = 36) at doses of 30 and 
75 mg once daily, in comparison to spironolactone. In 
both studies, SR121463 induced significant diuresis and 
an increase in plasma sodium.
In a double-blind comparison and a long-term, open-label 
study in patients with SIADH (in total 34) at doses of 25 
and 50 mg, the drug showed good efficacy in the correc-
tion of the sodium serum concentration. SR121463 was 
well tolerated, and as the most common adverse side ef-
fect, thirst was reported. As positive effects were observed, 
SR121463 entered a phase III trial for the investigation of 
its efficacy in hyponatraemia. In the placebo-controlled 
study on 75 patients with SIADH of any cause, long-term 
effects have been monitored (Sanofi-Synthelabo).

Tolvaptan
The selective V2 vasopressin antagonist tolvaptan was 
investigated in the ACTIV in CHF [78] and the EVER-
EST trial [79]. The EVEREST study was a multi-centre, 
randomized, double-blind, placebo-controlled study on 
approximately 3600 patients with the goal to evaluate the 
long-term efficacy and safety of oral tolvaptan tablets in 
subjects hospitalized with worsening CHF. The ACTIV in 
CHF study was a multi-centre, randomized, double-blind, 
placebo-controlled, parallel-group trial with 319 outpa-
tients suffering from acute exacerbation of CHF [78]. 
Patients were administered tolvaptan at doses of 30, 60 
or 90 mg/day orally for 60 days in addition to standard 
therapy. However, haemodynamic parameters and renal 
function were not altered. No significant differences 
were observed between the tolvaptan and placebo groups. 
However, event-free survival was longer, and total mor-
tality was lower for the tolvaptan group.
Another multi-centre, randomized, double-blind, pla-
cebo-controlled study (SALT 1) is now investigating the 
effect of tolvaptan on hyponatraemia in euvolaemic or 
hypervolaemic patients with CHF, SIADH or cirrhosis.
The ECLIPSE study is a multi-centre, randomized, dou-
ble-blind, placebo-controlled trial which evaluates the ef-
fects of a single oral tolvaptan tablet on haemodynamic 
parameters in subjects with CHF.
As tolvaptan was effective in polycystic kidney disease 
development in the PCK rat model [99], phase II human 
trials followed, and they are almost complete. Thus, en-
rolment for phase III trials has begun in order to investi-
gate whether tolvaptan is also able to inhibit cyst growth 
in humans (Otsuka).

Lixivaptan
As the selective V2 antagonist showed efficacy in hypo-
natraemia and cirrhotic ascites [85, 86, 92, 93], the com-
pany CardioKine is planning phase III clinical trials to 
achieve FDA approval. Lixivaptan is effective in hypona-
traemia in animals [12] and humans [85, 86]. The study 
included 33 patients with cirrhosis, 6 with CHF, and 5 
with SIADH [85]. Patients received 25, 125 or 250 mg of 
lixivaptan or placebo twice daily for 7 days. Lixivaptan 
increased free-water clearance, serum sodium levels and 
serum osmolality.
In another trial [86], the effects of lixivaptan were evalu-
ated in 60 patients with cirrhosis and dilutional hypona-
traemia who received 100 or 200 mg of lixivaptan once 
daily or placebo for 7 days. The serum sodium concentra-
tion was normalized in 27 and 50% of patients, respec-
tively, but in none of the placebo group.

Non-selective V1/V2-receptor antagonists

Conivaptan
Vaprisol (investigational name: YM087, generic name: 
conivaptan hydrochloride injection) is a nonpeptide, dual 
V1a/V2-receptor antagonist. The FDA recently approved 
Vaprisol for the management of potentially life-threaten-
ing sodium/water imbalance. It is the first drug specifi-
cally indicated for the treatment of euvolaemic hypona-
traemia in hospitalized patients. Thus, this compound 
will be described in more detail, based on the label in-
formation by the FDA. Vaprisol was discovered by Yama-
nouchi Pharmaceutical Co., Ltd., Japan, and was further 
developed by Astellas Pharma US, Inc., USA.
The affinity of conivaptan for the human V1a- and V2-
receptors in vitro is in the nanomolar range. The predomi-
nant effect of conivaptan in the treatment of hyponatrae-
mia is through V2 antagonism of vasopressin in the renal 
collecting ducts, resulting in free-water excretion, which 
is generally accompanied by increased net fluid loss, in-
creased urine output and decreased urine osmolality [43, 
70].
The pharmacokinetics of conivaptan has been investigated 
in healthy subjects [43], special populations and patients 
following both oral and intravenous dosing regimens. The 
inter-subject variability of conivaptan pharmacokinetics 
is high. 99% of conivaptan is bound to human plasma 
proteins over a wide plasma concentration range. The 
cytochrome P450 isoenzyme responsible for conivaptan 
metabolism was found to be CYP3A4. Four metabolites 
have been identified. They showed some pharmacologi-
cal activity, but only contribute minimally to the clinical 
effect. The major part of administered conivaptan is ex-
creted with the faeces.
Elimination of conivaptan in patients with hepatic or re-
nal impairment has not been systematically evaluated, 
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but after oral administration, the systemic conivaptan 
concentration rose significantly in patients with cirrhosis 
and moderate hepatic impairment or renal dysfunction. 
This suggests caution when administered to patients with 
hepatic and/or renal diseases.
In clinical trials with oral conivaptan hydrochloride, two 
cases of rhabdomyolysis occurred in patients who were 
also receiving a CYP3A4-metabolized 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase in-
hibitor. The co-administration of oral conivaptan (40 mg 
twice daily) combined with 0.5 mg of digoxin, which is a 
P-glycoprotein substrate, resulted in a marked reduction 
in the clearance of digoxin, and a significant increase of 
Cmax and AUC (area under the curve) values.
In a double-blind, placebo-controlled, randomized, multi-
centre study, 56 patients with euvolaemic hyponatraemia 
of different aetiology were treated with conivaptan or pla-
cebo for 4 days. Vaprisol was administered intravenously 
at a loading dose of 20 mg intravenously over 30 min, fol-
lowed by a continuous infusion of 40 or 80 mg/day. After 
4 days, the normal serum sodium concentration of ≥135 
mEq/l was achieved in 67% of patients with 40 mg/day 
conivaptan hydrochloride, hand in hand with a significant 
aquaretic effect.
In an open-label study with 104 patients suffering from 
euvolaemic hyponatraemia, an intravenous loading dose 
of 20 mg over 30 min was followed by a continuous infu-
sion of 20 or 40 mg/day conivaptan hydrochloride. The 
results are in accordance with the outcome of the previ-
ously described study.
Vaprisol is indicated for the treatment of euvolaemic 
hyponatraemia in hospitalized patients, but it is contra-
indicated in patients with hypovolaemic hyponatraemia. 
To date conivaptan is not indicated for the treatment of 
CHF, but a randomized, double-blind, placebo-controlled, 
dose-ranging phase II trial for CHF has been completed 
(Astellas Pharma US, Inc.). The role of conivaptan in the 
treatment of acute and chronic heart failure was reviewed 
recently [120, 121].
In animal experiments it was shown that conivaptan can 
cross the placenta, and due to slow clearance, foetal 
accumulation is possible. Conivaptan shows adverse 
 effects on the foetus at doses that are below the thera-
peutic dose. No well-controlled studies in pregnant 
women are available. Thus, Vaprisol is classified to cat-
egory C, i.e. it should only be used in pregnant women 
if the potential benefit justifies the potential risk to the 
foetus.
Conivaptan delayed delivery in rats at doses which are 
equivalent to therapeutic doses. This effect is probably 
due to conivaptan’s activity on the oxytocin receptor in 
rats [20]. The relevance to humans is unclear, and no 
studies on labour and delivery in humans are available. 
Conivaptan is excreted in milk of lactating rats, but no 
data are available which show excretion of conivaptan in 

human milk. Nonetheless, caution is necessary if conivap-
tan is administered to lactating women.
The most common adverse reaction was infusion site 
reaction (20.2%), infusion site phlebitis (15.8%) and in-
fusion site pain (7.7%). However, in most cases, these 
infusion site reactions were mild. Further adverse ef-
fects were headache (12%), hypokalaemia (9.8%), thirst 
(9.8%), vomiting (6.6%), pollakiuria (6.0%), peripheral 
oedema (5.5%), diarrhoea (5.5%) and orthostatic hypo-
tension (5%). At high doses, adverse effects occurred 
more frequently, in particular hypotension and thirst.

Conclusion

Advantageous effects of vasopressin antagonists have 
been identified in animal models as well as in human 
studies. This new class of therapeutics has promising fea-
tures for the treatment of numerous disorders. However, 
the long-term clinical efficacy and benefit still has to be 
evaluated for these agents. Due to the wide distribution 
of vasopressin receptors in human tissue [90], a variety 
of adverse side effects cannot be excluded and may limit 
their clinical use. Nonetheless, this is an exciting field 
of research which may open new therapeutic possibili-
ties for the treatment of diseases such as hyponatraemia, 
which cannot be managed satisfactorily by conventional 
drugs or which cannot be treated pharmacologically at 
present, such as PKD.
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