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The development of various non-peptide vasopressin receptor
antagonists presents a new area of drug discovery for the treatment of heart

failure and hyponatremia of multiple causes.
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Arginine vasopressin (AVP) attracted attention as a potentially important

neurohormonal mediator of the heart failure (HF) syndrome and

hyponatremic states in humans because AVP influences renal handling of

free water, vasoconstriction and myocyte biology through activation of V2

and V1a receptors. Current research is exploring V2- and dual V1a/V2

receptor antagonism for the treatment of hyponatremia, as well as for the

congestion and edema associated with chronic HF, because vasopressin

receptor antagonists might offer benefits in comparison with

conventional loop diuretics. The purpose of this review is to update the

current status of experimental and clinical studies with available

vasopressin receptor antagonists (conivaptan and tolvaptan) and

their potential role in the treatment of HF and hyponatremia of

multiple causes.

Introduction
An understanding of the imbalances in the neurohormonal axis has prompted the greatest

insights into the pathophysiology and treatment of heart failure (HF) to date. From a cardio renal

perspective, neurohormonal imbalances drive much of the sodium and water retention in this

disease. These imbalances also contribute to abnormal loading conditions that predispose

patients to deteriorations in hemodynamics and circulatory abnormalities. Even when volume

is controlled, neurohormonal imbalances drive cellular and molecular processes that cause

progression of this syndrome. Therapy for HF today is built around interfering with two
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neurohormonal systems – the renin–angiotensin–aldosterone

system (RAAS) and the sympathetic nervous system (SNS) – with

the addition of diuretics as needed for reducing volume expan-

sion. Efforts to further exploit this neurohormonal approach

might be warranted. Specifically, the possible contribution of

arginine vasopressin (AVP), a nonapeptide hormone, to HF pro-

gression has recently been appreciated. Inhibition of AVP seems

to have no harmful hemodynamic consequences and might,

theoretically, represent a step forward; however, the serum

sodium concentration is one of the best predictors of cardiovas-

cular mortality, with hyponatremia patients having a substan-

tially shorter survival period than patients with a normal sodium

concentration [1]. It is not known whether neurohormonal acti-

vation and a decreased serum sodium level are results of more

advanced HF or whether they contribute directly to the progres-

sion of the disease.

Hyponatremia (serum sodium < 135 mmol/l) is the most fre-

quent electrolyte disorder encountered in hospitalized patients

[2]. It is a state of relative water excess caused by stimulated AVP

and fluid intake greater than obligatory losses. Increased AVP

secretion leads to decreased electrolyte-free water excretion

(aquaresis), with resulting water retention, and can cause dilu-

tional hyponatremia [3–5]. Hyponatremia as it occurs in HF

patients is a multifactorial process. The presence of hyponatremia

in HF patients correlates with both the severity of the disease and

its ultimate outcome [6–8]. Effects of vasopressin via V1 and V2

receptors are closely implicated in a variety of water-retaining

diseases and cardiovascular diseases, including HF, hyponatremia,
[(Figure_1)TD$FIG]

FIGURE 1

Chemical structures of non-peptide AVP receptor antagonists. (a) Conivaptan hyd
hypertension, renal diseases, syndrome of inappropriate secretion

of anti-diuretic hormone (SIADH), cirrhosis and ocular hyperten-

sion [9–17]. The therapeutic approach to the treatment of hypo-

natremia in HF has traditionally relied on attempts to improve

cardiac function while limiting fluid intake; however, fluid restric-

tion can be very difficult for patients to achieve, is slow to work and

does not allow a graded therapeutic approach. In more select

circumstances, hypertonic saline, loop diuretics, and/or lithium

or demeclocycline have been used. Lithium and demeclocycline

act by retarding the anti-diuretic effect of vasopressin but carry

with their use the risk of serious renal and/or cardiovascular side-

effects [8,18]. More efficient and specific treatments of hypona-

tremia are needed. In this respect, pharmacologic research has

yielded several compounds exhibiting antagonistic qualities at the

vasopressin V2 receptor (V2R). Among these agents, peptidic deri-

vatives of AVP turned out to have intrinsic anti-diuretic properties

in vivo when given over days or weeks [19–23]. The development of

such agents for use in patients has not been pursued. However,

several promising non-peptides, vasopressin receptor antagonists

(VRAs, or ‘vaptans’), have been described; these agents are con-

ivaptan (YM-087), lixivaptan (VPA-985), satavaptan (SR-121463)

and tolvaptan (OPC-41061) [24–29] (Fig. 1). Numerous clinical

trials show VRAs to be effective at increasing aquaresis and serum

sodium levels in patients with hyponatremia owing to the secre-

tion of SIADH or edema-forming states, such as congestive HF and

cirrhosis. This article reviews both preclinical and clinical trial data

on the VRAs that have been recently approved for marketing

(conivaptan and tolvaptan).
rochloride; (b) tolvaptan; (c) lixivaptan; (d) satavaptan.
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[(Figure_2)TD$FIG]

FIGURE 2

Regulation of water balance by AVP. Vasopressin is produced by the supraoptic and paraventricular nuclei of the hypothalamus. It is transported by the neurons

projecting into the posterior pituitary gland, where it is stored and released. Activation of V1a receptors located in vascular smooth muscle cells and the
myocardium results in vasoconstriction and increased afterload and hypertrophy. The V2 receptors located primarily in the collecting tubules mediate free water

absorption. The V1b receptors are located in the anterior pituitary and mediate adrenocorticotropin hormone (ACTH) and b-endorphin release.
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Vasopressin physiology
Vasopressin is synthesized in the neurosecretory cells of the para-

ventricular and supraoptic nuclei of the hypothalamus and stored

in the posterior pituitary gland. The stimuli for vasopressin pro-

duction and release include low circulating blood volume,

increased serum osmolality and/or sodium, and decreased renal

perfusion [30,31]. AVP release is stimulated by a decrease in

circulating blood volume. A decrease in blood volume causes

‘unloading’ of pressure-sensitive baroreceptors located in the left

atrium, carotid sinus, aortic arch and renal afferent arterioles,

which trigger AVP release [32]. AVP release is also stimulated by

sensory cells known as osmoreceptors, which are located in the

anteroventral third ventricle region of the hypothalamus and

detect changes in serum osmolality that either stimulate or inhibit

AVP production and release [32–35]. The neurosecretory cells that

arise in the hypothalamus project to the posterior pituitary gland,

where AVP is initially stored and then released into the circulation.

Vasopressin receptors respond to elevated AVP levels by increasing

free water reabsorption and vasoconstriction (Fig. 2). Several other

stimuli for AVP release have been identified, including norepi-

nephrine and angiotensin II.

Vasopressin receptors and their actions
AVP contributes to HF through several mechanisms because AVP

has a complicated set of receptor systems (Table 1). The biological
828 www.drugdiscoverytoday.com
effects of vasopressin are mediated via a family of membrane-

bound receptors. In 1979, Michell et al. [36] suggested the presence

of two distinct receptor subtypes. The vasopressin V1 receptor

subtype is primarily responsible for vasoconstrictor activity,

whereas the V2R subtype regulates anti-diuretic effects. The vaso-

pressin receptors belong to the GTP-binding G-protein-coupled

receptor family: the V1 receptors activate phospholipases via Gq/

11, and the V2Rs stimulate adenylyl cyclase by operating via Gs

[37].

The V1 receptor is further subdivided into V1a and V1b (also

called V3) receptors. Important locations and functions of the

receptor subtypes are summarized in Table 1 [38–45]. V1a receptors

in myocytes also mobilize endoplasmic reticulum Ca2+ stores and

potentiate generation of inositol-3-phosphate, which, in turn,

improves myocardial inotropic function [38,39]. There are no

known direct cardiovascular effects mediated by V1b receptor

subtype, which has been implicated in mediating glucagon secre-

tion and promotion of cellular proliferation [42].

V2R subtypes located primarily in the cells of renal cortical

collecting ducts respond to elevated AVP levels by promoting free

water reabsorption, which leads to antidiuresis (Table 1). Exag-

gerated release and action of AVP can produce hyponatremia in

the pathological state. The binding of AVP to the V2Rs on the

basolateral membrane of renal collecting ducts leads to an increase

in intracellular cyclic 3050-adenosine monophosphate (cAMP) by
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TABLE 1

AVP receptors and their actions

Receptor Signaling Location Actions Refs

V1a G-protein-coupled; IP3 activation;

raises intracellular Ca2+
Vascular smooth muscle cells Vasoconstriction [38,39]

Cardiomyocytes Hypertrophy

Hepatocytes Glycogenolysis

Platelets Platelet aggregation

V1b (or V3) G-protein-coupled; IP3 activation;

decreases intracellular Ca2+
Anterior pituitary Adrenocarticotropin and beta-endorphin release [40–42]

Kidney Not well defined

b-Cells in pancreas Insulin and glucagon secretion

V2 Adenyl cyclase Renal collecting ducts Water retention (antidiuresis) [43–45]

Ascending limb of Henle Sodium, potassium, and chloride co-transport
Endothelial cells von Willebrand factor secretion
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stimulating adenylyl cyclase activity through Gs protein. This, in

turn, regulates renal free water excretion by shuttling aquaporin-2

(AQP 2) water channels from intracellular vesicles into the apical

plasma membrane of the renal collecting duct cells, thereby

increasing water permeability of the membrane and producing

an antidiuresis (Fig. 3), which, in turn, causes a decrease in blood

sodium concentration and plasma osmolality [43]. There are addi-

tional renal effects of AVP, including modifications of urea reab-

sorption and sodium transport in the collecting ducts, as well as

V2R-mediated sodium, potassium and chloride co-transport in the

ascending limb of Henle [44]. An extrarenal effect mediated by

V2Rs located in the vascular endothelium has been described

implicating the secretion of the von Willebrand factor [45]

(Table 1). The major actions of AVP in HF are mediated through

V1a and V2Rs.

[(Figure_3)TD$FIG]

FIGURE 3

AVP signal transduction pathway in the collecting ducts. AVP binds to the V2 recept

kidney. The receptor couples to Gs, a heterotrimeric GTP-binding protein, which th

multimeric protein, which, when activated by cAMP, phosphorylates the AQP 2 mol
collecting duct. Thewater channels then allow a single file of watermolecules to trav

returned back to the circulation.
Role of AVP and its signaling in chronic heart failure
Circulating AVP levels have been found to be elevated significantly

in patients with chronic heart failure (CHF) (9.5 pg/ml) compared

with healthy controls (4.7 pg/ml) P < 0.001, with higher levels

found in CHF patients with significant cardiac decompensation

and hyponatremia [46–48]. In the Studies of Left Ventricular Dys-

function trial, plasma AVP concentrations increased with the sever-

ity of cardiac impairment, with the highest levels in those with overt

symptoms of CHF [46]. Furthermore, a multivariate analysis of post-

infarction patients in the Survival and Ventricular Enlargement

study showed that AVP levels are independent predictors of the

combined end points of cardiovascular mortality, development of

severe HF or recurrent myocardial infarction [49]. These results

confirmed that AVP is overexpressed in the setting of HF.

An increase in AVP secretion occurs in response to non-osmotic
or on the basolateral surface of the principal cells of the collecting duct of the

en binds to adenylate cyclase, thereby increasing cAMP production. PKA is a

ecule where it is delivered via cytoplasmic vesicles to the apical surface of the
erse the apical membrane in response to the osmotic gradient where they are

www.drugdiscoverytoday.com 829
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stimuli, such as the low arterial pressure and effective arterial

volume characteristic of CHF [5]. Therefore, AVP secretion can be

enhanced, despite low plasma osmolality and hypotonicity. Excess

AVP activity has several adverse effects on free water reabsorption,

cardiac contractility and vascular tone. The increased AVP activity

in CHF leads to an increase in the number of AQP 2 channels in the

renal collecting ducts [43], and increased expression of AQP 2

messenger RNA has been observed in a rat model of severe CHF

[50]. Rats with an elevated left ventricular (LV) end-diastolic pres-

sure (LVEDP) and reduced plasma sodium concentrations had a

significant increase in AQP 2 expression compared with rats with

mildly compensated CHF without raised LVEDP or reduced plasma

sodium concentrations [51]. The increased expression of AQP 2 and

the resultant increase in free water reabsorption, even under con-

ditions of low plasma sodium concentrations, illustrates how excess

AVP activity contributes to the development of hyponatremia and

edema in CHF. It has been hypothesized, therefore, that chronically

high levels of circulating AVP not only play an important part in the

pathophysiologyofHFsyndrome butalso contribute to the disease’s

progression.

Hemodynamic effects of AVP
Increases in circulating AVP levels are also associated with hemo-

dynamic abnormalities in patients with CHF [52]. AVP can cause

edema and hyponatremia by stimulating V2Rs, and can increase

systemic vascular resistance (SVR) by stimulating V1a receptors

[3,21,47]. Intravenous (i.v.) infusions of AVP significantly

increased SVR and pulmonary capillary wedge pressure (PCWP)

while decreasing cardiac output and stroke volume in CHF

patients [52]. The increase in venous blood volume that results

from V2R-mediated water retention can increase preload, leading

to an increase in PCWP and LV filling pressure. An increase in

afterload as a result of V1a activation and the subsequent arterial

vasoconstriction can also contribute to the hemodynamic changes

associated with AVP release [4,52]. These mechanisms suggest that

excess AVP activity at both V1a and V2 receptors is responsible for

the adverse hemodynamic changes that occur in CHF. In addition,

AVP exerts potent mitogenic and hypertrophic effects on vascular

smooth muscle cells, primarily through the activation of V1a

receptors [53]. In vitro, AVP has been found to induce a time-

dependent and concentration-dependent increase in the secretion

of vascular endothelial growth factor in vascular smooth muscle

cells [54]. In addition to its adverse effects on hemodynamics, AVP

induces structural changes in the myocardium [38,55–57]. AVP

seemed to stimulate myocardial cell hypertrophy by enhancing

intracellular Ca2+ levels with increased protein synthesis and

cellular growth in cultured rat cardiomyocytes [38,55,56]. On

exposure to V1a receptor antagonists, the observed hypertrophy

was significantly inhibited [56,58]. Thus, high levels of AVP can

lead to myocardial fibrosis, hypertrophy and vasoconstriction via

the activation of V1a receptors, as well as water retention and

hyponatremia via the activation of V2Rs. The relative contribu-

tions of these receptors in the setting of CHF and the consequence

of their blockade are unknown.

Limited efficacy of diuretics in HF
Currently, diuretics are the only drugs to reduce the fluid overload

that results in congestion in CHF patients. Loop diuretics potently
830 www.drugdiscoverytoday.com
excrete water and electrolytes and, therefore, have been widely

prescribed for the treatment of edema associated with CHF, renal

disease and hepatic disease [59–61]. Torasemide, a long-acting

loop diuretic, has been used to treat both acute and chronic HF

and hypertension [60,62]. Comparative studies have shown that in

cases of CHF, torasemide exerts more favorable effects on clinical

signs of the disease and the functional status of patients than

furosemide [63–67]. In animal experiments, torasemide was

approximately ten times more potent than furosemide. The

increase in urinary potassium excretion caused by torasemide

was slight compared to the increase in urinary sodium excretion

[61,68,69]. Recently, we have also reported that compared with

furosemide, torasemide treatment significantly improved survival

rate and LV function and ameliorated the progression of cardiac

remodeling in rats with CHF after experimental autoimmune

myocarditis [70]. Although rapid symptomatic improvement

and a decrease in volume overload are observed with diuretic

therapy for HF syndrome, an alternative to diuretics would be

welcome given that diuretic therapy also has several disadvan-

tages, including increased neurohormonal activation, worsening

renal function and electrolyte disturbances [71–73].

Vasopressin receptor antagonism
The integral role of AVP in regulating sodium and water reabsorp-

tion, cardiac contractility and vascular tone, as well as the impor-

tance of AVP’s activation in the progression of CHF, make it a

potential neurohormonal target in the treatment of CHF. Hypo-

natremia in congestive HF is associated with increased morbidity

and mortality, underlying the importance of adequate assessment

and treatment of this electrolyte imbalance in patients with CHF.

Among HF patients treated with angiotensin-converting enzyme

(ACE) inhibitors, diuretics and beta-blockers, even a small decline

in serum sodium levels, to 136 mequiv./l or less, was associated

with more than twice the risk of 60-day mortality and a significant

increase in risk of readmission or death within 60 days compared

with serum sodium levels greater than 136 mequiv./l [74]. Increas-

ing the serum sodium concentration during hospitalization

improves outcomes; an increase of 2 mequiv./l or greater is asso-

ciated with a relative reduction in the risk of mortality at 60 days

compared with no change in the serum sodium level [75,76]. This

suggests the normalization of low serum sodium levels to be

another potential mechanism of benefit of V2R antagonism in HF.

Current options for hyponatremia in CHF include hypertonic

saline solutions, loop diuretics, fluid restriction and pharmacolo-

gical agents such as demeclocycline, lithium carbonate and urea

[8,18]. Hypertonic saline solutions must be administered with

extreme caution because excessively rapid sodium correction

can lead to neurological effects such as central pontine myelino-

lysis. As described above, use of loop diuretics for congestion is

associated with electrolyte abnormalities, which can exacerbate

the existing hyponatremia and deteriorate renal function. Fluid

restriction is moderately effective and often difficult to implement

in a hospital setting. Agents such as demeclocycline and lithium

carbonate have potentially serious renal and cardiovascular side-

effects [8,18].

The discovery of VRAs has been credited to Manning and Sawyer

[77,78]. Initial investigations were carried out using peptide ana-

logs of AVP receptor antagonists. Previous reports on the chronic
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TABLE 2

Profile of AVP antagonists for the treatment of heart failure

Agent Receptor
selectivity

Receptor
selectivity
index in humans
(Ki V1a:Ki V2)

Proposed
routes of
administration

Urine
volume

Urine
osmolality

Sodium
excretion/
24 hours

Developed
company

Dose Half-life
(hour)

Conivaptan V1a/V2 10:1 Oral/IV " # $ Yamanouchi
Astellas

40–80 mg 5–12

Tolvaptan V2 29:1 Oral " # $ Otsuka 15–60 mg

once daily

6–8

Lixivaptan V2 100:1 Oral " # $ at low dose

" at high dose

Wyeth-Ayerst

Cardiokine

50–100 mg

twice daily

7–10

Satavaptan V2 112:1 Oral " # $ Sanofi Aventis 5–25 mg

once daily

14–17

AVP, arginine vasopressin; ", increased; #, decreased; $, no change.
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blockade of AVP receptors by peptide V2R antagonists did not

show persistent aquaresis [19,20], and further research with

these compounds was limited by poor oral bioavailability, short

half-lives, partial agonism and species-specific activity [21–23].

The focus of developmental research subsequently shifted to

non-peptide VRAs, OPC-21268 and mozavaptan [9], which

showed sufficient oral bioavailability and long-term effects of

potential clinical value, further encouraging the development of

various non-peptide VRAs. As a result, specific non-peptide

antagonists (lixivaptan, satavaptan and tolvaptan), as well as

dual V1a/V2 receptor antagonists (conivaptan), have now been

developed and are currently under clinical investigation [23,79]

(Fig. 1, Table 2).

The era of blocking AVP to treat HF began with a ten-patient

study of advanced HF using an infusion of a V1 receptor antago-

nist. In patients with high vasopressin levels, V1 receptor antag-

onism was associated with a reduction in SVR consistent with

vasodilation and an increase in cardiac output. In patients with

low and normal vasopressin levels, however, the VRA tended to

have an agonistic rather than an antagonistic effect [80]. The

development of non-peptide VRAs with longer half-lives, better

oral bioavailability and greater efficacy enabled testing of the

hypothesis that interfering with AVP-mediated signaling could

be beneficial in HF. It was hoped that non-peptide VRAs could

promote symptomatic improvement during acute exacerbations

of HF and slow the progression of the clinical syndrome. These

agents seemed to be an alternative to loop diuretics. V1a receptor

antagonism has the potential to reverse vasoconstriction, improve

cardiac output, decrease SVR and lower blood pressure. V1a block-

ade also could possibly reverse myocardial remodeling. In earlier

studies, however, V1a antagonism alone had little clinical benefit.

In multiple clinical trials, the effects of vasopressin V2 antagonists

on renal function have been very similar. Specifically, V2 antag-

onism results in increased aquaresis without loss of sodium and

other electrolytes, increased serum sodium concentration,

decreased weight and edema. When selective V2 antagonists are

given, AVP levels become markedly elevated, which is of unclear

significance [4,81]. Theoretically, selective V2 antagonism could

increase the interaction of AVP with unblocked V1a receptors

causing vasoconstriction, increased afterload, worsening LV func-

tion and coronary vasoconstriction; however, these adverse effects

have not been noted clinically. V2 antagonism had similar diuretic
potency to furosemide. However, V2R blockade increases –

whereas furosemide decreases – serum sodium levels [82].

As outlined in Table 2, all four non-peptide VRAs produce

aquaresis. As a result, VRAs increase urine volume, decrease urine

osmolality and raise serum sodium with little or no sodium loss

and no compensatory activation of the RAAS. Conivaptan and

tolvaptan have been approved by the Food and Drug Administra-

tion (FDA) for the management of euvolemic or hypervolemic

hyponatremia and are commercially available in the USA. Con-

ivaptan is available for i.v. administration, whereas the other three

agents are being developed for oral administration. These agents

differ in their degree of specificity for V1a and V2 receptors (Table

2). The remainder of this article reviews and assesses the available

preclinical and clinical trial data for conivaptan and tolvaptan.

VRAs in preclinical studies
VRAs have been fully characterized in vitro and in vivo (Table 3).

Each is a potent antagonist of the targeted receptors, as demon-

strated in binding assays and in the expected physiological

responses observed in animal studies [24–29]. Conivaptan is a

non-peptide VRA with a high affinity for both V1a and V2 recep-

tors. Conivaptan inhibited specific binding of [3H]-AVP to V1a and

V2 receptors in a concentration-dependent manner [24]. Further-

more, conivaptan markedly blocked AVP-induced cAMP produc-

tion in cultured renal epithelium cells dependent on its

concentration and had no agonistic activities. In rats and dogs,

conivaptan has demonstrated both an inhibitory pressor response

and an effective aquaretic effect via V1a and V2 receptor blockade,

respectively, without inducing electrolyte excretion, in contrast to

furosemide, which produced marked natriuresis and kaliuresis

[24,25]. Conivaptan dose-dependently increased urine volume

and reduced urinary osmolality without affecting blood pressure

[24–26,83]. In dogs with pacing-induced CHF, i.v. conivaptan

(0.1 mg/kg) produced significant aquaresis and hemodynamic

changes [84]. In anesthetized dogs, the i.v. injection of a bolus

of conivaptan (0.1 mg/kg) rapidly attenuated AVP-induced hemo-

dynamic changes [85]. In a rat model of CHF induced by ligating

the left coronary artery, conivaptan improved hemodynamics and

increased urine volume and decreased urine osmolality without

affecting electrolyte excretion [86,87]. It has been suggested that

the favorable hemodynamic and aquaretic effects of conivaptan

were due to antagonism at the V1a and V2 receptors, respectively.
www.drugdiscoverytoday.com 831
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TABLE 3

Summary of vasopressin receptor antagonists ‘vaptans’ in preclinical studies

Agent and

Refs

Species Disease model Dose (mg/kg)
and route

Effects on electrolytes Effects on hemodynamics and/or
neurohormones

Conivaptan HF models
[84,85] Dogs Pacing and

AVP-induced
congestive HF

0.1 (i.v.) Marked increase in aquaresis Marked increase in CO, dP/dtmax and

decrease in LVEDP and TPR

[86,87] Rats MI-induced CHF 0.3–3 (p.o) �
single dose

0.03, 0.1 and 0.3 (i.v.)

Dose-dependently produced aquaresis Conivaptan (3 mg/kg) attenuated

LVEDP, lung and RV weights, RVSP,

ratio of lung to BW and RAP and
improved CO and dP/dtmax

[88] Rats MI-induced CHF 1 (p.o) plus captopril

50 (p.o) � four weeks

Conivaptan increased water excretion Combination therapy reduced BP,

ANP, RVM, LVM and BW

Non-HF models
[24] Rats Pithed 0.003–0.03 (i.v.) Produced dose-dependent aquaresis Inhibited AVP-induced pressor

response

Dehydrated and
conscious

0.01–0.03 (i.v.) Blocked AVP-induced cAMP
production without agonistic activity

[25] Dogs Hydrated 0.03–0.3 (p.o) and

0.01–0.1 (i.v.)

Dose-dependently increased UV and

decreased Uosm with no electrolyte

excretion compared to furosemide

Decreased in the pressor effect

of exogenous AVP

[26] Rats Conscious 0.1, 0.3, 1 and 3 (p.o) Dose-dependently produced aquaresis No effect on BP

[83] Rats Conscious 0.1–3 (p.o) Effects are similar as in Ref. [26] No effect on SBP. Dose-dependently

inhibited AVP binding to liver V1a
and kidney V1a and V2 vasopressin
receptors over 24 hours

Tolvaptan HF models
[91] Dogs Pacing-

induced HF

0.3–10 (p.o)

single dose

Produced dose-dependent aquaresis;

increased UV, E-CH2O and decreased
Uosm; elevated SNa, and Sosm versus

furosemide (0.3–3 mg/kg)

Unlike furosemide, tolvaptan increases

plasma AVP but did not stimulate
either sympathetic or RAA system

[94,95] Rats Myosin-

induced CHF

3 and 10 (p.o)

� 28 days

Produced diuresis comparable to

furosemide (30 and 100 mg/kg).
Other effects were similar as in

Ref. [91]. Tolvaptan inhibited AQP

2 protein and its glycosylated form

in the kidney of CHF rat

Both had no significant adverse or

beneficial effects on cardiac
geometry or function. Unlike

tolvaptan, furosemide increases

PRA, PALD and Pcr levels

[96] Dogs Pacing-

induced HF

10 (p.o) Significantly increased UV Significantly decreased PCWP

and increased plasma AVP without

any changes in PVR, RBF or GFR

Non-HF models
[29] Rats Conscious 0.3,1,3 and 10 (p.o.)

single dose; 1 and

10 � 28 days

Produced dose-dependent aquaresis

and increased Sosm, SNa concentrations

and urinary AVP excretion

Inhibited [3H]-AVP binding to

V1a receptors (Ki = 325 � 41 nM)

and V2 receptors (Ki = 1.33 � 0.30 nM),
showing higher receptor selectivity

(V1a/V2 = 244) than with human

receptors

[91,92] Rats Conscious 1 and 10 (p.o) single dose Effects are similar as above in Ref. [91].

Produce an additive effect when
combined with furosemide

(10 and 100 mg/kg)

Effects are similar as above in Ref. [91].

No additive effect on RAA was seen
when combined with furosemide

Beagles Conscious 0.3–10 (p.o) single dose

[98] Rats Hyponatremia 1, 3 and 10 (p.o.) �
3 days 0.25–8 (p.o.)

(adjusted dose) �
10 days

Produced dose-dependent aquaresis,
resulted in a gradual increase in SNa
concentration

Improved hyponatremia-driven
increases in wet weight and

water content in the organs

[112] Rats PKD 0.01%, 0.03% and
0.1% in diet (p.o.)

Significantly decreased renal cAMP
and kidney weight

Significantly decreased cyst and fibrosis
volume, PCNA-positive renal cells and

apoptotic indices in PCK rats

Abbreviations: ANP, atrial natriuretic peptide; AQP 2, aquaporin-2; AVP, arginine vasopressin; BP, blood pressure; BW, body weight; CHF, chronic heart failure; CO, cardiac output; E-CH2O,

electrolyte-free water excretion; GFR, glomerular filtration rate; HF, heart failure; HR, heart rate; LVEDP, left ventricular end-diastolic pressure; MI, myocardial infarction; Pcr, plasma creatinine;

PCNA, proliferating cell nuclear antigen; PCWP, pulmonary capillary wedge pressure; PKD, polycystic kidney disease; PALD, plasma aldosterone; PRA, plasma renin activity; PVR, peripheral

vascular resistance; RAA, renin–angiotensin aldosterone; RBF, renal blood flow; RV, right ventricular; RVM and LVM, right and left ventricular mass; RVSP, right ventricular systolic pressure; RAP,

right atrial pressure; SBP, systolic blood pressure; SNa, serum sodium; Sosm, serum osmolality; TPR, total peripheral resistance; UNa, urine sodium; UV, urine volume; Uosm, urine osmolality; cAMP,

cyclic 3050-adenosine monophosphate; dDAVP, 1-desamino-8-D-arginine vasopressin; dP/dtmax, intraventricular pressure rise.
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[(Figure_4)TD$FIG]

FIGURE 4

(a,b) The correlation between electrolyte-free water excretion (E-CH2O) and urinary AVP excretion after tolvaptan and furosemide treatment in CHF rats. D, CHF

rats treated with vehicle; *, CHF rats treated with tolvaptan (3 mg/kg/day); &, CHF rats treated with tolvaptan (10 mg/kg/day); ^, CHF rats treated with

furosemide (30 mg/kg/day); [TD$INLINE] , CHF rats treated with furosemide (100 mg/kg/day). (c) Effect of tolvaptan and furosemide on creatinine clearance in CHF rats. Data

are presented as means � SE. V, vehicle-treated CHF rats; T3, CHF rats treated with tolvaptan 3 mg/kg/day; T10, CHF rats treated with tolvaptan 10 mg/kg/day; F30,
CHF rats treated with furosemide 30 mg/kg/day; F100, CHF rats treated with furosemide 100 mg/kg/day. *P < 0.05 versus vehicle-treated CHF rats.
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In this model, the combination of conivaptan 1 mg/kg and the ACE

inhibitor captopril 50 mg/kg was more effective in relieving pul-

monary congestion than either drug alone. Moreover, ACE inhibi-

tion did not affect the aquaretic response with conivaptan [88]

(Table 3). In cultured neonatal rat cardiomyocytes, conivaptan

was also demonstrated to dose-dependently inhibit AVP-induced

protein synthesis, as measured by decreases in intracellular free Ca2+

and mitogen-activated protein kinase (MAPK) activity, suggesting

that conivaptan might offer clinical utility in the prevention and

regression of cardiomyocyte hypertrophy via blockade at V1a recep-

tor [55]. Thus, in animal models, inhibition of both V1a and V2

receptors might have a beneficial role in HF.

OPC-31260 was the first non-peptidic V2R antagonist to be

developed and was introduced in 1992 [89]. Since then, two more

compounds have become available: VPA-985 (lixivaptan) and SR-

121463A (satavaptan) [27,28]. In comparison with OPC-31260,

they exhibit a higher affinity and selectivity for V2Rs, thereby

suggesting enhanced efficacy [90]. Tolvaptan, another selective

V2R antagonist, was synthesized through a series of structural

conversions of mozavaptan [89]. AVP-binding experiments with

this agent revealed a 29:1 (V2:V1a) receptor selectivity in cloned

human receptors and 250 times greater affinity for rat V2R than rat

V1R [29]. Similar results were obtained in canine membrane pre-

parations [91]. Tolvaptan inhibited production of cAMP, a second

messenger of V2R activation, with no intrinsic agonistic activity

[29]. These results indicate that tolvaptan has a potent and selec-

tive effect at V2Rs in humans, rats and dogs. Dose-dependent

responses demonstrated in both rats and dogs include increased

aquaresis, less urinary loss of sodium than furosemide and no
effect on serum creatinine [29,91,92]. Compared with furosemide,

serum sodium increased in a dose-dependent manner in animals

given tolvaptan. In contrast to loop diuretics, antagonism of V2Rs

seemed not to increase the activation of RAAS [91,92]. On treat-

ment with multiple doses of tolvaptan for 28 days at 1 and 10 mg/

kg per os in rats, aquaretic effects remained constant throughout

the study period, although effects were more pronounced on the

first day of treatment [29]. In animal studies, when administered

concomitantly with furosemide, tolvaptan demonstrated an addi-

tive diuretic effect, as well as an overall elevation in serum sodium

concentrations [91,92] (Table 3).

The aquaretic effect of tolvaptan after repeated administration

was evaluated in rats with myosin-induced CHF [93], and its

efficacy was compared with that of furosemide, a loop diuretic

[94]. Tolvaptan produces diuresis comparable to furosemide in

CHF rats. Tolvaptan increased aquaresis (E-CH2O) and AVP excre-

tion and decreased osmolality without any effect on electrolyte

excretion (E-Cosm). Moreover, plasma sodium levels and osmol-

ality were increased significantly in CHF rats. By contrast, furose-

mide increased urinary sodium excretion and E-Cosm and

decreased plasma sodium and E-CH2O in CHF rats [94] (Table

3). In addition, we observed a negative and positive correlation

between urinary AVP excretion and E-CH2O with furosemide and

tolvaptan treatment, respectively (Fig. 4a,b). These results suggest

that tolvaptan and furosemide exert an aquaretic and a natriuretic

effect, respectively. In addition, neither pharmacological inter-

vention had significant beneficial effects on cardiac geometry or

function in CHF rats. In contrast to tolvaptan, furosemide sig-

nificantly elevated plasma renin activity levels, aldosterone and
www.drugdiscoverytoday.com 833
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TABLE 4

Results of clinical trials on the effects of vasopressin receptor antagonists (vaptans) on hyponatremia and HF

Drug and

Refs

Subjects and dosage Drug effects

Diuresis and
electrolytes

SNa and/
or Sosm

BW Hemodynamics and/or
overall benefits

Conivaptan Hyponatremia
[115] 74 patients (with euvolemic or

hypervolemic) (SNa 115–130 mequiv./l).

Oral dose at 40 or 80 mg/day for five days

Significant increase in

aquaresis and decrease

in Uosm and UNa

Significant

increase in

SNa and Sosm

Not reported Changes in neurohormonal

parameters were similar

among the groups
[116] 84 patients (with euvolemic or

hypervolemic) (SNa 115–130 mequiv./l).

Single 20 mg bolus followed by

continuous infusion of 40 mg/day or
80 mg/day for four days

Significant increase in

FWC and decrease

in Uosm

Significant

increase in

SNa and Sosm

Not reported Well tolerated

HF
[121] 345 patients with CHF (NYHA class II–IV).

Oral dose at 10, 20 or
40 mg/day for 12 weeks

Not reported Not reported Not reported No improvement in overall

functional capacity, exercise
tolerance or quality of life

[122] 170 patients with ADHF. Single 20 mg

bolus followed by continuous infusion

of 40, 80 or 120 mg/day for two days

Significant

increase in UO

Not reported Decrease in BW Hemodynamically well

tolerated with no change

in clinical status
[129] 142 patients with advanced HF (NYHA

class III–IV). Single i.v. dose at 10, 20

or 40 mg in addition to standard therapy

Significant

increase in UO

and decrease in Uosm

Not reported Not reported Significant reduction in

PCWP and RAP without

any changes in BP, SVR,

CI, or renal function

Tolvaptan Hyponatremia
[117] 448 patients (with CHF, LC or SIADH)

(SNa < 135 mequiv./l). Once-daily oral

dose started at 15 mg/day, increased to
30 and then 60 mg/day if necessary for

4 and 30 days

Marked increase

in UV and

decrease in Uosm

Significant

increase in SNa

Significant

decrease in BW

Increases in plasma AVP,

improvements in MC

[118] 28 patients (with HF, LC, SIADH)
(SNa < 135 mmol/l). Once-daily oral dose

started at 10 mg/day and increased to

60 mg/day if necessary for 27 days

Marked increase
in UV and

decrease in Uosm

and UNa excretion

Significant
increase in SNa

Not reported

[119] 111 patients (with CHF, LC or SIADH)
(SNa < 130–135 mmol/l). Once-daily oral

dose started at 15 mg/day, increased

to 30 and then 60 mg/day for a

maximum of 214 weeks

Not reported Significant
increase in SNa

Not reported Well tolerated

HF
[124] 254 patients with CHF (NYHA class II–III).

70 (28%) of 254 patients with

hyponatremia (SNa < 136 mequiv./l).
Oral dose at 30, 45 or 60 mg/day

for 25 days

Increase in UV and

decrease in Uosm

24 hours after
drug dosing

Normalize SNa
levels

Significant

reduction in BW

24 hours after
drug dosing

Decrease in edema scores

with no change in HR, BP,

renal function or SK

[125] 319 patients with ADHF (LVEF � 40%).

68 (21%) of 319 patients with
hyponatremia (SNa < 136 mequiv./l).

Oral dose at 30, 60 or 90 mg/day

for 60 days

Significant

increase in UV

Rapid and

sustained
increase in SNa

Significant

reduction in BW
at 24 hours and

further decrease

in the hospital
phase (first ten

days)

No change in HR, BP, SK or

renal function in the
hospital phase. Degree of

worsening HF unchanged

at 60 days, but improved
mortality rate in the

subgroups (i.e. patients

with RD or SSC)

[126,127] 4133 patients with ADHF (LVEF � 40%)
1124 (27%) of 4133 patients with

hyponatremia (SNa �134 mequiv./l). Oral

dose at 30 mg/day for 60 days in addition

to standard care

Increase in UO Significant
increase in SNa

Significant
reduction in BW

Greater improvement in
GCS, dyspnea and edema.

No change in CV mortality,

CV death or hospitalization

for HF
[130] 181 patients with HF and systolic

dysfunction (NYHA class III–IV). Single

oral dose at 15, 30 or 60 mg

Increase in aquaresis,

UV and decrease

in Uosm

Not reported Not reported Modest reduction in PCWP,

PAP, and RAP and modest

increase in Posm and SNa
with no change in CI, PVR,
SVR, Scr, SK, BUN and vital

signs
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TABLE 4 (Continued )

Drug and

Refs

Subjects and dosage Drug effects

Diuresis and
electrolytes

SNa and/
or Sosm

BW Hemodynamics and/or
overall benefits

[131] 240 patients with HF and systolic

dysfunction (LVEF � 30%). Once-daily
oral dose at 30 mg for up to one year in

addition to evidence-based HF therapy

Not reported Not reported Not reported Decrease in mortality and

hospital admissions with
one year therapy, but no

reduction in LV volumes or

ejection fractions in patients

[132] 14 patients with mild to moderate HF.
Once-daily oral dose at 30 mg for three

days, and then crossover for five days

total; at day 5, all patients received
single oral dose of furosemide 80 mg

Increase UO similar
to furosemide

No significant
change in SNa

Not reported In contrast to tolvaptan,
furosemide increased

UNa, UK, PRA, and

norepinephrine levels
and decreased RBF and SNa

Abbreviations: ADHF, acute decompensated heart failure; BP, blood pressure; BUN, blood urea nitrogen; BW, body weight; CHF, chronic heart failure; CI, cardiac index; CV, cardiovascular;

CWAs, cirrhotic with ascites; FR, fluid restriction; FWC, free water clearance; GCS, global clinical status; HF, heart failure; HR, heart rate; LC, liver cirrhosis; LV, left ventricular; LVEF, left

ventricular ejection fraction; MC, mental component; NYHA, New York Heart Association; PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; PRA, plasma renin

activity; PVR, pulmonary vascular resistance; Posm, plasma osmolality; RAP, right atrial pressure; RBF, renal blood flow; RD, renal dysfunction; SIADH, syndrome of inappropriate anti-diuretic

hormone secretion; SK, serum potassium; SNa, serum sodium; SSC, severe systemic congestion; SVR, systemic vascular resistance; Scr, serum creatinine; Sosm, serum osmolality; UK, urine

potassium; UNa, urine sodium; UO, urine output; Uosm, urine osmolality; UV, urine volume.
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creatinine concentrations [94]. Creatinine clearance was also sig-

nificantly decreased in the furosemide-treated rats in comparison

with vehicle-treated CHF rats, suggesting that furosemide

decreased glomerular filtration rate (GFR) and was not affected

by tolvaptan treatment (Fig. 4c). The upregulation of AQP 2

protein in the kidney of CHF rats was inhibited by tolvaptan

[95] (Table 3), suggesting that in a rat model of CHF, AVP plays

a major part in water retention through the renal V2R. Tolvaptan

dose-dependently increased aquaresis in dogs with HF induced by

chronic rapid ventricular pacing. Tolvaptan increased plasma AVP

concentrations but did not stimulate either SNS or RAAS despite its

potent aquaretic effects [91,96]. Tolvaptan (10 mg/kg) signifi-

cantly decreased PCWP in parallel with an increase in urine

excretion, suggesting a reduction of cardiac preload and pulmon-

ary congestion. Conversely, tolvaptan did not alter peripheral

vascular resistance, renal blood flow (RBF) or GFR in HF dogs,

suggesting that the compensatory increase in plasma AVP levels by

tolvaptan did not aggravate cardiac afterload or renal function in

these animals [96] (Table 3). In this model, coadministration of

tolvaptan and brain natriuretic peptide resulted in a beneficial

profile of renal, neurohumoral and hemodynamic actions, speci-

fically potent diuresis with natriuresis, neutral effect on mean

arterial pressure and lack of aldosterone activation [97]. Taking

all the results together, tolvaptan might emerge as an important

therapeutic option for edematous conditions in CHF, owing to its

ability to remove excess water from the body without activating

the RAAS or causing serum electrolyte imbalances.

The therapeutic efficacy of tolvaptan was assessed in a rat model

of acute and chronic severe hyponatremia by Miyazaki et al. [98].

In the acute model, tolvaptan produced dose-dependent aquaresis,

which resulted in a gradual increase in the plasma sodium con-

centration. Consequently, tolvaptan treatment reduced mortality,

and at higher doses (3 and 10 mg/kg), no deaths were observed. In

the chronic model, tolvaptan gradually increased plasma sodium

concentrations to healthy levels without causing abnormal beha-

vior suggesting neurological symptoms or deaths and, in addition,

improved hyponatremia-driven increases in wet weight and water

content in the organs. It seems, therefore, that tolvaptan should be

useful in the management of hyponatremia [98] (Table 3). In
addition, VRAs have been shown to markedly increase free water

excretion [14,99–108] and reverse the increased AQP 2 expression

[106–108] and AQP of collecting duct mRNA [99] in animal models

of hyponatremia with water-retaining states such as experimental

cirrhosis [99–103], SIADH [14,99,104,105] and glucocorticoid defi-

ciency [106–108]. Administration of AVP V2R agonist desmopres-

sin induces SIADH, whereas CCl4 induces cirrhosis, ascites and

severe water retention in experimental animals. Furthermore,

treatment with VRAs exhibited marked water diuresis, as evi-

denced by an increase in urinary volume and a fall in urinary

osmolality. This treatment also normalizes serum sodium levels

and osmolality [14,99–105].

In several recent studies, a V2R antagonist has been shown to

inhibit the development of polycystic kidney disease (PKD) in cpk

mice and in animal models of autosomal recessive PKD (PCK rats),

autosomal dominant PKD (ADPKD) (Pkd2/WS25� mice) and

nephronophthisis (pcy mice) [13,109–111]. Tolvaptan administered

at 0.01–0.1% in diet from the third to the tenth week of age

significantly decreased renal cAMP, kidney weight, cyst and fibrosis

volume, proliferating cell nuclear antigen-positive renal cells and

apoptotic indices in PCK rats, indicating a protective effect against

the development of PKD [112] (Table 3). The Ras/MAPK pathway,

which is considered to mediate the proliferative response to cAMP in

vitro [113], is activated in PCK rats and was inhibited by tolvaptan

[112]. Furthermore, Nagao et al. [114] also confirmed the physio-

logical importance of AVP in the development of PKD by decreasing

endogenous AVP levels in water-loaded PCK rats. These results

support the importance of AVP and cAMP in the pathogenesis of

PKD, confirmthe effectiveness in the PCK rat of a V2 antagonist tobe

used in ADPKD clinical trials, and suggest that tolvaptan inhibits

Ras/MAPK signaling in polycystic kidneys.

VRAs in clinical studies
Trials in hyponatremia
Hyponatremia is challenging to treat, with current approaches

having significant limitations. Antagonism of AVP at its receptor is

attractive as an approach that directly addresses the pathophysiol-

ogy. Table 4 summarizes the trials that investigated the use of VRAs

in patients with hyponatremia of multiple origins [115–119].
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The efficacy and safety of conivaptan were evaluated in two

randomized, double-blind, placebo-controlled trials in patients

with euvolemic or hypervolemic hyponatremia (serum sodium

115 to <130 mequiv./l) [115,116]. In the first trial, 74 patients

received oral conivaptan 40 or 80 mg/day or placebo in two

divided doses for five days [115]. Oral conivaptan produced sig-

nificant increase in serum sodium of 6.4 mequiv./l and

8.2 mequiv./l in the 40 and 80 mg/day group, respectively. The

percentage of patients achieving a normal serum sodium level

(�135 mequiv./l) or an increase of at least 6 mequiv./l was 48%,

71% and 82% in the placebo group, and lower and higher con-

ivaptan dose groups, respectively (P = 0.014 versus placebo).

Despite the efficacy of oral conivaptan in this trial, development

of the oral formulation was discontinued because of significant

inhibition of the liver enzyme CYP3A4 and elevated plasma levels

of other drugs metabolized by this enzyme [115]. To minimize the

possibility of drug interactions, the FDA restricted conivaptan’s

distribution to a parenteral form for short-term in-hospital use.

In the other trial, 84 patients received a 20 mg i.v. loading dose

of conivaptan, followed by continuous infusion of conivaptan 40

or 80 mg/day for four days, or placebo [116]. Conivaptan resulted

in a significant increase in serum sodium of 6.3 mequiv./l and

9.4 mequiv./l in the 40 and 80 mg/day group, respectively. The

percentage of patients achieving a normal serum sodium level

(�135 mequiv./l) or an increase of at least 6 mequiv./l was sig-

nificantly higher in both conivaptan dose groups (P = 0.001 versus

placebo), despite the potent aquaretic effect. The rate of the

correction of serum sodium concentration was within safe limits

without evidence of excessive hypernatremia or feared complica-

tions of central pontine myelinolysis from too rapid a correction.

Conivaptan was generally well tolerated over the four-day treat-

ment period except for frequent reactions at the site of infusion

[116]. Conivaptan has been shown to correct hyponatremia in

euvolemic or hypervolemic patients. Its efficacy and safety for

short-term use have led to FDA approval of its i.v. form for the

correction of hyponatremia in euvolemic and hypervolemic states.

Two recently completed trials, Study of Ascending Levels of

Tolvaptan in hyponatremia (SALT)-1 and SALT-2, investigated the

effects of tolvaptan on serum sodium levels in patients with

euvolemic or hypervolemic hyponatremia associated with CHF,

cirrhosis or SIADH [117]. This double-blind multicenter trial ran-

domized 223 patients to receive placebo and 225 patients to

receive tolvaptan at an initial dose of 15 mg daily. The dose of

tolvaptan was increased to 30 mg daily and then to 60 mg daily, if

necessary, on the basis of serum sodium concentrations. Serum

sodium concentrations increased more in the tolvaptan group

than in the placebo group during the first four days (P < 0.001)

and after the full 30 days of therapy (P < 0.001). During the first

week of discontinuation of tolvaptan on day 30, serum sodium

concentrations decreased again (hyponatremia recurred). Side-

effects associated with tolvaptan included increased thirst, dry

mouth and increased urination. In scores on a self-administered

questionnaire, subjects with marked hyponatremia who received

tolvaptan showed improvements in some cognitive domains of

the mental component, including overall well-being and ability to

concentrate, but scores on the physical component showed no

significant differences between the two groups. Results of this

study suggest that in patients with euvolemic or hypervolemic
836 www.drugdiscoverytoday.com
hyponatremia, tolvaptan was effective in increasing serum sodium

concentrations at day 4 and day 30 [117]. Of note, patients in the

SALT trials were not fluid restricted; however, in one smaller study,

compared with placebo plus fluid restriction (1200 ml/day), tol-

vaptan (10–60 mg/day) seemed to be more effective at correcting

hyponatremia in hospitalized patients (n = 28) [118].

SALTWATER – a four-year sequential, open-label extension of

the randomized, placebo-controlled, double-blind SALT-1 and

SALT-2 – assessed the effects of tolvaptan in patients with euvo-

lemic or hypervolemic hyponatremia associated with CHF, cirrho-

sis or SIADH [119]. In total, 111 patients (38 from SALT-1 and 73

from SALT-2) were randomized to receive either oral tolvaptan

(15 mg daily, initially, for a maximum of 214 weeks) or placebo. In

the long-term follow-up trial (over a mean follow-up time of 701

days), serum sodium level increased from 130.8 � 4.4 mmol/l at

baseline to above 135 mmol/l after 14 days of treatment and

remained within the normal range for the rest of the study

[119]. The most common adverse events were similar to those

reported in short-term studies of tolvaptan [117]. Results of these

studies suggest that short- and long-term administration of tol-

vaptan maintained serum sodium concentration with an accep-

table margin of safety in patients with euvolemic or hypervolemic

hyponatremia [117,119]. In May 2009, Tolvaptan (Samsca;

Otsuka) was approved by the FDA for the treatment of clinically

significant hypervolemic and euvolemic hyponatremia, including

patients with HF, cirrhosis and SIADH. Overall, the data surround-

ing conivaptan and tolvaptan have been consistent in demonstrat-

ing favorable effect on serum sodium among patients with

hyponatremia of various causes but not in demonstrating effects

on overall or disease-specific mortality.

Trials in CHF
Table 4 summarizes the trials that have investigated the use of

VRAs in patients with CHF. In an efficacy report that combined

three randomized, placebo-controlled trials of conivaptan in

patients with CHF (n = 241), conivaptan (40 and 80 mg) treatment

with one i.v. and two oral formulations was shown to improve

serum sodium concentrations from baseline to the end of the

study compared with placebo. One interesting finding of the

analysis was the slower rate of correction in patients with CHF

compared to those without CHF [120].

The ADVANCE (A Dose Evaluation of a Vasopressin Antagonist

in Congestive Heart Failure Patients Undergoing Exercise) trial is a

multicenter, double-blind, placebo-controlled, randomized study

investigating the effects of conivaptan on functional capacity in

patients with HF (n = 345, New York Heart Association [NYHA]

class II–IV and ejection fraction of less than 35%) [121]. Three

doses of conivaptan (10, 20 or 40 mg daily) were given orally

during the 12-week trial. Results of this study demonstrated that

there was no significant improvement in overall functional capa-

city, exercise tolerance or quality of life among patients receiving

conivaptan compared to the placebo group [121].

A dose-ranging pilot study assessing the efficacy and safety of

i.v. conivaptan (20 mg loading dose followed by two successive 24-

hour continuous infusions of 40, 80 or 120 mg/day) in patients

with acute decompensated HF (n = 170) found that conivaptan

significantly increased urine output, was hemodynamically well

tolerated, was not associated with clinically important changes in
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vital signs, electrolyte disturbances or cardiac rhythm and had

minimal adverse effects. However, no apparent significant change

in respiratory symptoms or body weight (BW) was found. There

was no evidence of worsening HF in any group [122].

In another pilot study, 24 patients with HF class II/III received

40 or 80 mg quaque die of furosemide for six days followed by 20 or

40 mg quaque die of conivaptan for an additional three days. The

addition of conivaptan was associated with a significant increase

in aquaresis with limited natriuresis and kaliuresis, suggesting

conivaptan to be useful as an adjunct to furosemide [123].

Tolvaptan has been assessed in several clinical trials for the

management of acute and chronic HF. The first double-blind study

investigated the effects of three doses of tolvaptan (30, 45 and

60 mg once daily) and a placebo in patients with CHF (mostly

NYHA class II and III) for 25 days (n = 254) [124]. Patients were not

fluid restricted and were maintained on standard therapy. Two

hundred and twenty-one (87%) of the 254 patients enrolled

completed the study. At day 1, all three doses of tolvaptan were

associated with significant reductions in BW that were maintained

throughout the study. An increase in urine volume and decrease in

urine osmolality was observed with tolvaptan when compared

with the placebo at day 1 (P < 0.05 for all treatment groups versus

placebo). A decrease in edema and a normalization of serum

sodium levels in patients with hyponatremia were observed

(28% of 254) in the tolvaptan group but not in the placebo group.

No significant changes in heart rate (HR), blood pressure, serum

potassium or renal function were observed. Compared with the

placebo group, edema scores improved, thirst increased and AVP

concentrations rose in the active treatment group [124].

In the Acute and Chronic Therapeutic Impact of Vasopressin

Antagonist in Congestive Heart Failure trial, which examined

decompensated HF patients (n = 319), 68 patients (21%) had

hyponatremia (serum sodium level < 136 mequiv./l) at randomi-

zation [125]. In this trial, three oral, once-daily doses of tolvaptan

(30, 60 or 90 mg) or placebo were administered in addition to

standard therapy to patients hospitalized with HF (left ventricular

ejection fraction, or LVEF, �40%). The study drug was adminis-

tered for up to 60 days. For the first ten days, the patients were

hospitalized (inpatient) and for an additional seven weeks (49–51

days), were treated as outpatients. At 24 hours, all tolvaptan groups

had significant reductions in BW compared with the placebo

group (P < 0.008 for all tolvaptan groups versus placebo) and

decreased further during the course of hospitalization. The

decrease in BW with tolvaptan was not associated with changes

in HR, blood pressure, renal function or development of hypoka-

lemia. Compared with the placebo, all tolvaptan doses were asso-

ciated with significantly higher urine volume on day 1, and this

difference was maintained throughout the hospital stay. Tolvap-

tan produced a rapid and sustained increase in serum sodium

levels in patients with hyponatremia. There were no significant

differences in worsening HF over the 60-day follow-up period,

although a trend toward greater survival was found in the tolvap-

tan groups compared with the placebo group. In a post hoc

analysis, 60-day mortality was lower in tolvaptan-treated patients

with renal dysfunction or severe systemic congestion [125].

The Efficacy of Vasopressin Antagonist in Heart Failure Out-

come Study with Tolvaptan (EVEREST) program evaluated short-

and long-term end points among patients being admitted for acute
decompensated HF (LVEF �40%), randomized to treatment with

tolvaptan at 30 mg daily in addition to routine standard care

(including diuretics) or to the placebo plus standard care [126],

and followed up on continuing treatment with an assigned study

drug after hospital discharge [127]. The study was structured so

that the main trial incorporated two short-term trials of symptom

assessment for the hospitalization period [126], whereas long-term

morbidity and mortality outcome end points were assessed in the

well-powered main trial over the longer follow-up period [128].

The phase III EVEREST trial, involving a total of 4133 CHF patients,

represents three studies: a long-term outcomes trial evaluating

patients after their discharge for a minimum of 60 days of treat-

ment [127] and two identical, embedded short-term pivotal stu-

dies that examined tolvaptan compared to placebo over seven days

of inpatient care or discharge, whichever came first [126]. In the

two short-term studies, tolvaptan treatment yielded significantly

greater improvements than the placebo based on the primary end

point (study A and B: P < 0.001), which was a composite of patient-

assessed global clinical status (assessed on a visual analog score),

and reductions in average BW at day 7 or discharge. In addition,

the use of tolvaptan significantly reduced BW as early as on the

first day of treatment in both short-term studies (P < 0.001).

Improvements in patient-assessed global clinical status at day 7

or discharge were similar between the tolvaptan and placebo

groups; however, the changes were numerically in favor of tol-

vaptan. More patients receiving tolvaptan (76.7% and 72.1% for

trial A and trial B, respectively) than the placebo (70.6% and

65.3%, respectively) reported an improvement in dyspnea at

day 1 (both trials P < 0.001). Edema at day 7 or discharge improved

significantly with tolvaptan in trial B (P = 0.02) but did not reach a

level of significance in trial A (P = 0.07) [126].

In the long-term follow-up trial (over a mean of 9.9 months),

there was no difference in the end points of all-cause mortality,

cardiovascular death or HF hospitalization between the groups

(P = 0.55) [127]. The long-term tolvaptan data were consistent

with those reported in the short-term clinical studies. Specifically,

long-term tolvaptan treatment significantly reduced BW at day 1

(P < 0.001) compared to the placebo, and the difference in BW

numerically favored tolvaptan through week 56. The long-term

trial also documented that the tolvaptan-treated patients who

enrolled with hyponatremia (serum sodium < 134 mequiv./l)

exhibited significantly greater corrections in serum sodium levels

at day 7 or discharge, if earlier (P < 0.001), and the effect was

maintained through 40 weeks of treatment [127]. Tolvaptan

caused increased thirst and dry mouth, but frequencies of major

adverse events were similar between groups, without excess renal

failure or hypotension [126,127].

Overall, the data surrounding conivaptan and tolvaptan suggest

that vasopressin antagonism in the setting of CHF has potential

medical benefits, including decreasing BW by increasing urine

output associated with improvements in symptoms, without caus-

ing abnormalities in electrolytes or renal function [122,124–127]

and normalizing serum sodium concentrations in hyponatremic

HF patients [120,124,125,127] (Table 4). Thus, the use of VRAs,

addressing both the pathophysiological state of hyponatremia and

the volume overload state simultaneously, could become an

important approach in the clinical setting for this challenging

group of patients.
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Trials in hemodynamics and remodeling in CHF
In a study of 142 patients with advanced HF (NYHA class III or IV)

with systolic dysfunction, conivaptan was administered as a single

i.v. dose (10, 20 or 40 mg) in addition to standard therapy and

compared with a placebo [129]. At 20 and 40 mg, conivaptan

significantly reduced PCWP and right atrial pressure compared

to the placebo, without producing significant changes in blood

pressure, HR, SVR or the cardiac index. There was a significant

dose-dependent increase in urine output and decrease in urine

osmolality without any significant worsening of hyponatremia or

renal function (Table 4). Of interest, no correlation could be

established between conivaptan pharmacodynamic effects and

baseline AVP or serum sodium levels [129].

Similar hemodynamic and urine output data have recently been

reported in a dose-ranging, single-dose administration study of

tolvaptan (15, 30 or 60 mg) in which modest reductions in PCWP,

pulmonary artery pressure and right arterial pressure, dose-depen-

dent increases in urine output, and decreases in urine osmolality

were observed. No significant changes in cardiac index, pulmon-

ary vascular resistance, SVR, serum creatinine, potassium, blood

urea nitrogen levels and vital signs were observed after the study

drug’s administration [130] (Table 4). Serum sodium levels showed

a dose-related modest increase. The most commonly reported

adverse event was catheter site pain, which occurred in 4.5%

and 6.3% of the tolvaptan and placebo-treated patients, respec-

tively. The data reported herein from the ECLIPSE trial suggest that

in patients with advanced HF, tolvaptan resulted in favorable but

modest changes in filling pressures associated with a significant

increase in urine output [130].

The effect of tolvaptan (30 mg/day) on cardiac remodeling was

evaluated in the Multicenter Evaluation of Tolvaptan Effect on

Remodeling trial in 240 patients with HF and LV systolic dysfunc-

tion (LVEF � 30%) and signs of volume excess [131]. In this patient

sample with very high use of evidence-based background HF

therapies, the primary end point (i.e. change from baseline in

LV end-diastolic volume index after one year measured by quan-

titative radionuclide ventriculography) was not statistically sig-

nificant in the tolvaptan group, although there was a reduction of

1.8 ml/m2. Overall, there were no obvious effects of tolvaptan on

LV volumes or ejection fractions observed over one year of therapy

(Table 4). Nevertheless, tolvaptan therapy seemed to be safe and

tolerated with no adverse effect on remodeling. In a time-to-event

analysis, there was a significant favorable effect of tolvaptan on the

composite of mortality or HF hospitalization (P < 0.03) [131].

The data from these studies suggest that vasopressin antagon-

ism in patients with HF has favorable hemodynamic effects,

possibly mediated via increased urine output [129,130,132] (Table

4). The generally similar results noted for hemodynamics and

urine output with single-dose studies with both conivaptan

[129] and tolvaptan [130,133] suggest that the predominant effects

of vasopressin receptor antagonism in these studies involves

effects at the V2R.

Effects on renal function
In an open-label, randomized, placebo-controlled, single-dose

crossover study in patients with mild to moderate CHF designed

to assess the effects of tolvaptan and furosemide on renal function

and renal hemodynamics [132], tolvaptan (30 mg) was found to
838 www.drugdiscoverytoday.com
increase urine output and RBF. In comparison, furosemide (80 mg)

also increased urine output, to a similar extent. Unlike tolvaptan,

furosemide increased urinary sodium and potassium excretion and

decreased RBF. Tolvaptan, furosemide, and the placebo did not

differ with respect to mean arterial pressure, HR, GFR, or serum

potassium. Tolvaptan did not significantly change the plasma

sodium concentration, whereas furosemide tended to decrease

it. However, there were no significant differences among the

groups. There were no significant differences with respect to

neurohormonal concentrations between tolvaptan and either

the placebo or furosemide. Furosemide did cause a significant

increase in plasma renin activity and norepinephrine levels com-

pared with the placebo (Table 4). The authors of this study con-

cluded that tolvaptan is an effective aquaretic with no adverse

effects on renal hemodynamics, urinary sodium or potassium

excretion, serum electrolytes, or neurohormonal systems in

patients with mild to moderate HF [132].

In published studies to date [124–127,129,130,132], no signifi-

cant adverse effects on renal function or electrolyte status have

been noted. All these results support the possibility that AVP

receptor antagonism might be associated with preserved renal

function in HF patients while promoting water loss and relief of

congestion.

Future directions
Other potential clinical uses for VRAs are currently being explored,

one of which is the treatment of PKD because AVP V2Rs have been

implicated in the pathogenesis of cyst formation and enlargement

in PKD patients. Tolvaptan is being evaluated as a potential treat-

ment for PKD after its efficacy was demonstrated in studies with

rats with polycystic kidneys. Several clinical studies in PKD have

been performed or are currently active. The results of phase II and

phase II–III clinical trials suggest that tolvaptan is safe and well

tolerated in ADPKD patients. A phase III, placebo-controlled,

double-blind study in patients with ADPKD has been initiated

and will determine whether tolvaptan is able to prevent cyst

growth and progressive loss of renal function in patients with

ADPKD [134].

Many unanswered questions remain concerning the potential

use of VRAs with regard to HF. Such questions include the poten-

tial efficacy of long-term treatment with nonselective receptor

antagonism, the use of volume overload associated with HF in

the setting of preserved ejection fraction with a nondilated ven-

tricle, the impact of potential sparing of need for short-term versus

long-term treatment and dose-adjustment strategies.

Concluding remarks
Despite advances in treatment with neurohormonal antagonists

[135], patients with HF continue to progress to more advanced

stages of the syndrome, continue to be hospitalized for decom-

pensation and die at an unacceptable rate. This has spurred

translational and clinical investigations into the blockade of addi-

tional neurohormonal systems. Somewhat unexpectedly, many

contemporary trials investigating approaches such as endothelin

receptor blockade [136] and cytokine inhibition [137] have shown

neutral or unfavorable results. In this light, the ‘vaptans’ class of

VRAs has shown promising results for the treatment of hypona-

tremia, decompensated HF and HF complicated by hyponatremia.
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On the basis of the results of animal studies and multiple clinical

trials with two different VRAs (conivaptan and tolvaptan), it is

probable that this class will become a mainstay of treatment for

euvolemic or hypervolemic hyponatremia. These agents are

highly effective in producing a safe and predictable aquaresis

via their activity at the V2R, thereby increasing serum sodium

levels in the majority of patients with hyponatremia caused by

SIADH, CHF or cirrhosis. In HF patients, consistent increases in

urine output, a reduction in BW and an improvement in many

signs and symptoms have been seen without unfavorable changes

in blood pressure, HR, electrolytes or renal function. The first non-

peptide VRAs, conivaptan (a dual V1a/V2 receptor antagonist) and

tolvaptan (a V2R antagonist) have been shown to induce diuresis

and correct euvolemic and hypervolemic hyponatremia and are

approved by the US FDA for the treatment of hyponatremia caused

by HF, cirrhosis and SIADH as an i.v. infusion and oral adminis-

tration, respectively. Pivotal trials of lixivaptan for hyponatremia

are underway [138]. Treatment of PKD also is being evaluated.
Thus far, therapeutic use of VRAs has safely and effectively been

shown to reduce BW in patients with decompensated HF and to

normalize serum sodium levels in hyponatremic patients. The data

from the EVEREST, SALT-1 and SALT-2 trials and the conivaptan

data suggest AVP antagonism will become a useful tool for clin-

icians in specific situations, such as decompensated HF with

volume overload, and is potentially an important therapy in

the setting of HF with hyponatremia and for hyponatremia of

any cause when an improvement in serum sodium concentration

is a clinical goal. Additional studies with these agents are needed to

provide further insight regarding the nature of the relationship

between hyponatremia and poor outcome in CHF.
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