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SUMMARY

Hyponatremia is the most common electrolyte abnormality and has

been associated with various morbidities, longer hospital stay and

increased mortality. Until recently, options for treating hyponatremia

were limited; however, the introduction of vasopressin antagonists has

signaled the beginning of a new era in its treatment by addressing the

responsible mechanism in the majority of cases: inappropriately high

levels of vasopressin. By promoting aquaresis, or electrolyte-free water

excretion, vasopressin antagonists could potentially play an important

role in the treatment of euvolemic hyponatremia, typically encountered

in the syndrome of inappropriate antidiuretic hormone secretion, and

hypervolemic hyponatremia, seen in heart failure and cirrhosis. This

review discusses lixivaptan, a selective, orally active, vasopressin V
2

receptor antagonist, and its potential use in the treatment of hypona-

tremia.

SYNTHESIS*

Lixivaptan can be synthesized by two alternative methods:

Acylation of methyl 4-amino-2-chlorobenzoate (I) with 5-fluoro-2-

methylbenzoyl chloride (II) in the presence of Et
3
N gives amide (III),

which is then hydrolyzed at the ester group using NaOH in boiling

H
2
O/EtOH to yield 2-chloro-4-(5-fluoro-2-methylbenzamido)ben-

zoic acid (IV). Finally, after chlorination of acid (IV) with SOCl
2

at

reflux, the resulting acid chloride (V) (1-4) is condensed with 10,11-

dihydro-5H-pyrrolo[2,1-c][1,4]benzodiazepine (VI) by means of DIEA

in CH
2
Cl

2
(5). Scheme 1.

In a related method, acylation of benzodiazepine (VI) with 2-chloro-

4-nitrobenzoyl chloride (VII) by means  of Et
3
N in CH

2
Cl

2
provides

the nitrobenzamide (VIII), which is reduced to the corresponding 

4-amino derivative (IX) using either H
2

or hydrazine in the presence

of Pd/C in EtOH or by means of SnCl
2
. Finally, amine (IX) is acylated

with 5-fluoro-2-methylbenzoyl chloride (II) using Et
3
N in CH

2
Cl

2

(1-4). Scheme 1.

The tricyclic intermediate (VI) is prepared  by alkylation of pyrrole-2-

carbaldehyde (X) with 2-nitrobenzyl bromide (XI) by means of NaH

in DMF to afford 1-(2-nitrobenzyl)pyrrole-2-carbaldehyde (XII),

which undergoes reductocyclization to the pyrrolobenzodiazepine

(VI) upon catalytic hydrogenation over Pd/C in EtOH/EtOAc (1-4).

Scheme 1.

BACKGROUND

Hyponatremia is the most common electrolyte abnormality, encoun-

tered in 14-38% of hospitalized patients, depending on its definition

(6-9). Traditionally, the lower limit of serum sodium (Na+) is defined

as 135 mEq/L (10). However, there is a need to redefine hyponatrem-

ia (11), as several studies have shown worsening outcome at a cut-off

serum Na+ level of 138 mEq/L (7-9, 12). Hyponatremia has been
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associated with cognitive impairment and falls (13), osteoporosis and

fractures (14-16), longer hospital stay, higher costs and greater mor-

tality (6-9, 12, 17). Multiple diseases can cause hyponatremia, so

careful physical examination to assess the volume status is required

for accurate diagnosis and treatment.

Classification of hyponatremia

Na+ is the major determinant of serum osmolality, which should be

maintained between 280 and 300 mOsm/kg to ensure normal cel-

lular function. Hyponatremia is usually accompanied by hypo-osmo-

lality, although it can be associated with normal serum osmolality

(often referred to as pseudohyponatremia), as seen in conditions

characterized by a marked elevation in serum lipids or proteins (18).

On the other hand, hyperosmolar hyponatremia can be seen when

solutes other than Na+ are present in plasma, leading to extracellu-

lar volume expansion due to a water shift from the intracellular to

the extracellular compartment. This can be seen with the use of

mannitol or contrast agents, or in conditions characterized by high

plasma glucose levels (10). 

The most common form of hyponatremia is associated with hypo-

osmolality, and is further divided into hypo-, eu- and hypervolemic

hyponatremia, depending on the volume status. Hypovolemic

hyponatremia is caused by greater Na+ loss as compared with water

through renal or extrarenal routes, or by the administration of hypo-

tonic solutions when replacing fluid loss. Euvolemic hyponatremia is

mainly seen with the syndrome of inappropriate antidiuretic hor-

mone (SIADH) secretion. Hypervolemic hyponatremia is seen in con-

ditions that are associated with increase in the extracellular volume,

such as heart failure (HF) and cirrhosis. Euvolemic and hypervolemic

hyponatremia are usually associated with inappropriately high levels

of arginine vasopressin (AVP) hormone.

Arginine vasopressin

AVP is a nonpeptide hormone that plays a major role in water homeo-

stasis, blood volume control and osmolality (19). It is synthesized in the

neurohypophyseal magnocellular neurons of the paraventricular and

supraoptic nuclei of the hypothalamus. Subsequently, it is transported

down the supraopticohypophyseal tract to the posterior pituitary,

where it is eventually stored (20). AVP is released into the blood circu-

lation under the influence of specific stimuli: osmotic (due to increase

in serum osmolality) and nonosmotic (unrelated to osmolality

changes) (20-23).

Osmoreceptors are located in the anteroventral third ventricle of the

hypothalamus (23). They detect changes in serum osmolality and

either stimulate (in hyperosmolar states) or inhibit (in hypo-osmolar

states) AVP release. A slight rise (as low as 1-2%) in serum osmolal-

ity stimulates the release of AVP, which increases water reabsorption

by binding to the vasopressin V
2

receptors at the renal tubular cells,

maintaining serum osmolality within the normal range (21, 24).

The nonosmotic stimulus of AVP release is thought to be mediated

by baroreceptors. These receptors are located in the carotid sinus,

walls of the great veins, atria and renal afferent arterioles. They are

sensitive to changes in blood volume (20-22). Neurohormonal sys-

tems, including the sympathetic nervous system (SNS) and the

renin–angiotensin–aldosterone system (RAAS), are stimulated in

conditions associated with arterial underfilling (24-26). Stimulation

of the neurohormonal systems causes the release of AVP from the

posterior pituitary, which stimulates water retention in an attempt to

restore intravascular volume (24). 

Vasopressin receptors

AVP exerts its function through multiple G protein-coupled recep-

tors. These receptors are classified into three different subtypes: V
1A

V
1B

and V
2
. AVP mediates its actions by binding to these receptors

(27). The V
1A

and V
1B

receptors are linked to the phosphoinositol sig-

naling pathway. When AVP binds to either one, an influx of calcium

(second messenger) to the intracellular compartment is observed. In

contrast, binding to V
2 

receptors, which are mainly found in the renal

collecting ducts, results in an increase in intracellular cyclic adeno-

sine monophosphate (cAMP) through the adenylate cyclase signal-

ing pathway, which functions as a second messenger (28-30).

The V
1A

receptors are mainly located on the vascular smooth muscle

cells; however, they are also found in many other tissues, such as the

liver, platelets, uterus, kidney, adrenal gland and brain. Their stimu-

lation results in vasoconstriction, glycogenolysis, platelet aggrega-

tion, myocyte hypertrophy, stress and anxiety, depending on the

location (31, 32). The V
1B 

receptors are mainly located in the anterior

pituitary gland. Their activation plays a major role in the regulation

of adrenocorticotropic hormone (ACTH) secretion during stress and

in resting conditions (33).

The antidiuretic effect of AVP is mediated by the V
2 

receptors locat-

ed on the principal cells of the renal collecting ducts. By binding to

V
2

receptors, intracellular cAMP increases through the adenylate

cyclase signal transduction pathway. This in turn leads to the inser-

tion of aquaporin-2 (AQP-2) water channels into the luminal mem-

brane of the principal cells. The AQP-2 channels increase the per-

meability of the renal collecting ducts and lead to water

reabsorption (34, 35). Thus, AVP plays a major role in maintaining

body water homeostasis and osmolality. 

Role of vasopressin in hyponatremia

Under normal physiological circumstances, serum Na+ and osmolal-

ity are maintained within their narrow normal range to ensure nor-

mal cellular physiology. Two major mechanisms are involved in this

regulation: fluid intake (controlled by thirst) and renal water excre-

tion (regulated mainly by AVP) (19).

The inappropriately elevated AVP levels observed in hyponatremic

animals with cirrhosis (36) and HF (37) suggest that AVP plays an

important role in the development of hyponatremia. Similar findings

were reported in hyponatremic patients with liver cirrhosis, HF and

SIADH (38-41). In all these conditions, AVP secretion was inappropri-

ately stimulated rather than suppressed, as it should have been

under normal physiological situations. This stimulation of AVP

release is driven by a nonosmotic mechanism and thought to be

mediated by baroreceptors, as described earlier. 

SIADH is a condition characterized by euvolemic hyponatremia as a

result of nonphysiological secretion or lack of suppression of AVP,

which results in enhanced water reabsorption, leading to dilutional

hyponatremia (42). HF and liver cirrhosis are characterized by hyper-
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volemic hyponatremia. They are associated with decreased arterial

filling secondary to low cardiac output or peripheral vascular resist-

ance that is sensed by baroreceptors, leading to stimulation of AVP

release. This nonosmotic mechanism of AVP release results in renal

water reabsorption despite low osmolality, leading to hyponatremia

(24, 36, 37).

Treatment of chronic hyponatremia represents a challenge among

this patient population. Current treatment options, including fluid

restriction (6), diuretics (43), demeclocycline (44), lithium (45) and

urea (46), are limited because of noncompliance, electrolyte imbal-

ance, nephrotoxicity, narrow therapeutic/toxic ratio and poor palata-

bility, respectively.

Vasopressin receptor antagonists

Given the central role of AVP in the pathophysiology of hyponatrem-

ia through binding to AVP receptors, an interest in producing vaso-

pressin receptor antagonists to treat hyponatremia developed as

early as the 1960s. Vasopressin receptor antagonists were first rec-

ognized by Manning and Sawyer in the early 1970s (47) and were

first synthesized as peptide compounds. These antagonists had lim-

itations to their clinical use secondary to their short half-lives, poor

oral bioavailability and partial agonist activity in humans (48, 49). In

1992, the first nonpeptide V
2

receptor antagonist, OPC-31260, was

discovered by Yamamura et al. (50). The nonpeptide antagonists are

more orally bioavailable and have longer half-lives than the peptide

compounds, rendering them a better and practical choice for the

treatment of hyponatremia (50, 51).

Several vasopressin receptor antagonists have been developed in

the last few decades. Conivaptan is an intravenous dual V
1A

/V
2

receptor antagonist that was approved by the FDA for the treatment

of euvolemic hyponatremia in December 2005 and for hypervolemic

hyponatremia in February 2007 (52). Tolvaptan is the first oral and

selective V
2

receptor antagonist that was approved by the FDA for

the treatment of euvolemic and hypervolemic hyponatremia in 2009

(53). Lixivapatan (VPA-985) is a potent, selective, competitive, orally

active, nonpeptide V
2

receptor antagonist (1, 54) that was originated

by Wyeth (now Pfizer) and is currently licensed to Cardiokine and

Biogen Idec (55).

PRECLINICAL PHARMACOLOGY

In vitro studies showed that lixivaptan is a potent, competitive V
2

receptor antagonist with no partial agonist activity. It is approxi-

mately 100-fold more selective for the human V
2

over V
1A

receptors,

has no activity at V
1B

receptors and has weak affinity for oxytocin

receptors (1, 54).

In an initial study published in 1998, lixivaptan inhibited the binding

of AVP to native V
2

receptors in membranes isolated from rat and

dog renal medulla, with K
i 
values of 0.48 and 0.82 nM, respectively.

In membranes of cultured murine fibroblasts expressing the human

V
2

receptor, the K
i
was 0.6 nM. The dissociation constant (k

d
) of AVP

increased from 0.79 nM to 1.04 nM in the presence of lixivaptan,

while the maximum binding remained unchanged, suggesting that

lixivaptan competitively inhibits AVP binding to V
2

receptors (54).

cAMP is the second messenger that is generated by AVP binding to

V
2

receptors (1, 54). Lixivaptan had no effect on basal cAMP gener-

ation but inhibited AVP-induced cAMP generation (IC
50 

= 6 nM at 

1 nM AVP stimulation) (54).

In vivo, lixivaptan was tested in a rat model of HF to assess its effect

on renal and cardiovascular functions. The animals received 10

mg/kg/day of lixivaptan for 8 weeks. Different parameters were

measured at the beginning of the study and at 4 and 8 weeks,

including: echocardiographic and hemodynamic parameters, urine

volume, urine osmolality and urine electrolytes. Organ weight and

histology were performed at the end of the study (after 8 weeks). Lix-

ivaptan was associated with increased aquaresis and decreased

urine osmolality. In addition, a decrease in cardiac hypertrophy and

lung weight and a reduction in the degree of HF were observed (56).

PHARMACOKINETICS AND METABOLISM

In a trial involving patients with HF, lixivaptan was administered at

doses ranging from 10 to 400 mg. Rapid absorption was observed,

with a t
max

of ≤ 1 hour. The maximum concentration (C
max

) and area

under the curve (AUC) values increased in a dose-dependent man-

ner, with a subsequent biexponential decline in the plasma drug

concentration. The mean clearance value was 0.97 L/h/kg and the

t
1/2

was 9.8 hours (Table I) (57).

In patients with cirrhosis and ascites, lixivaptan was given at daily

doses ranging from 25 to 300 mg. There were no significant differ-

ences in the mean dose-adjusted plasma concentrations, C
max

and

AUC. Lixivaptan was rapidly absorbed, with mean t
max

occurring

within 1 hour. The rate of drug clearance, volume of distribution and

t
1/2

of lixivaptan were similar across dose levels, although interindi-

vidual variability was observed within dose groups (Table I) (58).

In a single-ascending-dose trial in healthy male volunteers, lixi-

vaptan displayed linear pharmacokinetics when given at oral doses

ranging from 50 to 500 mg, with a t
1/2

of 8-10 hours (59). Another

study showed that its effects increased in a dose-related manner

(Table I) (60).

Studies involving rats, dogs and humans showed that the major

metabolic pathways of lixivaptan were oxidation of the pyrrole and

diazepine rings by liver microsomes (cytochrome P450 CYP3A4).

The metabolites were identified in the urine, plasma and feces (61).

SAFETY

Lixivaptan as a single oral daily dose was well tolerated among

healthy volunteers. Thirst, lightheadedness and dehydration were

the most common side effects reported with its use, which could be

attributed to body water loss and fluid restriction (59, 62). Due to its

potential to overly correct hyponatremia, frequent monitoring of the

serum Na+ level is needed (63).

When studied in patients with HF, no serious adverse events were

reported. Tachy- and bradyarrhythmia are two potentially serious

adverse effects that were considered to be possibly related to treat-

ment in patients with HF; however, both resolved without interven-

tion. The most common adverse events were diarrhea, dizziness,

headache, orthostatic tachycardia, dry mouth and flatulence. No

clinically relevant changes in vital signs, electrocardiogram or chem-

istry values were detected (64).
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In a multicenter, randomized, placebo-controlled trial in hospital-

ized patients with hyponatremia (33 patients with cirrhosis, 6 with

HF and 5 with SIADH), 12 patients discontinued therapy at a mean

time of 5.3 days. The main reason for these discontinuations was

dehydration (n = 6), manifested by systemic postural hypotension.

Other reasons for trial discontinuation were ruptured umbilical her-

nia (n = 2), spontaneous bacterial peritonitis (n = 1), upper gastroin-

testinal bleeding (n = 1), inability to obtain blood samples (n = 1) and

failure to store the drug properly (n = 1). Thirst scores were increased

in patients treated with 250 mg twice daily throughout the trial peri-

od. A total of two patients developed worsening encephalopathy

that resolved with lactulose therapy, and one patient died due to

aspiration pneumonia. Seven patients had their lixivaptan withheld

because of an increase in the serum Na+ (serum Na+ had risen to 

> 142 mEq/L or by > 8 mEq/L from the previous measurement).

There was no significant change in the serum creatinine level with

lixivaptan use (63).

Among patients with cirrhosis and ascites (n = 27), lixivaptan was

well tolerated, with no premature withdrawals. No serious adverse

events occurred during the hospitalization period. One patient with

end-stage liver disease developed a viral syndrome associated with

myositis 10 days after the last dose of lixivaptan. This was considered

to be possibly related to lixivaptan. However, all the symptoms

resolved without specific treatment. Another patient developed

transient abdominal pain and elevated serum amylase levels that

returned to normal after 3 days. No clinically significant changes in

blood pressure, heart rate or electrocardiogram values were associ-

ated with lixivaptan treatment (58).  

In a randomized, double-blind, multicenter trial involving patients

(n = 60) with cirrhosis and hyponatremia, the sensation of thirst

increased significantly in the 200-mg lixivaptan group, but not in

the 100-mg lixivaptin or placebo groups. Serious adverse events

leading to discontinuation of therapy were observed in 11 patients

(4 in the placebo group). These were considered to be drug-relat-

ed in five patients in the lixivaptan group. Renal impairment was

reported in six patients (two from the placebo group), with no sta-

tistically significant difference. No significant effects of lixivaptan

were observed on systolic and diastolic blood pressure and heart

rate (65).

In addition, a phase I trial was designed as a double-blind, random-

ized, repeat-dose, single-site, 4-arm, parallel-group trial to deter-

mine the effects of lixivaptan on electrocardiogram. Healthy volun-

teers (expected n = 300) were randomized to receive lixivaptan at

therapeutic or supratherapeutic doses, moxifloxacin (positive con-

trol) or placebo. The primary outcome was prespecified as the

change in the corrected QT interval duration from baseline electro-

cardiogram over 7 days. At the time of publication, the trial had been

completed but data were not available (66).

The coadministration of lixivaptan and furosemide in healthy volun-

teers was well tolerated. Adverse events included mild dizziness,

mild abdominal pain, moderate nausea and one episode of syncope.

The combination was no more kaliuretic than furosemide alone and

did not increase the risk of developing hypo- or hypernatremia (67).

CLINICAL STUDIES

In a study involving healthy volunteers, lixivaptan was administered

for 14 days as daily oral doses ranging from 50 to 400 mg/day (Table

II) (60). Maximum free water clearance, maximum urine flow, mini-

mum urine osmolality and maximum serum osmolality were meas-

ured. The t
max

was found to be 2 hours. Lixivaptan significantly low-

ered urine osmolality as compared with placebo (98 ± 28, 77 ± 14, 70

± 6.5 and 64 ± 37 mOsm/L, respectively, on lixivaptan 50, 100, 200

and 400 mg compared with 667 ± 91 mOsm/L in the placebo

group). It was also associated with significantly higher free water
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Table I. Human pharmacokinetic studies.

Lixivaptan dose Pharmacokinetic data Subjects Study design

Lixivaptan displayed linear pharmacokinetics (59) Healthy Single-ascending-

50-500 mg t
max

< 1 hour volunteers dose trial

Dose-proportional increase in C
max

and AUC (n = 10)

t
1/2

9.8 hours (8-10 hours)

Dose-dependent increase in C
max

and AUC (57) Heart failure Single-ascending-

10-400 mg t
max

≤ 1 hour (n = 42) dose trial

t
1/2

9.8 ± 2.3 hours

Healthy volunteers (60)                                            Cirrhosis (58)

Randomized,

25 mg double-blind,

50 mg placebo-

100 mg controlled,

200 mg ascending-dose

300 mg studies

400 mg

50-400 mg

CL
H2O,

free water clearance; UF, urine flow; U
osm,

urine osmolality; S
osm,

serum osmolality; t
max,

time to maximum plasma concentration; C
max,

maximum plasma

concentration; t
1/2,

half-life; AUC, area under the concentration–time curve.

0.44±0.13 83±57 499±291 14.61±9.30

4.5±1.8 6.7±2.0 98±28 287±2.5 0.50±0.00 210±43 953±755 12.49±3.66

7.6±1.4 10.4±2.4 77±14 294±1.9 1.00±0.71 719±28 4,391±2,213 9.05±1.78

9.0±0.8 11.9±1.0 70±6.5 287±5.6 0.75±0.29 1,208±489 8,775±4,431 22.56±25.69

0.88±0.25 1,877±713 14,884±7,807 21.62±12.51

8.7±1.6 11.4±1.2 64±37 290±30

t
max

2 hours

CL
H2O

UF U
osm

S
osm

t
max

C
max

AUC t
1/2



clearance as compared with placebo (4.5 ± 1.8, 7.6 ± 1.4, 9.0 ± 0.8

and 8.7 ± 1.6 mL/min, respectively, on lixivaptan 50, 100, 200 and

400 mg compared with –1.4 ± 1.8 mL/min in the placebo group).

Moreover, lixivaptan was associated with significantly higher urine

flow as compared with placebo (6.7 ± 2.0, 10.4 ± 2.4, 11.9 ± 1.0 and

11.4 ± 1.2 mL/min, respectively, on lixivaptan 50, 100, 200 and 400

mg compared with 1.5 ± 0.7 mL/min in the placebo group). An

increase in serum osmolality was also noticed but did not reach sta-

tistical significance (287 ± 2.5, 294 ± 1.9, 287 ± 5.6 and 290 ± 2.8

mOsm/L, respectively, on lixivaptan 50, 100, 200 and 400 mg com-

pared with 282 ± 2.8 mOsm/L in the placebo group).

The available information on the effects of lixivaptan in heart failure is

derived from one published study (Table III) (64); however, other major

studies have been completed but not yet published (Table IV) (68, 69).

A randomized, double-blind, placebo-controlled study was

designed to investigate the effect of lixivaptan in patients with

chronic symptomatic HF New York Heart Association (NYHA) func-

tional class II or III, with left ventricular ejection fraction (LVEF) ≤ 35%

documented within 3 months of study enrollment. Forty-two

patients were enrolled and completed the study (64). One day

before the study (day –1), all patients received a single-blind place-

bo dose (baseline). On day 1, patients received placebo (n = 12) or lix-

ivaptan at doses of 10, 30, 75, 150, 250 or 400 mg (n = 5 per dose

group). Multiple serum, urinary and neurohormonal tests were per-

formed on both days. On day 1, there was a dose-related increase in

urine volume with all lixivaptan doses above 10 mg 4 hours post-

dose. Also, urine flow rate was significantly greater at 2 hours with

all lixivaptan doses ≥ 30 mg compared to placebo (P < 0.001). In

addition, urine volume increased from 1.8 L with placebo to 3.9 L
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Table II. Phase I clinical trials.

Study design Target population Intervention Relevant findings Refs.

(number of patients) and dosage

Randomized, Healthy male Oral lixivaptan Significant and dose-dependent increase in urine output and free 59

double-blind, volunteers with administration water clearance at 12 and 24 hours after lixivaptan administration

placebo-controlled, overnight fast and at 1-500 mg Decrease in urine osmolality over 24 hours with 

single-ascending-dose fluid restriction lixivaptan administration

No changes in urinary Na+ excretion during the 24 hours after 

lixivaptan administration

Randomized, Healthy volunteers Oral lixivaptan Dose-dependent reduction in urine osmolality from 667 mOsm/L 60

double-blind, (n = 38) administration in the placebo group to 98, 77, 70 and 64 mOsm/L, respectively,

placebo-controlled, at 50, 100, 200 in the 50, 100, 200 and 400 mg lixivaptan groups

single-ascending-dose and 400 mg/day Increase in the free water clearance and urine flow was seen

for 14 days with lixivaptan

No effects on urinary Na+ excretion and creatinine clearance

Placebo-controlled, Healthy volunteers Oral lixivaptan Increase in mean urine flow ranged from 3.8 to 11.3 mL/min in the 62

single-ascending-dose with overnight fast administration at lixivaptan groups compared to 2.1 mL/min in the placebo group

and fluid restriction 5, 50, 100, 200 Dose-dependent reduction in urine osmolality with lixivaptan groups

continued until and 400 mg with values returning to baseline over 2- to 24-hour period after the dose

4 hours post-dose Lixivaptan increased free water clearance and serum Na+ levels at 

(n = 10/dose group) 12 and 8 hours after dose, respectively

No changes in urine Na+ excretion were noticed among all groups

Randomized, Healthy volunteers Single oral doses Lixivaptan and furosemide coadministration was no more kaliuretic 67

open-label, with overnight fast of either 75 mg than furosemide alone

placebo-controlled, and fluid restriction lixivaptan, 40 mg Lixivaptan and furosemide coadministration provided greater 

crossover assignment (n = 12) furosemide, or both, diuresis  than either agent alone

with a 1-week No increase in risk of developing hyponatremia or hypernatremia 

washout period was noted

between doses

Two-period, Healthy volunteers Administration of AVP levels increased with furosemide as compared to lixivaptan 80

randomized, (n = 34) single oral doses (41.2 ± 97.19 and 2.9 ± 6.62 pg/mL, respectively) at 6 hours after 

open-label, of 50 mg lixivaptan administration

placebo-controlled, with 40 mg At 24 hours after dose, a small increase in AVP levels (1.3 pg/mL) 

crossover assignment furosemide was observed with lixivaptan, while levels returned to baseline 

with furosemide

Urine volume increase was similar with either agent

Lixivaptan was associated with transient increases in serum Na+ levels 

with no significant changes in other electrolytes as compared to 

furosemide, which reduced serum concentrations of all electrolytes tested

AVP, arginine vasopressin.



with the 400-mg lixivaptan dose in the first 24 hours after dosing 

(P < 0.01). Reductions in urinary osmolality were noticed to be dose-

dependent among all patients who received lixivaptan (P < 0.001

compared to placebo), with no significant differences in urinary

excretion of Na+, potassium, chloride, magnesium or urea nitrogen.

In addition, at doses ≥ 75 mg, lixivaptan was associated with higher

serum osmolality after 2 hours as compared to placebo (P < 0.05).

Similarly, higher serum Na+ concentrations were recorded at 2 hours

post-administration with doses of 150 and 250 mg (P < 0.05). Plas-

ma AVP concentration was measured at different times during the

study, and a significant increase in the AVP was noticed early at 2

hours after lixivaptan administration at a dose of 400 mg as com-

pared to placebo and at 4 hours with doses of 150, 250 and 400 mg

as compared to placebo. Compared to baseline, this increase in AVP

was significant after administration of lixivaptan at doses ≥ 250 mg

within 2-8 hours. The average AVP concentration did not rise above

3.5 pg/mL and did not exceed 6.6 pg/mL in any individual patient.

There was no significant difference in plasma renin, aldosterone,

atrial natriuretic peptide, endothelin-1 and norepinephrine as com-

pared to placebo or baseline.
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Table III. Phase II clinical trials.

Study design Target population Intervention Relevant findings Refs.

(number of patients) and dosage

Randomized, Hospitalized patients Administration of Lixivaptan was associated with increased net fluid volume, free water 63

double-blind, with stable oral lixivaptan twice clearance, serum Na+ concentration, and serum osmolality

placebo-controlled hyponatremia daily at doses of Lixivaptan was associated with reduction in urine osmolality, 

(n = 44) 25, 125 and 250 mg lower body mass and higher AVP levels

for up to 7 days

Randomized, Chronic symptomatic Single oral dose Lixivaptan was associated with a dose-dependent increase in 64

double-blind, HF patients with NYHA of lixivaptan of urine volume, urine flow, serum osmolality and serum Na+ concentration

placebo-controlled, functional class II or III 10, 30, 75, 150, Lixivaptan was associated with a dose-dependent reduction in 

single-ascending-dose (n = 42) 250 or 400 mg urine osmolality and higher solute-free water excretion

Post hoc analysis Hyponatremic Lixivaptan at 50 Hyponatremia corrected in 27% of patients receiving 50 mg lixivaptan 65

of a randomized, patients due to cirrhosis or 100 mg twice and  50% of patients receiving 100 mg lixivaptan as compared with 0% 

double-blind, (n = 60) daily for a total of patients receiving placebo, with mean correction time of 4.8 and 

placebo-controlled of 7 days 5.7 days with 50 and 100 mg lixivaptan, respectively

Significant dose-dependent reduction in urine osmolality, increase in

urine volume and free water clearance after 7 days were associated 

with lixivaptan administration as compared with placebo

Randomized, Chronic symptomatic Single oral dose of Significant reduction in urinary AQP-2 excretion observed with all 70

double-blind, HF patients with NYHA lixivaptan of 30, 75, lixivaptan doses at 2 hours after administration as compared with 

placebo-controlled, functional class II or III 150 or 250 mg placebo and baseline AQP-2 excretion continued to be lower 8 hours 

single-ascending-dose (n = 21) after administration of 30 and 75 mg (P < 0.05), and 250 mg lixivaptan

(P < 0.001) as compared with placebo and baseline

Randomized, Hyponatremic Lixivaptan 50 or Lixivaptan was associated with a significant reduction in urinary 71

double-blind, patients 100 mg twice osmolality and a significant increase in serum Na+ concentrations from

placebo-controlled, (n = 112) daily for a total a baseline of 128 mEq/L to 132 and 134 mEq/L with 50 and 100 mg,

multiple-dose of 7 days respectively

No changes in urinary electrolyte excretion

Substudy, Patients with stable Oral lixivaptan In the SIADH group, lixivaptan was associated with normalization of 74

multicenter, hyponatremia twice daily at a serum Na+ concentration after 1 day of treatment, reduction in Na+

randomized, due to SIADH or dose of 50 or and uric acid excretion, a reduction in the fractional excretion of Na+,

double-blind cirrhosis 100 mg and no changes in plasma renin, aldosterone, AVP, atrial natriuretic 

(n = 11) factor, blood pressure and pulse rate 

In the cirrhosis group, lixivaptan was associated with normalization

of serum Na+ concentration after approximately 2 days of treatment, 

slight increase in Na+ and K+ excretion, significant increase in urea 

excretion, increase in the fractional excretion of Na+ and AVP level,

and no changes in plasma renin, aldosterone, atrial natriuretic

factor, blood pressure and pulse rate

Double-blind, Hyponatremia due to Single oral dose of Lixivaptan safely corrected the hyponatremia with low plasma AVP 75

placebo-controlled carbamazepine or 75 mg of lixivaptan levels throughout the trial

oxcarbazepine

(n = 8)

HF, heart failure; SIADH, syndrome of inappropriate antidiuretic hormone; AVP, arginine vasopressin.



A subanalysis using a quantitative Western blot was performed to

assess the effect of lixivaptan on urinary AQP-2 expression. Urine sam-

ples from 21 patients who received lixivaptan at doses of 30-250 mg

were collected. A statistically significant reduction in urinary AQP-2

excretion was noted with lixivaptan as compared to placebo and base-

line. This reduction was noticed at 2 hours and continued up to 8 hours

after dose administration among all groups. The decrease in urinary

AQP-2 excretion correlated with the increased aquaretic effect of lixi-

vaptan (r = 0.77), while weaker correlations with urinary osmolality and

urinary output were observed (Table II) (70).

The Treatment of Hyponatremia Based on Lixivaptan in NYHA Class

III/IV Cardiac Patient Evaluation (BALANCE) study is a randomized,

double-blind, placebo-controlled phase III trial that was recently

completed. It is designed to evaluate the effects of lixivaptan in

patients hospitalized with HF NYHA class III/IV who have a serum

Na+ concentration ≤ 135 mEq/L (68). Patients (target n = 650) were

randomized in a 1:1 ratio to receive lixivaptan or placebo for 60 days.

Patients were assigned to receive oral lixivaptan (starting dose 50

mg/day) or matching placebo within 48 hours of hospitalization.

Doses of lixivaptan could be titrated up to a maximum dose of 100

mg twice daily. Adjustments were based on serum Na+ and volume

status changes to avoid complications from rapid correction of

serum Na+. The primary endpoint was the change in the serum Na+

concentration at day 7 of treatment. Other endpoints included

assessment of dyspnea, body weight, cognitive function and days of

hospital-free survival. Results of the study have not been published

at the time of this publication.

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

parallel-group study was designed to assess the efficacy and safety

of oral lixivaptan in patients with HF and volume expansion (69). The

study was initiated in January 2010 with an estimated enrollment of

150 patients and has been completed. Inclusion criteria required a

history of chronic HF, defined as receiving standard HF treatment,

including diuretics, for a minimum of 30 days, documentation of

LVEF within 12 months prior to screening and clinical evidence of

volume overload at the time of the inclusion. Patients will be ran-

domized to receive a dose of 100 mg/day of lixivaptan or placebo in

a 2:1 ratio for 8 weeks. The results of this study have not yet been

published.

Multiple trials were conducted to evaluate the effects of lixivaptan

on hyponatremia, not only in HF patients but also in cirrhosis and/or

SIADH. 

In a randomized, double-blind, placebo-controlled, multiple-dose,

multicenter phase II trial, 112 patients (60 liver cirrhosis, 15 HF, 33

SIADH, 4 other causes) with dilutional hyponatremia were enrolled

from June 1997 to March 1999 (Table III) (71). Lixivaptan was adminis-

tered at 50 or 100 mg twice daily for a total of 7 days or until normal-

ization of serum Na+ concentration. All patients were placed on 1 L

daily fluid restriction. There was a significant reduction in urine osmo-

lality with lixivaptan 100 mg twice daily (P < 0.05) and a significant

increase in serum Na+ concentrations with doses of 50 and 100 mg 

(P < 0.05). No changes in urinary electrolyte excretion were noticed

with lixivaptan administration.
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Table IV. Phase III clinical trials

Study design Target population Intervention Endpoints Refs.

(number of patients)

Randomized, Hyponatremic Administration The primary endpoint is the change in the serum Na+ concentration 68

double-blind, HF patients with of lixivaptan at at day 7 of treatment

placebo-controlled NYHA class III/IV 50 mg/day to Other endpoints include assessment of dyspnea, body weight, cognitive 

(n = 650) 100 mg twice function and days of hospital-free survival

daily or matching 

placebo for 60 days

Multicenter, Chronic HF patients Lixivaptan dose The primary outcome is to assess the efficacy and safety of oral 69

randomized, with clinical evidence of 100 mg/day lixivaptan in patients with HF and volume expansion

double-blind, of volume overload for 8 weeks or 

placebo-controlled (n = 150) placebo

parallel-group 

efficacy and 

safety trial

Randomized, Euvolemic Oral lixivaptan Assess the safety, tolerability and effectiveness of lixivaptan in 76, 77

double-blind, hyponatremic patients 25 mg daily, achieving and maintaining increased serum Na+ concentration, 

placebo-controlled (n = 200) which can be improvement in serum Na+, percentage of subjects achieving normal 

titrated up to 50 serum Na+, percentage of subjects requiring fluid restriction and the 

or 100 mg change from baseline in serum Na+ level

International, Chronic Administration of Assess the safety of long-term oral lixivaptan use 78

multicenter, hyponatremia oral lixivaptan 

observational, (euvolemic and over 28 weeks

open-label, hypervolemic)

extension trial (n = 150)

HF, heart failure.



A subanalysis of the previous trial was conducted in patients with cir-

rhosis (n = 60) (Table III) (65, 71). Normalization of serum Na+ concen-

tration (defined as serum Na+ level ≥ 136 mEq/L) was achieved in 27%

and 50% of patients, respectively, in the lixivaptan 50 and 100 mg

twice a day groups, but in none of the patients in the placebo group 

(P < 0.05 and P < 0.001, respectively). Treatment with lixivaptan was

associated with a significant reduction in urine osmolality and body

weight. Thirst sensation increased significantly in the 100-mg twice

daily group but not in the 50-mg twice daily or placebo groups. Seri-

ous adverse events were similar among the three groups.

In another multicenter, randomized, placebo-controlled trial, 44

hospitalized patients (33 with cirrhosis, 6 with HF and 5 with

SIADH) were studied on a constant Na+ intake and received lixivap-

tan at doses of 25, 125 and 250 mg twice daily or placebo over a 7-

day inpatient study period. Serum Na+ concentration and urine out-

put were monitored closely. Lixivaptan was held for elevated serum

Na+ (> 142 mEq/L or > 8 mEq/L from the previous concentration) or

increased urine output (urine output > 3 L within 8 hours of the

drug administration or > 4 L within 24 hours). During the study, lix-

ivaptan was held in 7 patients (1, 1 and 5, respectively, in the 25-,

125- and 250-mg groups). Compared with placebo, lixivaptan pro-

duced a significant aquaretic response with dose-related increases

in free water clearance (P < 0.05) and serum Na+ (P < 0.05), with-

out significant changes in orthostatic blood pressure or serum cre-

atinine levels. Lixivaptan at doses of 125 and 250 mg was associat-

ed with higher AVP levels at the end of the study as compared with

baseline, placebo and the 25-mg group (P < 0.05). Urinary Na+

excretion, plasma renin activity, norepinephrine, aldosterone and

orthostatic mean arterial pressures and heart rate were the same in

all groups (72).

A substudy of a multicenter, randomized, double-blind, parallel-

group phase II clinical trial looked into the effects of lixivaptan on 24-

hour solute excretion in patients with hyponatremia (6 with SIADH

and 5 with cirrhosis and ascites) (73, 74). Lixivaptan was given at a

dose of 50 or 100 mg twice daily. All patients were on water restric-

tion (< 1 L/day). Creatinine, urea, uric acid, Na+, potassium and

osmotic clearance were closely followed, as were various hormones

(plasma renin [PR], aldosterone, antidiuretic hormone [ADH] and

atrial natriuretic factor [ANF]). In patients with cirrhosis, lixivaptan

normalized serum Na+ concentration within 2 days of treatment,

with a mild increment in Na+ and potassium excretion, as well as a

significant increase in urea clearance (P < 0.05). AVP levels

increased significantly (P < 0.05), whereas PR, aldosterone and ANF

remained unchanged. In the SIADH group, lixivaptan normalized

serum Na+ concentration after 1 day of treatment, with a reduction in

Na+ and uric acid excretion. The fractional excretion of Na+

decreased with lixivaptan treatment compared to placebo (P <

0.05), indicating increased Na+ tubular reabsorption. No significant

change was noted in plasma renin, aldosterone, AVP, ANF, pulse rate

and blood pressure (Table III) (74).

In a double-blind, placebo-controlled clinical trial, lixivaptan was

administered as a single oral dose of 75 mg to eight patients with

drug-induced (carbamazepine or oxcarbazepine) hyponatremia.

There were statistically significant increases in serum Na+, urine vol-

ume and free water clearance. Patients were noted to have low plas-

ma AVP levels. Plasma AVP levels remained low throughout the

study, and most patients were asymptomatic and did not experience

thirst. Lixivaptan was also associated with insignificant changes in

blood pressure (Table III) (75).

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

parallel-group phase III trials were conducted to evaluate the effica-

cy, safety and tolerability of lixivaptan in patients with euvolemic

hyponatremia (primarily SIADH). Both studies have been completed

but results have not yet been published (Table IV) (76, 77).

An international, multicenter, observational, cross-sectional, open-

label extension trial is currently ongoing to assess the safety of long-

term lixivaptan use in patients with chronic euvolemic and hyper-

volemic hyponatremia who were previously enrolled in one of the

three phase III trials (CK-LX3401, 3405 and 3430) (Table IV) (78).

DRUG INTERACTIONS

Certain anticonvulsant drugs, such as carbamazepine and oxcar-

bazepine, are widely used in the treatment of patients with epilepsy,

neuralgia, intellectual disability and other psychiatric disorders.

Their use can be associated with hyponatremia in a frequency vary-

ing from 4.8% to 40% (79).  The mechanism of hyponatremia asso-

ciated with the use of carbamazepine is thought to be related to

stimulation of the vasopressin V
2

receptor–protein G complex and

increased AQP-2 expression in the renal collecting duct (80). A clin-

ical trial has suggested the safety and efficacy of coadministration of

lixivaptan with carbamazepine or oxcarbazepine in correcting

hyponatremia (75).

Concurrent administration of lixivaptan and furosemide may be clin-

ically indicated, so a trial was designed to evaluate the effects of

coadministration of both drugs in healthy volunteers. A single 75-

mg dose of lixivaptan was administered in combination with a single

40-mg dose of furosemide. Coadministration of both drugs did not

alter the pharmacokinetics of either (67).

In another study, 30 healthy volunteers were randomized to

receive a single oral dose of 50 mg of lixivaptan or 40 mg of

furosemide. At 6 hours post-dose, there was a noticeably higher

increase in AVP levels with furosemide as compared to lixivaptan

(41.2 ± 97.19 and 2.9 ± 6.62 pg/mL, respectively). However, at 24

hours post-dose, AVP levels returned to baseline in patients receiv-

ing furosemide (0.8 ± 5.93 pg/mL), while the lixivaptan group

exhibited a small increase in AVP levels (1.3 ± 4.63 pg/mL). Urine

volume increases were similar in both groups. Lixivaptan adminis-

tration was associated with an increase in serum Na+ levels with-

out significant changes in other electrolytes. In contrast,

furosemide reduced serum concentrations of all electrolytes test-

ed (Table II) (80).

CONCLUSIONS

The limited published data indicate that lixivaptan, a selective V
2

receptor antagonist, is safe and effective in correcting hypona-

tremia in euvolemic or hypervolemic patients. The evidence that it

is effective in removing fluid without activation of the neurohor-

monal system is particularly attractive for its potential use in

patients with hypervolemic hyponatremia. Publication of the com-

pleted clinical trials will shed more light on its future application in
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clinical practice.  Confirmation of its efficacy and safety in patients

with decompensated HF or fluid overload without activation of the

neurohormonal system or causing electrolyte imbalance paves the

way for the exploration of its potential role in improving outcomes.

SOURCES

Cardiokine, Inc. (US) (licensed from Wyeth Pharmaceuticals, now

Pfizer, in 2004); codeveloped with Biogen Idec (US).

DISCLOSURES

Dr. Ghali is on the Advisory Panel and Speakers Bureau at Otsuka.

He has received research grants from Cardiokine, Biogen Idec, Otsu-

ka and Astellas. The other authors state no conflicts of interest.

REFERENCES

1. Albright, J.D., Reich, M.F., Delos Santos, E.G. et al. 5-Fluoro-2-methyl-N-

[4-(5H-pyrrolo [2,1-c]-[1, 4]benzodiazepin-10(11H)-ylcarbonyl)-3-hlorophe-

nyl]benzamide (VPA-985): An orally active arginine vasopressin antagonist

with selectivity for V
2

receptors. J Med Chem 1998, 41(14): 2442-4.

2. Albright, J.D., Reich, M.F., Sum, F.-W., Delos Santos, E.G. (Wyeth, LLC).

Tricyclic diazepine vasopressin antagonists and oxytocin antagonists. CA

2128956, EP 0636625, JP 1995157486, US 5516774.

3. Sum, F.-W., Albright, J.D., Delos Santos, E.G., Reich, M.F. (Wyeth, LLC).

Tricyclic diazepine vasopressin antagonists and oxytocin antagonists.  US

5733905.

4. Reich, M.F., Sum, F.-W., Delos Santos, E.G., Albright, J.D. (Wyeth, LLC).

Tricyclic diazepine vasopressin antagonists and oxytocin antagonists. US

5736540.

5. Reich, M.F., Sum, F.-W., Albright, J.D., Delos Santos, E.G. (Wyeth, LLC).

Tricyclic diazepine vasopressin antagonists and oxytocin antagonists. US

5624923.

6. Ghali, J.K. Mechanisms, risks, and new treatment options for hyponatrem-

ia. Cardiology 2008, 111(3): 147-57.

7. Waikar, S.S., Mount, D.B., Curhan, G.C. Mortality after hospitalization with

mild moderate and severe hyponatremia. Am J Med 2009, 122(9): 857-65. 

8. Wald, R., Jaber, B.L., Price, L., Upadhyay, A., Madias, N.E. Impact of hos-

pital-associated hyponatremia on selected outcomes. Arch Intern Med

2010, 170(3): 294-302.

9. Sajadieh, A., Binici, Z., Mouridsen, M.R., Nielsen, O.W., Hansen, J.F., Hau-

gaard, S.B. Mild hyponatremia carries a poor prognosis in community sub-

jects. Am J Med 2009, 122(7): 679-86.

10. Adrogué, H.J., Wesson, D.E. Salt and Water in Hyponatremia and Hyper-

natremia. Boston: Blackwell Scientific, 1994, 205-84.

11. Ghali, J.K. Hyponatremia in heart failure: A call for redefinition. Eur Heart J

2007, 28(8): 920-1.

12. Gheorghiade, M., Abraham, W.T., Albert, N.M. et al.; OPTIMIZE-HF Inves-

tigators and Coordinators. Relationship between admission serum sodi-

um concentration and clinical outcomes in patients hospitalized for heart

failure: An analysis from the OPTIMIZE-HF registry. Eur Heart J 2007,

28(8): 980-8.

13. Renneboog, B., Musch, W., Vendemergel, X., Manto, M.N., Decaux, G.

Mild chronic hyponatremia is associated with falls, unsteadiness and atten-

tion deficits. Am J Med 2006, 119(1): 71.e1-8.

14. Kinsell, S., Moran, S., Sullivan, M.O., Molloy, M.G., Eustace, J.A. Hypona-

tremia independent of osteoporosis is associated with fracture occurrence.

Clin J Am Soc Nephrol 2010, 5(2): 275-80.

15. Sandhu, H.S., Gilles, E., DeVita, M.V., Panagopoulos, G., Michelis, M.F.

Hyponatremia associated with large bone fracture in elderly patients. Int

Urol Nephrol 2009, 41(3): 733-7.

16. Gankam Kengne, F., Andres, C., Sattar, L., Melot, C., Decaux, G. Mild

hyponatremia and risk of fracture in the ambulatory elderly. QJM 2008,

101(7): 583-8.

17. Shea, A.M., Hammill, B.G., Curtis, L.H., Szczech, L.A., Schulman, K.A.

Medical costs of abnormal serum sodium levels. J Am Soc Nephrol 2008,

19(4): 764-70.

18. Weisberg, L.S. Pseudohyponatremia: A reappraisal. Am J Med 1989,

86(3): 315-8.

19. Guyton, A.C. The body fluids and kidneys. In: Textbook of Medical Physi-

ology. Guyton, A.C., Hall, J.E. (Eds.). Philadelphia: WB Saunders Compa-

ny, 2006, 291-414. 

20. Burbach, J.P., Luckman, S.M., Murphy, D., Gainer, H. Gene regulation in

the magnocellular hypothalamo-neurohypophysial system. Physiol Rev

2001, 81(3): 1197-267.

21. Wade, C.E., Keil, L.C., Ramsey, D.J. Role of volume and osmolality in the

control of plasma vasopressin in dehydrated dogs. Neuroendocrinology

1983, 37(5): 349-53.

22. Kamoi, K., Ishibashi, M., Yamaji, T. Interaction of osmotic and nonosmotic

stimuli in regulation of vasopressin secretion in hypoosmolar state of man.

Endocr J 1997, 44(2): 311-7. 

23. Oliet, S.H., Bourque, C.W. Mechanosensitive channels transducer

osmosensitivity in supraoptic neurons. Nature 1993, 364(6435): 341-3.

24. Schrier, R.W. Water and sodium retention in edematous disorder: Role of

vasopressin and aldosterone. Am J Med 2006, 119(7, Suppl. 1): S47-53.

25. Mitchell, L.D., Barron, K., Brody, M.J., Johnson, A.K. Two possible actions

for circulating angiotensin II in the control of vasopressin release. Peptides

1982, 3(3): 503-7.

26. Yamaguchi, K., Koike, M., Hama, H. Plasma vasopressin response to

peripheral administration of angiotensin in conscious rats. Am J Physiol

1985, 248(2, Pt. 2): R249-56.

27. Birnbaumer, M. Vasopressin receptors. Trends Endocrinol Metab 2000,

11(10): 406-10.

28. Kirk, C.J., Verrinder, T.R., Hems, D.A. Rapid stimulation by vasopressin

and adrenaline of inorganic phosphate incorporation into phosphatidyl

inositol in isolated hepatocytes. FEBS Lett 1977, 83(2): 267-71.

29. Michell, R.H., Kirk, C.J., Billah, M.M. Hormonal stimulation of phos-

phatidylinositol breakdown with particular reference to the hepatic effects

of vasopressin. Biochem Soc Trans 1979, 7(5): 861-5.

30. Aiyar, N., Nambi, P., Stassen, F.L., Crooke, S.T. Vascular vasopressin recep-

tors mediate phosphatidylinositol turnover and calcium efflux in an estab-

lished smooth muscle cell line. Life Sci 1986, 39(1): 37-45.

31. Thibonnier, M., Conarty, D.M., Preston, J.A., Wilkins, P.L., Berti-Mattera,

L.N., Mattera, R. Molecular pharmacology of human vasopressin recep-

tors. Adv Exp Med Biol 1998, 449: 251-76.

32. Ali, F., Guglin, M., Vaitkevicius, P., Ghali, J.K. Therapeutic potential of vaso-

pressin receptor antagonists. Drugs 2007, 67(6): 847-58.

33. Tanoue, A., Ito, S., Honda, K. et al. The vasopressin V1B receptor critically

regulates hypothalamic-pituitary-adrenal axis activity under both stress

and resting conditions. J Clin Invest 2004, 113(2): 302-9.

34. Nielsen, S., Kwon, T.H., Christensen, B.M., Promeneur, D., Frokiaer, J.,

Marples, D. Physiology and pathophysiology of renal aquaporins. J Am

Soc Nephrol 1999, 10(3): 647-63.

35. Knepper, M.A. Molecular physiology of urinary concentrating mechanism:

Regulation of aquaporin water channels by vasopressin. Am J Physiol

1997, 272(1, Pt. 2): F3-12.

368

LIXIVAPTAN S. Daifallah et al.

THOMSON REUTERS – Drugs of the Future 2011, 36(5)



36. Linas, S.L., Anderson, R.J., Guggenheim, S.J., Robertson, G.L., Berl, T.

Role of vasopressin in impaired water excretion in conscious rats with

experimental cirrhosis. Kidney Int 1981, 20(2): 173-80.

37. Yaron, M., Bennett, C.M. Mechanism of impaired water excretion in acute

right ventricular failure in conscious dogs. Circ Res 1978, 42(6): 801-5.

38. Bichet, D., Szatalowicz, V., Chaimovitz, C., Schrier, R.W. Role of vaso-

pressin in abnormal water excretion in cirrhotic patients. Ann Intern Med

1982, 96(4): 413-7.

39. Better, O.S., Schrier, R.W. Disturbed volume homeostasis in patients with

cirrhosis of the liver. Kidney Int 1983, 23(2): 303-11.

40. Gross, P.A., Wehrle, R., Wichmann, A. et al. Suppression of arterial barore-

ceptors increases vasopressin in the hyponatremia of cirrhosis and heart

failure. Paris: Vasopressin Colloque INSERM/John Libbey Eurotext Ltd,

1991, 523-30.

41. Schwartz, W.B., Bennett, W., Curelop, S., Bartter, F.C. A syndrome of

renal sodium loss and hyponatremia probably resulting from inappropri-

ate secretion of antidiuretic hormone. J Am Soc Nephrol 2001, 12(12):

2860-70.

42. Bartter, F.C., Schwartz, W.B. The syndrome of inappropriate secretion of

antidiuretic hormone. Am J Med 1967, 42(5): 790-806.

43. Kramer, B.K., Schweda, F., Riegger, G.A. Diuretic treatment and diuretic

resistance in heart failure. Am J Med 1999, 106(1): 90-6.

44. Forrest, J.N. Jr., Cox, M., Hong, C., Morrison, G., Bia, M., Singer, I. Superi-

ority of demeclocycline over lithium in the treatment of chronic syndrome of

inappropriate secretion of antidiuretic hormone. N Engl J Med 1978,

298(4): 173-7.

45. White, M.G., Fetner, C.D. Treatment of the syndrome of inappropriate

secretion of antidiuretic hormone with lithium carbonate. N Engl J Med

1975, 292(8): 390-2.

46. Decaux, G., Brimioulle, S., Genette, F., Mockel, J. Treatment of the syn-

drome of inappropriate secretion of antidiuretic hormone by urea. Am J

Med 1980, 69(1): 99-106.

47. Sawyer, W.H., Manning, M. Synthetic analogs of oxytocin and the vaso-

pressin. Annu Rev Pharmacol 1973, 13: 1-17.

48. Manning, M., Sawyer, W.H. Antagonists of vasopressin and oxytocin: Cur-

rent status and future perspectives. In: Vasopressin. Jard, S., Jamison, R.

(Eds.). Paris: John Libbey Eurotext, 1991, 297-309.

49. Kinter, L.B., Ileson, B.E., Caltabinol, S. et al. Antidiuretic hormone antag-

onism in humans: Are there predictors? In: Vasopressin. Jard, S., Jamison,

R. (Eds.). Paris: John Libbey Eurotext, 1991, 321-9.

50. Yamamura, Y., Ogawa, H., Yamashita, H. et al. Characterization of a novel

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

V2 receptor antagonist. Br J Pharmacol 1992, 105(4): 787-91.

51. Verbalis, J.G. Vasopressin V2 receptor antagonists. J Mol Endocrinol 2002,

29(1): 1-9.

52. Ghali, J.K., Farah, J.O., Daifallah, S., Zabalawi, H.A., Zmily, H.D. Conivap-

tan and its role in the treatment of hyponatremia. Drug Des Devel Ther

2009, 3: 253-68.

53. Samsca (tolvaptan) [prescribing Information]. Tokyo, Japan: Otsuka

Pharmaceutical Co, Ltd; 2009. http://www.samsca.com/pdf/sam-

scaPI.pdf. May 2, 2010.

54. Chan, P.S., Couplet, J., Park, H.C. et al. VPA-985, a nonpeptide orally

active and selective vasopressin V2 receptor antagonist. Adv Exp Med Biol

1998, 449: 439-43.

55. Ghali, J.K., Zmily, H.D., Farah, J.O., Daifallah, S. Lixivaptan, a non-peptide

vasopressin V receptor antagonist for the potential oral treatment of

hyponatremia. Drugs 2010, 13(11): 782-92.

56. Radin, J., McCune, S., Park, S., Orlandi, C., Ticho, B. Effect of chronic

administration of the vasopressin V
2

receptor antagonist lixivaptan (VPA-

985) on renal and cardiovascular functions in a rat model of heart failure.

Eur J Heart Fail - Suppl [Heart Failure (May 30-June 2, Nice) 2009]

2009, 8(2): Abst 620.

57. Ellis-Grosse, E.J., Meng, X., Orczyk, G.P. Single dose pharmacokinetic (PK)

-pharmacodynamic (PD) profile of VPA-985, a novel, V
2

receptor antago-

nist, in patients with congestive heart failure (CHF). Annu Meet Am Assoc

Pharm Sci (AAPS) (Nov 14-18, New Orleans) 1999, Abst.

58. Guyader, D., Patat, A., Ellis-Grosse, E.J., Orczyk, G.P. Pharmacodynamic

effects of a nonpeptide antidiuretic hormone V
2

antagonist in cirrhotic

patients with ascites. Hepatology 2002, 36(5): 1197-205.

59. Muralidharan, G., Meng, X., DeCleene, S.A., Cevallos, W.H., Fruncillo, R.,

Hicks, D., Orczyk, G.P. Pharmacokinetics and pharmacodynamics of a

novel vasopressin receptor antagonist, VPA-985, in healthy subjects. 100th

Annu Meet Am Soc Clin Pharmacol Ther (ASCPT) (March 18-20, San

Antonio) 1999, Abst PIII-49.

60. Swan, S., Anjum, S., Lambrecht, L. et al. Pharmacodynamic effects of

VPA-985, an ADH (V2) antagonist in normal volunteers. 32nd Annu Meet

Am Soc Nephrol (ASN) (Nov 5-8, Miami Beach) 1999, Abst A0639.

61. Molinari, A., Trybulski, E., Bagli, J. et al. Identification and synthesis of

major metabolites of vasopressin V2-receptor agonist WAY-151932, and

antagonist, lixivaptan. Bioorg Med Chem Lett 2007, 17(21): 5796-800.

62. Epstein, M., Orczyk, G., Muralidharan, G. et al. VPA-985: A novel non-pep-

tide competitive vasopressin receptor antagonist for the treatment of dilu-

tional hyponatremia. J Am Soc Nephrol 1998, 9: Abst A0544.

63. Wong, F., Blei, A.T., Blendis, L.M., Thuluvath, P.J. A vasopressin receptor

antagonist (VPA-985) improves serum sodium concentration in patients

with hyponatremia: A multicenter, randomized, placebo-controlled trial.

Hepatology 2003, 37(1): 182-91.

64. Abraham, W.T., Shamshirsaz, A.A., McFann, K., Oren, R.M., Schrier, R.W.

Aquaretic effect of lixivaptan, an oral, non-peptide, selective V
2

receptor vaso-

pressin antagonist, in New York Heart Association functional class II and III

chronic heart failure patients. J Am Coll Cardiol 2006, 47(8): 1615-21.

65 Gerbes, A.L., Gulberg, V., Ginès, P., Decaux, G., Gross, P., Gandjini, H.,

Dijan, J.; VPA Study Group. Therapy of hyponatremia in cirrhosis with a

vasopressin receptor antagonist: A randomized double-blind multicenter

trial. Gastroenterology 2003, 124(4): 933-9.

66. A study to define the ECG effects of lixivaptan compared to placebo and

moxifloxacin in healthy adult men and women: A thorough EKG study

(NCT00675701). ClinicalTrials.gov Web site, Accessed April 7, 2011.

67. Swan, S.K., Lambrecht, L.J., Orczyk, G.P. et al. Interaction between VPA-

985, an ADH (V
2
) antagonist, and furosemide. 32nd Annu Meet Am Soc

Nephrol (ASN) (Nov 5-8, Miami Beach) 1999, Abst A0638.

68. Abraham, W.T., Aranda, J.M., Boehmer, J.P. et al. Rationale and design of

the treatment of hyponatremia based on lixivaptan in NYHA class III/IV

cardiac patient evaluation (THE BALANCE) study. Clin Trans Sci 2010,

3(5): 249-53.

69. Study to evaluate the effects of oral administration of lixivaptan in patients

with congestive heart failure (NCT01055912). ClinicalTrials.gov Web site,

Accessed April 7, 2011. 

70. Martin, P.Y., Abraham, W.T., Lieming, X., Olson, B.R., Oren, R.M., Ohara,

M., Schrier, R.W. Selective V2-receptor vasopressin antagonism decreases

urinary aquaporin-2 excretion in patients with chronic heart failure. J Am

Soc Nephrol 1999, 10(10): 2165-70.

71. Gross, P., Decaux, G., Gerbes, A. et al. Treatment of hyponatremia (HYPO)

with VPA-985. J Am Soc Nephrol 1999, 10: 121A.

72. Wong, F., Blei, A.T., Blendis, M., Robertson, G.L., Thuluvath, P.T. The

effects of VPA-985, a vasopressin receptor antagonist on water metabolism

in patients with hyponatremia: A multi-center randomized placebo con-

trolled trial. Gastroenterology [Dig Dis Week (May 24, San Diego) 2000]

2000, 118(4, Suppl. 2, Pt. 1): A980.

369

S. Daifallah et al. LIXIVAPTAN

THOMSON REUTERS – Drugs of the Future 2011, 36(5)



73. Decaux, G., Hannotier, P., Pennickx, R. et al. Difference in solute excretion

after treatment of hyponatremia related to SIADH or cirrhosis by the non-

peptide, oral active selective vasopressin V
2

receptor antagonist, VPA-985.

32nd Annu Meet Am Soc Nephrol (ASN) (Nov 5-8, Miami Beach) 1999,

Abst A0616.

74. Decaux, G. Difference in solute excretion during correction of hyponatrem-

ic patients with cirrhosis or syndrome of inappropriate secretion of antidi-

uretic hormone by oral vasopressin V
2

receptor antagonist VPA-985. J Lab

Clin Med 2001, 138(1): 18-21.

75. Bichet, D.G., Remillard, G., Madore, F. et al. Correction of hyponatremia by

a single oral dose of 75 mg of the non-peptide vasopressin V2 antagonist

VPA-985 in hyponatremic patients receiving carbamazepine (CBZ) (Tegre-

tol) or oxcarbazepine (OBZ) (Trileptal). 32nd Annu Meet Am Soc Nephrol

(ASN) (Nov 5-8, Miami Beach) 1999, Abst A0612.

76. Multicenter, randomized, double-blind, placebo-controlled study to evalu-

ate the efficacy and safety of oral lixivaptan capsules in subject with euv-

olemic hyponatremia (NCT00660959). ClinicalTrials.gov Web site,

Accessed April 7, 2011. 

77. A multicenter, randomized, double-blind, placebo-controlled study to eval-

uate the safety and tolerability of oral lixivaptan capsules in subjects with

euvolemic hyponatremia (NCT00876798). ClinicalTrials.gov Web site,

Accessed April 7, 2011. 

78. International, multicenter study of a twenty-eight week, open-label, titrated

oral lixivaptan administration in patients with chronic hyponatremia:

Extension to studies CK-LX3401, 3405, and 3430 (NCT01056848). Clini-

calTrials.gov Web site, Accessed April 7, 2011. 

79. Van Amelsvoort, T., Bakshi, R., Devaux, C.B., Schwabe, S. Hyponatremia

associated with carbamazepine and oxcarbazepine therapy: A review.

Epilepsia 1994, 35(1): 181-8.

80. Abraham, W., Ghali, J., Braman, V. et al. Effects of single dose administra-

tion of lixivaptan, a selective V
2

receptor antagonist, or furosemide in

healthy volunteers. Eur J Heart Fail - Suppl [Heart Failure (May 29-June 1,

Berlin) 2010] 2010, 9(1): Abst 1064.

C

370

LIXIVAPTAN S. Daifallah et al.

THOMSON REUTERS – Drugs of the Future 2011, 36(5)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


