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Universitat de Barcelona and Instituto Reina Sofı́a de Investigaciones Nefrológicas (IRSIN), Barcelona, Spain; 2Hormonal
Laboratory, Hospital Clı́nic Univesitari, Institut d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS), Universitat de
Barcelona and Instituto Reina Sofı́a de Investigaciones Nefrológicas (IRSIN), Barcelona, Spain; 3Liver Unit, Hospital Clı́nic
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1 A disturbance in body water homeostasis is a common feature in advanced cirrhosis. This
disturbance is always associated with the existence of ascites and is characterized by an inability to
adjust the amount of water excreted in the urine to the amount of water ingested. Vasopressin (AVP)
is of major importance in the pathogenesis of water retention and hyponatremia in cirrhosis.

2 The current study assessed the renal, hormonal and hemodynamic effects induced by 10-day
chronic oral administration of RWJ-351647 (0.5mgkg�1 daily), a new nonpeptide V2-AVP antagonist,
in rats with CCl4-induced cirrhosis, ascites and severe water retention. Urine volume (UV), urine
osmolality and sodium and potassium excretion were measured daily. At the end of the study, systemic
hemodynamic parameters were also assessed.

3 Long-term administration of RWJ-351647 has an aquaretic effect in rats with cirrhosis, ascites,
water retention and hypo-osmolality. It increases UV (ANOVA: F¼ 7.32, Po0.0001) and reduces
urine osmolality (ANOVA: F¼ 12.69, Po0.0001) throughout the entire period of treatment, thereby
leading to a greater renal ability to excrete a water load at the end of the 10-day treatment period (the
percentage of water load excreted improved from 3078 to 92721%, Po0.025).

4 The nonpeptide AVP V2-receptor antagonist RWJ-351647 also increased sodium excretion without
affecting creatinine clearance and blood pressure.

5 These data suggest that RWJ-351647 could be therapeutically useful in the treatment of water
retention in human cirrhosis.
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Introduction

Vasopressin (AVP) is a polypeptide hormone that is released

from the posterior pituitary gland in response to changes in

blood pressure and plasma osmolality. The biological effects of

AVP are mediated by three receptor subtypes: V1a, V2 and V1b.

V1 receptors mediate phospholipase C activation and intra-

cellular calcium mobilization. The V1a receptor is located in

vascular smooth muscle cells and cardiomyocytes, and

modulates vessel vasoconstriction and myocardial function,

whereas activation of V1b receptors mainly induces adenocor-

ticotrophin release from the pituitary gland. V2 receptors are

distributed on renal collecting duct principle cells and mediate

the well-known antidiuretic effects of AVP by activating a

cAMP-dependent pathway. AVP is of major importance in

the pathogenesis of the water retention and dilutional hypo-

natremia in cirrhosis with ascites (Arroyo et al., 1994). Two

families of agents, which are able to inhibit AVP activity and

possess aquaretic effects, have emerged. The first type consists

in the k-opioid receptor agonists, which increase urine volume

(UV) and decrease urinary osmolality in humans and

experimental animals mainly by inhibiting AVP release (Slizgi

& Ludens, 1982; Hamon & Jouquey, 1990). However, k-opioid
agonists are of limited value because they may display some

adverse effects, which are probably related to their central

mechanism of action (Bellisant et al., 1996). The second type

includes several AVP nonpeptide receptor antagonists (Sawyer

et al., 1981; Yamamura et al., 1992).*Author for correspondence; E-mail: jrosb@ub.edu
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Dual V1a/V2-AVP antagonists have also been described.

Investigations performed in our laboratory recently showed

that the receptor AVP antagonist, Conivaptan, has an

aquaretic effect in rats with cirrhosis, ascites, water retention

and hypo-osmolality. However, the renal effects of this agent

only occur during the first 5 days of treatment, and after a 10-

day treatment period marked water retention is still observed

(Fernández-Varo et al., 2003).

A new nonpeptide V2-AVP receptor antagonist, called RWJ-

351647, has recently been introduced (Matthews et al., 2004).

This compound has been found to be a potent aquaretic in

both rats and primates and, therefore, could be of therapeutic

value for water retention and dilutional hyponatremia in

cirrhosis. At present, however, there is no study on the effect of

this new V2-AVP receptor antagonist in cirrhosis with ascites.

Therefore, the current study was aimed to assess the renal,

hormonal and hemodynamic effects induced by the chronic

oral administration of RWJ-351647 in rats with CCl4-induced

cirrhosis, ascites and severe water retention.

Methods

Cirrhosis induction protocol and assessment of water
retention

The study was performed in 32 conscious adult male Wistar

rats with cirrhosis, ascites and impaired free water excretion.

Cirrhosis was induced by repetitive CCl4 inhalation (Clària &

Jiménez, 1999). The rats were fed ‘ad libitum’ with standard

chow and distilled water containing phenobarbital (0.3 g l�1)

as drinking fluid. After 1 week of phenobarbital treatment,

inhalation of CCl4 was begun. Rats were placed in a gas

chamber (70� 25� 30 cm3) and air was bubbled (1 lmin�1)

through a flask containing CCl4. Animals were exposed to the

CCl4 vapor atmosphere twice a week (Monday and Friday)

starting with 0.5min per exposure. Afterwards, the duration of

exposure was increased to 1min after three sessions, to 2min

after three more sessions, to 3min after three more sessions, to

4min after three more sessions, and then 5min until the

animals developed ascites and water retention. Cirrhotic rats

were obtained from a group of 150 animals submitted to the

cirrhosis induction protocol. In all, 118 of these animals could

not be included in the study for the following reasons: 101 rats

died before the development of impairment of water excretion

and 17 animals died before completing the experimental

protocol. At 2 weeks after cirrhotic rats developed ascites, all

animals were placed in metabolic cages and the renal ability

to excrete free water was determined once weekly (Tuesday)

in each rat submitted to the cirrhosis induction program as

follows: 2 h after removing food and water from the metabolic

cage, a water load (50ml kg�1 bw) was administered via a

gastric tube inserted following a short inhalation of isoflurane

anesthesia. Immediately afterwards, the animals were reintro-

duced into their metabolic cages where each volume of

spontaneously voided urine was collected separately. After

3 h, and following abdominal massage, a final urine sample

was obtained. The osmolality of each urine sample was

measured. Total volume was measured gravimetrically. The

renal ability to excrete free water was estimated through the

minimum urinary osmolality (mUOsm) of spontaneously voided

samples obtained after the water load and by calculating the

percentage (%) of the water load excreted during the 3-h urine

collection period. When a significant impairment in the renal

ability to excrete free water was detected (% of water load

excreted o60% and mUOsm4160mOsmkg�1), animals were

included in the protocol. All studies in cirrhotic rats were

performed 24 h after exposing the animals to a short inhalation

session of CCl4 (2min) to avoid spontaneous improvement in

free water excretion.

Titration experiments of RWJ-351647 in cirrhotic rats

In all, 20 cirrhotic rats with ascites and impaired renal water

excretion were included in the study and randomly assigned to

one of the following groups: (1) Single intragastric adminis-

tration of RWJ-351647 (0.5mg kg�1, dissolved in 0.5% methyl

cellulose), (2) single intragastric administration of RWJ-

351647 (1mg kg�1, dissolved in 0.5% methyl cellulose), (3)

single intragastric administration of RWJ-351647 (2.5mg kg�1,

dissolved in 0.5% methyl cellulose and (4) intragastric

administration of 0.5% methyl cellulose (4.2ml kg�1).

Measurements of water intake, UV, urine osmolality (UOsm),

urinary excretion of Naþ /Kþ (UNaV, UKV) and creatinine

(UCreatV) were made 1 day prior to the water overload and over

the 24 h following treatment. Then, animals were submitted

to a second water overload, as previously described, and the

mUOsm, % of water excreted and urine creatinine concentration

were determined in the 3-h urine collection. Thereafter, the rats

were killed and blood samples were obtained to measure serum

Naþ , Kþ , creatinine and osmolality.

Chronic effect of RWJ-351647 in cirrhotic rats

In all, 12 cirrhotic rats with ascites and impaired renal water

excretion were included in the study and randomly assigned to

one of the following groups: (1) intragastric administration of

RWJ-351647 (0.5mg kg�1, dissolved in 0.5% methyl cellulose)

administered daily for 10 days (six cirrhotic rats) and (2)

intragastric administration of 0.5% methyl cellulose

(4.2ml kg�1) administered daily for 10 days (six cirrhotic rats).

Measurements of 24-h UV and osmolality (UOsm) and UNaV

were made 1 day prior to the water overload and for 9

consecutive days after inclusion in the protocol. An aliquot of

each 24-h urine collection was frozen at �301C until analyzed

to determine urinary excretion of urea (UureaV), creatinine

(UcreatV), vasopressin (UAVPV) and aldosterone (UALDV).

On the 10th day, animals were submitted to a second water

overload, as previously described, and the mUOsm and % of

water excreted were determined in the 3-h urine collection.

Thereafter, animals were included in the following protocol.

At the end of the renal excretory function studies, all

cirrhotic rats were anesthetized with Inactine (0.5ml kg�1 bw)

and prepared with PE-50 polyvinyl catheters in the left femoral

artery to assess systemic hemodynamic parameters. A blood

sample (0.5ml) was obtained to measure standard parameters

of hepatic and renal function. Ringer solution (0.5ml) replaced

the volume of blood sample collected. A midline abdominal

incision (2 cm) was made, and the portal vein cannulated

through an ileocolic vein with a PE-50 catheter to measure

portal pressure (PP, mmHg). After verifying the achievement

of free blood reflux, the catheter was fixed to the mesentery

with cyanoacrylate glue and the abdomen closed with silk

sutures. The right jugular vein was also isolated and a PE-50
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catheter placed in the right atrium. A thermocouple (Colum-

bus Instruments, Columbus, OH, U.S.A.) was advanced to

the aortic arch through a left carotid approach to monitor

the intra-arterial temperature during cardiac output (CO,

mlmin�1) measurement. Arterial and ileocolic vein catheters

were connected to highly sensitive transducers (Hewlett

Packard, Avondale, PA, U.S.A.), which were calibrated before

each study. Mean arterial pressure (MAP, mmHg), stroke

volume (SV, mlmin�1) and heart rate (HR, beatsmin�1) were

determined in a microcomputer system (Cardiomax IIR,

Columbus Instruments, Columbus, OH, U.S.A.). MAP, HR

and PP were continuously recorded in a multichannel system

(MX4P and MT4, Lectromed Ltd, Jersey, Channel Islands,

U.K.). CO was measured by thermodilution following the

administration of a bolus of 200 ml of Ringer solution (20–

231C) into the right atrium. A spring-loaded syringe was

used (Hamilton Syringe, model CR-700-200) to insure a

constant injection rate and volume. Cardiac index (CI,

mlmin�1 100 g bw) was calculated by dividing CO by animal

weight. Total peripheral resistance (TPR, mmHgmin�1ml�1)

was obtained using the formula TPR¼MAP/CO. Hemo-

dynamic parameters were allowed to equilibrate for 1 h and

values of MAP, PP, HR, CO, SV and TPR recorded. Then,

animals were killed and the liver specimens were collected from

the middle liver lobe of each animal, fixed in 10% buffered

formalin and stained with hematoxylin and eosin, reticulin and

Masson’s trichrome for histological examination. The study

was performed according to the criteria of the Investigation

and Ethics Committee of the Hospital Clı́nic Universitari.

Measurements

Serum and urinary osmolality were determined from osmo-

metric depression of the freezing point (Advanced Instruments

Osmometer 3300, Needham, HTs, MA, U.S.A.) and sodium

concentration by flame photometry (IL 943, Instrumentation

Laboratory, Lexington, MA, U.S.A.). Urinary AVP was

determined by radioimmunoassay (Bühlman Laboratories

AG, Basel, Switzerland) of unextracted samples as described

previously (Camps et al., 1987). The urinary concentration of

aldosterone was measured with the use of a commercial kit

(Coat-A-Count Aldosterone, Diagnostic and Products Cor-

poration, Los Angeles, CA, U.S.A.), in urine samples (0.5ml)

adjusted to pH 1.0 with 1ml of 0.2 N HCl and kept during 20 h

at 301C. Using this procedure, most aldosterone-18-glucur-

onide is transformed into aldosterone (Jiménez et al., 1985).

Creatinine and urea were measured by the alkaline picrate

technique and enzymatic urease GLDH, respectively, with

ADVIA 1650 Instrument (Bayer Diagnostic Europe Ltd,

Pittsburgh, PA, U.S.A.).

Serum RWJ-351647 concentrations were determined using

validated liquid chromatography-tandem mass spectrometry

(LC-MS/MS) methodologies. The assay supporting the

pharmacokinetic study in rats had a lower limit of quantifica-

tion (LLOQ) of 0.1 ngml�1 (0.19 nM).

Statistical analysis

Statistical analysis of the results was performed by one-way or

two-way analysis of variance (ANOVA), the Newman–Keuls

and Bonferroni tests, and the paired and unpaired Student’

s t-tests when appropriate. Results are given as mean7s.e.m.

and considered significant at a P-level of 0.05 or less.

Results

Histological examination of the liver specimens obtained

from CCl4-treated rats showed cirrhosis in all animals, with

no significant differences between rats receiving RWJ-351647

or vehicle.

Table 1 shows that cirrhotic rats included in the dose–

response protocol were investigated after they had developed

marked sodium retention (Clària et al., 1991; Jiménez et al.,

2000; Fernández-Varo et al., 2003) and severely impaired renal

ability to excrete free water. The impairment of water excretion

occurred within the range of 13–30 weeks after starting the

cirrhosis induction program. Ascites preceded the impairment

in free water excretion by at least 2 weeks. No differences were

found in the baseline renal response to water overload and

UNaV in cirrhotic rats receiving the administration of a single

oral dose of the V2-AVP receptor antagonist or vehicle.

At 24 h after the oral administration (Table 2), no significant

differences were observed in the renal response to the water

load, mUOsm, and serum sodium and serum osmolality

between cirrhotic rats receiving a single oral dose of RWJ-

351647 or vehicle. Neither were differences observed in

creatinine release. The absence of modifications in renal water

handling 24 h after the administration of RWJ-351647 to

cirrhotic rats is likely due to the fact that the diuretic effect

of RWJ-351647 peaks 4–8 h after its administration and does

not extend over periods of time longer than 10 h. The results

obtained with the highest dose of antagonist (2.5mg kg�1,

dissolved in 0.5% methyl cellulose) are not shown because this

dose induced a massive diuretic effect in cirrhotic rats with

ascites that eventually led to animal death due to dehydration.

Table 3 shows urine flow, urine osmolality, and sodium,

potassium and creatinine excretion in baseline conditions

and during the initial 24 h after the administration of the

corresponding dose of RWJ-351647 or vehicle. At doses of 0.5

Table 1 Body weight, renal response to the water load and urinary excretion of sodium in baseline conditions in cirrhotic
rats prior to receiving different doses of RWJ-351647 or vehicle

Vehicle
(n¼ 5)

RWJ-351647
(0.5mgkg�1)

(n¼ 5)

RWJ-351647
(1mgkg�1)

(n¼ 5)

RWJ-351647
(2.5mg kg�1)

(n¼ 5)

Body wt (g) 508713 510730 457722 493718
% Water load excreted 2875 2076 1875 2576
mUOsm (mOsmkg�1) 3477100 470791 5387293 4357269
UNaV (mEqmin�1) 0.4070.1 0.270.08 0.1870.06 0.270.09
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and 1mgkg�1 of RWJ-351647, a significant increase in UV

and a marked decrease in UOsm were observed. No differences

in UNaV, UKV and UCreatV were found between these two

groups of treated cirrhotic rats. The serum levels of RWJ-

351647 measured 24 h after dosing were 0.5570.16 and

1.5870.81 nM for animals given 0.5 and 1.0mg kg�1, respec-

tively. In two animals given 2.5mg kg�1, the average serum

levels after 24 h were 19.7 nM.

Table 4 shows that cirrhotic rats included in the chronic

treatment protocol were investigated after they had developed

marked sodium retention and severely impaired renal ability to

excrete free water. The impairment of water excretion occurred

within the range of 12–35 weeks after starting the cirrhosis

induction program. Ascites preceded the impairment in free

water excretion by at least 2 weeks. No differences were found

in the baseline renal response to water overload and UNaV

in cirrhotic rats receiving the V2-AVP receptor antagonist or

vehicle. The effect of RWJ-351647 or vehicle on urine flow

and urinary osmolality is shown in Figures 1 and 2, respectively.

No significant changes were observed in any of these

parameters throughout the study in cirrhotic rats receiving

vehicle. In contrast, the V2-AVP receptor antagonist signifi-

cantly increased urine flow (ANOVA: F¼ 7.32, Po0.0001)

and decreased UOsm (ANOVA: F¼ 12.69, Po0.0001) in

cirrhotic rats throughout the entire period of treatment. The

aquaretic effect of RWJ-351647 was, however, more intense

during the first 2 days of treatment and remained rather

constant thereafter. As shown in Figure 3, RWJ-351647 also

induced a significant natriuretic effect (ANOVA: F¼ 2.13,

Po0.05) in cirrhotic rats during the first 24 h and disappeared

thereafter.

After completing the study (Table 5), no significant

differences were observed in serum sodium and serum

osmolality between cirrhotic rats treated or not treated with

RWJ-351647. Treatment with RWJ-351647, however, was

associated with a significant amelioration in the renal response

to the water load, with the figures of % of water load excreted

being within normal values.

Figure 4 shows the individual values of the % of water load

excreted obtained in baseline conditions and after completing

the treatment in cirrhotic rats. The improvement in the renal

water handling in cirrhotic rats was so remarkable that, at the

end of the treatment, only one cirrhotic animal still showed

a % of water load excreted lower than 60% (Figure 4).

Table 6 shows the average values of UNaV, UKV, UUreaV,

UCreatV, UALDV and UAVPV during the entire period of

treatment and creatinine clearance (CCreat) at the end of the

study in cirrhotic rats receiving vehicle or RWJ-351647.

Chronic administration of RWJ-351647 to cirrhotic rats was

associated with increased sodium and AVP excretion, a

diminution in UALDV and no changes in CCreat in comparison

to cirrhotic rats receiving vehicle.

Table 7 shows MAP, CO, SV, HR and PP obtained after

completing the 10-day treatment period in cirrhotic rats

included in the systemic hemodynamic study. Two cirrhotic

rats (one treated with the V2-AVP receptor antagonist and one

receiving vehicle) died within 5 h after the administration of the

second water overload; thus, the table shows values of five and

five cirrhotic rats receiving vehicle or RWJ-351647, respec-

tively. Treatment with RWJ-351647 did not result in any

significant difference as compared to cirrhotic rats receiving

vehicle.

Table 2 Body weight, renal response to the water
load, CCreat and urinary excretion of sodium, serum
sodium and serum osmolality 24 h after the adminis-
tration of a single oral dose of the V2-AVP receptor
antagonist or vehicle to cirrhotic rats included in the
protocol

Vehicle
(n¼ 5)

RWJ-351647
(0.5mg kg�1)

(n¼ 5)

RWJ-351647
(1mg kg�1)

(n¼ 5)

Body wt (g) 504710 480724 420723
% Water load
excreted

3878 30710 33714

mUOsm (mOsmkg�1) 211791 3947212 5257379
CCreat (mlmin

�1) 1.2670.4 3.872.4 6.272.4
Serum sodium
(mEq l�1)

13670.6 14072 13973

Serum osmolality
(mOsmkg�1)

28571 29174 29475

Table 3 Values of UV, UOsm, UNaV, and UCreatV in baseline conditions and during the initial 24 h after the administration
of a single oral dose of the V2-AVP receptor antagonist or vehicle to cirrhotic rats included in the protocol

Vehicle (n¼ 5) RWJ-351647 (0.5mgkg�1) (n¼ 5) RWJ-351647 (1mgkg�1) (n¼ 5)
BASAL 24 h BASAL 24 h BASAL 24 h

UV (ml day�1) 10.372 10.972 9.771 86726*,a 973 81717**,b

UOsm (mOsmkg�1) 19197176 19167198 19287137 4347119**,c 16537474 3267106***,c

UNaV (mEqday�1) 0.3770.2 0.3670.17 0.2870.1 2.571 0.2670.09 1.170.5
UKV (mEqday�1) 2.570.4 2.970.7 2.570.2 2.770.5 1.470.5 1.5670.3
UCreatV (mgh�1) 0.5470.09 0.5770.1 0.4770.03 0.3470.07 0.3370.08 0.3770.04

aPo0.025, bPo0.01 and cPo0.001 vs vehicle (unpaired Student’s t-test).
*Po0.05, **Po0.025 and ***Po0.01 vs basal at the same doses (paired Student’s t-test).

Table 4 Body weight, renal response to the water
load and urinary excretion of sodium in baseline
conditions in cirrhotic rats prior to chronic treatment
with RWJ-351647 or vehicle

RWJ-351647
(n¼ 6)

Vehicle
(n¼ 6)

Body wt (g) 510723 540717
% Water load excreted 3878 3276
mUOsm (mOsmkg�1) 254770 233727
UNaV (mEqmin�1) 0.2670.14 0.4970.1
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At the end of the hemodynamic study, serum levels of RWJ-

351647 in treated cirrhotic rats were of 2.7070.62 nM. In

the reference group of control rats studied under identical

conditions, this figure was of 0.2770.05 nM. RWJ-351647 did

not induce any significant effect on UV, UOsm, and UNaV, in

these animals.

URINE VOLUME IN CIRRHOTIC
RATS
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Figure 1 UV in basal conditions and during the entire period of
treatment in cirrhotic rats with ascites and water retention receiving
RWJ-351647 (0.5mg kg�1 bw) or vehicle. (a) Po0.001, (b) Po0.01
and (c) Po0.05 vs basal values (one-way ANOVA and Newman–
Keuls tests). #Po0.001, ##Po0.01 and ###Po0.025 vs vehicle on the
same day of treatment (two-way ANOVA and Bonferroni test).

URINARY OSMOLALITY IN
CIRRHOTIC RATS
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Figure 2 Urinary osmolality in basal conditions and during the
entire period of treatment in cirrhotic rats with ascites and water
retention receiving RWJ-351647 (0.5mg kg�1 bw) or vehicle. (a)
Po0.01 and (b) Po0.25 vs basal values (one-way ANOVA and
Newman–Keuls tests). #Po0.001, ##Po0.01 and ###Po0.05 vs
vehicle on the same day of treatment (two-way ANOVA and
Bonferroni test).

Table 5 Body weight, renal response to the water
load, serum sodium and serum osmolality in the
cirrhotic rats after completing chronic treatment with
RWJ-351647 or vehicle

RWJ-351647
(n¼ 6)

Vehicle
(n¼ 6)

Body wt (g) 517737 533729
% Water load excreted 92721 33713a

mUOsm (mOsmkg�1) 156772 3147122
Serum sodium (mEq l�1) 14571 14371
Serum osmolality (mOsmkg�1) 29873 29774

aPo0.05 with respect to treated rats (unpaired Student’s
t-test).

SODIUM EXCRETION  IN
CIRRHOTIC RATS
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Figure 3 Urinary sodium excretion in basal conditions and during
the entire period of treatment in cirrhotic rats with ascites and water
retention receiving RWJ-351647 (0.5mg kg�1 bw) or vehicle. (a)
Po0.05 vs basal values (one-way ANOVA and Newman–Keuls
tests). #Po0.05 vs vehicle on the same day of treatment (two-way
ANOVA and Bonferroni test).
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Figure 4 Individual values of the % of the water load excreted
observed in cirrhotic rats with ascites and impaired water excretion
before and after completing the daily chronic oral administration of
vehicle or RWJ-351647 (0.5mg kg�1 bw). NS: not significant (paired
Student’s t-test).

Table 6 Average values of UNaV, UUreaV, UCreatV,
UALDV, and UAVPV during the entire period of
treatment and creatinine clearance (CCreat) at the end
of the study in cirrhotic rats included in the study

RWJ-351647
(n¼ 6)

Vehicle
(n¼ 6)

UNaV (mEqday�1) 1.1270.1a 0.770.07
UKV (mEqday�1) 2.270.1 2.370.1
UUreaV (mgh�1) 22.971.0 23.070.7
UCreatV (mgh�1) 0.4470.01 0.4570.01
UALDV (ng day�1) 44.673b 134.3714
UAVPV (ng day�1) 12.570.74b 6.070.8
CCreat (mlmin

�1) 1.470.18 1.370.12

aPo0.05 and bPo0.0001 vs vehicle (unpaired Student’s
t-test).
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Discussion

The development of selective inhibitors of AVP activity

represents a promising treatment to antagonize the effects of

elevated plasma AVP concentrations. Increased AVP levels

play a major role in the pathogenesis of several oedematous

disorders with dilutional hyponatremia such as advanced

cardiac failure, nephrotic syndrome and syndrome of in-

appropriate secretion of antidiuretic hormone and cirrhosis

(Arroyo & Jiménez, 2003). AVP-mediated water reabsorption

in the collecting tubule evolves from several sequential steps

initiated by the interaction of the hormone with the V2-AVP

receptor, which induces an increase in intracellular cAMP that

ultimately results in the insertion of the water channel

aquaporin-2 (AQP2) into the luminal membrane of the cell

(Nielsen et al., 2002). This facilitates active water transport

from the tubular lumen to the intracellular space. Therefore,

from a theoretical point of view, water reabsorption can be

modified by reducing the circulating levels of AVP, by

specifically blocking AVP receptors, by modifying cAMP

formation or by inhibiting the activity of the AVP-regulated

water channel (Jard, 1988).

The first possibility can be accomplished by administering

k-opioid receptor agonists (Slizgi & Ludens, 1982). However,

although these compounds have proven to be effective in

inducing aquaresis in humans and experimental animals

(Bosch-Marcé et al., 1995), their potential central side effects

have precluded their clinical use, so far. On the other hand, the

last two possibilities cannot be considered since renal cAMP

inhibition with demeclocycline may deteriorate renal function

under certain pathological conditions (Pérez-Ayuso et al.,

1984), and no inhibitor of AQP2 is currently available.

Consequently, it is not surprising that AVP-receptor blockade

has been the therapeutic strategy most extensively investigated.

The feasibility of interfering with AVP binding as a

potentially useful strategy was first demonstrated by several

V2-AVP receptor antagonists. However, their peptide nature

hampered their clinical use because of poor oral bioavail-

ability, partial agonistic action or species-specific properties

(Allison et al., 1988). Manning et al. (1987) demonstrated that

the ring structure of AVP is not necessary for the interaction of

the hormone with the AVP receptor, thereby allowing

development of nonpeptide selective V2-AVP receptor antago-

nists. A number of compounds have been evaluated. Among

the most extensively characterized are those of the OPC family

(31260 and 41061) and VPA-985 (Albright et al., 1998) and

SR121463 (Serradeil-Le Gal, 1998). Single oral administration

of OPC-31260 has been shown to induce a potent aquaretic

effect in humans, dogs and rats under normal or pathological

conditions. This compound, however, failed to show contin-

uous aquaresis in cirrhotic rats in a 10-day treatment regime

and displayed antagonist V1 activity (V1/V2 antagonism: 1/10)

in human renal tissue (Jiménez et al., 2000). More recently,

OPC-41061 has shown improved selectivity for V2 receptors

(V1/V2 antagonism: 1/29) and produces aquaresis after multi-

ple dosing in normal rats (Wong & Verbalis, 2001). VPA-985 is

a highly selective V2 antagonist that increases water excretion,

serum sodium and osmolality. Its aquaretic efficacy has been

tested in cirrhotic patients who experienced a dose-dependent

augmentation in urinary flow and osmolality at single doses up

to 300mg. In these patients, orthostatic pulse rate elevation or

hypotension, secondary to fluid loss, were recorded (Guyader

et al., 2002; Wong et al., 2003). In addition, VPA-985 is able to

correct hyponatremia in patients with cirrhosis and ascites

(Gerbes et al., 2003). Finally, the pharmacological and

aquaretic properties of SR121463 have been characterized in

several in vivo and in vitro models. This agent is devoid of any

agonistic effect and shows a highly competitive affinity for V2

receptors in rat and human kidney. Previous investigations

have demonstrated that SR121463 has a powerful aquaretic

effect in cirrhotic rats with ascites, water retention and hypo-

osmolality (Jiménez et al., 2000). The effect of a dual V1/V2-

AVP receptor antagonist, namely Conivaptan, has also been

investigated. This agent has shown to display aquaretic

efficacy in several experimental models characterized by

oedema formation and hyponatremia (Tahara et al., 1997).

Furthermore, Conivaptan improves water metabolism in

patients with acute or congestive heart failure (Udelson et al.,

2001; Lee et al., 2003). Recently, Conivaptan also displayed

an aquaretic effect in cirrhotic rats with ascites, although the

effect only lasted for the first 5 days of treatment and at the

end of the study animals still showed water retention when

challenged with a water load (Fernández-Varo et al., 2003).

As expected, and in comparison to previous studies

performed in our laboratory under identical experimental

conditions (Bosch-Marce et al., 1999; Jiménez et al., 2000;

Fernández-Varo et al., 2003), cirrhotic rats receiving vehicle

showed marked sodium retention (UNaV in normal rats is

E1.2mEqmin�1) which occurred in the setting of pronounced

hyperaldosteronism (UALDV in normal rats is E21.1 ng day�1)

and a marked increase in UAVPV (UAVPV in normal rats is

E2.3 ng day�1), without significant changes in creatinine, urea

or Kþ excretion. This was associated with marked hyper-

kinetic circulation characterized by arterial hypotension (MAP

in normal rats is E123mmHg), portal hypertension (PP in

normal rats is E6mmHg), high CO (CO in normal rats is

E215mlmin�1) and decreased peripheral resistance (TPR in

normal rats is E0.58mmHgminml�1).

In the current study, the long-term oral administration of the

V2-receptor antagonist RWJ-351647 to cirrhotic rats with

ascites and water retention resulted in an acute increase in the

urinary flow rate and a reduction in UOsm. However, contrary

to what occurs with most V2-AVP receptor antagonists

(Jiménez et al., 2000), RWJ-351647 displayed aquaretic efficacy

throughout the entire period of treatment and, at the end of the

investigation, all but one cirrhotic rat receiving the V2-AVP

receptor antagonist exhibited renal water handling within the

normal range. The sustained effect of RWJ-351647 was related

to its chemical structure based on oxazinobenzodiazepine

templates that result in excellent V2 affinity (Ki¼ 0.9 nM) and

favorable oral bioavailability (Matthews et al., 2004).

Table 7 MAP, PP, HR, SV, CO, CI, and TPR in
cirrhotic rats receiving RWJ-351647 or vehicle

RWJ-351647
(n¼ 5)

Vehicle
(n¼ 5)

MAP (mmHg) 9173 9274
PP (mmHg) 11.470.24 12.670.6
HR (beatsmin�1) 387714 382712
SV (mlmin�1) 1002791 9947157
CO (mlmin�1) 390729 377737
CI (mlmin�1 100 g bw) 3.970.3 3.770.4
TPR (mmHgminml�1) 0.2470.02 0.2770.04
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An unexpected result of the current investigation was the

remarkable reduction in aldosterone excretion induced by RWJ-

351647 in cirrhotic rats, which was associated with a significant

improvement in sodium excretion during the first day of

treatment. During the entire period of treatment, the average

UALDV in cirrhotic animals chronically treated with the V2-AVP

receptor antagonist was around three-fold lower than in

cirrhotic rats treated with vehicle. Conversely, the average

UNaV was approximately 60% higher in cirrhotic-treated rats

than in cirrhotic animals receiving vehicle. A possible effect of

RWJ-351647 on the renin–angiotensin system is unlikely since

no differences in MAP were observed between treated or

nontreated cirrhotic rats. An alternative explanation could be a

direct inhibitory effect of RWJ-351647 on aldosterone synthesis.

AVP hypersecretion in cirrhosis is generally considered to

be a compensatory mechanism to the arterial vasodilation

occurring in advanced liver disease (Arroyo et al., 1994).

Blockade of V1-AVP receptors in cirrhotic rats further

deteriorates MAP in these animals (Clària et al., 1991).

Conversely, it is theoretically possible that any increase in

the circulating levels of AVP in experimental cirrhosis may

have hemodynamic consequences. Chronic administration of

RWJ-351647 actually increased AVP levels since the urinary

excretion of this hormone was approximately twice that in rats

treated with this agent than in those receiving vehicle.

However, the increase in AVP levels did not result in any

effect on MAP and/or TPR since long-term administration of

RWJ-351647 did not modify any parameter in either cirrhotic

rats treated or not treated with the antagonist.

In summary, the results of the current investigation indicate

that long-term administration of RWJ-351647 has a potent

and sustained aquaretic effect in rats with cirrhosis, ascites,

water retention and hypo-osmolality. In fact, this agent

increased UV and reduced UOsm throughout the entire period

of treatment, resulting in a greater renal ability to excrete a

water load. The nonpeptide V2-AVP receptor antagonist also

increased UNaV without affecting CCreat and MAP. These data

suggest that RWJ-351647 may be therapeutically useful in the

treatment of water retention in human cirrhosis.
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CLÀRIA, J. & JIMÉNEZ, W. (1999). Renal dysfunction and ascites in
carbon-tetrachloride-induced cirrhosis in rats. In: Ascites and Renal
Dysfunction in Liver Disease. Pathogenesis Diagnosis and Treatment,
ed. Arroyo, V., Ginès, P., Rodés, J., Schrier, R.W., pp. 379–396.
Blackwell: Science Inc.
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