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a b s t r a c t

Diuretics are frequently required to treat fluid retention in patients with chronic heart

failure (CHF). Unfortunately, they can lead to a decline in renal function, electrolyte

depletion, and neurohormonal activation. Arginine vasopressin (AVP) promotes renal water

reabsorption via the V2 receptor (V2R) and its levels are increased in CHF. This study was

conducted to characterize the diuretic effect of tolvaptan, a non-peptide AVP V2R antago-

nist, and furosemide, a loop diuretic in a rat model of CHF after experimental autoimmune

myocarditis. CHF was elicited in Lewis rats by immunization with porcine cardiac myosin,

and 28 days after immunization rats were treated for 28 days with oral tolvaptan, and

furosemide. CHF was characterized by left ventricular remodeling and impaired systolic and

diastolic function. Tolvaptan produces a diuresis comparable to furosemide. Unlike tolvap-

tan, furosemide significantly increased urinary sodium and potassium excretion. Tolvaptan

markedly elevated electrolyte-free water clearance (E-CH2O) or aquaresis to a positive value

and increased urinary AVP excretion. In contrast to tolvaptan, furosemide elevated only

electrolyte clearance (E-Cosm) but not E-CH2O. The differences in diuretic profile reflected

the changes in plasma sodium and hormone levels. Tolvaptan dose dependently elevated

plasma sodium concentration, but furosemide tended to decrease it. Furosemide signifi-

cantly elevated plasma renin activity and aldosterone concentration. On the other hand,

tolvaptan did not affect these parameters. Our results suggest that, tolvaptan have a

potential medical benefit for the treatment of edematous conditions in CHF by removing

excess water from the body without activating the RAAS or causing serum electrolyte

imbalances.
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1. Introduction

Chronic heart failure (CHF) is a clinical syndrome caused by

heart disease that is characterized by abnormal sodium and
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water retention resulting in edema [1]. In CHF patients,

diminished cardiac output activates the sympathetic nervous

system and renin–angiotensin–aldosterone system (RAAS)

and the non-osmotic release of arginine vasopressin (AVP).
.
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This causes a decrease in renal blood flow and an increase in

the filtration fraction resulting in an increase in water and

sodium retention and consequently edema [2]. Loop diuretics

are frequently required to treat fluid retention in patients with

CHF. Unfortunately, they can lead to a decline in renal

function, electrolyte depletion (loss of sodium and other

essential electrolytes, which may exacerbate the hyponatre-

mia), and neurohormonal activation [3]. Furthermore, despite

the widespread and long history of use of diuretics in CHF,

some detrimental actions of diuretics continue to emerge.

Importantly, by increasing distal tubular delivery of sodium,

loop diuretics activate the tubuloglomerular feedback

mechanism, which causes vasoconstriction of the afferent

arteriole and reduction in renal blood flow [4–6]. Thus loop

diuretics may compromise renal function, which has been

identified in retrospective analyses as a powerful predictor for

CHF mortality [7]. Potassium wasting diuretics, which have

been associated with increased mortality, can also lead to

serum potassium depletion, which in turn, can promote

arrhythmias [8,9]. Furthermore, serum sodium concentration

is one of the best predictors of cardiovascular mortality, with

hyponatremia patients showing substantially shorter survival

than patients with a normal sodium concentration [10]. It is

not clear whether neurohormonal activation and decreased

serum sodium level are the result of more advanced heart

failure or whether they contribute to the progression of

mortality. This has prompted efforts to develop more

physiological strategies to treat volume overload. Thus,

solute-free water diuretics (aquaretics) are preferable for the

treatment of edematous state associated with CHF.

Similar to other neurohormones that are activated in CHF,

circulating AVP is elevated in patients with CHF [11]. The

precise role of AVP in the pathophysiology of cardiovascular

disease is controversial. AVP acts via three receptor types: V1a,

V1b (V3), and V2. AVP regulates various physiological processes

including vascular tone regulation, cardiovascular contrac-

tility and body fluid regulation through activation of V1a and V2

receptors, respectively [11]. The recent development of non-

peptide orally active AVP-receptor antagonists has allowed

reevaluation of the precise role of AVP in experimental animal

models of hypertension [12,13] and heart failure [14,15].

Tolvaptan is a modified benzazepine derivative that was

selected as a potent human V2-receptor (V2R) antagonist

through a series of structural conversions of mozavaptan. The

potent aquaretic properties of tolvaptan in rats and its

pharmacological profile were reported by Yamamura et al.

[16]. Tolvaptan exerts an aquaretic effect by blocking the V2

receptors at the renal collecting ducts and thereby inhibiting

water reabsorption. AVP binding studies of this agent reported

a 29:1 (V2:V1a) receptor selectivity in cloned human AVP

receptors and 250 times more potent to rat V2R than to rat V1R

and produced aquaresis after single and multiple dosing in

rats [16]. The first human study using this V2R antagonist

(tolvaptan) in patients with CHF was performed by Gheor-

ghiade et al. [17]. They found that, patients with blockade of V2

receptors had an increase in urine volume and a decrease in

body weight that were maintained throughout the study.

Recently several investigators have demonstrated that

addition of tolvaptan to the standard therapy in patients with

heart failure decreased body weight and edema, corrected
hyponatremia and appeared to be well-tolerated with no

adverse effects on heart rate (HR), blood pressure, electrolytes,

neurohormonal activation or renal function, despite its potent

aquaretic effect [18–20].

Though, the differences between aquaresis and natriuresis

have been investigated acutely in normal rats and human CHF

[3,21], but not been explored chronically with the same

experimental procedures. Therefore, we compared the diure-

tic effects of tolvaptan, a non-peptide AVP V2R antagonist and

furosemide, a most commonly used loop diuretic, in rat model

of myosin-induced CHF after experimental autoimmune

myocarditis (EAM).
2. Materials and methods

2.1. Materials

Tolvaptan (7-chloro-5-hydroxy-1-[2-methyl-4-(2-methylben-

zoylamino)benzoyl]-2,3,4,5-tetrahydro-1H-1-benzazepine)

was a gift from Otsuka Pharmaceutical Co. Ltd. (Tokushima,

Japan), and furosemide was purchased from Wako (Osaka,

Japan). Lewis rats (male, 8 weeks old) were purchased from

Charles River Japan Inc., Kanagawa, Japan.

2.2. Experimental design

All experiments were carried out using 8-week-old male Lewis

rats and were performed in accordance with the guidelines of

our institute [22]. Lewis rats were injected in the footpads with

antigen-adjuvant emulsion according to the procedure

described previously [22,23]. In brief, porcine cardiac myosin

was dissolved in phosphate-buffered saline at 5 mg/ml and

emulsified with an equal volume of complete freund’s

adjuvant with 11 mg/ml Mycobacterium tuberculosis H37RA

(Difco Lab., Detroit, MI, USA). CHF in rats was induced by

immunization with 0.1 ml of emulsion once by subcutaneous

injection into their rear footpads (0.1 ml to each footpad). The

morbidity of EAM was 100% in rats immunized by this

procedure [22,23]. Rats immunized with myosin became ill

and immobile on day 14, and their activity gradually recovered

beginning at the fourth week. Nine (23%) out of the 39 rats died

between days 14 and 28 after immunization. All hearts from

the dead rats showed extensive myocardial necrosis and

pericardial effusion. Twenty-eight days after immunization,

the postmyocarditis dilated cardiomyopathy (DCM) develops

in the rats. The surviving 30 rats were divided into five groups

and received oral administration (p.o.) of tolvaptan (3 mg/

(kg day), group T3, n = 6; 10 mg/(kg day), group T10, n = 6),

furosemide (30 mg/(kg day), group F30, n = 6; 100 mg/(kg day),

group F100, n = 6) or vehicle (1% hydroxypropyl methyl

cellulose, group V, n = 6) for 28 days. Age matched Lewis rats

without immunization was used as normal controls. Doses of

tolvaptan (3 and 10 mg/kg) and furosemide (30 and 100 mg/kg)

were selected on the basis of aquaretic properties demon-

strated in an earlier reports [15,21,24]. Hirano et al. [21]

reported that aquaretic properties of tolvaptan at 1 and 10 mg/

kg are equal to furosemide at 10 and 100 mg/kg, respectively.

Moreover, very recently we have reported aquaretic properties

of tolvaptan at a dose of 3 and 10 mg/kg [15]. Hence we selected
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30 and 100 mg/kg of furosemide, which is equal to 3 and 10 mg/

kg of tolvaptan.

2.3. Treatments and measurements

Tolvaptan and furosemide were administered orally to the

groups as indicated in Table 1. Immediately after adminis-

tration, the rats from groups V, T3, T10, F30 and F100 were

placed individually in metabolic cages and urine samples were

collected for 4 h after drug administration on days 1 and 28.

The urinary volume (UV) and body weight (BW) were noted.

The collected urine was used for measurement of urinary

parameters (urine osmolality, sodium, potassium, creatinine

and AVP). Urinary AVP excretion was determined by radio-

immunoassay (RIA) using the method reported previously [25].

Urinary creatinine excretion was determined after enzymatic

conversion to creatine with creatinine amidohydrolase (SRL,

Tokyo, Japan). Except metabolic caging study, all the following

protocol were carried out using six groups of rats indicated in

Table 1.

2.4. Hemodynamic and echocardiographic studies

Rats were anesthetized with 2% halothane in O2 and subjected

to surgical procedures to measure hemodynamic parameters

on day 56. After the instrumentation, the concentration of

halothane was reduced to 0.5% to record steady-state hemo-

dynamic data. Hemodynamic parameters such as mean blood

pressure (MBP), peak left ventricular (LV) pressure (LVP), central

venous pressure (CVP), LV end-diastolic pressure (LVEDP) and
Table 1 – Changes in hemodynamic, echocardiographic and his
tolvaptan and furosemide in rats with heart failure

Group N
(n = 5)

Group V
(n = 5)

Grou
(n

Histopathology

Body weight (g) 411 � 6.9 327 � 6.8** 324 �
Heart weight (g) 0.994 � 0.01 1.234 � 0.06* 1.331 �
H/B (g/kg) 2.418 � 0.03 3.783 � 0.23** 4.112 �
Area of fibrosis (%) 3.6 � 0.6 29 � 3.3** 20.8 �

Hemodynamic data

CVP (mmHg) 1.6 � 0.8 6.5 � 1.4* 5.8 �
MBP (mmHg) 107 � 6.8 69.2 � 7.6** 72.2 �
LVP (mmHg) 126 � 6.4 81.6 � 8.1** 85 �
LVEDP (mmHg) 5.6 � 1.3 14 � 1.1** 12.1 �
+dP/dt (mmHg/s) 6037 � 239 3902 � 569** 4646 �
�dP/dt (mmHg/s) 4986 � 419 2775 � 369** 3544 �
HR (beats/min) 407 � 18 353 � 30 330 �

Echocardiographic data

LVDd (mm) 6.4 � 0.3 9.0 � 0.8** 8.7 �
LVDs (mm) 3.0 � 0.3 8.0 � 0.6** 7.4 �
FS (%) 55 � 2.9 11 � 2.7** 16 �
EF (%) 89 � 1.8 27 � 6.0** 38 �

Results are presented as the mean � S.E. n, no. of rats. BW, body weight; H

central venous pressure; MBP, mean blood pressure; LVP, left ventricular

of intra-ventricular pressure rise and decline; HR, heart rate; LVDd, left v

systole; FS, fractional shortening; EF, ejection fraction; group N, aged m

vehicle; groups T3 and T10, rats with heart failure treated with tolvapta

heart failure treated with furosemide 30 and 100 mg/(kg day), respective
the rate of intra-ventricular pressure rise and decline (�dP/dt)

were recorded as described previously [22]. Two-dimensional

echocardiographic studies were performed under 0.5%

halothane using an echocardiographic machine equipped with

a 7.5 MHz transducer (SSD-5500, Aloka, Tokyo, Japan). M-mode

tracings were recorded from the epicardial surface of the right

ventricle, and the short axis view of the left ventricle was

recorded tomeasuretheLVdimension indiastole (LVDd) and LV

dimension in systole (LVDs). LV fractional shortening (FS) was

calculated using the following formula: (LVDd � LVDs)/

LVDd � 100 (%). The study was performed in a blinded manner.

2.5. Analytical methods

After the measurement of myocardial functional analysis,

blood was withdrawn for measurement of plasma osmolality,

sodium, potassium, renin and aldosterone. Urine and plasma

electrolytes (sodium and potassium) were measured using an

electrolyte autoanalyzer (ATWill EA-06, Yokohama, Japan).

Plasma and urine osmolality were determined by freezing

point depression with an osmometer (Dai-ichi Kagaku OM-

6040, Kyoto, Japan). Plasma renin and aldosterone were

determined by standardized RIA. Plasma creatinine concen-

tration was measured by autoanalyzer (CX-3, Beckman) using

modified Jaffe method.

2.6. Histopathological analysis

After the performance of myocardial functional analyses, rats

were sacrificed and the hearts were excised. The heart weight
topathological parameters after 4 weeks of treatment with

p T3
= 6)

Group T10
(n = 6)

Group F30
(n = 5)

Group F100
(n = 5)

4.5** 322 � 10.4** 328 � 11.4** 274 � 7.8**,##

0.04** 1.259 � 0.06** 1.285 � 0.03** 0.977 � 0.04##

0.16** 3.916 � 0.13** 3.931 � 0.14** 3.567 � 0.11**

4.5* 20 � 2.2* 28.8 � 5.9** 26 � 4.8**

1.0* 4.5 � 0.6 3.7 � 0.5 3.5 � 0.7

3.4** 79 � 4.5** 75 � 5.2** 78 � 2.6**

4.4** 93 � 3.9* 92 � 7.5* 100 � 10.5

0.6** 10.8 � 0.7** 12 � 0.7** 11.5 � 0.7**

316* 6004 � 1100 5493 � 792 6259 � 1010

305* 4269 � 894 4082 � 695 4719 � 773

13 350 � 13 340 � 20 352 � 21

0.3** 8.4 � 0.3* 8.5 � 0.2** 7.7 � 0.3

0.4** 6.5 � 0.3** 6.9 � 0.5** 6.1 � 0.4**

3.2** 22 � 2.1** 18 � 4.2** 21 � 2.5**

7.0** 50 � 3.5** 41 � 8.8** 47 � 4.7**

W, heart weight; HW/BW, ratio of heart weight to body weight; CVP,

pressure; LVEDP, left ventricular end-diastolic pressure; �dP/dt, rate

entricular dimension in diastole; LVDs, left ventricular dimension in

atched untreated rats; group V, rats with heart failure treated with

n 3 and 10 mg/(kg day), respectively; groups F30 and F100, rats with

ly. *P < 0.05 and **P < 0.01 vs. group N; ##P < 0.01 vs. group V.
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(HW) was measured immediately, and their ratio to BW was

calculated. The excised hearts were cut into about 2 mm

transverse slices and fixed in 10% formalin. After being

embedded in paraffin, several transverse sections were

obtained from the ventricle, and stained with the Azan-

Mallory staining. The area of myocardial fibrosis was

measured quantitatively using a color image analyzer

(CIA-102, Olympus, Tokyo, Japan), making use of the

differences in the Azan-Mallory stained color (blue fibrotic

area opposed to red myocardium). The results were

presented as the ratio of the fibrotic area to the whole area

of myocardium [22].

2.7. Calculations

To clarify the effects of tolvaptan and furosemide, electrolyte-

free water clearance (E-CH2O), free water clearance (classic

CH2O), electrolyte clearance (E-Cosm) and osmolar clearance

(classic Cosm) were calculated as described previously [21].

The formula used were

E-CH2O ¼ UV� E-Cosm

E-Cosm ¼ ðUNa þ UKÞUV
PNa

classic Cosm ¼ Uosm
Posm

UV

classic CH2O ¼ UV 1�Uosm
Posm

� �

where UNa is the urinary sodium concentration, UK is

the urinary potassium concentration, PNa is the plasma

sodium concentration, Uosm is the urinary osmolality

and Posm is the plasma osmolality. We calculated

E-Cosm except the values for plasma potassium concentra-

tion, because plasma potassium concentration is low

enough to be negligible compared with plasma sodium

concentration.

2.8. Statistical analysis

All values are expressed as means � S.E. Statistical analysis of

differences between the groups was performed by one-way

ANOVA, followed by Tukey’s or Bonferroni’s method and two-

tailed t-test when appropriate. A value of P < 0.05 was

considered as statistically significant.
3. Results

3.1. Effects of tolvaptan and furosemide on
survival rate and body weight

Tolvaptan and furosemide was orally administered once daily

for 28 days. One rat died from vehicle and each of the

furosemide-treated group between days 28 and 56 but none of

the rats died in the tolvaptan groups. On day 0, the BW did not

differ among the five groups. However, mean BW was

significantly reduced (P < 0.05) at day 1 in rats treated with

tolvaptan (10 mg/kg) in comparison to vehicle-treated CHF

rats. BW was significantly decreased (P < 0.01) among five

groups treated with tolvaptan, furosemide or vehicle in
comparison to normal rats. No differences in BW gain were

seen between the CHF group with or without tolvaptan

treatment (Table 1) at the end of study period. However, BW

was significantly decreased in group F100 in comparison to

that in group V.

3.2. Aquaretic effect of multiple dosing of tolvaptan and
furosemide in CHF rats

Fig. 1 shows the metabolic caging parameters such as urine

volume, sodium and potassium excretion and osmolality in

CHF rats. Both tolvaptan and furosemide significantly

increased urine volume on days 1 and 28 in comparison to

group V (Fig. 1). On chronic treatment, there were no

differences in urine volume between tolvaptan- and furose-

mide-treated groups, at both low and high doses. However,

on day 1 urine volume was significantly increased at low dose

of tolvaptan in comparison to that of low dose of furosemide

(Fig. 1). Furosemide significantly increased urinary sodium

and potassium excretion compared with vehicle- and

tolvaptan-treated rats (Fig. 1). Tolvaptan at 10 mg/kg sig-

nificantly increased urinary sodium excretion, but the

increase was very less compared to that in the furosemide

group at the high dose, whereas there were no differences in

the net urinary excretion of potassium between group V- and

tolvaptan-treated rats. Tolvaptan significantly decreased

urine osmolality than that in vehicle- and furosemide-

treated rats. Furosemide also decreased urine osmolality

compared to that of group V rats (Fig. 1). On day 28 tolvaptan

treatment significantly increased urinary AVP excretion in

comparison to that in groups V, F30 and F100. However, on

day 1 urinary AVP excretion was also increased in group F100

compared to group V (Fig. 2). It is important to note that, in

addition to the constant change in urine osmolality, the

significant AVP excretion during the study period further

supports the notion that repeated administration did not

alter the aquaretic effect of tolvaptan (Figs. 1 and 2). There

were no differences in the net urinary excretion of creatinine

between the tolvaptan, furosemide and vehicle group (group

T3: 4.3 � 0.4 mg/(kg 4 h), group T10: 4.6 � 0.2 mg/(kg 4 h),

group F30: 5.2 � 0.2 mg/(kg 4 h), group F100: 5.9 � 0.3 mg/

(kg 4 h), and group V: 4.9 � 0.7 mg/(kg 4 h), respectively) at

day 28. On day 28, high dose of tolvaptan markedly elevated

E-CH2O, classic CH2O to a positive value (Fig. 3). In contrast,

furosemide elevated E-Cosm, classic Cosm but not E-CH2O or

classic CH2O (Fig. 3).

3.3. Histopathology

The HW and HW/BW were significantly larger in group V than

in group N rats (Table 1). Chronic V2R blockade by tolvaptan

and low dose of furosemide had no effect on these parameters.

High dose of furosemide reduced HW and HW/BW but the

effect was significant only with HW (Table 1). The area of

fibrosis was significantly larger in vehicle-treated CHF rats

compared to normal rats. Both tolvaptan and furosemide

tended to decrease the fibrotic area compared with that in

group V rats, but the effect did not reach statistical

significance. There was little or no evidence of fibrosis in

the normal rats (Table 1).



Fig. 1 – Effects of tolvaptan and furosemide on urinary parameters in CHF rats after 1 and 28 days treatment. Rats from

groups V, T3, T10, F30 and F100 were placed into individual metabolic cages, and urine volume, sodium and potassium

excretion and osmolality were assessed. Values are expressed as means W S.E. (&) Vehicle-treated CHF rats; ( ) rats treated

with tolvaptan 3 mg/(kg day); ( ), rats treated with tolvaptan 10 mg/(kg day); ( ) rats treated with furosemide 30 mg/

(kg day); ( ) rats treated with furosemide 100 mg/(kg day). *P < 0.05 and **P < 0.01 vs. vehicle; ##P < 0.01 vs. group T3;
$P < 0.05 and $$P < 0.01 vs. group T10.
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3.4. Hemodynamic measurements

Although HR was not different among the six groups of rats,

CVP and LVEDP were significantly higher, and MBP and LVP

were significantly lower in group V in comparison to group N,
Fig. 2 – Effects of tolvaptan and furosemide on urinary AVP

in CHF rats after 1 and 28 days treatment. Values are

expressed as means W S.E. (&) Vehicle-treated CHF rats;

( ) rats treated with tolvaptan 3 mg/(kg day); ( ) rats

treated with tolvaptan 10 mg/(kg day); ( ) rats treated with

furosemide 30 mg/(kg day); ( ) rats treated with

furosemide 100 mg/(kg day). **P < 0.01 vs. vehicle; #P < 0.05

vs. group T3; $$P < 0.01 vs. group T10.
indicating systolic and diastolic dysfunction in vehicle-treated

CHF rats. Myocardial functional parameters tended to be

improved by both pharmacological interventions in a dose-

dependent manner, but the effect did not attained statistical

significance when compared to group V. In particular, both

tolvaptan and furosemide had no significant adverse or

beneficial effect on cardiac function in rats with CHF (Table 1).

3.5. Echocardiographic assessments

Echocardiographic studies in vehicle-treated CHF rats showed

evidence of left ventricular remodeling, with increased LVDd

and LVDs (P < 0.01) and reduced FS (P < 0.01), indicating

impaired systolic function compared with that in group N

rats (Table 1). Treatment with tolvaptan and furosemide

tended to increase FS and ejection fraction (EF) compared with

those in CHF rats, but the effect was not significant. Moreover,

treatment with tolvaptan and furosemide in CHF rats had no

significant effect on cardiac geometry or function (Table 1).

3.6. Biochemical and hormonal data

The plasma sodium concentration and osmolality was

significantly decreased in group V compared to those in group

N (Table 2). The plasma sodium concentration was signifi-

cantly elevated by tolvaptan in a dose-dependent manner. On

the other hand, furosemide tended to decrease plasma sodium

concentration. The plasma osmolality was significantly



Fig. 3 – Effects of tolvaptan and furosemide on electrolyte clearance (E-Cosm), osmolar clearance (classic Cosm), electrolyte-

free water clearance (E-CH2O), and free water clearance (classic CH2O) in CHF rats after 4 weeks treatment. Data are

presented as means W S.E. (&) Vehicle-treated CHF rats; ( ) rats treated with tolvaptan 3 mg/(kg day); ( ) rats treated with

tolvaptan 10 mg/(kg day); ( ) rats treated with furosemide 30 mg/(kg day); ( ) rats treated with furosemide 100 mg/(kg day).

*P < 0.05 and **P < 0.01 vs. vehicle; #P < 0.05 and ##P < 0.01 vs. group T3; $P < 0.05 and $$P < 0.01 vs. group T10.
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elevated by tolvaptan and furosemide. However, there were no

significant differences in plasma potassium concentration

among the groups (Table 2). Furosemide significantly elevated

plasma renin activity and aldosterone concentration in com-

parison to groups V, T3 and T10, but tolvaptan did not affect

these parameters. Furosemide significantly increased plasma

creatinine concentration, but tolvaptan did not (Table 2).
4. Discussion

In this study, we report the chronic effects of tolvaptan

(aquaretic), and furosemide (natriuretic) on plasma parameters,
Table 2 – Biochemical and hormonal data measured after 4 wee
heart failure

Group N
(n = 5)

Group V
(n = 5)

Gro
(n

Plasma sodium (mequiv./l) 146 � 1.7 137 � 1.0** 141

Plasma potassium (mequiv./l) 6.7 � 0.5 6.9 � 0.4 6.7

Plasma osmolality (mosmol/kg) 315 � 3 304 � 1.0* 322

Plasma renin activity (ng/(ml h)) 0.36 � 0.04 0.46 � 0.05 0.38

Plasma aldosterone (pg/ml) 305 � 8 348 � 19 363

Plasma creatinine (mg/dl) 0.09 � 0.01 0.13 � 0.03 0.15

Results are presented as the mean � S.E. n, no. of rats. Group N, aged m

vehicle; groups T3 and T10, rats with heart failure treated with tolvapta

heart failure treated with furosemide 30 and 100 mg/(kg day), respectively

V; $$P < 0.01 vs. group T3; �P < 0.05 and ��P < 0.01 vs. group T10.
such as sodium and hormone levels, in rats with CHF after EAM.

These parameters are well known to be affected by extracellular

fluid volume. Chronic V2R blockade by tolvaptan increased

urine volume and decreased urine osmolality in a dose-

dependent manner. Tolvaptan produced a diuresis equivalent

to furosemide (Fig. 1), the diuretics effects of tolvaptan at 3 and

10 mg/kg were almost equipotent to those of furosemide at 30

and 100 mg/kg, respectively, indicating that tolvaptan shows

almost 10 times more potent than furosemide in CHF rats.

Furthermore, whereas, furosemide was associated with an

increase in potassium excretion, tolvaptan did not increase

urinary potassium excretion compared with vehicle-treated

CHF rats. Conversely, furosemide led to a significant natriuresis
ks of treatment with tolvaptan and furosemide in rats with

up T3
= 6)

Group T10
(n = 6)

Group F30
(n = 5)

Group F100
(n = 5)

� 1.1*,# 144 � 1.1## 130 � 0.7**,##,$$,�� 133 � 1.1**,#,$$,��

� 0.1 6.3 � 0.2 6.4 � 0.4 6.0 � 0.2

� 3.9## 327 � 2.5*,## 313 � 1.1#,�� 323 � 2.1##

� 0.08 0.37 � 0.05 1.1 � 0.2**,##,$$,�� 0.9 � 0.1**,##,$$,��

� 24 307 � 16 461 � 8**,##,$$,�� 495 � 15**,##,$$,��

� 0.03 0.16 � 0.04 0.26 � 0.02**,# 0.30 � 0.01**,##,$$,�

atched untreated rats; group V, rats with heart failure treated with

n 3 and 10 mg/(kg day), respectively; groups F30 and F100, rats with

. *P < 0.05 and **P < 0.01 vs. group N; #P < 0.05 and ##P < 0.01 vs. group
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and also increased urinary potassium excretion compared with

vehicle-treated CHF rats (Fig. 1). This aquaretic versus natriure-

tic response wasfurther confirmedbycalculating E-CH2O and E-

Cosm. It has been suggested that E-CH2O analysis is superior to

the calculation of free water clearance (classic CH2O) to

document the role of the kidney in generating the dysnatre-

mias, since the E-CH2O takes into consideration the fact that

urea is an ineffective osmoles [26,27] and E-CH2O is a more

correctparameter than classic CH2O with regardtoregulationof

both plasma sodium and plasma osmolality, thus E-CH2O

reflected tonicity balance better than the classic CH2O in the

treatment of electrolyte-abnormal patients [26,27]. Electrolyte

clearance (E-Cosm) is defined as the osmolar clearance of only

effective osmoles (sodium, potassium, and their accompanying

anions), except permeable osmoles that do not alter tonicity

(e.g., urea). That is, E-CH2O excludes the spurious effects of the

ineffective osmoles onthemeasurementof freewaterexcretion

[21]. In agreement with study reported by Hirano et al. [21],

tolvaptan markedly elevated E-CH2O to a positive value in a

dose-dependent manner. In contrast, furosemide elevated only

E-Cosm but not E-CH2O (Fig. 3). These results suggest that

tolvaptan and furosemide exert an aquaretic and a natriuretic

effect, respectively. Furthermore, urine osmolality and urinary

AVP excretion (Figs. 1 and 2) showed significant changes

throughout the study period with tolvaptan in comparison with

vehicle-treated group, indicating that the aquaretic effect of

tolvaptan was unchanged during 28 days of repeated admin-

istration [15].

The increase in electrolyte excretion induced by the high

dose of tolvaptan was less than that induced by furosemide

but was statistically significant. It was previously demon-

strated that V2R antagonists increased sodium excretion in

rats [16,28] but not in dogs or monkeys. These results are

consistent with some reports in vitro that rats and mice

possess AVP-sensitive adenylate cyclase activity in the thick

ascending limb of Henle’s loop, but dogs and humans do not

[29]. Therefore, our results suggest that tolvaptan inhibits

sodium reabsorption at the AVP-sensitive segment in the thick

ascending limb of Henle’s loop.

The differences in the mode of diuretic actions between the

aquaresis and natriuresis reflected the changes in plasma

electrolytes and hormone levels (Table 2). Tolvaptan dose

dependently elevated plasma sodium level. This effect is

clinically important for the treatment of water-retaining

diseases, such as congestive heart failure and liver cirrhosis,

because dilutional hyponatremia and hypokalemia frequently

develop secondary to these diseases. Conventional natriuretic

can correct the sodium-retaining states but may exacerbate

hyponatremia and hypokalemia. In fact, furosemide tended to

decrease plasma sodium in this study. However, the plasma

potassium was not changed in the furosemide-treated group.

It is clinically well known that furosemide is natriuretic and

can also cause potassium loss. Indeed, potassium loss is more

prominent in furosemide groups than in group V. Recently, it

has been reported that the use of loop diuretic might explain

the poor outcomes of patients treated with non-potassium

sparing diuretic described in the previously described retro-

spective studies [8,9]. In the present study, chronic use of a V2R

antagonist not only decreases edema but also decreases

mortality rate. The impact of chronic oral use of tolvaptan on
mortality is currently being tested in the Efficacy of Vaso-

pressin Antagonism in Heart Failure: Outcome Study with

Tolvaptan (EVEREST) trail [19,20].

Furosemide significantly elevated the plasma renin activity

and the aldosterone level (Table 2). The activation of the RAAS

induced by furosemide is consistent with previous observa-

tions in humans [3,30,31], and the mechanism has been

explained by several investigators as described below. First,

furosemide interacts with the Na+–K+–Cl� co-transporters in

the thick ascending limb of Henle’s loop. Lorenz et al. [32]

demonstrated that the initiating signal for the macula densa to

the control of renin secretion is an inverse change in the

transport rate via the luminal Na+–K+–Cl� co-transporters in

perfused, superfused preparations of the isolated rabbit

juxtaglomerular apparatus. Thus, furosemide is believed to

have accelerated renin secretion by interaction with this

segment in our study. Second, furosemide stimulates renal

production of prostaglandins, such as prostaglandin E2 [33,34].

It is known that the prostaglandins are one of the modulators

of renin secretion [35–37]. Furosemide, therefore, may accel-

erate renin secretion in part via stimulation of renal

prostaglandin production. In fact, Bailie et al. [38] demon-

strated that indomethacin or meclofenamate prevented rise in

renin release by furosemide in dogs. Tolvaptan did not affect

plasma renin activity or the aldosterone level in our study.

Tolvaptan was effective in CHF rats in comparison to normal

rats (data not shown), its water diuretic (aquaretic) effects

were maintained over a long period, although its effects were

more pronounced on the first day of treatment and the renal

effects were accompanied by increases in plasma sodium and

osmolality without significant changes in HR, blood pressure

or plasma potassium.

In the present study, hemodynamic and echocardiographic

analyses demonstrated LV remodeling with increased LVEDP,

�dP/dt, LVDs, and reduced FS in vehicle-treated CHF rats in

comparison to control rats, indicating impaired systolic and

diastolic function of the myocardium (Table 1). It has been

reported that LV dilatation plays a role in the development of

CHF and that the degree of LV enlargement is adversely related

to survival in post-infarction patients [39]. This is the first

study to demonstrate the comparative effects of a tolvaptan

and furosemide on cardiac function and survival in a rat model

of CHF after EAM. Although both pharmacological interven-

tions had no significant beneficial effects on cardiac geometry

or function in CHF, it is important to note that it had no

adverse effects on these parameters (Table 1). One rat died

from vehicle and each of furosemide group between days 28

and 56 but none of the rats died in the tolvaptan-treated

groups. Moreover, number of rats used in this study were not

large enough (n = 6 per group). Further investigation is

necessary to compare beneficial effects of tolvaptan and

furosemide on survival rate.

Plasma creatinine concentration was increased signifi-

cantly with furosemide (Table 2), suggesting that furosemide

decreased glomerular filtration rate (GFR). GFR is traditionally

considered the best overall index of renal function in health

and disease [40]. Because GFR is difficult to measure in clinical

practice, most clinicians estimate the GFR from serum

creatinine concentration. However, the accuracy of this

estimate is limited because serum creatinine concentration
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is affected by factors other than creatinine filtration. To

circumvent these limitations, GFR can be measured directly by

clearance studies of exogenous markers, such as inulin,

iohexol, iothalamate, urea and creatinine. In clinical practice,

however creatinine clearance is used to measure GFR.

Creatinine is an endogenous molecule, synthesized in the

body, which is freely filtered by the glomerulus (but also

secreted by the renal tubules in very small amounts).

Creatinine clearance is therefore a close approximation of

the GFR [40]. Creatinine clearance was significantly decreased

in the furosemide-treated rats in comparison to group V

(P < 0.05) (data not shown). Moreover, reduction of GFR by

furosemide has been demonstrated by several investigators

[4,41,42]. On the other hand, tolvaptan treatment did not affect

plasma creatinine concentration in our study, but it increased

urinary AVP excretion in CHF rats, the effect that was not

caused by furosemide treatment. Although we did not

measure plasma AVP in these animals, V2R blockade by

tolvaptan has been reported to enhance its level in patients

with CHF [18,43]. As AVP is removed from the plasma mainly

through renal clearance [44], our observation might have

reflected the phenomena occurring in its plasma level. It could

also be possible to hypothesize that tolvaptan binding to the V2

receptors in the kidney might contribute to increase renal

clearance of AVP.

Of note, CHF is a syndrome that is characterized not only by

fluid retention but also by avid sodium retention. The balance

of sodium and water excretion is important for the treatment

of edematous states. That is, sodium excretion is surely

necessary to ameliorate ascites and edema, but excessive

sodium loss might exacerbate pre-existing hyponatremia,

which frequently occurs in patients with heart failure or liver

cirrhosis. Therefore, tolvaptan as an aquaretic likely will have

to be combined with a natriuretic drug. From a clinical point of

view, combination therapy is significant because a balanced

excretion of sodium and water is the desirable in the

treatment of volume overload. It will be especially interesting

to see whether combination with aldosterone antagonists

might be efficacious, as both available aldosterone antagonists

have been shown to decrease mortality in clinical trials [45,46].

In conclusion, in rats with CHF, V2R blockade by tolvaptan

enhanced aquaresis, plasma osmolality and sodium without

adversely affecting renal hemodynamics, urinary sodium or

potassium excretion or neurohormonal systems. In contrast,

furosemide markedly increased urinary electrolyte excretion,

decreased plasma sodium level and increased plasma renin

activity and aldosterone levels. The beneficial results of

tolvaptan demonstrated in this report indicates that aqua-

retics may emerge as an important therapeutic option for the

edematous conditions in CHF, due to its ability to remove

excess water from the body without activating the RAAS or

causing serum electrolyte imbalances.
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