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Abstract

Background and Objectives The pharmacokinetics and

pharmacodynamics of tolvaptan (7.5 or 15 mg/day) in

combination with furosemide have been investigated in

heart failure (HF) patients with normal kidney function but

not in HF patients with advanced kidney dysfunction. This

study evaluated the efficacy of tolvaptan in HF patients with

advanced kidney dysfunction (estimated glomerular filtra-

tion rate \45 mL/min/1.73 m2) by conducting a pharma-

cokinetic and pharmacodynamic study in these patients.

Methods Tolvaptan (15 mg once daily) was administered

orally for 7 days in combination with furosemide

(40–200 mg).

Results The peak plasma tolvaptan concentration and area

under the plasma concentration–time curve were

379.41 ± 149.69 ng/mL and 4,657.38 ± 2,741.79 ng�h/mL,

respectively, in HF patients with advanced kidney dysfunc-

tion. These values were greater in HF patients with advanced

kidney dysfunction than values reported in the literature for

healthy subjects and HF patients with normal kidney func-

tion. Urine volume increased and body weight decreased

significantly compared with those before tolvaptan adminis-

tration in HF patients with advanced kidney dysfunction.

Conclusion This study showed that adding tolvaptan to

furosemide was effective in HF patients with advanced

kidney dysfunction. This study also suggests that in these

patients 15 mg/day of tolvaptan should be sufficient, and

increasing the dose or the frequency of dosing to overcome

diuretic resistance should not be necessary, and consider-

ation should be given to using a lower dose and/or pro-

longing the dosing interval.

Key Points

A pharmacokinetic and pharmacodynamic study of

tolvaptan (15 mg/day) plus furosemide was

conducted in heart failure patients with advanced

kidney dysfunction.

Urine volume increased and body weight decreased

upon administration of tolvaptan (15 mg/day) in

these patients.

The 15 mg/day dose of tolvaptan was effective, but

lower doses or greater dosing intervals could be

needed.

1 Introduction

A wide variety of pharmacological agents, including b-

blockers (b-adrenoceptor antagonists), ACE inhibitors,

angiotensin receptor blockers, aldosterone blockers, and
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diuretics are prescribed for the treatment of heart failure

(HF). In particular, diuretics, especially loop diuretics, are

effective pharmacological agents for treating fluid retention

and its sequelae such as jugular venous distention, hepa-

tomegaly, peripheral edema, and pulmonary congestion

[1]. However, treatment with loop diuretics is less effective

in patients with kidney dysfunction, a common co-mor-

bidity and one of the strongest predictors of mortality in HF

[2]. Diuretic resistance is also a predictor of poor outcomes

[3]. To overcome diuretic resistance, it is a common

practice to give high doses of loop diuretics. However,

higher doses of loop diuretics have been associated with

worse renal, cardiac, and patient outcomes [4]. Loop

diuretics can also trigger numerous adverse events

including hyponatremia, hypokalemia, metabolic alkalosis,

and hypotension in patients with HF [5].

Tolvaptan competitively binds to the vasopressin V2

receptors and inhibits vasopressin-mediated water reab-

sorption in the renal collecting ducts [6], resulting in

increased free water clearance (water diuresis) [7]. Tol-

vaptan has not been shown to cause kidney dysfunction,

hypotension, or electrolyte/acid-base disturbances in major

clinical trials [8, 9], making this diuretic an attractive

treatment option in patients with HF and kidney dysfunction.

In a phase III clinical pharmacology study of tolvaptan

conducted in Japan, tolvaptan was administered for 7 days

at a dose of 7.5 or 15 mg/day in combination with furo-

semide in HF patients with volume overload that had not

resolved with furosemide alone [10]. Although a high

prevalence of kidney dysfunction in patients hospitalized

with decompensated HF has been reported [11], this clin-

ical pharmacology study of tolvaptan excluded patients

with serum creatinine [3.0 mg/dL [10]. The efficacy of

tolvaptan has not been fully investigated in HF patients

with advanced kidney dysfunction. The aim of the present

study is to assess the efficacy of tolvaptan in Japanese HF

patients with an estimated glomerular filtration rate (eGFR)

of \45 mL/min/1.73 m2 by conducting a pharmacokinetic

and pharmacodynamic study.

2 Methods

This investigation was conducted as an open-label, non-

randomized, uncontrolled, single-dose study for evaluating

the efficacy or the pharmacokinetics and pharmacody-

namics of tolvaptan in HF patients with advanced kidney

dysfunction.

2.1 Patients

The primary inclusion criteria were (1) a diagnosis of HF

[12]; (2) age between 20 and 85 years; (3) ability to

tolerate furosemide at doses of 40–200 mg/day throughout

the study period (from the run-in to post-treatment peri-

ods); (4) signs or symptoms of venous congestion, such as

peripheral edema, pulmonary congestion, or jugular venous

distention because of excessive volume overload; and (5)

chronic phase of HF during hospitalization. Patients who

met the inclusion criteria were divided into the following

three groups according to eGFR by using classification of

chronic kidney disease (CKD): group G3b, eGFR C30 and

\45 mL/min/1.73 m2; group G4, eGFR C15 and\30 mL/

min/1.73 m2; and group G5, eGFR \15 mL/min/1.73 m2

[13]. The eGFR was calculated using the revised equation

for the Japanese population [14].

The exclusion criteria were as follows: (1) hypersensi-

tivity to tolvaptan or its components and similar com-

pounds (vasopressin V2 antagonists, e.g., mozavaptan

hydrochloride); (2) adipsia and difficulty in swallowing

liquids; (3) inability to take drugs orally; (4) patients with

acute decompensated HF, marked serious and clinically

unstable HF (e.g., orthopnea); (5) use of assisted circula-

tion apparatus; (6) suspected hypovolemia; (7) systolic

blood pressure in the recumbent position \90 mmHg; (8)

hypertrophic cardiomyopathy (excluding the condition in

the dilated phase); (9) active myocarditis or amyloid car-

diomyopathy; (10) valvular diseases with dominant steno-

sis; (11) poorly controlled diabetes mellitus; (12) morbid

obesity with a body mass index of [35 kg/m2; (13) anuria

or oliguria due to stricture, stones, or urinary tract tumors;

(14) hepatic coma; (15) pregnancy or suspected pregnancy;

(16) a history of sustained ventricular tachycardia or ven-

tricular fibrillation within 30 days before the screening test;

(17) a history of cerebrovascular disorder within 6 months

before screening; (18) onset of acute myocardial infarction

within 30 days before screening; (19) biochemistry find-

ings including total bilirubin level of [3.0 mg/dL, serum

sodium level of [147 mEq/L, or serum potassium level

of [5.5 mEq/L; or (20) a judgment of being inappropriate

for inclusion in the study population by physicians in

charge.

2.2 Study Protocol

Figure 1a shows the study protocol outlines. The screening

test was performed on eligible patients who gave informed

consent to participate in the study. The dose of furosemide

was determined during the 3-day run-in period (Days -3 to

-1). After the run-in period, tolvaptan was administered

orally for 7 days at 15 mg once daily after breakfast. The

study patients were hospitalized from the run-in period

until the first follow-up observation period (Day 9 and Day

10). All medications were fixed throughout the study

course. Fluid intake was not restricted during the study

period.
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The measurements obtained during the run-in period

were used as baseline values. The pharmacokinetic and

pharmacodynamic measurements were performed on Day 1

and Day 7 in the 7-day treatment. Plasma concentrations

were measured at 2, 4, 6, 8, 12, and 24 h after tolvaptan

administration on Day 1 and at 0, 4, 8, and 12 h after tol-

vaptan administration on Day 7. The maximum (peak)

plasma drug concentration (Cmax) and area under the plasma

concentration–time curve (AUC) from time zero to infinity

(AUC?) of tolvaptan were determined from the plasma

concentration data. Three cumulative urine collections (4 h

collections) were made during the first 12 h after tolvaptan

administration, whereas one cumulative urine collection

(12 h collection) was made during the subsequent 12 h.

The following drugs were prohibited throughout the

study period: injectable drugs, including human atrial

natriuretic peptides, phosphodiesterase III inhibitors, cate-

cholamines, colforsin; injectable diuretics; loop diuretics

other than furosemide, and cytochrome P450 (CYP) 3A4

inhibitors or inducers. Foods that interfere with the

CYP3A4 system, e.g., grapefruit, were also prohibited.

Concomitant drugs not on the exclusion list and therapy

affecting patients’ volume status were allowed throughout

the study period.

2.3 Pharmacodynamic Efficacy Variables

For the pharmacodynamic analysis, the following end-

points were measured: urine volume, urine osmolality,

urine biochemistry (sodium, potassium, uric acid, and

creatinine concentrations), fluid intake, serum osmolality,

and serum biochemistry (concentrations of sodium, potas-

sium, and creatinine). Body weight and blood pressure

were measured before breakfast each morning and signs of

volume overload were assessed as part of the efficacy

analysis.

2.4 Statistical Analysis

Demographic and other baseline characteristics were ana-

lyzed according to the eGFR categories. Descriptive sta-

tistics of plasma concentrations and pharmacokinetic

parameters of tolvaptan at each timepoint were calculated

using the eGFR categories on Day 1 and Day 7. Pharma-

cokinetic parameters were calculated using the pharmaco-

kinetic analysis software, WinNonlin� (Pharsight,

St. Louis, MO, USA) and SAS� version 9.3 (SAS Institute

Inc., Cary, NC, USA). The descriptive statistics were per-

formed in each eGFR category for the assessment of

Fig. 1 a Study protocol outline.

b Flowchart representing the

analysis of the study
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obtained values and changes in pharmacodynamic param-

eters and body weight, whereas 95 % confidence interval

for the differences between the treatment groups were

calculated in daily urine volume, water intake, and urine

volume per unit time.

2.5 Ethics

This study was performed in accordance with the ethical

principles set forth in the Declaration of Helsinki. The

study protocol was approved by the St. Marianna Univer-

sity School of Medicine Institutional Committee on Human

Resource, Kawasaki, Japan (No. 1886). The study patients

were informed about the details of the study prior to the

screening examination. Written informed consent was

obtained before enrollment (clinical registration with the

University Hospital Medical Information Network: UMIN

000006859).

3 Results

3.1 Patient Characteristics

The present study included 23 patients who met the

inclusion criteria between July 2011 and August 2012. One

patient (in the G5 group) was dropped from the study

because of a protocol deviation (furosemide was not

administered); therefore, 22 patients were treated with

tolvaptan. Of the patients treated with tolvaptan, two

patients (G4 n = 1; G5 n = 1) were dropped before

completing the study for safety reasons; one discontinued

the study due to worsening of the primary disease and the

patient was offered to discontinuation of the study and the

other discontinued due to increasing furosemide dosages

for intractable pleural effusion. The concentration of tol-

vaptan on Day 7 was not measured in one patient in the

G3b group, and one patient in the G4 group withdrew from

the study because of urinary incontinence. Six patients in

the G3b group, seven patients in the G4 group, and five

patients in the G5 group completed the study (Fig. 1b). The

baseline characteristics of the patients in each group are

summarized in Table 1. The mean dose of furosemide was

56 ± 39 mg, resulting in no significant differences

between the three groups. The levels of serum albumin,

AST, and ALT did not significantly differ between the

three groups. None of the study patients had a history of

hepatitis C or non-alcoholic steatohepatitis.

3.2 Pharmacokinetics

The time courses for plasma tolvaptan concentrations on

Day 1 and Day 7 are presented in Fig. 2a. The plasma

concentrations increased at the first timepoint after tol-

vaptan administration (2 h on Day 1), reaching Cmax values

at 4 h on Day 1, and Day 7 in HF patients with advanced

kidney dysfunction. When these data were analyzed based

on the eGFR groups, the data in the G3b and G4 groups

were similar to the pooled data. However, the data in the

G5 group showed a Cmax at 2 h on Day 1 (Fig. 2b, c). The

tolvaptan plasma concentration before administration on

Day 7 was higher than that at 24 h after administration on

Day 1 (91 ± 92 ng/mL vs. 67 ± 58 ng/mL), but this dif-

ference was not statistically significant (p = 0.07).

Table 2 shows the pharmacokinetic parameters after

tolvaptan administration on Day 1 in HF patients with

advanced kidney dysfunction. For all patients, the Cmax and

AUC? on Day 1 were 379 ± 150 ng/mL and

4,657 ± 2,742 ng�h/mL, respectively, in HF patients with

advanced kidney dysfunction. When the data for Day 1

were divided per the eGFR groups, Cmax became higher

whereas AUC? became lower as kidney function worsened.

Table 2 also shows the comparisons in pharmacokinetic

parameters of tolvaptan between Day 1 and Day 7. Cmax on

Day 7 was higher than that on Day 1 in the G3b group,

while the G4 and G5 groups exhibited a lower Cmax on

Day 7 than on Day 1.

3.3 Pharmacodynamics

The changes in daily urine volume and daily water intake

during the treatment period are shown in Fig. 3a, b. Daily

urine volume increased above baseline levels in the three

study groups. The G3b group showed the remarkable

increase on Day 1 (total 1,279 ± 431 to 2,201 ± 937 mL;

G3b 1,140 ± 259 to 2,749 ± 1,073 mL; G4 1,400 ± 614

to 1,930 ± 879 mL; G5 1,277 ± 245 to 1,786 ± 201 mL).

The differences in 24-h urine volume between the three

groups were small except Day 1. The rate of urine excre-

tion consistently peaked at 4–8 h after the administration of

tolvaptan in the G3b and G4 groups, and at 0–4 h in the G5

group on Day 1 (Fig. 4a).

The G3b group tended to drink less water than the other

groups, but water intake in each group was stable

throughout the study period. Urine osmolality rapidly

decreased at 0–4 h from baseline and peaked at 4–8 h after

tolvaptan administration on Day 1. Urine osmolality

remained low at approximately 200 mOsm/kg H2O 24 h

after tolvaptan administration, although it rebounded

slightly in the G3b group. Urine osmolality was already

low before tolvaptan administration on Day 7 and

remained the same throughout Day 7 (Fig. 4b).

Serum sodium concentrations increased during the study

period (Fig. 5a), particularly in patients with a serum

sodium concentration under 135 mEq/L (131 ± 4 to

138 ± 2 mEq/L, p = 0.01). Meanwhile, patients with an
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initial serum sodium concentration over 135 mEq/L

showed no significant changes during the study period

(138 ± 2 to 138 ± 5 mEq/L, p = 0.78). Serum creatinine

showed no significant changes during the study period

(Fig. 5b).

3.4 Efficacy

When the data for all patients were analyzed together, body

weight significantly decreased on Day 2 (57.4 ± 11.0 kg)

compared with Day 1 (57.8 ± 10.9 kg, p = 0.002). Body

weight was 56.9 ± 11.1 kg on Day 8, showing a weight

reduction of 1.1 ± 1.5 kg after 7-day tolvaptan adminis-

tration. The reduction in body weight consistently tended to

be greater in the G3b group; however, no significant dif-

ferences among the groups were found (Fig. 3c).

No significant changes in systolic or diastolic blood

pressure were observed during the study period (systolic

blood pressure 115 ± 18 to 113 ± 24 mmHg; diastolic

blood pressure 61 ± 13 to 60 ± 10 mmHg).

Table 1 Baseline characteristics (N = 22, full analysis set)

Characteristic G3b (n = 7) G4 (n = 9) G5 (n = 6) p value

Sex (F/M) 3/4 1/8 1/5 0.44

Age (years) 78 ± 6 73 ± 11 73 ± 7 0.43

Weight (kg) 56.8 ± 10.1 59.6 ± 9.1 60.7 ± 20.4 0.86

Height (cm) 152 ± 10 156 ± 10 157 ± 10 0.34

Body mass index (kg/m2) 24.6 ± 4.0 24.5 ± 3.8 23.4 ± 5.8 0.86

Cardiothoracic ratio (%) 61.1 ± 6.6 57.2 ± 6.8 57.6 ± 11.9 0.62

LVEF (%) 42 ± 16 37 ± 19 50 ± 17 0.41

NYHA class I/II/III 0/0/7 1/1/7 0/3/3 0.10

Brain natriuretic peptide (pg/mL) 363.6 ± 340.2 347.8 ± 473.5 385.4 ± 226.5 0.99

Etiology of heart failure

Ischemic cardiomyopathy 3 1 1 0.44

Dilated cardiomyopathy 1 4 1 0.49

Valvular heart disease 1 0 2 0.16

Hypertensive heart disease 1 3 2 0.71

Constrictive pericarditis 1 1 0 1.00

Medications

b-blocker 4 7 3 0.28

ACEi or ARB 5 8 3 0.28

Mineral receptor antagonist 3 3 0 0.23

Thiazide diuretic 1 1 1 1.00

Calcium channel antagonist 0 3 3 0.54

Dose of furosemide (mg) 43 ± 8 62 ± 41 93 ± 55 0.09

Hypertension 2 3 5 0.09

Diabetes mellitus 0 3 2 0.30

Dyslipidemia 2 3 3 0.74

Serum creatinine (mg/dL) 1.28 ± 0.30 2.31 ± 0.57 6.08 ± 1.97 \0.0001

eGFR (mL/min/1.73 m2) 38.6 ± 5.3 23.0 ± 4.5 8.3 ± 3.1 \0.0001

CLCR (mL/min) 36.7 ± 8.2 24.1 ± 4.1 9.8 ± 4.5 \0.0001

Lower limb edema 7 9 6

Pulmonary congestion 7 9 6

Jugular venous distention 4 6 2 0.49

Pulmonary rales 1 3 0 0.41

Third heart sounds 1 3 1 0.68

24-h urine volume 1,140 ± 260 1,431 ± 582 1,165 ± 353 0.37

Data are given as n or mean ± standard deviation, unless otherwise stated

ACEi ACE inhibitor, ARB angiotensin receptor blocker, CLCR creatinine clearance, eGFR estimated glomerular filtration rate, F female, LVEF

left ventricular ejection fraction, M male, NYHA New York Heart Association
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Fig. 2 a Time course changes

in plasma tolvaptan

concentration up to 24 h after

administration. Comparison

between Day 1 and Day 7

(n = 18). b Time course

changes in plasma tolvaptan

concentration up to 24 h after

administration. Comparisons

between Day 1 and Day 7 and

between the G3b, G4, and G5

groups (n = 18). c Time course

changes in plasma tolvaptan

concentration up to 24 h after

administration. Comparisons

between Day 1 (n = 22) and

Day 7 (n = 18) and between the

G3b, G4, and G5 groups
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Edema in the lower extremities and S3 heart sounds of

patients in the G4 group improved on Day 2, Day 8, and

Day 9 compared with the baseline assessments. In addition,

distension of the jugular veins of patients in the G3b and

G4 groups lessened on Day 2, Day 8, and Day 9 compared

with the baseline assessment.

4 Discussion

In the present study, we investigated the pharmacokinetic

and pharmacodynamic properties of oral tolvaptan 15 mg/

day and verified its efficacy profile in Japanese HF patients

with volume overload and advanced kidney dysfunction.

Table 2 Pharmacokinetic parameters

Group Timepoint Cmax (ng/mL) AUC? (ng�h/mL) AUC24 (ng�h/mL) AUCt (ng�h/mL) tmax (h) t� (h)

HF with CKDa Day 1 n 22 20 21 21 22 20

Mean 379.41 4,657.38 3,896.62 3,896.62 3.91 8.20

SD 149.69 2,741.79 1,853.56 1,853.56 2.27 3.31

G3b Day 1 n 7 5 6 6 7 5

Mean 346.86 5,096.86 4,066.23 4,066.23 5.43 10.27

SD 65.95 3,799.45 1,884.39 1,884.39 3.21 5.29

G4 Day 1 n 9 9 9 9 9 9

Mean 383.67 4,704.08 3,875.64 3,875.64 3.56 7.98

SD 148.71 2,698.04 2,001.91 2,001.91 1.33 2.21

G5 Day 1 n 6 6 6 6 6 6

Mean 411.00 4,221.10 3,758.49 3,758.49 2.67 6.82

SD 225.38 2,223.74 1,929.08 1,929.08 1.03 2.17

HF with CKDb Day 1 n 18 17 18 18 18 17

Mean 387.28 4,760.52 3,952.67 3,952.67 3.89 8.43

SD 145.30 2,741.12 1,784.49 1,784.49 2.42 3.51

Day 7 n 18 18 18 18 18

Mean 362.17 5,449.55 4,454.38 2,911.86 4.22

SD 178.15 5,402.5 3,035.22 1,758.95 0.94

G3b Day 1 n 6 5 6 6 6 5

Mean 351.17 5,096.86 4,066.23 4,066.23 5.33 10.27

SD 71.16 3,799.45 1,884.39 1,884.39 3.50 5.29

Day 7 n 6 6 6 6 6

Mean 388.33 7,304.91 5,230.73 3,307.13 4.67

SD 206.33 8,198.66 3,873.44 2,215.38 1.63

G4 Day 1 n 7 7 7 7 7 7

Mean 363.86 4,490.75 3,633.82 3,633.82 3.43 8.1

SD 142.20 2,792.44 2,005.54 2,005.54 1.51 2.48

Day 7 n 7 7 7 7 7

Mean 359.71 4,305.76 4,235.09 2,802.93 4.00

SD 210.75 3,522.67 3,306.65 1,973.00 0.00

G5 Day 1 n 5 5 5 5 5 5

Mean 463.40 4,801.85 4,262.80 4,262.80 2.80 7.068

SD 207.12 1,910.93 1,656.58 1,656.58 1.10 2.33

Day 7 n 5 5 5 5 5

Mean 334.20 4,824.43 3,829.76 2,590.04 4.00

SD 114.14 3,669.73 1,588.11 889.127 0.00

AUC area under the plasma concentration–time curve, AUC24 AUC from time zero to 24 h, AUCt AUC from time zero to time t, AUC? AUC

from time zero to infinity, Cmax maximum (peak) plasma drug concentration, CKD chronic kidney disease, HF heart failure, SD standard

deviation, t� elimination half-life, tmax time to Cmax

a Pharmacokinetic parameters on Day 1 (n = 22, full analysis set)
b Pharmacokinetic parameters on Day 1 and Day 7 (n = 18, per protocol set)
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Since the pharmacokinetics and pharmacodynamics of

tolvaptan are known not to be clinically or significantly

affected by race [15], we assume that our study results can

be extrapolated to non-Japanese patients.

4.1 Pharmacokinetics

Tolvaptan is metabolized in the liver and eliminated in the

feces. Tolvaptan is not excreted in urine; therefore, we

hypothesized that the concentration of tolvaptan would not

be increased in HF patients with advanced kidney dys-

function. However, even in these patients, the Cmax of

tolvaptan on Day 1 was 2.8-fold higher than that in healthy

subjects [16] and 1.5-fold higher than that in HF patients

with normal kidney function [10]. In our study, the patients

with worse renal function had higher Cmax, suggesting that

Cmax may be affected by renal function. Tolvaptan is pri-

marily metabolized via CYP3A4 [17]. Since high levels of

parathyroid hormone, cytokines, and uremic toxins have

been shown to reduce CYP activity, non-renal clearance by

CYP decreased from 54 to 87 % in patients with kidney

dysfunction [18]. These factors may have had an effect on

the high plasma concentrations of tolvaptan observed in

our study. Inomata et al. [10] speculated that this trend

might be due to the decreased capacity for drug elimination

and reduced volume of distribution in HF patients.

The median time to Cmax (tmax) in HF patients with

advanced kidney dysfunction was 4 h after tolvaptan

15 mg/day administration, which was similar to the tmax in

HF patients with normal kidney function [10]. tmax in HF

patients with advanced kidney dysfunction was obtained

2 h later than the tmax in healthy subjects [16]. The reason

for this delay may be due to compromised drug absorption

in HF patients with volume overload due to congestion or

reduced function of the intestine and other organs [10].

In our study, the elimination half-life (t�) calculated

from the data on Day 1 was 2.5-fold higher in HF patients

with advanced kidney dysfunction than in healthy subjects

Fig. 3 Changes in daily urine

volume (a), water intake (b),

and body weight (c)
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[16] and 1.3-fold higher than HF patients with normal

kidney function [10]. This observation may suggest that

drug elimination is also impaired in patients with advanced

kidney dysfunction. This hypothesis is supported by the

observation that the plasma concentration of tolvaptan 24 h

after the first dose was higher in our study patients than in

healthy subjects or patients with HF without kidney

dysfunction.

The plasma concentration of tolvaptan was higher

before tolvaptan administration on Day 7 than 24 h after

administration on Day 1, although no statistical signifi-

cance was found between these two values. This study

result demonstrated the tendency that tolvaptan in plasma

was accumulative; however, the plasma concentration of

tolvaptan was not accumulative at all in HF patients with

normal kidney function [10]. Accordingly, we believe that

the accumulation of tolvaptan should be focused in HF

patients with advanced kidney dysfunction. The reason for

accumulation could be associated with reduced elimination

and prolongation of t�, although prolongation of t� due to

depressed kidney function has not fully elucidated. These

results suggest that, in patients with HF and advanced

kidney dysfunction, a dose of tolvaptan 15 mg daily may

be too high and the dose should be reduced or the dosing

interval extended.

4.2 Pharmacodynamics

The Japanese phase III study has demonstrated that tol-

vaptan exerts diuretic effects and causes body weight loss

at a low dose of 7.5 mg/day; however, these effects are less

than those elicited by 15 mg/day [10]. The present study

showed that tolvaptan 15 mg once daily was effective;

urine volume moderately but significantly increased

(approximately 500 mL on average) and body weight sig-

nificantly decreased compared with those before adminis-

tration, even in HF patients with advanced kidney

dysfunction.

Of note, urine output in the study patients was moderate

even though the plasma concentration of tolvaptan was

higher than that of healthy subjects receiving tolvaptan

45–90 mg/day [16]. Therefore, the 24-h cumulative urine

volume was correlated with plasma AUC from time zero to

24 h (AUC24) on Day 1 in healthy Japanese subjects [16];

however, the present study did not demonstrate these cor-

relations in HF patients with advanced kidney dysfunction.

These results did not support our theory that the optimal

dose of tolvaptan should not exceed 15 mg/day in HF

patients with advanced kidney dysfunction. In the present

study, the increase in urine output and the decrease in urine

osmolality, both of which indicate effects of tolvaptan,

lasted 12–24 h after the administration of a single dose of

tolvaptan; we concluded that it was unnecessary to

administer tolvaptan more than once a day.

One recent study suggested that patients who respond

well to tolvaptan (responders) could be identified by urine

osmolality 4–6 h after tolvaptan administration in HF

Fig. 4 Changes in urine excretion and urine osmolality on Day 1

(a) and Day 7 (b)
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patients with CKD [19]. The present study demonstrated

that the median tmax was 4 h and urine osmolality rapidly

decreased at 0–4 h from baseline and peaked at 4–8 h after

tolvaptan administration on Day 1. Thus, the new criteria

for determining the responder of tolvaptan judged by the

percentage decrease in urine osmolality at 4–6 h after its

administration are reasonable. Kinugawa et al. [20] repor-

ted an interim result of a post-marketing surveillance study

of tolvaptan, in which the mean dose of furosemide used

for 1,057 HF patients with insufficient response to loop

diuretics was 69.2 ± 66.2 mg/day.

One of the intriguing results in the present study is that

tolvaptan can be used effectively without causing wors-

ening renal function in HF patients with advanced kidney

dysfunction. Earlier studies are in agreement with our study

results [21, 22]. Increasing doses of furosemide often lead

to worsening renal function and increased mortality in HF

patients with advanced kidney dysfunction. These poor

outcomes have been linked to activation of the renin–

angiotensin–aldosterone system and the sympathetic ner-

vous system [4, 23]. However, previous studies have shown

that tolvaptan does not activate these systems [7, 24]. The

present study showed that tolvaptan could help resolve

excessive body fluid without worsening renal function.

Worsening of renal function is a big disadvantage in the

use of high doses of loop diuretics.

Tolvaptan has been used around the world to treat

hyponatremia in HF patients. In Japan, tolvaptan can also

be used in normonatremic HF patients for the treatment of

congestion [25]. One study reported that changes in serum

sodium concentrations after treatment with tolvaptan

7.5 mg/day were inversely correlated with baseline values

in HF patients with serum creatinine 1.2 ± 0.3 mg/dL

(r = -0.58, p \ 0.05) [26]. The present study showed

improvement in serum sodium concentrations in patients

with hyponatremia (serum sodium concentration under

135 mEq/L) at baseline. Meanwhile, treatment of patients

without hyponatremia (serum sodium concentration over

135 mEq/L) at baseline showed no increase in serum

sodium concentrations. Our study results demonstrated that

tolvaptan 15 mg/day could be effectively administered to

normonatremic patients because it did not trigger excessive

free-water excretion resulting in an excessive and rapid

increase in serum sodium concentration.

4.3 Limitations

There are several limitations to this study. First, this study

included HF patients with advanced kidney dysfunction

and their urinary protein levels were not measured. The

detailed etiology of renal dysfunction was not fully iden-

tified either. Second, tolvaptan is primarily metabolized via

CYP3A4. As some patients used warfarin for atrial fibril-

lation or after heart valve surgery, we monitored pro-

thrombin time–international normalized ratio (PT-INR)

values for these patients. However, we did not measure it in

all patients. We considered accurate assessment of PT-INR

values to be difficult whether subjects were on a warfarin

Fig. 5 Changes in serum of sodium (a) and creatinine (b)

282 K. Kida et al.



or not. Third, we did not use the mineralocorticoid receptor

antagonist in G5 group to prevent the hyperkalemia. We

speculated that the response in patients in receipt of a

mineralocorticoid receptor antagonist would be different/

improved compared with those not on one. However, the

rate of patients treated with mineralocorticoid receptor

antagonists did not significantly differ between the three

groups. Moreover, a small dose of furosemide improved

the response in this study. Finally, this study did not

evaluate the differences in the etiology of advanced kidney

dysfunction and HF.

5 Conclusion

This study showed that add-on tolvaptan to furosemide was

effective even in HF patients with advanced kidney dys-

function. This study also suggested that in these HF

patients with advanced kidney dysfunction, a 15 mg daily

dose of tolvaptan should be adequate. Increasing the dose

or the frequency of dosing to overcome resistance to a

standard dose of loop diuretics may not be effective.

Lowering the dose and/or prolonging the dosing interval

should be considered.
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