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Abstract 

Tolvaptan efficacy for heart failure has a large interindividual variation. This study aimed to 

evaluate the influence of CYP3A5 and ABCB1 genotypes on tolvaptan pharmacokinetics and 

their relationships with plasma markers of CYP3A activity and laboratory test values in heart 

failure patients. Fifty-eight heart failure patients receiving oral tolvaptan for volume overload 

were enrolled. Blood samples for determination of predose plasma concentrations of tolvaptan 

and its metabolites were collected. CYP3A5 and ABCB1 genotypes, plasma 4β-

hydroxycholesterol/total cholesterol ratio (4β-OHC/TC) and 25-hydroxyvitamin D (25-OHD), 

and serum laboratory test values were evaluated. The CYP3A5*3/*3 genotype was associated 

with a higher plasma concentration of tolvaptan but not with its metabolic ratios. The ABCB1 

3435C>T, 2677G>T/A, and 1236C>T polymorphisms affected neither tolvaptan 

pharmacokinetics nor its metabolism. Plasma 4β-OHC/TC and 25-OHD concentration were not 

correlated with plasma tolvaptan concentration. In a stratified analysis based on CYP3A5 

genotype, plasma 4β-OHC/TC had a negative correlation with plasma tolvaptan concentration 

in the patients with the CYP3A5*1 allele, while the plasma concentration of 25-OHD did not. 

The CYP3A5*3/*3 genotype was associated with a higher serum sodium level in the patients 

with volume overload. The plasma concentration of 25-OHD had a positive correlation with 

the serum total bilirubin level. In conclusion, CYP3A5*3 but not ABCB1 genotypes elevated 

tolvaptan plasma exposure in heart failure patients. CYP3A5-deficient patients treated with 

tolvaptan had a higher serum sodium level. The CYP3A5 genotype altered the relationship 
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between plasma tolvaptan and 4β-OHC.  
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Introduction and background 

Tolvaptan, an orally effective vasopressin V2 receptor antagonist, raises excretion of 

electrolyte-free water by competitively binding to the receptor on the renal collecting ducts [1]. 

Oral tolvaptan has a large interindividual variation in intestinal absorption [2]. In heart failure 

patients, tolvaptan plasma exposure and its diuretic effect also showed large differences [3]. 

Adverse effects such as severe hypernatremia and potentially fatal liver injury were reported in 

clinical settings [4,5]. However, tolvaptan plasma exposure itself has not fully explained the 

efficacy and safety [6]. 

Tolvaptan is mainly converted to three monohydroxylates (DM-4110, DM-4111, and 

DM-4119) and a ring-opened carboxylate (DM-4103) in the human liver (Figure S1) [7]. Each 

monohydroxylate possesses 2- to 4-fold less activity to inhibit V2 receptors than tolvaptan [8]. 

DM-4103 inhibits hepatic bile acid transport proteins such as organic anion transporting 

polypeptide (OATP) 1B1 and bile salt export pump, and is likely involved in the induction of 

liver injury [9]. Tolvaptan and its metabolites are predominantly eliminated by hepatic 

CYP3A4/5 in humans [7]. In addition, tolvaptan is a substrate of and a weak inhibitor of P-

glycoprotein, ABCB1 transporter, which is involved in the intestinal secretion and multidrug 

resistance [10]. 

CYP3A activity varies among human individuals. CYP3A5 frequently possesses a 

single nucleotide polymorphism (SNP) affecting its activity, which is known as CYP3A5*3 

allele [11]. The CYP3A5*3/*3 genotype, which is characterized as the almost complete absence 
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of CYP3A5 protein, decreases drug clearances of CYP3A5 substrates such as tacrolimus and 

fentanyl in patients [12,13]. P-glycoprotein also has several SNPs affecting its transport activity 

[14]. The ABCB1 3435TT genotype elevates the plasma exposures of tacrolimus and digoxin 

through increased intestinal absorption in humans [15,16]. The contributions of the CYP3A5 

and ABCB1 genotypes to tolvaptan pharmacokinetics remain to be clarified in humans. 

Plasma 4β-hydroxycholesterol (4β-OHC), a cholesterol CYP3A-mediated metabolite, 

has recently emerged as a promising endogenous marker of CYP3A activity in humans. Plasma 

4β-OHC as a non-P-glycoprotein activity marker has been utilized in a number of biomarker 

studies for predicting the pharmacokinetics of CYP3A probes and influences of CYP3A 

inducers [17,18]. Plasma 4β-OHC is also useful for the discrimination of patients with 

CYP3A5*3/*3 [13]. Plasma 25-hydroxyvitamin D (25-OHD) is another promising biomarker 

of CYP3A activity. Vitamin D eventually contributes to the increase in mRNA expression and 

activity level of CYP3A, leading to high metabolism of CYP3A substrates [19]. However, the 

usefulness of these two endogenous biomarkers for the prediction of plasma tolvaptan and its 

metabolites has not been evaluated in humans. 

No clinical studies evaluating the genetic impact on tolvaptan pharmacokinetics using 

CYP3A activity markers have been reported. This study aimed to evaluate the influence of 

CYP3A5 and ABCB1 genotypes on plasma tolvaptan and its metabolites and their relationships 

with plasma markers of CYP3A activity, serum levels of electrolytes, and liver function test 

results in heart failure patients. 
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Materials and Methods 

Ethics 

This study was conducted in accordance with the ethical standards of the Ethics Committee of 

Hamamatsu University School of Medicine (17-012) and with the Declaration of Helsinki and 

its later amendments. The present study was registered as an observation study at a single site 

(Hamamatsu University Hospital, Hamamatsu, Japan) in the University Hospital Medical 

Information Network (UMIN000033065). The study was conducted in accordance with the 

Basic & Clinical Pharmacology & Toxicology policy for experimental and clinical studies [20]. 

The patients received information about the scientific aim of the study and each patient 

provided written informed consent. 

 

Patients and blood sampling 

A total of 78 Japanese inpatients treated with a fixed-dose of tolvaptan tablet (Samsca, Otsuka 

Pharmaceutical Co., Ltd., Tokyo, Japan) once daily after breakfast during at least six 

consecutive days for heart failure with volume overload were recruited and 58 were enrolled in 

this study. Exclusion criteria were as follows: patients who (1) were receiving > 15 mg of 

tolvaptan per day; (2) were suspected of poor drug adherence based on pharmacist interviews 

and medical records; (3) were being co-treated with potent CYP3A or ABCB1 inducers and 

inhibitors including carbamazepine, rifampicin, triazole antifungal agents, macrolide 
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antibiotics, cyclosporine, tacrolimus, quinidine, digoxin, or verapamil [21]; (4) had an active 

infectious disease; (5) had liver dysfunction (serum total bilirubin > 2.0 mg/dL) before the 

initiation of tolvaptan treatment; and (6) were using vitamin D supplementation or 

subcutaneous denosumab. The blood samples were collected just before dosing on the 7th day 

after starting tolvaptan treatment or later.  

 

Determination of plasma tolvaptan and its metabolites 

Plasma concentrations of tolvaptan and its metabolites including DM-4110, DM-4111, DM-

4119, and DM-4103 (Otsuka Pharmaceutical Co., Ltd.) were simultaneously quantified by 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) [22]. The linearities (r > 

0.999) of tolvaptan, DM-4110, DM-4111, DM-4119, and DM-4103 were observed at plasma 

concentration ranges of 3.125–1000, 0.3125–100, 1.25–400, 0.625–200, and 31.25–10,000 

ng/mL, respectively. The intra- and inter-day accuracies of all the analytes had ranges of 91.6–

106.5% and 94.1–105.1%, while their intra- and inter-day imprecisions were < 2.5% and 10.9%, 

respectively. The lower limits of quantification (LLOQs) for tolvaptan, DM-4110, DM-4111, 

DM-4119, and DM-4103 were 3.125, 0.3125, 1.25, 0.625, and 31.25 ng/mL, respectively. 

 

Plasma exposure parameters of tolvaptan 

Variation in plasma exposure of tolvaptan and its metabolites was assessed as dose and body 

weight-adjusted plasma concentrations unless otherwise stated. Absolute plasma concentrations 
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of tolvaptan and its metabolites were used for analysis of their relationship with laboratory test 

values. Tolvaptan metabolism was evaluated as the metabolic ratio of tolvaptan: the plasma 

concentration ratio of a metabolite to tolvaptan. 

 

CYP3A5 and ABCB1 genotypings 

Genomic DNA was extracted from the whole blood sample of each patient using a DNA 

Extractor WB Kit (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) and then stored 

at -20°C until genotyping. The SNPs rs776746 (CYP3A5*3), rs1045642 (ABCB1 3435C>T), 

rs2032582 (ABCB1 2677G>T/A), and rs1128503 (ABCB1 1236C>T) were genotyped by a 

TaqMan real-time polymerase chain reaction method (Thermo Fisher Scientific, Waltham, MA, 

USA). The patients with CYP3A5*1/*1 or *1/*3 were integrated into a group of patients with 

CYP3A5*1 allele in the analysis unless otherwise stated. The patients were classified into three 

genotype groups of CC, CT, and TT for ABCB1 3435C>T and 1236C>T. As for ABCB 

2677G>T/A, the patients were classified into three genotype groups of 2677GG; GT or GA; TT, 

TA, or AA. The homozygous variants of the three ABCB1 genotypes (3435TT-2677TT-1236TT) 

were defined as ABCB1 triple TT diplotype. The effect of the CYP3A5 genotype and the 

ABCB1 triple TT diplotype on plasma tolvaptan pharmacokinetics were evaluated between 

genders. 

 

Determination of plasma markers of CYP3A activity 
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Saponified 4β-OHC in plasma was quantified by an LC-MS/MS method [23]. The linearity of 

4β-OHC was observed at a plasma concentration range of 5–200 ng/mL (r > 0.999). The intra- 

and inter-day accuracies of 4β-OHC were 104.2–114.5% and 94.5–106.8%, while its intra- and 

inter-day imprecisions were < 9.3% and 13.6%, respectively. The LLOQ for plasma 4β-OHC 

was 5 ng/mL. Plasma total cholesterol was measured by an enzymatic method using a 

Cholesterol E-Test Wako kit (FUJIFILM Wako Pure Chemical Corporation). The LLOQ for 

plasma total cholesterol was 2.2 mg/dL. Plasma 25-OHD was determined by enzyme-linked 

immunosorbent assay using a 25(OH)-Vitamin D direct day kit (Immundiagnostik AG, 

Bensheim, Germany). The LLOQ for plasma 25-OHD was 6.1 ng/mL. 

 

Relationships with laboratory test values 

The common laboratory test values of each patient at the point of blood sampling for 

determination of plasma concentrations of tolvaptan and its metabolites were obtained from 

their medical records. The absolute plasma concentrations of tolvaptan and its metabolites, the 

CYP3A5 and ABCB1 genotypes, and the plasma markers of CYP3A activity were assessed 

with respect to their relationship with serum levels of electrolytes: sodium, potassium, and 

chloride, serum liver function test results: aspartate aminotransferase, alanine aminotransferase, 

and total bilirubin, and serum albumin. 

 

Multivariate analyses for tolvaptan pharmacokinetics 
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Multivariate regression models for the dose and body weight-adjusted plasma concentrations 

of tolvaptan and its metabolites were built using the stepwise approach in the selection of 

explanatory variables: gender (male versus female as the reference), age, CYP3A5 genotype 

(*1 allele carriers versus *3/*3 as the reference), ABCB1 genotype (triple TT diplotype versus 

the others as the reference), plasma 4β-OHC/TC, plasma 25-OHD, serum albumin, serum total 

bilirubin, and estimated glomerular filtration rate. The estimated glomerular filtration rate was 

calculated using the Modification of Diet in Renal Disease study equation [24] and the Du Bois 

formula [25]. The partial regression coefficient was represented as b. 

 

Statistical analysis 

All statistics were analysed using Stata version 13.0 (StataCorp LLC, College station, TX, 

USA). Fisher’s exact probability test was used for categorical variables. The Kruskal-Wallis 

test and the post hoc Mann-Whitney U test with the Dunn correction were used to compare 

continuous variables. The Cuzick’s non-parametric trend test was used to evaluate the trend 

across ordinal variables. The correlations between two continuous variables were evaluated 

using the Spearman test, and the Spearman rank correlation coefficient was represented as rs. 

All values are expressed as the median and interquartile range unless otherwise stated. A two-

sided P-value < 0.05 was considered statistically significant. 

 

Results 
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Patient characteristics and genotypes 

Table 1 shows the demographic and disease characteristics of the enrolled patients. The 

population consisted of 38 Japanese males and 20 Japanese females. The enrolled patients, 

whose median age was 76 years, had a high serum level of creatinine (median, 1.67 mg/dL) and 

low serum level of albumin (median, 3.2 g/dL). The numbers of patients with 3.75, 7.5, 11.25, 

15 mg of tolvaptan were 18 (31.0%), 21 (36.2%), 1 (1.7%), and 18 (31.0%), respectively. The 

median number of days from initiation of tolvaptan therapy was 8 days (interquartile range, 7–

11 days) with the maximum of 19 days. The numbers of patients with CYP3A5*1/*1, *1/*3, 

and *3/*3 were 2 (3.4%), 19 (32.8%), and 37 (63.8%), respectively. The numbers of patients 

with ABCB1 3435CC, CT, and TT were 18 (31.0%), 27 (46.6%), and 13 (22.4%), respectively. 

The numbers of patients with ABCB1 2677GG, GT, GA, TT, TA, and AA were 9 (15.5%), 16 

(27.6%), 11 (19.0%), 13 (22.4%), 9 (15.5%), and 0 (0%), respectively. The numbers of patients 

with ABCB1 1236CC, CT, and TT were 11 (19.0%), 27 (46.6%), and 20 (34.5%), respectively. 

The allele frequencies calculated according to the assumption of the Hardy-Weinberg 

equilibrium were 80.2%, 45.7%, 61.2%, and 57.8% for the genetic variants of CYP3A5*3, 

ABCB1 3435C>T, 2677G>T/A, and 1236C>T, respectively. Eleven (19.0%) patients had the 

ABCB1 triple TT diplotype among the 58 enrolled patients. No one had the 3435TT-2677TA-

1236TT or 3435TT-2677AA-1236TT genotypes in the present study. 

 

Influence of CYP3A5 and ABCB1 genotypes on tolvaptan pharmacokinetics 
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Table 2 summarizes the plasma exposure parameters of tolvaptan and its metabolites in the 

heart failure patients with CYP3A5*1 allele and *3/*3. The plasma concentration of tolvaptan 

was significantly higher in the patients with CYP3A5*3/*3 than with *1 allele (P = 0.038). The 

plasma tolvaptan concentration had a descending trend across the patients with *3/*3, *1/*3, 

and *1/*1 (P = 0.023). No significant difference was found in the plasma concentrations of the 

tolvaptan metabolites and the metabolic ratios of tolvaptan between the CYP3A5 genotypes. 

Table 3 shows the plasma exposure parameters of tolvaptan and its metabolites in the patients 

with ABCB1 3435CC, CT, and TT. The plasma tolvaptan pharmacokinetics for ABCB1 

2677G>T/A and 1236C>T genotypes were summarized in Table S1 and S2, respectively. No 

differences were observed in the plasma concentrations of tolvaptan and its metabolites and 

their metabolic ratios between the ABCB1 genotypes. Between the ABCB1 triple TT diplotype 

and the others, there were no significant differences in the plasma concentrations of tolvaptan 

and its metabolites (Table S3). The patients with the ABCB1 triple TT diplotype had a lower 

metabolic ratio of DM-4111 to tolvaptan than the others (P =0.038). 

 

Influence of gender on tolvaptan pharmacokinetics 

The dose and body weight-adjusted plasma concentration of DM-4103 was higher in male 

patients than in female ones (P =0.030). No other significant differences were observed in the 

plasma exposure parameters between genders (Table S4). The medians of the plasma tolvaptan 

exposure parameters in each gender group between the CYP3A5 genotype and between the 
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ABCB1 triple TT diplotype were summarized in Table S5 and S6, respectively. The patients 

with the ABCB1 triple TT diplotype had a higher absolute plasma concentration of tolvaptan 

than the others among male patients (P =0.037). The plasma concentration ratios of tolvaptan 

to DM-4111 (P =0.028) and DM-4103 (P =0.023) were lower in the patients with the ABCB1 

triple TT diplotype than in the others among male patients, respectively. No other relationships 

were observed among the genotypes between genders. 

 

Relationship between CYP3A activity markers and CYP3A5 genotype 

Table 4 is a summary of the plasma markers of CYP3A activity in the heart failure patients with 

each CYP3A5 genotype. No differences were observed in the plasma concentrations of 4β-

OHC and total cholesterol between the CYP3A5 genotypes. The patients with the CYP3A5*1 

allele did not have a higher plasma 4β-OHC/TC than those with *3/*3 (P = 0.071). The 

CYP3A5 gene mutation was not associated with plasma 25-OHD concentration. No correlation 

was found between plasma 4β-OHC/TC and 25-OHD concentration for each CYP3A5 

genotype. 

 

Relationship between plasma 4β-OHC and tolvaptan pharmacokinetics 

Figure 1 demonstrates the correlations between plasma 4β-OHC/TC and plasma concentrations 

of tolvaptan and its metabolites in these heart failure patients. Plasma 4β-OHC/TC had no 

correlation with the plasma concentration of tolvaptan (rs = -0.049, P = 0.714), DM-4110 (rs = 
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-0.070, P = 0.601), DM-4111 (rs = -0.138, P = 0.317), DM-4119 (rs = -0.097, P = 0.469), and 

DM-4103 (rs = -0.234, P = 0.077) in the whole population. In the patients with the CYP3A5*1 

allele, plasma 4β-OHC/TC showed significant negative correlations with the plasma 

concentrations of tolvaptan (rs = -0.446, P = 0.043), DM-4110 (rs = -0.522, P = 0.015), and 

DM-4119 (rs = -0.439, P = 0.047). No association was observed between plasma 4β-OHC/TC 

and the plasma concentrations of DM-4111 and DM-4103 in the patients with the CYP3A5*1 

allele. In the CYP3A5*3/*3 patients, plasma 4β-OHC/TC did not associate with the plasma 

concentrations of tolvaptan and its metabolites. Plasma 4β-OHC/TC had no relationship with 

the metabolic ratios of tolvaptan. Even in the stratified analysis based on CYP3A5 genotype, 

no correlation was observed between plasma 4β-OHC/TC and the metabolic ratios of tolvaptan 

(Figure S2). 

 

Relationship between plasma tolvaptan pharmacokinetics and 25-OHD 

The plasma concentration of 25-OHD did not associate with that of tolvaptan (rs = -0.132, P = 

0.324), DM-4110 (rs = -0.077, P = 0.568), DM-4111 (rs = -0.064, P = 0.634), DM-4119 (rs = -

0.024, P = 0.860), and DM-4103 (rs = 0.139, P = 0.299) in the whole population. A negative 

correlation between the plasma concentrations of 25-OHD and tolvaptan in the patients with 

CYP3A5*3/*3 (rs = -0.284, P = 0.089) did not reach the significance level (Figure S3). No 

relationship was found between the plasma concentrations of 25-OHD and the tolvaptan 

metabolites for each CYP3A5 genotype. The plasma concentration of 25-OHD had no 
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correlations with the metabolic ratios of tolvaptan even in the stratified groups by CYP3A5 

genotype. No other associations were observed between the plasma concentration of 25-OHD 

and the metabolic ratios of tolvaptan for each CYP3A5 genotype (Figure S3). 

 

Factors related to tolvaptan pharmacokinetics 

In the multivariate regression analysis, the CYP3A5 genotype was chosen as the explanatory 

variable for the plasma concentrations of tolvaptan (b = -372.6, P = 0.020), DM-4110 (b = -

32.3, P = 0.026), DM-4111 (b = -110.1, P = 0.047), and DM-4119 (b = -16.5, P = 0.042), 

although no explanatory variable was found for the plasma concentration of DM-4103. The 

metabolic ratio to DM-4110 (b = 0.041, P = 0.047) was also correlated with the CYP3A5 

genotype. Serum albumin level was correlated negatively with the plasma DM-4111 (b = -131.8, 

P = 0.004) and positively with the metabolic ratio to DM-4103 (b = 11.5, P = 0.036). 

 

Factors related to laboratory test values 

No correlation was observed between the absolute plasma tolvaptan concentration and the 

major laboratory test values (Figure 2). The absolute plasma concentration of tolvaptan also 

had no association with the serum levels of chloride (rs = -0.197, P = 0.138), aspartate 

aminotransferase (rs = 0.054, P = 0.685), and alanine aminotransferase (rs = -0.112, P = 0.401). 

With respect to the tolvaptan metabolites, the absolute plasma concentration of DM-4111 was 

negatively correlated with the serum albumin level (rs = -0.286, P = 0.029) (Figure S4). The 
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patients with CYP3A5*3/*3 had a higher serum sodium level than those with *1 allele (P = 

0.038). There were no differences in the other laboratory test values between the CYP3A5 

genotypes. Plasma 4β-OHC/TC (rs = -0.245, P = 0.064) and 25-OHD concentration (rs = 0.149, 

P = 0.266) had no correlation with serum sodium level. The plasma 25-OHD concentration 

showed a significant positive correlation with serum total bilirubin level (rs = 0.335, P = 0.010), 

while plasma 4β-OHC/TC did not (rs = -0.086, P = 0.521). The CYP3A activity markers did 

not associate with the other laboratory test values. The ABCB1 genotype had no relation to the 

laboratory test values. 

 

Discussion 

The present study investigated the influence of CYP3A5 and ABCB1 genotypes on tolvaptan 

pharmacokinetics and their relationships with plasma markers of CYP3A activity and 

laboratory test values in 58 heart failure patients. The CYP3A5 gene mutation elevated the 

plasma tolvaptan concentration, while the ABCB1 gene mutation did not. Plasma 4β-OHC/TC 

had no association with the plasma tolvaptan concentration in the whole population. In the 

CYP3A5*1 allele carriers, the plasma 4β-OHC/TC showed a negative correlation with plasma 

tolvaptan concentration. In addition, the tolvaptan-treated volume overloaded patients lacking 

CYP3A5 had a higher serum sodium level. These findings suggest that the CYP3A5 genotype 

affects not only plasma tolvaptan and its relationship with plasma 4β-OHC but also serum 

sodium. To the best of our knowledge, this is the first report that has characterized the genetic 
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impact on tolvaptan pharmacokinetics and laboratory test values using endogenous markers of 

CYP3A activity in heart failure patients. 

The patients with homozygous CYP3A5*3 allele had an approximately 2-fold higher 

plasma concentration of tolvaptan than those with *1 allele. Tolvaptan was predominantly 

metabolized by CYP3A4/5 using recombinant CYP isoforms [7]. The respective contributions 

of CYP3A4 and 3A5 to tolvaptan plasma exposure have not been clarified in humans. CYP3A5-

deficient patients had close to double the plasma concentrations of some CYP3A5 substrates 

[12,13]. The CYP3A5 genotype had no relationship with the metabolic ratios of tolvaptan in 

the present study. These data indicate that CYP3A5 participates in both the production and 

elimination of the tolvaptan metabolites [7]. In the monohydroxylation of tolvaptan, the 

metabolic ratio to DM-4111 was much higher than that to DM-4110 and DM-4119. The 

pathway from tolvaptan to DM-4111, which is potentially influenced by serum albumin level, 

seems to be comparatively dominant in heart failure patients. 

The ABCB1 genotype had no relationship with the plasma concentrations of tolvaptan 

and its metabolites although the patients with the ABCB1 triple TT diplotype had a lower 

metabolic ratio to DM-4111 than the others. These results imply that the ABCB1 genotype does 

not strongly alter the intestinal absorption of tolvaptan in heart failure patients. Digoxin, an 

ABCB1 inhibitor, slightly increased the peak plasma concentration of tolvaptan in healthy 

subjects [10]. Rheumatoid arthritis patients with ABCB1 3435TT had a 50% higher blood 

concentration of tacrolimus than those with 3435CC [15]. The absolute bioavailability of oral 
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tolvaptan was 56% with an interquartile range of 42–80% in healthy subjects [2]. Other 

mechanisms such as the intestinal metabolism and transport system may be responsible for 

interindividual variations in the oral bioavailability of tolvaptan [26]. 

Plasma 4β-OHC and 4β-OHC/TC were 1.4- and 1.6-fold higher, respectively, in the 

patients with the CYP3A5*1 allele than in those with *3/*3, although the differences were not 

significant. Higher plasma 4β-OHC was observed in kidney transplant recipients with the 

CYP3A5*1 allele [27]. The CYP3A5*1 allele carriers had 1.5-fold higher plasma 4β-OHC and 

1.7-fold higher plasma 4β-OHC/TC in cancer patients [13]. In the present study population, 

plasma 4β-OHC may not be useful for clear discrimination of the homozygous CYP3A5*3 

allele. The plasma 25-OHD level was not different between the CYP3A5 genotypes. Plasma 

25-OHD, an indicator of nutritional intake and vitamin D synthesis, has seasonal variation 

caused by sunlight exposure [28,29]. Our data support that plasma 25-OHD is independent of 

the CYP3A5 genotype [30]. 

Plasma 4β-OHC/TC had a negative correlation with plasma tolvaptan in the 

CYP3A5*1 allele carriers, despite no correlation in the whole population. Plasma 4β-OHC/TC 

can be useful to predict tolvaptan pharmacokinetics in CYP3A5*1 allele carriers. Both CYP3A4 

and 3A5 mediate the cholesterol biotransformation to 4β-OHC [17]. In vitro metabolism of 

tolvaptan was faster using human liver microsomes with CYP3A5*1/*1 than with *1/*3 or 

*3/*3 [7]. Our data indicate that tolvaptan is metabolized by CYP3A5 rather than CYP3A4 in 

humans. In the CYP3A5*1 allele carriers, plasma 4β-OHC/TC had a negative correlation with 
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the plasma concentrations of DM-4110 and DM-4119, which may be also principally eliminated 

by CYP3A5. In contrast, the plasma concentration of DM-4103, a ring-opened metabolite 

produced via a three-step oxidation of tolvaptan (Figure S1), had no relationship with plasma 

4β-OHC/TC in the CYP3A5*1 allele carriers. Plasma 4β-OHC/TC did not fully reflect the 

multi-step metabolism from tolvaptan to DM-4103. 

Plasma 25-OHD had no relevance to plasma tolvaptan in the whole population. A 

negative correlation was not significant between plasma 25-OHD and tolvaptan even in the 

patients lacking CYP3A5. Vitamin D increases expression of intestinal CYP3A4 rather than 

hepatic CYP3A4 [19]. The present results suggest that intestinal CYP3A4 does not participate 

in tolvaptan metabolism. However, the peak plasma concentration of tolvaptan increased twice 

with a single co-administration of grapefruit juice, probably due to inhibition of intestinal 

CYP3A4 [26]. Observation of the peak plasma concentration of tolvaptan would confirm the 

usefulness of plasma 25-OHD for the prediction of tolvaptan pharmacokinetics. 

The CYP3A5-deficient volume overloaded patients had a higher serum sodium level 

in this study. Tolvaptan potentially causes severe hypernatremia at therapeutic doses [5]. Our 

data revealed that the CYP3A5*3 allele raised the plasma tolvaptan concentration. The effect of 

tolvaptan on serum sodium usually appeared within five days after starting the medication [31]. 

The point of blood sampling seems appropriate to evaluate serum levels of electrolytes in the 

present study. However, the absolute plasma concentrations of tolvaptan and its metabolites had 

no relation to the serum sodium level. Careful monitoring of the serum sodium level likely leads 
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to the modification of the prescription behavior of other diuretics by physicians in clinical 

settings. Further investigations, including sodium and water intake, and co-treatment with other 

diuretics may elucidate the impact of plasma tolvaptan on serum sodium levels. 

The absolute plasma concentration of DM-4103 exceeded 122 ng/mL, the 50% 

inhibitory concentration for OATP1B1, in most of the enrolled patients. The 50% inhibitory 

concentration of DM-4103 is > 1.9 µg/mL for other bile acid transporters such as bile salt export 

pump and P-glycoprotein [8]. DM-4103 is assumed to be the most relevant to tolvaptan-induced 

liver injury among tolvaptan and its metabolites [9]. However, the serum liver function test 

results did not associate with the absolute plasma concentration of DM-4103 in this study. A 

slight elevation of serum total bilirubin caused by plasma DM-4103 exposure may not be 

detectable by observation at a single point in the short term after starting tolvaptan treatment. 

Investigation into longitudinal change of the total bilirubin level and genetic impairment of 

OATP1B1 would reveal the relationship between absolute plasma DM-4103 and serum 

bilirubin [32]. 

The serum total bilirubin level had a positive correlation with plasma 25-OHD in the 

present study. A decreased serum level of total bilirubin, which has an antioxidant effect, was a 

potential risk factor for renal dysfunction [33,34]. Plasma 25-OHD positively correlated with 

the glomerular filtration rate in patients with chronic kidney disease [35,36]. In our study 

population, the serum total bilirubin level did not have a significant positive correlation with 

the estimated glomerular filtration rate (rs = 0.226, P = 0.088) and plasma 25-OHD (rs = 0.187, 
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P = 0.160). Confounding factors, which might include renal function, intermediate between 

serum total bilirubin and plasma 25-OHD. 

A few limitations need to be addressed. First, the present study did not include patients 

with liver cirrhosis or with serum total bilirubin > 2.0 mg/dL before starting tolvaptan treatment. 

CYP3A activity was impaired in liver cirrhosis patients with Child-Pugh class B or C [37]. 

Tolvaptan was predominantly eliminated by hepatic CYP3A4/5 [7]. Careful consideration is 

required to apply our findings to liver cirrhosis patients. Second, the usefulness of plasma 4β-

OHC or 4β-OHC/TC as a marker of CYP3A activity is controversial in some recent literatures. 

The specificity of 4β-OHC has been criticized for the lack of verification on its formation and 

clearance [38]. In contrast, Gravel et al. suggested that 4β-OHC is considered as a suitable 

endogenous biomarker to evaluate in CYP3A activity based on the strong correlation of plasma 

4β-OHC and 4β-OHC/TC with midazolam metabolic ratio observed in patients [39]. Third, 

only one blood sample was collected for each patient in this study. The predose plasma 

concentration of tolvaptan was found to be highly correlated with its plasma exposure [6]. The 

employment of a single sampling point can result in uncertainty in the pharmacokinetic 

evaluation. Further analysis with a plasma concentration profile of tolvaptan would corroborate 

our findings. 

The clinical implications for volume overload management using tolvaptan have not 

been fully clarified in this study. However, the patients with the CYP3A5*1 allele and high 

plasma 4β-OHC, who had a lower plasma concentration of tolvaptan, may need a higher dose 
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of tolvaptan in order to obtain adequate efficacy. In contrast, the incidence of hypernatremia is 

assumed to be higher in patients with CYP3A5*3/*3 or low plasma 4β-OHC. More clinical data 

are required to apply our findings to the dose optimization of tolvaptan in heart failure patients. 

In conclusion, CYP3A5*3 but not ABCB1 3435C>T elevated tolvaptan plasma 

exposure in heart failure patients. CYP3A5-deficient patients treated with tolvaptan had a 

higher serum sodium level. The CYP3A5 genotype altered the relationship between plasma 

tolvaptan and 4β-OHC. 

 

Acknowledgements 

We thank Otsuka Pharmaceutical Co., Ltd. for their kind donation of the tolvaptan metabolites. 

  



22 

 

References 

1. Fukunami M, Matsuzaki M, Hori M, Izumi M. Efficacy and safety of tolvaptan in heart 

failure patients with sustained volume overload despite the use of conventional diuretics: a 

phase III open-label study. Cardiovasc Drugs Ther 2011;25:47–56. 

2. Shoaf SE, Bricmont P, Mallikaarjun S. Absolute bioavailability of tolvaptan and 

determination of minimally effective concentrations in healthy subjects. Int J Clin 

Pharmacol Ther 2012;50:150–156. 

3. Inomata T, Izumi T, Matsuzaki M, Hori M, Hirayama A. Phase III clinical pharmacology 

study of tolvaptan. Cardiovasc Drugs Ther 2011;25:57–65. 

4. U.S. Food and Drug Administration. FDA Drug Safety Communication: FDA limits 

duration and usage of Samsca (tolvaptan) due to possible liver injury leading to organ 

transplant or death. https://www.fda.gov/Drugs/DrugSafety/ucm350062.htm. 2013 (last 

accessed on 30 July 2019). 

5. Hirai K, Shimomura T, Moriwaki H, Ishii H, Shimoshikiryo T, Tsuji D, et al. Risk factors 

for hypernatremia in patients with short- and long-term tolvaptan treatment. Eur J Clin 

Pharmacol 2016;72:1177–1183. 

6. Shoaf SE, Wang Z, Bricmont P, Mallikaarjun S. Pharmacokinetics, pharmacodynamics, 

and safety of tolvaptan, a nonpeptide AVP antagonist, during ascending single-dose studies 

in healthy subjects. J Clin Pharmacol 2007;47:1498–1507. 

7. Mazzarino M, Buccilli V, de la Torre X, Fiacco I, Palermo A, Ughi D, et al. 



23 

 

Characterization of the phase I and phase II metabolic profile of tolvaptan by in vitro studies 

and liquid chromatography–mass spectrometry profiling: Relevance to doping control 

analysis. J Pharm Biomed Anal 2017;145:555–568. 

8. Australian Government Department of Health and Ageing. Australian Public Assessment 

Report for Tolvaptan. https://www.tga.gov.au/sites/default/files/auspar-tolvaptan-

121004.pdf. 2012 (last accessed on 30 July 2019). 

9. Slizgi JR, Lu Y, Brouwer KR, St Claire RL, Freeman KM, Pan M, et al. Inhibition of human 

hepatic bile acid transporters by tolvaptan and metabolites: contributing factors to drug-

induced liver injury? Toxicol Sci 2015;149:237–250. 

10. Shoaf SE, Ohzone Y, Ninomiya S, Furukawa M, Bricmont P, Kashiyama E, et al. In vitro 

P-glycoprotein interactions and steady-state pharmacokinetic interactions between 

tolvaptan and digoxin in healthy subjects. J Clin Pharmacol 2011;51:761–769. 

11. Xie HG, Wood AJ, Kim RB, Stein CM, Wilkinson GR. Genetic variability in CYP3A5 and 

its possible consequences. Pharmacogenomics 2004;5:243–272. 

12. Hattori Y, Tanaka H, Teranishi J, Ishida H, Makiyama K, Miyajima E, et al. Influence of 

cytochrome P450 3A5 polymorphisms on viral infection incidence in kidney transplant 

patients treated with tacrolimus. Transplant Proc 2014;46:570–573. 

13. Ishida T, Naito T, Sato H, Kawakami J. Relationship between the plasma fentanyl and 

serum 4β-hydroxycholesterol based on CYP3A5 genotype and gender in patients with 

cancer pain. Drug Metab Pharmacokinet 2016;31:242–248. 

https://www.tga.gov.au/sites/default/files/auspar-tolvaptan-121004.pdf
https://www.tga.gov.au/sites/default/files/auspar-tolvaptan-121004.pdf


24 

 

14. Hodges LM, Markova SM, Chinn LW, Gow JM, Kroetz DL, Klein TE, et al. Very 

important pharmacogene summary: ABCB1 (MDR1, P-glycoprotein). Pharmacogenet 

Genomics 2011;21:152–161. 

15. Naito T, Mino Y, Aoki Y, Hirano K, Shimoyama K, Ogawa N, et al. ABCB1 genetic variant 

and its associated tacrolimus pharmacokinetics affect renal function in patients with 

rheumatoid arthritis. Clin Chim Acta 2015;445:79–84. 

16. Kurata Y, Ieiri I, Kimura M, Morita T, Irie S, Urae A, et al. Role of human MDR1 gene 

polymorphism in bioavailability and interaction of digoxin, a substrate of P-glycoprotein. 

Clin Pharmacol Ther 2002;72:209–219. 

17. Mao J, Martin I, McLeod J, Nolan G, van Horn R, Vourvahis M, et al. Perspective: 4β-

hydroxycholesterol as an emerging endogenous biomarker of hepatic CYP3A. Drug Metab 

Rev 2017;49:18–34. 

18. Diczfalusy U, Nylén H, Elander P, Bertilsson L. 4β-hydroxycholesterol, an endogenous 

marker of CYP3A4/5 activity in humans. Br J Clin Pharmacol 2011;71:183–189. 

19. Thummel KE, Brimer C, Yasuda K, Thottassery J, Senn T, Lin Y, et al. Transcriptional 

control of intestinal cytochrome P-4503A by 1α,25-dihydroxy vitamin D3. Mol Pharmacol 

2001;60:1399–1406. 

20. Tveden‐Nyborg P, Bergmann TK, Lykkesfeldt J. Basic & Clinical Pharmacology & 

Toxicology policy for experimental and clinical studies. Basic Clin Pharmacol Toxicol 

2018;123:233–235. 



25 

 

21. Flockhart DA. Drug Interactions: Cytochrome P450 Drug interaction Table. Indiana 

University School of Medicine. https://drug-interactions.medicine.iu.edu. 2007 (last 

accessed on 30 July 2019). 

22. Hoshikawa K, Naito T, Saotome M, Maekawa Y, Kawakami J. Validated liquid 

chromatography coupled to tandem mass spectrometry method for simultaneous 

quantitation of tolvaptan and its five major metabolites in human plasma. Ann Clin 

Biochem 2019;56:387–396. 

23. Naito T, Kubono N, Ishida T, Deguchi S, Sugihara M, Itoh H, et al. CYP3A activity based 

on plasma 4β-hydroxycholesterol during the early postpartum period has an effect on the 

plasma disposition of amlodipine. Drug Metab Pharmacokinet 2015;30:419–424. 

24. Levey AS, Coresh J, Greene T, Stevens LA, Zhang YL, Hendriksen S, et al. Using 

standardized serum creatinine values in the modification of diet in renal disease study 

equation for estimating glomerular filtration rate. Ann Intern Med 2006;145:247–254. 

25. Du Bois D. A formula to estimate the approximate surface area if height and weight be 

known. Nutrition 1989;5:303–311. 

26. Shoaf SE, Mallikaarjun S, Bricmont P. Effect of grapefruit juice on the pharmacokinetics 

of tolvaptan, a non-peptide arginine vasopressin antagonist, in healthy subjects. Eur J Clin 

Pharmacol 2012;68:207–211. 

27. Suzuki Y, Muraya N, Fujioka T, Sato F, Tanaka R, Matsumoto K, et al. Factors involved 

in phenoconversion of CYP3A using 4β-hydroxycholesterol in stable kidney transplant 



26 

 

recipients. Pharmacol Rep 2019;71:276–281. 

28. Hollis BW. Circulating 25-hydroxyvitamin D levels indicative of vitamin D sufficiency: 

implications for establishing a new effective dietary intake recommendation for vitamin D. 

J Nutr 2005;135:317–322. 

29. Lindh JD, Andersson ML, Eliasson E, Björkhem-Bergman L. Seasonal variation in blood 

drug concentrations and a potential relationship to vitamin D. Drug Metab Dispos 

2011;39:933–937. 

30. Naito T, Ohshiro J, Sato H, Torikai E, Suzuki M, Ogawa N, et al. Relationships between 

concomitant biologic DMARDs and prednisolone administration and blood tacrolimus 

exposure or serum CYP3A4/5-related markers in rheumatoid arthritis patients. Clin 

Biochem 2019;69:8–14. 

31. Wang C, Xiong B, Cai L. Effects of tolvaptan in patients with acute heart failure: a 

systematic review and meta-analysis. BMC Cardiovasc Disord 2017;17:164–174. 

32. Keppler D. The roles of MRP2, MRP3, OATP1B1, and OATP1B3 in conjugated 

hyperbilirubinemia. Drug Metab Dispos 2014;42:561–565. 

33. Kawamoto R, Ninomiya D, Hasegawa Y, Kasai Y, Kusunoki T, Ohtsuka N, et al. 

Association between serum bilirubin and estimated glomerular filtration rate among elderly 

persons. PLoS One 2014;9:e115294. 

34. Sakoh T, Nakayama M, Tanaka S, Yoshitomi R, Ura Y, Nishimoto H, et al. Association of 

serum total bilirubin with renal outcome in Japanese patients with stages 3-5 chronic kidney 



27 

 

disease. Metabolism 2015;64:1096–1102. 

35. Pilz S, Iodice S, Zittermann A, Grant WB, Gandini S. Vitamin D status and mortality risk 

in CKD: a meta-analysis of prospective studies. Am J Kidney Dis 2011;58:374–382. 

36. Jhee JH, Nam KH, An SY, Cha MU, Lee M, Park S, et al. Severe vitamin D deficiency is a 

risk factor for renal hyperfiltration. Am J Clin Nutr 2018;108:1342–1351. 

37. Albarmawi A, Czock D, Gauss A, Ehehalt R, Lorenzo Bermejo J, Burhenne J, et al. CYP3A 

activity in severe liver cirrhosis correlates with Child-Pugh and model for end-stage liver 

disease (MELD) scores. Br J Clin Pharmacol 2014;77:160–169. 

38. Neuhoff S, Tucker GT. Was 4β-hydroxycholesterol ever going to be a useful marker of 

CYP3A4 activity? Br J Clin Pharmacol 2018;84:1620–1621. 

39. Gravel S, Chiasson JL, Gaudette F, Turgeon J, Michaud V. Use of 4β-hydroxycholesterol 

plasma concentrations as an endogenous biomarker of CYP3A activity: clinical validation 

in individuals with type 2 diabetes. Clin Pharmacol Ther 2019;106:831–840. 

 



28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.  Patient characteristics in this study population 

 

(A) Demographic characteristics 

Gender, male/female 38/20 

Age, years 76 (70–82) 

Body weight, kg 53.9 (47.8–64.5) 

Serum sodium, mEq/L 141 (139–143) 

Serum potassium, mEq/L 4.4 (3.9–4.8) 

Serum chloride, mEq/L 104 (100–106) 

Serum total protein, g/dL 6.2 (5.7–6.7) 

Serum albumin, g/dL 3.2 (2.6–3.4) 

Serum creatinine, mg/dL 1.67 (1.27–2.31) 

Estimated glomerular filtration rate, mL/min 25.7 (17.7–36.9) 

Serum blood urea nitrogen, mg/dL 33.8 (24.2–44.4) 

Serum total bilirubin, mg/dL 0.6 (0.5–0.9) 

Serum aspartate aminotransferase, IU/L 22 (17–32) 

Serum alanine aminotransferase, IU/L 15 (10–27) 

Serum C-reactive protein, mg/dL 0.97 (0.31–2.94) 

  

(B) Disease characteristics  

Acute/chronic heart failure 20/38 

NYHA classification, Ⅱ/Ⅲ/Ⅳ 28/19/11 

Underlying heart disease  

Ischemic heart disease 20 

Valvular heart disease 25 

Disease complication  

Atrial fibrillation 19 

Diabetes mellitus 27 

Hypertension 25 

Concomitant diuretic category  

Loop diuretic alone 38 

Loop diuretic + aldosterone antagonist 12 

Loop diuretic + thiazide diuretic 7 

None 1 

Data are expressed as the number of patients or median with 

interquartile range in parentheses. 

NYHA, New York Heart Association 
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Table 2.  Influence of CYP3A5 genotype on plasma exposure parameters of tolvaptan and its metabolites in heart failure patients 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CYP3A5 genotype *1 allele carriers, n = 21 *3/*3, n = 37 P value 

Absolute plasma tolvaptan, ng/mL 22.1 (13.9–38.7) 29.1 (20.5–77.2) 0.069 

Absolute plasma DM-4110, ng/mL 3.27 (2.41–4.93) 4.52 (2.65–9.81) 0.174 

Absolute plasma DM-4111, ng/mL 22.9 (11.7–37.8) 30.1 (16.9–60.0) 0.143 

Absolute plasma DM-4119, ng/mL 2.75 (1.97–4.36) 4.01 (2.29–7.77) 0.064 

Absolute plasma DM-4103, ng/mL 204 (125–337) 380 (163–1123) 0.053 

Plasma tolvaptan, ng/mL per mg/kg 165 (93–286) 304 (147–940) 0.038 

Plasma DM-4110, ng/mL per mg/kg 29.2 (14.8–45.5) 33.9 (19.7–104.8) 0.172 

Plasma DM-4111, ng/mL per mg/kg 173 (126–225) 206 (121–369) 0.304 

Plasma DM-4119, ng/mL per mg/kg 21.9 (14.5–30.7) 30.9 (20.1–47.7) 0.057 

Plasma DM-4103, ng/mL per mg/kg 1879 (1061–3017) 2417 (1606–6082) 0.066 

Plasma concentration ratio of DM-4110 to tolvaptan 0.119 (0.094–0.247) 0.130 (0.094–0.147) 0.261 

Plasma concentration ratio of DM-4111 to tolvaptan 1.10 (0.40–1.44) 0.710 (0.545–0.981) 0.289 

Plasma concentration ratio of DM-4119 to tolvaptan 0.132 (0.071–0.227) 0.0989 (0.0762–0.1378) 0.247 

Plasma concentration ratio of DM-4103 to tolvaptan 14.8 (2.8–29.1) 9.08 (4.51–21.68) 0.790 

Data are expressed as median with interquartile range in parentheses. All statistics were analyzed using the Mann-Whitney U test. 
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Table 3.  Influence of ABCB1 3435C>T genotype on plasma exposure parameters of tolvaptan and its metabolites in heart failure patients 

 

 

ABCB1 3435C>T genotype 3435CC, n = 18 3435CT, n = 27 3435TT, n = 13 P value 

Absolute plasma tolvaptan, ng/mL 22.3 (12.4–39.5) 29.1 (19.1–108.6) 28.6 (22.7–68.4) 0.379 

Absolute plasma DM-4110, ng/mL 2.70 (1.99–4.70) 5.83 (2.62–10.43) 4.70 (3.08–8.03) 0.090 

Absolute plasma DM-4111, ng/mL 18.4 (10.3–38.3) 31.6 (16.7–66.0) 20.0 (16.9–37.8) 0.332 

Absolute plasma DM-4119, ng/mL 2.33 (1.92–3.39) 4.14 (2.31–7.65) 4.32 (2.60–5.78) 0.082 

Absolute plasma DM-4103, ng/mL 339 (150–826) 259 (141–1123) 380 (160–885) 0.974 

Plasma tolvaptan, ng/mL per mg/kg 197 (98–430) 205 (104–637) 323 (147–586) 0.697 

Plasma DM-4110, ng/mL per mg/kg 27.0 (17.5–39.1) 36.7 (17.7–63.4) 33.4 (21.0–55.0) 0.429 

Plasma DM-4111, ng/mL per mg/kg 174 (112–416) 248 (126–344) 161 (126–248) 0.413 

Plasma DM-4119, ng/mL per mg/kg 21.0 (16.1–32.8) 30.4 (21.0–50.2) 29.9 (20.1–34.2) 0.420 

Plasma DM-4103, ng/mL per mg/kg 2338 (1721–6139) 1922 (1161–4546) 1976 (1363–5132) 0.626 

Plasma concentration ratio of DM-4110 to tolvaptan 0.137 (0.105–0.155) 0.113 (0.088–0.230) 0.129 (0.103–0.139) 0.882 

Plasma concentration ratio of DM-4111 to tolvaptan 0.810 (0.404–1.140) 0.740 (0.545–1.603) 0.622 (0.284–1.081) 0.552 

Plasma concentration ratio of DM-4119 to tolvaptan 0.0987 (0.0722–0.1898) 0.107 (0.053–0.185) 0.104 (0.074–0.133) 0.981 

Plasma concentration ratio of DM-4103 to tolvaptan 14.4 (4.7–37.4) 9.08 (3.81–23.77) 7.04 (2.34–16.64) 0.502 

Data are expressed as median with interquartile range in parentheses. All statistics were analyzed using the Kruskal-Wallis test. 
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Table 4.  Relationship between CYP3A activity markers and CYP3A5 genotype in heart failure 

patients 

 

 

CYP3A5 genotype *1 allele carriers, n = 21 *3/*3, n = 37 P value 

Plasma 4β-OHC, ng/mL 70.5 (52.2–91.1) 49.4 (34.0–109.5) 0.132 

Plasma total cholesterol, mg/dL 132 (120–173) 154 (141–177) 0.213 

Plasma 4β-OHC/TC, ×10-6 50.2 (40.1–77.9) 32.1 (21.2–65.6) 0.071 

Plasma 25-OHD, ng/mL 40.2 (22.6–46.1) 42.4 (32.3–58.9) 0.126 

Data are expressed as median with interquartile range in parentheses. All statistics were analyzed 

using the Mann-Whitney U test. 

4β-OHC, 4β-hydroxycholesterol; 4β-OHC/TC, 4β-hydroxycholesterol/total cholesterol ratio; and 

25-OHD, 25-hydroxyvitamin D. 
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Figure 1.  Correlations between plasma 4β-hydroxycholesterol/total cholesterol ratio 

(4β-OHC/TC) and plasma concentrations of tolvaptan and its metabolites in heart failure 

patients. 

Plasma 4β-OHC/TC versus (a) tolvaptan, (b) DM-4110, (c) DM-4111, (d) DM-4119, and (e) 

DM-4103. Solid circles: patients with the CYP3A5*1 allele, open circles: patients with the 

CYP3A5*3/*3 allele. The correlations were evaluated using the Spearman test. 

  



33 

 

 

Figure 2.  Correlations between absolute plasma tolvaptan concentration and laboratory 

test values in heart failure patients. 

(a) Serum sodium, (b) potassium, (c) albumin, and (d) total bilirubin. The correlations were 

evaluated using the Spearman test. 

 


