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Abstract

Background Tolvaptan (TLV) promotes aquaresis; how-
ever, little is known about its effect on solute excretion in
chronic kidney disease (CKD).

Methods We retrospectively studied CKD patients with
decompensated heart failure (HF) or those with autosomal
dominant polycystic kidney disease (ADPKD) receiving
TLV. Patients with an increased urine volume of more than
twice of daily variance were defined as “responders” in
HF. We compared the ability of the urinary osmolality (U-
OSM) change and urinary creatinine concentration ([U-
Cr]) change to discriminate “responders”. The fractional
excretion of sodium (FeNa) and urea nitrogen (FeUN), and
blood urea nitrogen (BUN) were monitored.

Results In 30 responders among 53 HF patients, TLV
increased FeUN significantly from 36.1 to 44.2% after
starting TLV, but not FeNa. Since U-OSM is determined
partially by urinary UN concentration, the decrease of [U-
Cr] after treatment outperformed the U-OSM decrement to
discriminate responders, as shown in receiver operating
characteristic curve analysis and significantly higher net
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reclassification index. In 13 ADPKD patients, TLV
increased FeUN (34.8, 47.3%, p = 0.02), and significant
decrease of BUN by 2.3 (95% confidence interval
0.4-4.2) mg/dL was observed even 3 months after the
intervention. Systolic blood pressure decreased signifi-
cantly by 14.2 (95% confidence interval 4.0-24.4) mmHg
along with the increase in FeNa, leading to reduced dosage
of antihypertensives in 6 patients.

Conclusion TLV promotes the excretion of sodium and
urea. The change in [U-Cr] is useful for early discrimina-
tion of responders. Hypotension should be carefully mon-
itored during high-dose TLV therapy.

Keywords Autosomal dominant polycystic kidney
disease - Chronic kidney disease - Decompensated heart
failure - Sodium excretion - Tolvaptan - Urea excretion

Introduction

The vasopressin V2 receptor antagonist tolvaptan (TLV)
promotes water excretion acting on the kidney collecting
ducts. While TLV is approved for dilutional hyponatremia
in various countries, TLV is approved and widely used for
decompensated heart failure (HF) in Japan. Moreover, TLV
was recently revealed to suppress the deterioration of renal
function in patients with autosomal dominant polycystic
kidney disease (ADPKD) [1-3]. TLV was first approved
for ADPKD in Japan in 2014.

Vasopressin increases sodium reabsorption via increased
expression of the epithelial sodium channels (ENaC) and
activation of the Na—K-2Cl cotransporter (NKCC2), and
also increases urea reabsorption via regulation of urea
transporters [4—7]; therefore, TLV is expected to promote
sodium and urea excretion. Recent studies showed that
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high-dose TLV therapy increased urinary sodium excretion
in a healthy population [8], and TLV lowered blood urea
nitrogen (BUN) in acute HF patients [9]. However, these
effects remain to be explored in chronic kidney disease
(CKD) patients, who have impaired natriuresis and high
BUN levels.

Although TLV is useful for ameliorating congestion in
HF patients [10-12], TLV non-responders, with no
increase in urine volume (UV), certainly exist, especially
among CKD patients. Early discrimination of TLV
responders is clinically relevant in terms of avoiding con-
tinuation of unnecessary treatment. A recent study reported
that % decrease in urinary osmolality (U-OSM) after TLV
administration is useful in discriminating TLV responders
[13]. However, if TLV has any effect on sodium and urea
excretion, the discrimination of TLV responders using %
decrease in U-OSM would be underestimated, because %
decrease in U-OSM due to increased free water excretion
by TLV can be partially canceled by its solute excretion
effect. Because TLV does not affect the excretion of uri-
nary creatinine, we hypothesized that % decrease in urinary
creatinine concentration ([U-Cr]) would reflect the increase
of free water excretion by TLV and, hence, discriminate
TLV responders more accurately.

The present study examined how TLV influences uri-
nary sodium and urea excretion in two distinct clinical
situations: (1) in HF patients with CKD who received
relatively low-dose TLV in addition to sodium-losing
diuretics or (2) in ADPKD patients who started to take
high-dose TLV with no concomitant sodium-losing
diuretics. We investigated acute effect of TLV in these
situations and relatively long-term effect regarding BUN
(up to 3 months) and blood pressure (up to 12 months) in
ADPKD patients. Moreover, we compared the superiority
of % decrease in [U-Cr] to % decrease in U-OSM in dis-
criminating TLV responders among HF patients.

Materials and methods
Study design
Study in HF patients

We retrospectively analyzed 53 HF patients with CKD
stage G3—-G5D who started TLV between December 2012
and June 2015 at the Nephrology Department of Osaka
University Hospital. The daily variance of UV was calcu-
lated from UV for 1 week before TLV started, and the
minimum significant change (MSC) was defined as twice
the UV daily variance (coefficient of variation of UV) [14].
Patients with increased UV greater than the MSC on the
second day of TLV therapy compared with UV before the

therapy began were defined as responders. In patients in
whom we could not measure UV, we instead used body
weight loss by one dose TLV. The optimal cut-off value for
body weight change was determined using ROC analysis
with twice the UV daily variance as an outcome. Changes
in fractional excretion of sodium (FeNa) and urea nitrogen
(FeUN), free water clearance (CH,0), and osmolar clear-
ance (Cosm) were examined before and after the TLV
therapy, and the performance in discriminating TLV
responders was compared between % decrease in U-OSM
and % decrease in [U-Cr].

Study in ADPKD patients

We retrospectively analyzed 13 ADPKD patients who
started TLV between March 2014 and June 2015 at the
Nephrology Department of Osaka University Hospital.
Changes in FeNa, FeUN, blood pressure, and BUN were
examined.

Data collection
Study in HF patients

In calculating the daily variance of UV, we excluded the
data of patients in whom the prescription of diuretics,
infusion volume, or peritoneal dialysis was changed;
patients treated by steroid pulse therapy within 1 week
before TLV administration; or patients who did not have
UV data available for at least 3 days before TLV admin-
istration. UV before TLV therapy was defined as the most
recent UV before TLV therapy, and UV after TLV therapy
was defined as that of the second day of TLV administra-
tion. FeNa, FeUN, Cosm, CH,O, and the changes in U-
OSM and [U-Cr] were calculated from blood and urine
samples obtained prior to the administration of TLV and
initial samples after TLV administration.

We calculated FeNa, FeUN, Cosm, and CH,O by the
following formula:

FeNa = (Urinary Na x Serum Cr) x 100
/ (Serum Na x Urinary Cr)
FeUN = (Urinary UN x Serum Cr) x 100
/ (Serum UN x Urinary Cr)
Cosm = (U-OSM x V) / plasma osmolality
CH,O =V — Cosm,
where V is the urinary output (mL/min). Plasma osmolality
was roughly estimated as (Serum Na x 2) 4 (Serum UN/

2.8) in all patients, because data for blood glucose at
individual time point were missing in most patients.
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Study in ADPKD patients

FeNa and FeUN were calculated from blood and urine
samples obtained prior to the administration of TLV and on
the day following TLV was first administered. Average
systolic blood pressure before and after TLV therapy was
obtained from blood pressure measurements in the outpa-
tient department for 3 months before and after TLV was
first administered, respectively. Blood pressure data after
the change in antihypertensives excluded for analyses.
BUN was measured the day before, on the second day and
at 3 months (with an allowance of 2 weeks) after starting
TLV.

Statistical analysis

We tested for normal distribution of continuous variables
using Shapiro—Wilk test and histograms. Continuous
variables were analyzed using ¢ tests for normally dis-
tributed variables, Mann—Whitney U test for non-nor-
mally distributed variables. Comparisons of paired
continuous variables were made using paired ¢ tests for
normally distributed variables or Wilcoxon signed-rank
tests for non-normally distributed variables. Fisher’s
exact test was employed for comparisons of categorical
variables. Results were presented as either mean =+ s-
tandard deviation (SD), median and interquartile range
(IQR), or number of patients. Linear regression analyses
were used to assess the association between % decrease
in U-OSM or [U-Cr] and the change in UV after TLV
therapy. Receiver operating characteristic (ROC) curve,
logistic regression analyses, category-free net reclassifi-
cation improvement (cfNRI), and the integrated dis-
crimination index (IDI) were performed to investigate
the discriminating ability of % decrease in U-OSM and
% decrease in [U-Cr] for TLV responders. The Akaike
information criterion (AIC) and the Bayesian informa-
tion criterion (BIC) were calculated to compare the
relative quality of statistical models. All statistical
analyses were performed with the Stata 12.1 statistical
software (StataCorp LP, College Station, TX, USA).
Two-tailed probability tests were used, with a p level
below 0.05 regarded as statistically significant.

We conducted this study in accordance with the 1964
Helsinki declaration and its later amendments or com-
parable ethical standards. The Ethics Committee of
Osaka University Hospital approved the study protocol
(approval number 16322). We provided all individual
patients with the option to opt out of participation. The
reporting here follows Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE)
guidelines [15].
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Results

Baseline characteristics and classification of TLV
responders/non-responders in HF patients

We retrospectively analyzed 53 HF patients with CKD
stage G3—G5D who had received TLV administration. The
dose of TLV per day was 1.875 mg in 1 patients, 3.5 mg in
5 patients, 7.5 mg in 46 patients, and 15 mg in 1 patient.
Physicians reduced the dose of sodium-losing diuretics in 4
patients (7.5%) on the first day TLV was started to avoid
excessive diuresis. The time interval between the first
administration of TLV and the time of obtaining initial
samples was less than 24 h in 19 patients, 2448 h in 18
patients, and over 48 h in 16 patients. The histogram of %
increase of UV after TLV administration is shown in
Fig. la. The median daily variance of the daily UV before
TLV administration was 13.9%; therefore, we set the MSC
at 27.8% and responders to TLV were defined as those in
whom the UV increased by greater than 27.8% after TLV
therapy. Regarding patients in whom we could not measure
UV, the Youden index indicated that the determination of
responders corresponded to percent decrease of body
weight >1.1% (sensitivity and specificity were 50.0 and
78.6%, respectively); therefore, responders to TLV were
defined as those in whom the body weight decreased by
greater than 1.1% during 24 h after TLV therapy. As a
result, 30 patients (56.6%) were identified as responders. In
the responders, median CH,O [IQR] increased significantly
after starting TLV (—0.03 [—-0.12 to 0.08] mL/min, 0.21
[0.08-0.44] mL/min, p = 0.0003), but not in the non-re-
sponders (Fig. 1b). We did not observe any study patients
in whom hypernatremia, hypovolemic shock, or deterio-
rated liver function compelled us to stop administration of
TLV.

The baseline characteristics of the patients according to
response to TLV are shown in Table 1. Thirteen patients
received peritoneal dialysis. In responders, baseline serum
sodium concentrations were lower (p = 0.04) and E/¢’
ratio was higher (p = 0.02) compared with non-respon-
ders. Dietary sodium intake was restricted to less than 6 g
per day from the day of hospitalization according to Evi-
dence-based Clinical Practice Guideline for CKD 2013
[16] in 47 patients (88.7%) except for patients with
hyponatremia or reduced dietary intake.

The effect of TLV on solute excretion in HF patients

Analyses of the changes from baseline in FeNa and FeUN
after TLV therapy in the responders are shown in Fig. 2.
Median FeNa [IQR] increased by TLV therapy (but not
significantly) over time from 2.8 [1.2-5.1]% to 4.3
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Fig. 1 Definition of tolvaptan responders and change in free water
clearance by tolvaptan in patients with decompensated heart failure.
a Distribution of % increase in urine volume after starting tolvaptan
therapy in patients with decompensated heart failure is shown as a
histogram. The minimum significant change was set at 27.8% based
on the natural daily variation of urine volume before tolvaptan

[1.8-6.9]1% (p = 0.27) (Fig. 2a). On the other hand, med-
ian FeUN [IQR] increased significantly from 36.1
[29.8-44.4]1% to 44.2 [38.5-49.8]1% (p = 0.04) (Fig. 2b).
As a result, median Cosm [IQR] increased significantly
from 0.55 [0.32-0.84] to 0.81 [0.49-1.16] mL/min
(p = 0.002) in the responders, but not in the non-respon-
ders (Fig. 2c).

Comparison of markers for early discrimination
of TLV responders

We then compared the ability of % decrease in [U-Cr] and
% decrease in U-OSM to discriminate TLV responders. We
analyzed 43 HF patients by excluding patients with missing
data of [U-Cr] or U-OSM. Percent decrease in [U-Cr] in
responders after TLV administration was significantly
greater than in non-responders (median 38.5 [IQR
11.1-60.0]% versus 4.7 [IQR —12.2 to 19.8]%; p = 0.02),
while no significant difference was observed in the decre-
ment of U-OSM after TLV administration (median 20.8
[IQR 10.8-37.9]% versus 9.0 [IQR —7.3 to 29.2]%;
p = 0.09) (Fig. 3a, b). We subsequently confirmed that
median serum creatinine [IQR], which influences the
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administration. b Box plots of free water clearance on the day before
and after tolvaptan was first administered, stratified by response to
tolvaptan in patients with decompensated heart failure. The upper and
lower hinges of the box represent the 75th and 25th percentile,
respectively

change in [U-Cr], remained unchanged both in responders
(2.9 [1.7-5.4] mg/dL, 3.0 [1.7-5.9] mg/dL, p = 0.63) and
non-responders (4.0 [2.1-9.4] mg/dL, 3.9 [2.0-9.5] mg/dL,
p = 0.14) after TLV administration (Supplementary
Fig. 1).

Figure 3c, d shows the analysis of the correlation
between % increase of UV and % decrease in [U-Cr] or %
decrease in U-OSM after TLV administration. Percent
decrease in [U-Cr] was significantly correlated with %
increase in UV (R2 =0.22, p=0.01), as well as %
decrease in U-OSM (R2 = 0.30, p = 0.002). The area
under the receiver operating characteristic curve (ROC-
AUC) was compared to determine the superiority of %
decrease in [U-Cr] or % decrease in U-OSM in discrimi-
nating TLV responders. The ROC-AUC of % decrease in
[U-Cr] tended to be larger (0.72 versus 0.65; Fig. 4a).
Figure 4b shows the ROC curves that were constructed
incorporating % decrease in [U-Cr] or % decrease in
U-OSM with clinical data, consisting of age, sex, and
eGFR. The AUC-ROC was 0.72 with the addition of %
decrease in [U-Cr], whereas the AUC-ROC was 0.71 with
the addition of % decrease in U-OSM. In univariate logistic
regression analysis, % decrease in [U-Cr] was an
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Table 1 Baseline

characteristics stratified by the Characteristic Responders (N = 30) Non-responders (N = 23) p value
response to tolvaptan Demographic characteristics
Age (years) 75 (56-81) 64 (57-79) 0.35
Male sex, no. (%) 15 (50.0%) 10 (43.5%) 0.78
Blood pressure, systolic (mmHg) 127 £ 23 124 + 17 0.60
Diabetes mellitus, no. (%) 14 (46.7%) 13 (56.5%) 0.58
Medication at start
Furosemide (mg/day) 80 (40-80) 80 (40-120) 0.74
Thiazide diuretics, no. (%) 16 (53.3%) 14 (60.9%) 0.78
RAASI, no. (%) 22 (73.3%) 20 (87.0%) 0.31
B-Blocker, no. (%) 13 (43.3%) 8 (34.8%) 0.58
Renal replacement therapy at start
Hemodialysis, no. (%) 0 (0%) 0 (0%)
Peritoneal dialysis, no. (%) 7 (23.3%) 6 (26.1%) 1.00
Laboratory data
Serum sodium (mEq/L) 1355 £ 4.8 138.0 £+ 3.5 0.04
eGFR (mL/min/1.73 m?)* 18.5 (9.9-33.2) 14.2 (9.1-27.5) 0.26
Weekly Kt/V° 1.5 (1.4-1.6) 1.8 (1.4-2.2) 0.52
Serum BUN (mg/dL) 57 (31-74) 57 (32-100) 0.75
Serum creatinine (mg/dL)* 2.4 (1.4-4.3) 3.4 (1.74.2) 0.35
Plasma BNP (pg/mL) 220.9 (49.9-587.7) 160.7 (88.7-409.1) 0.94
UV (mL/day) 904 =+ 486 1166 + 435 0.10
U-osmolality (mOsm/L) 304.0 £ 79.1 279.6 £ 84.1 0.30
Echocardiography
LVEF (%) 61 (54-67) 62.5 (58-68) 0.35
LV diastolic diameter (mm) 48 (45-55) 50 (42-54) 0.89
E/e' ratio 12.9 (10.8-18.3) 9.8 (7.2-12.3) 0.02

Data are presented as n (%), mean £ SD, or median (range)

RAASI renin—angiotensin—aldosterone system inhibitors, eGFR estimated glomerular filtration rate, BUN
blood urea nitrogen, BNP brain natriuretic peptide, UV Urine Volume, U-osmolality urinary osmolality,
LVEF left ventricular ejection fraction, SD standard deviation

“In patients with predialysis chronic kidney disease

"In patients with peritoneal dialysis

independent factor in the discrimination of TLV responders
(odds ratio [OR] 2.1 per 1SD, 95% confidence interval (CI)
1.0-4.2, p = 0.04), whereas % decrease in U-OSM was not
(Table 2). Percent decrease in [U-Cr] remained an inde-
pendent factor in the discrimination of TLV responders
after adjusting for clinical data, consisting of age, sex, and
eGFR (OR 2.2 per 1SD, 95% CI 1.0-4.5, p = 0.04,
Table 3). As shown in Table 3, the AIC decreased from
65.4 to 62.5 by adding % decrease in [U-Cr] to clinical
data, whereas the AIC decreased to 63.6 by adding %
decrease in U-OSM. Moreover, as indicated in model 4,
AIC did not improve with the addition of % decrease in
U-OSM to model 3. In NRI, by adding % decrease in [U-
Cr] or % decrease in U-OSM as a continuous variable to
the basic model consisting of age, sex, eGFR (Table 4), %
decrease in [U-Cr] correctly reclassified 47.8% responders

@ Springer

and 40.0% non-responders, whereas % decrease in U-OSM
correctly reclassified 21.7% responders and 20.0% non-
responders. As a result, % decrease in [U-Cr] improved the
discriminative parameters [total cfNRI = 87.8% (95% CI
26.1-149.5)], whereas % decrease in U-OSM did not [total
cfNRI = 41.7% (95% CI —20.0 to 103.4)].

The effect of TLV on solute excretion in ADPKD
patients

Table 5 shows the baseline characteristics of the ADPKD
patients who received TLV. Figure 5a, b provides the
analysis of changes from baseline in FeNa and FeUN. The
median FeNa [IQR] increased from baseline after starting
TLV (0.8 [0.5-1.1]%, 0.9 [0.7-1.7]%, p = 0.04). Simi-
larly, the median FeUN [IQR] increased (34.8
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Fig. 2 Effect of tolvaptan on solute excretion in patients with
decompensated heart failure. FeNa (a) and FeUN (b) data on the day
before and after the start of tolvaptan therapy in responders are
illustrated in box plot diagrams. ¢ Box plots of osmolar clearance on

[32.7-43.5]%, 47.3 [41.2-52.1]%, p = 0.02). TLV signif-
icantly lowered median systolic blood pressure [IQR] from
131 [119-157] mmHg to 119 [113-131] mmHg (p = 0.02,
Fig. 5¢); physicians were forced to reduce the dose of
antihypertensives in 6 out of 13 ADPKD patients within
3 months after TLV prescription. In these 6 patients,
baseline serum chloride concentrations were lower com-
pared with those in the remaining 7 patients (p = 0.03). On
the other hand, heart rate or hematocrit did not change; and
significant hypernatremia (>145 mEq/L) was not observed
during TLV therapy. The effect of TLV on blood pressure
was generally maintained throughout 12-month follow-up.
The dosage of antihypertensives was continued to be
reduced in 7 out of 13 ADPKD patients despite the
decrease of median eGFR [IQR] (52.3 [25.4-70.9] mL/
min/1.73 m?, 43.7 [22.3-67.0] mL/min/1.73 m?,
p = 0.004) at 12 months. TLV also lowered median BUN

C P=0.002

LT
LT T 1

After
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Before  After Before

Non-responder Responder

the day before and after tolvaptan were first prescribed, grouped by
response to tolvaptan. The upper and lower hinges of the box
represent the 75th and 25th percentile, respectively. FeNa fractional
excretion of sodium, FeUN fractional excretion of urea nitrogen

[IQR] from 19 [15-28] mg/dL to 14 [13-24] mg/dL after
starting TLV (p = 0.001), and this effect persisted even
after 3 months (16 [13-28] mg/dL, p = 0.03, Fig. 5d).

The effects of TLV on solute excretion, blood pressure,
and BUN in HF patients with CKD and ADPKD patients
are summarized in Table 6.

Discussion

This study revealed the following three points. First, high-
dose TLV therapy in ADPKD patients increases the
excretion of urinary sodium and consequently lowers blood
pressure. Second, TLV increases the urinary urea excre-
tion; high-dose TLV therapy in ADPKD patients lowered
BUN for at least 3 months. Finally, % decrease in [U-Cr]
after TLV administration outperforms % decrease in
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Fig. 3 Decrease in urinary creatinine concentration and decrease in
urinary osmolality by tolvaptan and their relationship with the
increase in urine volume. Distribution of % decrease in urinary
creatinine concentration (a) and % decrease in urinary osmolality
(b) stratified by response to tolvaptan is depicted using a box plot. The
upper and lower hinges of the box represent the 75th and 25th

U-OSM in discriminating TLV responders among HF
patients.

First, high-dose TLV therapy in ADPKD patients
increases the excretion of urinary sodium and consequently
lowers blood pressure. Previously, it has been pointed out
that TLV can exert the excretion of urinary sodium
[4, 8, 17] due to the following mechanisms: (1) attenuation
of the resistance to concomitantly administered sodium-
losing diuretics by ameliorating kidney congestion and (2)
direct inhibition of the ENaC expression [5] and inactiva-
tion of NKCC2 [6]. However, only a few studies have
shown the natriuretic effect of TLV, and these studies were
limited to normal healthy people administered high-dose
TLV [8] and to patients receiving peritoneal dialysis [17].
Our study is the first to demonstrate that TLV can exert
natriuresis in ADPKD patients. Moreover, the direct effect
of TLV on kidney tubules is suggested, because no
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percentile, respectively. The scatterplots of % increase in urine
volume with % decrease in urinary creatinine concentration (c¢) and %
decrease in urinary osmolality (d) in all patients. The solid line
indicates the linear regression line of the data, and R? indicates
coefficient of determination. [U-Cr] urinary creatinine concentration,
U-Osm urinary osmolality

ADPKD patients had previously been administered
sodium-losing diuretics in our study.

Furthermore, our study clearly indicates that high-dose
TLV therapy lowered blood pressure in ADPKD patients,
and hence, antihypertensives had to be stopped or reduced
in approximately half of the patients. There have been no
reports of any blood pressure lowering effects of TLV
therapy; the TEMPO study, which revealed a renoprotec-
tive effect of high-dose TLV therapy in 1445 ADPKD
patients, reported that TLV therapy did not affect blood
pressure [1]. The TEMPO study authors evaluated the
addition of antihypertensive drugs and the exacerbation in
blood pressure category; however, the investigators did not
show any analyses regarding temporal change in blood
pressure. The mechanism of lowering blood pressure by
TLV is considered to occur through the suppression of
renin angiotensin systems (RAS) in addition to the pro-
motion of natriuresis. The natriuresis alone is unlikely to
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concentration, U-Osm urinary osmolality

Table 2 Univariate logistic

. . Variable OR 95% CI p value

regression analysis with
tolvaptan resppnders asa % Decrease in urinary osmolality per 1SD 2.0 1.0-3.9 0.06
dependent variable . . .

% Decrease in urinary creatinine conc. per 1SD 2.1 1.04.2 0.04

SD standard deviation, OR odds ratio, CI confidence interval
Table 3 Multivariate logistic regression analysis with tolvaptan responders as a dependent variable
Variable OR (95% CI)

Model 1 Model 2 Model 3 Model 4

Age per 10 (years) 1.2 (0.8-1.9) 1.3 (0.8-2.0) 1.3 (0.8-2.1) 1.3 (0.8-2.1)
Male gender 0.8 (0.2-3.0) 0.8 (0.2-3.0) 0.7 (0.2-2.9) 0.7 (0.2-2.9)
eGFR per 10 (mL/min/1.73 m?) 1.2 (0.8-1.9) 1.2 (0.7-1.8) 1.1 (0.7-1.7) 1.1 (0.7-1.7)
% Decrease in urinary osmolality per 1SD 1.9 (0.9-3.9) 1.3 (0.5-3.3)
% Decrease in urinary creatinine conc. per 1SD 2.2 (1.0-4.5) 1.8 (0.7-4.7)
AIC 65.4 63.6 62.5 64.1
BIC 72.4 72.4 71.3 74.7
C-statics 0.61 0.71 0.72 0.72

SD standard deviation, OR odds ratio, CI confidence interval, eGFR estimated glomerular filtration rate, AIC Akaike information criterion, BIC

Bayesian information criterion

account for the blood pressure lowering effect of TLV,
because sodium loss is small and will be easily compen-
sated by the body, especially in the acute setting. The
previous reports demonstrated that the activation of RAS
was caused by rise in kidney interstitial pressure, which is
induced by renal congestion in HF patients [18] or com-
pression of renal vasculature by enlarged cysts in ADPKD

patients [19]. We consider that TLV can suppress RAS by
decreasing kidney interstitial pressure due to attenuation of
renal congestion and cyst enlargement. Actually, the kid-
ney volume decreased in 82% of ADPKD patients after
TLV therapy (Supplementary Fig. 2). Moreover, mean
serum potassium concentration == SD was significantly
increased from 4.0 & 0.3 to 4.3 & 0.4 mEq/L at 3 months
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Table 4 Integrated discrimination index and the category-free net reclassification index in discriminating tolvaptan responders

% Decrease in urinary creatinine conc.

% Decrease in urinary osmolality

IDI (95% CI) 0.11 (0.01-0.20)

NRI
Total NRI for responders 47.8
Total NRI for non-responders 40.0

Total cfNRI (95% CI) 87.8 (26.1-149.5)

0.08 (—0.01 to 0.17)

21.7
20.0
41.7 (=20.0 to 103.4)

IDI integrated discrimination index, NRI net reclassification index, cfNRI category-free net reclassification index, CI confidence interval

Table 5 Baseline characteristics of 13 ADPKD patients

Characteristic

Age (years) 47.7 £ 5.7

Male sex, no. (%) 4 (30.8%)

BMI (kg/m?) 228 £23

Kidney volume (mL) 1632 £ 715

% Increase of kidney volume per year 10.2 (9.5-12.3)

Hypertension, no. (%) 12 (92.3%)

Diabetes mellitus, no. (%) 0 (0%)

Dose of TLV (mg/day) 60 (30-60)

UV after TLV therapy (mL/day) 5251 £ 1757
Laboratory data

Serum sodium (mEq/L) 140.6 = 1.4

eGFR (mL/min/1.73 m?) 52.3 (25.4-70.9)

Serum BUN (mg/dL) 19 (15-28)

Serum creatinine (mg/dL) 0.92 (0.72-1.66)

Data are presented as n (%), mean £ SD, or median (range)

ADPKD autosomal dominant polycystic kidney disease, BMI body
mass index, 7LV tolvaptan, UV urine volume, eGFR estimated
glomerular filtration rate, BUN blood urea nitrogen, SD standard
deviation

after starting TLV in ADPKD patients who were compelled
to reduce the dose of antihypertensives (p = 0.04), while
potassium levels did not change in the remaining patients
(4.0 £ 0.2 mEq/L, 4.1 £ 0.2 mEqg/L, p = 0.78). These
results are compatible with the putative suppressive effect
of TLV on RAS. In ADPKD patients, strict blood pressure
management is very important to delay the deterioration of
kidney function [20, 21] and to avoid the formation and
rupture of cerebral aneurysms, a life-threatening compli-
cation in ADPKD [22]. In this context, the blood pressure
lowering effect of TLV might contribute to prevent these
complications in ADPKD patients.

On the other hand, FeNa did not change after relatively
low-dose TLV administration in HF patients. This coin-
cides with a previous report that relatively low-dose TLV
(<30 mg/day) did not increase the excretion of urinary
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sodium in healthy people [8]. However, the possibility does
exist that relatively low-dose TLV produces urinary
sodium excretion, because we were able to diminish the
dose of sodium-losing diuretics in 16 patients (30%) among
the 53 enrolled HF patients within 1 week after starting
TLV. Future prospective studies are needed to investigate
the natriuretic effect of TLV in HF patients.

The second point revealed by the present study was that
TLYV increases the excretion of urinary urea, and high-dose
TLV therapy lowers BUN. A previous study reported that
vasopressin promoted the expression of the urea transporter
UT-A1/3 in the kidney collecting ducts and, hence,
increased the reabsorption of urea nitrogen [23] and
another study revealed that BUN level in the UT-A1/3
knockout mice was significantly decreased on high protein
intake [24]; therefore, we presume that TLV increases
urinary urea excretion and decrease BUN level by
inhibiting the expression of UT-A1/3. In fact, the EVER-
EST study, which enrolled 4133 admitted patients with HF,
reported that TLV lowered BUN significantly, while serum
creatinine was slightly elevated the next day when TLV
was started [25]. Another study reported that the BUN-
lowering effect of TLV persisted for 5 days [9]. However,
our study is the first report that TLV therapy lowered BUN
for at least 3 months. Recently, BUN was observed to be
not only a marker of kidney function, but is also associated
with arteriosclerosis, cardiovascular events and a poor life
prognosis in CKD patients via protein carbamylation
[26-29]. Future studies should evaluate whether TLV can
prevent arteriosclerosis and cardiovascular events in CKD
patients.

Furthermore, the previous studies using UT-A1/3
knockout mice or urea transporter inhibitors demonstrated
that increased urinary urea excretion via the inhibition of
UT-A1/3 leads to a marked decrease of osmolality in the
medulla and a urinary concentrating defect and promotes
free water excretion [30, 31]. Since TLV increases urinary
urea excretion, we speculate that TLV promotes free water
clearance by the decrement of medullary urea concentra-
tion gradient in addition to by the suppression of AQP-2
expression.
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Fig. 5 Effect of tolvaptan on solute excretion, systolic blood
pressure, and blood urea nitrogen levels in autosomal dominant
polycystic kidney disease patients. The degree of FeNa (a) and FeUN
(b) in ADPKD patients on the day before and after tolvaptan was first
administered. ¢ Temporal changes in median ambulatory systolic
blood pressure during 3 months before and after tolvaptan therapy.

Table 6 Summary of the effects of tolvaptan on solute excretion,
blood pressure, and blood urea nitrogen levels

Decompensated HF ~ ADPKD
Median dose of TLV (mg/day) 7.5 60
FeNa Tended to Increase Increased
Systolic blood pressure Not changed Decreased
FeUN Increased Increased
BUN Not changed Decreased

TLV tolvaptan, FeNa fractional excretion of sodium, FeUN fractional
excretion of urea nitrogen, BUN blood urea nitrogen, HF heart failure,
ADPKD autosomal dominant polycystic kidney disease

The third and final points of the present study were that
% decrease in [U-Cr] outperforms % decrease in U-OSM
after TLV administration in discriminating TLV

P=0.02
604 | _I_
50+ T
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204 1
Before After
P=0.03
I P =0.001
1
35+
S| T
251
204
154
T I
Before Day1 Day90

d Serial change in BUN levels over time after the start of tolvaptan
therapy in ADPKD patients. The upper and lower hinges of the box
represent the 75th and 25th percentile, respectively. ADPKD autoso-
mal dominant polycystic kidney disease, FeNa fractional excretion of
sodium, FeUN fractional excretion of urea nitrogen, BUN blood urea
nitrogen

responders among HF patients. Previously, the U-OSM
decrement was reported to be important in the short-term
discrimination of TLV responders [13]. It is true that TLV
decreases U-OSM by increasing free water excretion;
however, the effect of decreasing U-OSM is partially
attenuated by increased solute excretion by TLV. On the
other hand, % decrease in [U-Cr] is thought to reflect the
increased excretion of free water by TLV directly, because
the excretion of urinary creatinine is not affected by TLV.
In fact, the superiority of % decrease in [U-Cr] over %
decrease in U-OSM in the discrimination of TLV respon-
ders was shown in the present study. For a more exact
evaluation of aquaresis by TLV, CH,O is useful, but the
measurement is slightly cuambersome, because simultane-
ous measurement of serum and urinary osmolality and
urinary output is needed. On the other hand, % change in
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[U-Cr] can be easily calculated by two spot urine samples,
and measurements of osmolality and urine output are not
required.

The limitations of the present study are as follows. First,
it was a retrospective study of a small number of patients in
a single center. Second, we could not distinguish between
24-h urine samples and spot urine samples, which probably
lead to decreased statistical power. Finally, we cannot
exclude the possibility of the influence of dietary protein or
sodium intake on BUN level or blood pressure, especially
in an outpatient setting, although we did not change the
recommended dietary allowance for protein or sodium
intake before and after TLV therapy.

In conclusion, our data showed that: (1) high-dose TLV
therapy increases the urinary sodium excretion and con-
sequently lowers blood pressure in ADPKD patients; (2)
TLYV increases the urinary urea excretion; high-dose TLV
therapy in ADPKD patients lowered BUN for at least
3 months; and (3) % decrease in [U-Cr] is more useful than
% decrease in U-OSM after TLV administration in the
discrimination of TLV responders among HF patients.
Based on the effects of TLV on the excretion of these
solutes, care must be taken in the interpretation of U-OSM
changes produced by TLV in HF patients, and hypotension
must be carefully monitored in ADPKD patients who
receive TLV.
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