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Abstract
Background: The efficacy of tolvaptan, a selective
antagonist for vasopressin V2 receptor, on water diuresis
has been reported in congestive heart failure (CHF) patients
with chronic kidney disease (CKD). However, the mechanism
of tolvaptan resistance is not well understood. In this study
the effect of tolvaptan on urinary expression of exosomal
aquaporin-2 (AQP-2) was examined in relation to
effectiveness of tolvaptan.

Methods: We examined 13 CHF patients with advanced CKD
(M:F=11:2, age 49 to 81, serum creatinine 1.7 to 10.4
mg/dL, eGFR 3.5 to 69 ml/min/1.73 m2, median 9.2) who
were not under control with conventional treatment
including furosemide therapy (40 to 80 mg orally). Tolvaptan
of 7.5 mg/day was instituted and blood and urine
parameters were measured as well as urinary exosomal
AQP-2 and Na-K-2Cl cotransporter (NKCC2). Responders
were defined as increase in urine volume greater than 500
ml/day after the treatment.

Results: Eight patients were diagnosed as responders who
increased urine volume together with decrease in body
weight within several days (p<0.05 vs. before treatment).
Baseline data did not show the significant difference
between both groups. Serum levels of creatinine and Na did
not change over 1 week in either responders or non-
responders. All responders showed a significant reduction in
urinary exosomal AQP-2 after the treatment whereas non-
responders showed rather increase in its expression. In
contrast, urinary exosomal NKCC2 expression was unaltered
in any case.

Conclusions: Tolvaptan exerts its diuretic action in more
than half the CHF patients complicated with advanced CKD.
The responsiveness corroborates well with urinary exosomal
AQP2 expression. The predictor for resistance to tolvaptan
needs further examination.

Keywords: Aquaporin-2; Tolvaptan; Exosome; Congestive
heart failure; Chronic kidney disease

Introduction
In a broad cohort of Japanese patients with congestive heart

failure (CHF), 70% of patients showed an estimated glomerular
filtration rate (eGFR) of less than 60 ml/min 1.73 m2, that falls
into chronic kidney disease (CKD) and that CKD was
independently associated with long-term adverse outcomes of
CHF patients [1].

Although loop diuretics, natriuretic agents, are used as a
standard medication for CHF, the drug sometimes induces
metabolic and electrolyte disorders and also exacerbates renal
function by activation of the renin-angiotensin-aldosterone
system and sympathetic nervous system, volume contraction, all
resulting in decline in renal blood flow [2,3]. In fact, treatment
with higher doses of loop diuretics was associated with the poor
prognosis of the patients hospitalized due to CHF [4].

Tolvaptan is an aquaretic drug that preferentially excrete
water rather than sodium by selectively antagonizing
vasopressin V2 receptors (V2R), thus inhibiting the movement of
aquaporin-2 (AQP-2) into the luminal membrane of the
collecting duct cells [5,6] where AQP-2 mediates water transport
[7,8]. In addition to standard therapy including natriuretic
diuretics, tolvaptan could improve CHF, without serious adverse
events in patients hospitalized with CHF [9]. In contrast to loop
diuretics, tolvaptan did not activate the renin-angiotensin-
aldosterone system and the sympathetic nervous system [10].

However, there are a certain number of patients showing
resistance to tolvaptan among CHF patients and decrease in
kidney function and higher age may affect the response to
tolvaptan [11]. Excretion of AQP-2 from the renal collecting
ducts into urine has been considered as a functional marker of
the collecting duct [12]. Along this scenario, it is reported that
efficacy of tolvaptan may be closely associated with urinary
AQP-2 level in patients with CHF [13]. However, there is little
data about the relationship between tolvaptan responsiveness
and urinary excretion of AQP-2, especially exosomal AQP-2 in
CHF patients with CKD.
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In an attempt to investigate the mechanism of tolvaptan
resistance, we tried to examine the expression of AQP-2 before
and after tolvaptan treatment in CHF patients with advanced
CKD and its correlation to conventional laboratory findings.

Methods

Subjects
13 CHF patients with CKD stage 3 or higher were enrolled

after obtaining written informed consent. The patients were
categorized as New York Heart Association functional class IV
(NYHA IV) and considered resistant to conventional treatment
with loop diuretics. Initial dose of tolvaptan was started at 7.5
mg/day and kept constant over 1 week. Volume of infusion was
not changed and drinking was not restricted during this study
period. The patients were defined as responders to tolvaptan
when urine volume increased greater than 500 ml/day within
several days after tolvaptan introduction.

The present study was approved by the institutional review
board (IRB) in the Teikyo University Review Board #14-168 and
was executed in accordance with the principle of the Helsinki
Declaration. Before executing the study, written informed
consent was obtained from the patient and the patient record
and information were anonymized and de-identified prior to
analysis.

Measurements
All clinically relevant measurements were examined before

and after tolvaptan treatments. Body weight, urinary volume
and blood and urine samples were collected to measure serum
creatinine, serum Na, serum K, and urine osmolality. Adverse
events after tolvaptan treatment were evaluated with special
attention to hypernatremia. In addition, we examined the
expression of AQP-2 in urine exosome before and 1 week after
the administration of tolvaptan. The expression of sodium-
potassium-chloride cotransporter (NKCC2), a specific luminal
transporter in the thick ascending limb of Henle [14], was
assessed in comparison.

The isolation of urinary proteins in the exosome fraction was
described elsewhere [15]. Briefly, the exosomes were isolated
from the urine samples using differential centrifugation. The
urine was centrifuged at 1,500 g for 15 min to eliminate the cells
and debris and at 17,000 g for 15 min, followed by
ultracentrifugation at 200,000 g for 60 min. After removal of the
supernatant, the pellets were suspended in 25 μL isolation
solution. The suspension was then added to an equal volume of
2X sample buffer. These samples were heated at 60 for 15 min
and then stored at -80°C until use.

It is appreciated that this fraction of urine is largely made up
of excreted exosomes [16]. Then, gel electrophoresis and
immunoblotting were performed. For quantitative comparison,
applied volume of urine exosome fraction to SDS-PAGE was

corrected by urine creatinine concentration. Each sample was
loaded with the same amount of creatinine (4 mg per lane) to
SDS-PAGE with 4-20% polyacrylamide slab gels (e-PAGEL; ATTO
Corporation, Tokyo, Japan).

We obtained peptide-derived polyclonal antibody to goat
AQP-2 from Santa Cruz Biotechnology (CA, USA). NKCC2
antibody was raised against a synthetic peptide corresponding
to a sequence at the NH2-SDSTDPPHYEETSFGDEAQNRLKC-COOH
reported previously [14]. After transfer by wet-type method to
PVDF membranes (ATTO Corporation, Tokyo, Japan), membranes
were blocked with 5% non-fat dry milk and 0.05% Tween 20 in
TBS overnight at 4°C. Then, blots were incubated for 1 h at room
temperature with anti-AQP-2 (1:1000) or anti-NKCC2 (1:1000),
respectively in IMMUNOSHOT 1 solution (COSMO BIO Co. Ltd.,
Tokyo, Japan).

The membranes were incubated with the respective
secondary antibody. For visualizing AQP-2, Alexa Fluor 647
donkey anti-goat IgG (Molecular probes, Eugene, OR, USA) was
incubated in IMMUNOSHOT 2 solution (1:8000) or for NKCC2,
Alexa Fluor 546 goat anti-rabbit IgG (Molecular probes, Eugene,
OR, USA) was used in IMMUNOSHOT 2 solution (1:8000) for 1 h
at room temperature. Blots were washed three times with TBS/
Tween, and then visualized using laser detection (Typhoon Trio,
GE healthcare, UK). Image J software was used to quantify the
intensity of the reactive bands.

Statistics
Values for categorical variables are given as number (or

percentage) and values for continuous variables are given as
mean ± standard deviation (SD). The proportion of categorical
data was assessed by Fisher’s exact test. Time-dependent
changes in parameters were evaluated by paired t test for
comparisons of before and after the treatment. The difference
between two groups at the same time point was compared by
unpaired t test. Statistical analyses were undertaken using SPSS
statistics for Windows version 22 (IBM Corp, Armonk, NY, USA).
A p value less than 0.05 was considered statistically significant.

Results
Enrolled patients were 13 CHF patients with advanced CKD

(M:F=11: 2, age 49 to 81, serum creatinine 1.7 to 10.4 mg/dL,
eGFR 3.5 to 69 ml/min/1.73 m2, median 9.2). Eight patients
(62%) were regarded as responders to tolvaptan because urine
volume increased more than 500 ml/day after tolvaptan
treatment whereas non-responders accounted for 5 out of 13
patients (38%).

A comparison of clinical characteristics for responders and
non-responders to tolvaptan is shown in (Table 1). Age, sex,
eGFR, body weight, urine volume, serum creatinine, serum Na,
urine creatinine concentration, urine urea nitrogen
concentration, urine Na concentration, and urine osmolality
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before tolvaptan treatment were not significantly different
between responders and non-responders.

Table 1: Clinical characteristics and laboratory findings at the baseline in responders and non-responders after tolvaptan treatment.

Responders Non-responders p value

Cases (n) 8 5

Age (years) 64 ± 13 68 ± 19 0.67

Male: Female 0:8 2:3 0.13 ¶

eGFR (ml/min/1.73 m2) 13.7 ± 10.5 18.9 ± 28.4 0.64

Body weight (kg) 64.9 ± 18.4 60.5 ± 15.4 0.66

Urine volume (ml) 1,010 ± 506 1,000 ± 484 0.92

Serum Cr (mg/dL) 6.0 ± 4.1 5.6 ± 4.6 0.80

Serum Na (mEq/L) 133.5 ± 7.9 134.2 ± 9.1 0.89

Urine Cr (mg/dL) 35.6 ± 19.1 62.5 ± 38.5 0.24

Urine UN (mg/dL) 201 ± 131 308 ± 190 0.36

Urine Na (mEq/L) 64 ± 20 78 ± 41 0.45

Urine osmolality (mOsm/kgH2O) 280 ± 52 317 ± 160 0.55

eGFR: Estimated glomerular filtration rate; Cr: Creatinine; Na: Sodium; UN: Urea nitrogen; ¶: Fisher’s exact test

Figure 1a: Changes in urine volume and body weight after
tolvaptan treatment. Urine volume. The urine volume in
responders shows a significant increase as early as 1 day after
the treatment with 7.5 mg per day. Non-responder did not
show the increase over 1 week.

Estimated GFR did not change in either group, which avoided
worsening renal function (Figure 2). Serum Na concentration did
not show a significant increase over 1 week probably due to
small initial dosing in either case (Figure 3). Of note, urine
osmolality and urine Na+K concentration significantly decreased
1 to 2 days after tolvaptan treatment only in responders,
suggesting the increase in free water clearance (Figure 4).

Figure 1b: Body weight. The change in body weight shows
significant decrease after 3 days and steadily kept decreasing
over 1 week. *p<0.05 vs. non-responders, †p<0.05 vs.
baseline.

Urine volume in responders peaked at 1,000 to 1,500 ml/day
within several days after tolvaptan treatment (Figure 1a). The
average body weight loss in responders was 4.3 kg until 7 days
(Figure 1b). Non-responders did not change urinary volume or
body weight after tolvaptan treatment over 1 week.
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Figure 2: Changes in eGFR. Both groups did not show the
significant change in eGFR over 1 week. Worsening renal
failure was not appreciated. Abbreviation: eGFR, estimated
glomerular filtration rate.

Figure 3: Changes in serum Na concentration over 1 week.
Significant increase in serum Na concentration was observed
immediately the following day of the tolvaptan treatment in
responders but the values did not over beyond 145 mEq/L in
any case. †p<0.05 vs. baseline.

Western blot revealed a 29-kDa band in the membrane
fractions from urine, which corresponded to AQP-2 protein by
immunoblotting. As shown in (Figure 5a), all responders showed
significant reduction of urinary exosomal AQP-2 expression after
tolvaptan treatment, whereas those in non-responders rather
increased (Figure 5c). On the other hand, western blot showed

no change of an abundance of 150-kDa bands for NKCC2 in all
subjects before and after the tolvaptan treatment (Figures 5b
and 5c). These findings were consistent with the effectiveness of
tolvaptan in CHF complicated with advanced CKD.

Figure 4a: Changes in urine osmolality and urine Na+K
concentration over 1 week. Urine osmolality. Urine osmolality
significantly declined at the day 1 and 2 in responders and
returned to the baseline thereafter, suggesting the
significantly larger free water excretion into urine.

Figure 4b: Urine Na+K concentration. This parameter also
decreased the following day of the tolvaptan administration.
†p<0.05 vs. baseline.
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Figure 5a: Western blot analysis for AQP-2 and NKCC expression in urine exosome before and 1 week after tolvaptan treatment. a)
Urine exosomal AQP-2 in all patients. Two bands are evident, with the upper band (35-45 kDa) being the glycosylated form and
the lower band (the 29 kDa) being the non-glycosylated form. The expression of AQP-2 significantly decreased in responders
whereas rather increased in non-responders.

Figure 5b: Urine exosomal NKCC2 in all patients. Broad bands due to glycosylation were detected but no alteration in the
expression before and after tolvaptan treatment nor between responders and non-responders.

Figure 5c: Densitometric quantification. The urine exosomal expression of the protein was normalized by urine creatinine
concentration and depicted as a ratio of the value in comparison with the baseline value as 1.0 (mean ± SD after treatment).
Urinary exosomal AQP-2 decreased in responders but not in non-responders. On the other hand urinary exosomal NKCC2 did not
change its expression in these specific patients. *p<0.05 vs. non-responders.

Discussion
In the present study, we proved to show the efficacy of

tolvaptan for CHF complicated with advanced CKD patients. It is
reported that renal impairment attenuates the increase in 24 h

urine volume and free water clearance upon tolvaptan
treatment probably due to decreased nephron function in
kidney injury [17]. To date, there are increasing numbers of
reports on its efficacy for CHF patients with advanced CKD
without serious adverse events [18-22], though there are a
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certain number of non-responders to tolvaptan. The
mechanisms of tolvaptan resistance are not well understood. In
the present study, about 40% of patients with CHF complicated
with advanced CKD showed non-responders. Baseline data
however revealed no significant difference between responders
and non-responders, rendering the prediction of tolvaptan
responsiveness difficult. Estimated GFR tended to be higher and
urine osmolality tended to be lower in responders.

Imamura et al. demonstrated that more than 26% decrease in
urine osmolality from a baseline (>352 mOsm/kgH2O) for the
first 4-6 h predicts responders to tolvaptan in hospitalized CHF
patients [11]. Iwatani reported that in overhydrated CKD
patients with CHF or liver cirrhosis, the cut-off value of urine
osmolality was 279 mOsm/kgH2O before the use of tolvaptan to
predict responders to the drug [23]. In our patients, urinary
osmolality showed 280 ± 52 mOsm/kgH2O in responders and
317 ± 160 mOsm/kgH2O in non-responders. Thus it appears
difficult to predict responders solely by baseline urinary
osmolality.

We investigated the changes in urinary exosomal AQP-2, and
all of responders showed the reduction of urinary exosomal
AQP-2 after treatment of tolvaptan. Excretion of AQP-2 from the
renal collecting ducts into urine has been considered as a
functional marker of the collecting duct [12]. Our data strongly
suggest that functional vasopressin V2 receptor (V2R) and AQP-2
axis was antagonized by tolvaptan in responders, resulting in
reducing urine exosomal AQP-2. In contrast, AQP-2 in non-
responders was not affected after tolvaptan treatment. It still
remains unknown why there are differences of efficacy of
tolvaptan among CHF patients. Tolvaptan might not effectively
bind V2R by unknown reason or urinary AQP-2 does not reflect a
functional marker of the collecting duct in non-responders.

Recently, Imamura and colleagues reported that responders
to tolvaptan showed a close correlation of plasma arginine
vasopressin (AVP) with urinary AQP-2 in patients with
decompensated CHF [13]. In contrast, non-responders had
extremely low urinary AQP-2 regardless of plasma AVP level,
suggesting that efficacy of tolvaptan is closely associated with
urinary AQP-2 level in patients with decompensated CHF. In the
present study, though not quantitatively analyzed, urine AQP-2
levels before tolvaptan treatment in non-responders seemed to
be comparable to that in responders. Thus, the efficacy of
tolvaptan is not associated with AQP-2 level. The different
results might be raised by this reason that we examined AQP-2
in urinary exosome, which may reflect more physiological
condition of urinary AQP-2 excretion because the majority of
AQP-2 excreted into the urine is via the exosomal pathway [24],
while Imamura et al. measured AQP-2 in urine using sandwich
enzyme-linked immunosorbent assay [13].

The expression of AQP-2 in the kidney tissue was reduced in a
variety of kidney diseases compared to normal kidneys [25,26].
Sato reported that the efficacy of tolvaptan for treating
nephrotic syndrome due to diabetic nephropathy with heart
failure [27]. Responders showed mild tubulointerstitial damage
along with severe diabetic glomerulosclerosis and serum
creatinine of 4.0 ± 2.6 mg/dL, but non-responders exhibited
profound tubulointerstitial damage and serum creatinine of 4.9

± 3.0 mg/dL. Immunopositive AQP-2 was expressed in the
epithelial cells of the collecting ducts of tolvaptan responders.
These findings suggest that renal dysfunction per se dose not
fully explain tolvaptan resistance. Moreover, even peritoneal
dialysis patients could increase urine volume and control body
fluid by tolvaptan [28,29], suggesting again that decreased renal
function solely does not predict tolvaptan resistance. Degree of
damages of functional V2R and AQP-2 axis in collecting ducts
should contribute to tolvaptan resistance. Further study is
necessary.

We found that tolvaptan did not significantly increase serum
Na concentration in our patients, suggesting that tolvaptan has
not only an effect of water diuresis but also an effect of sodium
diuresis [30]. Urinary exosomal furosemide-sensitive NKCC2 as
an indirect marker of raised renal tubular sodium transport in
the thick ascending limb of Henle was not changed under taking
furosemide after tolvaptan administration in both responders
and non-responders to tolvaptan. Since exosome analysis is a
potential approach to discover urinary biomarkers [31,32],
further examination of abundance and phosphorylation sites of
other sodium transporters in combination of AQP-2 in urinary
exosome may be promising way to explore the mechanisms of
water and/or sodium diuresis under the specific condition of
interest.

The present study has several limitations. Firstly, the sample
size is too small but despite the small number of the enrolled
patients, the difference in response to tolvaptan is clearly shown
among the advanced CKD patients. Secondly, a multivariate
analysis was not feasible also due to the small size of the study.
With increasing number of the patients to be included in the
study, we expect to elucidate some predictor for resistance to
tolvaptan, which may provide a strong clue in clinical medicine.
Lastly, volume status should be evaluated in conjunction with
other method such as bio impedance vector analysis (BIVA)
which is an easy, fast technique to assess peripheral congestion
with being even more accurate than BNP [33]. These limitations
should be resolved by increasing the number of subjects and
introducing sophisticated technology in the future.

In conclusions, tolvaptan resistance in CHF patients with CKD
stage 3 or higher was significantly related to non-suppression of
V2R and AQP-2 axis, suggesting that V2R/AQP-2 system may play
a physiologically important role on over volume status in such
patients. Although effectiveness of tolvaptan cannot be
predicted by baseline laboratory findings, changes in urine
osmolality may help foresee the drug effect within several days.
Therefore, at this moment it is worth trying to introduce
tolvaptan in such patients at high risk. Analysis of urinary
exosome containing AQP-2 conjunction with changes in clinical
parameters could elucidate pathophysiological property of
tubular handling of water and sodium diuresis in CHF patients
with advanced CKD.
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