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Abstract

Purpose—Many patients cannot effectively increase water intake and urine volume to prevent
urinary stones. Tolvaptan, a V2 receptor antagonist, blocks water reabsorption in the collecting
duct and should reduce urinary supersaturation (SS) of stone forming solutes, but this has never
been proven.

Materials and Methods—We conducted a double blind, randomized, placebo-controlled,
crossover study in 21 adult calcium urinary stone formers stratified as majority calcium
oxalate(CaOx, n=10) or calcium phosphate(CaP, n=11). Patients received tolvaptan 45 mg/day or
placebo for 1 week, followed by a washout week and crossover to tolvaptan or placebo for week 3.
A 24h urines was collected at the end of weeks 1 and 3.

Results—Tolvaptan vs. placebo decreased urinary osmolality (204+96 vs 529+213 mOsm/kg,
P<0.001) and increased urinary volume (4.8+2.9 vs 1.8+0.9 L, P<0.001). The majority of urinary
solute excretion rates including sodium and calcium did not significantly change, although oxalate
secretion slightly increased (23£8 to 15+8 mg/24h, P = 0.009). Urinary CaOx SS (-0.01+1.14 vs
0.95+0.87 DG, P<0.001), CaP SS (-1.66+1.17 vs —0.13+1.02 DG, P<0.001) and Uric Acid SS
(-2.05+4.05 vs —5.24+3.12 DG, P=0.04) all dramatically decreased. Effects did not differ between
CaOx and CaP groups (P>0.05 for all interactions).

Conclusions—Tolvaptan increases urine volume and decreases urinary SS in calcium stone
formers. Further study is needed to determine if long term use of V2 receptor antagonists results in
fewer stone events.
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INTRODUCTION

Urinary stone disease (USD) is a common metabolic disorder with a prevalence of 7.2 —
7.7% in the adult population, and a 10 year recurrence rate of 30% or more.L: 2 The costs for
treatment of USD exceed $10.3 billion.3 Evidence suggests that USD incidence is increasing
in industrialized countries with an estimated global prevalence now between 10%-15%.4
The precise biologic pathways to calcium stone formation are many.> However, a common
underlying feature is often increased urinary supersaturation (SS) for calcium oxalate
(CaOx), calcium phosphate (CaP), and/or uric acid (UA).6

Increasing urinary volume is a useful measure to decrease kidney stone risk since this will
dilute the components that drive urinary SS. Indeed, a recent meta-analysis’ confirmed that
increasing urinary volume by drinking more fluid reduced the risk of both incident as well as
recurrent events. Nevertheless, not all patients can effectively increase fluid intake despite
consistent counseling.

Tolvaptan, an orally administered arginine vasopressin (AVP) V2 receptor antagonist, causes
dose-related polyuria.8 Thus urinary free water losses increase. This in turn leads to a slight
increase in serum osmolality and stimulates thirst and increased water intake to replace that
lost in the urine.8 Therefore, tolvaptan could potentially induce urinary stone patients to
drink more fluid. However, the effect of tolvaptan on urinary excretion of calcium, oxalate
and other determinant of urinary SS is untested. This study was performed to evaluate the
net result of short-term tolvaptan on overall urinary SS and the excretion of key components
of calcium-based stones.

MATERIALS AND METHODS

This randomized, double-blind placebo-controlled, crossover study was conducted at the
Mayo Stone Clinic in Rochester, MN between September, 2013 and January 2015. The
Mayo Institutional Review Board approved the study (Clinical Trials.gov NCT02096965).

Study Population

We enrolled 21 adult (age =18 years) idiopathic calcium kidney stone formers. Patients were
stratified to achieve near equal numbers of majority CaOx and CaP. Patients with chronic
kidney disease (estimated glomerular filtration rate (GFR) < 60 ml/min/1.73m?2 by the
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation); history of
hypo- or hypernatremia, hypotension or orthostatic dizziness, or congestive heart failure; and
pregnant women were excluded. Stones were confirmed by computerized tomography (CT)
and analysis by infrared spectroscopy in the Mayo Metals Laboratory.

Tolvaptan Regimen and Dosage

After informed written consent subjects received tolvaptan (Samsca®) or placebo in a
randomized order. A daily dose of 45 mg (30 mg at 8 AM and 15 mg at 4 PM) was chosen
since this dose had adequate tolerability (96% patients willing to adhere to this regimen for
the rest of their lives) and efficacy (60% of patients maintaining persistently hypotonic
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urines throughout the 24 hours) in a phase 2 autosomal dominant polycystic kidney disease
(ADPKD) trial (156-04-250).%, and this dose could be safely initiated in outpatients.1? This
varied dose is designed to produce a maximal AVP inhibition on waking with a gradual fall-
off of effect during overnight to allow better sleep.

Patients were maintained at each phase for one week since to allow for a new steady state
(Figure 1).11 All patients completed a baseline 24-hour urine collection, received drug or
placebo for one week, and then completed another urine collection. After a washout week a
third week of drug or placebo (whichever they did not receive initially) and a final urine
collection followed (Figure 1). The order of drug and placebo were randomized. Serum
electrolytes were monitored at each stage of the study. All patients were instructed to drink
to thirst and maintain their usual diet. No medications were altered, including those already
taken for urinary stone disease.

The primary outcome was urinary CaOx and CaP SS on drug versus placebo. Secondary
outcomes included urinary UA SS; volume and osmolality; urinary excretions of calcium,
oxalate, citrate, uric acid, and phosphate; urinary pH; and serum sodium.

Urinary concentrations (24 h) of oxalate, calcium, and other determinants of SS were
measured in the Mayo Clinic Renal Testing Laboratory. Serum electrolytes were measured
in the Mayo Central Clinical Chemistry Laboratory. SS was calculated using the EQUIL2
program.12

Statistical analysis

RESULTS

Continuous variables were reported as means with standard deviations (SD) or medians with
interquartile ranges (IQR), as appropriate. All categorical variables are reported as counts
with percentages. In the event of missing information, data was not imputed. A Wilcoxon
matched-pairs signed-ranks test was used to compare the endpoint changes while on drug
versus placebo. Linear regression was used to test for the potential effect of the baseline
level and a treatment order effect. The primary endpoint analysis was performed for the
entire group to maximize power. Interactions between treatment group and stone type (CaOx
vs CaP) on urinary SS profiles were assessed by adding interaction terms to the linear
regression models. A two-sided Pvalue <0.10 was considered statistically significant for the
carryover effect test, since this test has low power. Otherwise, a two-sided P value of <0.05
was considered statistically significant. All analyses were performed using JMP statistical
software (version 9.0, SAS, Cary, NC). A sample of 20 patients provided 80% power to
detect a 50% change in urinary phosphate and in urinary oxalate.13

Overall 22 unique patients were recruited. One patient with CaOx stones withdrew prior to
randomization due to an unrelated foot injury. Characteristics of the remaining 21 patients
(10 CaOx and 11 CaP) including baseline 24-hour urine collections for SS profile are
summarized in Table 1. Mean age was 50+14 years and 38% were men. Baseline kidney
function was normal (serum creatinine 0.9+0.2 mg/dL and eGFR 87+18 ml/min/1.73 m?).
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Of the 21 patients 3 (14%) were maintained on citrate and 10 (48%) on thiazides (6 on long
acting thiazides).

Urinary SS and Concentration of Calcium Oxalate and Calcium Phosphate SS

Ten patients initially received tolvaptan and 11 placebo. One patient withdrew after the
placebo phase due to a possible acute stone event. Urine samples from one study visit of two
patients were not received by the laboratory. A test for treatment order effects found no
statistically significant carryover effect on urine SS elements (£>0.10 for all study
outcomes).

No trial related adverse events were observed in either the tolvaptan or placebo time periods.
Serum sodium increased slightly on tolvaptan (142+3 vs 141+2 mEg/L, A= 0.005). Other
electrolytes did not significantly change (Table 2).

Urine SS profiles on placebo were comparable to those at baseline. After tolvaptan treatment
urine osmolality fell and volume increased (Figure 2a—2b and Table 2). In general, urinary
solute excretions did not change (Table 2). Thus urinary CaOx, CaP and UA SS all fell
significantly (Table 2). An increase in urinary oxalate excretion (23£8 vs 15+8 mg/24h, P=
0.009) was also noted while patients were on tolvaptan (Table 2).

There were no statistically significant interactions between treatment group and type of
stone (CaOx vs CaP) and their relationship with urinary CaOx SS, CaP SS, UA SS and all
other urine SS components (~> 0.05 for all interactions).

DISCUSSION

In this study short term use of the oral V2 receptor antagonist tolvaptan significantly
increased urine volume and decreased urinary osmolality in a cohort of calcium stone
formers, while solute excretions remained largely unchanged. The net result was a
significant fall in urinary CaOx, CaP, and UA SS. These data support the commonly held
belief that interventions that increase oral free water intake can decrease urinary SS. The
study also suggests that oral tolvaptan is a potential therapy to achieve lower urinary SS
among those stone formers unable to regularly increase fluid intake despite counseling. It is
also possible, although not tested in this study, that a short course of tolvaptan could be used
to train selected patients how much fluid they need to ingest in order to effectively dilute
their urine for long term stone prevention.

Risk factors for urinary stones are both genetic (e.g., urinary calcium excretionl4) and
environmental (e.g., dietary oxalate, purine, or water intakel®). Despite available
interventionst® 17 a large number of patients still suffer from recurrent stone episodes.l 2 In
a previous study 6 stone-formers and 2 controls were administered distilled water to increase
their urine volume from 1.023 to 2.383 L/day, which decreased the urinary activity product
ratio for CaP, CaOx, and UA, and increased the minimum SS needed to elicit spontaneous
CaOx nucleation (formation product ratio).18 Those limited data provided important /7 vivo
evidence that drinking water can diminish urinary SS. Recently, the American Urological
Association (AUA) and American College of Physicians (ACP) both published guidelines
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that recommended sufficient fluid intake to achieve a urine volume at or above 2.0-2.5 L/d
in order to prevent recurrent kidney stones.16: 17. However, these recommendations were
graded as weak due to low-quality evidence. Our study cohort consisted of calcium stone
formers, all of whom had been previously counseled to increase water intake. Nevertheless,
and despite close observation, 75% of patients in the placebo phase had a urine volume less
than 2.0 L. This outcome further suggests that methods to achieve increased water intake in
the urinary stone population are sorely needed.

Physiologically, when net fluid intake increases plasma osmolality falls and plasma AVP
decreases.19 Interestingly, patients with urinary stone disease have reduced AVP suppression
while on higher fluid intake when compared to healthy individuals.2% In our study we
demonstrated that tolvaptan at a constant dose of 45 mg/day can effectively increase urine
volume in CaOx and CaP stone formers by an average of 3 L per day from baseline levels,
and lower urine osmolality, CaOx SS and CaP SS. Previous studies have also demonstrated
the aquaretic effect of tolvaptan in healthy individuals?! and patients with congestive heart
failure,22 decompensated liver cirrhosis with hyponatremia,23 and ADPKD.24 Despite the
increase in urine volume while subjects were on tolvaptan, the daily excretion of sodium,
potassium, calcium, chloride, citrate, phosphate and magnesium did not significantly
change. Similarly, in a study of heart failure patients tolvaptan did not change urinary
sodium and potassium excretion,2 and in healthy volunteers an even a higher dose of
tolvaptan (45-120 mg) did not change 24 hr sodium and potassium excretions?L. However
effects on key urinary stone risk solutes such as calcium, oxalate, phosphate, and citrate
were previously not assessed.

Interestingly, urine oxalate excretion increased slightly on tolvaptan. The mechanism(s) for
this effect are not readily apparent. It is possible that urinary oxalate reabsorption and/or
secretion was affected by tolvaptan. However tolvaptan should act exclusively in the
collecting duct, and it is not believed that any significant oxalate transport occurs beyond the
proximal tubule. Thus the observed effect on oxalate excretion might have been indirect,
perhaps due to changes in filtration fraction and/or other alterations in proximal tubular
transport resulting from the diuresis. It is also conceivable that tolvaptan increased oxalate
generation, via unknown mechanisms. Nevertheless, it is important to note that the ultimate
net effect of tolvaptan was to greatly decrease urinary oxalate concentrations and lower
CaOx SS, due to the overwhelming effect on urinary dilution.

Tolvaptan is currently approved by the Food and Drug Administration (FDA) for the
treatment of hypervolemic and euvolemic hyponatremia, including patients with heart failure
and the syndrome of inappropriate anti-diuretic hormone (SIADH). Single doses of
tolvaptan up to 480 mg and daily doses from 30 to 300 mg are considered safe.26 In our
study of calcium kidney stone patients the use of 45 mg of tolvaptan (30 mg at 8 AM and 15
mg at 4 PM) also appeared to be safe.

It is important to note that simply increasing water intake should have the same net effect on
urinary composition as use of tolvaptan. Certainly, counseling to do just that is standard
practice, one recently endorsed by both the AUA and ACP.16. 17 Nevertheless, for unknown
reasons it is well-recognized that many patients are simply not able to increase their water
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intake in a sustained manner. Thus, tolvaptan use might be a strategy for selected patients
that fail conservative measures. Is it possible that shorter term use of tolvaptan could “train”
patients to drink more, by demonstrating in a practical way exactly how much water they
should be drinking? Possibly, but we found that those who received tolvaptan for week 1 had
urine volumes that decreased to levels similar to baseline at week 3 when they received
placebo. Thus, longer-term therapy may be needed, and/or active counseling of patients to
observe the effects of tolvaptan on their fluid intake so that they try and duplicate this longer
term. Importantly the risk of long-term tolvaptan use is currently unclear and future study
that balances the benefits and harms of long-term use will be required.

This randomized, placebo-controlled study has several limitations. First, our study focused
on the effect of tolvaptan in patients with calcium-based stones. However, one would expect
similar changes in urine volume and SS profiles in other stone types. In a limited study of 2
patients with homozygous cystinuria?’ tolvaptan also reduced urinary cystine SS. Our study
also found that urinary UA SS fell, suggesting UA stone formers might also benefit. Second,
the patient population in this study is predominantly white Americans of European descent.
Future studies with more heterogeneous populations would be desirable to ascertain the
effect of tolvaptan on urine SS profiles in other groups. Third, nearly half of the current
patient cohort used thiazides prior to the enrollment. There are no current data on the
aquaretic, natriuretic, and hypocalciuric effect of the combined use of these agents in stone
formers. However, a study of tolvaptan in 12 healthy volunteers8 found that the agent did
not alter the natriuretic effect of hydrochlorothiazide, and that hydrochlorothiazide did not
alter the aquaretic effect of tolvaptan. In addition, tolvaptan alone or in combination with
diuretics was well tolerated. Only a daily dose of 45 mg of tolvaptan was used, and thus it is
unknown if lower doses might achieve similarly favorable effects. Fourth, urinary SS
measurement was used as a surrogate for actual kidney stone symptomatic events in this
pilot study. A reduction in SS is associated with decreased incidence of stone events,2? but a
future study assessing the benefit and cost-effectiveness of tolvaptan on the incidence of
actual stone events is required. Importantly, elevations in blood concentrations of specific
liver enzymes were recently reported in a trial of long-term tolvaptan use for ADPKD.30 The
clinical significance of this asymptomatic effect will require further study.

CONCLUSION

In summary, our study suggests that tolvaptan, an antidiuretic hormone antagonist, may be a
useful agent to dilute urine and reduce CaOx, CaP, and UA SS levels. Thus this represents a
potentially promising therapy to reduce urinary stone risk in selected patients that cannot
otherwise increase water intake. A clinical trial to examine the use of antidiuretic hormone
antagonists for prevention of recurrent USD resistant to conventional treatments is
warranted.
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Week 1 Week 2 Week 3
Baseline Drug or placebo Washout Drug or placebo
24 hr urine *
Diet Diary *

Serum electrolytes ~ *

Creatinine *

Figure 1. Study design

Subjects collected two baseline 24 urine samples, were randomized to placebo or tolvaptan
for one week, then completed 2 more 24 hour urine collections. After a washout week
subjects crossed over tolvaptan or placebo, then completed two final 24 hour urine

collections.
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Urine Yolume (mL)

Baseline Placebo Tolvaptan Baseline Placebo Tolvaptan

Figure 2. Urine osmolality and volume response to treatment
Urine osmolality (Panel A) and volume (Panel B) at baseline, on placebo and on tolvaptan.
Each line represents a single patient.
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Table 1

Demographic and clinical characteristics

Parameter@ Total (n=21) | Calcium Oxalate (n=10) | Calcium Phosphate (n=11)
Age (year) 50+14 56+11 45+14
Male sex (n, %) 8(38) 6 (60) 2(18)
Race, Caucasian (n, %) 19 (90) 9 (90) 10 (91)
BMI (kg/m2) 2047 3046 27+8
Hypertension (n, %) 5 (24) 4 (40) 1(9)
Diabetes mellitus (n, %) 2 (10) 2(20) 0(0)
Baseline Creatinine (mg/dL) 0.9+0.2 0.9+0.2 0.8+0.2
eGFR (ml/min/1.73m?) 87+18 82+13 91422
Thiazide use (n, %) 10 (48) 5 (50) 5 (45)
Citrate use (n, %) 3(14) 2 (20) 1(9)

Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate.

a . -
All values presented as meanzs.d., unless otherwise specified.
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Comparison of Blood Chemistry Tests and Urinary Analyte Excretion

Table 2

Parameter@ Placebo (n=20) | Tolvaptan (n=19) p*
Serum Na (mEg/L) 141+2 142+3 0.005
Serum K (mEg/L) 4.1+0.5 4.0+0.5 0.34
Serum CI (mEg/L) 102+3 102+3 0.33
Serum Bicarb (mEg/L) 28+3 27+3 0.29
Serum BUN (mg/dL) 15+4 1445 0.27
Serum Cr (mg/dL) 0.9+0.2 0.9+0.2 0.21
Urine volume (ml/24h) 18334900 4794+2866 <0.001
Urine pH 6.3+0.6 6.5+0.4 0.34
Osmolarity, mOsm/kg 529+213 204196 <0.001
Ammonia (mmol/24h) 33438 26+15 0.93
Calcium (mg/24h) 148+106 106455 0.25
Chloride (mmol/24h) 10872 91+44 0.39
Citrate (mg/24h) 413+267 391+209 0.73
Creatinine (mg/24h) 1096+1088 838+321 0.80
Magnesium (mg/spec) 76453 87+42 0.26
Oxalate (mg/24h) 158 2348 0.009
Phosphate (mg/24h) 7142814 560+306 0.77
Potassium (mmol/24h) 46+46 51431 0.28
Sodium (mmol/24h) 111456 97+55 0.35
Uric acid (mg/24h) 473372 384+218 0.47
Calcium oxalate SS (DG) 0.95+0.87 -0.01+1.14 <0.001
Calcium phosphate (BR) SS (DG) —0.13+1.02 -1.66+1.17 <0.001
Uric acid SS (DG) —2.05+4.05 -5.24+3.12 0.04

Abbreviations: DG, delta Gibbs; SS, supersaturation.

a . e
All values presented as meanzs.d., unless otherwise specified.

*
Pvalues were analyzed using wilcoxon matched-pairs signed-ranks tests in 19 patients who completed crossover study.
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