Universiteit

4 Leiden
The Netherlands

Effects of hydrochlorothiazide and metformin on aquaresis and
nephroprotection by a vasopressin V2 receptor antagonist in ADPKD A
randomized crossover trial

Kramers, B.].; Koorevaar, [.LW.; Gastel, M.D.A. van; Goor, H. van; Hallows, K.R.; Heerspink, H.L.;
... ; Meijer, E.

Citation

Kramers, B. ]J., Koorevaar, I. W., Gastel, M. D. A. van, Goor, H. van, Hallows, K. R., Heerspink, H.
L., ... Meijer, E. (2022). Effects of hydrochlorothiazide and metformin on aquaresis and
nephroprotection by a vasopressin V2 receptor antagonist in ADPKD A randomized crossover
trial. Clinical Journal Of The American Society Of Nephrology, 17(4), 507-517.
doi:10.2215/CJN.11260821

Version: Publisher's Version
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/3564241

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/3564241

8L+AWAOANONMNBRAAUAVYO/YOAEIOYIASALLIAIPO0AEIEAHIOINI/ADAUM

VIXOMADUOIAXYOHISABZIy 10+ NIOITWNOTFZTARYHARSHINAYG Ag uselo/wod mm| sfeulnoly/:diy woly papeojumoq

€202/90/¥70 uo

Article

Effects of Hydrochlorothiazide and Metformin on
Aquaresis and Nephroprotection by a Vasopressin
V2 Receptor Antagonist in ADPKD

A Randomized Crossover Trial
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Abstract

3,4

Background and objectives The vasopressin V2 receptor antagonist tolvaptan is the only drug that has been
proven to be nephroprotective in autosomal dominant polycystic kidney disease (ADPKD). Tolvaptan also causes
polyuria, limiting tolerability. We hypothesized that cotreatment with hydrochlorothiazide or metformin may

ameliorate this side effect.

Design, setting, participants, & measurements We performed a clinical study and an animal study. In a
randomized, controlled, double-blind, crossover trial, we included 13 tolvaptan-treated patients with ADPKD.
Patients were treated for three 2-week periods with hydrochlorothiazide, metformin, or placebo in random order.
Primary outcome was change in 24-hour urine volume. We also measured GFR and a range of metabolic and

kidney injury markers.

Results Patients (age 45+8 years, 54% women, measured GFR of 55+11 ml/min per 1.73 m?) had a baseline urine
volume on tolvaptan of 6.9+1.4 L/24 h. Urine volume decreased to 5.1 L/24 h (P<<0.001) with
hydrochlorothiazide and to 5.4 L/24 h (P<0.001) on metformin. During hydrochlorothiazide treatment, plasma
copeptin (surrogate for vasopressin) decreased, quality of life improved, and several markers of kidney damage
and glucose metabolism improved. Metformin did not induce changes in these markers or in quality of life.
Given these results, the effect of adding hydrochlorothiazide to tolvaptan was investigated on long-term kidney
outcome in an animal experiment. Water intake in tolvaptan-hydrochlorothiazide cotreated mice was 35% lower
than in mice treated with tolvaptan only. Combination treatment was superior to “no treatment” on markers of
disease progression (kidney weight, P=0.003 and cystic index, P=0.04) and superior or equal to tolvaptan alone.

Conclusions Both metformin and hydrochlorothiazide reduced tolvaptan-caused polyuria in a short-term study.
Hydrochlorothiazide also reduced polyuria in a long-term animal model without negatively affecting

nephroprotection.

CJASN 17: 507-517, 2022. doi: https:/ /doi.org/10.2215/CJN.11260821

Introduction
Autosomal dominant polycystic kidney disease
(ADPKD) is the most common hereditary kidney dis-
ease (1). Recently, studies have shown that the vasopres-
sin V2 receptor antagonist tolvaptan slows the rate of
growth in kidney volume and attenuates kidney func-
tion decline (2,3). As a side effect, tolvaptan also causes
nephrogenic diabetes insipidus (4-6), resulting in poly-
uria with, on average, 6-8 L/d (7), which limits the clini-
cal use of the only proven treatment for this disease.
Recent research suggested that metformin may be a
vasopressin-independent activator of water transport
in the rat inner kidney medulla (8) and showed that it
decreased polyuria by 50% in tolvaptan-treated rats (9).
The diuretic hydrochlorothiazide is an established

www.cjasn.org Vol 17 April, 2022

treatment for nephrogenic diabetes insipidus, known
to lower urine output by around 30% (10-12). Whether
the addition of these treatments to tolvaptan is safe and
whether it influences aquaresis are unknown.

In this study, we investigated the short-term effects
of the addition of hydrochlorothiazide or metformin
to tolvaptan on polyuria, tolerability, safety, and
markers of progression in patients with ADPKD and
on long-term polyuria and nephroprotection in a
mouse ADPKD model.

Materials and Methods
The manuscript combines data from two experi-
ments: a clinical short-term study in patients with
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ADPKD and an experimental longer-term study in an
ADPKD mouse model; they are described separately.

Clinical Study

Trial Design and Participants. This investigator-driven
study was designed as a double-blind, randomized, con-
trolled, crossover trial, and it was performed at the Univer-
sity Medical Center Groningen (UMCG). The clinical trial
was in accordance with the Declaration of Helsinki and
approved by the medical ethical committee of UMCG. All
participants provided written informed consent before
entry into the trial. The trial was listed in The Netherlands
Trial Register before first inclusion (NL6546).

Initially, patients were eligible for inclusion if they were
18-50 years of age, had a diagnosis of ADPKD (13), had an
eGFR =45 ml/min per 1.73 m? were treated with tolvap-
tan (indication on the basis of criteria by the ERA-EDTA
workgroup [14], the highest tolerated dose), and provided
informed consent. The inclusion criteria age and baseline
eGFR were broadened (age 18-55 years, amended October
10, 2018; eGFR =30 ml/min per 1.73 m?, amended June 3,
2019) to be able to include the projected number of
participants.

Exclusion criteria were potential safety risk in the opin-
ion of the investigators, unlikeliness to adequately comply
with the trials” procedures, concomitant use of medication
or illnesses likely to confound end point assessments, preg-
nancy or breastfeeding, and known contraindications or
allergies to the study medication. Specific examples of
exclusion criteria can be found in Supplemental Material.

Randomization and Interventions. An independent
pharmacist used a computer program to randomize partici-
pants; this is further detailed in Supplemental Material. All
patients, investigators, and health care providers were
blinded to treatment allocation. Patients were randomized
to receive hydrochlorothiazide (in the morning, 12.5 mg in
week 1 and 25 mg in week 2, with placebo in the evening),
metformin (500 mg twice a day in week 1 and 1000 mg
twice a day in week 2), or matching double-blind placebo
treatment (in the morning and evening) for 2 weeks each.

Procedures. Figure 1A shows an overview of the trial
design. During a screening visit, patients were instructed to
adhere to their regular low-sodium (<6 g of salt per day)
diet. A detailed description of the study procedures can be
found in Supplemental Material.

Outcomes and Measurements. The primary outcome in
the trial was change in 24-hour urine volume, taking the
average of the two urine volumes per period. Prespecified
secondary outcomes were the effect of treatment on plasma
copeptin (a surrogate marker of vasopressin), the effect
on measured GFR, and tolerability of study medication.
Outcome assessment was performed blinded to treat-
ment allocation.

Some additional ad hoc outcomes were assessed to fur-
ther analyze the method of action of the interventions.
These outcomes were not prespecified, and results should
therefore be interpreted as hypothesis generating rather
than hypothesis testing. Electrolytes were assessed in
plasma during the study. After study completion, several
markers of damage to different parts of the nephron and of
metabolic pathways were measured in thawed 24-hour

urine samples: heart-type fatty acid binding protein; neu-
trophil gelatinase-associated lipocalin; B2-microglobulin;
monocyte chemoattractant protein-1; and lactate, pyruvate,
succinate, and pyruvate kinase M2 as metabolic markers.
Several other markers of volume status and vasopressin
activity were measured, such as fractional lithium excretion
(15), aquaporin-2 excretion, and an estimate of extracellular
volume using the single-shot iohexol clearance technique
(16-19). Further details of the measurements can be found
in Supplemental Material.

As another ad hoc outcome, the subjective effect of treat-
ment on quality of life was assessed. Participants were
asked three dichotomous questions (yes/no) at the end of
each treatment period: whether compared with baseline,
they experienced less urination, less thirst, and better qual-
ity of life.

Experimental Study
Study Design and Animals. To test longer-term effects

of adding hydrochlorothiazide to tolvaptan, we used a
tamoxifen-inducible kidney epithelium—specific Pkd1 dele-
tion mouse model (tam-KspCad-CreER™?; Pkd1'2-1/1ox2-11)
(20). Figure 1B shows the experimental protocol; details can
be found in Supplemental Material. The animal experiment
was approved by the Dutch Central Committee of Animal
Experiments (reference no. AVD1050020186705).

Randomization and Interventions. Drug treatment
began on postnatal day 36 (P36). Mice were randomized into
four groups stratified for body weight and sex: untreated,
tolvaptan, hydrochlorothiazide, and hydrochlorothiazide-
tolvaptan cotreatment. We also included wild-type mice that
remained untreated. There were two or three animals per
cage; the number of cages with two or three animals was
divided equally among treatment groups. The investigators
were blinded to treatment allocation during the experiment.
Treatment groups received food pellets supplemented with
either 0.15% tolvaptan-SD and/or 0.035% hydrochlorothia-
zide. Details on treatment and food pellets are shown in
Supplemental Material.

Procedures. Animals were euthanized at P117 or in the
case of 20% weight loss (humane end point), whichever
occurred first. Blood was obtained by cardiac puncture,
and kidneys were embedded in paraffin for histomorph-
ometry and immunohistochemistry. More details are in
Supplemental Material.

Outcomes and Measurements. There were two main
outcomes. The primary outcome was aquaresis evaluated
by monitoring daily water intake (per cage) and by 24-hour
urine collection at P90 (per individual). The main second-
ary outcome was ADPKD severity at euthanasia measured
by kidney weight and kidney weight-body weight ratio.
More details are in Supplemental Material.

Statistical Analyses

For the clinical study, we calculated that enrollment of at
least ten patients was needed in the trial to have 80%
power to detect a 1.8-L reduction in urine volume on a 6-L
pretreatment average (30%) with a two-tailed o of 0.025
(0.05/2, applying a Bonferroni correction for the two treat-
ments) using a paired sample ¢ test. To allow for dropouts,
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Figure 1. | Design of the clinical and experimental study. (A) Design of the clinical randomized, controlled, crossover trial that included
13 patients with autosomal dominant polycystic kidney disease (ADPKD). Treatments are in random order. (B) Design of the experimental
study that included 88 mice, of which 83 had ADPKD. Mice were treated with tamoxifen at postnatal day 18 (P18) and P19 to inactivate
Pkd1. Drug treatment was started at P36: tolvaptan, tolvaptan plus hydrochlorothiazide (HCT), HCT, or no treatment. Animals were eutha-

nized at P117. met, metformin.

we aimed to include 12 patients. More details are in
Supplemental Material.

For the animal experiment, we calculated that we needed
to enroll six mice in each group to be able to detect a 6-ml/
24 h (30%) reduction in urine volume during tolvaptan of
20.0+3.5 ml/24 h average (21). Twenty-two animals per
group were needed to show noninferiority with regard to
kidney weight-body weight ratio. Further information on
power analyses can be found in Supplemental Material.

Continuous variables are presented as mean*SD or
median (25th to 75th percentiles). Categorical data are pre-
sented as percentages. For all tests, a P value of 0.05 was
adopted to indicate statistical significance.

In the clinical study, we performed generalized linear
mixed models with study periods as fixed effects and
patients as random effects to compare the measurements
during study periods. We tested for potential carryover
effects by modeling the interaction between period X treat-
ment and tested for a potential period effect. Because of the
non-Gaussian distribution of the results in the animal
study, all data are represented as median (interquartile
range). The Mann-Whitney U test was used to compare
treatment groups. P values are compared with untreated

cystic mice unless otherwise specified. For statistical analy-
ses, we used SPSS version 23 (IBM Corp., Armonk, NY) or
Stata SE 14 (StataCorp, College Station, TX) in the case of
linear mixed model analyses.

Results
Clinical Study

Between October 2018 and September 2019, 25 eligible
patients were asked to participate in the study. Thirteen
agreed to a screening visit, of whom all 13 were subsequently
enrolled in a randomized, controlled, crossover study (Figure
1A). Follow-up lasted until 8 weeks after final recruitment
(November 2019). All patients completed all treatment
periods and were included in the analysis. There were no
dropouts or missing data for the primary or secondary out-
comes. Patients were randomized to the treatment sequence
hydrochlorothiazide-metformin-placebo (n=2), hydrochloro-
thiazide-placebo-metformin (1n=2), metformin-hydrochlorothi-
azide-placebo (n=2), metformin-placebo-hydrochlorothiazide
(n=2), placebo-hydrochlorothiazide-metformin (n=3), or pla-
cebo-metformin-hydrochlorothiazide (n=2). The baseline char-
acteristics of these patients are presented in Table 1 (per
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treatment sequence in Supplemental Table 1). On average,
they were 45+ 8 years of age, 54% was women, and measured
GFR was 55+11 ml/min per 1.73 m” Eleven patients (85%)
used tolvaptan at the maximum dose of 90/30 mg, one
patient used 60/30 mg, and another used 45/15 mg. All
patients were able to increase the study medication to the
maximum dose in the second week of every treatment period.

Primary Outcome. Baseline urine volume was 6.9+1.4 L/
24 h. At the end of the hydrochlorothiazide treatment period,
urine volume had decreased to 5.1+1.5 L/24 h (P<0.001),
and at the end of the metformin treatment period, urine vol-
ume was 54%1.5 L/24 h (P<0.001) (Figure 2). Both changes
were significantly different from placebo (both P<<0.001). The
hydrochlorothiazide treatment effect on urine volume (per-
centage change) was negatively correlated with baseline mea-
sured GFR (ie., a larger polyuria-reducing effect at higher
baseline measured GFR; Pearson correlation, St. B =—0.56,
P=0.05). There was no correlation of the hydrochlorothiazide
treatment effect with Mayo class.

The interaction term treatment X period did not yield
statistically significant results, indicating that there was no
carryover effect and that there was no evidence of a period
effect.

Secondary Outcomes. Secondary outcomes are summa-
rized in Table 2. At baseline, plasma copeptin was 25+8
pmol/L. Hydrochlorothiazide decreased plasma copeptin
by 5.6 pmol/L (95% confidence interval, —9.0 to —2.3;
P=0.001), and metformin induced no change. During
hydrochlorothiazide treatment, there was a statistically sig-
nificant decrease in GFR from 55+11 to 5110 ml/min per
1.73 m>. During metformin treatment, there was no change.
A list of adverse events can be found in Table 3. There
were no serious adverse events during the study. Gastroin-
testinal side effects were more common during metformin
treatment (nine participants). Plasma potassium was lower

Table 1. Baseline characteristics

Characteristic Total, n=13
Age, yr 45+8
Women, N (%) 7 (54)
Weight, kg 91+18
Height, m 1.79+0.13
Systolic BP, mm Hg 125+13
Diastolic BP, mm Hg 77+7
Measured GFR, ml/min per 1.73 m? 55+11
Mayo risk class, N (%)?

1A /1B (low-risk disease) 4 (31)

1C/1D/1E (high-risk disease) 9 (69)

2 (atypical) 0 (0)

RAAS:i user, N (%) 13 (100)
Urine volume, L/24 h 6.87+1.39
Osmolar excretion, mOsm/24 h 1044+362
Sodium excretion, mEq/24 h 169+58
Urea excretion, g/24 h 14.0=0.2

Copeptin, pmol/L 25.4 (19.1-28.7)

Variables are presented as mean+SD, as median
(interquartile range) in the case of non-normal distribution,

or as percentage for categorical variables. RAAS], renin-

angiotensin II-aldosterone system inhibitor.

“Mayo autosomal dominant polycystic kidney disease
classification predicts prognosis and is on the basis of total

kidney volume indexed for height and age (42).

during hydrochlorothiazide treatment compared with
placebo (3.6=0.4 versus 3.9%0.2 mmol/L; P=0.01). The
incidences of other adverse events were similar between
treatment periods.

Other Outcomes. The 24-hour excretion of creatinine
was similar during the three treatment periods, indicating
correct collections of 24-hour urine samples. Osmolar
excretion (as measure of osmolar intake) did not
change during hydrochlorothiazide or metformin treat-
ment, suggesting a stable diet (additional information is in
Supplemental Material).

The changes in outcomes relevant to the mechanism of
action of hydrochlorothiazide and metformin are summa-
rized in Table 4. During hydrochlorothiazide treatment,
there were decreases in body weight, N-terminal pro-brain
natriuretic peptide (NTproBNP), systolic BP, and measured
GFR, consistent with a decrease in extracellular volume.
Fractional lithium excretion decreased during both hydro-
chlorothiazide and metformin treatment, indicating an
increase in sodium reabsorption in the proximal tubule.
Urinary aquaporin-2 excretion did not change during any
treatment period.

Seven (54%) participants experienced better quality of
life during hydrochlorothiazide treatment as compared
with baseline (P=0.001). Quality of life was not signifi-
cantly different from baseline during metformin (P=0.90)
or placebo treatment (P=0.50) (Supplemental Figure 1).

Supplemental Table 2 shows the changes in the urinary
excretions of damage and metabolic markers. During
hydrochlorothiazide treatment, albumin, 82-microglobulin,
heart-type fatty acid binding protein, and neutrophil
gelatinase—associated lipocalin did not change, whereas
monocyte chemoattractant protein-1 decreased (P=0.02).
Damage markers were measured in frozen samples, which
may have influenced the results. However, previous
research showed that values remain fairly stable during
prolonged frozen storage at —80°C (22,23).

Experimental Study

Because tolvaptan-hydrochlorothiazide cotreatment was
most promising in the clinical study, the effect on long-
term aquaresis and nephroprotection of the tolvaptan-
hydrochlorothiazide combination was studied in a
tamoxifen-inducible Pkdl gene inactivation mouse model
for polycystic kidney disease (24).

There were no baseline differences in weight or sex dis-
tribution between these five groups. Increase in body
weight was similar for the different treatment groups.

Primary Outcomes. Daily water intake is shown in Fig-
ure 3. Water intake was highest in the tolvaptan-treated
mice and lower when tolvaptan was combined with hydro-
chlorothiazide. At P90, 24-hour urine was collected, and
the results were consistent with water intake (Figure 3).
The tolvaptan-hydrochlorothiazide combination resulted in
a 39% lower urine volume compared with tolvaptan alone
(3.9 versus 6.4 ml/24 h; P=0.02) and an increase in urine
osmolality (711 versus 490 mOsm/L; P<0.001).

At euthanasia, median body weight was 21.0 g (inter-
quartile range, 19.6-23.8), with no differences across
treatment groups (P=0.60). During the experiment, eight
of 88 mice had 20% weight loss and were therefore
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Figure 2. | Urine volume and plasma copeptin concentration during the various treatment phases. Treatments were given in random
order. (A) The 24-hour urine volume over the different treatment periods. (B) Plasma copeptin over the different treatment periods. The dif-
ference between HCT metformin versus placebo was tested. BL, baseline. **P=0.01; ***P<0.01.

euthanized before P117 (two untreated mice, five
hydrochlorothiazide-treated mice, and one tolvaptan-
treated mouse).

Differences in parameters of cyst growth are shown in
Figure 4. Untreated cystic mice had over three times higher
kidney weight than wild-type mice (0.81 versus 0.25 g;
P<0.001), and they also had higher kidney weight-body
weight ratio, cystic index, and cyst count. All parameters of
cyst growth in hydrochlorothiazide-treated cystic mice were
similar to untreated mice. Although there was the sugges-
tion of potential acceleration of disease in male mice only,
these results did not reach statistical significance and were
not found in female mice. Tolvaptan-treated mice had lower
kidney weight compared with untreated cystic mice,
although the difference was not statistically significant (0.68
versus 0.81 g; P=0.10). Tolvaptan-hydrochlorothiazide com-
bination treatment resulted in the lowest kidney weight,
lowest kidney weight-to-body weight ratio, cyst count, and
cystic index. This was all statistically significant compared
with untreated animals, with a trend toward significance
compared with tolvaptan treatment.

When both sexes were studied separately, similar results
were obtained, with the only difference being that
tolvaptan-treated female mice had significantly lower kid-
ney weight and kidney weight-to-body weight ratio when
compared with untreated mice (Supplemental Figure 2).

Secondary Outcomes. There were no differences
between the groups in median plasma creatinine level
(Supplemental Table 3). This lack of a difference in the vari-
ous polycystic kidney disease treatment groups with the
wild-type mice suggests no significant kidney function
decline during the experiment.

Discussion

The short-term clinical study showed that addition of
both hydrochlorothiazide and metformin to tolvaptan can
decrease urine volume in tolvaptan-treated patients with
ADPKD. Hydrochlorothiazide dosed at 25 mg every day
was better tolerated than metformin 1000 mg twice a day.

There was a small placebo effect, evidenced by a limited
reduction in urine volume during the placebo treatment

Table 2. Main study parameters during the various treatment phases
Baseline Hydrochlorothiazide Placebo Metformin
End Points
Mean Mean P Value Mean P Value Mean P Value

Primary end point

Absolute urine volume, L/24 h 6.87+1.40  5.13*+1.46" <0.001° 6.34x1.62° 0.002° 540*151"  <0.001*
Secondary end points

Copeptin, pmol/L 25+8 20x7° 0.006* 26x7 0.90 28+8 0.40

Measured GFR, ml/min per 1.73 m? 55+11 51+10° <0.001° 55+12 0.90 54+11 0.20
Variables are presented as mean+SD. Changes were compared with baseline using generalized linear mixed models.
*P<0.05.
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Table 3. Adverse events
Event Hydrochlorothiazide Placebo Metformin
Adverse events 13 10 24
Participants with adverse event 6 (46) 5 (38) 9 (69)
Serious adverse events 0 0 0
Adverse event leading to withdrawal 0 0 0
Gastrointestinal 1(8) 2 (15) 9 (69)*
Nausea 1(8) 2 (15) 2 (15)
Vomiting 0 0 3 (23)
Diarrhea 0 0 4 (31)
Flatulence 0 0 1(8)
Eructation 0 0 2 (15)
Decreased appetite 0 0 4 (31)
Bloated feeling 0 0 2 (15)
Stomachache 0 0 1(8)
Mild hypokalemia, 3.0-3.5 mmol/L 4 (31) 0 0
Severe hypokalemia, <3.0 mmol/L 0 0 0
Hyponatremia 0 0 0
General discomfort 1(8) 1(8) 1(8)
Fatigue 0 1(8) 0
Headache 1(8) 1(8) 1(8)
Dizziness 1(8) 1(8) 0
Dry eyes 0 0 1(8)
Dry mouth 0 0 1(8)
Itchy throat 1(8) 0 0
Laryngitis 0 1(8) 0
Knee pain 1(8) 0 0
Peripheral edema 1(8) 0 0
Kidney pain 1(8) 0 0
Palpitations 0 1(8) 0
Paroxysmal atrial fibrillation 0 0 1(8)
Values represent N (percentage).
#P=0.05 compared with placebo.

period. This reduction was present regardless of treatment
sequence. Also compared with placebo, metformin and
hydrochlorothiazide reduced urine volume significantly;
however, participants still remained polyuric. The antia-
quaretic effect of metformin has not been investigated pre-
viously in humans with nephrogenic diabetes insipidus. In
an animal experiment by Efe et al. (9), metformin decreased
urine production by almost 50% in tolvaptan-treated ani-
mals (9). Metformin treatment led to vasopressin-
independent upregulation of aquaporin-2 and increased
water reabsorption in the collecting duct. In our clinical
study, urine osmolality increased by 15% and urine pro-
duction fell by 22% when patients with ADPKD on tolvap-
tan were cotreated with metformin. We saw no change in
aquaporin-2 excretion.

During metformin treatment, two thirds of the par-
ticipants reported gastrointestinal side effects. These
side effects may have been aggravated in this study by
the relatively rapid dose increase scheme to 1000 mg
twice a day in 2 weeks (25,26) and by tolvaptan copre-
scription. These gastrointestinal side effects may also
be the reason that patients did not report better quality
of life compared with baseline, despite the decreases
in urine volume and thirst that were subjectively
experienced.

Interestingly, it has been suggested that metformin could
also be a disease-modifying therapy in ADPKD (27-29).
Two recent randomized controlled trials found metformin
treatment to be safe and tolerable (30,31). In the short term,

we found no significant changes in metabolic biomarkers
or urinary damage markers when metformin was added to
tolvaptan. Our trial was, however, not designed to study
nephroprotection.

The antiaquaretic effect of hydrochlorothiazide was strik-
ing in animals as well as humans. It is consistent with ear-
lier studies of hydrochlorothiazide in nephrogenic diabetes
insipidus (10-12). The antiaquaretic effect of hydrochloro-
thiazide is believed to be a consequence of (mild)
hydrochlorothiazide-induced extracellular volume contrac-
tion, which leads to increased sodium reabsorption in the
proximal tubule and lower volume of preurine being deliv-
ered to the collecting duct (32). The decreases in body
weight, NTproBNP, measured GFR, and systolic BP (and
trend in extracellular volume) and the reduction in frac-
tional lithium excretion (thus, increased proximal sodium
absorption) that we measured in the clinical trial are all
consistent with this mechanism. We found no increase in
urinary aquaporin-2, which does not support the theory
that hydrochlorothiazide exerts vasopressin-like effects on
the collecting duct (33). The correlation we found with
measured GFR suggests that the effect is most pronounced
in patients with more preserved kidney function. This is an
important finding because these are also the patients who
experience the most side effects and could theoretically
benefit most from the nephroprotective effect of tolvaptan
(34,35).

This study shows that hydrochlorothiazide was well tol-
erated, and participants reported an improved quality of
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Figure 3. | Aquaresis in mice. (A) Water intake (measured daily
during the experiment), with the first measured time point at P37.
(B) Urine volume measured at day 90 in a metabolic cage. Both tol-
vaptan (Tolv) and Tolv plus HCT were statistically significant differ-
ent from untreated (P<0.001 for both; not shown). *P<0.05.

life while on this treatment. There were four cases of mild
hypokalemia (3.0-3.5 mmol/L), but no cases of severe
hypokalemia.

We found a significant decrease in copeptin after the
addition of hydrochlorothiazide to tolvaptan, indicative of
a decrease in plasma vasopressin. This is in line with other
studies on hydrochlorothiazide (36,37) and could be
explained by a decreased plasma osmolality that is also
seen, as vasopressin is known to be more sensitive to an
osmotic stimulus than to a volume stimulus (38).

In cystic mice, we showed that hydrochlorothiazide-
tolvaptan cotreatment was superior to “no treatment” for
treatment of polycystic kidney disease and perhaps even
better than tolvaptan alone. It may be that tolvaptan-
hydrochlorothiazide offers additional nephroprotection
compared with tolvaptan alone. If so, this might be
explained by the lower copeptin levels that we found in the
clinical trial when hydrochlorothiazide was added to
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Figure 4. | Disease progression in mice. (A) Total kidney weight
(KW; left panel) and total KW-body weight (BW) ratio (right panel).
(B) Transversal midslices of the right kidney stained with periodic
acid-Schiff. (C) Analyses of transversal midslices for cyst count,
total cystic area, and cystic index (proportion of total area consist-
ing of cysts as a percentage). WT, wild type. *P=0.05 compared
with untreated cystic mice, Mann-Whitney U test; **P=0.01 com-
pared with untreated cystic mice, Mann-Whitney U test;
***P<0.001 compared with untreated cystic mice, Mann-Whitney
U test.

tolvaptan. The resultant altered balance between competi-
tive antagonist (tolvaptan) and agonist (vasopressin) might
be expected to lead to more effective antagonism and, thus,
less cystogenesis. We caution that this should be inter-
preted as hypothesis generating rather than hypothesis
testing. A recent case report in a single tolvaptan-treated
patient with ADPKD suggested the opposite, namely that
eGFR decline might have been accelerated by the addition
of hydrochlorothiazide (39). More research with longer
follow-up is needed to determine the effects on the rate of
GFR decline before hydrochlorothiazide can be prescribed
to all patients who use tolvaptan.

A limitation of our study is that it was performed in a
relatively small number of patients. However, the pai-
red design and highly statistically significant results
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counterbalance this limitation. In order to limit the num-
ber of visits and the number of 24-hour urine collections
within the 8-week study period, we did not repeat base-
line measurements after the washout periods. From the
literature, it is known that 7 days should be sufficient to
return to baseline values, and we found no evidence of
carryover effects in the results after each treatment
period. Nevertheless, not having additional baseline
measurements is a limitation of this study (40,41). In the
animal study, the differences in markers of cystic pheno-
type between untreated and tolvaptan-treated cystic
mice did not reach statistical significance in the overall
analyses. This was probably a consequence of the large
variation and skewed distribution in the cystic pheno-
type within male mice (21). As drugs were administered
in the food, differences in intake may have resulted in
varying doses and thus partly account for the variation.
Strengths of our study are the double-blind crossover
design, the fact that patients were studied in detail,
including multiple measurements of GFR using the gold
standard iohexol method, and the eight 24-hour urine
collections that were performed. Furthermore, we were
able to support our short-term clinical findings with
findings in a longer-term animal model.

On the basis of the data provided by this study, we con-
clude that hydrochlorothiazide and, to a lesser extent, met-
formin treatment can improve the tolerability of tolvaptan
by reducing its aquaretic side effects. Whether adding
hydrochlorothiazide to tolvaptan influences nephroprotec-
tion deserves further investigation in a study of longer
duration. The results of such studies should be awaited
before changing clinical practice.
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