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CHAPTER 11

SUMMARY, DISCUSSION AND 
FUTURE PERSPECTIVES
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DISCUSSION AND FUTURE PERSPECTIVES

The most prominent recent achievement in the field of ADPKD is 
without doubt the development of an effective pharmacological 
treatment: vasopressin V2 receptor antagonists (V2RA). A wealth 
of preclinical and clinical evidence had suggested that vasopressin 
has a causal role  in the pathophysiology of disease progression in 
ADPKD[1-8]. Subsequently, the TEMO 3:4 trial and the REPRISE 
trial showed that a decrease in vasopressin activity using a V2RA is 
renoprotective[9, 10]. With this development, ADPKD has changed 
from an untreatable into a treatable disease. The use of a V2RA can 
slow kidney function decline by 25-35% [9, 10]. This means that if an 
ADPKD patient with a rate of eGFR decline that is average for the 
disease (3.5 mL/min/1.73 m2 per year) would start V2RA treatment at 
age 28, he/she could postpone dialysis by roughly 8 years. Instead of 
at age 58, the median age of end-stage kidney disease in untreated 
ADPKD, he/she would reach the need for kidney replacement therapy 
at age 66 (Figure 1) [11]. Since dialysis as well as kidney transplantation 
are both associated with significant morbidity, mortality and an 
important negative impact on quality of life, the treatment with 
V2RAs provides undeniable benefit. 

Figure 1.  The effect of vasopressin V2 receptor antagonist tolvaptan on kidney 
function decline. Schematic extrapolation of data from the TEMPO 3:4 and 
REPRISE studies.
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Unfortunately,  these drugs also cause important side-effects. 
Blockade of the vasopressin V2 receptor causes a state of 
nephrogenic diabetes insipidus, with a daily aquaresis of 6 to 8 L/24h 
and sometimes even up to 12 L/24h[12]. These side-effects impact 
V2RA tolerability and quality of life[13]. Many patients do not tolerate 
the targeted dose of 120 mg per day, and a substantial number of 
patients cannot tolerate treatment at all[13]. In TEMPO 3:4, younger 
patients with higher baseline eGFR were more likely to discontinue 
tolvaptan treatment compared to older patients with lower eGFR. 
This is unfortunate as these are also the patients who can benefit 
most from long-term treatment[11, 13]. Extrapolating from data of 
the TEMPO 3:4 and REPRISE trials, Chebib et al. predict that a patient 
who starts tolvaptan treatment at an eGFR of 60 mL/min/1.73m2 
may delay kidney failure by 4.4 to 6.8 years, compared to a delay of 
merely 1.5 to 2.3 years for a patient who starts treatment at an eGFR 
of 30 mL/min/1.73 m2 [11] Furthermore, it is apparent from clinical 
practice that not only the actual experienced side-effects impede 
patients from using this treatment, but also the idea of these side-
effects. The idea that massive aquaresis is hardly compatible with a 
normal life, is present in some patients and some nephrologists alike, 
despite evidence to the contrary in many patients[13]. Especially 
because vasopressin V2 receptor antagonists are the only effective 
treatment at the time of writing, the aquaretic side-effects and their 
consequences, both perceived and actual, are a real problem in the 
field of ADPKD.

This thesis investigates vasopressin and disease progression, the role 
of vasopressin receptor antagonists and potential reduction of side 
effects. This chapter provides a summary of the studies described in 
this thesis. Furthermore, knowledge gaps are identified and future 
perspectives are given.

Vasopressin and disease progression

The large trials with vasopressin V2 receptor antagonists definitively 
proved that vasopressin plays a causal role in ADPKD disease 
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progression. Vasopressin activity can be pharmacologically 
decreased, by V2RAs, but there are also known lifestyle factors 
that directly impact vasopressin level. Lifestyle interventions that 
decrease plasma vasopressin levels, might therefore also improve 
the rate of ADPKD progression[14]. In Chapter 3  we explored 
which modifiable lifestyle factors were associated with plasma 
copeptin, the surrogate marker of vasopressin. This had not been 
previously investigated in ADPKD. This cross-sectional, observational 
study used data of the CRISP (Consortium for Radiologic Imaging 
Studies of Polycystic Kidney Disease, n=241) cohort and the UMCG 
(University Medical Center Groningen, n=133) cohort. We found that 
higher urine volume, lower sodium excretion, and lower systolic 
blood pressure were independently associated with lower plasma 
copeptin. No associations were found with urea excretion (marker 
of protein intake) or coffee consumption. Urine volume is a marker 
of fluid intake and sodium excretion is a marker of salt intake. Fluid 
intake affects plasma osmolality and salt intake affects extracellular 
volume status. These two factors are the main drivers of vasopressin 
secretion[15]. Therefore, we hypothesized that the association 
with copeptin may be causal, and that these dietary factors could 
potentially influence ADPKD disease progression through an effect 
on plasma vasopressin. We believe that the association with high 
blood pressure could be due to reverse causation, as an increase in 
vasopressin can lead to volume expansion as well as vasoconstriction 
and, therefore, higher blood pressure.

As the significant association of sodium excretion with plasma 
copeptin in chapter 3 indicated a possible detrimental role of 
osmolar intake, in chapter 4 we investigated whether dietary 
intake of salt and protein (the most abundant sources of osmolar 
load) were associated with longitudinal kidney function decline. 
Several studies had previously investigated this but the conclusions 
remained controversial[16-19]. Drawbacks that were present in some 
(but not all) of the previous studies were lack of power, not including 
either salt or protein intake and only including early-stage ADPKD 
patients. We analyzed an observational cohort that included 589 
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ADPKD patients of different CKD stages (1 – 4) who were followed 
for a median of 4.0 years. This cohort combines data of the DIPAK 1 
trial with data of the DIPAK observational cohort. The DIPAK 1 trial 
compared treatment with somatostatin analogue Lanreotide to 
placebo in 305 ADPKD patients. The DIPAK observational cohort 
extends follow-up of the DIPAK 1 study in 175 patients, and collects 
data yearly in 489 additional ADPKD patients. Inclusion criteria in 
both cohorts were age ≥18 years and an eGFR ≥15 mL/min/1.73m2.  
In chapter 4, higher sodium excretion (as a measure of salt intake) 
was associated with more rapid kidney function decline, while urea 
excretion (as measure of protein intake) was not. These results were 
consistent with the results of chapter 3. Furthermore, based on 
the results of chapter 3, we performed mediation analysis to test 
whether plasma copeptin mediated the association between salt 
intake and kidney function decline. We were able to confirm that the 
45% of the effect was mediated by plasma copeptin, indicating that 
a high sodium intake may indeed accelerate kidney function decline 
by increasing plasma vasopressin. We did not find any mediation 
by blood pressure, indicating that an effect of salt intake on blood 
pressure probably did not play a major role in this cohort.

Another treatment that has been suggested to potentially modify 
disease progression in ADPKD through an impact on plasma 
vasopressin is the use of diuretics. Some experts in the field have 
concerns that use of diuretics might increase plasma vasopressin as 
a consequence of contraction of extracellular fluid volume[20-22]. 
Furthermore, diuretics are known to increase RAAS-activity, which 
has also been hypothesized to be detrimental in ADPKD[23]. 
Because thiazide diuretics are among the most effective and well 
tolerated antihypertensives[24, 25], and because of their potential 
use as treatment for (vasopressin V2 receptor antagonist caused) 
nephrogenic diabetes insipidus, in chapter 5 we investigated the 
associations of thiazide diuretic use with plasma copeptin and 
ADPKD disease progression, combining data of the DIPAK-1 trial and 
the DIPAK observational cohort (similar to chapter 4). Use of thiazide 
diuretics was not associated with plasma copeptin. As expected, use 
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of thiazide diuretics was associated with higher plasma renin and 
plasma aldosterone. Kidney function decline and kidney-related 
end-points were similar in thiazide users and non-users. 

Diuretics are often said to increase plasma vasopressin, however, it 
is important to make a distinction between the different classes of 
diuretics. The main stimuli for vasopressin secretion are a decrease 
in extracellular volume, and an increase in plasma osmolality[15]. 
The latter stimulus is stronger: minor changes in osmolality will 
cause vasopressin secretion, while lowering extracellular volume 
up to 10% may not exert any effect on vasopressin at all (Figure 
2)[15]. Loop diuretics are known to have a substantial negative 
effect on extracellular volume, and in line, are known to increase 
plasma vasopressin[26-28]. Thiazide diuretics, on the other hand, 
have less effect on extracellular volume, but also decrease plasma 
osmolality[29-31]. These opposing stimuli for vasopressin can explain 
the lack of an association of thiazide use with plasma copeptin in our 
study, and is in line with other recent publications[31, 32]. Combined, 
these results suggest that thiazide diuretics are safe to use in ADPKD.

In the study of chapter 5, RAAS-activity was higher in thiazide users 
compared to non-users, but this did not translate to worse disease 
progression. Upregulated RAAS-activity is hypothesized to be central 
in the pathophysiology of hypertension in ADPKD. It has been 
reasoned that cysts put pressure on renal blood supply, leading to 
relative ischemia, renin secretion and ultimately hypertension[34, 
35]. It is important to note that the detrimental role of RAAS-activity 
per se has never been proven. RAAS-activity correlates with disease 
severity, which could be a consequence of higher blood pressure, a 
consequence of blood pressure independent factors (e.g. increased 
growth factor production promoting cyst proliferation), or not causal 
at all. In the HALT-PKD trial, which compared double RAAS-blockade 
with single RAAS-blockade in 1046 ADPKD patients, there was no 
advantage of dual blockade therapy (blood pressure was the same 
in both groups), but there was a small advantage of rigorous blood 
pressure control versus standard blood pressure control[36, 37]. These 
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results suggest it may not be RAAS-activity, but rather resultant high 
blood pressure that is detrimental. In case of treatment with thiazide 
diuretics this could mean that thiazide-induced RAAS-activity is 
irrelevant, as long as blood pressure is controlled. In our study, there 
was no difference in blood pressure between thiazide-users and 
non-users. Our study however, is not well suited to draw any further 
conclusions on the potential detrimental effect of RAAS-activity, as 
nearly all thiazide users also used RAAS-blockade (91%), which could 
also explain the lack of a detrimental effect. Given the uncertainty, 
the best strategy to prescribe thiazide diuretics as blood pressure 
lowering agents is as second-line antihypertensive, on top of RAAS-
blockade, until more is known about the effects of increased RAAS-
activity at normal blood pressure.

Figure 2. Osmotic and volemic stimuli for vasopressin secretion. Blue dots 
indicate isovolemic osmotic changes, red dots indicate isotonic volume changes. 
Adapted after Bankir, Cardiovasc Res, 2001[15] and Dunn et al, J Clin Invest 1973, 
[33]
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While performing the study of chapter 5, we surprisingly found that 
use of calcium channel blockers was associated with more rapid 
kidney function decline, but only in participants of the DIPAK-1 
trial, and not in the DIPAK observational cohort. While this could 
well be a chance finding, there is also the possibility that calcium 
channel blockers truly have a detrimental effect on kidney function. 
There are two potential explanations. First, there is some evidence 
that calcium channel blocker may promote cyst growth. Calcium 
channel blockers lower intracellular calcium (in vitro), which in 
turn could upregulate cAMP and ultimately cyst growth[20, 38]. 
A second hypothesis is that calcium channel blockers accelerate 
kidney function decline because they increase intraglomerular 
pressure.  Calcium channel blockers exert their antihypertensive 
effect through vasodilatation. Dihydropyridine calcium channel 
blockers (which are most commonly prescribed) have a greater 
vasodilating effect on the afferent renal arteriole than on the 
efferent renal arteriole[39]. As a consequence, they can cause a rise in 
intraglomerular pressure[40-42]. Following the Brenner hypothesis 
of the detrimental effect of increased intraglomerular pressure, this 
might explain accelerated kidney function decline in CCB-users[43]. 

In chapter 6, 80 969 adults of the general population in Stockholm 
that started first-line antihypertensive treatment were studied for a 
median of 2.21 – 2.71 years. In this study we did not find evidence 
to support the hypothesis that CCB use causes more rapid eGFR 
decline. Instead there was similar incidence of CKD in patients using 
CCBs, RAAS-inhibition, beta blockers and thiazide diuretics. Follow-
up was short and results may differ in more at risk populations such 
as patients with albuminuria, so no definite conclusions can be 
drawn as of yet. However, the beneficial effects of CCBs with regard to 
cardiovascular complications are well established, and until a study 
proves that CCBs are detrimental with regard to kidney outcomes in 
a certain population remain a sound treatment of hypertension in 
populations with and without kidney disease. 
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Vasopressin antagonists, aquaretic side-effects and 
disease progression

As a first step towards finding strategies to manage the V2RA 
associated aquaretic side-effects, in chapter 7 we investigated the 
factors that were associated with higher urine volume during V2RA 
use. A post-hoc analysis was performed on an intervention study 
in 27 ADPKD patients that studied the short-term effects of V2RA 
tolvaptan. After 3 weeks of tolvaptan, significantly associated with 
higher urine volume were higher sodium, urea, potassium and 
osmolar excretions and higher measured glomerular filtration rate 
(mGFR). The association with mGFR suggests that younger patients 
with more preserved kidney function experience more side-effects 
of V2RAs than older patients with more impaired kidney function. 
In multivariable analysis, only osmolar excretion was associated with 
higher urine volume. As osmolar excretion is a measure of osmolar 
intake (in steady state), these results suggest that osmolar intake 
may partly determine the extent of the aquaretic side-effects of 
V2RAs. This finding is in line with evidence in nephrogenic diabetes 
insipidus of other origins[44-46]. As a novel finding in our study, 
hourly urine volume was highest during the evening compared to 
morning/afternoon and night. This high evening aquaresis seemed 
to be driven by the high osmolar excretion in those hours, possibly 
related to the Dutch habit of a salt and protein heavy meal in the 
evening. These results suggest that lifestyle interventions aimed at 
osmolar restriction, specifically salt and protein, could potentially 
improve V2RA tolerability by decreasing the level of aquaresis. These 
dietary restrictions may even have additional benefits, as the results 
in chapter 4 already showed that a salt restriction is associated with 
slower disease progression in patients with ADPKD.

In addition to possible lifestyle interventions to improve V2RA 
tolerability, we were interested in potential pharmacological co-
treatment strategies to decrease aquaresis. One possibility was co-
treatment with somatostatin analogues, such as lanreotide. There 
have been several older studies that suggested that somatostatin 
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influences aquaresis, and a recent animal study showed that V2RA-
treated mice had lower urine production if they were co-treated with 
a somatostatin analogue[47-51]. In chapter 8, we analyzed the effect 
of lanreotide on markers of vasopressin activity and aquaresis in a 
post-hoc study of the DIPAK-1 trial. In this trial, 305 ADPKD patients 
were randomized to receive either standard of care or Lanreotide[52]. 
Importantly, these patients did not receive co-treatment with a V2RA. 
Start of Lanreotide did not induce any changes in plasma copeptin, 
urine volume or free water clearance. There was the suggestion 
that lanreotide may decrease osmolyte free water clearance in the 
subgroup of patients with preserved kidney function. These results 
do not provide a strong rationale to pursue V2RA-somatostatin 
analogue co-treatment as a way to improve V2RA treatment.

Another potential pharmacological approach te improve V2RA 
 tolerability, is co-treatment with thiazide diuretic hydrochlorothiazide. 
In nephrogenic diabetes insipidus of other origins hydrochlorothiazide 
has been successfully used as anti-aquaretic treatment for 
decades[53-56]. In V2RA-treated patients however, the summary 
of product characteristics (SmPC) states that concomitant use of 
[any] diuretic is relatively contraindicated, due to the perceived risk 
of severe dehydration[57]. In chapter 9 we analyzed data of one 
of our patients who received hydrochlorothiazide on top of V2RA 
and RAAS inhibition treatment as treatment for therapy resistant 
hypertension. Introduction of hydrochlorothiazide was associated 
with 43% reduction in urine volume, from 4.9 L to 2.8 L. Apart 
from this substantial reduction in aquaretic side-effects, there was 
also some reason for concern. We found a rise in plasma copeptin, 
the surrogate marker of plasma vasopressin. As vasopressin is 
the agonist to the competitive antagonist tolvaptan, this could 
indicate lower efficacy of tolvaptan treatment. Indeed, there was 
also the suggestion of accelerated kidney function decline while on 
hydrochlorothiazide-V2RA co-treatment, compared to V2RA alone. 
Of course, no firm conclusions can be drawn from observational 
data of one patient. The apparent effect on urine volume, however, 
did provide the rationale to test hydrochlorothiazide in a short-term 
randomized controlled trial.
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In Chapter 10 the results of this double-blind randomized placebo 
controlled trial are described. The aim of the study was to reduce 
aquaretic side-effects in patients using the V2RA tolvaptan. 13 
patients received short-term co-prescription with the diuretic 
hydrochlorothiazide, the blood glucose lowering drug metformin 
or placebo, in random order. The rationale to also test metformin 
originated from a recent publication that showed that metformin-
V2RA co-treatment can halve daily aquaresis in rats with ADPKD, 
compared to V2RA monotherapy[58]. As metformin is already 
known to be safe in non-diabetic subjects, this treatment could be 
immediately tested in our short-term trial in patients with ADPKD.  
We found that both hydrochlorothiazide and metformin decreased 
daily aquaresis. Hydrochlorothiazide by 25%, and metformin 
by 22%. Hydrochlorothiazide also improved quality of life, while 
metformin did not. Importantly, there were several indications 
that hydrochlorothiazide may also potentially improve the V2RA 
renoprotective effect: (1) plasma copeptin significantly decreased 
during hydrochlorothiazide treatment indicating a decrease in 
plasma vasopressin, the agonist to the competitive antagonist 
tolvaptan; (2) Hydrochlorothiazide decreased MCP-1 excretion, a 
marker of inflammation that is associated with kidney function 
decline in ADPKD[59]; and (3) Hydrochlorothiazide decreased 
excretions of lactate, pyruvate and Pyruvate kinase isozymes M2, all 
markers of (aerobic) glycolysis. Aerobic glycolysis is pathologically 
upregulated in ADPKD, and has been posed as a potential treatment 
target[60].

To further investigate this potential renoprotective treatment on the 
longer term, an animal experiment was performed. 83 mice with 
tamoxifen inducible Pkd1 gene inactivation were randomized to 
treatment with V2RA, hydrochlorothiazide, V2RA-hydrochlorothiazide 
co-treatment or no treatment for 81 days. 5 wild-type mice served 
as untreated controls. Primary outcomes were kidney weight, as a 
measure of ADPKD disease progression and daily water intake, as 
a measure of aquaresis. The animal experiment showed a similar 
effect on aquaresis as we found in our human study. Furthermore, 
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the V2RA-hydrochlorothiazide group had lower kidney weight and 
cyst count than the untreated group, and equal or lower than the 
V2RA monotherapy group, dependent on the parameter that was 
analyzed. This indicates that addition of hydrochlorothiazide did 
not cause any harm, and may even be beneficial in these mice. 
These long-term experimental results supplement the results of the 
aforementioned short-term randomized controlled trial.

FUTURE PERSPECTIVES TO IMPROVE CLINICAL 
CARE FOR ADPKD PATIENTS  

In the field of ADPKD, many novel treatment strategies are currently 
being investigated. Stage 1, 2, and 3 trials are ongoing for metformin, 
venglustat, lanreotide, octreotide, bardoxalone, CFTR inhibitors and 
possibly more potential therapies. More treatments have already 
been shown to be effective in animal models, and may soon be tested 
in patients[61]. These are all exciting developments, however, at the 
time of writing, all of these potential treatments are just hypotheses 
to be tested. Until other treatment strategies prove effective in 
ADPKD, V2RAs are the only efficacious treatment that is available. 
An alternative approach to testing new treatments, is improving the 
current one. V2RAs provide substantial benefit, but also have down-
sides of which the aquaretic side-effects are most notable. Mitigating 
these side-effects can improve quality of life for current users, it can 
improve outcomes for the group of ADPKD-patients as a whole, 
since more patients will be able to tolerate treatment, potentially in 
more effective dosages, and it may even improve tolvaptan efficacy 
at the same dose. Approaches that aim to achieve this, should be 
implemented in clinical practice and be subject of further study.

Low osmolar diet

The potential benefits of a low osmolar diet should be discussed 
with all patients who start with a V2RA. This should extent to the 
benefits of restriction of total intake, and potential benefits of 
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limiting osmolar intake during certain parts of the day (e.g. no salty 
snacks in the evening to limit nocturia). There is a strong correlation 
between osmolar intake and urine volume in V2RA-treated ADPKD 
patients, and older studies have proven the causal relation in non-
V2RA caused nephrogenic diabetes insipidus[44, 45]. What is more, 
the theoretical background of why osmolar restriction leads to less 
urine production in a state of concentrating defects is rock solid. So 
solid in fact that many articles on nephrogenic diabetes insipidus do 
not even provide evidence for this (apparently) self-evident claim[56].

As a subject of research it would be interesting to know whether all 
osmoles reduce aquaresis to the same extent. As dietary restrictions 
are notoriously difficult to implement, and can be a real burden 
for some patients, it is important to make restrictions as limited as 
possible. Salt and protein are the main source of dietary osmoles, 
in the form of sodium and urea, and may not have the same effect 
on aquaresis. The concentration of urea in the kidney inner medulla 
is a key contributor to the kidney concentrating capacity[62]. We 
hypothesize that a decrease in protein intake (the main source of 
urea) may not only lower the osmolar load, but may also (further) 
lower the kidney concentrating capacity, while a salt restriction will 
only lower the osmolar load. As a decreased concentrating capacity 
would partially counteract the effect of a lower osmolar load, protein 
restriction could be less effective than salt restriction in mitigating 
aquaresis. There is some experimental data that does indeed show 
higher urine osmolality at higher protein intake[63, 64]. It is difficult 
to gather information about differences between osmolytes in 
diet from observational trials, as salt and protein intake are usually 
strongly correlated. Therefore, this hypothesis is currently being 
investigated in a cross-over randomized controlled trial (clinicaltrials.
gov: NCT04310319) in the UMCG.

Restricting osmolar intake may have the additional benefit of slowing 
down disease progression in ADPKD per se. Our data suggest that 
especially a restriction of sodium may have a renoprotective effect 
in ADPKD through a reduction in vasopressin. We did not find 
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indications that a restriction in protein intake (and thus the osmolyte 
urea) could be renoprotective. This may be because urea is diffusible 
and easily transportable across plasma membranes and therefore 
does not contribute to effective plasma osmolality to the same 
extend as sodium. However, these results only show an association 
between sodium excretion and kidney function decline and do 
not prove causality. To establish causality would require a large 
and longer-term randomized controlled trial. Such a trial would be 
complex and costly, however a short-term trial that studies the effect 
of different dietary regimens on plasma copeptin is feasible and 
would certainly provide insight. It is unknown whether any potential 
benefit of sodium (and possibly protein) restriction would also extend 
to patients that are already using a V2RA. The short-term cross-over 
trial that investigates diet in V2RA users (referenced above) that is 
currently being conducted in the UMCG will investigate the effects 
on plasma copeptin and kidney damage markers.

Titrating to urine osmolality 

One approach to alleviate aquaretic side-effects that has been 
suggested in recent literature is to titrate the V2RA dose on the 
achieved urine osmolality. The approach is to increase the tolvaptan 
dose until urine osmolality of 285 mOsm/L  (equal to plasma 
osmolality) is reached in an early morning spot urine sample, instead 
of pursuing the maximal dose of 120 mg per day that was proven 
effective in large randomized trials[11, 22]. The reasoning behind this 
approach is that this threshold indicates that vasopressin activity 
is totally blocked, i.e. if the concentration of urine is the same as 
plasma it is ‘fully deconcentrated’. Therefore, increasing the dose 
of V2RA cannot have any further effect and no further benefit 
is to be gained. We would not encourage this approach to limit 
aquaresis at this time. It is known from several studies that high 
doses of tolvaptan can decrease urine osmolality to well below 285 
mOsm/L in many patients, even to values below 100 mOsm/L [9, 12]. 
This effectively shows that there is still vasopressin activity at urine 
osmolarity  between 100 and 285 mOsm/L. This suggests that  the 
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detrimental second-messenger of vasopressin, cyclic AMP, can be 
further repressed with higher doses, and that the threshold of 285 
mOsm/L does not indicate ‘no more vasopressin activity’. It has also 
been suggested that lowering urine osmolality beyond 285 mOsm/L 
could cause (or worsen) glomerular hyperfiltration[65, 66]. However, 
that this potentially detrimental effect would negate a beneficial 
effect of further decrease in cyclic AMP is not obvious, and does not 
seem like a valid reason to alter the clinically proven dosing strategy. 
In our opinion, the approach to titrate V2RA dosage to a certain urine 
osmolality should at the very least be investigated in  a randomized 
study that compares it to the current evidence based approach 
before it is adopted in clinical practice.

Metformin

The randomized controlled trial in chapter 10 provides a proof of 
concept that metformin can decrease aquaretic side-effects of V2RAs. 
Metformin is known to be relatively safe even in non-diabetic subjects. 
In line, it did not cause any safety issues in our small and short-term 
trial. Metformin treatment, however, did not improve quality of life in 
this study, which was most probably due to the gastrointestinal side-
effects it caused in the majority of patients. It is known that these 
side-effects can be mitigated with a less rapid dose increase scheme, 
and furthermore, that such side-effects decrease over time[67, 68]. 
Therefore, it is not unreasonable to assume that the effect on quality 
of life could be improved. In our opinion, metformin could now be 
prescribed to individual patients to alleviate aquaretic side-effects in 
patients who cannot be treated with hydrochlorothiazide provided 
that data is collected to assess safety in a research setting. Naturally, 
effects and side-effects should be  evaluated on a per patient basis.

Interestingly, metformin is also being investigated as a renoprotective 
treatment in ADPKD[69, 70]. Although we did not find indications of 
renoprotection in our trial, it was too short to investigate a chronic 
effect on kidney function, and may well also have been too short 
to show benefit on the damage and metabolic markers that we 
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measured. If the large phase 2 and 3 trials that are currently ongoing 
do show a renoprotective effect of metformin, the combination of 
metformin and a V2RA would become very interesting. Potentially, 
there could be a synergistic effect with regard to renoprotection 
as well as the aquaretic side-effects. However, until these trials are 
published, V2RA-hydrochlorothiazide co-treatment is the superior 
choice.

Hydrochlorothiazide

V2RA-hydrochlorothiazide co-treatment is the most promising 
pharmacological approach to alleviate the aquaretic side-effects 
at this time. This treatment strategy had the largest effect on urine 
volume, improved quality of life and even showed some indirect 
indications of additional renal benefit when compared to V2RA 
montherapy. This thesis investigated several theoretical concerns 
regarding the use of thiazide diuretics in ADPKD, and found no 
evidence to support them: There were no indications that thiazide 
diuretics increase plasma vasopressin and we propose to always 
co-prescribe a RAAS-blocker to counteract any potential risk 
of upregulated RAAS-activity. Remaining concerns such as the 
increased risk of gout, hypokalemia or dehydration are valid, but 
could be minimized by patient education and physician vigilance. 
The potential risks should be weighed against the expected and 
experienced benefit per individual patient. In our opinion, there 
are certain cases in which co-prescription would very likely be 
beneficial (i.e. a highly motivated fast progressing ADPKD patient 
intolerant of V2RAs, with massive benefit from hydrochlorothiazide 
co-prescription on aquaretic side-effects), and other cases in which 
co-prescription would likely not be indicated (i.e. a patient that does 
not experience reduced quality of life by V2RA-induced aquaretic 
side-effects). 

Future research of V2RA-hydrochlorothiazide co-prescription should 
focus on two main aspects: safety and renoprotection. Safety could 
be monitored via a public register, in which nephrologists could 
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enter safety-related data and adverse events of patients who are 
treated with both a V2RA and hydrochlorothiazide. The effect of 
co-prescription on renoprotection could be evaluated in a phase 3 
randomized clinical trial. This trial would have to randomize V2RA 
treated ADPKD patients to hydrochlorothiazide or standard of care, 
would have to include a sufficient number of patients and would 
have to run for a minimum of 2 years with a disease progression 
related marker as primary outcome (e.g. kidney volume or eGFR). 
Our research group is currently evaluating the possibility for either 
or both follow-up studies.

CONCLUSION

This thesis describes the impact of pharmacological and lifestyle 
interventions on plasma vasopressin and ADPKD disease progression. 
Furthermore, this thesis describes a number of potential solutions 
to the aquaretic side-effects that are a consequence of V2RA use. 
Thiazide diuretics can be used to treat hypertension and to diminish 
V2RA-related side-effects. A low osmolar diet also alleviates V2RA-
related side-effects and may have further renoprotective effects. 
Finally, metformin diminished V2RA-related side-effects although 
it did not improve quality of life. A low osmolar diet can now be 
implemented in all V2RA-treated ADPKD patients, and in the near 
future hydrochlorothiazide may also become a standard tool to 
improve V2RA-tolerability.  Future research continues to be important 
in reaching the ultimate goal of a tolerable and effective treatment 
for all ADPKD patients. 
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