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CHAPTER 1

GENERAL INTRODUCTION
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INTRODUCTION

This thesis describes the role of vasopressin in progression of ADPKD, 
treatment with vasopressin V2 receptor antagonists, and the most 
important side-effect of massive aquaresis (urine production). 
In this introduction some key concepts in the field of Autosomal 
Dominant Polycystic Kidney Disease (ADPKD) will be described. 
First, the pathophysiology of ADPKD will be covered, specifically with 
regard to the detrimental role of cyclic adenosine monophosphate 
(cAMP), and one of its key regulatory hormones: vasopressin. This 
first section will include normal vasopressin physiology as well as 
treatment strategies aimed at reduction of cAMP and vasopressin 
activity. An established treatment will be described, vasopressin 
V2 receptor antagonists (V2RAs), and treatments that are yet to be 
proven effective, such as lifestyle interventions. Background will be 
given on the massive aquaresis of on average 6-8 L per day that is 
associated with use of V2RAs, a side-effects that can deter patients as 
well as prescribing nephrologists from treatment with these drugs. 
Possible strategies to improve V2RA tolerability by reduction of 
aquaresis will be introduced, most notably by co-treatment with the 
antihypertensive diuretic drug hydrochlorothiazide. Finally, there will 
be a side-step to one of the most common complications in ADPKD, 
hypertension, and its treatment. This side-step bears relevance to the 
potential use of hydrochlorothiazide as an anti-aquaretic treatment 
in practice, and introduces some potential concerns.

Autosomal dominant polycystic kidney disease

Autosomal dominant polycystic kidney disease (ADPKD) is the most 
common hereditary kidney disease[1]. It is characterized by the 
formation of numerous cysts in both kidneys that cause the kidneys 
to grow over time, in extreme cases up to sizes of well over 6 liters 
each[2]. The formation of cysts destroys healthy kidney parenchyma 
and causes progressive kidney function decline, eventually leading 
to kidney failure in 70% of all affected cases[3]. Furthermore, the 
progressive growth of the kidneys leads to all kinds of complaints 
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1related to abdominal fullness, such as pain, decreased appetite, 
early satiety, weight loss, and inguinal, umbilical and diaphragmatic 
hernias. Typical ADPKD progression and the most common 
symptoms are summarized in  Figure 1.

Figure 1. Typical disease progression in ADPKD

ADPKD is a monogenetic disease, in most cases caused by a mutation 
in the PKD1 gene (approximately 80% of cases) or the PKD2 gene 
(approximately 15% of cases)[4]. In recent years a number of other 
mutations have been identified that are responsible for part of the 
last 5% of cases, such as GANAB and DNAJB11[4, 5]. The mutations in 
PKD1 and PKD2 cause impairment or dysfunction of the polycystin-1 
or polycystin-2 protein, which (among other functions) regulate 
calcium influx into the kidney epithelial cell[6]. In ADPKD, lower 
levels of intracellular calcium lead to upregulation of intracellular 
cyclic adenosine monophosphate (cAMP). Through a complex and 
partly understood pathway this upregulation in cAMP eventually 
leads to increased cell proliferation, cell growth, fluid transport and 
ultimately cyst formation[6]. 
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Although ADPKD is relatively rare, with a prevalence of 3-4:10 000 
people, its progressive nature makes that 1 out of every 10 patients 
that receives kidney replacement therapy (dialysis or transplantation) 
has ADPKD as underlying cause for their kidney failure[7]. Both 
dialysis and kidney transplantation are associated with morbidity, 
mortality and great financial costs. ADPKD, consequently, is a large 
burden, not only for affected families, but also for society as a whole. 
Therefore, it is of great importance that new therapies are found 
and existing therapies are optimized. One treatment target that 
has been extensively researched in previous years is vasopressin 
(also known as antidiuretic hormone), which regulates intracellular 
cAMP levels. Vasopressin has been shown to be pivotal in ADPKD 
pathophysiology.

cAMP and vasopressin: importance in ADPKD and 
physiology

A large amount of preclinical data led to the identification of cAMP 
and vasopressin as possible treatment targets in human ADPKD. In 
vitro, cAMP stimulates proliferation of polycystic kidney epithelial cells. 
Furthermore, it was found that one of the key regulatory hormones of 
cAMP, vasopressin, had a receptor (V2 receptor) that localized at the 
main sites of cyst formation within the nephron[8-10]. Additionally, 
high levels of circulating vasopressin were found in polycystic kidney 
disease animal models, and patients with ADPKD[8, 11-14]. These 
findings led to testing of vasopressin V2 receptor antagonists in 
several animal models of polycystic kidney disease, which showed 
a negative effect on cystogenesis[11, 12, 15]. Moreover, genetic knock-
out of vasopressin in animals caused a drastic decrease in cystic 
phenotype, which could be rescued by administration of exogenous 
vasopressin V2 receptor agonist[16]. 

Vasopressin is  well-known for its role in volume homeostasis in 
the body. When released from the neurohypophysis it can bind to 
various vasopressin receptors (V1a, V1b and V2), exerting various 
effects throughout the body [17].  Volume homeostasis is primarily 
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1regulated by the vasopressin V2 receptor that is located in the 
collecting duct, and its second messenger cAMP. Binding to the V2 
receptor causes a cascade that ultimately leads to water channels 
(aquaporin-2) being built into the apical cell membrane of the 
principal epithelial cell, thus allowing water to be reabsorbed from 
the pre-urine into the blood stream. Depending on the vasopressin 
activity, urine osmolality can vary from very dilute (no vasopressin 
activity, 50 mOsm/kg) to very concentrated (1200 mOsm/kg)[18]. 

There are two main stimuli for vasopressin secretion[17]. The primary 
stimulus under physiological conditions is the ‘effective’ osmotic 
pressure of plasma, caused by osmolytes (solid particles, e.g. 
sodium) that do not freely cross the cell membrane[19]. Changes 
in osmotic pressure are measured by osmoreceptors located in the 
hypothalamus. The second stimulus is that of pressure sensitive 
receptors in the cardiac atria, the aorta and carotid sinus, which 
cause secretion of vasopressin after drops in blood pressure and 
plasma volume. It is important to realize that vasopressin secretion is 
far more sensitive to changes in osmotic pressure, than to changes in 
volume status (Figure 2). An increase in plasma osmolality of just 1%  
will cause vasopressin secretion, while a decrease in plasma volume 
up to 10% may have no effect at all[19]. However, once a certain 
threshold in volume depletion has been reached, vasopressin release 
increases exponentially.

When it comes to osmotic stimuli, not all osmolytes have equal 
effects. Out of all osmolytes, the osmoreceptors are most sensitive to 
changes in sodium chloride, which is the most abundant part of 
plasma osmolality[17]. The receptors are far less sensitive to changes 
in plasma osmolality as a consequence of urea or glucose infusion[20]. 
These differences may come from the different rates at which the 
osmolytes move from plasma into the osmoreceptor neurons. 
Another contributing factor could be that urea is diffusible and easily 
transportable across cell membranes and thus does not contribute 
to effective plasma osmolality, or at least to a lesser extent than 
sodium[21]. 
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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[17] and Dunn et al, 
J Clin Invest 1973, [19] 

An additional effect of vasopressin is the effect on glomerular 
filtration rate (GFR). As the effect of plasma vasopressin increases, so 
increases GFR, thereby causing relative glomerular hyperfiltration[22]. 
Already in the early 80’s the hypothesis was formed that glomerular 
hyperfiltration may be detrimental due to continuous strain on the 
glomerulus[23, 24]. As glomerular hyperfiltration is a characteristic 
of multiple forms of chronic kidney disease (CKD), among which 
diabetic kidney disease as well as ADPKD, vasopressin has been 
implicated as a possible treatment target[22]. Especially in the case 
of ADPKD the targeting of vasopressin made sense, where there is 
the additional (and possibly more important) detrimental effect of 
its second messenger cAMP, which promotes cyst growth[8, 22, 25]. 
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1cAMP and vasopressin: potential treatment targets in 
ADPKD

Based on the preclinical results, vasopressin and cAMP were proven 
to play a pivotal role in ADPKD pathophysiology. These findings 
provided the rationale to intervene on these targets, with non-
pharmacological as well as pharmacological strategies.

One modifying strategy aimed at cAMP that has been proposed is 
through lifestyle interventions aimed at modifying vasopressin levels. 
A large study of the general population showed that plasma copeptin 
(a surrogate marker of vasopressin) was associated with sodium 
excretion, urea excretion, potassium excretion, systolic blood pressure, 
smoking, alcohol use, use of glucose lowering drugs, higher body 
mass index (BMI) and higher plasma glucose[26]. A small randomized 
controlled trial (RCT) in ADPKD patients showed that a combination 
of low water intake and low osmolar intake could decrease plasma 
vasopressin[27]. Whether these associations in the general population 
are also present in ADPKD patients, whether there is a causal link, and 
whether lifestyle intervention on plasma vasopressin levels would 
ameliorate disease progression is not known. 

Several observational studies have investigated the association 
between estimated salt and protein intake and ADPKD disease 
progression. In 241 early-stage ADPKD patients sodium excretion 
was associated with more rapid kidney volume growth, but not 
eGFR decline[28]. In a post-hoc analysis of the HALT-PKD study that 
included 1044 ADPKD patients sodium excretion was associated with 
eGFR decline in patients with later-stage disease, but not in patients 
with early stage disease[29]. The effect of a low  protein intake on 
rate of eGFR decline has been studied in a post-hoc analysis of the 
Modification of Diet in Renal Disease (MDRD) study, in which low 
protein diet was  compared to a usual diet (study A) and a very 
low-protein diet was compared to a low protein diet (study B)[30]. 
In the subgroup of 200 ADPKD patients there were no significant 
differences in either sub-study, the results however were deemed 
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inconclusive by the authors, among others due to lack of statistical 
power[31].

A pharmacological approach to downregulate cAMP that has been 
studied is treatment with somatostatin analogues. Somatostatin, like 
vasopressin, is a hormone that regulates cAMP. Three randomized 
controlled trials (ALADIN 1, ALADIN 2 and DIPAK 1) investigated 
treatment with somatostatin analogues[32-34]. Unfortunately, all 
three had negative findings for their primary end-point, although 
there were indications in all three studies that there may still be some 
effects of somatostatin analogues, based on secondary outcomes. 
The largest of the three, the DIPAK I trial, was conducted within The 
Netherlands. 309 ADPKD patients were randomized to 120 week (> 2 
years) treatment with somatostatin analogue lanreotide or standard 
care at 1:1 ratio[34]. Both groups showed similar eGFR decline (-3.58 
vs -3.45 mL/min/1.73m2 per year, p=0.9). Lanreotide did significantly 
slow kidney volume growth by 25% (4.15%/year vs. 5.56%/year, p=0.02). 
Based on these results somatostatin analogues are not currently 
prescribed to slow down disease progression.

Based on the animal models that showed clear efficacy of vasopressin 
V2 receptor antagonists in rodent polycystic kidney disease, human 
trials were designed to test these drugs. The first large phase 3 
trial was the TEMPO 3:4 trial. TEMPO 3:4 was designed as a large 
double-blind randomized controlled trial, 1445 ADPKD patients were 
included and randomized in 2:1 ratio to receive the vasopressin V2 
receptor antagonist tolvaptan or placebo for a period of 3 years[8]. 
This trial showed that tolvaptan slowed kidney volume growth by 49% 
(2.8 vs. 5.5%/year, p<0.001), and eGFR decline by 26% (-2.72 vs. -3.70 
mL/min/1.73m2 per year, p<0.001)[35].  These results were confirmed 
in  the REPRISE trial, in which 1370 ADPKD patients participated, in 
this study eGFR decline was decelerated by 35% (-2.34 vs. -3.61 mL/
min/1.73m2 per year, p<0.001)[36]. Based on these results tolvaptan 
was approved for treatment of ADPKD in Europe, Japan, Canada and 
the United States of America.
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1Aquaretic side-effects of vasopressin V2 receptor 
antagonists

By blocking the vasopressin V2 receptor cystogenesis is retarded, 
but also all normal functions of an activated V2 receptor are 
blocked. This results in a state of nephrogenic diabetes insipidus: 
because vasopressin cannot agonize the V2 receptor, water channel 
aquaporin-2 cannot be built into the apical membrane of the 
principal epithelial cell of the collecting duct, and no (or limited) water 
can be reabsorbed into the blood stream. This results in aquaretic 
side-effects: polyuria of on average 6-8 L per day, polydipsia, thirst, 
pollakisuria and nocturia[37-39]. In the TEMPO 3:4 trial, 78% of patients 
using tolvaptan reported at least one aquaretic side-effect[39]. 23% of 
the tolvaptan-treated group did not complete the 3-year trial versus 
14% in the placebo-treated group. Younger patients were particularly 
likely to discontinue tolvaptan treatment due to side-effects, this is 
unfortunate as these are also the patients who can benefit most 
from long-term treatment[39, 40]. Out of the tolvaptan-treated 
patients that did complete the trial 45% could not tolerate the target 
dose of 120 mg daily[35]. Especially since tolvaptan is currently the 
only proven disease modifying agent in ADPKD, there is a need for 
improvement of its tolerability. 

Potential strategies to reduce the aquaretic side-effects in tolvaptan 
treated patients could be based on strategies that are used in 
nephrogenic diabetes insipidus of other causes. Osmolar intake is 
known to be a determinant of urine volume in nephrogenic diabetes 
insipidus of different origins, therefore, osmolar restriction could 
help[41-43]. 

Alternatively, a recent investigation showed that metformin 
reduces urine volume in tolvaptan-treated mice, and may therefore 
be a treatment option in humans[44]. Interestingly, it has been 
suggested that metformin could also be used as a renoprotective 
treatment in ADPKD. It has been shown that cystic cells in both 
humans and mice have defective glucose metabolism, characterized 
by upregulated aerobic glycolysis. In experimental studies, forced 
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activation of AMP-activated protein kinase (AMPK) has been shown 
to restore the defective glucose metabolism that is characteristic 
in the pathobiology of cystic cells[45]. Metformin is known to be a 
stimulator of AMPK[44]. Therefore, treatment with metformin may 
(partially) reverse the pathologic hyperglycolytic state, and could 
potentially slow down the rate of kidney function deterioration in 
ADPKD-patients[45-47].

Especially additional treatment with thiazide diuretic 
hydrochlorothiazide could be promising. Pharmacological treatment 
of nephrogenic diabetes insipidus with hydrochlorothiazide has 
been used for over 50 years, and can decrease urine production by 
30%[48-50].  Furthermore, hydrochlorothiazide is commonly used as 
first- or second-line antihypertensive treatment in ADPKD and non-
ADPKD populations.

Potential treatment of aquaretic side-effects of vasopressin with 
metformin or an antihypertensive, more specifically a diuretic, is 
interesting, but in ADPKD-patients there are additional concerns 
compared to treatment of ‘regular’ nephrogenic diabetes insipidus. 
Most importantly: one would not want to accelerate ADPKD disease 
progression and/or diminish the renoprotective effect of tolvaptan, 
by treating its side-effects. To fully understand possible implications 
and consequences some knowledge of hypertension in ADPKD and 
its current treatments, is required.

Hypertension in ADPKD

The first noticeable symptom of ADPKD is often hypertension, which 
occurs in 70-80% of patients before any significant reduction in 
kidney function (Figure 1)[51, 52]. Adequate treatment of hypertension 
is important, as hypertension leads to more cardiovascular 
complications, which are the primary cause of mortality in ADPKD[53]. 
Treatment of hypertension may be especially important in ADPKD 
compared to essential hypertension, as it is associated with more 
end-organ damage at the same age [54]. 
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1The renin-angiotensin-aldosterone system (RAAS, the hormone 
system that regulates blood pressure and fluid and electrolyte 
balance) is thought to play a major role in the pathophysiology of 
hypertension in ADPKD. Circulating renin and aldosterone values 
are higher in ADPKD patients compared to matched hypertensive 
controls with kidney disease of other origin, and intrarenal RAAS 
was proven to be disproportionally upregulated[55-58]. It has been 
hypothesized that kidney cysts put pressure on the renal arteries, 
causing relative ischemia, which leads to an increase of renin 
secretion[58, 59]. 

Figure 3. Hypothesized pathophysiology of hypertension in ADPKD.  
Adapted from Schrier, JASN, 2009 [60].

Due to the findings of upregulated RAAS-system early in the ADPKD 
disease course, and its association with progressive kidney function 
decline it has been hypothesized that hypertension in general and 
the RAAS-system in particular could play a prominent, causal role 
in cyst growth and kidney function decline in ADPKD (Figure 3)[60].



Chapter 1  

20

Current treatment of hypertension in ADPKD

Little evidence exists as to what antihypertensive agents should 
be prescribed in ADPKD. Currently, the consensus is that first-line 
treatment should be RAAS-blockade with either an ACE-inhibitor 
or an angiotensin receptor blocker[61]. This is in line with the 
recommendations for chronic kidney disease patients in general, 
although it should be noted that RAAS-blockade is especially 
beneficial in chronic kidney disease patients with proteinuria, a 
complication that is relatively uncommon in ADPKD patients[62, 
63]. Nevertheless, as mentioned before, hypertension in ADPKD is 
thought to be a consequence of increased RAAS-activity, therefore 
counteracting this system makes sense. 

With regard to second-line antihypertensive treatment, on top 
of RAAS-blockade, there is no clinical evidence at all. Possible 
treatment options include calcium channel blockers, beta blockers, 
alpha blockers and (thiazide) diuretics (e.g. hydrochlorothiazide). The 
report of the ADPKD KDIGO Controversies Conference states that the 
choice can be influenced by comorbid conditions (e.g. beta blockers 
in patients with angina pectoris), however, more often than not there 
are no significant comorbidities, especially in early-stage ADPKD 
when hypertension first occurs[61]. What remains as guidance for 
second-line antihypertensive treatment is expert opinion and pre-
clinical data. 

Calcium channel blockers or thiazide diuretics are often considered 
the drug of second-choice in non-ADPKD chronic kidney disease, 
and seem to outperform beta blockers and alpha blockers in these 
populations[64, 65]. However, there are theoretical arguments 
against both in ADPKD[6, 66]. Ex vivo, calcium channel blockers 
lower intracellular calcium. As a consequence, theoretically, calcium 
channel blockers could increase intracellular cAMP, tubular cell 
proliferation, accelerate cyst growth and ultimately, accelerate 
kidney function decline[61]. Indeed, one animal study showed more 
rapid disease progression in mice with polycystic kidney disease that 
were treated with calcium channel blocker verapamil[67].
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1The use of diuretics  is faced with two primary concerns: (1) diuretics 
increase RAAS-activity, and (2) diuretics are said to increase plasma 
vasopressin levels. The first statement is true, multiple studies show 
that RAAS-activity is increased by thiazide diuretics as well as loop 
diuretics[68, 69]. However, the detrimental role of RAAS-activity per 
se has not been proven. Whether thiazide diuretics truly increase 
plasma vasopressin levels is not known. Diuretics cause volume 
depletion, but is this to an extend that vasopressin secretion will be 
triggered (Figure 2)? There is some evidence that this is the case 
for loop diuretics[70-72]. For thiazide diuretics, which have a smaller 
effect on volume status, this has never been convincingly shown. 
Thiazide diuretics can cause hyponatremia. It has been suggested 
that this hyponatremia could be the consequence of vasopressin 
secretion, triggered by isotonic volume depletion [73-77]. However, 
thiazide-caused hyponatremia may also be a consequence of other 
mechanisms, in which case the osmotic decrease would lead to lower 
vasopressin levels (Figure 2). Some more recent papers suggests that 
the latter hypothesis may be true[68, 78, 79]. If thiazide treatment 
leads to lower levels of vasopressin, this might even be beneficial to 
the progression of ADPKD.

Given the concerns about thiazide diuretics, these agents require 
further investigation, both as a treatment for hypertension, and as a 
potential anti-aquaretic therapy in treated patients that are treated 
with a vasopressin V2 receptor antagonist.

OUTLINE AND AIMS OF THE THESIS

Given the recent advances in treatment of ADPKD a new era has 
begun. With the registration of vasopressin V2 receptor antagonists, 
ADPKD has gone from untreatable to treatable. One of the challenges 
now is to improve treatment tolerability for as many patients as 
possible. The most notable hurdle in this respect is the massive 
aquaresis caused by vasopressin V2 receptor antagonists, which 
impacts tolerability of these agents for many patients. However, 
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there are also other vasopressin and V2RA-related issues that need 
to be addressed.

As of February 2017, the vasopressin V2 receptor antagonist tolvaptan 
can be prescribed to ADPKD patients in The Netherlands. Until then, 
no disease modifying therapy was available for ADPKD. Because 
ADPKD was untreatable, the Dutch guidelines did not advice pre-
symptomatic screening in (adult) children of ADPKD patients. The 
emergence of disease modifying therapies for ADPKD sheds a new 
light on an old discussion: should at-risk individuals be screened? In 
Chapter 2 the pros and cons of screening of asymptomatic people 
with a family history of ADPKD are discussed. 

Because vasopressin plays a pivotal role in the pathophysiology of 
ADPKD and because it has been shown to be an effective treatment 
target it is of interest to study modifiable lifestyle factors that could 
influence this hormone. Chapter 3 investigates the associations 
between lifestyle factors and plasma copeptin (a surrogate marker 
of vasopressin) in a combined cohort of American and Dutch ADPKD 
patients.

 In Chapter 3, dietary salt intake was associated with plasma copeptin 
in untreated ADPKD patients. Therefore, in Chapter 4, the relation 
between dietary salt and protein intake, vasopressin and disease 
progression in ADPKD are investigated.   

As eluded to earlier in the introduction, (thiazide) diuretics such as 
hydrochlorothiazide may also affect plasma vasopressin levels and 
ADPKD disease progression. Therefore, the association between 
use of thiazide diuretics and vasopressin, RAAS-activity and 
kidney function decline were investigated in a combined cohort of 
participants of the DIPAK1 trial and the DIPAK observational cohort. 
The results are described in Chapter 5. 

In the analyses that were performed for Chapter 5, we also evaluated 
the associations of non-diuretic antihypertensives with disease 
progression in ADPKD. To our surprise, the use of calcium channel 
blockers was associated with more rapid eGFR decline, but only within 
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1the DIPAK1 study. Dihydropyridine calcium channel blockers (e.g. 
amlodipine, most commonly used) are known to cause vasodilatation, 
especially in the afferent renal arteriole [80]. This may cause relative 
glomerular hyperfiltration, which could be detrimental[24, 81]. The 
association between use of calcium channel blockers and kidney 
end-point was investigated in a general population cohort, described 
in Chapter 6.

In patients who have rapid disease progression  V2RA tolvaptan may 
be initiated. This will lead to aquaretic side-effects. In Chapter 7 we 
investigated what the main determinants of urine volume are in 
these patients.

As a pharmacological approach to influence aquaresis in V2RA-treated 
ADPKD patients we considered co-treatment with the somatostatin 
analogue Lanreotide. In Chapter 8 we performed a post-hoc analysis 
of the DIPAK-1 trial, investigating its associations with aquaretic 
markers (e.g. urine volume) and vasopressin (measured as copeptin) 
in patients who were not treated with a V2RA.

Another potential pharmacologic approach to treat aquaretic side-
effects in V2RA-treated patients could be with the antihypertensive 
hydrochlorothiazide. Chapter 9 describes a case-report of a 
patient who was treated with V2RA tolvaptan, and received 
hydrochlorothiazide as co-treatment for his therapy resistant 
hypertension. The effects on urine volume, disease progression and 
vasopressin (as measured by copeptin) are reported.

Based on the results of tolvaptan-hydrochlorothiazide co-treatment 
in the case report, and literature that described tolvaptan-metformin 
co-treatment in rats we designed a randomized, placebo-controlled, 
double blind, cross-over trial. In this trial patients that were on stable 
tolvaptan treatment received co-treatment with hydrochlorothiazide, 
metformin or placebo. The results are reported in Chapter 10. The 
primary outcome is 24-hour urine volume, as a measure of aquaretic 
side-effects. Whether co- treatment of hydrochlorothiazide and 
tolvaptan affects disease progression was additionally studied in a 
mouse model of polycystic kidney disease.
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