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Abstract
The antidiuretic hormone vasopressin is crucial for regulat-
ing free water clearance in normal physiology. However, it
has also been hypothesized that vasopressin has deleteri-
ous effects on the kidney. Vasopressin is elevated in animals
and patients with chronic kidney disease. Suppression of
vasopressin activity reduces proteinuria, renal hypertrophy,
glomerulosclerosis and tubulointerstitial fibrosis in animal
models. The potential detrimental influence of vasopressin
is probably mediated by its effects on mesangial cell prolif-
eration, renin secretion, renal hemodynamics, and blood
pressure. In this review, we discuss the increasing body of
evidence pointing towards the contribution of vasopressin
to chronic kidney disease progression in general and to au-
tosomal dominant polycystic kidney disease in particular.
These data allude to the possibility that interventions direct-
ed at lowering vasopressin activity, for example by the ad-
ministration of vasopressin receptor antagonists or by drink-
ing more water, may be beneficial in chronic kidney disease.
Copyright © 2011 S. Karger AG, Basel

Introduction

Vasopressin is a nonapeptide hormone that is derived
from a precursor synthesized in the hypothalamus. It is
transported to the pituitary gland, where it is secreted in
reaction to an increase in plasma osmolarity and a de-
crease in effective circulating volume [1]. Vasopressin is
also synthesized in response to stress. There are three re-
ceptor subtypes known that can bind vasopressin, the
Vla, V1b and V2 receptors. The V1a and V2 receptors
mediate a number of different cellular effects, many of
which are part of a response leading to water conserva-
tion. The V1areceptor islocalized in smooth muscle cells,
the liver and the kidney. In the kidney, the Vla receptor
is mainly localized in the interlobular arteries, the de-
scending vasa recta, the macula densa and the collecting
duct [2]. Activation of the V1a receptor results in an in-
crease in blood pressure by vasoconstriction. This in-
creased vasoconstriction is the result of a direct effect on
smooth muscle cells and of an indirect effect caused by
increased renin secretion [3]. A complex interplay be-
tween Vla- and V2-receptor-mediated effects has been
suggested [4, 5]. The V1b receptor is located in the adeno-
hypophysis. Activation results in ACTH and subsequent
cortisol release. This receptor is considered important for
temperature regulation, memory and especially the stress
response [6, 7]. The V2 receptor is found in the kidney
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and is predominantly localized in the collecting duct, but
also in the macula densa and the thick ascending limb of
Henle. Stimulation of the V2 receptor by vasopressin in-
creases water reabsorption primarily by inserting aqua-
porin-2 water channels into the apical cell membrane of
the collecting duct. Furthermore, it also increases urea
reabsorption through the urea transporters UTA1 and
UTA3. Sodium reabsorption is increased by a dose-de-
pendent V2-receptor-mediated effect of vasopressin on
the Na-K-Cl cotransporter in the thick ascending limb of
Henle, on the Na-Cl cotransporter in the distal convo-
luted tubule [8] and, most importantly, on the epithelial
sodium channel in the principal cells of the collecting
duct [9]. Vasopressin V2 receptor activation thus not only
increases free water permeability of the collecting duct,
but also regulates medullary osmolarity, the driving force
of water reabsorption. Subjects who lack vasopressin
(central diabetes insipidus) or are insensitive to vasopres-
sin (nephrogenic diabetes insipidus) have to drink large
volumes of water to prevent dehydration, illustrating the
physiologic importance of vasopressin.

Potential Deleterious Renal Effects of Vasopressin

Mechanisms

Although vasopressin has a pivotal role in normal
physiology, it has been hypothesized that in certain cir-
cumstances vasopressin may also have deleterious effects
on the kidney. Vasopressin is described to negatively af-
fect renal hemodynamics by increasing glomerular filtra-
tion rate (GFR) by two different mechanisms. Both mech-
anisms might induce glomerular hyperfiltration on the
short term. On the long term, this hyperfiltration will be
detrimental. It has been postulated that intrarenal recy-
cling of urea, triggered by vasopressin, might influence
GEFR adversely by modifying the composition of the tu-
bular fluid at the macula densa, thus affecting the inten-
sity of the tubuloglomerular feedback control of GFR [10-
12]. Vasopressin could furthermore potentially stimulate
the renin-angiotensin-aldosterone system directly be-
cause of the presence of V1a and V2 receptors in the mac-
ula densa.

Under physiological conditions, the renal vasculature
and total renal blood flow are relatively insensitive to the
action of vasopressin on the Vla receptor. However, in
pathological conditions, a renal vasoconstrictor response
is observed. In addition, vasopressin could theoretically
induce hypertension by a direct effect on vascular smooth
muscle through activation of the Vla receptor, or indi-
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rectly by V2 receptor-mediated increased tubular sodium
retention [5, 13]. On the other hand, some have suggested
that hypertension will be attenuated by vasodilation due
to prostaglandin release through Vla activation. Lastly,
vasopressin has been suggested to exert direct effects on
proliferation of mesangial cells and renal hypertrophy,
production of collagen and fibronectin and inhibition of
matrix metalloproteinase-2 [14, 15]. In summary, vaso-
pressin may have deleterious effects on the kidney by
causing increased glomerular pressure, renin release, hy-
pertension and mesangial cell proliferation.

Experimental Evidence

Several observations in experimental studies are in
line with a deleterious role for vasopressin in chronic kid-
ney disease (CKD). First, spontaneous vasopressin levels
have been found to be elevated in animal models with
CKD [16, 17]. Second, administration of DDAVP (1-des-
amino-8-D-arginine vasopressin or desmopressin, a va-
sopressin V2 receptor agonist) increased proteinuria
and worsened renal function after 5/6 nephrectomy in
Brattleboro rats, that are characterized by a genetically
determined vasopressin deficiency [18]. Deleterious ef-
fects were also observed in other models. Continuous
administration of desmopressin to rats, resulting in an
experimental SIADH (syndrome of inappropriate anti-
diuretic hormone secretion) model, induced renal histo-
pathologic abnormalities, such as dilatation of tubules,
and inflammatory cell infiltration, accompanied by sig-
nificant increases in the relative weight of the kidney
[19]. Desmopressin administration in uninephrectomized
DOCA-salt hypertensive rats (a model for salt-dependent
nonmalignant hypertension) led to worsening of hyper-
tension and renal histology and an increase in albumin-
uria [20]. Third, inhibition of vasopressin activity amelio-
rates renal disease in CKD animal models. In an experi-
ment in rats with 5/6 nephrectomy, vasopressin activity
was suppressed by adding water to the chow of these ani-
mals, thus inducing a high water intake. After 5 weeks of
high water intake, these rats had a lower percentage of
glomeruli with segmental lesions than rats that received
normal water intake [16]. In another study in rats with 5/6
nephrectomy, urinary volume increased and urinary os-
molarity decreased after the nephrectomy, suggesting im-
paired renal urinary concentrating capacity. Vasopressin
levels were found to be elevated compared to control rats.
When rats were forced to a high water intake, vasopressin
levels decreased, and blood pressure, proteinuria and
plasma creatinine were reduced [17]. When 5/6 nephrec-
tomy is performed in genetically vasopressin-deficient
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Table 1. Experimental studies investigating a renal protective role of vasopressin receptor antagonists in CKD (adapted from Torres et

al. [21])

Study Class of drug Animal model Results

Okada et al. V1aRA, V2RA DOCA-salt- and Adriamycin-treated rats both reduced blood pressure rise, the

[22], 1994 combination ameliorated histology

Okada et al. V1aRA, V2RA uninephrectomized DOCA-salt V2RA and combination reduced blood pressure
[23], 1995 hypertensive rats

Okada et al. V1aRA, V2RA 5/6 nephrectomized SHR both reduced proteinuria, proteinuria and
[24], 1995 arteriosclerosis

Okada et al. V1aRA, V2RA Adriamycin-treated rats both reduced proteinuria and histologic

[25], 1996 alterations

Kurihara et al. V1aRA uninephrectomized SHR reduced blood pressure, glomerular sclerosis
[26], 1996 and improved renal function

Naito et al. V2RA Sprague-Dawley rats prevented hypertrophy, tubular dilatation and
[19], 2001 interstitial infiltration

Bardoux et al. V2RA streptozocin-induced diabetes mellitus prevented rise in albuminuria

[27], 2003

Windt et al. V1aRA 5/6 nephrectomized rats, starting 2 weeks reduced proteinuria and glomerular sclerosis
[28], 2006 after surgery

Windt et al. V1aRA 5/6 nephrectomized rats, starting 6 weeks no effect

[28], 2006 after surgery

Okada et al. V2RA puromycin aminonucleoside nephrosis reduced proteinuria and kidney weight and
[29], 2009 improved renal function

Perico et al. V1a/V2RA 5/6 nephrectomized rats reduced hypertension, proteinuria and

[30], 2009

glomerular sclerosis

V = Vasopressin; RA = receptor antagonist; DOCA = deoxycorticosterone acetate; SHR = spontaneously hypertensive rats.

Brattleboro rats, compensatory renal hypertrophy and
CKD progression were attenuated when compared to rats
that do secrete vasopressin [18]. Further evidence sup-
porting a detrimental role for vasopressin in renal disease
progression can be derived from experimental studies us-
ing vasopressin receptor antagonists. These studies are
summarized in table 1, and are discussed in more detail
in the section on vasopressin receptor antagonists.

Human Evidence

In humans, evidence for the potential deleterious role
of vasopressin can be derived from observational data
and from intervention studies inducing an increase or a
decrease in vasopressin activity.

A retrospective analysis of data obtained in CKD pa-
tients participating in the MDRD study showed that
higher urinary volume and lower estimated urinary os-

Potential Deleterious Effects of VP in
CKD and Particularly ADPKD

molarity were associated with faster estimated GFR
(eGFR) decline [31]. Two possible explanations for this
relationship were offered. The first is that excessive fluid
intake may cause faster renal disease progression. The
other explanation is that, instead of the cause, a high uri-
nary volume with a low urinary osmolarity is merely the
result of faster renal disease progression, with vasopres-
sin thus as an innocent bystander. In our opinion, there
may be a third option: a high vasopressin level may have
caused faster renal disease progression. One of the clini-
cal manifestations of CKD is a defect in urinary concen-
trating ability [32]. Because of this concentrating defect,
higher vasopressin levels can be expected to compensate
for the urinary concentrating defect. These higher vaso-
pressin levels may in turn be causally related in renal dis-
ease progression, as suggested by the aforementioned an-
imal experiments. Unfortunately, vasopressin concentra-
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Fig. 1. Potential detrimental influence of vasopressin on the kid-
ney. Proposed sequence of events, illustrating how intrarenal re-
cycling of urea (arrows), triggered by vasopressin and essential to
the urinary concentrating mechanism, might influence GFR in-
directly by modifying the composition of the tubular fluid at the

tion was not determined in the MDRD study. Definite
conclusions on the role of vasopressin can therefore not
be drawn upon these data.

In general, studies in humans on the association be-
tween endogenous vasopressin concentration and onset
or progression of CKD are scarce. This may at least par-
tially be caused by the fact that direct measurement of
vasopressin is problematic. More than 90% of vasopressin
in the circulation is bound to platelets [33], vasopressin is
unstable in isolated plasma [34], and most vasopressin as-
says have relatively limited sensitivity. Recently, an assay

238 Kidney Blood Press Res 2011;34:235-244

macula densa and thus the intensity of the tubuloglomerular feed-
back control of GFR. This might induce glomerular hyperfiltra-
tion on the short term. On the long term, this hyperfiltration will
be detrimental (figure derived from Bankir and Kriz [10]).

has been developed to measure copeptin, the stable C-
terminal portion of the precursor of vasopressin [35]. Co-
peptin has been shown to be a reliable marker of vaso-
pressin secretion and appears to be a clinically helpful
method for indirectly assessing vasopressin plasma con-
centration [36]. For these reasons, in more recent clinical
research, copeptin is measured as a surrogate for vaso-
pressin concentration.

In the PREVEND study, a large observational com-
munity-based population study, it was found that a high
concentration of copeptin was associated with a low
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24-hour urinary volume and a high 24-hour urinary os-
molarity, consistent with normal physiology [37]. Fur-
thermore, this study showed that copeptin concentration
was positively associated with the amount of urinary al-
bumin excretion (fig. 2a), even after adjustment for po-
tential confounders. The association between albumin-
uria and copeptin was as strong as the association be-
tween albuminuria and known risk factors for albumin-
uria such as BMI, glucose and cholesterol (fig. 2b). In
patients with diabetes mellitus, both vasopressin and co-
peptin were found to be elevated [38, 39] and to be in-
versely associated with eGFR [40]. These cross-sectional
observations are in line with the aforementioned experi-
mental data showing that vasopressin promotes renal
damage. Unfortunately, these studies did not investigate
whether higher plasma copeptin levels predict eGFR loss.

This question was addressed in a study in 548 renal
transplant recipients. It was shown that plasma concen-
tration of copeptin predicted renal function loss over a
3.2-year follow-up period. This association was unmodi-
fied by adjustment for baseline eGFR, age, gender and
other known risk factors for renal function decline in re-
nal transplant recipients [41]. Similarly as in the PRE-
VEND study, regulation and action of copeptin were con-
sistent with normal physiology in this study, since at
baseline a positive association between plasma osmolar-
ity and copeptin concentration was found, as well as a
negative association between copeptin and 24-hour uri-
nary volume and fractional urea excretion, and a positive
association between copeptin and urinary sodium con-
centration as a surrogate for urinary concentrating ca-

pacity (fig. 3).

Potential Deleterious Effects of VP in
CKD and Particularly ADPKD

The most compelling evidence for a possible deleteri-
ous role of vasopressin in CKD can be derived from the
pioneering experiments by Bankir et al. [42]. In 6 healthy
volunteers, they showed that infusion of the vasopressin
V2 receptor agonist desmopressin did not change creati-
nine and 3,-microglobulin excretion, but increased albu-
minuria markedly [42]. This suggests that the rise in al-
buminuria was due to an increased glomerular leakage of
albumin. Desmopressin also increased albuminuria in
patients with central diabetes insipidus and in patients
with hereditary nephrogenic diabetes insipidus bearing
aquaporin-2 mutations. However, albuminuria was not
increased in patients with hereditary nephrogenic diabe-
tes insipidus bearing mutations of the V2 receptor. As
part of their experiment, rats were given ACE inhibitors
and angiotensin-2 receptor blockers, which blunted the
desmopressin-induced rise in albuminuria [42]. Given
these data, the albuminuric effect of vasopressin seems to
result from increased glomerular leakage, to require
functional vasopressin V2 receptors, and to be mediated,
at least in part, by the renin-angiotensin system.

Particularly Deleterious in Autosomal Dominant

Polycystic Kidney Disease?

There is a relatively large body of experimental evi-
dence suggesting that vasopressin may have a special
deleterious role in the process of cyst growth and renal
function decline in patients with autosomal dominant
polycystic kidney disease (ADPKD). ADPKD is the
most frequent hereditary kidney disease, characterized
by cyst formation leading to kidney enlargement and
renal failure. Activation of the vasopressin V2 receptor

Kidney Blood Press Res 2011;34:235-244 239
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in renal collecting duct cells results in an increase in
cAMP, which in the normal situation is inhibited by a
calcium influx in the cell. In ADPKD, however, this pro-
cess is not adequately inhibited. Mutations in the pkd1
or pkd2 gene cause a dysfunctional polycystin complex,
inducing a decrease in intracellular calcium. As a result,
intracellular cAMP rises, leading to cell proliferation
and cyst fluid secretion, and consequently to cyst growth
[43]. Furthermore, in animal models for ADPKD, vaso-
pressin is elevated and V2 receptor expression upregu-
lated [44, 45].

Subjects with ADPKD have a defect in urinary con-
centrating capacity. Gabow et al. [46] showed that this
defect is already present early in the disease and parallels
renal anatomical disruption by cysts: the more cysts, the
more impaired the concentrating capacity. This suggests
that ADPKD patients will have higher vasopressin levels
to maintain fluid balance. Unfortunately, this study did
not measure vasopressin or copeptin levels. This was
done in a study we performed in 102 ADPKD patients at
different stages of their disease [47]. Higher copeptin lev-
els were associated with more albuminuria, larger kid-
neys, lower renal blood flow and reduced GFR (fig. 4).
These associations were similar in males and females,
and independent of potential confounders. In these AD-

240 Kidney Blood Press Res 2011;34:235-244

PKD patients, plasma osmolarity was positively associ-
ated with copeptin, as expected. In contrast to the afore-
mentioned studies in the general population [37] and re-
nal transplant recipients [41], copeptin concentration was
however not associated with 24-hour urinary volume, 24-
hour urinary osmolarity or fractional urea excretion.
This suggests that in ADPKD patients, vasopressin may
not have the same physiologic consequences as in healthy
subjects and renal transplant recipients.

Taking these data into consideration, we formulated a
hypothesis of how vasopressin might be causally involved
in the final common pathway of GFR decline in CKD in
general, and in ADPKD in particular. In subjects with
lower GFR, interstitial fibrosis due to loss of functioning
nephrons will impair the normal medullary urea gradi-
ent. These subjects have therefore an impaired urinary
concentrating capacity and consequently lower urinary
osmolarity and higher urinary volume than subjects with
normal renal function [48, 49]. Higher vasopressin levels
will be necessary to maintain fluid balance. Patients with
ADPKD have an additional anatomical disruption of the
medullary architecture induced by cyst formation, which
will also negatively affect the urea gradient and conse-
quently diminish urinary concentrating capacity. Ac-
cording to this hypothesis, genetically determined pro-
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gressive cyst formation will lead to impaired water re-
absorption, in turn leading to higher vasopressin Genetic defect
concentration. At the same time, these higher vasopres- Cyst growth, Impaired
. . . . . . disruption of urinary
sin levels will result in disease progression via mecha- medullary concentrating
nisms discussed in the section on the deleterious effects architecture capacity
of vasopressin. These processes induce a vicious circle
predisposing to further cyst growth, distortion of renal
anatomy and renal function decline. Figure 5 depicts this
hypothesis schematically. N Higher
Isease vasopressin
progression levels
The Renoprotective Potential for Vasopressin b
Receptor Antagonists

In Chronic Kidney Disease

In the last two decades, several vasopressin antago-
nists have been developed. These drugs will provide the
possibility to prove whether vasopressin is causally in-
volved in renal disease progression. Several experimental
studies have shown that V1a or V2 receptor antagonists,
or both in combination, have a renoprotective effect in
CKD (table 1). In a recent study, treatment with a dual
Vla and V2 receptor antagonist, initiated 3 weeks after

Potential Deleterious Effects of VP in
CKD and Particularly ADPKD

Fig. 5. Schematic representation of the vicious circle by which va-
sopressin may lead to progressive renal function loss.

5/6 nephrectomy, lowered blood pressure, proteinuria
and glomerular sclerosis in Sprague-Dawley rats [50].
This effect was comparable to that of an ACE inhibitor or
an angiotensin-2 receptor blocker. The combination of
the vasopressin antagonist with an ACE inhibitor or an-
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Table 2. Experimental studies investigating a renal protective role of vasopressin receptor antagonists in polycystic diseases

Study Class of drug  Animal model Results

Gattone et al. V2RA PCK rats reduced renal cAMP levels, inhibited disease progression,
[45], 2003 (model for ARPKD) reduced systolic blood pressure

Gattone et al. V2RA CD1/pcy mice inhibited renal accumulation cAMP and decreased disease
[45], 2003 (model for nephronophthisis) development

Torres et al. V2RA Pkd2-/tm1Som mice reduced renal cAMP levels, prevented renal enlargement,
[44], 2004 (model for ADPKD?2) inhibited cystogenesis, protected renal function

Wang et al. V2RA PCK rats reduced renal cAMP levels, fibrosis, and kidney weight
[51], 2005 (model for ARPKD)

Meijer et al. V2RA PKD1 mice reduced cyst formation and kidney weight after 3 weeks’ admin-
[52],2011 (model for ADPKD1) istration; after 6 weeks effects were not significant anymore

V = Vasopressin; RA = receptor antagonist; ADPKD2 = autosomal dominant polycystic kidney disease caused by a mutation in the
pkd2 gene; ADPKDI1 = autosomal dominant polycystic kidney disease caused by a mutation in the pkdI gene.

giotensin-2 receptor blocker, however, did not offer sig-
nificantly more renoprotection. This suggests that part of
the renoprotective effect of vasopressin antagonism is
mediated by the renin-angiotensin system.

In ADPKD

Vasopressin V2 receptor antagonists have been shown
to reduce cyst growth and preserve renal function in var-
ious animal models for polycystic kidney disease. These
studies are summarized in table 2.

In human ADPKD, Torres et al. [53] analyzed data of
a dose-ranging study monitoring long-term effects of the
vasopressin V2 receptor antagonist tolvaptan. Forty-six
patients were randomized 1:1 to open-label, low dose
(45/15 mg) or medium dose (60/30 mg) of this drug. Their
data suggest that the medium dose of tolvaptan during 3
years of follow-up slowed cyst growth and renal function
deterioration when compared to the low dose. A large,
phase 3, double-blind, placebo-controlled clinical trial is
currently being conducted in patients with ADPKD with
the same vasopressin V2 receptor antagonist, the TEM-
PO 3/4 study. This trial includes 1,445 patients with AD-
PKD who have relatively preserved renal function at
baseline (estimated creatinine clearance =60 ml/min),
but are anticipated to have progressive renal disease given
the inclusion criterion of a large total kidney volume
(=750 ml). The primary outcome is the difference in
growth rate in total kidney volume for tolvaptan com-
pared to placebo. Secondary outcome parameters include
time to multiple ADPKD progression events, such as time

242 Kidney Blood Press Res 2011;34:235-244

to a 33% change in serum creatinine or increase in albu-
minuria [54].

Vla versus V2 Blockade

The observation in animal models that blockade of
both the V1a and the V2 receptor offers renoprotection
suggests that stimulation of both receptors contributes to
progression of CKD. The relative contributions of the V2
and Vla receptors, however, are ill defined. The dissec-
tion of Vla- and V2-dependent effects may become an
important topic. Due to pharmacological blockade of the
V2 receptor, a compensatory rise in vasopressin plasma
levels is expected. In animal experiments, the rise in va-
sopressin is substantial [52], whereas in humans it has
been described to be mild and within the physiological
range. Whether this increase in vasopressin may have
deleterious or beneficial effects on the unblocked Vla
(and V1b) receptors is yet unknown and this question
needs to be addressed in future (clinical) studies. Of note,
an effect on both receptors simultaneously can theoreti-
cally also be obtained by decreasing plasma vasopressin
levels by means of increasing fluid intake. However, in
order to achieve effective vasopressin suppression, fluid
intake should be increased to obtain a urinary osmolar-
ity of less than 300 mosmol/l. Dependent on sodium and
protein intake, this implies increasing fluid intake to at
least 4-6 liters per day. Whether adherence to such an
advice is feasible for prolonged periods of time is ques-
tionable.
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Conclusion

Vasopressin has a crucial role in water homeostasis by
regulating free water clearance. Despite this essential role
for normal physiology, an increasing body of evidence
suggests that vasopressin also contributes to CKD pro-
gression. Plasma vasopressin levels are elevated in CKD
animal models, as well as in patients with diabetic and
nondiabetic nephropathies. Suppression of vasopressin

stitial fibrosis in CKD models. Particularly in ADPKD,
the most prevalent hereditary kidney disease, vasopres-

activity ameliorates glomerulosclerosis and tubulointer-
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