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Vasopressin: a novel target for the prevention 
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Abstract | After several decades during which little attention was paid to vasopressin and/or urine 
concentration in clinical practice, interest in vasopressin has renewed with the availability of new, potent, 
orally active vasopressin-receptor antagonists—the vaptans—and with the results of epidemiological 
studies evaluating copeptin (a surrogate marker of vasopressin) in large population-based cohorts. Several 
experimental studies in rats and mice had previously shown that vasopressin, acting via vasopressin V2 
antidiuretic receptors, contributes to the progression of chronic kidney disease; in particular, to autosomal 
dominant polycystic kidney disease. New epidemiological studies now suggest a role for vasopressin in the 
pathogenesis of diabetes mellitus and metabolic disorders via activation of hepatic V1a and/or pancreatic 
islet V1b receptors. The first part of this Review describes the adverse effects of vasopressin, as revealed by 
clinical and experimental studies in kidney diseases, hypertension, diabetes and the metabolic syndrome.  
The second part provides insights into vasopressin physiology and pathophysiology that may be relevant to the 
understanding of these adverse effects and that are linked to the excretion of concentrated nitrogen wastes 
and associated hyperfiltration. Collectively, the studies reviewed here suggest that more attention should be 
given to the vasopressin–thirst–urine concentration axis in clinical investigations and in patient care. Whether 
selective blockade of the different vasopressin receptors may provide therapeutic benefits beyond their 
present indication in hyponatraemia requires new clinical trials.
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Introduction
In the prescientific era, before today’s sophisticated 
methods were available, patients with renal disease were  
traditionally advised to drink abundantly ‘to help their 
kidneys wash out toxic products’. More than 60 years 
ago, Thomas Addis recognized that the excretion of toxic 
wastes (in a concentrated urine) represented ‘osmotic 
work’ for the kidney when he wrote “the treatment  
of glomerulonephritis is only a particular application of 
the general thesis that the major events in the kidney are 
determined by the amount of ‘osmotic work’ it is called 
on to do”.1 Major advances in renal replacement therapy, 
however, led to reduced attention being paid to the roles 
of fluid intake and osmotic control in patients with 
renal disease. Vasopressin levels were rarely measured, 
mainly because of the difficulty and limited sensitivity 
of the available assays. No adequate vasopressin- receptor 
antago nists were available. In most clinical investiga-
tions, high urine flow rates were (and still are) induced 
by oral water loads to ensure adequate urine collection—a 
process that dramatically reduces vaso pressin secretion 
and therefore obviously compromises the ability to detect 
any contribution of this hormone to the mechanisms or 
processes under investigation.

The lack of attention to fluid intake, vasopressin and 
osmotic control has changed over the past decade, with 

the availability of new investigative tools. Selective, non-
peptide, orally active vasopressin-receptor antagonists—
the vaptans—have been designed and proven to be safe in 
humans.2–6 Initially developed for the treatment of various 
forms of hyponatraemia, they also provide insights into 
the physiology and pathophysiology of various systems 
(because of the wide distribution of vasopressin recep-
tors) and may offer opportunities for future therapeu-
tic interventions. Another advance occurred with the 
avail ability of an immunoassay for copeptin, a surrogate 
marker of vasopressin that is co-secreted in equimolar 
amounts and is easier to measure.7,8 Its measure ment 
therefore provides an index of vaso pressin levels. The 
renewed interest in vasopressin has also been spurred by 
the cloning of the three vasopressin receptors, V1a, V1b, 
and V2,9–12 and the identification of organs and cell types 
that express these receptors. The role of vasopressin- 
receptor variants can now be examined in human cohorts. 
Several epi demiological studies have revealed interesting 
associations between 24 h fluid intake, urine volume, or 
copeptin level, and various indices of several diseases. 
Recent findings in the field of renal and metabolic dis-
eases obtained with these new approaches in the past 
3 years are summarized in Boxes 1 and 2.13–30

The reaction of the normal or injured kidney to 
chronic changes in water intake and the underlying 
mechanisms involved are still poorly understood. The 
optimal fluid intake for healthy individuals, and more 
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specifically for patients with renal disease, is still a matter 
of intense debate. For a long time, individuals were 
advised ‘to drink at least eight 8 oz (230 ml) glasses of 
water a day’;31 however, this advice led to great contro-
versy.32,33 Two publications agreed that there is no clear 
evidence that healthy individuals benefit from drinking 
this amount of water, but also conceded that there is no 
clear evidence of a lack of benefit.31,34 Evidence in support 
of either argument is simply lacking because valid clinical 
trials are not available.

Several experimental studies in rats and mice over 
the past 20 years have shown that, in addition to its 

positive action on water conservation, vasopressin 
can have adverse effects in the diseased kidney and 
other organs. The issues of optimal water intake and 
 vasopressin-receptor antagonism may therefore rep-
resent novel frontiers in the effort to slow progression 
of chronic kidney disease (CKD). Until now, efforts 
to retard (or even prevent) progression of CKD have 
mainly focused on reducing protein consumption, and 
more recently, on lowering blood pressure and renin– 
angiotensin-system (RAS) blockade. The outcomes from 
these approaches, however, remain far from satisfactory 
and additional approaches are therefore welcome.

The first part of this Review describes the adverse 
effects of vasopressin that have been revealed by recent 
clinical and experimental studies. The role of inappropri-
ate vasopressin secretion leading to hyponatraemia and 
the central effects of vasopressin on memory, anxiety 
and social or sexual behaviour (which are dependent on 
intracerebral release of the hormone) are not addressed 
here. In the second part, we provide some insights into 
vasopressin physiology and pathophysiology that may 
be relevant to the understanding of the adverse effects 
of vasopressin.

Kidney and metabolic diseases
Chronic kidney disease progression
In the past 3 years, several epidemiological studies from 
independent groups have suggested—for the first time in 
humans—a link between vasopressin and renal damage 
(Box 1). In population-based cohorts, the risk of CKD 
and the annual decline in estimated glomerular filtra-
tion rate (eGFR) were shown to be inversely correlated 
with 24 h fluid intake18 and urine volume (Figure 1a),14 
respectively. Independent studies identified positive 
associations between plasma copeptin concentration 
and renal function decline in kidney transplant recipi-
ents,15 and with albuminuria level in a population-based 
cohort17 (Figure 1b,c). One study of 273 patients with 
CKD stages 1–4 found a positive association between 
risk of dialysis initiation and baseline urine osmolality 
after adjusting for classic risk factors and competing 
risks. After 72 months, the probability of patients with 
baseline urine osmolalities of 315 mosm/l, 510 mosm/l 
and 775 mosm/l starting dialysis was 15%, 24%, and 
34%, respectively (adjusted sub-distribution hazard ratio 
2.04, 95% CI 1.06–3.92).20 A retrospective analysis of the 
MDRD trial is the only study in humans to suggest that a 
high urine flow rate is a risk factor for faster progression 
of CKD.35 This analysis was probably biased, however, 
because a large proportion of participants were receiving 
diuretics, which are known to increase vasopressin secre-
tion. In the presence of diuretics, however, the hormone 
is unable to reduce urine volume because d iuretics 
interfere with the urine-concentrating mechanism. The 
likelihood of a causal link between vasopressin and pro-
gression of CKD is strongly supported by a number of 
experimental studies (see Table 1 and below).36–45

In 1990, Bouby et al. were the first researchers to 
draw attention to the fact that vasopressin might have 
a role in CKD progression.36 In this study, vaso pressin 

Key points

 ■ Vasopressin is a hormone that is involved in water conservation, a function 
of marked importance for immediate survival; however, its long-term adverse 
effects have only recently begun to be appreciated

 ■ Vasopressin, acting via renal V2 receptors, might indirectly reduce the efficiency 
of sodium and urea excretion, and increase glomerular filtration rate, imposing 
an increased energetic demand on the kidney

 ■ In the long term, these vasopressin-induced changes might contribute  
to the progression of chronic kidney disease, diabetic nephropathy,  
and salt-sensitive hypertension

 ■ Vasopressin participates in cyst growth in autosomal dominant polycystic 
kidney disease; in a prospective 3-year double-blind placebo-controlled trial, the 
V2-receptor antagonist tolvaptan significantly slowed progression of this disease

 ■ Some studies suggest that vasopressin might participate in the regulation of 
glucose and lipid metabolism through actions on hepatic V1a and pancreatic 
islet V1b receptors

 ■ Various cohort studies have revealed associations between high copeptin level 
or low water intake and the prevalence or incidence of hyperglycaemia, type 2 
diabetes and the metabolic syndrome

Box 1 | Association studies suggesting a role for vasopressin in CKD

Studies based on water intake, urine volume or osmolality
Lower risk of CKD associated with higher fluid intake in two cross-sectional 
population-based studies of >2,000 people each18

Inverse association between annual eGFR decline over 6 years and baseline 24 h 
urine volume in a community-based cohort (n = 2,148)14

Higher 24 h baseline urine osmolality associated with faster GFR decline over 
6 years in patients with ADPKD from the CRISP cohort19

Increased risk of dialysis initiation associated with high baseline urine osmolality 
in patients with CKD stages 1–4 (n = 273)20

Studies based on copeptin
Decline in renal function after transplantation over 3.2 years positively associated 
with baseline plasma copeptin level (n = 548)15

Albumin excretion positively associated with plasma copeptin level in a 
subsample of the PREVEND population-based cohort (n = 7,593)17

Positive associations between copeptin level and markers of disease severity  
in 102 ADPKD patients16

Positive association of baseline plasma copeptin level with rate of decline  
in kidney function in 79 ADPKD patients over follow-up of 11 years13

High baseline copeptin level independently associated with ADPKD progression 
over a median follow-up of 8.5 years in patients of the CRISP cohort (n = 241)21

Studies based on selective V2-receptor antagonists
Reduction in the rate of increase in kidney volume in 63 patients with ADPKD 
treated with tolvaptan in an open-label study22

Tolvaptan slowed the increase in total kidney volume and the decline in kidney 
function over a 3-year follow-up in an RCT of 1,445 patients with ADPKD and 
relatively well-preserved kidney function at baseline30

Abbreviations: ADPKD, autosomal dominant polycystic kidney disease; CKD, chronic kidney 
disease; eGFR, estimated glomerular filtration rate; GFR, glomerular filtration rate; RCT, 
randomized controlled trial.
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concentration and urinary concentrating activity were 
reduced in 5/6 nephrectomized rats by providing their 
food in a water-rich gel. This protocol produced a signifi-
cant reduction in proteinuria, kidney hyper trophy, 
glomerular lesions, interstitial injury, and mortal ity 
compared with 5/6 nephrectomized rats fed dry food 
(Figure 2a,b).36,37 Similarly, when 5/6 nephrectomy 
was performed in Brattleboro rats (which genetically 
lack vasopressin) kidney hypertrophy, hyperfiltration, 
protein uria and progression of CKD were less pro-
nounced than in 5/6 nephrectomized rats with normal 
vasopressin secretion. In Brattleboro rats, CKD progres-
sion was aggravated by chronic infusion of dDAVP (also 
called desmopressin), a potent vasopressin V2-receptor 
agonist.38 Subsequently, Okada et al. showed that the 
selective blockade of either V1a or V2 receptors, using 
non-peptide antagonists, reduced urinary protein excre-
tion and histological alterations in the kidneys of rats 
with adriamycin-induced nephropathy, without alter-
ing blood pressure.40 Treatment of 5/6 nephrectomized 
rats with the selective V1a-receptor-antagonist YM218 
reduced proteinuria and focal glomerulosclerosis.46 In 
rats with puromycin aminonucleoside-induced nephro-
pathy, selective blockade of the V2 receptor with tolvap-
tan ameliorated proteinuria, reduced serum creatinine 
level and ameliorated podocyte damage.47 A recent study 
by Remuzzi’s group showed that the non-selective V1a/
V2-receptor antagonist RWJ-677070, given in drinking 
water, attenuated progressive parenchymal damage and 
proteinuria in subtotally nephrectomized rats.41 This 
effect was partially additive to that of RAS blockade.

Collectively, these studies in rats strongly support a 
role for activation of the V2 receptor (with a possible 
additional influence of the V1a receptor) in the pro-
gressive decline of renal function in CKD. They do 
not disclose, however, the mechanisms by which vaso-
pressin affects progressive renal damage. Some hints 
are provided by studies in normal rats. Vasopressin, by 
stimulating the V2 receptor, causes glomerular hyper-
filtration and kidney hypertrophy, as described below. 
We hypo thesize that, regardless of the aetiology of the 
renal impairment, vasopressin, analogous to high protein 
intake,48 participates in the progression of CKD, and 
further contributes to the vicious circle of kidney disease 
progression as described by Brenner.49

It is well known that cigarette smoking increases the 
risk of kidney and cardiovascular diseases and acceler-
ates progression of CKD.50,51 By contrast, modest alcohol 
consumption reduces the risk of renal disease progres-
sion.52 Interestingly, nicotine stimulates vasopressin 
secretion, whereas alcohol inhibits it and promotes 
diuresis.53 It is tempting to hypothesize that the benefi-
cial action of moderate alcohol consumption and the 
adverse effects of smoking may be, at least partially, 
mediated by their effects on vasopressin secretion and 
urine-concentrating activity.

The special case of ADPKD
The mechanism by which vasopressin induces loss of 
renal function in autosomal dominant polycystic kidney 

disease (ADPKD) has been elucidated. It involves direct 
effects on the cysts and therefore differs from the mecha-
nism involved in the progression of kidney diseases 
described above. Vasopressin stimulates the formation 
of cAMP, which is a potent stimulator of cyst growth in 
several rodent models of ADPKD and in cultured cells 
from human cysts.54–56 Vasopressin therefore presumably 
participates in the growth of cysts that originate from 
the distal nephron segments that express V2 receptors 
because it increases intracellular cAMP concentration.

The involvement of vasopressin in progression of 
ADPKD has been covered in many reviews;5,55,57–59 there-
fore, we shall deal only with some recent developments. 
The rationale for treating ADPKD with V2-receptor 
antagonists is strongly supported by several experi-
mental studies, the most impressive of which is that by 
Wang and colleagues.60 By crossing vasopressin-deficient 
Brattleboro rats with PCK rats suffering from hereditary 
polycystic kidney disease (PKD), Wang et al. generated 
rats with PKD that produced no vasopressin. At 10 weeks 
and 20 weeks of age, these rats had lower renal cAMP 
levels and almost complete inhibition of cystogenesis 
compared with PCK rats with intact vasopressin secre-
tion. Infusion of desmopressin (a selective V2-receptor 
agonist) increased renal cAMP levels and recovered the 
full cystic phenotype, demonstrating the key role for 
vasopressin in disease progression.60 In an in vitro study, 
addition of the V2-receptor antagonist, tolvaptan, to 
human ADPKD cells inhibited vasopressin-stimulated 
cell proliferation and fluid secretion.61

Among patients with ADPKD and relatively well 
preserved renal function from the CRISP (Consortium 
for Radiologic Imaging Studies of Polycystic Kidney 
Disease) cohort, higher 24 h urine osmolality at base-
line was associ ated with a faster decline in glomerular 
filtration rate (GFR).19 In a short-term (1-week) study 
of renal function in patients with ADPKD, tolvap-
tan reduced GFR by 8.6% and total kidney volume by 
3.1%.62 In 63 patients with ADPKD who were randomly 

Box 2 | Association studies suggesting a role for vasopressin in metabolic diseases

Studies based on water intake
Higher risk of hyperglycaemia over a 9-year period associated with baseline water 
intake <0.5 l per day in normoglycaemic adults of the population-based D.E.S.I.R. 
cohort (n = 3,615)24

Modest reduction in the risk of type 2 diabetes mellitus with substitution of 
sugary beverages with water in the ‘Nurses Health Study’ (n = 82,000 women)23

Studies based on copeptin
Positive association between baseline copeptin level and incident diabetes 
mellitus, obesity and albuminuria over a 12-year period in the population-based 
sample of the Malmö cohort (n = 4,742)29

High copeptin level predicted risk of microalbuminuria over a 15.8-year period, 
independently of incident diabetes mellitus and hypertension in a population-
based sample of the Malmö cohort (n = 2,064)27

Positive association between baseline copeptin level and incident type 2 diabetes 
over 7.7 years in women26

Studies based on genetics
Association of several vasopressin V1a-receptor polymorphisms with higher 
fasting blood glucose level, lower triglyceride level and a tendency toward  
an increased prevalence of diabetes mellitus in a cross-sectional study  
of a population-based cohort (n = 6,055)28
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matched in a 1:2 ratio to historical controls, treatment 
with tolvaptan for 3 years caused a significant reduction 
in total kidney volume and the rate of eGFR decline.22 
This study, however, was not double-blinded and did 
not include a placebo-control group. The reduction  
in kidney and cyst volume is an important end point in 
early stages of ADPKD at a time when cyst growth can be 
documented despite an only modest reduction in GFR.19 
The long awaited results from the TEMPO 3:4 (Tolvaptan 
Efficacy and Safety in Management of Autosomal 
Dominant Polycystic Kidney Disease and Its Outcomes) 
study25 are now published.30 This prospective, 3-year, 
multicentre, double-blind, placebo-controlled trial, 
involving 1,445 patients with ADPKD and relatively well-
preserved kidney function (aged <50 years and with total 
kidney volume ≤750 ml at inclusion), compared treat-
ment with the selective V2-receptor antagonist tolvap-
tan to treatment with a placebo. Tolvaptan significantly 
slowed the increase in total kidney volume and decline 
in kidney function. Kidney pain was also reduced as 
well as ADPKD-related adverse events. However, thirst, 
polyuria and nocturia were more frequent in the tolvap-
tan group than in the placebo group, leading to a higher 
di scontinuation rate (15.4% versus 5.0%).30

For the first time, therefore, antagonizing the anti-
diuretic effects of vasopressin has been shown to 
signifi cantly slow the progression of a kidney disease 
in humans. The TEMPO 3:4 study also proved the 
adverse influence of the V2-receptor-mediated actions 
of vasopressin on the human kidney in early ADPKD.30 
It should be emphasized that, in addition to interfering 
with the cAMP-dependent stimulation of cyst growth, a 
V2-receptor antagonist could also slow progression in 
ADPKD by interfering with the more general effects of 
vasopressin in CKD, described earlier.

An alternative approach to counteract the adverse 
effects of vasopressin in ADPKD (or CKD in general) is 
by increasing water intake.59 The theoretical background 

behind this approach is uncontroversial and a small 
pilot study showed that a mean 24 h urine osmolality 
of 285 mosm/kg H2O can indeed be reached over a few 
days by increasing water intake.63 Whether patients with 
ADPKD will be compliant with a high water intake over 
their lifetime is, however, uncertain.

Diabetes mellitus and metabolic syndrome
Concerns about the adverse effects of vasopressin have 
in the past focused on its vasopressor effects mediated 
by V1a receptors on vascular smooth muscle cells. Little 
attention was paid to V1a receptors expressed by hepato-
cytes9,64–67 and to V1b receptors expressed by cells of the 
pancreatic islets.68–72 In the liver, vasopressin stimulates 
glycogenolysis and gluconeogenesis (along with urea-
genesis), as does glucagon, but through activation of a 
different second messenger;73–75 the effects of glucagon 
and vasopressin may therefore be additive. In pancre-
atic Langerhans islets, V1b receptors are expressed in 
both alpha and beta cells and vasopressin stimulates 
the release of either glucagon or insulin depending on 
extracellular glycaemia.76 In healthy humans, infusion of 
vasopressin increases the plasma glucose concentration 
significantly; this increase is entirely accounted for by 
increased glucose production without evidence of altered 
glucose disposal.77 It is not known, however, whether 
increased glucose production is due to a direct action of 
vasopressin on the liver or whether it is secondary to the 
release of glucagon.

The finding that mice with deletion of either V1a or 
V1b receptors exhibit metabolic disorders,78–80 indicated 
a potential role for vasopressin in diabetes mellitus and 
the metabolic syndrome, and prompted epidemio logical 
studies in humans (Box 2). In their population-based 
cohort study, Enhörning et al. reported an association 
between variants of AVPR1A (which encodes the V1a 
receptor) and higher fasting blood glucose level, lower 
triglyceride level and an increased prevalence of diabetes 
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Figure 1 | Relationship between annual decline in eGFR or albuminuria and vasopressin-related indices in population-based 
cohorts. a | The decline in kidney function over a median of 5.7 years in 2,148 individuals is depicted according to their 
daily urine volume. An inverse, graded relationship was evident between urine volume and the rate of renal function decline 
(P = 0.02). Permission obtained from American Society of Nephrology © Clark, W. F. et al. Clin. J. Am. Soc. Nephrol. 6,  
2634–2641 (2011). Increasing quartiles of copeptin are significantly and positively associated with b | 24 h median UAE 
and c | with the percentage of individuals who are microalbuminuric. Data are from a subsample of 8,592 participants from 
the PREVEND study with urinary albumin concentration ≥10 mg/l. Differences across quintiles were tested using the 
Kruskal–Wallis test. Permission obtained from Nature Publishing Group Ltd © Meijer, E. et al. Kidney Int. 77, 29–36 (2010). 
Abbreviations: eGFR, estimated glomerular filtration rate; UAE, urinary albumin excretion.
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in individuals with a high fat intake. These features 
resemble the phenotype of the V1a receptor-knockout 
mouse.28 The researchers also reported a positive associ-
ation between plasma copeptin concentrations and the 
degree of insulin resistance in patients with prevalent 
diabetes.29 In a 12.6-year follow-up study of patients with 
the metabolic syndrome, the adjusted risk of developing 
diabetes mellitus or abdominal adiposity was progres-
sively and significantly higher with increasing quartiles 
of copeptin level, independent of established clinical 
risk factors including levels of fasting blood glucose 
and insulin.27,29 Finally, in the French population-based 

D.E.S.I.R. study, Roussel et al. found that the risk of 
developing hyperglycaemia during a 9-year follow-up 
was inversely and independently associated with daily 
water intake.24 After adjustment for classic confounders, 
participants who reported drinking more than 1 l water 
per day were 27% less likely to develop hyper glycaemia 
than those with a water intake below 0.5 l per day 
(P = 0.003). Further adjustments for intake of alcoholic 
beverages and sweet drinks reduced only modestly this 
association to 21% (P = 0.016).24

Elevated vasopressin concentrations are consist-
ently found in patients with poorly controlled type 1 or 

Table 1 | Studies in rats showing the involvement of vasopressin and V2Rs in CKDs, albuminuria and hypertension*

Study Rat strain Experimental model Treatment Main findings

Chronic kidney disease

Bouby et al. 
(1990)36

Sprague–
Dawley 

5/6 nephrectomy High water intake (food in 
water-rich gel) for 9 weeks

Reduced proteinuria, remnant kidney 
hypertrophy, glomerulosclerosis,  
and mortality

Sugiura et al. 
(1999)37

Sprague–
Dawley 

5/6 nephrectomy High water intake 
(3% sucrose) for 6 weeks

Improvement in creatinine clearance; 
reduced proteinuria and glomerular  
and interstitial lesions

Bouby et al. 
(1999)38

Brattleboro 
with DI

5/6 nephrectomy Intraperitoneal dDAVP 
infusion for 11 weeks

Increase in plasma creatinine level and 
proteinuria, worsening anaemia, greater 
rise in plasma urea than in plasma 
creatinine level

Bregman 
et al. (1990)39

Brattleboro 
with DI

5/6 nephrectomy Rats with DI compared  
to Munich–Wistar rats

No hyperfiltration in single glomeruli 
(measured by micropuncture)

Okada et al. 
(1996)40

Wistar Adriamycin-induced 
nephropathy

Selective V2R antagonist 
for 7 weeks

Reduction in proteinuria and attenuation 
of histological alterations in the kidney

Perico et al. 
(2009)41

Sprague–
Dawley 

5/6 nephrectomy 3 weeks 
before starting treatment

Combined V1aR/V2R 
antagonist in drinking water 
for 2 months

Reduction in blood pressure,  
proteinuria and glomerulosclerosis, 
additive to that induced by blockade  
of the renin–angiotensin system

Albuminuria

Bardoux et al. 
(2003)42

Wistar Normal Chronic infusion of 
intraperitoneal dDAVP 
for 1 week

Increase in albuminuria, reversible  
upon cessation of dDAVP infusion

Fernandes 
et al. (2002)44

Sprague–
Dawley 

Uninephrectomy
Moderate DOCA–salt 
protocol initiated after 
2 weeks of dDAVP infusion

Chronic infusion of 
intraperitoneal dDAVP  
for 8 weeks

Increase in albuminuria after 2 weeks; 
albuminuria dramatically aggravated 
during moderate DOCA–salt-induced 
hypertension

Diabetic nephropathy

Bardoux et al. 
(1999)43

Brattleboro 
with DI

Streptozotocin-induced DM Rats with DI compared  
with non-DI littermates

No hyperfiltration, less albuminuria  
and urinary glucose excretion, reduced 
kidney hypertrophy in DI compared  
with non-DI rats

Bardoux et al. 
(2003)45

Wistar Streptozotocin-induced DM Selective V2R antagonist 
mixed with food for 9 weeks

No increase in albuminuria; in 
untreated DM rats, hyperfiltration, 
albuminuria and mesangial area 
correlated with free water reabsorption

Hypertension

Fernandes 
et al. (2002)44

Sprague–
Dawley

Uninephrectomy
Moderate DOCA–salt 
protocol initiated after 
2 weeks of dDAVP infusion 

Chronic infusion of 
intraperitoneal dDAVP  
for 8 weeks

Rise in blood pressure by 10 mmHg; 
further aggravation during DOCA– 
salt-induced hypertension

Bardoux et al. 
(2003)42

Wistar ACEI in drinking water 
(2 weeks before dDAVP)

Chronic infusion of 
intraperitoneal dDAVP  
for 1 week

Increase in blood pressure (fully 
reversible after dDAVP withdrawal)

*Studies in animal models of polycystic kidney disease are not listed. Abbreviations: ACEI, angiotensin-converting-enzyme inhibitor; CKDs, chronic kidney 
diseases; dDAVP, desmopressin; DI, diabetes insipidus; DM, diabetes mellitus; DOCA, deoxycorticosterone acetate; V1aR, vasopressin V1a receptor; V2R, 
vasopressin V2 receptor. 
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type 2 diabetes mellitus, and in several animal models 
of diabetes mellitus.81–83 From a renal perspective, 
high vasopressin levels may be beneficial in the short 
term by limiting the amount of water required for the 
excretion of the high osmolar load presented by gluco-
suria.83,84 In the long term, however, vasopressin might 
cause adverse outcomes by aggravating hyperglycaemia 
and its sequelae, such as diabetic nephropathy. In this 
context, it is also of interest that copeptin concentrations 
are significantly associated with hypertension, abdomi-
nal obesity, inflammation (C-reactive protein level), and 
the metabolic syndrome, suggesting that increased activ-
ity of the vasopressin system may be ‘a unifying factor’ 

in the metabolic syndrome, thus pointing towards the 
vasopressin system as a potential therapeutic target for 
the treatment of metabolic syndrome and prevention of 
cardiovascular disease.85

Diabetic nephropathy and albuminuria
The best evidence of the importance of vaso pressin 
in kidney dysfunction in diabetes mellitus comes 
from animal studies. In contrast to diabetic Long–
Evans rats, which have normal vasopressin secretion, 
streptozotocin- induced diabetes in vasopressin- deficient 
Brattleboro rats does not produce the typical early renal 
features of diabetic nephropathy, such as an early increase 
in single nephron GFR or whole kidney creatinine clear-
ance, and increased renal mass.39,43 Moreover, urinary 
albumin excretion (UAE) increased to a lesser extent 
in Brattleboro rats with diabetes melli tus than in Long–
Evans rats with diabetes melli tus.43 In Wistar rats with 
diabetes mellitus, the typical rise in UAE was prevented 
by administration of a selective V2-receptor antagonist 
at doses that reduced urine osmo lality to a level close 
to plasma osmolality (Figure 2c).45 Interestingly, a wide 
inter-animal variability in the evolu tion of UAE over time 
was observed among diabetic rats in the control group 
(that is, in rats not receiving the antagonist). Creatinine 
clearance, UAE and relative glomerular mesangial area 
in these diabetic rats were all positively and signifi-
cantly correlated with solute-free water reabsorp-
tion (TcH2O), the best index of urine- concentrating 
activity (Figure 2c).45 This observation suggests that, 
in rats as in humans, the individual suscepti bility to 
diabetic nephropathy is variable. Presumably, vaso-
pressin, through its V2-receptor-mediated anti diuretic 
action, is a significant player in the genesis of this renal 
damage. Interestingly, a multivariate analysis of normo-
albuminuric patients with type 1 diabetes showed an 
independent association between intra-individual vari-
ation in GFR and simultaneous intra-individual variation 
in plasma vasopressin concentration.86 Together, these 
observations suggest a causal role of vasopressin in the 
onset and aggravation of renal complications in diabetes 
mellitus via activation of V2 receptors.

To our knowledge, whether V2-receptor stimulation 
contributes to diabetic nephropathy in humans has 
not yet been evaluated. This association is nevertheless 
strongly suggested by several independent observations. 
First, in healthy individuals, an acute infusion of desmo-
pressin reduced urine flow rate and increased urine 
osmolality (as expected), but also tripled UAE (P <0.01) 
without altering creatinine or beta 2-microglobulin 
excretion.42 Such an increase in UAE was not seen in 
patients with hereditary nephrogenic diabetes insipidus 
who had loss-of-function mutations in the gene enco ding 
the V2 receptor; however, an increase in UAE was seen 
in patients with either central diabetes insipidus or with 
nephrogenic diabetes insipidus as a result of AQP2 muta-
tions. The albuminuric effect of desmopressin therefore 
requires intact V2 receptors.42 Second, two epidemio-
logical studies have shown significant associ ations 
between copeptin level and UAE in population-based 
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cohorts. In the cross-sectional PREVEND study, the per-
centage of patients with microalbuminuria and the inten-
sity of UAE increased with increasing copeptin plasma 
concentrations (Figure 1b,c).17 In addition, in a 15-year 
follow-up study, a strong association was found between 
copeptin concentration and later onset of albumin uria, 
independent of prevalent or incident diabetes mellitus, 
and independent of hypertension.27

Hypertension
Vasopressin has long been assumed to participate in 
some forms of hypertension because of its potent V1a-
receptor-dependent constrictive effect in isolated blood 
vessels. In humans, however, no conclusive evidence 
has documented a role for V1a receptors in the genesis 
of high blood pressure. Administration of a selective 
V1a-receptor antagonist did not lower blood pressure 
in hypertensive patients,87 and no association was found 
between blood pressure and variants of AVPR1A (which 
encodes the V1a receptor).88 It has recently been pro-
posed, however, that vasopressin participates in the 
genesis of salt-sensitive forms of hypertension by stimu-
lating V2-receptor-mediated sodium retention by the  
kidney.89 Infusion of desmopressin increases blood 
pressure by 10 mmHg in normotensive uninephrecto-
mized rats44 and in normal rats during RAS block-
ade.42 Desmopressin also aggravates hypertension and 
albumin uria in rats with deoxycorticosterone acetate  
and salt-induced hypertension.44

A 2010 review addressed the potential adverse effects 
of V2-receptor activation on blood pressure,89 and we 
shall therefore only discuss some important issues. In 
the collecting duct, V2-receptor stimulation increases 
not only water permeability (through its influence on 
aquaporin-2 [AQP2]), but also sodium reabsorption, 
by activating the epithelial sodium channel (ENaC).90 
Of note, stimulation of ENaC requires a higher level 
of vasopressin (or desmopressin) than is required for 
its influence on AQP291 and is mediated by a different 
isoform of adenylate cyclase.92 Administration of desmo-
pressin reduces sodium excretion in healthy humans,89,93 
but not in individuals with loss-of-function mutations 
in the V2 receptor.94 Furthermore, the ability of healthy 
indivi duals to excrete a hypertonic salt load is markedly 
reduced when they are not water-loaded (as is usually 
the case in clinical investigations requiring urine col-
lection).95 Vasopressin-dependent sodium retention is 
independent of aldosterone and raises blood pressure 
transiently until the ‘pressure natriuresis’ mechanism 
normalizes sodium excretion.89,96 It has been shown that 
loss of night-time blood-pressure dipping, a strong pre-
dictor of target organ damage, is associated with a dis-
turbed circadian pattern of water and sodium excretion, 
character ized by inappropriately low urine flow rates 
during the day.97–99 Conceivably, either inappropriately 
high rates of vasopressin secretion, the potentiation of 
vasopressin effects by other mediators, or elevated thirst 
thresholds are involved in this process.

To our knowledge, only one major population-based 
study has clearly documented an association between 

plasma vasopressin concentration and blood pres-
sure.100 In 534 middle-aged subjects, plasma vasopressin 
concentration was 1.5-fold higher in hypertensive than 
in normotensive individuals (P <0.05). In untreated 
indivi duals, plasma vasopressin was correlated with 
both systolic and diastolic blood pressures. Of note, 
the relation ship between vasopressin level and blood 
pressure was particularly strong in participants with 
low renin levels.100 In fact, activation of V2 receptors 
might have a greater contribution to hypertension in 
individuals with low RAS activity; for example, African-
Americans.101 A retrospective study from Indiana, USA, 
showed that black individuals had significantly lower 
urine volumes and higher urine concentrations than did 
white individuals,102 in good agreement with previous 
reports that black individuals have higher concentrations 
of plasma vasopressin.103,104 In both ethnic groups, higher 
urine concentration and lower urine volumes were 
associ ated with significantly higher systolic and pulse 
pressures,102 indicative of increased vascular stiffness and 
cardiovascular risk.105 It is possible that treatment with a 
selective vasopressin V2-receptor antagonist might effi-
ciently reduce blood pressure in African Americans who 
do not respond well to RAS blockers.

A genome-wide association study demonstrated an 
association between blood pressure and polymorphisms 
in genes that are involved in heat adaptation, suggesting 
that genetic susceptibility to hypertension might have 
arisen through selection pressure during the human 
out-of-Africa expansion.106 Water conservation is one 
important aspect of heat adaptation; therefore, suscepti-
bility to hypertension might also depend on the ability 
to conserve water. This notion is in good agreement with 
the proposal that vasopressin promotes increased blood 
pressure by its actions on the kidney rather than through 
its action on the vascular bed.89

In addition to V2 receptors, V1a receptors are also 
expressed in the kidney.67,91,107–110 By stimulating prosta-
glandin release,111–114 binding of vasopressin to V1a 
receptors in the cortical collecting duct and in inter-
stitial cells of the medulla might blunt or even reverse 
the antidiuretic and antinatriuretic actions mediated 
by V2-receptor activation.89,115 Moreover, stimulation 
of V1a receptors downregulates V2-receptor promotor 
activity.116 These V1a-receptor-mediated actions might 
be responsible for the frequently reported natriuretic 
action of vasopressin.89,117 In the collecting ducts, V1a 
receptors are expressed on the luminal membrane118–120 
and are therefore exposed to vasopressin in urine, where 
it is usually present at higher concentrations than in the 
plasma to which peritubular V2 receptors are exposed. 
The balance between the effects of V2-receptor and 
V1a-receptor activation on water and sodium handling 
and the consequences on blood pressure might depend 
on the respective affinity of the two receptor types for 
vasopressin. At physiological concentrations, vaso-
pressin is mainly an antidiuretic hormone, because the 
V2-mediated antidiuretic effects predominate.89

The actions of vasopressin on renal V1a receptors, 
which in the past have been underestimated, might have 
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obscured our understanding of some of the apparently 
paradoxical effects of vasopressin on water and sodium 
excretion, and on blood pressure. For example, in con-
trast to expectations, in a hypertensive rat model, chronic 
treatment with a V1a-receptor antagonist increased 
blood pressure and albuminuria.121 Likewise, infu-
sion of the selective V2-receptor agonist desmopressin 
acceler ated progression of CKD to a greater extent in 
vasopressin-deficient Brattleboro rats than did infusion 
of vasopressin (which acts on both V1a and V2 recep-
tors).38 The effects of V1a-receptor activation are sus-
pected to facilitate sodium excretion, particularly in the 
setting of renal failure.122

Administration of selective V2-receptor antagonists 
increases urinary water losses which, in turn, increases 
secretion of vasopressin—an effect that is concerning in 
view of the potential risk of an increase in blood pres-
sure mediated by V1a-receptor activation. However, 
the effects of V1a-receptor activation in the kidney 
oppose the V2-receptor-mediated antidiuretic and anti-
natriuretic effects, as explained above and thus could 
further increase the diuresis and natriuresis induced by a 
V2-receptor antagonist. Thus, because of these beneficial 
renal V1a effects, it may not be appropriate, at least in 
certain situations, to use a combined V2/V1a vasopressin 
receptor antagonist.

Interestingly, vasopressin and copeptin plasma con-
cen trations are significantly higher in males than in 
females.27,103,123–125 Moreover, vasopressin-mediated 
effects on renal and vascular targets are more pronounce d 
in males than in females.124,126,127 Men also exhibit higher 
mean 24 h urine osmolality than women.128 Several 
signifi cant associations between various gene variants or 
baseline variables and blood pressure have been observed 
in men but not in women;129–132 these findings may be 
caused by the sex differences in vasopressin secretion 
and action. More generally, differences between sexes 
with regard to hypertension susceptibility, CKD progres-
sion, and incidence of urolithiasis might be explained, at 
least in part, by vasopressin acting as a ‘permissive’ factor 
above a certain threshold, which is reached more easily 
in men than in women.128

Other potential adverse effects of vasopressin
Aside from urolithiasis, where vasopressin and the 
resulting low urine flow rate may obviously have adverse 
effects, other situations exist in which mild dehydration 
or the antidiuretic actions of vasopressin acting through 
V2 receptors might have adverse health effects.

First, vasopressin may favour urinary tract infections. 
In mice with retrograde inoculation of uro pathogenic 
Escherichia coli, Chassin et al. demonstrated that 
administration of the V2-receptor agonist dDAVP led 
to a marked decrease in proinflammatory mediators 
and a dramatic increase in the bacterial burden in the 
kidney.133 Conversely, a selective V2-receptor antagonist 
stimulated the antibacterial host defence. In addition, 
by inducing low urine flow and poor washout, vaso-
pressin may also directly impair the ability to resist 
bacterial infection.

Second, vasopressin may promote the growth of renal 
tumours. In cancer cell lines expressing the V2 recep-
tor, desmopressin stimulated cell proliferation whereas 
selective V2-receptor blockade completely prevented 
such growth.134 Braver et al. found that individuals at 
high risk of bladder cancer had higher urine concen-
trations and less frequent micturitions than did indivi-
duals at lower risk.135 This effect could be due either to an 
increased contact time with concentrated ‘carcinogenic’ 
urine or to a direct effect of vasopressin. Additional 
studies are required to ascertain whether the presence 
of V2 receptors influences the aggressiveness of human 
renal neoplasias.

Third, vasopressin could affect longevity by influen-
cing the expression of Klotho. Klotho is a trans-
membrane protein that is expressed mainly in the 
kidney. Overexpression of Klotho substantially pro-
longs lifespan in rodents. Klotho transcript and protein 
levels are reduced by dehydration in mice and in serum-
deprived, vasopressin-exposed human embryonic kidney 
(HEK-293) cells.136

Fourth, mild dehydration could impair cognitive 
performance,137–139 affect mood and perception of task 
difficulty,140 and postural stability.141 Dehydration might 
also predispose individuals to migraine attacks.142 In 
elderly individuals in particular, mild dehydration has 
been shown to be a reliable predictor of increasing 
frailty, deterior ating mental performance, and poor 
quality of life.143–145 Drinking water improved cognitive 
p erformance and visual attention in children.146

Vasopressin physiology
Evolution, structure and secretion
More than a century ago, the antidiuretic effects of 
pituitary extracts in vivo and the vasoconstrictive effects 
of pituitary extracts on isolated blood vessels in vitro 
were independently discovered in France and the USA, 
respectively. These two different functions were only later 
recognized to be induced by the same molecule which, 
in the mean time, had received two different names, 
‘antidiuretic hormone’ and ‘vasopressin’. The latter term 
remained predominantly used in English litera ture 
although the most significant (and easily detectable) 
function of the hormone under normal condi tions is 
its antidiuretic action. Kidney, vessels, liver and brain 
were identified as vasopressin targets in the 1940s and 
1950s and the first vasopressin receptor was cloned in 
1992.9 New, sometimes unexpected target tissues were 
subsequently identified, as was the molecular basis of 
n ephrogenic diabetes insipidus.147

Vasopressin is a small, nine-amino-acid peptide with 
a disulfur ring. It is found with minor modifications 
in all vertebrates, and similar peptides are present in 
invertebrates.148–150 Vasopressin is a phylogenetically 
ancient signalling peptide that is part of the vaso pressin/ 
oxytocin superfamily.151 Its role in water conservation 
is crucial and not duplicated by any other hormone or 
compensatory mechanism: in mammals, the failure to 
adequately secrete vasopressin leads to diabetes insipi-
dus, characterized by a 10-fold increase in urine output. 
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Vasopressin is synthesized in the hypothalamus and 
stored in the neurohypophysis. The main and very 
sensi tive stimulus for vasopressin release in normal life 
is elevated plasma osmolality, especially when caused 
by hypernatraemia.152,153 Accordingly, in parallel with 
the changes in vasopressin concentration, all other 
vaso pressin-dependent actions may be activated or 
suppressed according to hydration status. Additional 
regulation of these different actions is dependent on the 
affinity of the different receptors in the target organs, on 
the intracellular coupling of the receptors to the trans-
duction cascade, and on the action of other hormones 
and/or mediators that blunt the cellular actions of vaso-
pressin.89,91 Apelin, a recently discovered neurohormone, 
and vasopressin (also a neurohormone) seem to exert 
opposite actions in the regulation of water balance both 
centrally and at the level of the kidney. Their possible 
interaction is still poorly understood.154

Under physiological conditions, plasma vaso pressin 
concentrations range from undetectable to about 
3 × 10–12 mol/l, (that is, 3 pmol/l or 3.3 pg/ml), a concen-
tration much lower than that of most other peptidic 
hormones. Acutely, alcohol reduces vasopressin secre-
tion whereas smoking, stress and cold external temper-
ature increase it. Thirst sensation decreases with age, 
suggesting that vasopressin levels might be elevated 
in elderly individuals.155 Both the sensitivity of vaso-
pressin secretion and the osmotic thresholds for thirst 
and vaso pressin secretion exhibit wide inter-individual 
variability, but are highly reproducible within individu-
als, suggesting they are in part genetically determined.156 
A comparison of individuals who were either ‘low drink-
ers’ (consuming less than 1.2 l water per day) or ‘high 
drinkers’ (2–4 l per day) found median vasopressin 
plasma level to be significantly higher in low drink-
ers than in high drinkers (2.4 pmol/l versus 1.5 pmol/l, 
P <0.001) but found no significant difference in plasma 
osmolality, haematocrit, or plasma level of renin or 
aldosterone between the two groups.157 This finding 
suggests that different thirst and vasopressin secretion 
set points (or thresholds) are involved in differences in 
drinking behaviours.

Changes in plasma vasopressin concentration that are 
below the detection limit of presently available assays 
(0.3–0.5 pmol/l) still cause significant changes in urine 
osmolality and flow rate.158 This limitation affects our 
ability to evaluate the role of vasopressin across its entire 
physiological range of concentrations. The onset of vaso-
pressin’s effects are rapid and, owing to the short half-life 
of the hormone in vivo (a few minutes), are rapidly rever-
sible. Vasopressin is filtered freely in the glomerulus and 
does not undergo major degradation and/or reabsorption 
in the renal tubule so that, as a result of water reabsorp-
tion, its concentration in the nephron lumen and in the 
urine is relatively high. The V1a receptors expressed 
in the luminal membrane of the collecting ducts (as 
discussed earlier) thus face a higher and more variable 
vasopressin concentration than the V2 receptors of the 
peritubular membrane. Urine vasopressin c oncentration 
is not a valid indicator of its plasma level.159,160

Measurement of vasopressin and copeptin 
Measurements of vasopressin in humans are problematic 
because of its low concentration in plasma, the difficulty 
in raising good antibodies, and the time-consuming 
radio-immunoassays. In 2006, a new immunoassay was 
designed to measure copeptin, a 39-amino-acid glyco-
peptide that is the C-terminal part of the vasopressin 
preprohormone.7 Copeptin is released in the blood in 
equimolar amounts with vasopressin, but because of its 
longer half life, its concentration in plasma is higher. 
Moreover, copeptin is more stable than vasopressin 
in vitro. Of note, the binding of vasopressin to plate-
lets does not invalidate vasopressin measurements (as 
is often mentioned). Vasopressin only binds to specific 
V1a receptors expressed on the platelet’s membrane, as 
in any target cells.161 If measured in plasma samples that 
still contain platelets, plasma vasopressin concentra-
tions may be overestimated, but binding of vasopressin 
to platelets is not responsible for the low circulating levels 
of the hormone.

Copeptin has now been measured in a number of 
epidemiological studies in patients with cardio vascular, 
pulmo nary, kidney, and metabolic disease (Boxes 1 
and 2).162 Copeptin level seems to be an excellent pre-
dictor of cardiovascular outcomes,8 even in patients with 
advanced kidney disease.163 The kinetics of copeptin, 
however, has not been well explored, and it is not yet 
known whether copeptin-specific receptors exist nor 
whether copeptin exerts biological functions.

Receptors, agonists and antagonists 
Three types of vasopressin receptors, V1a, V1b (also 
known as V3), and V2 were first distinguished by 
their pharmacological properties,164,165 and were later  
cloned.9–12 They are G-protein-coupled trans membrane 
receptors and exhibit relatively high homology. 
Mutations in the V2 receptor are responsible for most 
forms of nephrogenic diabetes insipidus.147 No severe 
diseases resulting from mutations in the V1a or V1b 
receptor are known, but a few traits have been found 
to be associated with variants of these receptors in epi-
demiological studies.28,166 An extensive review of V1a and 
V1b receptors has recently been published.167

In addition to their well-known expression in the 
renal collecting duct, V2 receptors are expressed in  
the vascu lar endothelium, type II pneumocytes, the eye, 
and the inner ear. V1a receptors are expressed in vascu-
lar smooth muscle cells, several cell types in the kidney 
(Supplementary Table 1 online), hepatocytes,66 several 
brain structures, blood platelets,161 the eye, adrenal 
cortex, and the pregnant human uterus.168 V1b receptors 
are located in the anterior hypophysis, in alpha and beta 
cells of pancre atic islets,68 and in the adrenal medulla.169 
Moreover, mRNA of all three receptors has been detected 
in human colon biopsy samples69 and V1 receptors have 
been found in the human spleen and bladder.170

For a number of years, only peptidic agonists and anta-
gonists of vasopressin were available, which were based on 
various modifications of the hormone itself.171,172 However, 
due to interspecies variability in the receptors, some drugs 
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with antagonist activity in experi mental animals acted 
as agonists in humans.173 The only well-known peptidic 
analogues that are currently used in humans are desmo-
pressin174 (dDAVP), a potent V2-receptor anti diuretic 
agonist with very low affinity for the V1a receptor, but 
with good affinity for the V1b receptor,175 and terli-
pressin176,177 (Glypressin®; Ferring B. V. Corporation, 
Hoofddorp, The Netherlands), which is primarily a V1a-
receptor agonist that exhi bits some V2-receptor activ-
ity.178,179 Terlipressin is used in g astrointestinal bleeding, 
hepatorenal syndrome and septic shock.

Over the past decade, new, non-peptidic, orally active 
and selective V2-receptor or mixed V1a/V2 recep-
tor antagonists—the vaptans—have been developed by 
several drug companies.5,6,180–185 Two vaptans (tolvaptan 
and conivaptan) are now licensed for the treatment of 
hyponatraemia, but whether a combined V2/V1a-receptor 
antagonist is preferable to a selective V2-receptor anta-
gonist is unresolved. As discussed above, V2-receptor 
antagonists cause a rise in endo genous vasopressin secre-
tion, which may cause unwanted V1a-receptor-mediated 
hypertensive effects.186 These vasopressor effects might, 
however, be negligible and, in any case, might be over-
ridden by the natriuretic effects induced by V1a-receptor 
activation in the kidney.

Vasopressin influence on GFR 
Studies in rats have shown that vasopressin and/or the 
resulting low urine flow rate have wide repercussions 
on GFR, kidney mass, inter-nephron heterogeneity, 
medullary thick ascending limb volume, the fractional 
excretion of urea and other solutes, and UAE.48,187,188 As 
shown in Figure 3a–c, GFR is markedly increased in rats 
when urine osmolality is raised by a 1-week infusion of 
desmopressin. Conversely GFR is decreased when water 
intake is increased by providing food in a water-rich 
gel, thereby reducing vasopressin secretion and urine 
concentration.188 This effect on GFR is also detect-
able following short-term changes in urine concentra-
tion.189–191 Along with the well-documented increase in 
urine concentration, chronic infusion of desmopressin 
in Brattleboro rats192 or chronic moderate dehydration in  
normal rats193 causes significant kidney hypertrophy 
with intrarenal features resembling those induced by a 
high-protein diet.48

Whether the effect of vasopressin on GFR is also 
seen in humans has not yet been sufficiently investi-
gated. In fact, most clinical investigations of renal func-
tion are performed with aggressive water loading to 
ensure reliable urine collection. This water loading sup-
presses endogenous vasopressin secretion and prevents 
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detection of a potential influence of this hormone on 
GFR. In epidemiological studies, little attention has 
been paid to urine volume or urine concentration. 
Nonetheless, a few human studies have confirmed the 
findings from animal studies. After an initial water diu-
resis, Andersen et al. infused healthy volunteers with 
vaso pressin for 2 h to raise vasopressin concentrations 
to levels within the physiological range. Creatinine 
clearance increased signifi cantly from 159 ml/min to  
204 ml/min along with a marked increase in urine 
osmolality and a decrease in the fractional excretion of 
urea and sodium.158 In two independent investigations, 
renal function was studied twice in healthy volunteers 
at a 2-week interval in a random order—once during 
low hydration and once during high hydration. In both 
studies, GFR and creatinine clearance were significantly 
higher with low hydration, corresponding to higher 
vaso pressin concen trations.194,195 In two other short-term 
studies, the administration of the selective V2-receptor 
antagonist tolvaptan to patients with ADPKD led to a 
significant and reversible decrease in GFR.62,196

It is important to mention that the effect of vaso-
pressin and/or vasopressin-dependent urinary concen-
trating activity on hyperfiltration and associated kidney 
hypertrophy is not linear within the entire range of urine 
osmolality in humans194 or in rats.91 Instead, this relation-
ship follows a J-shaped curve, as has been observed for 
other biological functions.197,198 The positive association 
between GFR and urine osmolality is seen only when 
the osmolality in the urine is higher than in plasma. By 
contrast, when the kidney excretes solute-free water 
(that is, produces hypo-osmotic urine), vasopressin-
dependent hyperfiltration disappears or can even be 
reversed (Figure 4). Both concentrating and diluting the 
urine therefore constitutes a ‘burden’ to the kidney. Of 
note, decreasing GFR would actually be disadvantageous 
when high amounts of water must be excreted, because 
the delivery of fluid and solutes to the diluting segment 
is a limiting factor for the maximum diluting capacity 
of the kidney as has been reviewed elsewhere.199 This 
‘J-shaped’ curve probably explains why, in patients with 
renal disease, an association was found between high 
urine flow rates and faster GFR decline,35 in apparent 
contradiction to recent studies in other human cohorts.

What is the functional meaning of the vasopressin-
dependent hyperfiltration? In other words, why does a 
link between urine concentration and GFR exist? We 
think that this link allows the kidney to achieve the best 
compromise between efficient excretion of nitrogenous 
wastes and optimal water economy. It has long been 
known that the fractional excretion of urea declines 
sharply at low urine flow rates (Figure 3d,e).188,200 This 
decline is caused by two additive effects. First, urea reab-
sorption along the entire collecting duct is increased as the 
result of a longer contact time and a progressively higher 
transepithelial concentration gradient. Second, vaso-
pressin acting on urea transporters in the terminal inner 
medullary collecting duct promotes urea diffusion into 
the inner medullary interstitium, which raises i nterstitial 
osmolality and maximizes water reabsorption.201,202

Low urine flow rates raise plasma urea concentration 
because of the reduced efficiency of urea excretion at low 
urine flow rates.188,200,203 The hyperfiltration associated 
with the sustained action of vasopressin attenuates the 
rise in plasma urea concentration, as does the hyper-
filtration that is observed after a protein meal.187,204,205 
Hyperfiltration is therefore an appropriate adaptation 
to protect the body against the accumulation of toxic 
nitrogenous wastes (see below). When sustained, this 
hyperfiltration also causes kidney hypertrophy with an 
intrarenal pattern, which resembles the adaptation of 
the kidney to a diet high in protein—a diet that causes 
a similar increase in both plasma urea concentration 
and GFR (Figure 5). The similarity between these two 
s ituations has been reviewed elsewhere.48,187,205

The concentration of nitrogen wastes 
The measurement and reporting of urea concentra-
tion in mg/dl obscures the relative concentration of 
urea compared to that of other solutes in plasma and 
urine. On a molar basis, urea is far more concentrated 
in the urine than sodium or potassium (Table 2). The 
urine-to-plasma (U/P) concentration ratio represents a 
‘solute-selective’ index that is especially important for 
solutes like urea, the plasma level of which is not tightly 
regulated. Most of the ‘osmotic work” of the kidney 
(according to Addis1) is devoted to increasing the con-
centration of the two main nitrogen waste products, 
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urea and ammonia. By contrast, the concentration of 
sodium in urine is rarely higher than its plasma level 
(Table 2). The kidney transforms a sodium-rich plasma 
into a urea-rich urine.

Urea is often claimed to be a non-toxic metabolite; 
however, although it is the least toxic of all nitrogenous 
wastes, it does exhibit some toxicity. At concentrations 
seen in patients with CKD, urea forms cyanate, which is 
responsible for protein carbamylation. Carbamylation 
affects the biological activity of several enzymes and 
hormones, and impairs several cell functions includ-
ing the immunologic potency of leukocytes, as well as 
electro lyte and gas transport in erythrocytes (as has been 
reviewed elsewhere187). Carbamylation also aggravates 
oxidative stress.206,207 In addition, increased urea levels, 
along with intestinal microbial flora, which possess 
urease activity, might participate in the disruption of 
intestinal tight junctions and intestinal barrier dysfunc-
tion in CKD.208 The toxicity of urea is probably why 
evolution has favoured a low plasma urea concentration 
in mammals. A high GFR is the price to pay, at least in 
omnivores and carnivores.205

Excreting urea (and other associated organic waste 
products) in a small volume of water imposes three 
additive burdens on the kidney. First, the direct ‘osmotic 
work’ performed by the medullary thick ascending limbs 
provides the driving force for building the osmolar gradi-
ent in the renal medulla. We observed that the medul-
lary thick ascending limbs and the different kidney 
zones are hypertrophied with a similar pattern when 
rats are either chronically infused with desmopressin, 
allowed only a reduced amount of drinking water, or fed 

a high-protein diet, suggesting a common pathway.48 
Second, as reviewed elsewhere,209 urea is probably 
actively secreted in the pars recta of the proximal tubules 
by an energy-dependent process, as are several other 
nitrogenous wastes (such as uric acid and ammonia) and 
organic acids (such as hippurate and nucleotides). This 
active secretion imposes an intense metabolic demand 
on the proximal tubular epithelium in order to raise the 
urea concentration in the lumen above that of the sur-
rounding interstitial fluid. The same is true for the active 
secretion of ammonia formed from glutamine that takes 
place in cells of the pars recta within the outer stripe of 
the outer medulla. Interestingly, this nephron segment 
is armed with one of the highest levels of glutathione 
in the body. Third, the hyperfiltration associated with 
an increased urine concentration necessitates high glo-
merular pressures, and an increased energy demand for 
the reabsorption of solutes filtered in excess (for example, 
glucose and amino acids). In the long run, such hyper-
filtration may induce or aggravate glomerular, tubular 
and interstitial damage, as described above.

The burden imposed on the kidney by the excretion 
and concentration of nitrogen wastes remains largely 
underevaluated or neglected because of the experimen-
tal protocols that are used. In anaesthetized rodents, 
overnight fasting (a frequent procedure in micro-
puncture experiments) and infusion of isotonic saline 
increase the proportion of sodium to nitrogen wastes in  
the urine and provide extra fluids that reduce the overall 
urine concentration. As mentioned earlier, in human 
clinical investi gations, the ingestion of large water loads, 
intended to improve the accuracy of urine collection, 
results in vasopressin suppression, and dramatically 
lowers urine osmolality.

Of note, both GFR and kidney weight are markedly 
reduced in all rat models of papillectomy, which abolishes 
the action of vasopressin in the terminal collecting duct 
and reduces urine concentrating ability.48 Conversely, 
GFR is markedly elevated in clinical situations of 
increased urea excretion associated with increased vaso-
pressin secretion (an association that enhances intra-
renal urea recycling and reduces the fractional excretion 
of urea). Such a situation occurs in humans with severe 
burns210–212 or diabetes mellitus.81,82,213,214 In rats, a marked 
rise in GFR was observed when a large urea load (which 
usually induces an osmotic diuresis) was given in the 
form of a hypertonic solution, imposing urea excretion 
in a limited amount of urinary water.215

The intrarenal mechanism that induces such vaso-
pressin and urea-dependent hyperfiltration has not yet 
been elucidated. It has been proposed that the ‘signal’ 
at the macula densa that initiates the tubuloglomerular 
feedback control of GFR is influenced by changes in the 
relative concentration of urea and sodium in the corti-
cal thick ascending limb, which result from changes in 
the secretion and recycling of urea.187,205 In several rat 
studies, the rise in GFR was strongly correlated with 
the urine-to-plasma ratio of urea concentration—a 
direct consequence of the action of vasopressin on the 
i ntrarenal handling of water and urea.187
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The cost of the excretion of concentrated urea (and 
of other nitrogenous end-products of metabolism) by 
the kidney is therefore not limited to the energy costs of 
active transport processes necessary for concentrating 
the urine. This process also causes potentially harmful 
effects in the glomerulus (as a result of high pressures 
and flows) and in postglomerular structures (as a result 
of energy spent on the reabsorption of most of the addi-
tional filtered solutes). Recommending patients with 
CKD to reduce their protein intake is not only a way to 
reduce their urea excretion but is also a way to reduce the  
‘osmotic work’ of the diseased kidney associated with 
the excretion of urea in a concentrated urine.1,205,216

Conclusions
Vasopressin, acting through its three receptors, is 
now understood to exert actions far beyond its role in 
the regu lation of water permeability in the renal col-
lecting duct and in the contraction of smooth muscle 
cells. Some of the actions of this very ancient hormo-
nal system, which are probably beneficial in terms of 
immedi ate survi val, may have adverse consequences 
in the long term that are not appropriately appreciated 
because hydration and urine osmolality are often not 
considered in clinical investigations and trials. With 
regard to the kidney, the effect of vasopressin in ADPKD 
is relatively straightforward and mainly dependent on 
V2 receptors. Following promising preclinical studies, 
the recently published results from the 3-year TEMPO 

3:4 trial suggest that V2-receptor antagonists might suc-
cessfully slow the progression of ADPKD. The role of 
vasopressin in other forms of CKD and hypertension is 
more complex. Animal models and a few recent studies 
in humans strongly suggest a role for vasopressin, via V2 
receptors, in the progression of various forms of CKD 
and in salt-sensitive hypertension. Recent insights in 
rats and humans also point to the possible role of vaso-
pressin in albuminuria and diabetic nephropathy, via 
V2-receptor-mediated actions. These results raise the 
possibility that, in addition to blood-pressure lower-
ing, RAS blockade, and other treatments, inhibiting 
the V2-receptor-mediated actions of vasopressin might 
provide further therapeutic benefit for these patients. 
A reduction in V2-receptor-mediated actions of vaso-
pressin could either be achieved by increasing water 
intake or by treatment with vaptans. The advantages 
and disadvantages of these two approaches are listed in  
Table 3. New data also suggest a role for vasopressin  
in the patho genesis of diabetes mellitus, metabolic dis-
orders and their associated cardiovascular complications, 
via activation of hepatic V1a and/or pancreatic islet V1b 
receptors. Whether selective blockade of these receptors 
will be appropriate for the treatment of these diseases 
requires further investigation.

In conclusion, after several decades of minimal inter-
est, vasopressin has become a hot topic in the past 
few years. More attention should now be given to the 
vasopressin– thirst–urine concentration axis in patient 

Table 2 | The burden imposed on the kidney by the concentration of the different solutes in the urine*

Solutes Daily excretion 
(mmol per day)

Plasma concentration 
(mmol/l)

Urine concentration 
(mmol/l)

Urine/plasma 
concentration ratio

Solute-specific 
concentrating burden‡ 

Total osmoles 950 290 680 2.3 NA

Urea 400 5.5 285 52 20,800

Na+ 140 140 100 0.7 98

K+ 40 4.0 35 8.8 312

Phosphate 25 1.0 18 18 450

Uric acid 4 0.3 2.9 10 40

NH4 40 0.05 29 580 23,200

*Rounded data from typical values observed in healthy adults consuming a normal Western diet, and with a mean daily urine volume of 1.4 l. ‡The 
‘solute-specific concentrating burden’ is calculated by multiplying the daily excretion by the urine/plasma concentration ratio. Abbreviation: NA, not applicable.

Table 3 | Advantages and disadvantages of strategies to reduce the impact of vasopressin on kidney function

Outcome Increase fluid intake V2R antagonist

Patient behaviour Voluntary frequent drinking Taking a pill

Adherence to treatment Poor (difficult to drink without thirst) Good (easy)

Plasma osmolality Decreased Increased

Vasopressin secretion and plasma level Decreased Increased

Vasopressin effects mediated by other receptors 
(V1aR and V1bR)*

Reduced Enhanced

Possible side effects Aversion to water, frequent need to urinate,  
risk of hyponatraemia

Thirst, frequent need to 
urinate, risk of dehydration

Financial cost None High

*Note that enhanced V1a-receptor-mediated actions may not be harmful as is usually feared. Abbreviations: V1aR, vasopressin V1a receptor; V1bR, 
vasopressin V1b receptor. 
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care. Vasopressin and/or copeptin should be meas-
ured in new cohorts and clinical investigations. Efforts 
should be made to take into account urine flow rate 
and urine osmolality as useful clinical information, and 
as additional interesting variables in epidemiological 
studies. Intense water loads should be avoided, when 
possible, in clinical investigations. Vaptans are cur-
rently authorized for use only in the treatment of some 
forms of hyponatraemia. Determining whether these 
drugs will be useful in other disease states requires new, 
well-controlle d, double-blinded clinical trials.
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