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Vasopressin and Aquaporin 2 in Clinical
Disorders of Water Homeostasis

Robert W. Schrier, MD

Summary: Impaired urinary dilution leading to water retention and hyponatremia may occur in
patients with cardiac failure, cirrhosis, pregnancy, oxytocin administration, hypothyroidism,
glucocorticoid, and mineralocorticoid deficiency. The mechanisms for these defects predomi-
nantly involve the nonosmotic stimulation of arginine vasopressin release with up-regulation of
aquaporin 2 water channel expression and trafficking to the apical membrane of the principal
cells of the collecting duct. These perturbations are reversed by V2 vasopressin receptor antag-
onists. In contrast, urinary concentration defects leading to polyuria are vasopressin resistant.
They may involve several factors, such as impaired countercurrent concentration secondary to
down-regulation of Na-K-2Cl cotransporter. Vasopressin-resistant down-regulation of aquaporin 2
expression has also been described as a factor in impaired urinary concentration.
Semin Nephrol 28:289-296 © 2008 Elsevier Inc. All rights reserved.
Keywords: Water channels, antidiuretic hormone, polyuria, hyponatremia
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 he cloning of the V2 vasopressin recep-
tor was a major advance in understand-
ing the mechanisms involved in regula-

ion of solute-free water excretion by arginine
asopressin (AVP).1 Subsequently, mutations of
he V2-receptor gene were found to account for
pproximately 85% of cases of congenital neph-
ogenic diabetes insipidus.2 The mechanisms
hereby AVP activates the V2 receptor on the
asolateral membrane of the principal cells of
he collecting duct and leads to increased water
ermeability of the apical membrane were,
owever, quite perplexing. The water trans-
ort across the bilipid apical membrane of the
rincipal cells was too fast to be caused by
iffusion alone. Thus, the shuttle hypothesis
as proposed whereby theoretic water chan-
els would be moved from the cytoplasm to the
pical membrane of the principal cells by AVP.3

he discovery of the first water channel, aqua-
orin 1 (AQP1), by Agre et al4 led to great
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xcitement in the biomedical community and
he awarding of the Nobel Prize in Chemistry in
003 to Peter Agre. Subsequently, AQP2 was

dentified by the Sasaki group5 in the principal
ells of the collecting duct. Further investiga-
ions have shown that AVP is the major regula-
or of the AQP2 water channels.6 Activation of
he V2 receptor on the principal cells of the
ollecting duct by AVP is associated with a
ascade of events involving adenylyl cyclase–
ediated cyclic adenosine monophosphate

Fig. 1),7 which leads to both short-term and
ong-term regulation of AQP2.8,9 The short-term
egulation of AVP involves shuttling the AQP2-
ontaining vesicles from the cytoplasm to the
pical membrane. With suppression of vaso-
ressin these apical AQP2 water channels then
ndergo endocytosis into the cytoplasm.6 The
’ flanking region of the AQP2 gene has a cyclic
denosine monophosphate response element
hat is involved in the long-term up-regulation
f AQP2 protein expression by AVP.6

The discovery of nonpeptide antagonists to the
2 receptor have added yet another important
imension to the understanding of total body wa-
er homeostasis.10 These V2-receptor antagonists
re agents that specifically block the action of
VP in human beings. The several V2-receptor

ntagonists presently involved in clinical studies
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290 R.W. Schrier
re shown in Table 1.11 In contrast to diuretics,
hich enhance urine water and electrolyte excre-

ion, the V2-receptor antagonists increase electro-
yte-free water excretion.

A relative excess of total body water to cation
oncentration leads to hyponatremia in many
linical circumstances. In fact, hyponatremia is
he most frequent electrolyte disturbance in hos-
italized patients.12 V2-receptor antagonists have
ubstantial clinical implications because the ma-
ority of the hyponatremic states are caused by
he nonosmotic release of AVP.13 These V2-recep-
or antagonists also have been important vehicles
o understand several water-retaining states in-
luding cardiac failure, cirrhosis, and pregnancy,
s well as thyroid and adrenal disorders. These
isorders are discussed in this review.

ARDIAC FAILURE

yponatremia is common in patients with ad-
anced cardiac failure and, in fact, pretreatment
yponatremia is a major risk factor for mortality

n patients with congestive heart failure.14 The
egree of hyponatremia and, thus, hypoosmo-

ality in these patients would be expected to

igure 1. The intracellular action of the antidiuretic ho
ichet.7
aximally suppress AVP in normal subjects. c
owever, plasma AVP, as assessed by radioim-
unoassay, is not maximally suppressed in hy-
onatremic patients with heart failure.15,16 If

ndeed baroreceptor-mediated, nonosmotic
timulation of vasopressin is responsible for the
yponatremia in cardiac failure, then the ex-
ression and membrane trafficking of AQP2
hould be increased. Experimental studies in
ardiac failure rats were, therefore, undertaken
o examine this possibility.17,18 The results in-
eed showed an up-regulation of AQP2 protein
xpression and increased AQP2 trafficking to
he apical membrane of principal cells of the
ollecting duct. Moreover, the excess water
etention and hyponatremia in these heart fail-
re animals was reversed by a V2-receptor an-
agonist.17 Subsequently, several studies with
rally active, nonpeptide V2-receptor antago-
ists have been shown in heart failure patients
o enhance electrolyte-free water reabsorption
nd improve serum sodium concentration.19–21

QP2 can be detected in the urine in the pres-
nce of AVP as a result of movement into the
ephron lumen from the apical membrane of
ollecting duct principal cells.22 In this regard,

V2-receptor antagonist was shown to de-

, arginine-vasopressin. Reprinted with permission from
rmone
rease urinary AQP2 in heart failure patients.23
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Impaired urinary dilution and concentration 291
The long-term Efficacy of Vasopressin Antag-
nism in Heart Failure Outcome Study With
olvaptan (EVEREST) study in heart failure pa-

ients showed an early improvement in dys-
nea24 associated with long-term safety.25 An
ffect to decrease mortality in heart failure pa-
ients with tolvaptan, a V2-receptor antagonist,
owever, was not observed.25

IRRHOSIS

he renal regulation of sodium and water
xcretion resides primarily in the arterial cir-
ulation.26,27 Of total circulating blood vol-
me, approximately 85% resides on the ve-
ous side of the circulation, with the
emaining 15% in the arterial circulation.
tretch arterial baroreceptors in the carotid
rtery, aortic arch, and glomerular afferent

Table 1. Vasopressin-Receptor Antagonists

Company
Appro

Stag

Satavaptan
(SR-121463)

Sanofi-Synthelabo
(Paris, France)

Phase

Lixivaptan
(VPA-985)

Cardiokine
(Philadelphia, PA)

Phase

Tolvaptan
(OPC-41061)

Otsuka
Pharmaceutical
(Tokyo, Japan)

Phase

Conivaptan
(YM-087)
Vaprisol

Astellas (Tokyo,
Japan)

Approv

Mozavaptan,
(OPC-31260)
Physuline

Otsuka
Pharmaceutical

Approv

Reprinted with permission from Schrier.11

*Euvolemic hyponatremia (near-normal total body sodium w
†Cirrhosis and heart failure: hypervolemic hyponatremia (an
rterioles sense arterial underfilling and acti- n
ate the neurohumoral axis as a compensa-
ory response to maintain arterial perfusion.
n low-output cardiac failure this compensa-
ory reflex is activated by a decrease in car-
iac output. With cirrhosis, however, cardiac
utput is increased in the presence of contin-
ed sodium and water reabsorption and as-
ites formation. Early in cirrhosis, however,
rterial vasodilation occurs in the splanchnic
irculation secondary to portal hyperten-
ion.27 Arterial underfilling can occur by ei-
her a decrease in cardiac output or systemic
rterial vasodilation, thereby activating the
eurohumoral response including the nonos-
otic release of AVP (Fig. 2).28 Thus, both

ardiac failure and cirrhosis show arterial un-
erfilling despite an increase in total blood
olume secondary to expansion on the ve-

Description/Mode of
Administration Purpose

Vasopressin V2-receptor
antagonist

Selective, orally active,
nonpeptide

Euvolemic* and
hypervolemic†
hyponatremia

Vasopressin V2-receptor
antagonist

Selective, orally active,
nonpeptide

Euvolemic and
hypervolemic
hyponatremia

Vasopressin V2-receptor
antagonist

Selective, orally active,
nonpeptide

Euvolemic and
hypervolemic
hyponatremia

Vasopressin V1- and
V2-receptor
antagonist

Nonselective,
intravenous, limited
to 4 days

Euvolemic
hyponatremia
and cardiac
failure

Vasopressin V2-receptor
antagonist

Selective, orally active,
nonpeptide

Paraneoplastic
syndrome of
antidiuretic
hormone
secretion

edema).
se in total body sodium, causing edema).
val
e

III

III

III

ed

ed

ithout
increa
ous side of the circulation. The increase in



c
s
s

o
o
w
w
m
t
P
s
a

p
s
e
u
p
V
t
T
h
a
o
t

P

E
d
w
S
s
t
o
p
a
r
i
t
t
e
a
o
t
u

F
c
v
n
r
a
t
p
f

F
i
a

292 R.W. Schrier
ardiac output in cirrhotic patients occurs
econdary to arterial vasodilation and the re-
ultant decreased cardiac afterload.

On the background of this pathophysiol-
gy of cirrhosis, the nonosmotic stimulation
f AVP should be involved in the excessive
ater retention and hyponatremia. Again, as
ith cardiac failure, pretreatment hyponatre-
ia is a major risk factor for increased mor-

ality in patients with advanced cirrhosis.29

lasma AVP, as assessed by radioimmunoas-
ay, has been shown not to be suppressed by

igure 2. (A and B) Clinical conditions in which a de-
rease in (A) cardiac output and (B) systemic arterial
asodilation causes arterial underfilling with resultant
eurohumoral activation and renal sodium and water
etention. In addition to activating the neurohumoral
xis, adrenergic stimulation causes renal vasoconstric-
ion and enhances sodium and fluid transport by the
roximal tubule epithelium. Reprinted with permission

rom Schrier.28
n acute water load in hyponatremic cirrhotic r
atients.30 In advanced experimental cirrho-
is, an up-regulation of inner medullary AQP2
xpression has been shown.31 An increase in
rinary AQP2 also has been found to be
resent in cirrhotic patients.32 Orally active
2-receptor antagonists have been used to

reat hyponatremia in cirrhotic patients.21,33

hese studies clearly have shown that an en-
anced electrolyte-free water excretion and
n increase in plasma sodium concentration
ccur with V2-receptor antagonist administra-
ion in hyponatremic cirrhotic patients.

REGNANCY

arly in normal pregnancy, plasma osmolality
ecreases by about 10 mOsm/kg in association
ith an increase in thirst and water intake.34

tudies have shown that pregnancy is also a
tate of arterial underfilling secondary to sys-
emic arterial vasodilation.35,36 In the presence
f hypoosmolality plasma AVP is not sup-
ressed and the renin-angiotensin-aldosterone
xis is activated early in pregnancy. In pregnant
ats inner medullary AQP2 is up-regulated dur-
ng the first trimester (Fig. 3)37 and a V2-recep-
or antagonist is associated with urinary dilu-
ion and increased electrolyte-free water
xcretion. Thus, pregnancy, as with cirrhosis, is
nother example in which arterial underfilling
ccurs secondary to systemic arterial vasodila-
ion with the nonosmotic AVP stimulation and
p-regulation of AQP2 expression. In both cir-

igure 3. Protein expression of inner medullary AQP2
n pregnancy. Reprinted with permission from Ohara et
l.37
hosis and pregnancy there is evidence for a
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Impaired urinary dilution and concentration 293
ole of nitric oxide in mediating the arterial
asodilation.38,39

Exogenous oxytocin is used to stimulate la-
or in pregnant women and can be associated
ith hyponatremia.40 This water-retaining ef-

ect of oxytocin has been shown in Brattleboro
ats, which have no detectable circulating
VP.41 In Brattleboro rats oxytocin increased
QP2 expression and trafficking to the apical
embrane.42 Moreover, the antidiuresis and
QP2 effects were completely reversed by a
2-receptor antagonist. There was no effect of
n oxytocin antagonist. The effect of oxytocin
n electrolyte-free water excretion and AQP2
herefore appears to be primarily caused by
ctivation of the V2 receptor.

YPOTHYROIDISM AND
YPERTHYROIDISM

atients with advanced primary hypothyroidism
ay be hyponatremic and fail to suppress plasma
VP with an acute water load.43 Advanced hypo-

hyroidism may be associated with a decrease in
lood pressure secondary to diminished myocar-
ial contractibility and heart rate. These hemody-
amics are mimicked in hypothyroid rats and are
eversed with thyroxin replacement.44 These im-
aired systemic hemodynamics would be ex-
ected to activate baroreceptor-mediated, nonos-
otic AVP release and indeed this is the case. In

his rat model of hypothyroidism the increase in
lasma AVP was associated with up-regulation of
QP2. Moreover, a V2-receptor antagonist has

igure 4. Reversal of impaired water excretion durin
eprinted with permission from Chen et al.44
een shown in this rat model of hypothyroidism t
o reverse the increased AQP2 and the impaired
esponse to an acute water load (Fig. 4).44 The
ypothyroid rats also showed a diminution in
aximal urinary concentration that was associ-

ted with a defect in the countercurrent concen-
rating mechanism.45 This defect was related to
iminished maximal medullary osmolality and
own-regulation of the cotransporter, NA-K-2Cl,
hich initiates the countercurrent concentrating
echanism.
Hyperthyroid patients may show polyuria46

nd this also has been shown to occur in the
yperthyroid rat.47 Somewhat surprising, how-
ver, this polyuria in the hyperthyroid rat is
ssociated with an up-regulation of the Na-K-Cl
ransporter. The animals are, however, hyper-
ensive and have an increase in solute excre-
ion, even in the presence of control of water
nd food intake, most likely secondary to in-
reased blood pressure and catabolism. The di-
inished urinary concentration and polyuria in
yperthyroid rats was associated with a down-
egulation of AQP2 and a persistent solute di-
resis.47 Both of these potential mediators of
olyuria associated with hyperthyroidism may
e related to the effect of the increase in blood
ressure, which has been shown to increase
alt and water delivery to the distal nephron48

nd decrease AQP2 expression.49

LUCOCORTICOID DEFICIENCY AND
INERALOCORTICOID DEFICIENCY

he disorders of water homeostasis in glucocor-

othyroidism (HT) with V2-receptor antagonist (V2A).
g hyp
icoid deficiency and mineralocorticoid defi-
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294 R.W. Schrier
iency appear to be mediated by different mech-
nisms.50,51 Both of these disorders show
yponatremia associated with increased plasma
VP concentrations. Mineralocorticoid deficiency

s associated with renal salt wasting, extracellular
uid volume deletion, and a decrease in cardiac
utput and blood pressure. In rats with mineralo-
orticoid deficiency these alterations are associ-
ted with water retention, hyponatremia, and up-
egulation of AQP2 expression, effects that were
otally reversed by avoidance of sodium deple-
ion.52 In contrast, glucocorticoid deficiency is, if
nything, mildly sodium retaining. A decrease in
lood pressure, however, occurs secondary to
iminished cardiac output and an impaired sys-
emic vascular response to hypotension.53 The
yponatremia of hypopituitarism (ie, selective
lucocorticoid deficiency) can be reversed with
hysiologic doses of hydrocortisone.54 In addition
o the baroreceptor-mediated, nonosmotic AVP

igure 5. Effect of V2-receptor antagonist (OPC) in gl
xcretion and (B) urinary dilution, as well as the (C)
eprinted with permission from Wang et al.56
elease secondary to hemodynamic alternations, n
here is also experimental evidence that glucocor-
icoid hormone is necessary for maximal suppres-
ion of vasopressin synthesis in the hypothala-
us.55 In experimental selective glucocorticoid

eficiency, the increase in plasma AVP was asso-
iated with an up-regulation of vasopressin-medi-
ted AQP2 water channels.56 V2-receptor antago-
ism was associated with reversal of the impaired
ater excretion and increase in AQP2 expression

Fig. 5).56 Thus, the impaired water excretion and
yponatremia with primarily adrenal insuffi-
iency (ie, Addison’s disease) is caused by both
lucocorticoid and mineralocorticoid deficiency
ia nonosmotic stimulation of AVP but by differ-
nt pathways.

In summary, much has been learned about
he mechanisms of disorders of water ho-
eostasis with the nonosmotic AVP stimulation

nd AQP2 up-regulation playing a pivotal role in
he defects in urinary dilution leading to hypo-

rticoid-deficient rats to reverse the (A) impaired water
sed AQP2 and (D) phosphorylated AQP2 expression.
ucoco
increa
atremia. The urinary concentrating defects are
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Impaired urinary dilution and concentration 295
ore likely to involve defects in the counter-
urrent concentrating mechanism such as
own-regulation of Na-K-2Cl and diminished
aximal medullary osmolality.
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