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Hyponatremia and Vasopressin Antagonism in Congestive Heart Failure
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Summary

In a national heart failure registry, hyponatremia
(serum sodium <130 mEq/L) was initially reported in
5% of patients and considered a risk factor for increased
morbidity and mortality. In a chronic heart failure study,
serum sodium level on admission predicted an increased
length of stay for cardiovascular causes and increased
mortality within 60 days of discharge. Hyponatremia in
patients with congestive heart failure (CHF) is associ-
ated with a higher mortality rate. Also, by monitoring
and increasing serum sodium levels during hospital-
ization for CHF, patient outcomes may improve. This
review describes the pathophysiology of hyponatremia
in relation to CHF, including the mechanism of action of
vasopressin receptors in the kidney, and assesses the pre-
clinical and clinical trials of vasopressin receptor antago-
nists—agents recently developed to treat hyponatremia.
In hospitalized patients with CHF, hyponatremia plays a
major role in poor outcomes. Vasopressin receptor antag-
onists have been shown to be safe and effective in clinical
trials in patients with hyponatremia.
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Introduction

Approximately 5 million people in the United States
are affected by congestive heart failure (CHF), resulting
in more than 1 million hospital admissions per year.1

Because heart failure (HF) occurs at a higher incidence
among the elderly and can cause disabling symptoms, it
has become an increasingly important clinical problem.
In the Adhere (Acute Decompensated Heart Failure Reg-
istry) National Registry, hyponatremia (serum sodium
<130 mEq/L) at clinical presentation was noted in 5%
of patients with HF and was considered a risk factor for
increased morbidity and mortality.2

Hyponatremia and Congestive Heart Failure

Hyponatremia is generally defined as a serum sodium
<135 mEq/L; however, if the serum sodium concentra-
tion falls below 120 mEq/L or shows rapid decline, non-
specific symptoms may appear (e.g. headache, lethargy,
or nausea).3,4 In a study of patients with HF,5 and
serum sodium � 135 mEq/L is associated with increased
mortality in hospitalized patients.6 CHF patients with
hyponatremia have been known to display high circu-
lating levels of catecholamines, renin, angiotensin II,
aldosterone, and vasopressin.

In a retrospective analysis of the OPTIME-CHF (Out-
comes of a Prospective Trial of Intravenous Milrinone
for Exacerbations of Chronic Heart Failure) study, serum
sodium on admission was an important predictor of
increased number of days of hospitalization for cardio-
vascular causes and increased mortality within 60 days
of discharge.7

Mechanisms Causing Hyponatremia in Heart
Failure

Renin-Angiotensin-Aldosterone System

The initial stages of HF involve an expansion of
intravascular volume and weight gain that prevents
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volume depletion when persistent salt and water reten-
tion produces extravascular volume expansion.8 Renin-
angiotensin-aldosterone activation is sensitive to low car-
diac output (CO) and low renal perfusion (Fig. 1).8 The
stimulus is primarily hypotension (arterial underfilling),
and once compensated, the renin-angiotensin-aldosterone
system (RAAS) shuts down. However, the basal activity
of the RAAS is increased in most patients with HF.9

Increased amounts of aldosterone in urine and plasma
correlate with the retention of sodium and water at
renal and extrarenal sites.8 In healthy subjects on a nor-
mal diet, the aldosterone secretion rate is 100–175 µg
(277–485 nmol) per day, but in patients with HF, the
aldosterone secretion rate may be as high as 400–500 µg
(1100–1400 nmol) per day. Decreased metabolic clear-
ance of aldosterone by the underperfused liver further
contributes to increased plasma concentrations of aldos-
terone in patients with HF.8 In healthy subjects, high
doses of aldosterone initially increase renal sodium and
water retention, which leads to expansion of extracel-
lular fluid by 1.5 to 2 liters, as in patients with pri-
mary hyperaldosteronism.9 However, patients with pri-
mary hyperaldosteronism and healthy subjects who have
been given aldosterone avoid the salt-retaining effects
of aldosterone and do not develop edema.8 This escape
mechanism of sodium retention does not occur in patients
with CHF, as they continue to retain sodium and water

in response to aldosterone.9 The mechanisms responsi-
ble for this phenomenon have not been fully explained,
though increased alpha adrenergic and angiotensin-II
stimulation decrease sodium delivery to the collecting
ducts, thereby promoting persistent aldosterone-mediated
salt and water retention in patients with HF.9

The Role of Arginine Vasopressin

In addition to the RAAS, the enhanced release of
arginine vasopressin (AVP) can lead to hyponatremia in
patients with HF, which is associated with two under-
lying mechanisms: (i) the abnormal feedback mecha-
nism, and (ii) baroreceptor feedback.10–14 Enhanced
AVP secretion and binding to the V2 receptor results
in free-water retention and hyponatremia.14

Arginine Vasopressin is synthesized in the supraop-
tic and paraventricular nuclei in the hypothalamus and
stored in the posterior lobe of the pituitary (Fig. 2).9,11

Its major renal effect is to augment the water perme-
ability of the luminal membranes of the cortical and
medullary collecting tubules, promoting water reabsorp-
tion. The major stimuli to AVP are hyperosmolarity and
circulating volume depletion. AVP release is decreased
with hypoosmolality.11 In patients with CHF, there is
a deviation in the feedback mechanism, and hypoos-
molality is consistently associated with high plasma
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FIG. 1 The RAAS. Angiotensinogen, the precursor of all angiotensin peptides, is synthesized by the liver. While in
circulation, it is cleaved by renin, which is secreted into the lumen of renal afferent arterioles by juxtaglomerular cells.
Renin cleaves four amino acids from angiotensinogen, thereby forming angiotensin I. In turn, angiotensin I is cleaved by the
angiotensin-converting enzyme (ACE), which is bound to the membrane of endothelial cells, to form angiotensin II. In the
zona glomerulosa of the adrenal cortex, angiotensin II stimulates the production of aldosterone. Aldosterone production is
also stimulated by potassium, corticotropin, catecholamines (e.g., norepinephrine), and endothelins. Reprinted with permission
from reference 8. 2001 Massachusetts Medical Society. All rights reserved.
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FIG. 2 Physiology of water homeostasis in humans (panel A) and pathway of AVP signaling in renal collecting duct cells
involved in regulating water excretion (panel B). AVP = arginine vasopressin; cAMP = cyclic adenosine monophosphate.
Reprinted with permission reference 11. 2005 Massachusetts Medical Society. All rights reserved.

AVP.10 The degree of hyponatremia and hypoosmolal-
ity is more severe in patients with detectable AVP levels
than in those with undetectable AVP levels.12 A base-
line evaluation of the SOLVD (Studies of Left Ventricu-
lar Dysfunction) database demonstrated an incremental
increase in plasma AVP concentrations from asymp-
tomatic and symptomatic patients with left ventricular
dysfunction.14

The inappropriate increase in AVP may be due to the
nonosmotic baroreceptor-mediated pathway. This hap-
pens because low CO in patients with HF causes reduc-
tion in arterial pressure, which unloads carotid sinus and
aortic arch baroreceptors, thereby triggering the RAAS,
the sympathetic nervous system, and AVP secretion in an
effort to increase sodium and water retention.12,13 These
baroreceptors are stimulated to reduce arterial pressure
by at least 10%.14 Thus, nonsuppressible, nonosmotic
release of AVP is found despite hypoosmolality.

AVP binds to three types of receptors, classified based
on the second messenger system to which they are cou-
pled (Table 1).14 The V1a and V1b receptors are linked to
the phosphoinositol signaling pathway, with intracellular
calcium acting as the second messenger. The V2 receptor
is linked to the adenylate cyclase signaling pathway with
intracellular cyclic adenosine monophosphate (cAMP)
acting as the second messenger.14

AVP triggers vasopressin V2 receptors located on
the principal cells of the collecting duct, leading to
translocation of aquaporin-2 (AQP-2) water channels
and subsequent water reabsorption. AVP also increases
AQP-2 synthesis.14 In a study of 65 patients with HF
and 8 control subjects, urinary excretion of AQP-2 was
exaggerated in the patients with HF compared with that
of controls.15 There were positive correlations between
plasma AVP levels and urinary excretion of AQP-2 in
patients with CHF.

Clinical Cardiology DOI:10.1002/clc
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TABLE 1 Vasopressin receptors

Receptors Location Effects of AVP

V1a Lymphocytes and
monocytes

Platelets
Adrenal cortex
Vascular smooth
muscle cells

Coagulation factor
release

Platelet aggregation
Glycogenolysis
Vasoconstriction

V1b Anterior pituitary Adrenocorticotropic
hormone and
beta-endorphin
release

V2 Principal cells of the
renal collecting duct

Free-water retention

Abbreviations: AVP = arginine vasopressin.
Adapted from Ref. No. 14 with permission.

Role of Diuretic Therapy

Diuretics are commonly used in patients with HF, and
hyponatremia is an occasional but potentially serious
complication of diuretic therapy. In a review of 129 cases
of severe diuretic-induced hyponatremia (<115 mEq/L),
investigators concluded that thiazides were the cause in
94%.16 Advanced age was not associated with a higher
tendency for hyponatremia in this study. In the majority
of patients who received thiazides, excess AVP activity,
hypokalemia, and excess water intake were findings
which, singly or together, appeared to contribute to the
development of hyponatremia.16

Thiazides act in the renal cortex of the distal tubule,
thus they do not interfere with AVP-induced water
retention. The combination of increased sodium and
potassium excretion and enhanced water reabsorption
can result in the excretion of urine with a sodium-
plus-potassium concentration higher than that of the
plasma. Loss of this fluid can promote the develop-
ment of hyponatremia independent of the degree of
water intake. Loop diuretics, which act in the medullary
and cortical aspects of the thick ascending limb, often
worsen hyponatremia by isotonic diuresis with salt
loss.17 Diuretics can cause the depletion of potassium and
magnesium, which can lead to life-threatening cardiac
arrhythmias, particularly in the existence of digitalis
therapy.

Role of Vasopressin Receptor Antagonists in
Hyponatremia

Given the central role of AVP in causing hypona-
tremia in patients with CHF, decreasing vasopressin
activity has been a therapeutic focus. With no current
therapy to decrease production of AVP, attention was
turned to decreasing the effect of AVP by blocking the

receptor. In 1992, an orally active, nonpeptide V2 recep-
tor antagonist (OPC-31260) was described for the first
time.18,19 Since then, clinical studies of several different
agents have demonstrated a potential role of vasopressin
receptor antagonism in the treatment of hyponatremia
(Table 2).14,19–24

Tolvaptan (OPC-41061)

Tolvaptan, a selective V2 receptor antagonist, can help
achieve dose-dependent production of dilute urine.19 The
effects of tolvaptan, an oral agent with a half-life of 6 to
8 hours, were evaluated in 83 patients with HF (NYHA
class II-III) in a randomized, controlled trial.20 Patients
were removed from baseline diuretics and randomized
to placebo (n = 21), monotherapy with tolvaptan 30 mg
(n = 20), monotherapy with furosemide 80 mg (n = 22),
or both tolvaptan and furosemide (n = 20) once daily
for 7 days. Tolvaptan reduced body weight and lessened
edema without concomitant diuretic therapy compared
with placebo.20

ACTIV in CHF (Acute and Chronic Therapeutic
Impact of a Vasopressin antagonist in Congestive Heart
Failure) was a dose-ranging, phase 2 trial of 319 patients
with left ventricular ejection fraction of less than 40%
who were hospitalized for HF despite standard therapy.21

Patients were randomized to 30, 60, or 90 mg/day
of oral tolvaptan or placebo in addition to standard
therapy. The study drug was continued for up to 60
days. Results demonstrated that treatment with tolvaptan
increased net fluid loss, resulting in a greater decrease in
body weight than with standard therapy alone. Tolvaptan
also improved serum sodium levels in patients with
hyponatremia.21

The EVEREST (Efficacy of Vasopressin Antagonism
in Heart Failure Outcome Study with Tolvaptan) trial
is evaluating mortality, morbidity, and patient-assessed
global clinical status in patients treated with tolvaptan
compared with those given standard care. Patients are
randomized 1:1 to tolvaptan 30 mg/day or placebo for
a minimum of 60 days. Time to all-cause mortality and
time to cardiovascular mortality or hospitalization for HF
are the endpoints.25 As of November 29, 2005, 3,712
patients have been registered globally.26

Lixivaptan (VPA-985)

Lixivaptan is an orally active vasopressin V2 receptor
antagonist. Its affinity for V2 receptors is approximately
one hundred-fold higher than for V1a receptors, and it
produces little or no effect at the V1b receptors.27 In a
double-blind, placebo-controlled study that randomized
21 patients with CHF (NYHA class II–III) to placebo
(n = 6) or lixivaptan 30 (n = 5), 75 (n = 5), or 150 mg
(n = 5) after overnight fluid deprivation, all doses of
lixivaptan were found to increase urine flow and serum
sodium concentration.22 In a randomized, double-blind,
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TABLE 2 Arginine vasopressin antagonists in development for the treatment of hyponatremia

Tolvaptan
(OPC-41061)

Lixivaptan
(VPA-985)

Conivaptan
(YM-087)

Receptor subtype specificity V2 V2 V1a/V2
Selectivity index in humans (Ki V1a: Ki V2) 29 : 1 100 : 1 10 : 1
Proposed route of administration for heart failure Oral Oral IV
Urine volume effects Increased Increased Increased
Urine osmolality effects Decreased Decreased Decreased
Sodium excretion/24 h No change No change at low doses No change

Abbreviations: AVP = arginine vasopressin, IV = intravenous.
Adapted from Ref. No. 14 with permission.

placebo-controlled, phase 2 multicenter trial of lixivaptan
in hospitalized hyponatremic patients (serum sodium
<132 mEq/L), 14 of these patients were diagnosed with
CHF.19 After randomization, patients were placed on
a restricted fluid intake of 1,200 mL/day and either
lixivaptan (50 or 100 mg twice daily [b.i.d.]) or placebo
for upto 7 days. Compared with placebo, lixivaptan
significantly increased serum sodium concentration (to
normal levels), and no adverse effects were reported.19

Studies have shown that specific V2 receptor antag-
onists can increase the plasma vasopressin level. For
example, lixivaptan (250 mg b.i.d.) almost tripled the
vasopressin concentration of patients in one study
(p<0.05).28 One could hypothesize that increased V1a

activity and the resulting vasoconstriction, release of
coagulation factors, and platelet aggregation would be
deleterious to patients with HF. Therefore, one could
predict that blocking V1a receptors in addition to V2

receptors may provide better outcomes in this patient
population.29

Conivaptan (YM-087)

After a 20 mg intravenous (IV) loading dose, conivap-
tan, a nonpeptide V1a/V2 receptor antagonist, produced
a mean Cmax of 619 ng/mL.30 Following the loading
dose and a continuous infusion of 20 or 40 mg/day for
4 days, conivaptan demonstrated a relatively short elim-
ination half-life (median 6.7 hours).30 Conivaptan has
been well tolerated with no serious side effects in studies
with normal controls.23,24 Common adverse events have
included headache, hypokalemia, and thirst; clinically
significant changes in blood pressure and pulse have
not been observed.23,24,30 The drug IV conivaptan was
studied in patients with the syndrome of inappropriate
antidiuretic hormone secretion (SIADH; n = 4) and CHF
(n = 4) with a serum sodium of 120 to 132 mEq/L. Ini-
tially, all patients were given 20 mg of IV conivaptan.
The majority of patients received 20 and 30 mg on day 1
and 40 mg IV b.i.d. on days 2 and 3. The data from this
study showed an increase in serum sodium from base-
line along with an increase in free-water clearance and

decrease in urine osmolality. There were no drug-related
adverse events.23

Conivaptan therapy for hyponatremia (115 to <130
mEq/L) was evaluated in a multicenter, parallel-group
efficacy study of 84 patients randomized to placebo or a
20 mg IV bolus followed by 40 or 80 mg/day IV infusion
for 4 days.31,32 Both IV conivaptan dosages significantly
increased serum sodium within 24 h compared with
placebo (p<0.001) and improved the effective water
clearance (electrolyte-free water excretion or aquaresis)
on day 1 compared with placebo (p<0.05). Conivaptan
was well tolerated throughout the 4-day study.31,32

In an efficacy report that combined three randomized,
placebo-controlled trials of conivaptan in patients with
CHF (N = 241), conivaptan (40 and 80 mg) treatment
in one IV and two oral formulations was shown to
improve serum sodium concentration (area under the
curve) from baseline to the end of the study compared
with placebo.33 Adverse events were similar between
treatment and placebo groups and included headache,
nosebleed, pyrexia, worsening CHF, renal failure, and
infusion site reactions in the IV trial.33

Conivaptan has also produced favorable changes in
hemodynamics and urine output in patients with HF.34

The effects of a single IV dose of conivaptan (10, 20, or
40 mg) were studied in 142 patients with symptomatic
HF (NYHA class III–IV).34 Compared with placebo,
conivaptan 20 and 40 mg significantly reduced pul-
monary capillary wedge pressure and right atrial pres-
sure. There was significant dose-dependent increase in
urine output and decrease in urine osmolality. This study
reported favorable short-term hemodynamic and renal
effects with no relation to vasopressin activation, sug-
gesting that AVP receptor antagonism may play a future
role in the treatment of hyponatremia in HF.34

Conclusion

In patients with CHF, AVP plays a major role in
causing hyponatremia. Observation of vasopressin regu-
lation and its effect on vasopressin receptors in the
renal collecting duct has provided a basis for the devel-
opment of vasopressin receptor antagonists. A number
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of these agents have recently been studied in ani-
mal models and small-scale human trials. Tolvaptan
and conivaptan, in particular, have shown great poten-
tial for treating hyponatremia. It is clear that hypona-
tremia is an independent predictor of poor outcomes; it
remains to be seen in future studies if correcting hypona-
tremia improves these outcomes. As a potential treatment
for hyponatremia, vasopressin receptor antagonists may
prove valuable by promoting electrolyte-free water clear-
ance (aquaresis) and increasing serum sodium in patients
with hyponatremia secondary to HF.
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