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 The level of renal function in patients with worsening 
heart failure is an important predictor of rehospitaliza-
tion for cardiovascular events and death within 60 days 
 [1] . Even mild deterioration of renal function is a risk fac-
tor for poor outcomes with congestive heart failure  [2–4] , 
myocardial infarction  [5] , and cardiovascular surgery 
 [6] . Whether the diminished renal function in this car-
diorenal syndrome is merely a marker or plays a patho-
genetic role in the associated increased cardiovascular 
morbidity and mortality is an important issue  [7] . An 
understanding of the pathogenesis of the sodium and 
water retention in cardiac failure patients provides in-
sights into the pathogenetic role of the kidney in this 
cardiorenal syndrome. There have been recent classifica-
tions proposed to distinguish between cardiorenal and 
renocardiac syndromes depending on the initiating 
events  [8–11] .

  A decrease in cardiac output is known to activate the 
neurohumoral axis including stimulation of the sympa-
thetic nervous system, the renin-angiotensin-aldoste-
rone (RAAS), and nonosmotic vasopressin systems. In 
early cardiac failure, the renal sodium and water reten-
tion may return the cardiac index and the neurohumoral 
axis to levels indistinguishable from normal ( fig. 1 )  [7] . 
However, with progression of cardiac failure, the plasma 
norepinephrine concentration and plasma renin activity 
correlate directly with increased mortality  [12, 13] . More-
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 Abstract 

 The pathogenesis of cardiac failure involves activation of the 
neurohumoral axis including stimulation of the sympathetic 
nervous system, the renin-angiotensin-aldosterone, and 
nonosmotic vasopressin systems. While these responses are 
critical in maintaining arterial pressure, they are associated 
with renal vasoconstriction, as well as sodium and water re-
tention. In advanced circumstances, renal dysfunction and 
hyponatremia occur with cardiac failure. Even a modest rise 
in serum creatinine related to diminished renal function in 
heart failure patients is associated with increased risk for car-
diovascular morbidity and mortality. Similarly, increased 
thirst and the nonosmotic stimulation of vasopressin in ad-
vanced cardiac failure leads to hyponatremia, which is also a 
major risk factor for mortality. Currently, V2 vasopressin re-
ceptor antagonists have been shown to correct hyponatre-
mia in cardiac failure. One such agent, conivaptan, also is a V1 
receptor antagonist which could theoretically benefit heart 
failure patients by decreasing cardiac afterload and remodel-
ing. The effect of V2 receptor antagonists to correct hypona-
tremia in heart failure patients appears to be quite safe. How-
ever, to date no effect on mortality has been demonstrated. 
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over, the arterial underfilling secondary to the decrease 
in stroke volume and cardiac index stimulates the baro-
receptor-mediated, nonosmotic release of arginine vaso-
pressin (AVP) as well as thirst. The resultant hyponatre-
mia in cardiac failure has been shown to correlate with 
increased mortality  [14] . With the development of the ra-
dioimmunoassay for AVP, cardiac failure patients were 
found to have increased plasma concentrations of AVP at 
decreased plasma osmolalities, which would suppress 
AVP secretion in normal subjects  [15] . Further studies in 
cardiac failure patients demonstrated a negative correla-
tion between plasma AVP and cardiac index; thus, the 
more severe the cardiac failure the higher the plasma 
AVP concentration  [16] .

  AVP exerts short-term and long-term regulation of 
aquaporin 2 (AQP2) water channels in the principal cells 
of the collecting duct  [17] . Short-term AVP regulation in-
creases the trafficking of AQP2 to the apical membrane, 
thus increasing collecting duct water permeability. This 
increases urine concentration as electrolyte-free water 
moves from the lumen, across the collecting duct, into 
the interstitium and then into the circulation. AVP exerts 
a long-term regulation of urine concentration by increas-
ing AQP2 protein expression. With AVP-related AQP2 
exocytosis to the apical membrane of the principal cells, 

3–6% of AQP2 spills into the lumen and is excreted in the 
urine. Studies in heart failure patients have shown that 
urinary AQP2 excretion is increased in cardiac failure 
patients as compared to control subjects. Moreover, New 
York Heart Association class III and IV patients had 
higher urinary AQP2 excretion rates than New York 
Heart Association class I and II patients  [16] .

  The role of arterial underfilling secondary to a de-
crease in cardiac index as the mediator of nonosmotic 
AVP release and water retention in cardiac failure pa-
tients has been examined. Patients with cardiac failure 
were treated with either an angiotensin-converting en-
zyme inhibitor or hydralazine to decrease cardiac after-
load and increase cardiac index. The results of these clin-
ical studies demonstrated improved urinary dilution and 
decreased plasma and platelet AVP in association with 
the increase in cardiac index  [18] . Further incrimination 
of AVP in the water retention and hyponatremia of heart 
failure occurred when the nonpeptide, orally active an-
tagonists of the vasopressin V2 receptor were discovered. 
V2 receptor antagonists have been administered to hypo-
natremic patients with cardiac failure and have resulted 
in increased solute-free water excretion and rise in plas-
ma sodium concentration  [19] . A decrease in urinary 
AQP2 excretion also occurred during administration of 

Cardiac
index

Myocardial injury

Increased myocardial
wall stress and

endomyocardial
ischemia

Increased
vasopressin, RAAS,
and sympathetic

activity

Increased
cardiac filling

pressure

Extracellular fluid
volume expansion

Renal sodium
and water
retention

Mitral
insufficiency

Cardiac dilatation
and remodeling

  Fig. 1.  Myocardial injury can lead to sodium and water retention, 
which can suppress the RAAS and return cardiac index to a nor-
mal range. The dashed lines indicate the pathways of these feed-
back mechanisms. To exclude myocardial injury when these feed-
back mechanisms have normalized the RAAS and cardiac index 
would be a mistake. Used with permission of Schrier  [7] . 
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  Fig. 2.  In both the SALT-1 and SALT-2 studies, the increase in the 
average daily area under the curve for serum sodium concentra-
tions by visit from baseline to day 30 and 7-day follow-up was 
significantly greater in the tolvaptan group than in the placebo 
group. Used with permission of Szatalowicz et al.  [15] . 
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the V2 receptor antagonists in heart failure patients  [20] . 
The randomized studies, SALT-1 and SALT-2, demon-
strated a persistent 30-day rise in plasma sodium concen-
tration in patients with cardiac failure, cirrhosis, and the 
syndrome of inappropriate antidiuretic hormone secre-
tion with administration of the V2 receptor antagonist 
tolvaptan, which reversed on cessation of the agent ( fig. 2 ) 
 [20] .

  The pathophysiology of cardiac failure is summarized 
in  figure 3 , including unloading of the arterial barorecep-
tor secondary to the decrease in cardiac output with the 
resultant stimulation of the sympathetic nervous system, 
RAAS and vasopressin release  [21] . An understanding of 
the pathophysiology of cardiac failure has led to prospec-
tive interventional studies ( fig. 4 )  [22] . Studies with  � -
blockers  [23] , inhibitors of the RAAS  [24, 25] , and min-
eralocorticoid antagonists  [26]  have demonstrated an in-
crease in survival in heart failure patients. While V2 re-
ceptor antagonists have been shown to improve electro-
lyte-free water reabsorption in heart failure patients, the 
randomized EVEREST study failed to demonstrate an ef-
fect on survival  [27] . The FDA-approved AVP antagonist, 
conivaptan, for treating euvolemic and hypervolemic pa-
tients with hyponatremia is both a V1 and V2 receptor 
antagonist. The AVP stimulation of the V1 receptor is as-
sociated with vascular contraction, platelet aggregation, 
and proliferation of cardiac myocytes. In  figure 5 , the po-
tential pathways are demonstrated whereby the combina-
tion of V1 and V2 receptor inhibition could have a salu-
tary effect on patients with cardiac failure  [7] . Such ben-
eficial effects, however, remain to be demonstrated.

  A recent analysis of the OPTIME study  [28]  demon-
strated that baseline and change in blood urea nitrogen 
during hospitalization of patients with acute decompen-
sated cardiac failure was a better index of 60-day mortal-
ity than serum creatinine or estimated glomerular filtra-

  Fig. 3.  The pathophysiology of heart failure. Unloading of high-
pressure baroreceptors (black circles) in the left ventricle, carotid 
sinus, and aortic arch generates afferent signals (dashed black 
lines) that stimulate cardioregulatory centers in the brain, result-
ing in the activation of efferent pathways in the sympathetic ner-
vous system (dashed grey lines). The sympathetic nervous system 
appears to be the primary integrator of the neurohumoral vaso-
constrictor response to arterial underfilling. Activation of renal 
sympathetic nerves stimulates the release of renin, thus activating 
the RAAS. Concomitantly, sympathetic stimulation of the supra-
optic and paraventricular nuclei in the hypothalamus results in 
the nonosmotic release of AVP. Sympathetic activation also causes 
peripheral and renal vasoconstriction, as does angiotensin II. An-
giotensin II constricts blood vessels and stimulates the release of 
aldosterone from the adrenal gland, and it also increases tubular 
sodium reabsorption and causes remodeling of cardiac myocytes. 
Aldosterone may also have direct cardiac effects on fibrosis, in 
addition to increasing the reabsorption of sodium and the secre-
tion of potassium and hydrogen ions in the collecting duct. The 
solid black lines designate circulating hormones. Used with per-
mission of Schrier and Abraham [21  ]. 
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  Fig. 4.  The vicious cycle of chronic congestive heart failure. Po-
tential therapies are in parentheses. ACE-I = Angiotensin-con-
verting enzyme inhibitors; ARB = angiotensin receptor blockers. 
Used with permission of Bichet et al.                          [18] . 
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tion rate. A potential explanation for this surprising find-
ing relates to the effect of AVP on increased urea 
transporters and enhanced urea tubular reabsorption. 
Thus, the lower the cardiac output, the higher the plasma 
AVP will be with enhanced urea reabsorption and a rise 
in blood urea nitrogen [29].

  Removal of both sodium and water in cardiac failure 
patients is frequently needed and V2 antagonists only in-
crease solute-free water excretion. Loop diuretics have 
been the primary therapy to treat pulmonary congestion 
and peripheral edema in patients with cardiac failure. 
Loop diuretics, however, block the sodium chloride trans-
port in the macula densa of the nephron and thereby ac-
tivate the RAAS with the potential deleterious effects on 
cardiac fibrosis and remodeling independent of changes 
in extracellular fluid volume. Ultrafiltration approaches 
are, therefore, under investigation, particularly in diuret-
ic-resistant patients with heart failure. While excessive 
fluid removal in cardiac failure patients may decrease 
cardiac index and worsen renal function, there are poten-
tial benefits on cardiac function with fluid removal that 
are depicted in  figure 6   [7] .
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  Fig. 5.  Pathways whereby vasopressin 
stimulation of V2 and V1a receptors can 
contribute to events that worsen cardiac 
function. Used with permission of Schrier 
                         [7] . 

Cardiac failure

F Nonosmotic
vasopressin release

V1a receptor
stimulation

Systemic arteriolar
vasoconstriction

F Cardiac
afterload

F Wall stress

Left ventricular dilatation and hypertrophy

Coronary
constriction

F Protein
synthesis
of cardiac
myocytes

Myocardial
ischema

Venoconstriction

F Cardiac
preload

V2 receptor
stimulation

Water
retention

Congestive
heart failure

Loop diuretic or
ultrafiltration

treatment
Negative sodium

and water
balance

Decreased
ventricular
dilatation

Improved myocardial
function

Improved renal
function

Decreased
functional mitral

insufficiency

Decreased cardiac
filling pressure

Improved
pulmonary
congestion

Decreased
ventricular wall

stress and
endomyocardial

ischemia

  Fig. 6.  Mechanisms in congestive heart failure whereby negative 
sodium and water balance by loop diuretics or ultrafiltration 
therapy may improve myocardial and renal function. Used with 
permission of Schrier                          [7] . 
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