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Abstract

Heart and kidney failure continued to be of increasing prevalence in
today’s society, and their comorbidity has synergistic effect on the
morbidity and mortality of patients. Cardiorenal syndrome (CRS)
is a complex disease with multifactorial pathophysiology. Better
understanding of this pathophysiological network is crucial for the
successful intervention to prevent advancement of the disease pro-
cess. One of the major factors in this process is neurohormonal ac-
tivation, predominantly involving renin-angiotensin-aldosterone sys-
tem (RAAS) and arginine vasopressin (AVP). Heart failure causes
reduced cardiac output/cardiac index (CO/CI) and fall in renal per-
fusion pressures resulting in activation of baroreceptors and RAAS,
respectively. Activated baroreceptors and RAAS stimulate the release
of AVP (non-osmotic pathway), which acts on V, receptors located in
the renal collecting ducts, causing fluid retention and deterioration of
heart failure. Effective blockade of AVP action on V, receptors has
emerged as a potential treatment option in volume overload condi-
tions especially in the setting of hyponatremia. Vasopressin receptor
antagonists (VRAs), such as vaptans, are potent aquaretics causing
electrolyte-free water diuresis without significant electrolyte abnor-
malities. Vaptans are useful in hypervolemic hyponatremic conditions
like heart failure and liver cirrhosis, and euvolemic hyponatremic
conditions like syndrome of inappropriate anti-diuretic hormone se-
cretion. Tolvaptan and conivaptan are pharmaceutical agents that are
available for the treatment of these conditions.
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Introduction

Heart failure is one of the leading global health problems de-
spite decades of substantial clinical research and innovations
in its treatment. Globally, heart failure continues to be a major
economic burden accounting for estimated $108 billion annu-
ally, with the United States alone spending $30.7 billion as per
2012 estimates [1], necessitating more extensive research in
this arena in order to lower global healthcare burden. Heart and
kidney failure often coexist and they share a common etiology;
and their comorbidity is a poor prognostic indicator, correlat-
ing with high all cause mortality [2-4]. There are many patho-
physiological factors involved deterioration of failing heart
and efforts to inhibit those factors have beneficial effects on
the morbidity and mortality [2, 3].

The recently coined term “cardiorenal syndrome” (CRS)
expresses the two-directional intricate pathophysiological net-
work between heart and kidney. CRS is defined as “disorders of
the heart and kidneys whereby acute or chronic dysfunction in
one organ may induce acute or chronic dysfunction of the other”
[5]. Both heart and kidney are vital for the maintenance of hemo-
dynamic stability, which involves complex hemodynamic and
neurohormonal mechanisms such as autonomic nervous system
(ANS), renin-angiotensin-aldosterone system (RAAS), arginine
vasopressin (AVP) and endothelin [2]. Activations of these neu-
rohormonal factors in heart failure trigger vicious cycle charac-
teristic of CRS. The contribution of AVP to this vicious cycle of
CRS is manifold (Fig. 1). Increased AVP levels in heart failure
due to mechanisms explained later in this article lead to fluid
retention via its actions on vasopressin (v), receptors [6]. Also,
stimulation of V|, receptors by AVP causes peripheral vasocon-
striction [6, 7]. On the other hand, renal ischemia secondary to
low cardiac output (CO) in heart failure results in activation of
RAAS, which in turn stimulates the release of AVP [8]. All these
combined effects of AVP lead to increase in preload and after-
load resulting in further deterioration of heart failure and renal
ischemia, and then eventually renal failure ensues. Severe renal
failure also retains fluid precipitating heart failure. Studies have
shown that pre-existing renal failure or worsening renal param-
eters in heart failure bears high mortality and efforts at renal
recovery have better mortality rates [3].

Over time, several classifications of CRS have been put
forth, one such classification described five subtypes by Ronco
et al in 2008 after a concensus conference of the Acute Dialy-
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Figure 1. Vicious cycle involving heart, kidney and arginine vasopressin. RAAS: renin-angiotensin-aldosterone system; AVP:

arginine vasopressin.

sis Quality Initiative (Fig. 2) [5]. This classification is based
on the primary organ failure and whether the illness is acute or
chronic, with a fifth subtype involving concomitant heart and
kidney dysfunction secondary to systemic illness [5]. Recent-
ly, another classification system by Hatamizadeh et al recom-
mended seven categories based on etiology (Fig. 3) that lends
more insight into complex pathophysiology and multifactorial
nature of CRS and indicates potential targets for future re-
search [2, 9]. This new etiological categorization accords a su-
perior understanding of CRS and its management strategies [2,

9]. However, it is beyond the scope of this article to go further
into details of CRS, and limit discussion to pathophysiology of
AVP and role of vaptans in CRS.

Pathophysiology of AVP in Heart Failure

AVP is a peptide neuroendocrine hormone secreted from the
hypothalamus and stored in posterior pituitary before its re-
lease in to circulation. Any AVP present in peripheral circula-
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Figure 2. Classification of CRS based on primary organ failure by Ronco et al [5].
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Figure 3. Pathophysiological classification of CRS by Hatamizadeh et al modified from references [2, 9]. RAAS: renin-angioten-

sin-aldosterone system; FGF23: fibroblast growth factor 23.

tion mainly originated from this source. AVP is also secreted
from paraventricular nucleus of hypothalamus and travels
down to anterior pituitary where, along with corticotropin-
releasing hormone (CRH), it stimulates production of adreno-

corticotropic hormone (ACTH) [10].

Osmotic and non-osmotic pathways are the major regu-
lators of AVP secretion (Fig. 4). Osmotic pathway involves
changes in plasma osmolality sensed by hypothalamic osmore-
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Figure 4. Schematic representation of mechanism of AVP regulation and actions. AVP: arginine vasopressin; RAAS: renin-
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Figure 5. AVP receptors, their locations and antagonists [6, 7, 11, 12].

ceptors: a hyperosmolar state stimulates AVP release and hypo-
osmolar state inhibits AVP release [6]. Non-osmotic regulatory
factors are baroreceptor stimulation, reduction in CO/cardiac
index (CI) and activation of RAAS [6]. AVP exerts its actions
via vasopressin receptors (Fig. 5), which are categorized into
Vie Vi (V) and V,. V| receptors are present in peripheral
vasculature and myocardium, and are responsible for vasocon-
striction and cardiac contractility. V,, receptors are present in
the anterior pituitary and are responsible for ACTH secretion.
V, receptors reside in renal collecting ducts and are responsi-
ble for water retention [6, 7, 11, 12]. Commonly used diuretics
that act on the collecting ducts and terminal parts of the distal
convoluted tubule are potassium-sparing agents, whereas the
thiazide group act on the distal convoluted tubule and loop diu-
retics act on the thick ascending loop of Henle [13].

In the distal nephron, AVP activates epithelial sodium
channels by post-translational mechanism through V, recep-
tors causing increased sodium reabsorption in experimental
adrenalectomized mice [14]. AVP may also exert its fluid re-
tention actions by interfering with hyaluronan turnover in re-
nal medullary interstitium [15]. AVP regulates urea movement
in the epithelium of terminal inner medullary collecting duct
of the kidney and maintains osmotic equilibrium to prevent
osmotic diuresis [16]. However, the role of renal medullary
hyaluronan and urea transport mechanism in heart failure is
not known [17]. It has also been speculated that AVP produces
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natriuretic effect by stimulation of oxytocin receptors in the re-
nal medullary collecting ducts, possibly attributed to the struc-
tural similarities between neurohypophysial hormones [18].
This may be an effort to normalize plasma osmolality faster in
situations of dehydration or hypernatremia [18].

Non-osmotic pathway of AVP regulation

In heart failure, sequential activation of the complex neurohor-
monal system results in gradual worsening of cardiac function,
causing renal failure. This in turn leads to further deteriora-
tion of organ functions and induces a vicious cycle. One such
mechanism is non-osmotic regulation of AVP, which plays a
dominant role in heart failure [6, 8], especially in late stage and
has been associated with poor prognosis [7]. Elevated levels
of AVP in heart failure result from reduced CO/CI, and fall in
both blood pressure and renal perfusion with subsequent ac-
tivation of baroreceptors and RAAS, respectively [8]. Under
normal condition AVP secretion is inhibited by elevated left
atrial pressure but one study by Riegger et al speculated that
insensitivity of left atrial receptors in severe heart failure and
chronically elevated left atrial pressures result in higher AVP
levels [8]. In another study, Goldsmith et al found that eleva-
tion in plasma AVP levels failed to relate to hypotension, low
CO or RAAS activity. This study attributed increased levels
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of AVP to disruption of osmoregulatory mechanism in heart
failure: there was coexistence of hyponatremia, which would
inhibit AVP secretion by negative feedback mechanisms under
normal physiological conditions [19]. A study by Emamura
et al involving severe heart failure patients showed reversal
of AVP regulation mechanism from a non-osmotic to osmotic
pathway following hemodynamic improvement with ventricu-
lar assist device treatment and heart transplantation [6].

Effects of raised AVP levels

Elevated levels of AVP in heart failure have detrimental ef-
fects that result in progressive decline in cardiac function. AVP
causes peripheral vasoconstriction and increases afterload via
stimulation of V, receptors [7]. Also, stimulation of V, re-
ceptors results in insertion of aquaporin-2 channels into renal
collecting ducts, causing water retention and increased preload
[6, 7]. Both increase in preload and afterload causes progres-
sive cardiac decompensation and drop in CO and perfusion
pressures resulting in tissue hypoxia [6]. Direct effect of AVP
on renal vasculature in conjunction with reduced CO, hypo-
tension and activated RAAS results in renal failure or further
deterioration of renal function secondary to afferent renal ar-
teriolar vasoconstriction and fall in renal perfusion pressures
[8]. A significant percentage of heart failure patients have
concomitant kidney injury and two separate meta-analyses by
Damman et al and Smith et al showed that renal failure is an
independent prognostic factor associated with high mortality
rates in heart failure patients [3, 4].

Hyponatremia in heart failure

Hyponatremia is one of the commonly encountered clinical
problems among heart failure patients with a prevalence of
about 20% upon hospitalization and has been associated with
increased length of stay as well as in-hospital and post-discharge
mortality rates [20]. Furthermore, hyponatremia is an independ-
ent predictor of mortality, and closely associated with increased
risk of adverse events and higher re-hospitalization rates [21].
Activation of RAAS, disproportionately high levels of AVP and
other neurohormonal mechanisms involved in complex heart
failure syndrome may all contribute to the development or wors-
ening of hyponatremia [20]. Hyponatremia in heart failure is
mainly dilutional secondary to neurohormonal activation espe-
cially AVP resulting in free water retention and volume overload
[21]. Another less common cause of hyponatremia in the setting
of heart failure is the use of diuretics such as spironolactone and
loop diuretics. This is supported by a study where persistently
low serum sodium levels correlated with the excessive use of
loop diuretics and spironolactone [21]. Severity of hyponatrem-
ia may indicate the degree of underlying neurohormonal activa-
tion [20]. Almost always development of hyponatremia in heart
failure is gradual and clinical manifestations are subtle in con-
trast to profound symptoms seen in abrupt hyponatremia [22].
Serum sodium levels < 125 mEq/L may manifest headache,
nausea, gait disturbance and cognitive impairment [22]. Severe
hyponatremia results in confusion, seizures and coma [22].
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Correction of hyponatremia in the setting of heart failure
is never urgent as it is a chronic condition and vasopressin
receptor antagonists (VRAs) are the drugs of choice in this
setting [22]. Acute hyponatremia develops in < 24 - 48 h and
chronic hyponatremia develops in > 48 h or duration is un-
known. Rapid restoration of serum sodium levels can be done
in acute hyponatremia as brain would not have had enough
time for adaptation to hyponatremia. In case of seizures and
non-cardiogenic pulmonary edema, 100 mL 3% normal saline
bolus is administered intravenously over 10 min, which can be
repeated if necessary for up to a maximum of three times [23-
25]. The goal is to correct 4 - 6 mEq/L quickly with remainder
of correction over rest of the first 24 h. In chronic hyponatrem-
ia, slow correction is recommended at a rate of < 12 mEq/L in
the first 24 h and total of < 18 mEq/L in the first 48 h to prevent
osmotic demyelination [23-25].

Role of Vaptans in Heart Failure

Vasopressin and endothelin play more active roles in the ad-
vancement of cardiorenal disease after neurohormonal block-
ade with existing therapies such as ARB/ACE inhibitors, beta-
blockers and aldosterone antagonists [26]. To optimize heart
failure treatment, there is a need to consider VRAs. Many
therapeutic interventions including non-peptide VRA, vaptans
(Fig. 5) have evolved over years in an effort to prevent adverse
effects of neurohormonal activation and to improve outcomes
in heart failure [26, 27]. Apart from heart failure, vaptans are
also useful in other hypotonic hyponatremic conditions such
as syndrome of inappropriate antidiuretic hormone secretion
(STADH) and cirrhosis of liver [27]. Congestive heart failure
(CHF) and liver cirrhosis manifest as hypervolemic hypona-
tremia whereas STADH manifests as euvolemic hyponatremia.
After over two decades of failed efforts in developing clini-
cally effective peptide VRA [28], finally successful develop-
ment of a non-peptide selective V,, receptor antagonist with
potent aquaretic properties was first reported in Japan in 1993
by Ohnishi et al [27]. This drug was tested on healthy men in
comparison with a loop diuretic and shown to be equally ef-
fective with furosemide without any clinically significant elec-
trolyte abnormalities. Vaptans play a vital role in the treatment
of hypervolemic and euvolemic hyponatremia by promoting
electrolyte-free diuresis through the kidneys via blockade of
vasopressin receptors [27]. Vaptans are shown to restore serum
sodium levels uneventfully [22]. However, vaptans are con-
traindicated in hypovolemic hyponatremia [22].

In patients with hyponatremic neurological symptoms
where hypertonic saline is typically the first-line treatment,
vaptans cannot be combined with hypertonic saline as there
are reports of osmotic demyelination due to rapid restoration
of serum sodium levels [22]. Furthermore, patients on vaptan
therapy are at risk of hypernatremia due to rapid rise in serum
sodium levels and close monitoring with an eye on sodium
levels is warranted. In randomized placebo-controlled double-
blind SALT 1 and SALT 2 trials (Study of Ascending Levels
of Tovaptan in Hyponatremia 1 and 2), overcorrection of se-
rum sodium levels was observed in few patients but no serious
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adverse events like osmotic demyelination encountered [29].
However, caution should be exercised while using vaptans in
situations where rapid restoration of serum sodium levels (>
8 - 12 mmol/L/24 h) is to be avoided. Hypernatremia second-
ary to vaptans can be managed by discontinuation of the drug
since its half-life is < 12 h and hypotonic saline infusion could
be an option if required until the drug effect weans off [28].
All the vaptans are cytochrome P450 3A4 inhibitors requiring
caution and dosage adjustments when used with other drugs
metabolized by this system such as benzodiazepines, atypical
antipsychotics, warfarin, macrolides, other vaptans, amiodar-
one and cyclosporin [28]. Also, vaptans can cause severe he-
patic injury necessitating close follow-up on liver functions and
should be avoided in patients with liver disorders [22]. They
are also contraindicated in anuric renal failure. Presently in the
United States, tolvaptan and conivaptan are approved for use in
heart failure with hyponatremia and a summary of the studies
involving these two drugs are presented in Table 1 [26, 29-36].

Conivaptan

Conivaptan is a non-selective V,, and V, antagonist available
as intravenous preparation for in-hospital use. By blocking V|,
and V,, peripheral vasodilatation and electrolyte-free diuresis
are induced, reducing preload and afterload to result in im-
proved CO in patients with heart failure [26, 37]. It also has
favorable effects on ventricular remodeling and myocardial
hypertrophy due to V,, antagonism [37]. A multicenter rand-
omized controlled trial involving 142 symptomatic heart fail-
ure patients showed that conivaptan induces diuresis without
any alteration in mean arterial pressure, heart rate or serum
electrolytes [26]. However, reductions in pulmonary capillary
wedge pressure and right atrial pressure were noticed. This
study theorized these effects may be attributed to increased
urine output by V, receptor blockade and direct antagonism
of V,, receptors in the myocardium [26]. Recently, a study
by Zeynalov et al showed intravenous conivaptan administra-
tion for 48 h improves blood brain barrier function, cerebral
edema and neurological deficits following experimental stroke
in mice. This finding could lead to future treatment options in
ischemic stroke patients [38]. Another recent study by Palmer
et al involving 251 subjects with hyponatremia showed that
conivaptan administered in two different dose regimens (20
and 40 mg/day for 4 days following a 20 mg loading dose) has
similar efficacy in euvolemic subjects compared to hyperv-
olemic subjects [30]. However, hypervolemic subjects showed
better results with higher (40 mg/day) dose regimen with re-
spect to rate of increase in serum sodium and duration of effect
[30]. Both of these regimens were well tolerated and the most
common adverse effect was infusion-site reaction. There was
no significant increase in rate of adverse effects profile with 40
mg/day dose compared to 20 mg/day dose group [30].

Tolvaptan

Tolvaptan is a selective V, antagonist which has been exten-
sively studied for its beneficial effects in heart failure and
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other conditions associated with hyponatremia. The biggest
well-powered study, EVEREST outcome trial (The Efficacy
of Vasopressin Antagonism in Heart Failure Outcome Study
With Tolvaptan) involving 4133 patients, concluded that pa-
tients with heart failure who were started on tolvaptan in addi-
tion to standard therapy within 48 h of presentation to hospital,
showed no change in long-term mortality or morbidity [32].
However, evidence was found of favorable short-term bene-
fits such as increase in serum sodium levels, unaltered kidney
function, weight loss, and symptomatic improvement [32].
On the contrary, a study involving 240 heart failure subjects
showed that the long-term use of tolvaptan for a period of 1
year was safe and well tolerated, associated with no change
in renal function or serum electrolytes, and has better mortal-
ity and morbidity rate compare with the control group [33].
Also, there was no effect on ventricular remodeling during se-
lective V, antagonism, which undermines the importance of
unopposed V,, stimulation [33]. In SALT-1 and SALT-2 trials
carried out in the outpatient setting, tolvaptan has been shown
to be effective in dose-dependent correction of euvolemic or
hypervolemic hyponatremia [29]. In two separate double-
blind, randomized, controlled trials, addition of tolvaptan to
conventional diuretic therapy in patients with congestive heart
failure led to raised urine output and restoration of serum so-
dium levels in hyponatremic subjects [36] without changes in
renal functions or serum potassium [31]. However, a net in-
crease in dose-dependent urinary sodium loss was noted and
attributed to volume-driven loss [31]. In our view, this net
sodium loss may also be due to proportional increase in the
availability of AVP for speculated oxytocin receptor-mediated
natriuresis [18]. Recently, a small study demonstrated echo-
cardiographic features associated with initiation of tolvaptan
therapy in patients with conventional diuretic resistant heart
failure [34]. These characteristics were a dilated left atrium,
dilated inferior vena cava and severe tricuspid incompetence
[34]. Efficacy of tolvaptan in chronic kidney disease patients
has been studied and shown to be beneficial in producing effec-
tive diuresis in volume overload conditions without deteriora-
tion in renal functions, which are associated with conventional
diuretic therapy [35]. Recently, three separate systematic re-
view and meta-analyses concluded that short- and long-term
use of tolvaptan in heart failure was safe, has beneficial effects
with respect to weight loss, high urine output, symptomatic
improvement and restoration of serum sodium level without
alteration in kidney function or serum electrolytes. Hypona-
tremic subgroup was shown to have improved mortality rates,
although there were no mortality benefits associated with the
use of tolvaptan [39-41].

Conclusion

CRS is a complex disorder involving various neurohormonal
networks resulting in worsening of cardiac function. Effec-
tive interruption of the vicious cycle underlying this neuro-
hormonal activation is challenging. Vasopressin antagonists
(vaptans) are emerging as one of the most effective interven-
tions in attenuating neurohormonal activation. Both conivap-
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Table 1. Clinical Trials of Vaptans

Study Drug No. of subjects Clinical characteristics Outcome
Udelson et al (2001) [26]  Conivaptan Total 142 patients (38 received Symptomatic heart failure, Dose dependent diuresis
Randomized double- placebo, 37 received 10 mg, 32 NYHA class Il and IV. with no change in BP, HR
blind trial received 20 mg, and 35 received 40  Baseline serum creatinine  or serum electrolytes.
mg) 1.1 - 1.3 mg/dL. Patients Reduction in PCWP and right atrial
with serum creatinine > pressure due to direct myocardial
2.5 mg/dL or creatinine V,, receptor blockade and diuresis
clearance < 30 mL/min were secondary to V, receptor.
excluded from the study.
Palmer et al (2016) [30] Conivaptan Total 251 patients (37 received 20 Euvolemic or hypervolemic Both the dose regimens are equally
Open label mg/day and 214 received 40 mg/day) hyponatremia patients efficacious and well tolerated with
multicenter study (majority are heart failure  infusion site reaction as the
and SIADH, some are common side effect.
unknown cause). Patients
with eGFR <20 mL/min
were excluded from the
study.
Gheorghiade et al Tolvaptan  Total 254 patients (63 received Congestive heart failure Increased urine output, restoration
(2003) [31] placebo, 64 received 30 mg/day, 64  patients, NYHA class of serum Na* levels without any
Double-blind placebo received 45 mg/day and 63 received I-IV. Patients with serum change in BP, HR, serum K* or
controlled trial 60 mg/day) creatinine > 3 mg/dL and renal function when added to
BUN > 60 mg/dL were standard therapy
excluded from the study.
Schrier et al (2006) [29] Tolvaptan  Total 448 patients (225 received 15  Euvolemic or hypervolemic Effective dose-dependent correction
Multicenter, randomized, mg/day and later increased to 30 mg/ hyponatremia patients (heart of hyponatremia when added to
double-blind, placebo- day and then to 60 mg/day depending failure, cirrhosis, SIADH). standard therapy
controlled trials (SALT on serum Na™ levels) Patients with serum
1 and SALT 2) creatinine > 3.5 mg/dL were
excluded from the study.
Konstam et al (2007) [32] Tolvaptan  Total 4,133 patients (2,072 received  Congestive heart failure No mortality or morbidity benefits
The EVEREST outcome 30 mg/day and 2,061 received patients, NYHA class 111 when added to standard therapy.
trial. Randomized, double- placebo) and IV. Patients with serum  Short-term benefits observed
blind, placebo-controlled creatinine > 3.5 mg/dL were were weight loss, improvement in
trial excluded from the study. symptoms, and restoration of serum
Na* levels with no change in renal
functions.
Udelson et al (2007) [33]  Tolvaptan  Total 240 patients (120 received 30  Heart failure patients, Long-term use for a period of one
Multicenter, randomized, mg/day and 120 received placebo) NYHA II and III with EF < year is safe and well tolerated with
double-blind, placebo- 30%. Patients with serum  better mortality and morbidity rate.
controlled trial creatinine > 3 mg/dL and No change in renal function or
BUN > 60 mg/dL were serum electrolytes observed. No
excluded from the study. effect on ventricular remodeling
Nakada et al (2015) [34] Tolvaptan ~ Total 206 patients (26 conventional ~ Acute heart failure patients Dilated left atrium and inferior
Retrospective study diuretic resistant patients received vena cava, and severe tricuspid
tolvaptan and 180 received incompetence are frequently
conventional diuretic therapy) associated findings in acute heart
failure patients who need tolvaptan
therapy.
Tanaka et al (2015) [35] Tolvaptan  Total 20 patients Volume overload due to Eftective diuresis without
Prospective study CKD. In addition, few deterioration in renal functions
patients with heart and liver
failure.
Shanmugam et al Tolvaptan ~ Total 51 patients (26 received Acute decompensated heart Increased urine output and
(2016) [36] for 5 days  placebo and 25 received 15 mg/day) failure with hyponatremia.  restoration of serum Na* levels

Randomized, double-blind,

placebo-controlled trial

Patients with serum
creatinine > 3 mg/dL were
excluded from the study.

when added to standard therapy
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tan and tolvaptan are effective in the treatment of euvolemic
and hypervolemic hyponatremia. Tolvaptan can be used safely
in heart failure in short and long term, and has beneficial ef-
fects in weight reduction, increasing urine output, improving
symptomatology and normalizing serum sodium level without
alteration in kidney function and serum electrolytes. There are
no mortality benefits related to the use of tolvaptan, although
there is some evidence that a hyponatremic subgroup may
have improved mortality rates.
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