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Abstract

Heart failure (HF) continues to be a highly prevalent syndrome, affecting millions of patients and
costing billions of dollars in treatment per year in the United States alone. Studies in failing human
heart and in transgenic HF models led to the recognition that enhanced neurohormonal signaling
plays a causative role in HF progression, and the use of neurohormone receptor antagonists have
proven to decrease hospitalization rates. It has also been long recognized that patients with HF
have abnormal water retention, hypo-osmolality, and hyponatremia secondary to elevations in the
levels of the neurohormone arginine vasopressin (AVP). AVP is released from the hypothalamus in
response to changes in plasma osmolality and pressure, acting at three distinct G protein-coupled
receptors: V1AR, V1BR and V2R. Persistent AVP release causes hyponatremia via renal V2R
activation, a risk factor for death and hospitalization, and there is a correlation between plasma
AVP levels and HF severity/survival of chronic HF patients. Because of the adverse clinical
consequences associated with the development of hyponatremia, V2R antagonists were developed
for the treatment of HF patients with hyponatremia, however in contrast to other neurohormone
blockers they do not relay a survival benefit and may exacerbate decompensated HF requiring
inotropic support. Renewed interest in the cardiac V1AR system during HF has arisen due to
several recent findings: 1) mice with myocyte-selective transgenic overexpression of cardiac
V1AR developed cardiomyopathy in the absence of any pathological insult, 2) cardiac V1AR
expression was shown to be increased late-stage human HF, and 3) V1AR antagonism prevented
cardiomyopathy development in a mouse model of HF. While cardiac V1AR expression is
increased in HF, the role of V1AR signaling in various forms of cardiac injury and in distinct
cardiac cell types has been controversial. Therefore this review will primarily focus on V1AR
signaling as a potential therapeutic target for HF treatment.
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1. HF Overview

Heart failure (HF) is a prevalent disease affecting over 5.1 million people in the United
States and over 23 million people worldwide [1, 2]. Furthermore, cardiovascular disease
causes more than 17.3 million deaths each year, making it the leading global cause of death
[3]. The economic impact of cardiovascular disease is large, with the direct and indirect
costs of cardiovascular disease in the United States alone totaling approximately $320.1
billion a year [3].

HF is the inability of the heart to pump sufficient outflow to meet the oxygen demands of the
body and may be due to diastolic or systolic dysfunction. Cardiac output and systemic blood
pressure are decreased, leading to the activation of neurohormonal systems such as the
renin-angiotensin-aldosterone system (RAAS) and the sympathetic nervous system [4-6].
Chronic activation of these neurohormonal systems negatively impact the heart,
independently of hemodynamic parameters [7]. Current treatment guidelines recommend
using drugs that block p-adrenergic receptor (BAR) signaling (e.g. p-blockers) [8-10] or
RAAS signaling (e.g. angiotensin receptor blockers or angiotensin converting enzyme
inhibitors) [11-16]. In fact, clinical studies have shown that using drugs that block these
neurohormones decreases hospitalizations, morbidity, and mortality in these HF patients
[12-14, 17-19]; and these are the only classes of pharmacological therapies that have been
shown to reduce patient mortality [20, 21].

Interestingly, the neurochormone arginine vasopressin (AVP), has been implicated in HF
progression, and it may therefore be a potential target to reduce morbidity and mortality in
HF patients. AVP is elevated in patients with heart failure and/or left ventricular (LV)
dysfunction [22-25], and increases in AVP levels are associated with increasing severity of
heart failure [26]. Additionally, persistent or inappropriate AVP in plasma impairs free water
excretion and causes hyponatremia. Hyponatremia is often found in patients with HF [27,
28] and is associated with adverse prognosis and increased mortality of these patients [22,
29, 30]. Mechanisms contributing to hyponatremia in HF patients include enhanced
neurochormone signaling leading to activation of the sympathetic nervous and RAAS, as well
as diuretic use.

2. Physiologic and cellular consequences of AVP receptor signaling

2.1) AVP synthesis and receptor tissue distribution

AVP, or antidiuretic hormone (ADH), is a peptide hormone traditionally known for its role in
the hypothalamic-pituitary-adrenal (HPA) axis. The AVP precursor peptide, pre-pro-AVP, is
synthesized in magnocellular neurosecretory neurons in the paraventricular and supraoptic
nuclei of the hypothalamus. Pre-pro-AVP is cleaved within the neurons into AVP,
neurophysin I, and copeptin. Together, copeptin and AVP are released into the portal
vessels, where they are transported to and stored in the posterior pituitary gland. AVP and
copeptin are released in response to increases in plasma osmolarity or decreases in plasma
volume in order to regulate body water content and excretion and blood pressure [31, 32].
Although AVP was originally believed to be solely synthesized in and released from the
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neurohypophysial system, studies on isolated rat hearts revealed that AVP mRNA and
peptide synthesis was induced locally in hearts that were perfused to model pressure-
overload [33]. These studies identified for the first time that AVP can be synthesized in the
heart to act locally in a cardiac paracrine AVP system prior to release into effluent vessels,
where it is predicted to act systemically.

Once released into circulation, AVP acts on three distinct G-protein coupled receptors
(GPCRs); V1AR, V1BR, and V2R. The V1AR are located in the heart, vascular smooth
muscle cells, kidney, myometrium, central nervous system and liver, whereas V1BR is
expressed predominantly in the pituitary. While the V2R is expressed substantially in the
cardiovascular and renal systems, primarily located on vascular endothelial cells and
collecting ducts of renal tubules, several studies have shown that V2R expression is not
detectable in the heart or isolated cardiomyocytes [34-37]. V1AR has been shown to be
involved in many cellular processes including vascular contraction as well as in the
metabolism of glucose, lipids, and protein [38]. Additionally, studies using V1AR knockout
mice and isolated cells showed that the V1AR regulates glucose homeostasis [39], mediates
the release of aldosterone from adrenal gland cells [38, 40], controls social interactions [41],
and platelet aggregation [42, 43]. V1BR mediates the release of adrenocorticotropic
hormone and insulin from the pituitary gland and islet cells of the pancreas, respectively [38,
44]. V1BR knockout mice also show altered physiological behavior, including the ACTH
response to stressors [45]. V2R is predominantly expressed on the collecting ducts of renal
tubules, where AVP-stimulation leads to the formation and insertion of aquaporin (AQP)
channels on the apical surface of collecting duct cells and allowing an increase in water
permeability and water retention [46]. Interestingly, a recent study has shown that V1AR
knockout mice have decreased expression of the AQP2 channels on collecting ducts [47].
V1AR in the kidney also regulates renal blow flow, and is expressed primarily in the
vasculature and smooth muscle cells [48, 49]. Since the remainder of this review will focus
on the impact of AVP-mediated signaling via V1AR and V2R in the cardiovascular system
(Fig. 1), we will focus on these receptor classes in the subsequent sections.

2.2) V1AR signaling

Ligand binding to the V1AR induces Gq protein activation through the exchange of GDP for
GTP. The activated Gq protein induces phospholipase C (PLC) activation, which triggers a
downstream signaling cascade leading to the formation of inositol triphosphate,
diacylglycerol and the activation of protein kinase C (PKC). In addition to Gq protein-
dependent signaling, V1AR and other GPCRs can also signal via G protein-independent, G
protein-coupled kinase (GRK)-dependent mechanisms [50]. Ligand binding results in GRK-
mediated phosphorylation of the C-terminal of the GPCR. Then, $-arrestins bind to the
phosphorylated C-terminal to facilitate internalization and desensitization of the receptor,
and they can also act as scaffolding proteins for additional signaling pathways. V1AR
internalization is dependent on B-arrestins, and studies suggest internalization is mediated by
B-arrestin 2, but not B-arrestin 1 [51, 52].

The V1AR is transiently phosphosphorylated in the continued presence of agonists. In
response to AVP, V1AR are rapidly phosphorylated and dephosphorylated, with a half-life of
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about 6 minutes [53]. Phosphorylation of the C-terminal of V1AR can be mediated by either
PKC or GRKs. The C-terminus of V1AR contains a proximal GRK consensus motif
upstream of phosphorylatable serine residues and three distal PKC consensus motifs [52,
54].

Activated PKC can phosphorylate V1AR in the absence of agonists, while GRK-mediated
phosphorylation is constitutive and agonist-dependent [55]. Loss of function studies using a
dominant negative GRK2 mutant showed reduction in ligand-induced phosphorylation,
confirming role of GRKSs in mediating PKC-independent phosphorylation [53]. In these
studies, phosphorylation of the V1AR in the presence of the GRK2 mutant decreased by
about 26%, suggesting that GRK-mediated phosphorylation is not solely due to GRK2
activity. In agreement with this hypothesis, immunoprecipitation studies in CHO cells
overexpressing GFP-tagged V1AR, showed that GRK5 can associate with V1AR after
stimulation with AVP [54]. Since many groups have shown differential signaling outcomes
imparted via distinct GRKSs acting at various GPCRs, including V1AR [50], further insight
into AVP-mediated regulation of G protein-independent signaling and its impact on cellular
processes is greatly needed.

2.3) V2R signaling

The V2R is a Gs-coupled GPCR, wherein AVP binding induces adenylate cyclase-mediated
production of cAMP and activation of protein kinase A (PKA) [56], and can also lead to
increased calcium mobilization [57]. The V2R also undergoes ligand-induced sequestration
and desensitization, and although the last 14 amino acids of V2R are required for
phoshophorylation of the AVP-bound V2R [58], Innamorati et. a/. showed that
desensitization and sequestration of V2R do not require receptor phosphorylation [58].
Unlike the rapid return of AVP-stimulated V1AR to the cell surface following removal of
AVP from culture media [53], V2R remain at the cell surface 6h after AVP removal [59].
The recycling of V2R to the cell membrane is mediated by GRK-dependent phosphorylation
of a cluster of serine residues (S362-S364) in the C-terminal of V2R [59]. Unlike B-arrestin-
mediated desensitization for other GPCRs, B-arrestin 2 binding to V2R prolongs cAMP
generation which is associated with V2R internalization to in endosomes, and receptor
signaling is turned off by endosomal retromer complexes [60]. Additionally, three serine
residues on the V2R C-terminal responsible for the formation of VV2R/B-arrestin complexes
and internalization to endosomes [61]. Physiologically, V2R stimulation on renal tubules
leads to the formation and insertion of aquaporin channels on the apical surface of collecting
duct cells and allowing an increase in water permeability and water retention. Additionally,
persistent or inappropriate AVP in plasma causes decreased cardiac output and systemic
blood pressure during HF, leading to increased water retention and hyponatremia [5], which
is associated with adverse prognosis and increased mortality of HF patients [29, 30].

3. Rationale for and consequences of AVP receptor blocker usage in HF

Due to the adverse clinical consequences associated with the development of hyponatremia,
especially during HF, V2R antagonists were developed for its treatment. Conivaptan (a
V1AR/V2R mixed antagonist) and tolvaptan (a VV2R-selective antagonist) are both FDA-
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approved for the treatment of HF with hyponatremia, and while they have shown favorable
short-term outcome in terms of corrected hyponatremia, neither have been shown to improve
survival or decrease hospitalizations [62]. Further, another VV2R-selective antagonist,
lixivaptan, was in phase Il assessment for treatment of hyponatremic HF patients, but was
shown in the Treatment of Hyponatremia Based on Lixivaptan in NYHA Class I11/1V
Cardiac Patient Evaluation (BALANCE) study to cause an early increase in patient mortality
due to worsening HF, which led the Cardiovascular and Renal Advisory Panel of the FDA to
vote against its use for HF treatment [63].

The phase Il ACTIV in CHF (Acute and Chronic Therapeutic Impact of Vasopressin
Antagonist in Congestive Heart Failure) trial showed that when added to standard of care
therapy, tolvaptan improved net volume loss and increased serum sodium in patients
hospitalized with CHF [64, 65]. However, tolvaptan-treated patients did not show decreased
mortality compared to the placebo group. The phase 11l EVEREST (Efficacy of Vasopressin
Antagonism in Heart Failure Outcome Study with Tolvaptan) trial was a larger, multi-center
trial that evaluated the long-term effects of tolvaptan. Although tolvaptan was shown to be
safe in these patients, it did not alter LV remodeling, heart rate, or blood pressure, or
decrease long-term mortality and HF-related morbidity [66—68]. However, improvements in
body weight, or fluid retention, were detected [69], suggesting that although the acute effects
of tolvaptan use seemed favorable, the short-term endpoint of body weight/fluid retention
does not accurately reflect improved long-term mortality [70].

Interestingly, Lanfear et. a/. noted that elevated baseline AVP levels were predictive of all-
cause and cardiovascular mortality, independent of the tolvaptan response [26]. This
observation is in agreement with additional studies showing that elevated AVP and/or
copeptin increased risk of all-cause mortality in HF patients [26, 71-75]. It should be noted
that exogenous administration of AVP to patients with HF leads to dose-dependent increases
in systemic vascular resistance and pulmonary capillary wedge pressure (PCWP), and
decreased stroke volume and cardiac output [76]. This hemodynamic deterioration in
response to AVP and greater prognostic value of AVP compared to tolvaptan use suggests
that increased AVP may contribute to HF deterioration. Additionally, studies in HF patients
with hypervolemic hyponatremia revealed that V2R antagonists, including tolvaptan, lead to
an increase in circulating AVP levels, potentially exacerbating its effects on other V2R-
independent systems [26, 77, 78]. Morooka et. al. evaluated the long-term effects of
tolvaptan on myocardial and kidney function in a hypertensive rat model for HF and found
that circulating and myocardial levels of AVP, as well as myocardial levels of the V1AR and
V1BR, were increased during the development of HF [79], while rats treated with tolvaptan
had significantly suppressed levels of AVP and V1AR mRNA in LV tissue. Although this
finding opposes the EVEREST findings that showed increased AVP levels following
tolvaptan administration, the Dahl salt sensitive HF model used by Morooka et. a/. assesses
volume and pressure overload without hyponatremia, while the EVEREST trial focused on
hyponatremic HF patients. This difference emphasizes the importance of conducting more
studies to better understand not only how V2R antagonists alter plasma AVP levels, but also
how a patient’s volume/natremic state impacts these changes, especially since plasma
volume and osmolarity regulate AVP release from the pituitary.
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Since tolvaptan use in hyponatremic patients enhances AVP levels, and V1AR expression is
increased 2-fold in patients with chronic HF compared to non-failing hearts [80], AVP
elevation in combination with increased V1AR expression could lead to modified V1AR-
mediated effects in the heart, as discussed further below. Interestingly, V1AR-deficient mice
have significantly higher plasma concentrations of AVP than wild-type control mice during
dehydration [47], thus it is possible that decreased expression or activity of one class of AVP
receptor could cause a reciprocal increase in AVP stimulation of other classes of AVP
receptors. However, there is currently no definitive proof that such a regulatory relationship
exists between different AVP receptors. In light of this possibility, a combination of
V1AR/V2R antagonists could offer increased benefit in the treatment of HF. Interestingly,
Ikeda et. al. showed that myocardial V1AR and renal V1AR and V2R were significantly
increased during the HF transition in a hypertensive rat model, and the combination of
tolvaptan and a V1AR antagonist (OPC-21268) increased the median survival time of the
rats more than either antagonist alone [81]. Furthermore, early clinical pilot studies using
conivaptan are promising. Conivaptan increases urine output and decreases PCWP and right
atrial pressure in HF [77, 82, 83], but no long-term clinical trials evaluating the effects of
conivaptan of HF have been completed. Further, there have been no clinical trials testing
selective V1AR antagonists in the context of HF, but based on the increased cardiac
expression of V1AR and circulating levels of AVP in HF, further exploration of the role of
V1AR in HF progression is warranted.

4. Exploration of V1AR effects on cardiac function and survival in HF

4.1) V1AR knockout (KO) mice

Studies using V1AR-KO mice have shown that the absence of V1AR causes hypotension
and decreased plasma volume in mice [32, 84], despite plasma AVP levels being
significantly higher than wild-type controls [47]. In addition, the V1AR-KO mice had a
decreased pressor response to AVP, impaired baroreceptor reflexes, decreased sympathetic
nerve activity, decreased levels of renin in plasma and in granule cells of the macula densa
[85] accompanied by decreases in RAAS activity and decreased plasma aldosterone levels
[32, 39, 84], all of which may contribute to the hypotensive phenotype observed in these
mice. Additionally, V1AR are involved in the development of salt-induced hypertension, as
V1AR-KO mice experience smaller increases in sympathetic activation and systolic blood
pressure over time compared to wild-type mice in response to dietary salt loading [86].

4.2) V1AR contribution to chronic HF

Recent studies have shown that V1AR expression contributes to the development of HF.
Stimulation of V1AR on vascular smooth muscle cells causes increased vascular resistance,
increasing afterload. The increase in afterload and direct stimulation of V1AR on
cardiomyocytes can lead to cardiac remodeling [87]. The effects of V1AR signaling on
cardiomyocyte hypertrophy and cardiac fibrosis will be discussed in more detail in the cell-
type specific sections below.

Cardiac V1AR expression is similarly increased in late stage human HF [80], the cardiac
tachypacing dog model of HF as well as in the transverse aortic constriction (TAC) mouse
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model of chronic HF, highlighting a conserved enhancement of V1AR signaling in the heart
across small and large animal HF models and human HF (Fig. 2). In the absence of any
other pathological insult, mice with cardiac-specific overexpression of V1AR developed
cardiac hypertrophy over several months eventually leading to dilation and left ventricular
dysfunction, suggesting an essential role for V1AR in the development of chronic HF [88].
Furthermore, the V1AR-mediated cardiomyopathy was shown to be Gq protein-dependent,
involving the activation of Akt and ERK1/2, as crossing the V1AR transgenic mice with
mice expressing an inhibitory peptide against Gq protein completely ablated the HF
phenotype [88]. Fittingly, V1AR-KO mice subjected to TAC had lower heart weight to body
weight ratios compared to WT mice, thereby also demonstrating that AVP signaling through
V1AR plays a role in the development of cardiac hypertrophy in response to pressure
overload [89]. Furthermore, administration of the selective V1AR antagonist SR49059 to
wild-type mice undergoing TAC not only preserved cardiac function compared to vehicle
controlled-mice, but also blocked the HF-associated increase in V1AR expression and
decrease in BAR density [90]. Conversely, in the tachypacing pig model of HF, V1AR
antagonism was shown to improve LV loading but had limited effect on preservation of LV
and isolated myocyte shortening, however V1AR expression was not measured, V1AR
blockade was incomplete and V1AR blockade was not directly tested in the isolated
cardiomyocyte contractility assays [91]. Thus, from a translational standpoint, assessing the
impact of V1AR blockade in HF would greatly benefit from further exploration in large
animal models.

As with HF patients, rat models of chronic HF and LV dysfunction show increased plasma
levels of AVP [92, 93]. Additionally, AVP was increased in regions of the brain stem known
to be involved in regulating cardiovascular and circulatory function [93], suggesting that the
central activity of AVP may be a potential target for HF or hypertension (HTN). Since HTN
is the most prevalent and preventable risk factor for HF development and HTN contributions
to a large proportion of HF cases [1, 94, 95], a better understanding the role of V1AR in
HTN may provide insights about the management of HTN-induced HF. Recent studies
suggest that V1AR are also involved in the development of genetic hypertension. Selective
V1AR antagonists attenuated blood pressure increases in spontaneously hypertensive rats
(SHR) when given short-term during HTN development [96]. However, chronic V1AR
antagonism did not reduce blood pressure, suggesting that the role of AVP during HTN
development is not due to its pressor effects [97].

4.3) V1AR contribution to acute HF

Although V1AR signaling during chronic HF appears to be largely detrimental, the effects
of V1AR on acute cardiac injury are less clear. Some studies have shown that V1AR are
functionally and numerically downregulated in rat cardiomyocytes four weeks after MlI, and
it was suggested that V1AR blockade after M1 may not be beneficial [34]. However, this
study evaluated the chronic use of orally administered V1AR antagonists starting one day
after Ml surgery, though significant increases in AVP following MI occurs within 6 hours of
MI [98] and decrease to baseline levels within 24 hours of initial presentation [18].
Conversely, it was shown that cardiac VIAR mRNA was increased 14 weeks after Ml, again
suggesting a role for V1AR signaling in the long-term post-injury remodeling phase [99].
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Interestingly, exogenous administration of AVP to rats provides cardioprotection against
reperfusion injury [100], presumably via preconditioning, while V1AR inhibition reduced
these effects. V1AR antagonism alone did not decrease infarct size, suggesting that V1AR
preconditioning only occurred when “superphysiological” levels of AVP are present.
Therefore, the acute impact versus chronic outcome of AVP signaling following cardiac
injury may vary temporally and V1AR-directed therapeutics for myocardial ischemia may
need to be considered within this context.

Following MI, changes in V1AR expression in non-cardiac tissue may also contribute to HF.
Significantly lower expression of VIAR mRNA and protein in were detected in the
cerebellum of rats after MI compared to control rats and rats after chronic stressing [101].
The cerebellum is involved with autonomic regulation in the cardiovascular system,
including the baroreceptor reflex. Interestingly, V1AR knockout mice show decreased
baroreceptor reflexes [102], which may partially be due to the lack of V1AR in the
cerebellum. Although there was no difference between the cerebellar V1AR expression of
rats undergoing chronic stressing after Ml compared to Ml alone, responses to stress
following MI can be altered by cerebral and cerebellar V1AR signaling [103, 104].
Furthermore, VIAR mRNA and protein were significantly lower in the
mesencephalopontine region of infarcted rats compared to control rats [105]. Along with the
cardiac and central effects, V1AR also alter blood pressure following M1 via coronary artery
constriction [106]. Additionally, V1AR expression in the renal medulla is increased after Ml
[105], and has been shown to contribute to hypertension [107]. However, others have
suggested that changes in vasoconstriction and fluid retention after chronic Ml may be the
result of a shift in vascular receptor expression from V1AR to V2R [108, 109].

4.4) AVP tested as a potential therapeutic in animal models of cardiovascular disease

Targeting of the V1AR, alone and in conjunction with other GPCR including a1lAR, has
been explored in human and large animal models of cardiac arrest and shock, wherein AVP
with or without epinephrine (Epi) has been administered to assess the outcome on cardiac
function and survival in these contexts. The concurrent use of AVP and Epi during
resuscitation has been studied in both humans and large animal models of cardiac arrest over
the last several years. However, studies in human cardiac arrest have failed to demonstrate a
consistent benefit of AVP. In a recent study, combined AVP+Epi and methylprednisolone
during CPR and stress-dose hydrocortisone in post-resuscitation shock, compared with Epi/
saline placebo, resulted in improved survival to hospital discharge with favorable
neurological status [110]. However, this study enrolled only 130 patients in each treatment
group and it was impossible to ascertain whether the benefits seen in the comparator group
was due to AVP or methylprednisolone and hydrocortisone. The definitive study in humans
compared AVP+Epi versus Epi alone in approximately 4000 patients and failed to show a
benefit of AVP in out-of-hospital arrests [111]. In a study of patients with cardiac arrest
presenting to or in the emergency department, the combination of AVP+Epi also did not
improve long term survival, although there was a trend towards improved survival in patients
with prolonged cardiac arrest — however only eight patients in the Epi group and eleven
patients in the AVP group survived to discharge [112]. Furthermore, meta-analysis of studies
that included nearly 4500 patients found no overall benefit or harm of AVP use in the
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resuscitation of cardiac arrest patients [113]. In aggregate, the studies assessing the efficacy
of AVP in cardiogenic shock have failed to show benefit — leading to practice guidelines not
recommending its use in shock.

A recent study demonstrated that in pigs with shock secondary to electrically induced
ventricular fibrillation, the treatment of AVP+Epi increased the likelihood of successful
defibrillation [114]. However, this large animal model lacked additional study arms with
which to compare this effect (i.e. AVP given alone or prior to Epi infusion, or Epi given
again instead of AVP), thus the comparative impact of Epi+AVP versus Epi in this context is
unclear. A study which induced cardiac arrest by clamping the endotracheal tube found that
while the administration of Epi or Epi+AVP resulted in similar restoration of spontaneous
circulation and survival rates, there were improved neurological and cerebral
histopathological outcomes [115]. However, these findings were not seen consistently. In a
study of bupivacaine-induced cardiac arrest, first-line rescue with Epi and Epi+intralipid was
more effective with regard to survival than intralipid alone or AVP+intralipid [116].

Following earlier studies of cardiac arrest in pigs it was proposed that AVP enhances
myocardial blood flow via strong peripheral vasoconstriction [117], but these studies showed
varying success of AVP in increasing coronary blood flow alone or in conjunction with Epi,
depending on the intervention (asphyxiation versus ventricular fibrillation-induced cardiac
arrest). When cardiac arrest was induced by asphyxiation in a pediatric porcine model,
return of spontaneous circulation was significantly more likely in Epi-treated pigs than in
animals resuscitated with AVP alone [118], though in an adult model of asphyxiation the
combination of AVP+Epi was better than either agent alone at restoring myocardial blood
flow [119], while in a ventricular fibrillation-induced pediatric pig model of cardiac arrest,
AVP+Epi was shown to increase coronary blood flow better than either AVP or Epi alone
[120]. The AVP analog terlipressin had no statistically significant effect on outcomes in an
infant pig model of cardiac failure when used alone or with Epi [121].

In addition, others have demonstrated that AVP failed to have a positive effect on outcomes
in a murine model of ischemia-reperfusion injury. In fact, AVP infusion significantly
increased myocardial dysfunction and mortality in comparison with both saline and
dobutamine [122]. Thus, the potential protective versus detrimental roles of AVP may
depend on the type of cardiovascular injury and requirement for systemic vasoconstriction to
enhance myocardial blood flow.

5. Cardiac cell type-dependent V1AR signaling

5.1) V1AR in cardiomyocytes

A majority of studies focusing on the impact of AVP signaling in myocytes have been
performed in neonatal cardiomyocytes and H9c2 rat myoblasts, which each express high
levels of V1AR in the absence of V1BR or V2R [89, 123]. (The major roles of AVP
signaling in myocytes are summarized in Fig. 3) AVP signaling via V1AR promotes
hypertrophy in both cell types [89, 124] via enhanced protein synthesis [35, 89, 125, 126]
and cell surface area [89], with no impact on cell proliferation [125]. V1AR-mediated
protein synthesis occurs in a PLC- and PKC-dependent manner involving elevated CaZ*
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responses and c-fos expression [35, 89, 125], and it has been shown that AVP strongly
regulates the GATA-4 transcription factor in hypertrophied cardiomyocytes [127].
Interestingly, V1AR regulation of GATA-4 may also aid in ventricular precursor
differentiation and maturation as V1AR mediates GATA-4 during D3 embryonic stem cell
differentiation via the NOS pathway [128]. Studies examining the expression of vasopressin
receptors on rat hearts have shown that although V2R expression is barely detectable in adult
rat hearts, its expression increases until post-natal day 5 and then declines [129]. The V2R
expression and presence of AVP in maturing hearts suggests that V2R may play a role in
cardiac development and maturation; indeed, while V1AR is mainly responsible for
ventricular differentiation of embryonic stem cells, V2R were shown to modulate atrial
precursor cell differentiation [128].

PKC-dependent V1AR signaling modulates many signaling pathways including regulation
of IL-1B-induced iNOS expression [130] and potentiation of L-type Ca2* channel currents
[37]. Moreover, AVP-mediated increases in protein synthesis are partially regulated by the
rapid release of sequestered SR Ca2* [131]. While the effects of AVP on protein synthesis
are additive with those of PDGF, the chronic depletion of Ca2* caused by AVP decrease
mitogenic effects of PDGF in favor of the hypertrophic effects [131]. In addition to
mediating cardiomyocyte hypertrophy, V1AR signaling also alters cellular metabolism
during hypertrophy. AVP acutely increases glycolysis in a Ca2*-dependent, AMPK
independent manner in hypertrophied H9c2 cells and simultaneously decreased fatty acid
oxidation [132]. Furthermore, AVP-induced hypertrophy also increases atrial myosin light
chain-1 activation via a Ca2*-calmodulin-calcineurin-NFAT pathway, which may improve
cardiac contractility [133].

The potential for AVP signaling to regulate contractility is also supported by the V1AR-
dependent increases in free cytosolic Ca2* observed in rat neonatal cardiomyocytes [36].
However, the ability of V1AR to mobilize CaZ* in cardiomyocytes has been shown to be
variable, ranging from a small increase (~10-fold less than Ang I1) to no response or even a
small decrease depending on the developmental stage (adult, neonatal) and organism (rat,
mouse, guinea pig, chick) [34-37, 134, 135]. Our group has observed no response up to
1uM AVP in adult mouse cardiomyocytes [90], and it was shown that adult mouse
cardiomyocytes with V1AR overexpression had diminished Ca2* transients [88].
Interestingly, we showed that although V1AR stimulation alone did not impact
cardiomyocyte Ca2* transients and slightly reduced cardiac contractility, pretreatment with
AVP prior to catecholamine stimulation greatly reduced PAR responsiveness [90]. Thus, the
V1AR may play a more important role in fine-tuning cardiomyocyte contractility in
response to sympathetic drive. Interestingly, the ability of V1AR to modulate AR
responsiveness was shown to be mediated in a Gq protein-independent, but GRK-dependent
manner. While the particular GRK isoform responsible for this effect has not been
established, we also showed in H9c2 cells that GRK2-dependent V1AR signaling enhanced
ERKZ1/2 activity and promoted survival under hypoxic conditions in vitro [50]. Although the
role this pathway could play /n vivo has not been determined, it highlights the potential
dichotomy between V1AR signaling pathways; even if using the same initial effectors such
as GRKs, the physiologic results at the cardiomyocyte level could be divergent with the
simultaneous promotion of survival and inhibition of contractility, both essential to maintain
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under stress conditions such as HF. Further exploration of V1AR effects on cardiomyocyte
signaling and function, alone or in conjunction with other neurohormone systems, is
required to address this issue.

5.2) V1AR in Fibroblasts

AVP-induced DNA synthesis in cardiac fibroblasts promotes both cell growth and
proliferation in a PKC- and AKT-dependent manner [136]. Interestingly, the HMG-CoA
reductase inhibitor simvastatin inhibits AVP-induced PKC, ERK1/2, and AKT activation and
prevents AVP-induced cell growth in fibroblasts and other cell types [136, 137]. Studies on
cultured 3T3 fibroblasts support that activation of the V1AR promotes cell growth [125],
and AVP promotes DNA and RNA synthesis in and the proliferation of fibroblasts [138—
140]. Additionally, AVP reduces caveolin-1 expression, which aids in the regulation of cell
proliferation [141].

Increased fibroblast proliferation is accompanied by increased collagen | and 111 synthesis
[142], suggesting that AVP can alter myocardial fibrosis, and the AVP-dependent fibroblast
growth and collagen synthesis can be inhibited by blocking AVP-induced calcineurin
activity [143]. In agreement with this, studies have shown that AVP signaling alters fibrosis
via NF-xB and iNOS-NO signaling [144]. AVP-induced collagen synthesis is accompanied
by nuclear translocation of NF-xB, and IL-1p acts synergistically with AVP to increase
iNOS-NO system in cardiac fibroblasts [144, 145]. V1AR signaling also increases 3H-
proline incorporation and a-SMA expression in fibroblasts and aids in the conversion of
fibroblasts to myofibroblasts [146]. In addition to the profibrotic effects of direct V1AR
signaling on cardiac fibroblasts (summarized in Fig. 4), V1AR signaling also contributes to
the angiotensin 11- mediated increase in fibrosis during acute pressure overload [147]. In this
context, V1AR deficiency was shown to prevent the onset of HF, independently of myocyte
hypertrophy, suggesting that distinct V1AR-mediated effects in other cardiac cell
populations, such as fibroblasts, also contributes to the development of HF.

6. Conclusion

HF remains a prevalent and burdensome disease, both in western countries and increasingly
in developing nations. Therapeutics targeting neurohormone pathways continue to be the
standard for reducing cardiac remodeling and mortality associated with progressive cardiac
dysfunction. Because of the adverse clinical consequences associated with the development
of hyponatremia, V2R antagonists were developed for the treatment of patients with
hyponatremia. However, in contrast with the BAR and AT1R pathways, therapeutic
interventions of V2R to date have proven of no benefit in patients with HF. Conversely, the
cardiac V1AR system may have significant clinical importance since: 1) circulating AVP is
elevated in patients with HF, which is associated with increased morbidity and mortality; 2)
the use of FDA-approved V2R-selective antagonists increase levels of circulating AVP,
which is also associated with increased mortality in patients with acutely decompensated
HF; 3) V1AR expression is increased two-fold in hearts from patients with end-stage HF,
results replicated in both small and large animal models of HF; and 4) increased cardiac
V1AR expression is associated with cardiac remodeling, decreased BAR expression and
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contractility, effects reversed by V1AR blockade. While the molecular, cellular and
physiological outcomes of V1AR-dependent signaling varies between cell types, animal
models and pathological insults, the potential for V1AR antagonism in the treatment of HF
is high. Further exploration of the relationship between AVP signaling and cardiac function
during various HF etiologies, and within distinct cardiac cell populations, will provide
rationale for targeting this system as a therapeutic approach for HF patients with elevated
AVP.
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Highlights

Circulating arginine vasopressin (AVP) is elevated in patients with
heart failure (HF), which is associated with increased morbidity and
mortality.

In the cardiovascular system, chronic AVP signaling via V1AR (heart,
blood vessels) and V2R (kidney) leads to increased hypertrophy and
water reabsorption, respectively.

Use of FDA-approved V2R-selective antagonists symptomatically
reduce water reabsorption, but increase levels of circulating AVP,
which is also associated with increased mortality in patients with
acutely decompensated HF.

V1AR expression is increased two-fold in hearts from patients with
end-stage HF, results replicated in both small and large animal models
of HF.

Increased V1AR signaling is associated with cardiac remodeling,
decreased BAR expression and cardiac contractility, effects reversed by
V1AR blockade, providing rationale for targeting this system as a
therapeutic approach for HF patients with elevated AVP.
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Figure 1. Contributions of AVP signaling to heart failure (HF)
AVP stimulates vasopressin type 2 receptors (V2R) on renal tubules, leading to the

formation and insertion of aquaporin channels on the apical surface of collecting duct cells,
which increases and water retention and may cause or exacerbate hyponatremia. Stimulation
of vasopressin type 1A receptors (V1AR) on vascular smooth muscle cells (VSMC) leads to
vasoconstriction and increases afterload on the heart. Additionally, V1AR in the central
nervous system (CNS) alter the baroreceptor response. Signaling via cardiac V1AR on
cardiomyocytes (CM) and cardiac fibroblasts (CF) leads to increased cardiac hypertrophy
and dilation and fibrosis, respectively.

Cell Signal. Author manuscript; available in PMC 2017 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wasilewski et al.

Page 22

A Human Dog B Human Mouse
G [ — 80m [ ]
=)
S £ S T 6
o = £ 60-
] 3 4- n 9
5 S o 2
% ] - o
c Q.
g% > E
& > 27 g
S5 S £
<@
0- 0-
NF F NF F NF F NF F

Figure 2. Increased V1AR expression in human HF as well as large and small animal models of
HF

A) Realtime PCR reveals a significant increase in AVPR1A expression in failing (F) versus
non-failing (NF) human and dog left ventricular samples, normalized to RPS18 and
presented as RQ with RQmin and RQmax as error bars. Human heart tissue was obtained
with institutional review board approval and patient consent as described in [80]. Failing dog
heart samples were generated by pacing with IACUC approved as described in [148]. B)
Saturation radioligand binding of 1251-AVP in membrane preparations of non-failing (NF)
and failing (F) human heart and mouse left ventricular samples as previously described in
[80 and 90]. Failing mouse heart samples were generated via transaortic constriction (TAC)-
induced pressure overload with IACUC approval as described in [90]. *P<0.05, **P<0.01,
***P<(0.001 unpaired t-test with Welch’s correction for unequal variance. Adapted from [80]
with permission from Elsevier.
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Figure 3. AVP signaling in cardiomyocytes (CM)
AVP stimulation of V1AR on CM leads to enhanced protein synthesis and cellular

hypertrophy in phospholipase C (PLC)-protein kinase C (PKC)-dependent increases in
calcium and c-fos. AVP-induced hypertrophy also increases atrial myosin light chain-1
(ALC-1) activation via a Ca?*-calmodulin-calcineurin-NFAT pathway. G protein-coupled
receptor kinase (GRK)-dependent V1AR signaling decreases beta-adrenergic receptor (BAR)
responsiveness and increases cell survival during hypoxia. V1AR signaling also increases
ventricular differentiation and maturation via GATA-4 regulation. AVP also alters cellular
metabolism, increasing glycolysis and decreasing fatty acid oxidation.
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Figure 4. AVP signaling in cardiac fibroblasts (CF)
AVP signaling in CF leads to increased cell growth and proliferation in a protein kinase C

(PKC)- and AKT-dependent manner. Fibrosis in increased via NF-kB signaling and through
calcineurin-dependent increases in collagen | and I11. Additionally, V1AR signaling
increases a-smooth muscle actin (a-SMA) expression, contributing to the conversion of CF
into myofibroblasts.
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