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a b s t r a c t

Apelin is the endogenous ligand for the previously orphaned G protein-coupled receptor,

APJ. This novel peptidic signalling pathway is widely represented in the heart and vascu-

lature, and is emerging as an important regulator of cardiovascular homeostasis. In pre-

clinical models, apelin causes nitric oxide-dependent vasodilatation, reduces ventricular

preload and afterload, and increases cardiac contractility in rats with normal and failing

hearts. Apelin–APJ signalling also attenuates ischemic myocardial injury and maintains

cardiac performance in ageing and chronic pressure overload. Downregulation of apelin and

APJ expression coincides with declining cardiac performance raising the possibility that

diminished apelin–APJ activity may have pathophysiologic implications. At present, data

from human studies is limited but changes in apelin and APJ expression in patients with

chronic heart failure parallel those seen in preclinical models. Detailed clinical investigation

is now required to establish the role of apelin in human cardiovascular physiology and

to determine the therapeutic potential of augmenting apelin signal-

heart failure.
ling in patients with
pathophysiology, and
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1. Introduction

Heart failure constitutes a major and growing health burden in

developed nations. Despite considerable treatment advances

over the past two decades, it has a prognosis worse than that

of many cancers and results in severe morbidity with impaired

quality of life and recurrent hospitalisation [1,2]. The devel-

opment of novel treatments for patients with heart failure

therefore remains a major priority. G protein-coupled recep-

tors (GPCRs) play an essential role in the physiological control

of the cardiovascular system and represent a major target for

existing pharmacological treatments [3,4]. Many of the recent

pharmacological advances in the treatment of heart failure,

including angiotensin II type 1 (AT1) and beta-adrenergic

receptor blockers, have arisen through the specific targeting of

GPCR systems, and have provided additive incremental

morbidity and mortality benefits [5,6].
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In 1993 a novel GPCR called APJ was identified through the

Human Genome Project [7]. Despite sharing significant

sequence homology with AT1, APJ did not display specific

binding for angiotensin II and remained orphaned until 1998

when its endogenous ligand was identified from bovine

stomach extracts and named apelin (APJ endogenous ligand)

[8]. Since its discovery, the apelin–APJ system has emerged as

an important regulator of cardiovascular homeostasis that

may play a role in the pathophysiology of heart failure and

represents an exciting target for the development of new

therapies [9–11].

In this article we will review the biology of the apelin–APJ

system and its role in cardiovascular homeostasis. We will

then discuss the evidence for altered apelin–APJ regulation in

the setting of heart failure and consider how attenuated apelin

signalling may contribute to the pathophysiology of this

condition. Finally we will explore the therapeutic potential of
.
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targeting the apelin–APJ system in heart failure and, in

particular, the rationale for augmenting apelin–APJ activity

as a means of preserving and restoring cardiac performance.
2. The apelin–APJ system

2.1. Apelin

The apelin gene, located on the long arm of the human X

chromosome, encodes a 77 amino acid preproprotein that is

then cleaved to shorter active peptides (Fig. 1) [8,12,13]. The

full-length mature peptide comprises 36 amino acids (apelin-

36) and was originally isolated from bovine stomach extracts.

Gel filtration chromatography of bovine colostrum confirmed

the presence of apelin-36 and revealed a second peak of

activity corresponding to a 13 amino acid peptide (apelin-13),

which has subsequently been identified in several other

tissues. The 13 amino acid peptide possesses a pyroglutamate

substitution at the N-terminus; a common post-translational

modification that preserves biological activity by rendering the

peptide more resistant to enzymatic cleavage. Although not

yet identified in vivo, the existence of other endogenous apelin

isoforms is predicted by several potential proteolytic cleavage

sites on apelin-36. Accordingly, synthetic C-terminal frag-

ments of apelin-36 including apelin-19, apelin-17, apelin-16

and apelin-12 also activate the APJ receptor [8,13–18] though

fragments shorter than 12 amino acids are biologically inert.

The shorter apelin isoforms exhibit greater binding affinity

and biological potency than the full-length peptide, the most

potent being the pyroglutamated form of apelin-13 that may

represent the principally active biological ligand [13,15,16].

Expression of the apelin gene is increased in response to

hypoxia under the regulation of hypoxia-inducible factor-1

[19]. In breast tissue there is up-regulation of apelin synthesis

during lactation that is mediated by upstream stimulatory

factor-1 [20], a fairly ubiquitous transcription factor involved

primarily in energy metabolism and cellular proliferation [21].

In adipocytes, apelin gene expression is inhibited in the fasting

state and stimulated by refeeding possibly through changes in

the plasma concentrations of insulin and counter-regulatory
Fig. 1 – Apelin synthesis, post-translational processing and

metabolism.
hormones [22,23]. Finally, in magnocellular neurons of the

hypothalamus, apelin is upregulated by dehydration, through

a mechanism that may involve arginine vasopressin [24].

Less is known about the mechanisms regulating the post-

translational processing of apelin including the proteolytic

cleavage of the longer apelin isoforms to shorter C-terminal

fragments and the pyroglutamine modification of the apelin-

13. One enzyme implicated in the processing of apelin

peptides is angiotensin-converting enzyme (ACE) type 2 [25],

a carboxypeptidase that negatively regulates the renin–

angiotensin–aldosterone system (RAAS) by cleaving angio-

tensin II to the biologically inactive peptide angiotensin 1–9 or

angiotensin 1–7 [26]. ACE-2 has been reported to hydrolyse

both apelin-13 and apelin-36 with high catalytic efficiency [25].

To our knowledge this is the only degradation pathway for

apelin yet described, although its physiological significance

remains unclear [11].

2.2. The APJ receptor

The human APJ gene is located on the long arm of chromo-

some 11 and encodes a 377 amino acid G protein-coupled

receptor with seven transmembrane-spanning domains [7] for

which apelin is the only known ligand. The transcriptional

regulation of the APJ gene appears to be complex and, at the

time of writing, remains poorly understood. Physiological

stimuli for APJ synthesis include acute and chronic stress, salt

loading and water deprivation. At the molecular level, a TATA-

less promoter region within the gene has recently been

identified [27]. The transcriptional factor, Sp1, which initiates

transcription of several genes whose promoters lack a TATA

box [28], also plays a major role in activation of the APJ

promoter. Other factors that contribute to promoter activity

include CCAAT/enhancer binding protein, estrogen and

glucocorticoid protein complexes [27].
3. Biology of the apelin–APJ system

3.1. Anatomy: tissue localisation of APJ and apelin

The apelin–APJ system has wide representation in the central

nervous system and a variety of peripheral tissues (Fig. 2; for

review see ref. [9]). In some tissues, such as lung, kidney and

adrenal gland, APJ expression may be restricted to the

vasculature, though out with the cardiovascular system, APJ

receptors have been detected in neurons of the cerebral cortex,

hippocampus and hypothalamus, pituitary gland cells, enter-

ochromaffin-like gastric cells, pancreatic islet cells, osteo-

blasts and T-lymphocytes. The expression pattern of apelin is

closely related to that of APJ with co-localisation of the

receptor and ligand in many tissues, suggesting a possible

autocrine or paracrine signalling pathway. However, apelin is

also expressed in cell types lacking the APJ receptor such as

adipocytes and has been detected in plasma at levels

consistent with a circulating hormone.

Within the human vasculature, both APJ receptor-like

immunoreactivity (APJ-LI) and apelin-like immunoreactivity

(apelin-LI) are detectable in endothelial cells and vascular

smooth muscle cells of human large conduit vessels including



Fig. 2 – Expression and physiological functions of the apelin–APJ system (most physiological effects not yet documented in

humans). ACTH, adrenocorticotrophic hormone; AVP, arginine vasopressin; CCK, cholecystokinin. *Site of apelin but not

APJ synthesis.
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radial artery, left internal mammary artery, coronary artery

and saphenous vein, as well as renal, adrenal and pulmonary

vessels [29,30]. Intracellular localisation of apelin, in the

endoplasmic reticulum, golgi apparatus and secretory vesicles

suggests the peptide is synthesised locally in endothelium [30].

Within the human heart, APJ-LI is present in endocardial

endothelial cells and, to a lesser extent, in cardiomyocytes

[30]. In contrast, apelin-LI expression is 200-fold higher in

atrial tissue than ventricular tissue and correlates well with

plasma apelin concentrations suggesting it may be the major

source of circulating apelin [31]. Staining for apelin-LI is

negligible in cardiomyocytes in normal myocardium, but

detectable in failing hearts.

3.2. Biochemistry: intracellular signalling mechanisms

Apelin causes a concentration-dependent inhibition of for-

skolin-stimulated production of cyclic AMP in Chinese

hamster ovary cells, stably transfected with the APJ receptor

suggesting that APJ couples to inhibitory G proteins (Gi) [8].

Apelin peptides also induce Ras-independent activation of

extracellular-regulated kinases (ERKs) via protein kinase C [32]

as well as activation of p70S6 kinase (an important regulator of

translation and cell cycle progression) through ERK- and Akt-

dependent phosphorylation pathways [33]. These signalling

cascades are inhibited by pertussis toxin implying that they

too are mediated by coupling of APJ to Gi. On the other hand,
the inotropic effect of apelin (see Section 3.3.3) is only partially

suppressed by pertussis toxin [18] and appears to involve

activation of phospholipase C and protein kinase C [18], a

pathway characteristically activated by Gq proteins [34]. This

raises the possibility that the APJ receptor may couple to Gq

proteins in addition to Gi proteins. One well-established effect

of phospholipase C activation is to increase intracellular

production of inositol-1,4,5-trisphosphate (IP3) through

hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP2)

[34]. This pathway may account for the observed increase in

intracellular Ca2+ concentrations in human Nt2.N neurons on

exposure to apelin [35]. Of note, several apelin-mediated

signalling cascades have been shown to exhibit desensitisa-

tion [36] which probably occurs due to internalisation of the

APJ receptor following activation [37]. Interestingly differently

sized apelin fragments induce a variable duration of receptor

internalization that correlates with a differential pattern of

desensitisation [36,37]. Finally, the APJ receptor also exhibits

nuclear localization [38] suggesting the possibility that its

effects may extend beyond the activation of intracellular

cascades to transcriptional regulation, similar to other GPCRs

such as AT1 [39].

3.3. Physiology: cardiovascular effects of apelin

In keeping with its widespread pattern of expression, the

apelin–APJ pathway has been implicated in a variety of
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physiological functions including glucose metabolism, ther-

moregulation and fluid balance (Fig. 2; for review see ref. [10]).

However, the clearest evidence to date for a physiological role

is in the regulation of cardiovascular homeostasis.

3.3.1. Vascular effects of apelin
Apelin was originally shown to cause a rapid and transient fall

in mean arterial pressure following bolus injection in rats [40].

This finding has been replicated in numerous subsequent

studies [14,16,17,41–44] but is absent in mice with a targeted

APJ gene knockout confirming that the response is mediated

via the APJ receptor [43]. The depressor response is also

abolished by co-administration of L-NAME, a nitric oxide

synthase inhibitor, suggesting it occurs through nitric oxide-

mediated arterial vasodilatation [16]. In keeping with this,

apelin can activate endothelial nitric oxide synthase (eNOS) in

cultured human umbilical vein endothelial cells [43], possibly

via Akt phosphorylation, and stimulates nitric oxide produc-

tion in rat aorta [45].

Bolus intravenous apelin injection reduces mean circula-

tory filling pressure [41], an accurate reflection of systemic

venous tone [46] implying that apelin can function as both an

arterial and venous dilator. Indeed the concurrent reduction in

both mean arterial pressure and mean circulatory filling

pressure is remarkable as most depressor agents actually

increase mean circulatory filling pressure via reflex sympa-

thetic activation and suggests apelin is a more efficacious

venodilator than either nitrates or hydralazine. These changes

in vascular tone are matched by corresponding alterations in

ventricular loading conditions: acute apelin administration

reduces left ventricular end-diastolic area and left ventricular

end-systolic pressure [47]. Although mice deficient in the APJ

gene have normal basal blood pressure, they exhibit an

exaggerated pressor response to angiotensin II, and those with

a deletion of both the AT1 receptor and APJ receptor have less
Fig. 3 – Proposed model of vascular effects of apelin–APJ system

transported to luminal and basolateral cell membranes. (2) Ape

smooth muscle cells leading to vasoconstriction, possibly throu

circulating apelin molecules activate endothelial APJ receptors g

producing vasodilatation. In the presence of intact endothelium

inhibitory G protein; Gq, Gq protein; PLC, phospholipase C; PKC

diacylglycerol; NO, nitric oxide; sGC, soluble guanylate cyclase;

phosphatidylinositol bisphosphate; MLC, myosin light chain; L-

GTP, guanosine triphosphate.
of a reduction in baseline blood pressure than isolated AT1

receptor deficient mice suggesting a contribution to basal

vascular dilator tone [43]. However, the vascular actions of

apelin may be more complex, extending beyond activation of

eNOS. Consistent with the presence of APJ receptors on

vascular smooth muscle, apelin causes constriction ex vivo in

isolated segments of human saphenous vein denuded of

endothelium [48]. Apelin also stimulates myosin-light chain

phosphorylation in rat and mouse vascular smooth muscle

[49], a key step in contraction. Collectively these data suggest

that apelin can act directly on APJ receptors within vascular

smooth muscle to induce contraction but that in the presence

of functioning endothelium, this effect is outweighed by

stimulation of local nitric oxide production via endothelial APJ

receptors (Fig. 3).

Paralleling the vascular effects in rodents, apelin mediates

constriction in ex vivo human saphenous vein segments

stripped of endothelium [48], but causes vasorelaxation in ex

vivo human mesenteric arteries with intact endothelium. The

latter effect is attenuated by nitric oxide synthase but not

cyclooxygenase inhibition [50]. At the time of writing there are

no reports of the in vivo effects of apelin in man. However, the

only in vivo study in large mammals to date has raised the

possibility that cardiovascular responses to apelin may exhibit

interspecies differences. Acute bolus administration of apelin

in an ovine model at equivalent doses to rodent studies

elicited a biphasic haemodynamic response with an initial

transient reduction in arterial pressure and rise in heart rate

followed rapidly by an increase in blood pressure and

concomitant fall in heart rate [51]. Cardiac output was not

measured early in this study but fell during the hypertensive

phase, parallelling the reduction in heart rate and coinciding

with rises in peripheral vascular resistance and right atrial

pressure. Importantly, four out of ten sheep in the study

exhibited electrocardiographic abnormalities following
. (1) Apelin is synthesised locally in endothelial cells then

lin peptides directly activate APJ receptors on vascular

gh coupling to a Gq protein. (3) Locally released and

enerating NO release; NO diffuses into smooth muscle cells

the net effect is vasodilatation. Ap, apelin; P, phosphate; Gi,

, protein kinase C; IP3, inositol-3,4,5-trisphosphate; DAG,

eNOS, endothelial nitric oxide synthase; PIP2,

Arg, L-Arginine; cGMP, cyclic guanosine monophosphate;



Fig. 4 – Possible intracellular mechanisms of apelin-

mediated positive inotropic effects. Ap, apelin; Gq, Gq

protein; PLC, phospholipase C; SR, sacroplasmic reticulum;

NHE, Na+/H+ exchanger; NCX, reverse Na+/Ca2+ exchanger;

APJ, APJ receptor; PKC, protein kinase C; PIP2,

phosphatidylinositol bisphosphate; IP3, inositol 1,4,5-

trisphosphate; DAG, diacylglycerol.
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administration of high dose apelin including varying degrees

of atrioventricular block. One sheep also developed ST

elevation in the context of profound hypotension.

3.3.2. Cardiac effects of apelin
In keeping with the localization of APJ receptors within the

heart, apelin exhibits direct myocardial effects. In isolated rat

hearts, apelin increases contractility at sub-nanomolar con-

centrations and augments the preload-induced increase in dP/

dtmax [18]. Apelin also induces sacromere shortening in

individual cardiomyocytes obtained from both normal and

failing myocardium [52], and increases contractility in isolated

right ventricular trabeculae from failing rat hearts [53].

Although these studies all support a positive inotropic role

for apelin, there are discrepancies in the reported findings.

While the reported EC50 value for apelin in normal intact rat

hearts was 33 pM, making apelin the most potent inotrope yet

studied, concentrations more than 1000-fold higher than this

failed to elicit an increase in contractility in normal rat

trabeculae, and produced only a very modest response in

failing trabeculae. In addition the slow-onset sustained

increase in contractility over a period of 30 min observed in

the intact rat heart model, contrasts sharply with the transient

response of only 1–2 min seen in single cardiomyocytes. Such

discrepancies may be attributable to the different methodol-

ogies employed or regional variation in the density of APJ

receptors within the heart. In isolated cardiomyocytes, the

absence of mechanical load may have contributed to a more

limited response, especially as apelin only increased preload-

induced dP/dtmax in intact hearts, at higher loading conditions.

Given the preferential localization of apelin and APJ receptors

in endocardial cells over cardiomyocytes, it is also tempting to

speculate that signal transduction from activated endocardial

APJ receptors might play a predominant role in mediating the

inotropic effects of apelin. If so, preservation of this signalling

pathway in intact hearts might account for the greater

responses to apelin seen in this model.

The inotropic effects of the apelin–APJ system in rodents

extend to the in vivo setting where acute apelin infusion

increases dP/dtmax and cardiac output [44,54,55] as well as

load-independent measures of myocardial contractility such

as ventricular elastance and preload recruitable stroke work

[47]. Significantly, chronic administration also leads to an

increase in cardiac output without inducing left ventricular

hypertrophy (LVH) [47].

3.3.3. Mechanisms of apelin-mediated inotropy
The mechanisms by which apelin exerts its inotropic effects

have been only partially elucidated and remain the subject of

debate. The effects are independent of angiotensin II,

endothelin-1, catecholamines and nitric oxide release [18]

but appear to involve activation of the sacrolemmal Na+/H+

exchanger (NHE), probably through phospholipase C and

protein kinase C-dependent pathways (Fig. 4) [18,52]. In single

cardiomyocytes, NHE activity increases following exposure to

apelin while, in intact rat hearts, the inotropic response to

apelin is markedly attenuated by a specific inhibitor of NHE.

Stimulation of NHE can lead to intracellular alkalinization and

sensitization of cardiac myofilaments to intracellular Ca2+ [56].

In keeping with this, the increased NHE activity is accom-
panied by an increase in intracellular pH [52]. Moreover,

cytoplasmic Ca2+ transients are unchanged and perforated

patch clamp recordings show that apelin does not alter

voltage-gated Ca2+ channels in cardiomyocytes. These data

suggest that apelin may increase myocardial contractility by

enhancing the sensitivity of myofilaments to activator Ca2+

rather than increasing intracellular Ca2+ concentrations.

However, activation of NHE can also indirectly increase

intracellular Ca2+ as the resulting accumulation of Na+ within

cells stimulates the reverse mode Na+/Ca2+ exchanger (NCX)

[57]. In intact rat hearts, inhibition of NCX also suppresses the

apelin-induced inotropic response indicating that this

mechanism may contribute to apelin-mediated inotropic

activity. Furthermore, in failing rat trabeculae, apelin failed

to alter steady-state force–[Ca2+]i relations but increased the

amplitude of the intracellular Ca2+ transient [53]. Thus the

inotropic effects of apelin may involve increased intracellular

Ca2+ availability in addition to enhanced myofilament respon-

siveness to Ca2+ ions.
4. The apelin–APJ system in heart failure

4.1. Altered patterns of expression and synthesis

4.1.1. Animal models of heart failure

Expression of apelin and APJ is increased or maintained in

animals with left ventricular hypertrophy and compensated

heart failure but downregulated in those with severe,

decompensated heart failure. This downregulation may be

related to increased activity of the renin–angiotensin–aldos-

terone system (RAAS). In one heart failure model, several

pharmacological treatments retarded the progression to CHF,

but only AT1 receptor antagonism prevented the down-

regulation of apelin–APJ expression. Furthermore, infusion

of angiotensin II over 24 h, even at sub-pressor doses, reduced

both apelin and APJ expression, and this effect was also
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abolished by concurrent AT1 receptor blockade. Cardiac

dilatation in advanced heart failure may contribute to down-

regulation of the apelin–APJ system since cardiomyocytes

subjected to mechanical stretch in vitro exhibit markedly

reduced expression of both apelin and the APJ receptor [18].

Regulation of the apelin–APJ pathway is altered by acute

ischemic injury. Apelin gene expression and secretion in

isolated cardiomyocytes is increased by acute hypoxia

through the hypoxia inducible factor pathway [19]. Accord-

ingly, apelin expression is upregulated in vivo within 24 h of

myocardial infarction. Endogenous cardiac apelin and APJ are

increased in rats with ischemic heart failure 6 weeks post-

myocardial infarction [55]. It is not clear whether the stimulus

for this upregulation is ischemia or the early onset of heart

failure. In contrast, both apelin and APJ expression fall in a

further rodent model of ischemic myocardial injury caused by

repeated isoprotenerol administration [44]. However, it must

be noted that this model produced extensive myocardial

injury and very severe heart failure associated with hypoten-

sion and grossly elevated left ventricular end-diastolic

pressure (LVEDP). Interestingly, while cardiac APJ mRNA levels

were markedly downregulated in these rats, both tissue levels

and overall apelin-binding capacity of APJ within the heart

were increased. This might reflect either more efficient post-

transcriptional processing of APJ or diminished breakdown of

existing APJ receptors, with or without a contribution from

enhanced receptor recycling.

4.1.2. Patients with chronic heart failure
In keeping with the findings from preclinical models, apelin–

APJ expression is altered in patients with chronic heart failure

(CHF). Initial reports suggested that plasma apelin concentra-

tions were mildly elevated in the early stages of heart failure

but fell with more advanced disease [31,58]. In support of this,

there are now several reports of depressed plasma apelin

concentrations in patients with advanced CHF [31,59–61].

Furthermore, in patients with severe CHF, the improvement in

New York Heart Association (NYHA) symptoms class and left

ventricular ejection fraction seen following cardiac resyn-

chronisation therapy is paralleled by restoration of normal

plasma apelin concentration [61]. Although some recent
Table 1 – Plasma concentration of apelin in patients with CHF

Authors NYHA class Mean LVEF

Chong et al. [59] III/IV (73%) 15.6% Mixe

I/II (27%)

Goetze et al. [60] Not stated 20% Mixe

Francia et al. [61] III/IV (100%) 25% Mixe

Foldes et al. [31] III (100%) Not stated Coro

Chen et al. [58] III/IV (51%) >25% (50%) Mixe

I/II (49%) <25% (50%)

Miettinen et al. [62] IV (0%) 40% Idiop

III (3%)

II (48%)

I (49%)

Codognotto et al. [63] I (100%) 42% (median) Idiop
studies have produced conflicting findings, careful scrutiny

suggests that apparent inconsistencies may be largely

attributable to differences in study populations (Table 1).

For example, Chong et al. reported that plasma apelin

concentrations were lower in patients with CHF than in

normal controls irrespective of NYHA symptom class or left

ventricular ejection fraction [59]. However, these investigators

studied a cohort of patients with disproportionately severe

heart failure: 73% of patients were NYHA class III or IV and

only 3% were NYHA class I. Moreover mean ejection fraction

was 15% and, even in NYHA class II patients, it was a mere

18%. In contrast two subsequent studies have since claimed

that plasma apelin concentrations are unaltered in patients

with CHF compared with age-matched controls [62,63].

However, in both of these studies, more than 95% of patients

were in NYHA functional class I or II, and the average left

ventricular ejection fraction was 40 and 42%, respectively.

Therefore, taken together, current data strongly suggest that

apelin expression is at least maintained and possibly

augmented in mild, compensated heart failure but declines

with advancing disease.

Two studies to date have attempted to characterise

alterations in cardiac expression of apelin and APJ in patients

with heart failure. APJ mRNA levels within the left ventricle are

reduced by 44% in patients with advanced heart failure due to

idiopathic dilated cardiomyopathy (IDC) but were unaltered in

patients with ischemic cardiomyopathy [31]. Although apelin

expression increases within the left ventricle irrespective of

aetiology, mRNA levels within the atria do not rise and, in fact,

protein levels fall. As the atria are likely to represent the major

source of apelin production, this may account for the reduced

levels within the circulation in severe heart failure. Interest-

ingly, myocardial expression of the APJ gene and cardiac

apelin tissue concentrations were markedly increased follow-

ing offloading of the ventricle by implantation of a left

ventricular assist device [58]. Indeed of all genes, APJ was the

most consistently and significantly upregulated.

In summary, the collective data from human and animal

studies suggest that apelin–APJ expression (a) is upregulated in

response to hypoxia/ischemia, (b) is maintained or even

augmented in conditions of chronic pressure overload and the
Aetiology Plasma apelin concentration

d Decreased

d Decreased

d Decreased

nary artery disease Decreased

d Increased in early stages;

lower in severe disease

athic dilated cardiomyopathy Normal

athic dilated cardiomyopathy Normal
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early stages of heart failure, but (c) is substantially down-

regulated in severe heart failure. Possible factors contributing

to the decline of apelinergic expression in severe heart failure

include increased RAAS activation and myocardial stretch.

These changes may be reversible as cardiac apelin and APJ are

upregulated after mechanical offloading of the left ventricle.

4.2. Functional effects of apelin signalling in myocardial
stress and heart failure

The cardiovascular profile of the apelin–APJ system and its

altered regulation in heart failure suggest a possible role in the

pathophysiology of heart failure as well as a potential

therapeutic application. In support of this, there is now

increasing evidence that apelin signalling influences the

progression of heart failure and improves cardiac perfor-

mance in the failing heart.

4.2.1. Endogenous apelin
Mice with targeted knockout of the apelin gene exhibit normal

cardiac development and baseline haemodynamic para-

meters, but develop progressive left ventricular dysfunction

and dilatation from around 6 months of age [64]. Importantly,

exogenous replacement of apelin in adult life prevents the

decline in cardiac performance, suggesting it is attributable to

contemporary loss of apelin activity and not the manifestation

of a latent developmental defect. Similarly, when apelin-

deficient mice are subjected to chronic pressure overload by

surgical constriction of the aorta, they develop severe and

progressive heart failure, in contrast to wild-type mice that

exhibit only slight impairment of cardiac contractility. Inter-

estingly, genetic analysis reveals differential gene expression

within the hearts of mutant and wild-type mice during

pressure overload with the former displaying marked upre-

gulation in defined sets of genes including those involved in

extracellular matrix remodelling, fibrosis and the regulation of

muscle contraction. These genetic data imply an important

role for endogenous apelin signalling in maintaining cardiac

performance under conditions of chronic cardiac stress.

The first evidence that disturbed endogenous apelin–APJ

signalling may have functional relevance in human heart

failure was recently provided in a cohort of patients with

dilated cardiomyopathy [65]. In these patients, possession of a

polymorphism of the APJ receptor, 212A (the biological

significance of which is unknown) was associated with slower

progression of heart failure. Notably, no difference in the

frequency of this polymorphism was noted between DCM

patients and controls, suggesting that the pathophysiological

significance of apelin signalling in heart failure may not relate

to causation of heart failure per se, but rather in modulating the

progression of myocardial dysfunction.

4.2.2. Exogenous apelin
The ability of apelin peptides to enhance contractility in

healthy myocardium while simultaneously reducing loading

conditions suggests potential therapeutic application in heart

failure. Crucially, these effects are maintained and possibly

even amplified in the failing heart. Apelin increases contrac-

tility in vitro to the same or even greater extent in failing

myocardium as it does in normal myocardium [52,53]. In vivo,
in rats with established heart failure, post-myocardial infarc-

tion, apelin infusion restores ejection fraction, increases

cardiac output and reduces LVEDP [54,55]. Importantly, these

effects occurred despite an up-regulation of endogenous

apelin and APJ within the heart [55]. Furthermore, in a rat

model of severe heart failure that exhibits features of

cardiogenic shock, apelin improved cardiac contractility,

loading conditions and blood pressure despite a reduction

in myocardial APJ receptor expression of over 50% [44]. These

findings suggest that the signalling capacity of cardiac APJ

receptors is not exhausted even when endogenous apelin

levels are increased or when APJ receptor expression is

diminished.

The beneficial effects of exogenous apelin administration

may extend beyond improving cardiac performance in

established heart failure to affording cardioprotection during

myocardial injury. In the isoprotenerol heart failure model

outlined above, concurrent administration of apelin preserved

cardiac function and reduced indices of myocardial injury,

preventing the development of heart failure [44]. Moreover, in

rat models of myocardial infarction, bolus infusion of apelin at

the time of reperfusion, reduced infarct size in vitro and in vivo

by 39 and 43%, respectively [66]. The reduction in infarct size

was associated with activation of components of the reperfu-

sion injury salvage kinase pathway, a key cell-signalling

system in protection against ischemia-reperfusion injury [67].

In light of this, the aforementioned upregulation of apelin

expression in response to ischemia may serve as an

endogenous cardioprotective mechanism to limit myocardial

injury during ischemia.

Thus apelin signalling protects and preserves myocardial

function in the face of both acute ischemic injury and chronic

stress in the form of ageing and pressure overload. Moreover,

acute apelin administration improves cardiac performance in

models of established heart failure irrespective of alterations

in endogenous expression.
5. Clinical perspective

5.1. A novel neurohormonal target in heart failure?

The success of neurohormonal blockade in heart failure [68]

has prompted hopes that the pharmacological manipulation

of other biological molecules active in disease progression

may yield further advances in treatment. A related strategy is

to enhance the activity of endogenous mechanisms such as

the natriuretic peptide system [69] that oppose the unfavour-

able haemodynamic changes and pathological cardiac remo-

delling characteristic of CHF. Nesiritide, an intravenous form

of human B-type natriuretic peptide was recently approved by

the US Food and Drug Administration (FDA) for the treatment

of acutely decompensated heart failure based on its ability to

reduce symptoms of dyspnoea, decrease preload and after-

load, and increase cardiac output [70]. The vasodilatory,

diuretic and cardioprotective effects of apelin raise the

possibility that the apelin–APJ pathway might represent a

novel ‘compensatory’ endogenous system in heart failure.

Whereas the natriuretic peptides are over expressed in heart

failure [69], apelin expression is reduced. Restoring or
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augmenting apelinergic activity in patients with CHF might

therefore offer greater potential for improving cardiac

performance and retarding disease progression. It is worth

noting however that despite encouraging effects on symptoms

and haemodynamic indices, there is no evidence to date that

treatment with nesiritide improves clinical outcomes in heart

failure and concerns have been raised regarding its safety [70].

Furthermore, disappointing results from several recent clin-

ical trials have suggested a possible ceiling of benefit from

targeting neurohormonal systems in heart failure [71].

5.2. Inotropic therapies in heart failure

There is currently a lack of safe and effective inotropic

therapies in patients with heart failure. Presently available

positively inotropic treatments, such as b1 agonists and

phosphodiesterase inhibitors, have adverse short and long-

term outcomes that include an increase in mortality [72]. In

contrast to these agents, chronic apelin administration

increases cardiac output without inducing left ventricular

hypertrophy. Indeed, the ability of apelin to reduce cardiac

loading conditions in addition to enhancing contractility may

serve to limit cardiac work and myocardial oxygen demand,

thus avoiding the deleterious effects associated with estab-

lished inotropic therapies. In this respect the actions of apelin

closely resemble those of the novel Ca2+ sensitizing agent

levosimendan. This compound also exerts an inotropic effect

by increasing the sensitivity of contractile apparatus to Ca2+

while simultaneously reducing ventricular loading conditions

[73]. However, it is noteworthy that, despite the theoretical

advantages of levosimendan, a recent large-scale randomized

trial in patients with acute decompensated heart failure failed

to demonstrate any improvement in clinical outcomes with

this agent compared with dobutamine [74].
6. Future directions

6.1. Preclinical studies

The cardiovascular effects of acute apelin administration in

rodents are now relatively well characterised but the impact of

chronic administration requires further attention. One of the

most encouraging findings to date with apelin is the

enhancement of cardiac performance with chronic adminis-

tration that occurred without inducing left ventricular

hypertrophy. Further studies are required to confirm this

finding over longer treatment periods and to establish the

effects of chronic dosing in rodent models of heart failure. The

suggestion that apelin may enhance myocardial contractility

by improving myofilament sensitivity to Ca2+ may have

important implications for its therapeutic potential in heart

failure but current data are conflicting. Further work is

therefore required to clarify the mechanisms underlying the

inotropic effects of apelin and to reconcile the striking

differences in response seen in different experimental models.

Greater understanding is also needed of the molecular

mechanisms governing apelin and APJ gene expression as

well as the processes involved in post-translational processing

and metabolism of apelin peptides. Novel insights into these
mechanisms might provide alternative strategies for aug-

menting apelin signalling such as measures to enhance

endogenous apelin synthesis and secretion or preserve

biological activity by inhibiting breakdown. In addition they

may also provide an explanation for the apparent down-

regulation of apelin–APJ expression in chronic heart failure

and suggest strategies to reverse this decline. Finally, the

development of mice with targeted knockout of the APJ or

apelin gene has already offered insights into the role of

endogenous apelin signalling and provides an ideal model to

determine the importance of endogenous apelin in cardio-

protection during acute myocardial injury.

6.2. Clinical studies: cardiovascular physiology

Although the cardiovascular profile of apelin in rodents

suggests potential therapeutic application, the relevance of

the apelin–APJ pathway in human cardiovascular physiology

and pathophysiology has yet to be established. Recent

unexpected responses to apelin infusion in sheep [51] and

experiences with clinical studies of other peptidic systems [75]

underscore the potential for important interspecies variation.

Limited data from ex vivo myography studies suggests that the

vasomotor effects of apelin extend to human blood vessels.

However, there are currently no data on the functional effects

of apelin or its APJ receptor in vivo in man and its therapeutic

potential cannot be ascertained without detailed clinical

investigation.

Given the combination of vasodilatation and positive

inotropy induced by apelin in animal models, initial in vivo

studies in man will need to determine the direct actions of

apelin on both the heart and vasculature through regional

apelin infusions. Systemic apelin infusion will then reveal the

net effect of these actions on haemodynamic variables such as

heart rate, blood pressure and cardiac output. These in vivo

investigations should be complimented by further ex vivo

myography studies in human vessels from a range of vascular

beds and in vitro assessment of the inotropic effects of apelin in

human myocardial tissue.

6.3. Clinical studies: cardiovascular pathophysiology

Despite several existing reports of altered plasma apelin

concentrations in patients with chronic heart failure, there is a

need for further appropriately sized longitudinal studies to

clarify changes in apelin expression at different stages of the

disease and to determine whether a decline in levels

accompanies or even predicts cardiac decompensation. Such

studies would determine the utility of apelin as a potential

novel biomarker in CHF and help to clarify whether its

downregulation contributes to the progression of heart failure.

Once the cardiovascular profile of apelin in health has been

established, its physiological effects in patients with heart

failure can be compared with appropriately matched controls.

This should hopefully pave the way for clinical trials to

establish whether modulation and enhancement of the

apelin–APJ system has therapeutic benefit in patients with

heart failure. One of the most promising areas is in the

treatment of acute decompensated heart failure where the

effects of intravenous apelin infusion can be examined.
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However, the therapeutic potential of long-term APJ agonism

in patients with chronic heart failure will require development

of long-acting apelin agonists or effective strategies to

enhance endogenous apelin activity.
7. Conclusion

The cardiovascular profile of the apelin–APJ system makes it

an attractive therapeutic prospect for patients with heart

failure. Emerging evidence from preclinical models suggests

that, as well as improving cardiac performance in established

heart failure apelin may preserve myocardial function in the

face of chronic cardiac stress and afford protection during

acute myocardial injury. Detailed clinical investigation is now

required to characterise the in vivo cardiovascular effects of

apelin in man and to establish the safety of systemic apelin

administration, particularly in view of the electrocardio-

graphic abnormalities observed in an ovine model. Such

studies may prepare the ground for clinical trials to determine

the therapeutic efficacy of augmenting apelin–APJ activity in

patients with heart failure.

Acknowledgement

AGJ is currently supported by a British Heart Foundation

Clinical Ph.D. Training Fellowship (FS/06/064).
r e f e r e n c e s
[1] Mosterd A, Hoes AW. Clinical epidemiology of heart failure.
Heart 2007;93:1137–46.

[2] Young JB, Dunlap ME, Pfeffer MA, Probstfield JL, Cohen-
Solal A, Dietz R, et al. Mortality and morbidity reduction
with Candesartan in patients with chronic heart failure and
left ventricular systolic dysfunction: results of the CHARM
low-left ventricular ejection fraction trials. Circulation
2004;110:2618–26.

[3] Foord SM, Bonner TI, Neubig RR, Rosser EM, Pin JP,
Davenport AP, et al. International Union of Pharmacology.
XLVI. G protein-coupled receptor list. Pharmacol Rev
2005;57:279–88.

[4] Maguire JJ, Davenport AP. Regulation of vascular reactivity
by established and emerging GPCRs. Trends Pharmacol Sci
2005;26:448–54.

[5] McMurray JJ, Ostergren J, Swedberg K, Granger CB, Held P,
Michelson EL, et al. Effects of candesartan in patients with
chronic heart failure and reduced left-ventricular systolic
function taking angiotensin-converting-enzyme inhibitors:
the CHARM-added trial. Lancet 2003;362:767–71.

[6] Brophy JM, Joseph L, Rouleau JL. Beta-blockers in congestive
heart failure. A Bayesian meta-analysis. Ann Intern Med
2001;134:550–60.

[7] O’Dowd BF, Heiber M, Chan A, Heng HH, Tsui LC, Kennedy
JL, et al. A human gene that shows identity with the gene
encoding the angiotensin receptor is located on
chromosome 11. Gene 1993;136:355–60.

[8] Tatemoto K, Hosoya M, Habata Y, Fujii R, Kakegawa T, Zou
MX, et al. Isolation and characterization of a novel
endogenous peptide ligand for the human APJ receptor.
Biochem Biophys Res Commun 1998;251:471–6.
[9] Kleinz MJ, Davenport AP. Emerging roles of apelin in biology
and medicine. Pharmacol Ther 2005;107:198–211.

[10] Lee DK, George SR, O’Dowd BF. Unravelling the roles of the
apelin system: prospective therapeutic applications in
heart failure and obesity. Trends Pharmacol Sci
2006;27:190–4.

[11] Masri B, Knibiehler B, Audigier Y. Apelin signalling: a
promising pathway from cloning to pharmacology. Cell
Signal 2005;17:415–26.

[12] Habata Y, Fujii R, Hosoya M, Fukusumi S, Kawamata Y,
Hinuma S, et al. Apelin, the natural ligand of the orphan
receptor APJ, is abundantly secreted in the colostrum.
Biochim Biophys Acta 1999;1452:25–35.

[13] Hosoya M, Kawamata Y, Fukusumi S, Fujii R, Habata Y,
Hinuma S, et al. Molecular and functional characteristics of
APJ. Tissue distribution of mRNA and interaction with
the endogenous ligand apelin. J Biol Chem 2000;275:
21061–7.

[14] Reaux A, De Mota N, Skultetyova I, Lenkei Z, El Messari S,
Gallatz K, et al. Physiological role of a novel neuropeptide,
apelin, and its receptor in the rat brain. J Neurochem
2001;77:1085–96.

[15] Kawamata Y, Habata Y, Fukusumi S, Hosoya M, Fujii R,
Hinuma S, et al. Molecular properties of apelin: tissue
distribution and receptor binding. Biochim Biophys Acta
2001;1538:162–71.

[16] Tatemoto K, Takayama K, Zou MX, Kumaki I, Zhang W,
Kumano K, et al. The novel peptide apelin lowers blood
pressure via a nitric oxide-dependent mechanism. Regul
Pept 2001;99:87–92.

[17] Lee DK, Saldivia VR, Nguyen T, Cheng R, George SR, O’Dowd
BF. Modification of the terminal residue of apelin-13
antagonizes its hypotensive action. Endocrinology
2005;146:231–6.

[18] Szokodi I, Tavi P, Foldes G, Voutilainen-Myllyla S, Ilves M,
Tokola H, et al. Apelin, the novel endogenous ligand of the
orphan receptor APJ, regulates cardiac contractility. Circ
Res 2002;91:434–40.

[19] Ronkainen VP, Ronkainen JJ, Hanninen SL, Leskinen H,
Ruas JL, Pereira T, et al. Hypoxia inducible factor regulates
the cardiac expression and secretion of apelin. FASEB J
2007;21:1821–30.

[20] Wang G, Qi X, Wei W, Englander EW, Greeley Jr GH.
Characterization of the 50-regulatory regions of the rat and
human apelin genes and regulation of breast apelin by USF.
FASEB J 2006;20:2639–41.

[21] Corre S, Galibert MD. USF as a key regulatory element of
gene expression. Med Sci (Paris) 2006;22:62–7.

[22] Wei L, Hou X, Tatemoto K. Regulation of apelin mRNA
expression by insulin and glucocorticoids in mouse 3T3-L1
adipocytes. Regul Pept 2005;132:27–32.

[23] Boucher J, Masri B, Daviaud D, Gesta S, Guigne C,
Mazzucotelli A, et al. Apelin, a newly identified adipokine
up-regulated by insulin and obesity. Endocrinology
2005;146:1764–71.

[24] Reaux-Le Goazigo A, Morinville A, Burlet A, Llorens-Cortes
C, Beaudet A. Dehydration-induced cross-regulation of
apelin and vasopressin immunoreactivity levels in
magnocellular hypothalamic neurons. Endocrinology
2004;145:4392–400.

[25] Vickers C, Hales P, Kaushik V, Dick L, Gavin J, Tang J, et al.
Hydrolysis of biological peptides by human angiotensin-
converting enzyme-related carboxypeptidase. J Biol Chem
2002;277:14838–43.

[26] Hamming I, Cooper ME, Haagmans BL, Hooper NM,
Korstanje R, Osterhaus AD, et al. The emerging role of ACE2
in physiology and disease. J Pathol 2007;212:1–11.

[27] O’Carroll AM, Lolait SJ, Howell GM. Transcriptional
regulation of the rat apelin receptor gene: promoter cloning



b i o c h e m i c a l p h a r m a c o l o g y 7 5 ( 2 0 0 8 ) 1 8 8 2 – 1 8 9 2 1891
and identification of an Sp1 site necessary for promoter
activity. J Mol Endocrinol 2006;36:221–35.

[28] Pugh BF, Tjian R. Transcription from a TATA-less promoter
requires a multisubunit TFIID complex. Genes Dev
1991;5:1935–45.

[29] Kleinz MJ, Davenport AP. Immunocytochemical
localization of the endogenous vasoactive peptide apelin to
human vascular and endocardial endothelial cells. Regul
Pept 2004;118:119–25.

[30] Kleinz MJ, Skepper JN, Davenport AP. Immunocytochemical
localisation of the apelin receptor, APJ, to human
cardiomyocytes, vascular smooth muscle and endothelial
cells. Regul Pept 2005;126:233–40.

[31] Foldes G, Horkay F, Szokodi I, Vuolteenaho O, Ilves M,
Lindstedt KA, et al. Circulating and cardiac levels of apelin,
the novel ligand of the orphan receptor APJ, in patients
with heart failure. Biochem Biophys Res Commun
2003;308:480–5.

[32] Masri B, Lahlou H, Mazarguil H, Knibiehler B, Audigier Y.
Apelin (65–77) activates extracellular signal-regulated
kinases via a PTX-sensitive G protein. Biochem Biophys Res
Commun 2002;290:539–45.

[33] Masri B, Morin N, Cornu M, Knibiehler B, Audigier Y. Apelin
(65–77) activates p70 S6 kinase and is mitogenic for
umbilical endothelial cells. FASEB J 2004;18:1909–11.

[34] Neves SR, Ram PT, Iyengar R. G protein pathways. Science
2002;296:1636–9.

[35] Choe W, Albright A, Sulcove J, Jaffer S, Hesselgesser J, Lavi
E, et al. Functional expression of the seven-transmembrane
HIV-1 co-receptor APJ in neural cells. J Neurovirol
2000;6(Suppl 1):S61–9.

[36] Masri B, Morin N, Pedebernade L, Knibiehler B, Audigier Y.
The apelin receptor is coupled to Gi1 or Gi2 protein and is
differentially desensitized by apelin fragments. J Biol Chem
2006;281:18317–26.

[37] Zhou N, Fan X, Mukhtar M, Fang J, Patel CA, DuBois GC,
et al. Cell-cell fusion and internalization of the CNS-based,
HIV-1 co-receptor APJ. Virology 2003;307:22–36.

[38] Lee DK, Lanca AJ, Cheng R, Nguyen T, Ji XD, Gobeil Jr F, et al.
Agonist-independent nuclear localization of the apelin,
angiotensin AT1, and bradykinin B2 receptors. J Biol Chem
2004;279:7901–8.

[39] Eggena P, Zhu JH, Clegg K, Barrett JD. Nuclear angiotensin
receptors induce transcription of renin and
angiotensinogen mRNA. Hypertension 1993;22:496–501.

[40] Lee DK, Cheng R, Nguyen T, Fan T, Kariyawasam AP, Liu Y,
et al. Characterization of apelin, the ligand for the APJ
receptor. J Neurochem 2000;74:34–41.

[41] Cheng X, Cheng XS, Pang CC. Venous dilator effect of
apelin, an endogenous peptide ligand for the orphan APJ
receptor, in conscious rats. Eur J Pharmacol 2003;470:171–5.

[42] El Messari S, Iturrioz X, Fassot C, De Mota N, Roesch D,
Llorens-Cortes C. Functional dissociation of apelin receptor
signaling and endocytosis: implications for the effects of
apelin on arterial blood pressure. J Neurochem
2004;90:1290–301.

[43] Ishida J, Hashimoto T, Hashimoto Y, Nishiwaki S, Iguchi T,
Harada S, et al. Regulatory roles for APJ, a seven-
transmembrane receptor related to angiotensin-type 1
receptor in blood pressure in vivo. J Biol Chem
2004;279:26274–9.

[44] Jia YX, Pan CS, Zhang J, Geng B, Zhao J, Gerns H, et al. Apelin
protects myocardial injury induced by isoproterenol in rats.
Regul Pept 2006;133:147–54.

[45] Jia YX, Lu ZF, Zhang J, Pan CS, Yang JH, Zhao J, et al. Apelin
activates l-arginine/nitric oxide synthase/nitric oxide
pathway in rat aortas. Peptides 2007;28:2023–9.

[46] Pang CC. Measurement of body venous tone. J Pharmacol
Toxicol Methods 2000;44:341–60.
[47] Ashley EA, Powers J, Chen M, Kundu R, Finsterbach T,
Caffarelli A, et al. The endogenous peptide apelin potently
improves cardiac contractility and reduces cardiac loading
in vivo. Cardiovasc Res 2005;65:73–82.

[48] Katugampola SD, Maguire JJ, Matthewson SR, Davenport
AP. [(125)I]-(Pyr(1))Apelin-13 is a novel radioligand for
localizing the APJ orphan receptor in human and rat tissues
with evidence for a vasoconstrictor role in man. Br J
Pharmacol 2001;132:1255–60.

[49] Hashimoto T, Kihara M, Ishida J, Imai N, Yoshida S, Toya Y,
et al. Apelin stimulates myosin light chain phosphorylation
in vascular smooth muscle cells. Arterioscler Thromb Vasc
Biol 2006;26:1267–72.

[50] Salcedo A, Garijo J, Monge L, Fernandez N, Luis Garcia-
Villalon A, Sanchez Turrion V, et al. Apelin effects in
human splanchnic arteries. Role of nitric oxide and
prostanoids. Regul Pept 2007.

[51] Charles CJ, Rademaker MT, Richards AM. Apelin-13 induces
a biphasic haemodynamic response and hormonal
activation in normal conscious sheep. J Endocrinol
2006;189:701–10.

[52] Farkasfalvi K, Stagg MA, Coppen SR, Siedlecka U, Lee J,
Soppa GK, et al. Direct effects of apelin on cardiomyocyte
contractility and electrophysiology. Biochem Biophys Res
Commun 2007;357:889–95.

[53] Dai T, Ramirez-Correa G, Gao WD. Apelin increases
contractility in failing cardiac muscle. Eur J Pharmacol
2006;553:222–8.

[54] Berry MF, Pirolli TJ, Jayasankar V, Burdick J, Morine KJ,
Gardner TJ, et al. Apelin has in vivo inotropic effects
on normal and failing hearts. Circulation 2004;110:
II187–93.

[55] Atluri P, Morine KJ, Liao GP, Panlilio CM, Berry MF, Hsu VM,
et al. Ischemic heart failure enhances endogenous
myocardial apelin and APJ receptor expression. Cell Mol
Biol Lett 2007;12:127–38.

[56] Karmazyn M, Gan XT, Humphreys RA, Yoshida H,
Kusumoto K. The myocardial Na(+)–H(+) exchange:
structure, regulation, and its role in heart disease. Circ Res
1999;85:777–86.

[57] Kentish JC. A role for the sarcolemmal Na(+)/H(+)
exchanger in the slow force response to myocardial stretch.
Circ Res 1999;85:658–60.

[58] Chen MM, Ashley EA, Deng DX, Tsalenko A, Deng A,
Tabibiazar R, et al. Novel role for the potent endogenous
inotrope apelin in human cardiac dysfunction. Circulation
2003;108:1432–9.

[59] Chong KS, Gardner RS, Morton JJ, Ashley EA, McDonagh TA.
Plasma concentrations of the novel peptide apelin are
decreased in patients with chronic heart failure. Eur J Heart
Fail 2006;8:355–60.

[60] Goetze JP, Rehfeld JF, Carlsen J, Videbaek R, Andersen CB,
Boesgaard S, et al. Apelin: a new plasma marker of
cardiopulmonary disease. Regul Pept 2006;133:134–8.

[61] Francia P, Salvati A, Balla C, De Paolis P, Pagannone E, Borro
M, et al. Cardiac resynchronization therapy increases
plasma levels of the endogenous inotrope apelin. Eur J
Heart Fail 2007;9:306–9.

[62] Miettinen KH, Magga J, Vuolteenaho O, Vanninen EJ,
Punnonen KR, Ylitalo K, et al. Utility of plasma apelin and
other indices of cardiac dysfunction in the clinical
assessment of patients with dilated cardiomyopathy. Regul
Pept 2007;140:178–84.

[63] Codognotto M, Piccoli A, Zaninotto M, Mion M, Vertolli U,
Tona F, et al. Evidence for decreased circulating apelin
beyond heart involvement in uremic cardiomyopathy. Am J
Nephrol 2007;27:1–6.

[64] Kuba K, Zhang L, Imai Y, Arab S, Chen M, Maekawa Y, et al.
Impaired heart contractility in Apelin gene-deficient mice



b i o c h e m i c a l p h a r m a c o l o g y 7 5 ( 2 0 0 8 ) 1 8 8 2 – 1 8 9 21892
associated with aging and pressure overload. Circ Res
2007;101:e32–42.

[65] Sarzani R, Forleo C, Pietrucci F, Capestro A, Soura E,
Guida P, et al. The 212A variant of the APJ receptor
gene for the endogenous inotrope apelin is associated
with slower heart failure progression in idiopathic
dilated cardiomyopathy. J Card Fail 2007;13:
521–9.

[66] Simpkin JC, Yellon DM, Davidson SM, Lim SY, Wynne AM,
Smith CC. Apelin-13 and apelin-36 exhibit direct
cardioprotective activity against ischemiareperfusion
injury. Basic Res Cardiol 2007.

[67] Hausenloy DJ, Yellon DM. New directions for protecting the
heart against ischaemia-reperfusion injury: targeting the
reperfusion injury salvage kinase (RISK)-pathway.
Cardiovasc Res 2004;61:448–60.

[68] Willenbrock R, Philipp S, Mitrovic V, Dietz R. Neurohumoral
blockade in CHF management. J Renin Angiotensin
Aldosterone Syst 2000;1(Suppl 1):24–30.

[69] Lee CY, Burnett Jr JC. Natriuretic peptides and therapeutic
applications. Heart Fail Rev 2007;12:131–42.
[70] Moe GW. B-type natriuretic peptide in heart failure. Curr
Opin Cardiol 2006;21:208–14.

[71] Mehra MR, Uber PA, Francis GS. Heart failure therapy at a
crossroad: are there limits to the neurohormonal model? J
Am Coll Cardiol 2003;41:1606–10.

[72] McMurray J, Swedberg K. Treatment of chronic heart
failure: a comparison between the major guidelines. Eur
Heart J 2006;27:1773–7.

[73] Sundberg S, Lilleberg J, Nieminen MS, Lehtonen L.
Hemodynamic and neurohumoral effects of levosimendan,
a new calcium sensitizer, at rest and during exercise in
healthy men. Am J Cardiol 1995;75:1061–6.

[74] Mebazaa A, Nieminen MS, Packer M, Cohen-Solal A, Kleber
FX, Pocock SJ, et al. Levosimendan vs dobutamine for
patients with acute decompensated heart failure: the
SURVIVE Randomized Trial. J Am Med Assoc 2007;297:
1883–91.

[75] Affolter JT, Newby DE, Wilkinson IB, Winter MJ, Balment RJ,
Webb DJ. No effect on central or peripheral blood pressure
of systemic urotensin II infusion in humans. Br J Clin
Pharmacol 2002;54:617–21.


	The apelin-APJ system in heart failure
	Introduction
	The apelin-APJ system
	Apelin
	The APJ receptor

	Biology of the apelin-APJ system
	Anatomy: tissue localisation of APJ and apelin
	Biochemistry: intracellular signalling mechanisms
	Physiology: cardiovascular effects of apelin
	Vascular effects of apelin
	Cardiac effects of apelin
	Mechanisms of apelin-mediated inotropy


	The apelin-APJ system in heart failure
	Altered patterns of expression and synthesis
	Animal models of heart failure
	Patients with chronic heart failure

	Functional effects of apelin signalling in myocardial stress and heart failure
	Endogenous apelin
	Exogenous apelin


	Clinical perspective
	A novel neurohormonal target in heart failure?
	Inotropic therapies in heart failure

	Future directions
	Preclinical studies
	Clinical studies: cardiovascular physiology
	Clinical studies: cardiovascular pathophysiology

	Conclusion
	Acknowledgement
	References


