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1 We have determined the binding characteristics of [125I]-(Pyr1)Apelin-13, a putative ligand for the
APJ orphan receptor in human cardiovascular and rat tissue and investigated the functional
properties of (Pyr1)Apelin-13 in human saphenous vein.

2 The binding of [125I]-(Pyr1)Apelin-13 to sections of human heart tissue was time dependent and
rapid at 238C. Data were ®tted to a single site model with an association rate constant (kobs) of
0.115 min71. [125I]-(Pyr1)Apelin-13 also dissociated from a single site with a dissociation rate
constant of 0.0105 min71.

3 In saturation binding experiments [125I]-(Pyr1)Apelin-13 bound to human left ventricle with a KD

value of 0.35+0.08 nM, Bmax of 4.3+0.9 fmol mg71 protein with a Hill slope of 0.97+0.04 and to
the right atria with a KD of 0.33+0.09 nM, Bmax of 3.1+0.6 fmol mg71 protein and a Hill slope of
0.93+0.05.

4 [125I]-(Pyr1)Apelin-13 binding sites were localized using autoradiography to human cardiovascular
tissue, including coronary artery, aorta and saphenous vein grafts. In rat tissue a high density of
receptors were localized to the molecular layer of the rat cerebellum, rat lung, rat heart and low
levels in the rat kidney cortex.

5 (Pyr1)Apelin-13 potently contracted human saphenous vein with a pD2 value of 8.4+0.2 (n=8).
The maximum response elicited by the peptide was 22.6+6% of 100 mM KCl.

6 We provide the ®rst evidence of APJ receptor expression, relative densities and functional
properties of (Pyr1)Apelin-13 in human cardiovascular tissue.
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Introduction

Almost all of the known endogenous peptides exert their
biological activity by binding to G protein-coupled receptors

(GPCR). Progress in cDNA analysis has lead to the
identi®cation of numerous GPCR where the natural ligand
has yet to be identi®ed. These `orphan' receptors are potential

targets for drug discovery. A human gene has been identi®ed
with signi®cant homology to the gene encoding the
angiotensin receptor. This novel receptor encoded by this

gene has been named APJ (O'Dowd et al., 1993). APJ shares
40 to 50% identity with the angiotensin type 1 (AT1) receptor
in the hydrophobic transmembrane regions, but did not bind

angiotensin II (O'Dowd et al., 1993).
The proposed endogenous ligand for the APJ receptor,

apelin-36, was isolated from bovine stomach extracts by
monitoring extracellular acidi®cation rate changes in a

Chinese hamster ovary cell line expressing the human APJ
receptor (Tatemoto et al., 1998). Subsequently in this assay,
shorter sequences of the C-terminus of apelin-36 were found

to be two orders of magnitude more potent than apelin-36,
with an N-terminal pyroglutamylate form, ([Pyr1] apelin-13)

being most e�ective (Tatemoto et al., 1998).
In homogenates of peripheral rat tissues, Northern analysis

revealed highest levels of preproapelin mRNA in the heart

(Lee et al., 2000). The highest levels of APJ mRNA were
found in both adult and neonate rat heart together with the
lung (Hosoya et al., 2000). The precise function of the apelin

peptides has not yet been established. However, apelin-13
administered systemically to rats immediately lowered blood
pressure, with a small increase in heart rate (Lee et al., 2000),

although plasma concentrations to date have not been
measured. It is not yet clear if apelin functions as a
circulating hormone or as a locally derived mediator.
Messenger RNA encoding the predicted sequence of the

putative APJ receptor has been detected, but it is not yet
known whether or where the receptor protein is expressed.
Therefore, our aim was to determine whether the APJ

protein is present in human tissue, its anatomical distribu-
tion and the functional properties of (Pyr1)Apelin-13. We
synthesized [125I]-(Pyr1)Apelin-13, since the unlabelled peptide

British Journal of Pharmacology (2001) 132, 1255 ± 1260 ã 2001 Nature Publishing Group All rights reserved 0007 ± 1188/01 $15.00

www.nature.com/bjp

*Author for correspondence; E-mail: sdk23@hermes.cam.ac.uk



was the most potent agonist at the cloned APJ receptor
(Tatemoto et al., 1998). We concentrated on characterizing
this novel ligand in human cardiac and vascular tissues since

high levels of both preporapelin and APJ receptor mRNA
were detected in the rat heart and in vivo studies suggested a
vascular function. High levels of APJ mRNA have been
shown by in situ hybridization to be present in the rat

cerebellum (Lee et al., 2000) and lung (Hosoya et al., 2000).
Therefore, we also examined these tissues to seek evidence
for expression of the receptor protein. Preliminary data were

presented to the British Pharmacological Society (Katugam-
pola et al., 2000).

Methods

Tissue collection

With local ethical approval, human left ventricle and right
atrial tissues were obtained from patients with histologically

normal hearts not required for further transplantation (21 ±
35 years). Other cardiovascular and pulmonary tissue were
obtained from individuals (21 ± 52 years) undergoing heart

transplants for cardiomyopathy or heart lung transplants.
Samples of epicardial coronary artery containing advanced
atheromatous lesions and occluded saphenous vein bypass

grafts were from individuals undergoing cardiac transplanta-
tion for ischaemic heart disease (48 ± 69 years). Saphenous
veins were from patients receiving coronary artery by-pass

grafts (54 ± 71 years). Experiments described below were
carried out using tissue from at least four individuals. Tissues
were from female Sprague-Dawley rats (300 ± 350 g). Animals
were killed by an overdose of sodium pentobarbitone

followed by exsanguination.

Association studies

Sections of human left ventricle were incubated for 0 ±
150 min with 0.15 nM [125I]-(Pyr1)Apelin-13. Unlabelled

(Pyr1)Apelin-13 (1 mM) de®ned non-speci®c binding.

Dissociation studies

Sections of human left ventricle were incubated with 0.15 nM
[125I]-(Pyr1)Apelin-13 for 30 min before sections were washed
in an excess of bu�er at room temperature for increasing time

periods (0 ± 240 min).

Saturation binding assays

Following optimization of binding conditions, 30 mm cryostat
sections of human and rat tissue were pre-incubated in

20 mM HEPES bu�er containing 1 mM EDTA, 0.3% BSA
and a cocktail of protease inhibitors (pH 7.4) for 20 min at
room temperature. Saturation binding studies were carried
out using 12 increasing concentrations (0.01 ± 1.25 nM) of

[125I]-(Pyr1)Apelin-13 in bu�er containing (mM) HEPES 50,
EDTA 1, NaCl 100, MgCl2 5 and KCl 10 (pH 7.4). Non-
speci®c binding was de®ned using 1 mM (Pyr1)Apelin-13.

Following a 30 min incubation at room temperature the
sections were rapidly washed in 50 mM Tris (48C, pH 7.4).
Protein concentration was determined using the Biorad DC

96-well microtiter plate system (Biorad Laboratories, Hert-
fordshire, U.K.).

In vitro receptor autoradiography

Cryostat tissue sections were incubated with 0.15 nM [125I]-
(Pyr1)Apelin-13 in the absence or presence of unlabelled

(Pyr1)Apelin-13 (1 mM). Washed sections were apposed to
radiation sensitive ®lm (Hyper®lm bmax, Amersham Phar-
macia Biotech, Bucks, U.K.) for 4 days. Data were analysed

by computer assisted densitometry as previously described
(Davenport et al., 1995).

In vitro pharmacology

Human saphenous veins were cleaned of connective tissue, cut

into 4-mm rings and their luminal surface rubbed gently with a
metal seeker to remove the endothelium (con®rmed by the
absence of staining with rabbit antiserum to human von
Willebrand factor as previously described (Davenport et al.,

1996)). Vessels were set up for isometric force recordings in
5 ml organ baths containing oxygenated Kreb's solution
(378C) and allowed to equilibrate for 1 h. Contractile

responses were then recorded to 100 mM KCl at incrementally
increasing levels of basal tension until no further increase in
KCl response was obtained. This determined the optimum

resting tension for each preparation and was followed by a
further 30 min equilibration period. Cumulative concentration
response curves were then constructed to (Pyr1)Apelin-13

(1610710 ± 361077 M). Experiments were terminated by
addition of 100 mM KCl to determine the maximum possible
response for each preparation. Agonist responses were
subsequently expressed as a percentage of this KCl maximum.

Modi®ed Kreb's solution had the following composition
(mM): NaCl 90, KCl 5, MgSO4.7H2O 0.5, Na2HPO4 1,
NaHCO3 45, CaCl2 2.25, glucose 10, Na pyruvate 5, fumaric

acid 5 and L-glutamic acid 5.

Data analysis

The results from binding experiments were analysed using the
iterative, non-linear curve ®tting programmes EBDA and
LIGAND in the KELL package (Biosoft, Cambridge, U.K.).

All values are expressed as mean+s.e.mean. Kinetic analysis
of [125I]-(Pyr1)Apelin-13 binding provided estimates for the
observed association (Kobs) and dissociation rate constants.

These were in turn used to derive values for the association
rate constant and the kinetically determined KD. Individual
saturation binding experiments were analysed with EBDA

(McPherson, 1983) to obtain initial estimates. The resulting
data ®les were co-analysed with LIGAND (Munson &
Rodbard, 1980) to obtain values of ligand a�nity (KD) and

receptor density (Bmax expressed as fmol mg71 protein). The
presence of one or two sites was determined using the F-ratio
test in LIGAND. The model adopted was that which
provided the signi®cantly best ®t (P50.05).

Data from in vitro pharmacology experiments were
analysed using the iterative curve-®tting programme Fig P
(Biosoft, Cambridge, U.K.) to give values of pD2 (negative

log10 of the molar concentration producing 50% of the
maximum response) and EMax (maximum agonist response as
a percentage of the terminal KCl response). The response to
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(Pyr1)Apelin-13 was una�ected by the inclusion of protease
inhibitors in the Kreb's medium, therefore data obtained in
the presence or absence of this inhibitor was pooled and

expressed as mean+s.e.mean.

Materials

[125I]-(Pyr1)Apelin-13 (2000 Ci mmol71) (Figure 1) was pre-
pared (Amersham Pharmacia Biotech Bucks, U.K) from the
unlabelled material (Pyr1)Apelin-13 (pGlu-Arg-Pro-Arg-Leu-

Ser-His-Lys-Gly-Pro-Met-Pro-Phe) (Peptide Institute, Osaka,
Japan) by conjugation with monoiodinated (125I) Bolton &
Hunter reagent (Amersham Pharmacia Biotech Bucks, U.K.)

which labelled the Lys8 residue and was puri®ed by reverse
phase HPLC to be carrier-free. (Pyr1)Apelin-13 used in all other
experiments was from Bachem (Essex, U.K.) and other peptides

from Peptide Institute (Osaka, Japan). All other chemicals were
obtained from Sigma-Aldrich (Poole, Dorset, U.K.).

Results

Association studies

At a concentration of 0.15 nM, the binding of [125I]-
(Pyr1)Apelin-13 was time-dependent to sections of human

left ventricle with an association rate constant (kobs) of
0.115+0.004 min71 and a half time for association (t1/2) of
6 min (Figure 2).

Dissociation studies

The binding of [125I]-(Pyr1)Apelin-13 was reversible at room

temperature and analysis of the data indicated dissociation
from a single site with a dissociation rate constant of
0.013+0.0003 min71. The half time for dissociation (t1/2) was

53 min (Figure 3). The KD derived from this data was 0.01 nM.

Saturation studies

Over the concentration range tested (0.01 ± 1.25 nM) [125I]-
(Pyr1)Apelin-13 bound with sub-nanomolar a�nity to both
human cardiac tissue (Figure 4) and rat tissues. There was no

signi®cant di�erence in ligand a�nity or receptor density
comparing the atria and ventricle of the human heart. For
each tissue examined, a one site ®t was preferred to a two site

model and the Hill coe�cients were close to unity (Table 1).

In vitro receptor autoradiography

In the rat tissues examined, the highest density of binding
sites measured by quantitative autoradiography using a ®xed

concentration of [125I]-(Pyr1)Apelin-13 was in the rat
cerebellum (Figure 5). Binding sites were localized to the
molecular layer of the cerebellum with no binding detected

above non-speci®c levels in the granular layer. Binding was
also localized to the rat lung and rat heart with lower
densities in the rat kidney cortex. Autoradiography revealed
[125I]-(Pyr1)Apelin-13 bound to all human blood vessels

examined (Figure 6). Normal epicardial coronary artery
3.5+0.4 amol mm72 (n=6), atherosclerotic coronary artery
2.8+0.9 amol mm72 (n=6), aorta 2.8+0.5 amol mm72

(n=5), internal mammary artery 3.1+0.2 amol mm72

(n=6), pulmonary artery 2.4+0.2 amol mm72 (n=4), saphe-
nous vein grafts 2.6+0.9 amol mm72 (n=5). Binding was

below the level for detection in non-vascular tissue of human
lung.
Other cardiovascular peptides (endothelin-1, angiotensin II,

atrial natriuretic peptide, calcitonin gene related peptide,

Figure 1 Structure of [125I]-(Pyr1)Apelin-13. [125I]-(Pyr1)Apelin-13
was prepared from the unlabelled material (Pyr1)Apelin-13 by
conjugation with monoiodinated (125I) Bolton & Hunter reagent,
which labelled the Lys8 residue.

Figure 2 Time-dependent association of [125I]-(Pyr1)Apelin-13 bind-
ing to sections of human left ventricle. Tissue sections were incubated
for 150 min at room temperature. Data represents a single
experiment, with an association rate constant (kobs) of 0.109 min71

for this particular experiment.

Figure 3 Time course for dissociation of 0.15 nM [125I]-(Pyr1)Ape-
lin-13 from sections of human left ventricle. Tissue sections were
incubated for 30 min and washed in excess of Tris bu�er for di�ering
time points up to 4 h. A representative curve is shown, with a
dissociation rate constant of 0.016 min71 for this particular
experiment.
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adrenomedullin, and ghrelin) at 1 mM concentration did not
compete for [125I]-(Pyr1)Apelin-13 binding site in human left
ventricle (data not shown).

In vitro pharmacology

(Pyr1)Apelin-13 potently contracted human saphenous vein

(Figure 7) with a pD2 value of 8.4+0.2 (n=8). The
maximum response elicited by the peptide was 22.6+6% of
the terminal response to 100 mM KCl (Figure 8).

Discussion

We report for the ®rst time the binding characteristics of
[125I]-(Pyr1)Apelin-13, a putative ligand for the APJ orphan

receptor, in human cardiac tissue and used these initial
®ndings to localize binding sites in human and rat tissues by
autoradiography. [125I]-(Pyr1)Apelin-13 binding in human

heart was saturable, reversible and speci®c, characteristic of
a receptor. Within the concentration range used in saturation
experiments, the radioligand bound with high a�nity and a
one site ®t was preferred. Hill slopes were close to unity

indicating that [125I]-(Pyr1)Apelin-13 bound with a single
a�nity, with no evidence for receptor subtypes. In agreement,
in kinetic studies the radioligand bound rapidly at room

temperature to a single site. Binding was reversible with the
ligand also dissociating from a single site. The density of
receptors in the human myocardium was comparable to that

Table 1 Dissociation constant (KD), maximal density or
receptors (Bmax) and Hill coe�cients (nH) for [125I]-
(Pyr1)Apelin-13 binding to human cardiac and rat tissues

Bmax

KD (fmol mg71

Tissue (nM) protein) nH n

Human left ventricle 0.35+0.08 4.3+0.9 0.97+0.04 6
Human right atria 0.33+0.09 3.1+0.6 0.93+0.05 6
Rat ventricle 0.20+0.05 5.4+0.5 0.95+0.05 4
Rat hind brain 0.56+0.05 8.8+0.6 0.94+0.03 4
Rat lung 0.65+0.14 10.6+2.1 1.03+0.06 4

Values represent mean+s.e.mean.

Figure 5 (A) Autoradiographical localization of APJ receptor to rat
brain with high density in the molecular layer (m) of the rat
cerebellum. (B) Section stained with heamatoxylin and eosin. Scale
bar=2 mm.

Figure 4 Saturation binding curve for [125I]-(Pyr1)Apelin-13. In-
creasing concentrations of radioligand (0.01 ± 1.25 nM) were incu-
bated with sections of human left ventricle for 30 min at room
temperature. Curve represents a typical result, with a dissociation
constant (KD) of 0.3 nM and maximal receptor density (Bmax) of
4.2 fmol mg71 protein.

Figure 6 Autoradiographical localization of APJ receptors to (A)
human left ventricle section. (B) Transverse section of a human non-
diseased coronary artery. (C) Longitudinal section of a pulmonary
artery. (D) Transverse section of a saphenous vein graft with binding
in both the media (m) as well as the intimal (i) smooth muscle layers.
No image was detected in the presence of 1 mM cold ligand. Scale
bars=5 mm (A and C), 2 mm (B and D).

Figure 7 Cumulative concentration response curves to (Pyr1)Apelin-
13 (0.1 ± 300 nM) in human saphenous vein. This trace is representa-
tive of eight experiments.
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of the important cardiac vasoactive peptide, angiotensin II
(Asano et al., 1997; Katugampola & Davenport, 2000) where
Bmax values of 6 ± 12 fmol mg71 protein has been reported.

However, this density is much lower than that for endothelin
receptors in the human left ventricle (65 fmol mg71 protein;
Molenaar et al., 1993). The functional importance of the low

density of [125I]-(Pyr1)Apelin-13 binding sites in mediating
chronotropic and inotropic e�ects in the human heart
remains to be determined. Saturation studies performed in

rat heart, rat lung and rat hind brain identi®ed a single
binding site. The binding density and ligand a�nity in the rat
heart being comparable to rat lung and the rat hind brain.
Quantitative autoradiography revealed levels of [125I]-

(Pyr1)Apelin-13 binding to be similar in the media and
intimal layers of human muscular arteries, large elastic
arteries and veins. There was no evidence for a change in

density comparing normal versus atherosclerotic coronary
arteries with advanced intimal thickening. [125I]-(Pyr1)Apelin-
13 bound to pulmonary arteries, but the lack of binding sites

in nonvascular tissue of human lung suggests that most of the
receptors in this organ are localized to the vasculature.

Autoradiography also revealed the presence of APJ
binding sites in discrete regions of rat brain with greatest
levels in the molecular layer of the cerebellum, in agreement

with the reported high levels of APJ mRNA (Lee et al.,
2000). Since there are no previous studies characterizing
apelin binding, we used selected tissues where high levels of
APJ mRNA have been reported as a positive control.

Expression of APJ mRNA has been detected in the rat lung,
rat heart and rat kidney cortex (Hosoya et al., 2000;
O'Carroll et al., 2000). In agreement with the mRNA levels,

we were able to detect high receptor protein expression in the
rat lung and rat heart, but in comparison lower densities in
the rat kidney cortex.

(Pyr1)Apelin-13 contracts human saphenous vein with a
potency comparable to endothelin-1 (pD2 8.49+0.40;
Maguire et al., 2000) and approximately 10 fold less than

the recently described human urotensin II (pD2 9.43+0.57;
Maguire et al., 2000). Whilst the maximum contractile
response to (Pyr1)Apelin-13 was equivalent to that of
urotensin II (31.48+9.54% KCl; Maguire et al., 2000) it

was signi®cantly lower than for endothelin-1 (94.83+3.42%
KCl; Maguire et al., 2000). Therefore, in human saphenous
vein we ®nd that (Pyr1)Apelin-13 is potent vasoconstrictor

like endothelin-1 and urotensin II, but has low e�cacy which
is in agreement with the low density of high a�nity receptors
localized to the vascular smooth muscles.

This data suggests that [125I]-(Pyr1)Apelin-13 will be of use
for further characterization of the APJ receptors and their
anatomical distribution in other human and animal tissue in

order to elucidate the other important physiological and/or
pathophysiological roles in the central nervous system and
periphery. These results show for the ®rst time that [125I]-
(Pyr1)Apelin-13 binds with high a�nity and selectivity to

human cardiac tissue with evidence for a wide distribution of
the APJ receptor in the human vasculature and highlights the
properties of a novel potent vasoconstrictor in the human

vasculature.

This work was supported by grants from the British Heart
Foundation and The Royal Society.
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