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Background and purpose: The aim of this study was to determine whether the apelin/AP] system is altered in human
cardiovascular disease by investigating whether the expression of apelin or its receptor is altered at the protein level.
Experimental approach: Radioligand binding studies were used to determine apelin receptor density in human cardiac
tissues. Apelin peptide levels in cardiovascular tissues were determined by radioimmunoassay. In vitro pharmacology was used
to assess vasoactive properties of apelin in human coronary artery. Localization of apelin and its receptor in coronary artery was
determined using immunohistochemistry.

Key results: Apelin receptor density was significantly decreased in left ventricle from patients with dilated cardiomyopathy or
ischaemic heart disease compared with controls, but apelin peptide levels remained unchanged. Apelin was up-regulated in
human atherosclerotic coronary artery and this additional peptide localized to the plaque, colocalizing with markers for
macrophages and smooth muscle cells. Apelin potently constricted human coronary artery.

Conclusions and implications: We have detected changes in the apelin/AP) system in human diseased cardiac and vascular
tissue. The decrease in receptor density in heart failure may limit the positive inotropic actions of apelin, contributing to
contractile dysfunction. The contribution of the increased apelin levels in atherosclerotic coronary artery to disease progression
remains to be determined. These data suggest a potential role for the apelin/AP] system in human cardiovascular disease.
British Journal of Pharmacology (2010) 160, 1785-1795; doi:10.1111/j.1476-5381.2010.00821 .x
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Abbreviations: Bmax, maximum receptor density; DCM, dilated cardiomyopathy; ECso, the concentration required to produce
half-maximal response; Emax, maximum response; IHD, ischaemic heart disease; K, observed dissociation
constant; Kp, dissociation constant; K., observed association constant; ny, Hill coefficient; pD,, negative

logarithm of the ECso; ti/2, half-time

Introduction

The apelin receptor (APJ) is a class A G-protein coupled recep-
tor (GPCR), discovered in 1993 by homology cloning
(O’'Dowd et al., 1993) and designated an ‘orphan’ until 1998
when its endogenous ligand was identified as apelin (Tate-
moto et al., 1998). Since this pairing, a number of roles for the
apelin/APJ system have emerged including regulation of fluid
homeostasis, the adipoinsular axis and the cardiovascular
system (Kleinz and Davenport, 2005; Masri et al., 2005; Lee
et al., 2006; Carpéné etal., 2007; Japp and Newby, 2008;
Ladeiras-Lopes et al., 2008; Pitkin et al., 2010).
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In the human cardiovascular system, apelins have been
shown to modulate cardiac contractility (Maguire et al., 2009)
and vascular tone in vitro, both as an endothelium-dependent
vasodilator and endothelium-independent vasoconstrictor
(Katugampola et al., 2001; Salcedo et al., 2007; Maguire et al.,
2009). Apelin has also been shown to cause vasodilatation
when infused into the human forearm (Japp et al., 2008).
Apelin is a potent angiogenic factor (Kasai et al., 2004; Cox
et al., 2006) and mitogen of endothelial (Kasai et al., 2004;
Masri et al., 2004) and vascular smooth muscle cells (Li et al.,
2008) in vitro.

There is evidence for a role of the apelin/APJ system in
cardiovascular disease. There have been a number of reports
of changes in plasma apelin levels in patients with heart
failure, with somewhat disparate results. Overall plasma
apelin appears to rise in early heart failure (Chen et al., 2003),
but normalize or decrease in later stages (Chen et al., 2003;
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Chong etal., 2006; Miettinen et al., 2007). The source of
plasma apelin is unclear and it is not known how this relates
to tissue levels.

Cardiac apelin is up-regulated by hypoxia (Ronkainen et al.,
2007) and the expression of both apelin and APJ is increased
in ischaemic heart failure in rats (Atluri et al., 2007; Sheikh
et al., 2008). Apelin appears to be beneficial in heart failure in
animal models, protecting against ischaemia reperfusion
injury (Simpkin et al., 2007; Zeng et al., 2009), having positive
inotropic effects when administered acutely and improving
cardiac function without evidence of hypertrophy when
chronically administered (Ashley et al., 2005). Conversely,
mice lacking the gene encoding apelin develop impaired
cardiac contractility in response to ageing or pressure over-
load (Kuba et al., 2007). In man, APLNR was found to be the
most significantly up-regulated gene after mechanical offload-
ing of failing myocardium (Chen et al., 2003) and the G212A
variant of this gene is associated with slower heart failure
progression (Sarzani et al., 2007). Foldes et al. (2003) found a
decrease in apelin receptor mRNA in human cardiac tissue
from patients with ischaemic heart disease (IHD) or idiopathic
dilated cardiomyopathy (DCM). However, it is unknown
whether this is reflected in changes in the apelin/AP] system
at the protein level in man.

There is recent evidence of a role for the apelin/AP] system
in atherosclerosis in mice. Apelin receptor deficient mice, on
an ApoE™~ background, have reduced atherosclerotic burden
compared with ApoE” mice (Hashimoto et al.,, 2007). This
contrasts with the findings of Chun et al. (2008), that apelin
signalling opposed angiotensin Il-induced atherosclerosis in
ApoE”" mice. However, the involvement of the apelin/APJ
system in atherosclerosis in man has not been investigated.

This study has revealed a significant down-regulation of
apelin receptor protein in the myocardium of failing hearts
and an up-regulation of apelin peptide in atherosclerotic
coronary artery. This implicates the apelin/APJ system in the
pathogenesis of both atherosclerosis and heart failure in man.
Preliminary data were presented to the British Pharmacologi-
cal Society (Pitkin et al., 2007; 2008a,b; 2009)

Methods

Tissue collection

Human tissue was collected with local ethical approval and
informed consent. Human heart, coronary artery and epicar-
dial adipose tissues were from patients undergoing cardiac
transplantation for DCM or IHD, or from control hearts from
donors where there was no suitable recipient. Cardiac trans-
plant patients were on a range of drugs including diuretics,
positive inotropes, anti-arrhythmics, anticoagulants and
vasodilators (see Tables S1-S7). Mammary artery, saphenous
vein and atrial appendage were from patients undergoing
coronary artery bypass graft surgery, who were on a variety of
drugs including B-blockers, diuretics, statins, anti-coagulents
and vasodilators (see Tables S1-S7). General patient charac-
teristics are shown in Table 1. Tissues for radioligand binding,
Western blotting, immunohistochemistry and radioimmu-
noassay were stored at —70°C until use. Tissues for in vitro
pharmacology were collected in Krebs solution (mM: NaCl,
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Table 1 General patient characteristics
Patient group n Age (years) Sex

Male Female Unknown
Control 22 49.0 (17-62) 12 6 4
DCM 30 52.0 (24-62) 21 9 0
IHD 20 55.5 (35-62) 19 1 0
CABG 40 71.0 (44-85) 36 3 1

Values are median (range).
CABG, coronary artery bypass graft surgery; DCM, dilated cardiomyopathy;
IHD, ischaemic heart disease.

90; NaHCO;, 45; KCI, 5; MgS0..7H,0, 0.5; Na,HPO4.2H,0, 1;
CaCl,, 2.25; fumaric acid, 5; glutamic acid, 5; glucose, 10;
sodium pyruvate, 5; pH 7.4), kept at 4°C and used within 24 h
of surgery.

Radioligand binding studies

Unless otherwise stated, radioligand binding studies were
carried out with plastics coated using sigmacote. Sections,
10 um, of human left ventricle were thaw mounted on to
gelatine-coated slides and stored at —70°C until use. Sections
were thawed and preincubated for 15 min with assay buffer
(50 mM Tris, 5 mM MgCl,, pH 7.4) and then incubated for
90 min with 0.05nM [Glp®,Nle”, Tyr”’]['**I]-apelin-13 (=
[Nle”, Tyr”’]['**1]-(Pyr")apelin-13) in assay buffer. Non-specific
binding was defined using 1uM (Pyr"apelin-13. Sections
were subject to three 1 min washes in an excess of Tris-HCl
buffer (50 mM, pH 7.4, 4°C), wiped from the slides using filter
paper and counted using a Cobra II E5003 gamma counter
(Canberra UK Ltd, Didcot, UK). The specificity of
[G1p®,Nle”, Tyr”’]['*1]-apelin-13 binding was verified by incu-
bating sections in the presence of 1 uM apelin-related or unre-
lated peptides. For association binding studies, sections were
incubated with the radioligand for varying amounts of time
(1-360 min). For dissociation binding studies, sections were
washed at 4°C for increasing periods of time (1-1440 min).
For saturation binding studies, sections were incubated with
increasing concentrations of [Glp®, Nle”®, Tyr”’]['*]]-apelin-13
(0.001-0.5 nM). Protein concentrations were determined
using the Bio-Rad DC 96 well microtiter plate system.

Western blotting

Human atherosclerotic coronary artery samples were homog-
enized in lysis buffer (50 mM Tris, 5 mM MgCl,, 5 mM EDTA,
1 mM EGTA, pH 7.5, 1:1000 protease inhibitor cocktail) and
the membrane fraction was collected. These protein lysates
(5-20 pg) were separated on 10% SDS-polyacrylamide gels by
electrophoresis, transferred onto polyvinylidene membranes
and incubated with rabbit anti-APJ(357-377) diluted
1:100 000 in TBS/T (Tris buffered saline 0.1% Tween-20) over-
night at 4°C. The membranes were then incubated with ECL
(enhanced chemiluminescence) peroxidase conjugated goat
anti-rabbit diluted 1:5000 for 1 h at room temperature, fol-
lowed by ECL reagent for 5 min. Bands were visualized by
apposition to ELC hyperfilm.



Peroxidase anti-peroxidase immunohistochemistry

Sections of human coronary artery (30 um) were thaw-
mounted on to gelatine-coated slides and stored at —70°C.
When required, sections were dried overnight at room tem-
perature and fixed in ice-cold acetone for 10 min. Sections
were blocked with 5% non-immunized swine serum (SS) in
phosphate buffered saline (PBS) for 2 h at room temperature.
They were then incubated with either rabbit anti-APJ(357-
377) (1:100 in PBS 0.1% Tween-20 0.1% SS (1% SS PBS/T)) for
48 h or rabbit anti-apelin-12 (diluted 1:500 in 1% SS PBS/T)
for 72 h at 4°C. In adjacent sections, primary antisera were
omitted as a negative control. Slides were washed in PBS/T
(three 5 min washes, 4°C) and incubated with swine anti-
rabbit serum (diluted 1:200 in 1% SS PBS/T) for 1 h at room
temperature. Slides were washed as before and incubated with
rabbit peroxidase/anti-peroxidase complex (diluted 1:400 in
1% SS PBS/T) for 1 h at room temperature. Following a final
wash step, sections were incubated with a 0.6 mg-mL™" DAB
(3,3’-diaminobenzidine tetrahydrochloride) solution in
0.05 M Tris-HCI buffer, pH 7.6, containing 0.03% hydrogen
peroxide. The chromogenic reaction was stopped by immer-
sion in deionized water. Sections were dehydrated using a
graded alcohol series and cleared in xylene for 1 h at room
temperature. Sections were mounted using DePeX-Gurr
mounting medium and examined using a standard bright
field microscope (Olympus UK Ltd, Southend-on-Sea, UK).
Images were captured using a U-TV1-X digital camera and
Cell® software (Olympus UK Ltd, Southend-on-Sea, UK).

Dual-labelling fluorescence immunohistochemistry

Sections of human coronary artery (30 um) were thaw-
mounted onto gelatine-coated slides and stored at —70°C until
use. Sections were dried overnight at room temperature and
fixed in ice-cold acetone for 10 min. Sections were blocked
with 5% normal goat serum in PBS and incubated for 48 h at
4°C with either rabbit anti-APJ(357-377) (1:100 in 1% GS
PBS/T) or rabbit anti-apelin-12 (1:200 in 1% GS PBS/T)
together with either mouse anti-human von-Willebrand
factor (1:100), mouse anti-smooth muscle o-actin (1:100),
mouse anti-CD3 (1:100) or mouse anti-CD68 (1:2000). In
adjacent sections, primary antisera were omitted as a negative
control. Slides were washed in PBS/T (three 5 min washes,
4°C) and incubated with Alexafluor568 conjugated goat anti-
mouse and Alexafluor488 conjugated goat anti-rabbit antisera
(1:100 in 1% GS PBS/T) for 1 h at room temperature. Sections
were washed as above and mounted using ProLong Gold and
visualized using laser scanning confocal microscopy (DM
RXA, Leica Microsystems (UK) Ltd, Milton Keynes, UK).

Radioimmunoassay

Cardiac tissue and epicardial adipose tissue were homog-
enized using a Polytron PT.K homogeniser in 10 mL-g™* tissue
0.5 M acetic acid. Blood vessels were homogenized using the
FastPrep instrument in 3 mL-g"' tissue 0.5 M acetic acid.
10 mL-g' tissue 0.5 M acetic acid was then added to these
homogenates. All tissue homogenates were heated to 100°C
for 15 min and centrifuged at 48 000x g for 1 h at 4°C. The
resulting supernatants and plasma samples were acidified
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with an equal volume of 0.1% trifluoroacetic acid (TFA) and
solid phase extracted using Sep — Pac Vac C18 cartridges.
Cartridges were conditioned with 2 mL 80% methanol/0.1%
TFA and washed with 9 mL 0.1% TFA prior to addition of
sample. After being washed with 12 mL 0.1% TFA, the pep-
tides were eluted with 4 mL 80% methanol/0.1% TFA. Eluent
was evaporated to dryness using an evacuated centrifuge and
stored at —70°C. Lyophilized samples were reconstituted in
250 uL radioimmunoassay (RIA) buffer (40 mM Na,HPO,,
10 mM NaH,PO4;, 8 mM sodium azide, 0.05% Tween 20,
pH 7.4).

One hundred microlitres of sample or standard peptide was
incubated with 100 pL of rabbit anti-apelin-36 serum for
16-24h at 4°C; 100puL [***I]-(Pyr})apelin-13 (10 000
counts-min!) was added and the mixture incubated for
16-24 h at 4°C. Bound tracer was separated from free using
Amerlex-M according to the manufacturer’s instructions.
Bound ['*I](Pyr')-apelin-13 in the pellet was detected using
a Cobra II E5003 gamma counter (Canberra UK Ltd,
Didcot, UK).

In vitro pharmacology

Rings of human histologically normal coronary artery, 4 mm
[from patients with DCM (Dec and Fuster, 1994) or control
hearts], were mounted in 5 mL organ baths containing oxy-
genated modified Krebs solution at 37°C (mM: NaCl, 90;
NaHCOs;, 45; KCl, 5; MgS0,4.7H,0, 0.5; Na,HPO,.2H,O, 1;
CaCl,, 2.25; fumaric acid, 5; glutamic acid, 5; glucose, 10;
sodium pyruvate, 5; pH 7.4; gassed with 95% O,/5% CO,) and
isometric tension recorded using F30 force transducers (Hugo
Sachs, March — Hugstetten, Germany). After a 1 h equilibra-
tion period, optimum basal tension was determined by con-
stricting vessels with KCI (0.1 M) at increasing levels of basal
tension until no further increase in response was obtained.
The absence of functional endothelium was confirmed by
constricting vessels to 10 uM phenlyephrine (PE) and testing
for lack of endothelium-dependent relaxation (<15%) to 1 uM
acetylcholine (ACh). Cumulative concentration-response
curves were constructed to (Pyr')apelin-13 (0.001-300 nM) or
angiotensin II (0.01-100 nM) for comparison and when no
further response was obtained, experiments were terminated
with the addition of 0.1 M KCI (post KCI response) to deter-
mine the maximal constrictor response of each vessel.

Data analysis

Data are expressed as the median value (range) unless other-
wise stated and n-values are the number of patients from
whom tissue was obtained. Radioligand binding data were
analysed using the iterative non-linear curve fitting pro-
grammes KINETIC, EBDA and LIGAND (KELL package,
Biosoft, Cambridge, UK). Kinetic analysis gave values for
observed association (K,,) and dissociation (K ;) constants,
which were then used to derive values for half-time (t,,,) for
association and dissociation. Saturation binding data were
analysed in order to obtain values for dissociation constant
(Kp), maximum receptor density (Bm.x) and Hill coefficient
(my). Whether a one site or two site fit was preferred was
determined using the F-test in LIGAND. For radioimmunoas-
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say, standards curves were fitted to a four parameter logistic
equation (FigP, Biosoft, Cambridge, UK) and unknowns were
interpolated from this curve. For in vitro pharmacology, data
were expressed as percentage of the post KCl response and
fitted to a four parameter logistic equation (FigP, Biosoft,
Cambridge, UK) to obtain values for potency (pD.: negative
logarithm of the EC;s, the concentration required to produce
half-maximal response) and maximum response (Enmax)-

Bmax data and apelin peptide levels in cardiac tissue were
compared between disease states using the Kruskal-Wallis test
followed by Dunn’s Multiple Comparison test. Apelin peptide
levels in atherosclerotic coronary artery were compared with
those in histologically normal coronary artery using the
Mann-Whitney U-test. Statistical tests were performed using
GraphPad Prism (GraphPad Software, CA, USA). A P-value less
than 0.05 was considered significant.

Materials

All reagents were obtained from Sigma (Poole, UK) unless
otherwise stated. [GIp®, Nle”, Tyr”’|['*[]-apelin-13 was from
PerkinElmer (MA, USA). ['®I]-(Pyr')apelin-13, Amerlex-M and
ECL plus reagents and hyperfilm were from Amersham Bio-
sciences (Little Chalfont, UK), rabbit anti-APJ(357-377),
rabbit anti-apelin-12 and rabbit anti-apelin-36 serum were
from Phoenix Pharmaceuticals (CA, USA). Swine anti-rabbit
serum, rabbit peroxidase/anti-peroxidase complex, mouse
anti-human von-Willebrand factor, mouse anti-smooth
muscle o-actin, mouse anti-CD3 and mouse anti-CD68 were
from Dako (Glostrup, Denmark). The Bio-Rad DC 96 well
microtiter plate system was from Bio-Rad Laboratories (Hemel
Hempstead, UK). Sep — Pac Vac C18 cartridges were from
Waters Ltd. (Elstree, UK), Alexafluor568 conjugated goat anti-
mouse, Alexafluor488 conjugated goat anti-rabbit antisera
and ProLong Gold were from Molecular Probes, Invitogen
(Paisley, UK).

Results

Characterization of [Glp®,Nle”s, Tyr” J[***I]-apelin-13 binding in
human left ventricle

(Pyr')apelin-13, apelin-13 and apelin-36 competed for
[Glp® Nle”, Tyr’”][***]]-apelin-13 binding in human left ven-
tricle, whereas angiotensin I-IV and a range of structurally
unrelated peptides (all 1 uM) failed to compete (Figure 1A).
[G1p®, Nle”, Tyr”’]['*]]-apelin-13 binding to human left ven-
tricle was time-dependent, with a median association rate
constant (Ku,s) of 0.038 (0.037-0.048) min™ and a half-time
for association (t;») of 18.27 (14.41-18.74) min (n = 3)
(Figure 1B). Binding of the radioligand was reversible, with a
relatively slow rate of dissociation. The median dissociation
rate constant (K,;) was 0.021 (0.010-0.023) min™', giving a
half-time for dissociation (t;;) of 33.67 (30.77-68.93) min (n
= 3) (Figure 1C).

Apelin receptor density in normal and diseased human

left ventricle

[G1p®, Nle”, Tyr”’]['*]]-apelin-13 binding in human left ven-
tricle was saturable (Figure 1D) with sub-nanomolar affinity
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(Table 2) over the concentration range tested (0.001-0.5 nM).
In all the tissues examined, a one-site fit was preferred to a
two-site model, as determined by the F-test, and Hill coeffi-
cients were close to unity (Table 2). Apelin receptor density
(Bmax) Was significantly lower in left ventricle from patients
with DCM [1.10 (0.36-5.85) fmol-mg™" protein, n = 6] or IHD
[1.41 (0.28-4.50) fmol-mg protein, n = 8] compared with left
ventricle from control hearts [6.56 (3.46-21.36) fmol-mg™"
protein, n = 7] (P < 0.05 control vs. DCM, P < 0.01 control vs.
IHD, Kruskal-Wallis test followed by Dunn’s Multiple Com-
parison test). There was no significant difference in Bpax
between left ventricle from patients with DCM and those
with IHD (P > 0.05 Kruskal-Wallis test follwed by Dunn’s
Multiple Comparison Test) (Figure 1E, Table 2).

Apelin peptide levels in human normal and diseased
cardiovascular tissues

A novel RIA was developed for detection of apelin peptide.
Standard curves were constructed to apelin-36 (10-
1280 pg'mL™") in each assay and a representative curve is
shown in Figure 2A. An atrial tissue sample diluted in parallel
with the standard curve (Figure 2A), indicating that the
immunoreactivity detected in tissue samples was apelin
peptide. The linear portion of the curve ranged from
15-150 pg-mL™" and ICs, values ranged from 54-122 pg-mL™".
The sensitivity of detection (defined as the amount of stan-
dard peptide required to reduce B, by two standard devia-
tions, where B, is equivalent to 100% ['*I]-(Pyr')apelin-13
bound) was 11.9 pg-mL™". The intra-assay variation (including
the variation caused by solid phase extraction) was 14.1%, the
intra-assay variation (only) was 8.3% and the inter-assay
variation was 12.3%. The cross-reactivity profile of the RIA is
shown in Table 3. The percentage recovery from solid phase
extraction, determined using an apelin-36 (25 pg) spiked
atrial appendage sample, was 86.8%.

Apelin-like immunoreactivity (LI) was detected in all
human cardiac and vascular tissues tested (Table 4). Levels
were also detected in epicardial adipose tissue (Table 4).
Apelin-LI was significantly higher in atherosclerotic coronary
artery [69.1 (35.8-128.1) pg-g™' wet mass, n = 6] compared
with control coronary artery [24.7 (12.5-35.0) pg-g’' wet
mass, 1 = 6] (P < 0.01 Mann-Whitney U-test) (Figure 2B,
Table 4). There was no significant difference in apelin-LI
between atria or ventricle from control, DCM and IHD
patients (P > 0.05 Kruskal-Wallis test) (Figure 2B, Table 4).

Localization of apelin receptor-LI to human coronary artery

Western blot using rabbit anti-APJ(357-377) revealed a single
band of approximately 60 kDa in human atherosclerotic coro-
nary artery (n = 3) (Figure 3A), consistent with an
N-glycosylated form of the receptor, as reported previously
(Puffer etal., 2000). This band was attenuated on pre-
absorption of the antibody with the immunizing peptide (rat
APJ 357-377) (Figure 3A). Immunohistochemistry localized
apelin receptor-LI to the endothelium and smooth muscle
layer of histologically normal coronary artery (Figure 3B), as
previously reported (Kleinz et al., 2005), whereas additional
staining of the plaque was observed in atherosclerotic coro-
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disease.

nary artery (Figure 3D). Dual-labelling fluorescence immuno-
histochemistry showed that apelin receptor-LI within the
atherosclerotic plaque colocalized with markers for smooth
muscle cells (SMoA) (Fig. 3F) and macrophages (CD68)
(Figure 3G), but there was little evidence of colocalization
with a T-cell marker (CD3) (Figure 3H). No staining was
observed in adjacent sections where the primary antibody was
omitted as a negative control (Figure 3C,E, data not shown for
fluorescence immunohistochemistry).

Localization of apelin-LI to human coronary artery

In sections of human, histologically normal coronary artery,
apelin-LI was restricted to the endothelium (Figure 4A), con-
sistent with previous reports (Kleinz and Davenport, 2004).
Intense staining of the plaque was observed in atherosclerotic
coronary artery (Figure 4C). Apelin-LI within the plaque colo-
calized with markers for smooth muscle cells (Figure 4E) and
macrophages (Figure 4F), but not with a marker for T-cells
(Figure 4G). Staining was absent in sections where the

British Journal of Pharmacology (2010) 160 1785-1795
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Table 2 Saturation binding assay data for [Glp%,Nle”s, Tyr’”]['?*1]-apelin-13 binding to human left ventricle

Tissue Ko (nM) Bmax (fmol-mg™" protein) Ny n
Control left ventricle 0.40 = 0.07 6.56 (3.46-21.36) 1.01 (1.00-1.03) 7
DCM left ventricle 0.30 = 0.10 1.10 (0.36-5.85)* 1.02 (0.92-1.13) 7
IHD left ventricle 0.28 + 0.07 1.41 (0.28-4.50)" 0.99 (0.88-1.10) 8

Values are median (range), except Kp values which are mean = SEM (SEM calculated by LIGAND).

*P < 0.05 compared with control left ventricle.
#P < 0.01 compared with control left ventricle.

Bmax, maximal density of receptors; DCM, dilated cardiomyopathy; IHD, ischaemic heart disease; Kp, dissociation constant; ny, Hill coefficient.
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Figure 2 (A) Typical standards curve (solid symbols) and dilutions of
an atrial tissue sample (open symbols); expressed as mean of dupli-
cate determinations. (B) Apelin-like immunoreactivity (LI) levels in
human cardiac tissue and coronary artery (n = 5-6). CA, coronary
artery; DCM, dilated cardiomyopathy; IHD, ischaemic heart disease;
LV, left ventricle. *P < 0.01.

primary antibody was omitted (Figure 4B,D, data not shown
for fluorescence immunohistochemistry).

Vasopressor effect of (Pyr')apelin-13 on human coronary artery

Human isolated coronary artery lacked functional endothe-
lium. (Pyr')apelin-13 potently constricted coronary artery
with a median pD, value of 8.0 (6.7-10.0) and a maximum
response of 22.7 (8.8-36.6)% of the terminal response to
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Table 3 Cross-reactivity profile of apelin radioimmunoassay

Antigen Cross-reactivity (%)

Synthetic apelin peptides

Apelin-36 100.00
(Pyr'apelin-13 43.76
Apelin-13 39.90
Unrelated vasoactive peptides
Angiotensin Il BLL
Angiotensin Il BLL
Angiotensin IV BLL
Ghrelin BLL
Endothelin-1 BLL
Bradykinin BLL
Motilin BLL
Substance P BLL
Atrial natriuretic peptide BLL

Cross-reactivities of synthetic apelin peptides are expressed as percentage
relative immunoreactivity compared with apelin-36, based on the ECso values
of their standard curves. The cross-reactivities of unrelated vasoactive peptides
were determined by testing a 1 uM solution of each peptide.

BLL, below lower limit of detection.

Table 4 Apelin-LI levels in human cardiovascular tissues

Tissue Apelin-LI (pg-g”" wet mass) n
Saphenous vein 52.7 (27.0-88.8) 6
Mammary artery 14.8 (9.8-44.6) 5
Epicardial adipose tissue 2.1 (1.7-5.0) 6
Atrial appendage 62.8 (56.8-94.0) 29*%
Control atria 19.4 (8.0-33.6) 5
DCM atria 18.6 (6.3-99.0) 6
IHD atria 33.3 (15.1-42.0) 6
Control left ventricle 34.7 (25.9-73.7) 6
DCM left ventricle 41.3 (34.5-53.7) 6
IHD left ventricle 41.9 (24.3-63.0) 6
Control coronary artery 24.7 (12.5-35.0) 6
IHD coronary artery 69.1 (35.8-128.1)* 6

Values are median (range).

*P < 0.01 compared with normal coronary artery.

#n =29 in three pooled samples.

DCM, dilated cardiomyopathy; IHD, ischaemic heart disease.

100 mM KCI (n = 5) (Figure 5). Angiotensin II elicited a com-
parable response, with a median pD, value of 8.9 (7.7-10.7)
and a maximum response of 22.2 (7.3-59.7)% of the terminal
response to 100 mM KCI (n = 9).

Discussion and conclusions

We report for the first time the binding characteristics of
[G1p®, Nle”, Tyr”’]['**]]-apelin-13 in human cardiac tissue, ful-
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Figure 3 (A) Western blot using rabbit anti-AP)(357-377) showing a single band of approximately 60 kDa in human atherosclerotic coronary
artery (CA, n=3), attenuated following pre-absorption with the immunizing peptide. (B-H) Representative photomicrographs showing AP)-like
immunoreactivity (LI) in human histologically normal (B, C) and atherosclerotic (D-H) coronary artery. (C, E) Primary antibody omitted. APJ-LI
within the atherosclerotic plaque colocalizes with smooth muscle o-actin (SMoA)-LI (F) and CD68-LI (G), but not with CD3-LI (H). All n= 3.

Scale bar 200 um (B-E) or 50 um (F-H).

filling the criteria of high affinity, saturable, reversible and
specific binding. We also validated a novel radioimmunoassay
for the detection of apelin peptide levels in human tissues.
These assays demonstrated a striking down-regulation of the
apelin receptor in two types of heart failure, while apelin

peptide levels were unchanged in these conditions in both
ventricle and atria. We discovered a marked up-regulation of
apelin in atherosclerotic coronary artery, with the additional
peptide localizing to the atherosclerotic plaque. We also
report that apelin is a potent constrictor of human coronary
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Figure 4 Representative photomicrographs showing apelin-like immunoreactivity (LI) in human histologically normal (A, B) and atheroscle-
rotic (C-G) coronary artery. (B, D) Primary antibody omitted. Within the atherosclerotic plaque apelin-LI colocalizes with smooth muscle o-actin
(SMoA)-LI (E) and CD68-LI (F), but not with CD3-LI (G). All n= 3. Scale bar 200 um (A-D) or 50 um (E-G). Arrow indicates endothelial staining.

artery, with a comparable potency and maximum response to
angiotensin II.

These data are consistent with a previous report showing no
significant difference in apelin-36-LI between left ventricle
from control, IHD and idiopathic DCM patients (Foldes et al.,
2003). However, Foldes et al. (2003) reported a decrease in
apelin-36-LI in atria from IHD patients compared with con-
trols. The difference in our findings may be due to Foldes et al.
(2003) using atrial appendage samples, rather than atrial
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tissue as in our study. We have shown that atrial appendage
has markedly higher apelin content than atrial tissue, possibly
due to its higher endocardial endothelial cell to cardiomyo-
cyte ratio.

Foldes et al. (2003) demonstrated a significant decrease in
apelin receptor mRNA in left ventricle from patients with
DCM, but no difference in left ventricle from IHD patients
compared with controls. We found a decrease in receptor
protein in both conditions, suggesting that the down-
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Figure 5 Representative cumulative concentration-response curve to (Pyr')apelin-13 in human isolated coronary artery. Arrows indicate time

points at which doses were added.

regulation may be due to decreased transcription of the gene
in DCM, but due to regulation at the post-transcriptional level
in THD. The apelin receptor has previously been shown to
localize to cardiomyocytes and endocardial endothelial cells
in healthy and diseased human left ventricle (Katugampola
et al., 2001; Kleinz et al., 2005). Whether the apelin receptor is
down-regulated in both cell types in DCM and IHD requires
further investigation, but as cardiomyocytes greatly outnum-
ber endocardial endothelial cells in the tissue sections used,
the observed decrease in receptor density is likely to equate to
a down-regulation of the apelin receptor in cardiomyocytes in
these conditions.

A decrease in apelin receptor density in cardiomyocytes,
without a compensatory up-regulation of apelin, in heart
failure may contribute to contractile dysfunction, as the posi-
tive inotropic actions of apelin would presumably be reduced.
Mechanical offloading of failing myocardium causes an
up-regulation of the apelin receptor (Chen etal.,, 2003),
suggesting that it may be stretch that triggers the down-
regulation in disease. Studies in rats also reported a down-
regulation of the apelin receptor in heart failure, attributed to
AT, receptor signalling (Iwanaga et al., 2006), suggesting that
the increased angiotensin II levels observed in heart failure
may cause the down-regulation of the apelin receptor.

The data presented here strengthen the case for the apelin
receptor as a potential future drug target for heart failure.
Chronic infusion of apelin into mice improved cardiac func-
tion without evidence of hypertrophy, while concomitantly
decreasing preload and afterload (Ashley et al., 2005). Apelin
treatment also protected against ischaemia reperfusion injury
in rodents (Simpkin et al., 2007; Zeng et al., 2009), which may
provide additional benefit to treating with an apelin receptor
agonist. However, positive inotropic agents increase the
oxygen demand of the myocardium and deleterious effects of
positive inotropic agents such as milrinone and dobutamine
have been demonstrated in clinical trials, giving an important
caveat. We have shown that apelin is able to constrict human
isolated coronary artery. Heart failure is associated with
endothelial dysfunction; therefore, although apelin mediates
endothelium-dependent vasodilator effects in the healthy
vasculature (Japp et al., 2008), treatment of this patient group
with an apelin agonist may contribute to detrimental coro-

nary vasoconstriction. These possible deleterious effects will
need careful investigation in pre-clinical and clinical trials.

We have also investigated changes in the apelin/AP] system
in atherosclerosis, the primary cause of IHD. We have dem-
onstrated that apelin peptide levels are significantly increased
in human atherosclerotic coronary artery, and the additional
peptide localizes to the atherosclerotic plaque, where it colo-
calizes with markers for smooth muscle cells and macroph-
ages. The apelin receptor was also found to be present within
the atherosclerotic plaque and to have a similar distribution
to its ligand. We have previously shown that apelin receptor
density is not altered in the media of atherosclerotic coronary
artery compared with that of histologically normal coronary
artery (Katugampola et al., 2002).

The role of the increased apelin within the plaque is
unclear, with studies in mice reporting both beneficial (Chun
et al., 2008) and detrimental (Hashimoto et al., 2007; Kojima
et al., 2010) effects of the apelin/AP] system in atherosclerosis.
Apelin has been shown to mediate oxidative stress in vascular
tissue (Hashimoto et al., 2007), so the increased apelin within
the plaque may contribute to atherogenesis. Alternatively,
apelin may limit atherosclerosis progression by inhibiting
angiotensin II effects on the vasculature (Chun et al., 2008).
Within the plaque, both apelin and its receptor colocalized
with markers for smooth muscle cells and macrophages.
Apelin treatment decreases aortic aneurysm formation in
mice by decreasing macrophage infiltration (Leeper etal.,
2009), suggesting that apelin may be beneficial in human
atherosclerosis by a similar mechanism. Apelin is a mitogen
(Li et al., 2008) and increases migration (Kojima et al., 2010)
of vascular smooth muscle cells, so may have detrimental
effects by promoting smooth muscle cell proliferation and
migration in to the neointima. Whether apelin receptor acti-
vation is beneficial or detrimental in atherosclerosis will
require further investigation using agonists and particularly
apelin receptor selective antagonists.

We observed a significant down-regulation of the apelin
receptor in left ventricle from patients with DCM or IHD,
with no change in apelin peptide levels. We have shown an
increase in apelin expression in atherosclerotic coronary
artery, with the additional peptide localizing to the athero-
sclerotic plaque. These data implicate the apelin/AP] system
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in heart failure and atherosclerosis in man, providing further
evidence in support of the apelin receptor as a possible future
drug target in these conditions.
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Note added in proof

A recent paper by Japp and colleagues has shown that acute
administration of apelin in healthy volunteers and patients
with heart failure causes peripheral and coronary vasodilata-
tion and increases cardiac output, suggesting that an apelin
agonist may be beneficial in this patient group (Japp et al.,
2010).
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