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A B S T R A C T

Background: Apelin signalling pathways have important cardiovascular and metabolic functions. Recently, apelin-
36-[L28A] and apelin-36-[L28C(30kDa-PEG)], were reported to function independent of the apelin receptor in vivo
to produce beneficial metabolic effects without modulating blood pressure. We aimed to show that these peptides
bound to the apelin receptor and to further characterise their pharmacology in vitro at the human apelin receptor.
Methods: [Pyr1]apelin-13 saturation binding experiments and competition binding experiments were performed
in rat and human heart homogenates using [125I]apelin-13 (0.1 nM), and/or increasing concentrations of apelin-
36, apelin-36-[L28A] and apelin-36-[L28C(30kDa-PEG)] (50pM-100μM). Apelin-36 and its analogues apelin-36-
[F36A], apelin-36-[L28A], apelin-36-[L28C(30kDa-PEG)], apelin-36-[A28 A13] and [40kDa-PEG]-apelin-36
were tested in forskolin-induced cAMP inhibition and β–arrestin assays in CHO-K1 cells heterologously ex-
pressing the human apelin receptor. Bias signaling was quantified using the operational model for bias.
Results: In both species, [Pyr1]apelin-13 had comparable subnanomolar affinity and the apelin receptor density
was similar. Apelin-36, apelin-36-[L28A] and apelin-36-[L28C(30kDa-PEG)] competed for binding of [125I]apelin-
13 with nanomolar affinities. Apelin-36-[L28A] and apelin-36-[L28C(30kDa-PEG)] inhibited forskolin-induced
cAMP release, with nanomolar potencies but they were less potent compared to apelin-36 at recruiting β-arrestin.
Bias analysis suggested that these peptides were G protein biased. Additionally, [40kDa-PEG]-apelin-36 and apelin-
36-[F36A] retained nanomolar potencies in both cAMP and β-arrestin assays whilst apelin-36-[A13 A28] exhibited
a similar profile to apelin-36-[L28C(30kDa-PEG)] in the β–arrestin assay but was more potent in the cAMP assay.
Conclusions: Apelin-36-[L28A] and apelin-36-[L28C(30kDa-PEG)] are G protein biased ligands of the apelin
receptor, suggesting that the apelin receptor is an important therapeutic target in metabolic diseases.

1. Introduction

Apelin is the endogenous ligand of the previously orphaned G
protein-coupled apelin receptor [1]. Apelin-36 was first identified in
1998 from bovine stomach extracts and is suggested to be the cleavage
product of a 77-amino acid pre(pro)apelin [2]. Based on paired dibasic
cleavage sites, the existence of shorter fragments of the peptide was
predicted and to date the most characterised isoforms are apelin-36,
apelin-17 and apelin-13 [3]. [Pyr1]apelin-13 was identified as the most
predominant isoform in rat plasma and hypothalamus [4]; human heart
[5] and human plasma [6]. Lower levels of apelin-17 were also iden-
tified in rat hypothalamus and plasma [4].

In mammals, apelin and its receptor are widely expressed in tissues
including the heart, brain, lungs and kidney [7–9] and a number of
physiological actions have been proposed for this peptide system
[10,11]. Importantly, cardiovascular and metabolic roles are the most
characterised. In the cardiovascular system, apelin is a vasodilator
[12,13], strong positive inotrope [5,14,15], and promotes angiogenesis
[16]. Apelin increases insulin sensitivity by promoting increased glu-
cose uptake in skeletal muscle [11], and apelin knockout mice develop
hyperinsulinemia and insulin resistance without any apparent differ-
ences in body weight [17,18]. Additionally, in both normal and diet-
induced obese mice apelin decreased adiposity, serum insulin and tri-
glycerides, without modulating food intake [19]. These beneficial roles
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of apelin in regulating metabolism and energy expenditure have ignited
interest in developing apelin analogues as a therapeutic strategy for
improved management of metabolic diseases.

In order to further characterise the physiological effects of apelin in
vivo, Galon-Tilleman et al. [20] generated a series of apelin-36 variants
with the aim of understanding the structure-activity relationship of the
peptide and extending its plasma stability. This series included a leu-
cine-28 to alanine substitution (apelin-36-[L28A]) to test whether this
site can tolerate further modifications, and subsequently a leucine-28 to
cysteine substitution that allowed PEGylation of the resulting cysteine-
28 (apelin-36-[L28C(30kDa-PEG)]), an established strategy to drama-
tically increase the plasma half-life of peptides by reducing proteolysis
and renal excretion [21]. They also tested a second site within the
peptide, the C-terminal phenylalanine to alanine substitution (apelin-
36-[F36A]) and its corresponding N-terminal PEGylated analogue,
[40kDa-PEG]-apelin-36. Finally they generated apelin-36-[A13 A28]
which involves alanine substitutions at positions 13 and 28 [20]. The
authors reported that these peptides potently prevented diet-induced
obesity by improving glucose tolerance, and decreasing blood glucose
levels, cholesterol and LDL. However, surprisingly, they did not observe
an effect on blood pressure in vivo which would be expected for apelin
receptor agonists [20]. Apelin-36-[L28A] and apelin-36-[L28C(30kDa-
PEG)] also showed marked impaired activation of the apelin receptor in
a β-arrestin assay compared to apelin-36. The authors concluded that
the metabolic action was independent of the apelin receptor and sug-
gested that there could be another as yet unidentified receptor for
apelin. However, the ability of these compounds to inhibit radiolabelled
apelin binding was not determined. These beneficial metabolic actions
represent a potential new target. It is crucial to determine the me-
chanism of action and whether or not they are mediated via the apelin
receptor. Therefore, our aim was to obtain direct evidence for binding
of these analogues to the apelin receptor in competition-binding ex-
periments in rat and human heart. Secondly, to compare relative po-
tencies of the analogues compared with apelin-36 in G protein depen-
dent (cAMP) and G protein independent (β-arrestin) in vitro assays.

2. Methods

2.1. Reagents and chemicals

[Pyr1]apelin-13 was purchased from Severn Biotech (Kidderminster,
UK) and [Glp65, Nle75, Tyr77][125I]apelin-13 (subsequently referred to
as [125I]apelin-13) was synthesised by Perkin Elmer (MA, USA). Apelin-
36 and its analogues apelin-36-[F36A]), apelin-36-[L28A], apelin-36-
[L28C(30kDa-PEG)], [40kDa-PEG]-apelin-36 and apelin-36-[A13 A28]
were obtained from AstraZeneca (UK) Plc. AGTRL1 β-Arrestin (Lot No.:
93-0250E2) and cAMP (Lot No.: 95-0147E2) assays were purchased
from DiscoverX (Fremont, USA). Protein assay reagents where obtained
from Bio-Rad (USA, cat #500-0116); protease inhibitor cocktail (Cat
No.: P8340) that inhibits a broad range of proteases including serine,
cysteine and acid proteases, and aminopeptidases, was purchased from
Sigma. All other reagents were obtained from Sigma.

2.2. Human and rat heart homogenate preparation

Samples of human left ventricle were obtained with informed con-
sent and ethical approval (05/Q104/142) via the Papworth Hospital
Research Tissue Bank (08/H0304/56) from the explanted hearts of five
dilated cardiomyopathy patients (4 males and 1 female, aged 38–55
years) undergoing transplantation. Studies conformed to the principles
outlined in the declaration of Helsinki. All animal research was regu-
lated under the Animals (Scientific Procedures) Act 1986 Amendment
Regulations 2012 following ethical review by the University of
Cambridge Animal Welfare and Ethical Review Body (AWERB). Adult
female and male Sprague Dawley rats (n= 14; aged 7–10 weeks) were
sacrificed using overdose of CO2 and cervical dislocation before heart

tissue was removed and frozen on dry ice. Hearts were pooled and 2 g
tissue transferred into a centrifuge tube (50ml) containing 20ml
homogenisation buffer (50mM Tris, 5 mM MgCl2, 5 mM EDTA, 1mM
EGTA at pH 7.4 with protease inhibitor cocktail) on ice. The tissue was
homogenised on ice using a polytron probe with 2–3×20 s bursts and
centrifuged at 3000 rpm for 2min at 4 °C. The supernatant was further
centrifuged at 18,500 rpm for 30min at 4 °C. The resulting pellet was
resuspended in 5ml homogenisation buffer containing protease in-
hibitor cocktail and centrifuged at 18,500 rpm for 30min at 4 °C twice.
Final pellets were then resuspended in 10ml HEPES buffer (50mM
HEPES, pH 7.4) and protein concentration determined. Samples were
stored at −70 °C until required.

2.3. Protein concentration

Protein concentration was determined using Bio-Rad DC Protein
Assay (Bio-Rad, Cat. #500-0116) according to manufacturer’s protocol.
Briefly, 3.75mg/ml BSA was prepared in solubilisation buffer (0.5M
NaOH, 1% SDS) and diluted to a final BSA standard concentration range
of 0.1875–1.5mg/ml in the same buffer. The homogenate sample
(100 μl) was then solubilised by mixing with 100 μl solubilisation
buffer, before incubation for 30min at 80 °C. Samples were subse-
quently centrifuged at 11000xg for 5min at room temperature before
adding 5 μl of the supernatant, blank or BSA standard to empty wells of
a 96-well plate. A 25 μl aliquot of Reagent A’ comprising 2.5ml reagent
A and 50 μl reagent S per plate was added to each well before adding
200 μl/well of reagent B and incubating for 5min at room temperature.
Absorbance at 750 nm was read using an EL800 Universal Microplate
Reader (Bio-Tek Instruments).

2.4. Saturation binding experiments

Prior to carrying out the competition binding assays to determine
affinities of the apelin-36 analogues, it was necessary to find the affinity
of the radiolabelled apelin-13 compound by saturation analysis in rat
and human heart. Radioligand binding assays were carried out ac-
cording to Read et al. [22]. Rat and human heart homogenates were
diluted to 4.5 mg/ml (1.5 mg/ml final concentration) in assay buffer
(Tris 50mM, MgCl2 5 nM, pH 7.4). [125I]apelin-13 was diluted in assay
buffer to achieve a final concentration range of 2 nM-3.9 pM. Protein
samples (100 μl) were incubated with increasing concentrations of
[125I]apelin-13 (100 μl), in the absence (total binding) or presence of 2
μM [Pyr1]apelin-13 (to define non-specific binding as this concentra-
tion will compete for> 98% of total binding obtained with 2 nM [125I]
apelin-13), for 90min at 4 °C, until equilibrium was reached. Samples
were then centrifuged at 20,000xg for 10min at 4 °C to terminate the
reaction. The resulting pellets were washed with 500 μl ice-cold wash
buffer (Tris−HCl buffer; 50mM Tris, pH 7.4) before a second cen-
trifugation at the same settings. Pellets were counted on a Cobra II
Auto-Gamma radiation counter (Packard) to obtain radioactivity in
disintegrations per minute (DPM). These data were analysed using the
KELL program to determine the concentration of [125I]apelin-13 that
occupies 50% of the apelin receptors (KD, the equilibrium dissociation
constant) and apelin receptor density (Bmax) [23]. All tubes and pipette
tips were treated with Sigmacote (Sigma-Aldrich, Gillingham, UK) to
reduce non-specific binding of the radiolabel to plastic consumables.

2.5. Radioligand competition binding assay

Competition binding experiments were performed using pooled
human homogenised left ventricle (HLV, 1.5mg/ml) and pooled rat
heart homogenates (1.5 mg/ml) as previously described [24,25].
Homogenates were incubated for 90min with [125I]apelin-13 (0.1 nM)
in assay buffer (Tris 50mM, MgCl2 5 nM, pH 7.4), in the presence of
increasing concentrations of apelin-36, apelin-36-[L28A] or apelin-36-
[L28C(30kDa-PEG)] (50 pM-100 μM). Binding in the presence of 2 μM
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[Pyr1]apelin-13 was considered non-specific. The samples were cen-
trifuged at 20,000xg for 10min, at 4 °C before pellets were washed with
Tris−HCl buffer (50mM, pH 7.4) on ice to remove any unbound li-
gands. The samples were then re-centrifuged to collect protein pellets
before bound radioactivity in these pellets were counted using Packard
Cobra II Auto Gamma Counter (Packard). Data were analysed with
Graphpad Prism 7 (Graphpad Software, Inc. La Jolla, CA), using the
One-site Fit Ki equation. The KD values (human heart, 0.076 nM; rat
heart, 0.28 nM) for the radiolabel were obtained from the saturation
binding assays and subsequently used in the GraphPad Prism analysis to
determine the Ki (equilibrium dissociation constant obtained from a
competition binding experiment).

2.6. Inhibition of cAMP accumulation assay

Cell-based cAMP assay were performed as previously described
[22,24]. Briefly, Chinese Hamster Ovary cells (CHO-K1) cells artificially
expressing the human apelin receptor were seeded in Cell Plating media
into 96-well plates and incubated for 24 h at 37 °C in 5% CO2. The media
was replaced with cAMP Antibody Reagent in Cell Assay Buffer before
adding 15 μM forskolin in the presence of human [Pyr1]apelin-13, human
apelin-36, apelin-36-[F36A], apelin-36-[L28A], apelin-36-[L28C(30kDa-
PEG)], apelin-36-[A13 A28] and [40kDa-PEG]-apelin-36 (1 pM-0.3 μM),
followed by 30min incubation at 37 °C in 5% CO2. Cells were subse-
quently incubated with cAMP Detection Reagent comprising cAMP Lysis
Buffer, Substrate Reagent 1, Substrate Reagent 2 and cAMP Solution D for
1 h at room temperature followed by 3 h incubation with cAMP Reagent A
at room temperature and chemiluminescence reading (LumiLITE™ Mi-
croplate Reader, DiscoverX). Responses were fitted to a 4-parameter lo-
gistic equation in GraphPad Prism 7 (La Jolla, CA, USA) and values of
potency, pD2 (-log10 EC50, where EC50 is the concentration producing half
maximal response) determined. Data were expressed as percentage in-
hibition of forskolin-stimulated cAMP production.

2.7. β-Arrestin recruitment assay

Experiments were performed using a β-arrestin GPCR Assay (AGTRL1)
(DiscoverX, Lot No.: 16L0902) according to methods previously described
[22,24]. CHO-K1 cells artificially expressing the human apelin receptor
were seeded in Cell Plating media into 96-well plates and incubated for 48 h
at 37 °C in 5% CO2. Serial dilutions of human [Pyr1]apelin-13, human
apelin-36, apelin-36-[F36A], apelin-36-[L28A], apelin-36-[L28C(30kDa-
PEG)], apelin-36-[A13 A28] and [40kDa-PEG]-apelin-36 were made in Cell
Plating media from a 1mM stock solution (in water). A 5 μl aliquot of
apelin-36, apelin-36-[F36A], apelin-36-[L28A], apelin-36-[L28C(30kDa-
PEG)], apelin-36-[A13 A28] and [40kDa-PEG]-apelin-36 was used to con-
struct concentration-response curves in duplicate, and plates were incubated
for 90min at 37 °C, in 5% CO2 before Detection Reagent (27.5 μl/well) was
added and further incubated for 2 h at room temperature in the dark. Ne-
gative controls were defined with equal volumes of drug solvent (water).
The resulting chemiluminescent signal was measured using a LumiLITE™
Microplate Reader (DiscoverX, Fremont, CA). Responses, measured in re-
lative light units, were fitted with a 4-parameter logistic equation in
GraphPad Prism 7 (La Jolla, CA, USA) and values of pD2 and maximum
response (EMax) were calculated for each compound. The data were subse-
quently normalised to the maximum response to [Pyr1]apelin-13 used as
reference agonist (positive control) in the assay.

2.8. Statistical analysis

Data were expressed as mean ± SEM. Experiments were performed
in triplicates or duplicates and n-values were expressed as number of
independent experiments. Potencies of analogues in cell-based assays
were compared to native apelin-36 using a one-way ANOVA with
Dunnett’s posthoc test in GraphPad Prism 7. A P value<0.05 was
considered statistically significant. Binding affinities in both species

were compared using Student’s t-test in Graphpad Prism as described
above. Bias calculations were performed as previously described using
the operational model for bias [26], to obtain values for relative ef-
fectiveness of the apelin-36 synthetic analogues compared to apelin-36
within each cell-based assay. Bias factors were calculated to compare
the relative activities of the analogues between the different pathways –
β-arrestin (G protein independent) and cAMP (G protein dependent).

3. Results

3.1. Characterisation of [Pyr1]apelin-13 binding in human and rat heart

We observed that in both species [Pyr1]apelin-13 bound with compar-
able single (Hill slopes were close to 1; human 0.95 ± 0.11, rat
0.95 ± 0.03) subnanomolar affinities (human KD, 0.08 ± 0.01nM; rat KD,
0.28 ± 0.02nM). The apelin receptor density in both species was also si-
milar (human, 13.82 ± 1.79 fmol/mg; rat, 83.4 ± 1.85 fmol/mg) (Fig.1)

3.2. Apelin-36, apelin-36-[L28A] and apelin-36-[L28C(30kDa-PEG)]
compete for binding to apelin receptor in rat and human heart

In rat hearts apelin-36 (pKi, 10.23 ± 0.12) and apelin-36-[L28A] (pKi
9.51 ± 0.18) bound the receptor with subnanomolar affinities, and apelin-
36-[L28C(30kDa-PEG)] with low nanomolar affinities (pKi, 8.06 ± 0.37)
(Fig. 2A,C,E). Similarly, apelin-36 bound the human apelin receptor with
subnanomolar affinity (pKi: apelin-36 10.28 ± 0.09) but its analogues

Fig. 1. Characterisation of binding of [125I]apelin-13 to rat and human
cardiac apelin receptors. [125I]-apelin-13 saturation binding in human (A)
and rat (B) homogenates (n= 3 Replicates per concentration, data are
mean ± SEM). NSB is non-specific binding defined in the presence of 2 μM
[Pyr1]apelin-13.
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apelin-36-[L28A] and apelin-36-[L28C(30kDa-PEG)] competed for apelin
receptor binding in human heart with low nanomolar affinities (apelin-36-
[L28A], 8.52 ± 0.05; apelin-36-[L28C(30kDa-PEG)], 8.00 ± 0.05),
(Fig. 2B,D,F). Whereas the PEGylated apelin-36 affinity was not different
for human and rat receptors, apelin-36-[L28A] had a significant 10-fold
higher affinity for the rat receptor (p < 0.05).

3.3. Activity of apelin-36 analogues in cAMP assay

The full sequence of the human peptides and their respective muta-
tions are shown in Table 1. In the cAMP assay, the rank order of potencies
was apelin-36>apelin-36-[L28A] ≥ apelin-36-[L28C(30kDa-PEG)] (pD2:
9.04 ± 0.45 > 7.88 ± 0.24≥7.02 ± 0.09, respectively). Both

Fig. 2. Relative affinity of apelin-36 analogues in rat and human heart. Apelin-36 and its analogues, apelin-36-[L28A], apelin-36-[L28C(30kDa-PEG)] bind to
the apelin receptor in rat and human heart. Apelin-36 (A) Apelin-36-[L28A] (C), apelin-36-[L28C(30kDa-PEG)] (E) binding in rat heart homogenates. Apelin-36 (B)
Apelin-36-[L28A] (D) and apelin-36-[L28C(30kDa-PEG)] (F) binding in human heart homogenates. n=3 Replicates per concentration, data are mean ± SEM). pKi

= -log10 EC50 of equilibrium dissociation constant determined in a competition binding experiment (Ki).

Table 1
Sequences of apelin peptides showing amino acid residues affected by modifications in apelin-36 [20].

Peptides (Human) Sequences

Apelin-13 QRPRLSHKGPMPF (full agonist)
Apelin-36 LVQPR GSRNG PGPWQ GGRRK FRRQR PRLSH KGPMP F (full agonist)
Apelin-36 (L28A) LVQPR GSRNG PGPWQ GGRRK FRRQR PRASH KGPMP F

(100 fold less active at apelin receptor but full metabolic activity)
Apelin-36-[L28C(30kDa-PEG)] LVQPR GSRNG PGPWQ GGRRK FRRQR PR Cys(30kDa-PEG) SH KGPMPF
Apelin-36 (F36A) LVQPR GSRNG PGPWQ GGRRK FRRQR PRLSH KGPMP A
Apelin-36 (A13 A28) LVQPR GSRNG PGAWQ GGRRK FRRQR PRASH KGPMP F
[40kDa-PEG]-Apelin-36 (40kDa-PEG) LVQPR GSRNG PGPWQ GGRRK FRRQR PRLSH KGPMP F

The modifications are shown in bold. Comments refer to findings reported by Galon-Tilleman et al., [20].
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analogues were less potent than apelin-36 but this was significant only for
apelin-36-[L28C(30kDa-PEG)] (p < 0.001), (Fig. 3, Table 2). [40kDa-
PEG]-apelin-36 had similar potency to the endogenous apelin-36 in the
cAMP assay (pD2 8.69 ± 0.22) (Fig. 3C; Table 2). Similarly, pD2 values
for apelin-36-[F36A] and apelin-36-[A13 A28] were comparable to apelin-
36 in this assay (pD2 8.90 ± 0.21 and 8.12 ± 0.34, respectively).

3.4. Activity of the apelin-36 analogues in β-arrestin recruitment assays

In the β-arrestin assays, the lower potency obtained with apelin-36-
[L28A] (pD2 7.43 ± 0.07) and apelin-36-[L28C(30kDa-PEG)] (pD2

6.05 ± 0.06) compared to apelin-36 (pD2 9.17 ± 0.34) was more
apparent than in the cAMP assay, with both analogues being sig-
nificantly less potent than apelin-36 (p < 0.01; Fig. 3B, Table 2). Si-
milarly, when compared to apelin-36 (pD2 9.17 ± 0.34) responses to
apelin-36-[F36A] (pD2 8.09 ± 0.25, p < 0.01) and apelin-36-[A13
A28] (pD2 6.82 ± 0.14, p < 0.0001) were significantly decreased
(approximately 12- and 221-fold respectively) in this assay (Fig. 3D,
Table 2). [40kDa-PEG]-apelin-36 had similar potency to the en-
dogenous apelin-36 in the β-arrestin assay (pD2; 8.71 ± 0.15 vs
9.17 ± 0.34) (Fig. 3D, Table 2).

3.5. The apelin-36 analogues show biased signalling at the apelin receptor

Apelin-36 and [40kDa-PEG]-apelin-36 each exhibited similar potency

in the β-arrestin compared to cAMP assays although the PEGylated
apelin-36 demonstrated a small drop in potency compared to the native
peptide (Table 2). However, apelin-36[L28A], apelin-36-[L28C(30kDa-
PEG)], apelin-36[F13A] and apelin-36-[A13 A28] were approximately
3-, 10-, 12 and 20-fold more potent in the cAMP assay compared to the β-
arrestin assay respectively (Fig. 3A,B; Table 2). The degree of functional
selectivity (bias) of these apelin-36 analogues for the two pathways, G
protein dependent (cAMP assay) and G protein-independent (β-arrestin
assay), was calculated as previously described [26], using apelin-36 as
the reference ligand for this analysis. The relative effectiveness (RE),
transduction ratio (logR) and bias factors are shown in Tables 3 and 4
with apelin-36[L28C-(30kDa-PEG)] showing the greatest degree of pre-
ference for the G protein pathway. These data are confirmed in the bias
plot (Fig. 4) [27] that further indicates that these analogues are G protein
biased at the level of the receptor in a system independent manner.

4. Discussion

We report on the pharmacodynamic characteristics of apelin-36
analogues that were designed to have longer plasma stability, some of
which were proposed to exert apelin receptor independent effects [20].
We have now demonstrated that apelin-36-[L28A] and apelin-36-
[L28C(30kDa-PEG)] do bind to the apelin receptor in human and rat
heart where they competed for binding with [125I]apelin-13 with na-
nomolar affinities. These data therefore imply that the reported

Fig. 3. Relative potency of apelin-36 ana-
logues in cell-based assays. The apelin iso-
forms, [Pyr1]apelin-13 and apelin-36 were
tested in cell based β-arrestin and cAMP as-
says. Data are mean ± SEM of 3–4 in-
dependent experiments. pD2 (negative log10 of
the concentration producing 50% of maximum
response) from each peptide was compared to
apelin-36 using one-way ANOVA. P < 0.05
was considered statistically significant.

Table 2
Summary of the relative potency of apelin-36 analogues.

Compounds β-Arrestin Assay cAMP Assay

EC50
(nM)

pD2± SEM Fold
change

EC50
(nM)

pD2± SEM Fold
change

[Pyr1]apelin-13 2.75 8.56 ± 0.17 4 0.64 9.19 ± 0.35 0.7
Apelin-36 0.68 9.17 ± 0.34 1 0.92 9.04 ± 0.45 1
Apelin-36-[L28A] 37.2 7.43 ± 0.07**** 55 13.05 7.88 ± 0.24 14
Apelin-36-[L28C (30kDa-PEG)] 900 6.05 ± 0.06**** 1324 95.32 7.02 ± 0.09*** 104
Apelin-36-[F36A] 8.18 8.09 ± 0.25** 12 1.26 8.90 ± 0.21 1.4
Apelin-36-[A13 A28] 150 6.82 ± 0.14**** 221 7.63 8.12 ± 0.34 8
[40kDa-PEG]-Apelin-36 1.95 8.71 ± 0.15 3 2.03 8.69 ± 0.22 2

Data are mean ± SEM n=3–4 independent experiments. pD2 (negative log10 of the concentration producing 50% of maximum response). *Significantly different
from Apelin-36 compared using ANOVA with Dunnett’s posthoc test and significance set at p < 0.05 (** p < 0.01, *** p<0.001, **** p<0.0001).
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beneficial metabolic mechanism of action for these analogues is likely
through the apelin receptor. Compared with the sub-nanomolar affinity
of apelin-36 in heart from both species, the apelin-36 L28A mutation
resulted in an order of magnitude reduction in affinity and this was
further reduced in the PEGylated analogue; this may be explained by
the general steric hindrance in the bulky PEGylated form. Mutations at
the L5A, position in apelin-13 (corresponding to L28A in apelin-36) had
modest effect on apelin receptor binding and signalling in cultured cells
stably expressing the receptor [28,29]. Our data for the apelin-36
analogues in experiments using native rat and human receptor confirm
that the mutation at this position in the longer apelin isoform does not
adversely affect binding affinity for the apelin receptor.

In our cell based assays, we confirmed the decreased β-arrestin acti-
vation initially reported by Galon-Tilleman et al. [20], who found that
apelin-36-[L28A] and apelin-36-[L28C(30kDa-PEG)] were 100 and
10,000-fold respectively less potent compared to the endogenous apelin-
36, although in our study the reduction in potency of apelin-36-
[L28C(30kDa-PEG)] was only 1400-fold. We have now determined the
potency of these analogues and found them to be less effective than apelin-
36 in both the G protein-dependent cAMP accumulation and β-arrestin
assays but this potency reduction was more apparent in the β-arrestin
assay indicating a degree of G protein bias for these analogues compared
to apelin-36. Further analysis confirmed both were G protein biased
agonists with bias factors of 13 and 58, respectively. In addition, alanine
substitutions of proline and leucine at positions 13 and 28, apelin-36-[A13
A28], resulted in approximately 10-fold decrease in potency in the β-ar-
restin assay compared to cAMP assay. The bias factor for this peptide was
17, suggesting that alanine substitution at these positions promote G
protein signalling over β-arrestin recruitment. Hence, our findings are
consistent with enhanced functional selectivity (bias) towards G protein-
dependent signalling by these apelin-36 analogues. We have previously
reported that the apelin receptor is tractable to development of biased
agonists and have identified a biased apelin peptide, MM07 [25,30],
generated by N-terminal cyclisation with flanking cysteine residues as well
as the first small molecule biased apelin receptor agonist, CMF-019 [22].

Using molecular dynamic simulation and site-directed mutagenesis
it was reported that upon binding to the receptor the C-terminal phe-
nylalanine residue of apelin peptides is embedded by Trp152 in the
transmembrane domain IV and by Trp259 and Phe255 in transmembrane
domain VI of the apelin receptor. Deletion of this amino acid abrogated
β-arrestin-mediated apelin receptor internalisation but did not affect
cAMP inhibition [31]. Moreover, we and others have also shown that
deletion of this phenylalanine residue does not affect binding and that
the resulting peptide is still functional at the receptor [32,33]. Con-
sistent with this, alanine substitution of the apelin-36 C-terminal phe-
nylalanine, apelin-36[F13A], biased responses towards G protein de-
pendent signalling with a bias factor of 28.

Apelin receptor-mediated metabolic effects have been well char-
acterised. For example, apelin inhibited isoproterenol-induced free fatty
acid release in isolated adipocytes [34]. The apelin effect was attenuated by
inhibition of Gαq with Gp2A or Gαi with pertussis toxin or AMP-activated
protein kinase (AMPK) by either compound C or dorsomorphin [18,34].
Apelin also stimulates glucose transport in skeletal muscle and adipose
tissue via the activation of AMPK and eNOS demonstrated using mice ex-
pressing a muscle-specific dominant-negative AMPK mutant [17,18,35,36].
Recently, in a diet-induced obesity mouse model it was shown that acute
administration of apelin-13 and analogues with enhanced in vitro plasma
stability resulted in improved glucose homeostasis and insulin secretion
[37,38]. Similarly in the same model chronic administration of [Pyr1]
apelin-13 systemically over 28 days, exhibited anti-diabetic properties by
directly targeting lipid metabolism thus reducing hepatic steatosis [39].
This was likely as a result of improved insulin sensitivity and glucose up-
take by muscle rather than a direct effect on hepatocytes.

There is still an unmet need for the development of therapeutics that
could improve the management, and potentially treat type 2 diabetes
mellitus and its associated metabolic syndromes. This is particularly
important since over 415 million people globally suffer from type 2
diabetes mellitus and the figure is expected to rise to 642 million by
2040 [40]. The apelin receptor signalling pathway has been shown to
modulate several physiological and pathological states. It has important
beneficial effects in cardiovascular and metabolic diseases including
myocardial infarction [15,41,42], hypertension [24,30,43], obesity and
type 2 diabetes [44,45]. This suggests that apelin-based therapeutics
may present a novel mechanism for clinical management or treatment
of metabolic syndrome. However, like most hormonal peptides their
activity is often short-lived owing to rapid degradation by en-
dopeptidases. This has been the impetus to develop apelin peptides with
improved pharmacokinetic properties. Our study therefore reinforces

Table 3
Values of ΔlogR and relative effectiveness (RE) for apelin-36 analogues com-
pared to apelin-36 in cAMP and β-arrestin assays.

Agonists cAMP Assay β-Arrestin Assay

ΔlogR RE ΔlogR RE

[Pyr1]apelin-13 0.10 ± 0.35 1.26 −0.82 ± 0.13 0.15
Apelin-36 0.00 ± 0.43 1.00 0.00 ± 0.28 1.00
Apelin-36-[L28A] −1.06 ± 0.35 0.09 −2.18 ± 0.17 0.01
Apelin-36-[L28C-30kDa-PEG] −1.95 ± 0.31 0.01 −3.71 ± 0.12 0.0002
Apelin-36-[F36A] 0.25 ± 0.33 1.78 −1.19 ± 0.23 0.06
Apelin-36-[A13 A28] −1.06 ± 0.27 0.09 −2.28 ± 0.15 0.01
[40kDa-PEG]-Apelin-36 0.08 ± 0.40 1.20 −0.59 ± 0.16 0.26

ΔlogR is the Log10(τ/KA) where τ is a measure of agonist efficacy and KA is a
measure of functional affinity [26]; for each assay n= 3–4 independent ex-
periments.

Table 4
ΔΔlogR and bias factor for apelin-36 analogues compared to apelin-36 in cAMP
and β-arrestin assays.

Agonists cAMP vs β-arrestin Assay

ΔΔlogR ± SEM Bias factor

[Pyr1]apelin-13 0.92 ± 0.37 8
Apelin-36 0.00 ± 0.51 1
Apelin-36-[L28A] 1.12 ± 0.39 13
Apelin-36-[L28C-30kDa-PEG] 1.76 ± 0.33** 58
Apelin-36-[F36A] 1.44 ± 0.40 * 28
Apelin-36-[A13 A28] 1.23 ± 0.31 * 17
[40kDa-PEG]-Apelin-36 0.67 ± 0.43 5

ΔΔlogR is the difference between ΔlogR values in both pathways (cAMP or G
protein and β-arrestin pathways). *Significantly different from Apelin-36
compared using Student’s t-test with significance set at p < 0.05 (* p < 0.05;
** p<0.01).

Fig. 4. Bias plot for apelin-36 and analogues in cAMP and β-arrestin as-
says. Curves show the corresponding responses in each assay to equivalent
concentrations of apelin-36 and analogues in CHO-K1 cells expressing the
apelin receptor. Deviation in the shape of the curves indicates ligand bias at the
receptor level. Responses in the cAMP assay were expressed as % inhibition of
the forskolin response and in the β-arrestin assay as % of the maximal response
to [Pyr1]apelin-13.
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this by demonstrating that the beneficial effects of these analogues in
diet-induced obesity mice model were mediated via the apelin receptor,
making it a novel therapeutic target in diabetes.

5. Conclusions

Although initially reported to mediate their effects in an apelin re-
ceptor-independent manner we have now shown that apelin-36-[L28A]
and apelin-36-[L28C(30kDa-PEG)] bind to the apelin receptor with
nanomolar affinities. Our data provide evidence that these peptides are
G protein biased apelin receptor agonists and this pharmacological
profile is consistent with their reported beneficial in vivo metabolic
actions via Gαi and/or Gαq signalling pathways (Fig. 5).
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