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Background: Elabela/Toddler (ELA) is a novel endogenous ligand of the apelin receptor, whose signalling has
emerged as a therapeutic target, for example, in cardiovascular disease and cancer. Shorter forms of ELA-32 have
been predicted, including ELA-21 and ELA-11, but metabolism and stability of ELA-32 in humans is poorly
understood. We, therefore, developed an LC-MS/MS assay to identify ELA-32 metabolites in human plasma and
tissues.

Method: Human kidney homogenates or plasma were incubated at 37 °C with ELA-32 and aliquots withdrawn
over 2—4 h into guanidine hydrochloride. Proteins were precipitated and supernatant solid-phase extracted.
Peptides were extracted from coronary artery, brain and kidney by immunoprecipitation or solid-phase
extraction following acidification. All samples were reduced and alkylated before analysis on an Orbitrap
mass spectrometer in high and nano flow mode.

Results: The half-life of ELA-32 in plasma and kidney were 47.2 £+ 5.7 min and 44.2 + 3 s, respectively. Using
PEAKS Studio and manual data analysis, the most important fragments of ELA-32 with potential biological ac-
tivity identified were ELA-11, ELA-16, ELA-19 and ELA-20. The corresponding fragments resulting from the loss
of C-terminal amino acids were also identified. Endogenous levels of these peptides could not be measured, as
ELA peptides are prone to oxidation and poor chromatographic peaks.

Conclusions: The relatively long ELA plasma half-life observed and identification of a potentially more stable
fragment, ELA-16, may suggest that ELA could be a better tool compound and novel template for the develop-
ment of new drugs acting at the apelin receptor.

1. Introduction

Elabela/Toddler (ELA), encoded by the gene Apela, for apelin re-
ceptor early endogenous ligand, was discovered independently by two
groups in 2013 [1] and 2014 [2], respectively, as the second endogenous
ligand of the apelin receptor. ELA was identified in a previously
non-coding region of the genome and shown to be essential for proper
heart development in zebrafish [1,2]. In zebrafish embryos, ELA dele-
tion resulted in severe cardiac morphogenesis defects and lack of

rudimentary heart or no heart at all [1,2]. In adult animals, especially
mammals, ELA has been shown to have a role in fluid homeostasis [3-6].
Importantly, administration of ELA is beneficial in several animal
models of disease, including pulmonary arterial hypertension [7], heart
failure [8] and acute kidney injury [9,10] and therefore ELA signalling
may be an important therapeutic target for the treatment of these
diseases.

ELA is translated as a 54 amino acid preproprotein, which undergoes
proteolytic processing to form mature ELA comprising 32 amino acids
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[1]. Based on the presence of dibasic cleavage sites in the ELA-32 pep-
tide sequence, earlier studies predicted the existence of two other iso-
forms, ELA-21 and ELA-11 (Fig. 1) [1,2]. We and others have
demonstrated that these isoforms bind with high affinity to the apelin
receptor and have biological activity [2,7]. The formation of other ELA
isoforms, including ELA-22, and ELA-32(1.9), have been reported
following incubation of ELA-32 in rodent plasma in vitro [4]. To our
knowledge, data for similar studies in human plasma and tissues have
not been published.

Currently, most efforts to detect and quantify ELA peptides have
made use of immunological methods based on the recognition of the
shared C-terminal fragment [11-15]. Whilst these methods are very
sensitive, they cannot discriminate between ELA isoforms without prior
chromatographic separation, as previously reported for apelin isoforms
by Maguire et al., [16]. Alternatively, mass spectrometry, also a very
sensitive technique, when combined with chromatographic separation,
allows for more rapid identification and quantification of individual
peptide isoforms. We have, therefore, developed a tandem mass
spectrometry-based assay to address the following aims: firstly, to
characterise the degradation products generated following incubation of
human plasma and tissue with exogenous ELA-32 and secondly, to
identify those ELA isoforms that are endogenously produced in human
tissues. This information would ascertain the most relevant ELA isoform
to more accurately determine the pharmacological and physiological
consequences of apelin receptor activation by its second endogenous
peptide, ELA.

2. Material and method
2.1. Materials

[Pyrl]ELA-32 (referred to as ELA-32 throughout this paper), ELA-21
and ELA-11 were purchased from Phoenix Pharmaceuticals (Burlin-
game, USA; Cat No.: 007-19, 007-20 and 007-22, respectively). Human
[Pyrl]-ELA-32 enzyme immunoassay (EIA) kit (Cat No.: EK-007-19) was
purchased from Phoenix Pharmaceuticals (Burlingame, USA). Dyna-
beads M-280 tosylactivated magnetic beads (Cat. No.: 14203) were from
Invitrogen (California, USA), and Protein A/G magnetic beads (Cat No.:
17152104011150) were sourced from GE Healthcare (Chicago, USA).
Protein LoBind Eppendorf tubes (Cat No.: 0030108094) and Protein
LoBind 96-well Deepwell plates (Cat No.: 0030504216) were from
Eppendorf (Stevenage, UK), and Oasis Prime p-Elution 96-well plates
(Cat No.: 186008052) from Waters (Wilmslow, UK). Iodoacetamide
(Cat. No.: 11149-25 G), 1,4-Dithiothreitol (DTT) (Cat No.: 43819-5 G),
ammonium bicarbonate (Cat. No.: A-6141), acetonitrile (ACN) (Cat. No.:
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270717) and glacial acetic acid (Cat. No.: 33209-1 L) were purchased
from Sigma-Aldrich (Gillingham, UK), now Merck; methanol (Cat. No.:
10675112) and 0.1 % formic acid in water (Cat. No.: LS118-212) from
Fisher Scientific (New Hampshire, USA) and guanidine hydrochloride
(6 M) solution (Cat. No.: B1013-1 L) was from BioVision (Milpitas, USA).

Surgical samples of human tissue were obtained with informed
consent from Royal Papworth Hospital Research Tissue Bank and ethical
approval (05/Q104/142) and Cambridge Brain Bank for tissue sup-
ported by the NIHR Cambridge Biomedical Research Centre.

2.2. ELA metabolism in human plasma and human kidney homogenate

Blood from four healthy human donors (3 males, 1 female) was
centrifuged (2,000 xg, 5 min, 4 °C), and the resulting plasma pooled. To
assess ELA metabolism in human kidney homogenate, 2 g of human
kidney from three individuals were pooled and homogenised in 50 mM
HEPES solution, pH 7.4, using a polytron probe with 3 x 20 s bursts. Both
human plasma and homogenate samples were stored at —70 °C until
needed. For the assay, human plasma (1.2 mL) and kidney homogenate
(1.8 mL) samples were maintained at 37 °C throughout. After 25 min,
plasma (50 pL) and kidney (100 pL) samples were withdrawn as blank
controls. ELA-32 (final concentration 5 pg/mL) was then added (time 0)
and further samples were withdrawn at different time-points (plasma: 0,
2, 5,10, 15, 30, 60, 120, 240; homogenate: 0, 2, 5, 10, 15, 30, 60, 120)
and mixed with half volume ice-cold guanidine hydrochloride (6 M) to
terminate enzyme reactions. Proteins were precipitated with 75 % ACN
in water, centrifuged (12,000 xg, 5 min, 4 °C) and supernatants were
extracted using the solid-phase extraction (SPE) method described
below. Following reduction and alkylation (see Section 2.3), the
resulting samples were analysed by LC-MS/MS in both high flow and
nano flow configuration.

2.3. Reduction and alkylation

The peptide extracts were reconstituted in ammonium bicarbonate
(75 pL, 50 mM) containing 10 mM 1,4-dithiothreitol (DTT) and, in
initial experiments, heated to 60 °C for 60 min. This was subsequently
reduced to 45 min to minimise side reactions. A 15 pL aliquot of
iodoacetamide (100 mM) prepared in 50 mM ammonium bicarbonate
was added and samples incubated in the dark for 30 min at room tem-
perature. The reaction was stopped by addition of DTT (20 pL, 10 mM)
in the light, followed by 20 pL of 1% formic acid in water (v/v).

Polar Basic

ELA 11

Non-polar

Fig. 1. Amino acid sequence of the three predicted ELA isoforms.
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2.4. High flow rate LC-MS/MS analysis

The initial metabolite identification in the extracted plasma and
kidney samples was performed using an Ultimate 3000 LC system
coupled to a Q-Exactive Plus Orbitrap (both Thermo Scientific, San Jose,
USA) using the HESI-plus source interface. An Acquity HSS T3 C18
2.1 x 50 mm column (Waters, Wilmslow, UK) was used for separation of
the peptides and was held at a temperature of 60 °C. Mobile phases used
for separation were A: 0.1 % formic acid, 0.01 % trifluoroacetic acid
(TFA) in water, and B: 0.1 % formic acid, 0.01 % TFA in ACN, where
initial conditions were 2 % B at a flow rate of 300 pL per minute. Pep-
tides were eluted over a 16-minute gradient where the %B was raised to
45 %, followed by a 2-minute column clean at 90 % B before returning to
initial conditions with a total of 20-minute run. Full scan data was
collected from 400 to 1600 m/z with a resolution of 70,000. A total of
10 pL of the extract was injected for each analysis.

2.5. Nano flow LC-MS/MS analysis

Peptide extracts were all analysed on the same LC-MS system in nano
flow mode, with the same mobile phases containing 0.01 % TFA. Ex-
tracts (30 pL) were loaded onto a 0.3 x 5 mm peptide trap column
(Thermo Scientific, Waltham, USA) at a flow rate of 30 pL/min using 2%
B, and washed for 15 min before switching in line with a
0.075 x 250 mm nano easy column (Thermo Scientific, Waltham, USA)
running at 300 nL/min. Both nano and trap column temperatures were
set at 45 °C. Initial conditions were 2% B for 15 min. A ramp to 50 % B
was performed over 90 min and the column was then washed with 90 %
B for 20 min before returning to starting conditions for a further 20 min,
totalling an entire run time of 130 min. Positive nanoelectrospray
analysis was performed using a spray voltage of 1.8 kV; the tune settings
for the mass spectrometer used an S-lens setting of 70 V to target pep-
tides of higher m/z values. A full scan range of 400-1600 m/z was
performed at a resolution of 75,000 before the top 10 ions of each
spectrum were selected for MS/MS analysis. Exiting ions selected for
fragmentation were added to an exclusion list for 30 s.

A targeted parallel reaction monitoring method was built to specif-
ically target ELA peptides for quantitative analysis and to facilitate
detection of endogenous peptides. This was performed in a single
method in combination with an information-dependent acquisition
(IDA) analysis, where the instrument targeted the highest abundant
charge state for ELA-32 (m/z: 586.16, 7+ and 581.88, 7-+), ELA-21 (m/z:
451.39, 6+) and ELA-11 (m/z: 447.55, 3+).

2.6. Method development for analysis of endogenous ELA in human
tissues

Various extraction methods and LC-MS/MS approaches were
employed to enhance the detection of endogenous ELA peptides in
human tissues. Firstly, initial experiments were performed using kidney,
and coronary artery as these tissues were reported to express the highest
mRNA levels of ELA [1,3,7]. Secondly, following a lack of detection
using the guanidine hydrochloride method, bead-based immunopre-
cipitation of ELA after extraction was performed with the aim of
increasing sensitivity. For this study, we included human normal brain
(control), where low levels of ELA peptide was expected and glioblas-
toma (GBM) samples in which ELA levels were previously shown to be
significantly higher [17].

LC-MS analysis of endogenous ELA peptides proved extremely
challenging. The physicochemical properties of these peptides (highly
charged due to multiple arginine and lysine residues) resulted in high
interaction with the solid phase material, creating extremely broad
peaks using the usual peptide LC-MS reagents and consumables. ELA-32
and ELA-21 showed particularly poor chromatographic separation
characteristics using formic acid as a mobile phase modifier and
required the addition of TFA to obtain acceptable peaks.
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2.6.1. Peptide using guanidine hydrochloride

Peptides were extracted as previously described [18]. In brief,
approximately 25 mg human kidney (n = 5) and 50 mg human coronary
artery (n = 7) were transferred into Lysing MatrixD ceramic beads tubes.
A mixture of ELA-32, ELA-21 and ELA-11 (each at 100 ng/mL) with
kidney (10 mg) as a matrix was used as a positive control. Guanidine
hydrochloride (500 pL, 6 M) was added to each tube and tissues
homogenised using the FastPrep-24TM 5 G system (MP Biomedicals,
Santa Ana, USA) for 4 runs (6.0 m/s, 40 s) and centrifuged (1000 xg,
5 min, 4 °C). A 200 pL aliquot of homogenate was transferred to protein
LoBind tubes containing 800 pL aliquot of 80 % (v/v) ACN in deionised
water and centrifuged (12,000 xg, 5 min, 4 °C). The organic phase was
discarded, and the aqueous (second phase) containing the peptides
transferred to a 96-well protein LoBind plate and evaporated under
oxygen-free nitrogen at 40 °C on a Biotage SPE dry (Upsala, Sweden).
Samples were reconstituted in 500 pL 0.1 % formic acid in water,
vortex-mixed and transferred to 96-well Oasis Primed HLB p-Elution
plate and extracted in a positive pressure SPE manifold (Waters,
Wilmslow, UK). After washing with 200 pL 5% methanol:1% acetic acid
in water, peptides were eluted with 2 x 30 pL 60 % methanol:10 %
acetic acid (v/v) in water, centrifuged (1200 rpm, 2 min, RT) and dried
under oxygen-free nitrogen. Peptides were subsequently reduced and
alkylated and stored at —20 °C until analysis on LC-MS/MS in the nano
flow mode (see Section 2.5 above).

2.6.2. Peptide extraction and immunoprecipitation

Human kidney (250 mg), coronary artery (150 mg), normal brain
(300 mg) and GBM (300 mg) samples were transferred into Lysing
MatrixD ceramic bead tubes and stored at —70 °C until needed. Boiling
water (1 mL, 100 °C) was added to each tube as previously described
[2]. Samples were boiled for 20 min, cooled to room temperature,
homogenised using the FastPrep-24TM 5 G system (MP Biomedicals,
USA) for three runs (6.0 m/s, 40 s) and centrifuged (1000 xg, 5 min,
4 °C) to obtain extracted peptides in the supernatant. The resulting
samples were stored at —70 °C until required.

For immunoprecipitation of ELA, samples containing extracted
peptides were transferred to a protein Lobind tube containing antibody-
coated beads. A mixture of ELA-32, ELA-21 and ELA-11 (each at 100 ng/
mL) was added to a tube containing 0.1 % bovine serum albumin (BSA)
used as surrogate matrix and 10 pL ELA-32 antibody (1 mg/mL) as a
positive control. All samples were then incubated at 4 °C overnight with
end-to-end rotation. Following a 2 x 500 pL wash in deionised water,
peptides were eluted by incubating beads with 100 pL of 60 % meth-
anol:10 % acetic acid in water (v/v) for 20 min with end-to-end rotation.
An 8-point calibration curve (10 pg/mL-50,000 pg/mL) was generated
in 0.1 % BSA used as surrogate matrix from a stock solution of ELA-32,
ELA-21 and ELA-11 (each at 10 pg/mL). The eluted peptides and 150 pL
of each standard were evaporated under oxygen-free nitrogen at 40 °C.

2.6.3. Peptide extraction using guanidine hydrochloride and TFA

Peptide samples (500 pL), prepared as described for immunopre-
cipitation (Section 2.6.2 above), were further extracted with guanidine
hydrochloride (250 pL, 6 M), precipitated with 75 % ACN in water (v/v)
and centrifuged (12000 xg; 5 min, 4°C) before the supernatant was
transferred to a fresh tube. The remaining pellet was reconstituted in 0.5
% TFA in water (v/v) to ion-pair with any highly positive ELA peptide
that may have remained in the sample, centrifuged (12000 xg; 5 min,
4°C), and the supernatant transferred to a fresh tube. All samples were
then dried down and solid-phase extracted as previously described (see
Section 2.6.1 above). Samples were pooled, evaporated to dryness,
reduced and alkylated (see Section 2.3 above) before analysis (20 pL) by
LC-MS/MS in nano flow mode.

2.7. Peptide identification using PEAKS software

LC-MS/MS data were interrogated using the PEAKS X software (BSI,
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Waterloo, Canada) against the human Uniprot database (downloaded
18-11-2018) as well as a custom database containing only the ELA
peptide using a no-enzyme setting. PEAKS software de novo sequences
mass spectra before running the resulting peptide sequences against
protein sequences in the UniProt protein database [19]. Where extracts
had been reduced and alkylated, a fixed carbamidomethylation modi-
fication was applied to cysteine residues. Variable changes included
N-terminal acetylation, N-terminal pyroglutamination, C-terminal ami-
dation and methionine oxidation. After initial analyses, it was discov-
ered that in some cases, the ELA peptide became over alkylated, where
lysine residues acquired additional alkylations (+57.02 Da), and
therefore this was added as another variable modification. An FDR
setting of 1% was used against a decoy database, and the precursor and
product ion tolerances were set as 10 ppm and 0.05 m/z, respectively.

2.8. Enzyme immunoassay

Peptides extracted from kidney and coronary artery, analysed by
LC-MS/MS to detect and quantify ELA isoforms, were subsequently
evaporated to remove formic acid and reconstituted in assay buffer for
re-analysis using an ELISA. This assay cross-reacts with known isoforms
of ELA including [pGlul]ELA-SZ, ELA-21 and ELA-11 [7] and has an
inter- and intra-assay variability of <15 % and <10 %, respectively, with
a minimum detectable concentration of 0.19 ng/mL. The ELISA assay
was performed following the manufacturer’s instructions. Briefly,
duplicate samples were added to wells previously coated with a sec-
ondary antibody. The primary antibody and biotinylated peptide were
subsequently added and incubated with rotation (300—400 rpm) for 2 h.
After washing and blot drying (four times), streptavidin-conjugated
horseradish peroxidase was added and incubated for 1 h with rotation.
The substrate solution tetramethylbenzidine was added after another
round of washes and blot drying (four times) and incubated for a further
1 h. The reaction was quenched by the addition of 2 N HCI and absor-
bance measured at 450 nm using a Synergy HT microplate reader
(Biotek, Vermont, USA). The absorbance was proportional to the
amount of biotinylated peptide-peroxidase complex and, therefore,
inversely proportional to the concentration of peptides in the samples.
Unknown concentrations were determined by interpolation to a stan-
dards curve fitted to a 4-parameter logistic concentration-response
curve in GraphPad Prism 6 (La Jolla, USA).

2.9. Data analysis

Peak areas were quantified using the Quanbrowser software (Thermo
Scientific, Waltham, USA) and expressed as mean + SD. ELA levels
determined by ELISA were defined as mean + SEM.

3. Results
3.1. ELA-32 is more stable in human plasma than kidney

ELA-32 peptide degraded relatively slowly in human plasma such
that over 20 % of the parent peptide was still detectable after 240 min
(Fig. 2A). However, degradation in the kidney was very rapid, with the
parent peptide undetectable after 20 min (Fig. 2A). The half-life of ELA-
32in plasma and kidney was 47.2 + 5.7 min and 44.2 + 3 s, respectively.
In addition to the expected cysteine alkylation, several other modifica-
tions of the parent ELA-32 peptide were apparent, including mono-
oxidation, di-oxidation and alkylation of lysine residues (referred to as
over-alkylation throughout this article) (Fig. 2B), likely to represent
extraction artefacts.

3.2. Identification of in vitro metabolites of synthetic ELA-32 peptide

In order to identify metabolites from ELA-32 in human plasma and
tissue homogenates, a full scan analysis was first performed to
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Fig. 2. Stability of ELA-32 in human plasma and kidney homogenates. A, Half-
life of ELA-32 in human plasma and kidney homogenates, B, ELA-32 showing
some of the side reactions observed in human plasma. Data repre-
sent mean £ SD.

understand the degradation profile of intact ELA-32 peptide in the high
flow LC-MS/MS. However, subsequent database searching failed to
identify any metabolites, as no suitable product ion spectra were
generated using the rapid analysis. Therefore, selected samples were re-
analysed using the more sensitive nano LC-MS/MS and a data-
dependent acquisition (DDA) analysis. The LC-MS/MS data were ana-
lysed on PEAKS X software and compared against the UniProt protein
database. The amino acid sequences, observed mass and mass accuracy
(ppm) for the C-terminal and N-terminal metabolites of ELA-32 that
were identified are shown in Tables 1 and 2.

3.2.1. In vitro metabolism of synthetic ELA-32 peptide in human plasma
and tissue

In plasma, ELA-32 was cleaved to produce both N- and C-terminal
metabolites. The most abundant metabolites produced from the loss of
C-terminal amino acids (C-terminal metabolites) were ELA-32(1.31),
ELA-32(1.14) and ELA-32(1.19) (Table 1; Fig. 3A). The corresponding C-
terminal fragments of some of these metabolites (N-terminal metabo-
lites) were also identified, including ELA-18, ELA-20 and ELA-11
(Table 2; Fig. 3B). ELA-16, ELA-19 and ELA-22 were also present, but
there was no evidence of ELA-21, previously thought to be produced
from ELA-32 [1]. Interestingly, ELA-16(;.14) and ELA-19(;.17) generated
from cleavage between the C-terminal proline and phenylalanine res-
idue of the corresponding des-Pro'®-ELA-16 and des-Pro'®-ELA-19
peptides, respectively, were identified, which is suggestive of ACE2
activity (Table 2). Chromatograms of the most relevant metabolites,
ELA-11 (previously proposed as a metabolite of ELA-32), and ELA-16
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Table 1
ELA-32 fragments derived from loss of C-terminal amino acid residues.
C-terminal metabolites Length Mass ppm m/z Charge
ELA-32 QRPVNLTMRRKLRKHNCLQRRCMPLHSRVPFP 1-32 4096.16 0.8 513.03 8
C-terminal metabolites
ELA-32(1.31) QRPVNLTMRRKLRKHNCLQRRCMPLHSRVPF 1-31 3967.12 9.2 441.80 9
ELA-32(51) QRPVNLTMRRKLRKHNCLQRR 1-21 2758.53 0.4 460.76 6
ELA-32(;_50) QRPVNLTMRRKLRKHNCLQR 1-20 2602.43 1.2 434.74 6
ELA-32(1.19) QRPVNLTMRRKLRKHNCLQ 1-19 2487.35 -0.3 415.57 6
ELA-32(1.1¢) QRPVNLTMRRKLRKHN 1-16 2045.15 0.9 410.03 5
ELA-32(1.14) QRPVNLTMRRKLRK 1-14 1835.08 0.9 459.78 4
ELA-32(1.13) QRPVNLTMRRKLR 1-13 1665.96 -0.8 417.49 4
ELA-32(1.12) QRPVNLTMRRKL 1-12 1509.85 —0.1 504.29 3
Other Metabolites generated
ELA-191.17) KHNCLQRRCMPLHSRVP 13-30 2204.10 3.1 1103.06 2
ELA-16(1_14) CLQRRCMPLHSRVP 16-30 1824.90 0.3 457.23 4
ELA-19(1.17) and ELA-16(;.14) were derived from des-Pro'”-ELA-19 and des-Pro'®-ELA-16, respectively and maybe a substrate of ACE2.
Table 2
ELA-32 fragments produced from loss of N-terminal amino acid residues.
N-terminal metabolites Length Mass ppm m/z charge
ELA-32 QRPVNLTMRRKLRKHNCLQRRCMPLHSRVPFP 32 4096.2 0.8 513.03 8
ELA-28(5.32) NLTMRRKLRKHNCLQRRCMPLHSRVPFP 5-32 3673.9 -1.1 525.86 7
ELA»23T(9,32) RKLRKHNCLQRRCMPLHSRVPFP 9-32 3042.6 0.5 508.11 6
ELA-22(10.32) KLRKHNCLQRRCMPLHSRVPFP 10-32 2845.5 2 475.26 6
ELA-20(12.32) RKHNCLQRRCMPLHSRVPFP 12-32 2604.3 0 435.06 6
ELA-19(13.32) KHNCLQRRCMPLHSRVPFP 13-32 2448.2 0.2 490.65 5
ELA-18(14-32) HNCLQRRCMPLHSRVPFP 14-32 2320.1 0.8 465.03 5
ELA-17(15.32) NCLQRRCMPLHSRVPFP 15-32 2183.1 -0.2 437.62 5
ELA-16(16-32) CLQRRCMPLHSRVPFP 16-32 2069.0 0.6 414.81 5
ELA-11(2132) CMPLHSRVPFP 21-32 1355.6 0.3 452.89 3
ELA-9(23.32) PLHSRVPFP 23-32 1048.6 2.2 525.30 2
ELA-8(24.32) LHSRVPFP 24-32 951.53 1.3 476.77 2

Mass, observed mass; ppm, parts per million (is a measure of mass accuracy); m/z, mass to charge ratio. The most important isoforms are shown in bold. Tthis

metabolite was low plasma but very high in tissue homogenate.

(because of the disulphide bridge which will stabilise it against prote-
olysis), are shown in Figs. 4 and 5, respectively. The chromatogram of all
other metabolites is shown in supplementary Figs. 1A-G.

3.2.1.1. Metabolism profile of ELA-32 in human plasma. In order to
elucidate the sequential metabolite generation profile, the original full-
time course dataset from the high flow full scan LC-MS/MS was re-
analysed and interrogated for metabolites by manual searching for the
theoretical mass of the peptides identified in the nano LC-MS/MS
analysis. A complication was that the nano flow analysis generated
higher charge states for most of the identified peptides as it is more
efficient than standard flow, and the TFA reduced the efficiency further.
The data showed that within 2 min, ELA-16 and ELA-19 could be
detected, with ELA-8 and ELA-18 generated from 5 and 15 min,
respectively. All other fragments resulting from the loss of N-terminal
amino acids were detected from 60 min, when the most abundant me-
tabolites were ELA-20, ELA-17, and ELA-11 (Fig. 3C).

By the end of the incubation period (240 min), the most abundant
metabolites were ELA-16, ELA-18, ELA-17, ELA-19 and ELA-11 in
descending order. The N-terminal fragment, ELA-32(;.13), resulting from
the cleavage that produced ELA-19, was also observed at the same time
as ELA-19. We were unable to detect ELA-9, ELA-21, ELA-22, ELA-23
and ELA-28 by this method (Fig. 3C). Taken together, these analyses
showed that ELA-32 was initially cleaved to ELA-19, ELA-16 and
possibly ELA-23 and ELA-20. These fragments were subsequently
cleaved into smaller fragments (Fig. 3D). Interestingly, the four C-ter-
minal amino acid residues previously shown to be critical for receptor
binding [4] were not affected. Therefore, the most important and bio-
logically relevant isoforms identified in human plasma were ELA-20,
ELA-19, ELA-16 and ELA-11.

3.2.2. In vitro metabolism of synthetic ELA-32 peptide in kidney lysates

In the nano flow analysis, only two fragments resulting from the loss
of N-terminal amino acids, namely ELA-23 and ELA-19, were identified
in the kidney (Fig. 6A). Interestingly, we also identified ELA-32(1.13), the
N-terminal sequence removed from ELA-32 to generate ELA-19 through
manual searching. The parent peptide levels decreased rapidly and were
present in oxidised and overalkylated forms (Fig. 6B).

The high flow LC-MS/MS data were re-analysed and searched for the
same metabolites that were identified in plasma. However, unlike
plasma, where ELA-16 was most abundant, ELA-18 was highest in the
kidney (Fig. 6C). In addition, ELA-23, ELA-19 and ELA-16 were detected
from the earliest time points. However, their levels decreased signifi-
cantly with time, except for ELA-18, whose level was highest 30 min
after incubation but was completely undetectable after 60 min. ELA-17
was only detected in the last one hour of the incubation (60 min and
120 min samples), with the lowest level present at the latter time point.
However, there was no evidence of ELA-21 in these samples, but ELA-11
was present across all time points. Taken together, the most important
isoforms identified in human kidney were ELA-23, ELA-19, ELA-18,
ELA-16 and ELA-11.

3.3. Development of extraction methods for detection of endogenous ELA
isoforms by LC-MS/MS

Having identified potential endogenous cleavage sites of ELA-32 in
vitro, we next aimed to identify the most abundantly produced endog-
enous peptide. As it was previously shown that the highest level of ELA
mRNA expression was present in adult human coronary artery [7] and
kidney [1,3], peptides were therefore extracted from these tissues using
the guanidine hydrochloride-based method previously described by
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Roberts et al. [18]. The resulting nano flow LC-MS/MS analysis fol-
lowed by database search with PEAKS software was unable to find any
evidence for endogenous ELA peptides in these tissues.

Antibody-based enrichment of peptides is a well-characterised
method for concentrating analytes in solution [20]. Therefore, we first
showed that ELA-antibody coated magnetic beads were capable of
extracting ELA-32, ELA-21 and ELA-11 (Supplementary Fig. 2). Extrac-
ted peptides were then immunoprecipitated with ELA antibody-coated
magnetic beads and analysed on the nano flow LC-MS/MS, but no
ELA peptides were detected in either a human coronary artery or kidney

samples (data not shown). To further validate these results, extracts
were re-analysed by ELISA after LC-MS/MS. Interestingly, the levels of
ELA present in the kidney samples after mass spectrometry were
637.1 + 151 pg/mL, while that of the coronary artery was 253.2 + 168
pg/mL (Fig. 7A). Because the levels present in coronary artery were
deemed too low, it was removed from subsequent studies while normal
brain and samples obtained from GBM patients were added. ELISA
showed that ELA levels in both normal and GBM brain were very high,
8013.0 + 1041 pg/mL vs 9410.0 + 2139 pg/mlL, respectively (Fig. 7B).

Pauli et al., 2014 [2] previously extracted ELA peptides by boiling in
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water, followed by acidification before the resulting samples were
concentrated (pooled together). This method allowed detection of
ELA-11 endogenously by LC-MS/MS in their over-expression model, but
none of the longer isoforms was detected. To increase the chance of
detecting endogenous ELA peptides, human kidney, normal brain and
GBM samples were extracted using the above method. Samples were
then pooled together with the aim of increasing the concentration of ELA
present. In parallel, some samples were also immunoprecipitated as
described earlier, and a mixture of ELA-11, ELA-21 and ELA-32in 0.1 %
BSA (surrogate matrix) at 100 ng/mL used as a positive control. An
8-point calibration curve (10 pg/mL — 50 ng/mL) was constructed for
each ELA isoform to determine the lower limit of detection (LLOD).
ELA-11 calibration line (r> = 0.997) showed that the LLOD for this
peptide was 100 pg/mL. However, the LLOD for the longer isoforms
ELA-21 (calibration line r* = 0.996) and ELA-32 (calibration line
r? = 0.999) was five-fold higher at 500 pg/mL (Fig. 7C).

Full scan analysis was performed in parallel to the targeted analysis.
However, none of the ELA peptides appeared to be present (Fig. 8).
Furthermore, targeted analysis of the samples for ELA-32 (m/z: 586.16,
7+ and 581.88, 7+), ELA-21 (m/z: 451.39, 6+) and ELA-11 (m/z:
447.55, 3+), was unable to detect any of the peptides in the extracts.
This suggests that if the peptides are present in these tissues, then they
are below the level of detection of the developed LC-MS method.

A database search of the raw LC-MS/MS data failed to identify any
ELA peptides in any of the samples; however, several neuropeptides
differentially produced/expressed in the control and GBM brain were
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detected. This included Cocaine- and amphetamine-regulated peptide,
neuropeptide Y, cholecystokinin and Pro-SAAS family of peptides
(Table 3).

4. Discussions

In this study, we have developed an LC-MS/MS method for the
detection and quantification of ELA peptides in biological fluids and
tissues. Using this method, we were able to identify the in vitro generated
metabolites of ELA in human plasma and kidney. Interestingly, it was
observed that like [Pyr']lapelin-13, ELA-32 was also cleaved proteolyt-
ically from both termini. In addition, attempts to use this assay to
identify the most abundant endogenous isoform of ELA peptides present
in human tissues, was mostly unsuccessful even using targeted MS/MS
analysis.

The in vitro plasma half-life of ELA-32 observed in this study was
approximately 47 min. This was consistent with pilot studies where
peptide recovery from samples extracted in the absence of chaotropes
was relatively low compared to when guanidine hydrochloride was
present. Given the intensely charged nature of ELA-32 peptide, a plau-
sible reason could be that the peptide was binding to plasma proteins to
evade proteolytic degradation, but more studies are required to confirm
this observation. It should be noted that the N-terminal Gln residue in
this peptide was pyroglutaminated, which may have protected it from N-
exoproteases [21]. However, a previous in vitro degradation study of
[Pyrl]ELA—32 in rat plasma reported a half-life of 2 min [4], whereas the

Table 3
Selected key peptides present in control (normal) brain but not GBM.
Protein Sequence —10logP Mass Length  ppm m/z RT
ProSAAS Peptides
GAV SVPRGEAAGAVQELARALAHLLEAERQE 58.37 2970.564 28 1.2 743.649 72.63
PEN (mouse)/PEG AADHDVGSELPPEGVLGALL 50.86 1958.995 20 0.3 980.505 70.65
(Human)
Little SAAS GLSAASPPLAETGAPRRF 43.71 1796.953 18 -1.4 599.9908 44.21
SAAS ARPVKEPRGLSAASPPLAETGAPRRF 39.13 2730.504 26 1.4 547.1089 39.49
Cholecystokinn Peptides
QPVPPADPAGSGLQRAEEAPRRQL 48.67 2522.299 24 -0.7 841.7729 45.78
QPVPPADPAGSGLQRAEEAPRRQ 46.89 2409.215 23 -1.6 804.0776 41.2
ADPAGSGLQRAEEAPRRQL 45.43 2021.04 19 -2 1011.525 35.43
DPAGSGLQRAEEAPRRQL 32.08 1950.003 18 -2.1 651.007 35.68
Secretogrannin-1 Peptides
QYDRVAQLDQLLHY 47.53 1743.858 14 1.4 872.9375 65.21
NLARVPKLDL 41.77 1137.687 10 0.1 569.8508 46.71
KNFFPEYNY 20.44 1220.55 9 4.8 611.2853 51.56
Secretogrannin-2 Peptides
TNEIVEEQYTPQSLATLESVFQELGKLTGPNNQ 53.6 3676.811 33 -0.1 1226.611 83.6
FPVGPPKNDDTPNR 40.36 1552.763 14 0.3 777.3892 34.63
FPVGPPKNDDTPNR 19.73 1609.785 14 0.5 537.6025 34.56
GQGSSEDDLQEEEQIEQAIKEHLNQGSSQETDKLAPVS 16.71 4152.92 38 2.2 1385.317 58.72
Secretogrannin-3 Peptides
ELSAERPLNEQIAEAEED 49.36 2041.944 18 1.3 1021.981 47.64
Cocaine- and amphetamine-regulated transcript
ALDIYSAVDDASHEKELIEALQEVLKKL 58.27 3139.665 28 1.2 628.941 79.87
Neurogrannin Peptides
ARKKIKSGERGRKGPGPGGPGGAGVARGGAGGGPSGD 32.75 3312.762 37 0 474.259 26.77
PGANAAAAKIQASFRGHMARKKIKSGERGRKGPGPGGPGGAGVARGGAGGGPSGD 21.4 5148.684 55 -0.1 736.5334 32.05
DPGANAAAAKIQASFRGHMARKKIKSGERGRKGPGPGGPGGAGVARGGAGGGPSGD 16.42 5263.71 56 1.3 658.9719 32.91
PGANAAAAKIQASFRGHMARKKIKSGERGRKGPGPGGPGGAGVARGGAGGGPSGD 14.08 5148.684 55 1.5 644.5937 32.05
Neuropeptide Y
SPETLISDLLMRESTENVPRTRLEDPAMW 85.85 3472.7 30 1 1158.574 60.45
YPSKPDNPGEDAPAEDMARYYSALRHYINL 80.68 3452.61 30 0.1 864.16 54.8

-10logP = measure of confidence in sequence matching; ppm = parts per million; m/z = mass to charge ratio; RT = retention time; length refers to peptide length

detected. The peptides identified were CCK-18, CCK-19, CCK-23 and CCK-24.
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in vivo half-life of ELA-21 was suggested to be around 13 min [22] in
mice. A similar discrepancy between in vitro plasma half-life in human
and rodents were recently reported for [Pyr']apelin-13 [23], thereby
highlighting potential species differences in the repertoire of proteolytic
enzymes. Additionally, the observed plasma half-life of ELA-32 in this
study was significantly longer than that observed with apelin peptides,
whose plasma half-life ranged from 2—8 min in vitro [4,24,25]. There-
fore, of the two apelin receptor ligands, ELA may be the most resistant to
proteolytic degradation.

Mature ELA-32 peptide has two potential furin cleavage sites char-
acterised by di-arginine residues [26]. Based on this, the existence of
two other isoforms of the ELA peptide, ELA-21 and ELA-11 were pro-
posed [1,2]. Previous overexpression studies identified ELA-11 but not
ELA-21 or ELA-32 [2], and more recently in a buffer-based ELA-32
digestion study, ELA-11 was identified as a furin metabolite [9]. ELA-21,
which is one amino acid less than the expected furin cleavage site, has
never been reported in degradation studies. Interestingly, apelin-55 also
contain these di-arginine residues, and it was shown that proprotein
convertase subtilisin/kexin 3 (PCSK3) cleaves immediately after these
dibasic residues in the N-terminal to generate apelin-17 and apelin-13
[27,28]. Here, ELA-11 and ELA-22 were identified as fragments of
ELA-32 generated in vitro in human plasma, but there was no evidence
for the presence of ELA-21, either in the plasma or tissue homogenates.
Consistent with our results, Murza et al., (2016) [4] observed the gen-
eration of ELA-22 but not ELA-21 in rat plasma in vitro. Taken together,
these studies suggest a potential role of PCSK3 or other furin-like pro-
protein convertases in the cleavage of ELA-32 generating ELA-22 and
ELA-11 but not ELA-21 in human plasma.

Other than furin, no other enzyme has been proposed to cleave ELA-
32. ACE2 is well known for its ability to cleave apelin peptides, which
have similar chemical properties and C-terminal amino acids to ELA
peptides. ACE2 preferentially cleaves immediately after a proline res-
idue in the C-terminal, and its activity has been demonstrated for many
peptides, including angiotensin II, des-Arg’-bradykinin and apelin
peptides [29,30]. Here, cleavage immediately after the terminal proline
residue, resulting in the generation of ELA-16;.14 (CLQRRCMPLHSRVP|
F) from des-Pro'®-ELA-16 and ELA-19;.17 (KHNCLQRRCMPLHSRVP|F)
from des-Pro!%-ELA-19 were observed, which may suggest the activity of
ACE2. These potential ACE2 substrates may have been generated from
ELA-32;_37, which was the most abundant C-terminal metabolite iden-
tified. Importantly, these fragments are likely to be G protein-biased
ligands of the apelin receptor, given that the loss of this phenylalanine
residue impairs B-arrestin recruitment [4]. However, it is not clear
whether, like bradykinin where an initial proteolytic removal of the
C-terminal arginine (Arg®) residue is a prerequisite for ACE2 activity
[29], the removal of C-terminal proline (Pro®?) residue is a prerequisite
for the observed ACE2 activity [8].

Several fragments of ELA-32, resulting from the loss of N-terminal
amino acids were identified, including ELA-20 and ELA-16. Whether or
not ELA-20 was generated from ELA-21, due possibly to the instability of
the latter peptide in plasma, is unknown, but further interrogation of the
data identified the corresponding 12 amino acid residues enzymatically
removed from the N-terminus of ELA-20, suggesting that this was a
primary cleavage site. ELA-16 and ELA-19 were generated much earlier,
and ELA-16 was previously shown to have a similar affinity for the
apelin receptor as ELA-32 [4]. Therefore, the ELA-16 fragment may be of
potential importance as a tool compound for further studies as it con-
tains a disulphide bridge in its N-terminal, which may stabilise it from
proteolytic degradation. ELA-19 is novel and has not been reported to
date.

It has previously been shown that ELA-32 fragments up to the last 11
amino acids at the C-terminus (ELA-11) were able to bind and activate
the apelin receptor [7,31], suggesting that ELA-23, ELA-20, ELA-19,
ELA-18, ELA-17, ELA-11 will have biological activity at the apelin re-
ceptor. Moreover, ELA-11 inhibited accumulation of cAMP with similar
potency as ELA-32 and ELA-21 at the human apelin receptor but was less
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(10 fold) able to recruit p-arrestin when compared to the longer isoforms
[4,7]. This may suggest that shorter fragments potently activate bene-
ficial G protein signalling pathways with decreased ability to induce
receptor desensitisation, thereby prolonging signalling activity. In sup-
port, ELA-14 also retained a subnanomolar affinity for the apelin re-
ceptor, reducing arterial pressure and exerting ionotropic effects on the
heart both ex vivo and in vivo [4]. Similarly, recent studies suggest that
ELA-11 was comparable to ELA-32 in its ability to prevent DNA
damage-induced acute kidney injury [9] and suppression of tumour
growth [32]. Collectively, these studies suggest that loss of N-terminal
amino acids from mature ELA peptide does not adversely affect bio-
logical activity both in vitro and in vivo.

It remained unknown whether shorter ELA fragments like ELA-8 and
ELA-9 identified in this study could bind and activate the apelin re-
ceptor, as with apelin, where shorter isoforms bind [30]. A previous
structure-activity relationship (SAR) study of ELA peptides identified the
four C-terminal amino acid residues His?, Arg28, Pro®® and Phe®' as
critical for receptor binding [4]. Given that ELA-8 and ELA-9 retained
these residues, it would be interesting to see whether they can bind the
apelin receptor or act as receptor antagonists. Surprisingly, a recent SAR
study suggested that ELA-9 had impaired binding affinity at the apelin
receptor (K; = 438nM), whilst ELA-8 completely lost its ability to bind
the apelin receptor and identified ELA-10 as the shortest active fragment
of ELA. The authors also reported that the substitution of N-terminal
methionine residue (Metl), from ELA-10 with the unnatural neutral
amino acid, norleucine, resulted in™4 fold improvement in binding af-
finity [31]. Therefore, this may suggest that in addition to the amino
acid residues previously reported to be important for binding, the
three-dimensional structure of the peptide is critical to their ability to
bind the apelin receptor. However, it remains to be determined whether
these short fragments could be used as a backbone to develop novel
ELA-base apelin receptor antagonists for experimental medicine since
suitable antagonists at the apelin receptor are lacking.

The identification of ELA-32(1-21), ELA-32(1.20) and ELA-32(1.19) may
suggest a sequential proteolytic cleavage of ELA-32 from the C-terminal.
Interestingly, except ELA-32(;_50) and ELA-32(1.19) whose corresponding
N-terminal metabolite was not found, the corresponding N-terminal
metabolites of these fragments were identified. Additionally, ELA-32(;.
12), ELA-32(1.13), ELA-32(1.14) and ELA-32(;_;6) resulting from the loss of
C-terminal amino acids could be detected. Notably, these fragments are
unlikely to have biological activity at the apelin receptor since the
critical pharmacophore required for binding are present in the C-ter-
minal, which has been removed [4]. Conversely, for [Pyrl]apelin—l 3, the
RPRL motif critical for apelin receptor binding is present on the N-ter-
minal [6,33,34]. Therefore, it appears that these peptides (apelin and
ELA) evolved in such a way that any enzymatic degradation preserves
their pharmacophore.

The most predominant endogenously expressed isoform of ELA in
mammals remains unknown. Following its discovery, Chng et al., (2013)
[1] reported the identification of mature ELA-32 in zebrafish using a
specific N-terminal antibody. Similarly, after overexpression of ELA
mRNA expression in zebrafish, Pauli et al., 2014 [2] reported the
identification of ELA-11 by mass spectrometry. Conventional immuno-
logical methods are unable to distinguish between the various isoforms;
therefore, using mass spectrometry, we sought to identify, for the first
time in vivo, the most abundant ELA isoform. Initial studies on human
kidney and coronary artery failed to detect any ELA isoform in these
tissues. In order to enrich for ELA peptides following tissue extraction,
ELA peptides were immunoprecipitated before mass spectrometry, but
the peptides were still undetectable. A targeted MS/MS approach was
also investigated, but ELA peptides where undetectable down to
100 pg/mL (ELA-11) and 500 pg/mL (ELA-21 and ELA-32), suggesting
that if present in the tissues examined, their endogenous concentration
was below our limit of detection.Levels of endogenous ELA peptides
could be quantified in human kidney, coronary artery and brain samples
using the ELISA. However, the presence of multiple arginine residues in
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the ELA molecule resulted in column retention and poor chromato-
graphic separation by mass spectrometry. The addition of TFA to the
mobile phase improved the peak profile but resulted in decreased
sensitivity [35,36] and precluded peptide detection. Therefore,
currently, the only robust method for measurement of endogenous ELA
is the ELISA, although this method does not distinguish between the
different ELA isoforms.

In conclusion, we have shown that ELA-32 may be the most stable of
the apelin receptor endogenous ligands, apelin and ELA, with an in vitro
half-life of approximately 47 min in plasma. In addition, several bio-
logically active metabolites of ELA-32 were identified, notably ELA-16
and ELA-19 or ELA-22. Considering that ELA-16 has a di-sulphide
bridge in its N-terminal, it may be the most stable isoform of the pep-
tide that retains activity at the apelin receptor. Attempts to identify the
endogenous levels of these peptides proved difficult owing to their
physicochemical properties, which predispose ELA peptides to oxidation
and poor chromatographic peaks. Given the beneficial effects of ELA
signalling in various disease states including renal [9,37,38,8,32,33]
and cardiovascular diseases [6,39], the long half-life observed here may
suggest that ELA peptides could be a potential therapeutic option for
managing these conditions.

Grant information

We thank the following for full or partial support: Wellcome Trust
(United Kingdom), (WT107715/Z/15/Z, APD, JJM); Wellcome Trust
(United Kingdom), Programme in Metabolic and Cardiovascular Disease
(203814/Z/16/A, DN), British Heart Foundation (United Kingdom),
TG/18/4/33770, Cambridge Biomedical Research Centre Biomedical
Resources (United Kingdom) Grant (University of Cambridge, Cardio-
vascular Theme, RG64226). We thank the Royal Papworth Hospital
Research Tissue Bank, Human Research Tissue Bank and Cambridge
Brain Bank who are supported by the NIHR Cambridge Biomedical
Research Centre, (United Kingdom). The views expressed are those of
the author(s) are not necessarily those of the NIHR or the Department of
Health and Social Care.

CRediT authorship contribution statement

Duuamene Nyimanu: Methodology, Investigation, Formal analysis,
Writing - original draft, Writing - review & editing. Richard G. Kay:
Methodology, Investigation, Formal analysis, Writing - original draft,
Writing - review & editing. Rhoda E. Kuc: Methodology, Investigation,
Formal analysis, Writing - original draft, Writing - review & editing.
Alastair J.H. Brown: Conceptualization, Methodology. Fiona M.
Gribble: Resources, Writing - review & editing. Janet J. Maguire:
Conceptualization, Supervision, Methodology, Investigation, Formal
analysis, Writing - original draft, Writing - review & editing, Funding
acquisition. Anthony P. Davenport: Conceptualization, Supervision,
Methodology, Investigation, Formal analysis, Writing - original draft,
Writing - review & editing, Funding acquisition.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.peptides.2021.170642.

References

[1] S.C. Chng, L. Ho, J. Tian, B. Reversade, ELABELA: a hormone essential for heart
development signals via the apelin receptor, Dev. Cell 27 (2013) 672-680, https://
doi.org/10.1016/j.devcel.2013.11.002.

A. Pauli, M.L. Norris, E. Valen, G.-L. Chew, J.A. Gagnon, S. Zimmerman,

A. Mitchell, J. Ma, J. Dubrulle, D. Reyon, S.Q. Tsai, J.K. Joung, A. Saghatelian, A.
F. Schier, Toddler: an embryonic signal that promotes cell movement via Apelin
receptors, Science 343 (2014), 1248636, https://doi.org/10.1126/
science.1248636.

[2]

11

[3]

[4]

[5]

[é]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Peptides 145 (2021) 170642

C. Deng, H. Chen, N. Yang, Y. Feng, A.J.W. Hsueh, Apela regulates fluid
homeostasis by binding to the APJ receptor to activate gi signaling, J. Biol. Chem.
290 (2015) 18261-18268, https://doi.org/10.1074/jbc.M115.6482.38.

A. Murza, X. Sainsily, D. Coquerel, J. Coté, P. Marx, E. Besserer-Offroy, J.-

M. Longpré, J. Lainé, B. Reversade, D. Salvail, R. Leduc, R. Dumaine, O. Lesur,
M. Auger-Messier, P. Sarret, E. Marsault, Discovery and structure-activity
relationship of a bioactive fragment of ELABELA that modulates vascular and
cardiac functions, J. Med. Chem. 59 (2016) 2962-2972, https://doi.org/10.1021/
acs.jmedchem.5b01549.

C.A. Schreiber, S.J. Holditch, A. Generous, Y. Ikeda, Sustained ELABELA gene
therapy in high salt-induced hypertensive rats, Curr. Gene Ther. 16 (2016)
349-360 (Accessed February 13, 2017), http://www.ncbi.nlm.nih.gov/pubmed
/27903222.

C. Read, D. Nyimanu, T.L. Williams, D.J. Huggins, P. Sulentic, R.G.C. Macrae,

P. Yang, R.C. Glen, J.J. Maguire, A.P. Davenport, International union of basic and
clinical pharmacology. CVIL Structure and pharmacology of the apelin receptor
with a recommendation that Elabela/Toddler is a second endogenous peptide
ligand, Pharmacol. Rev. 71 (2019) 467-502, https://doi.org/10.1124/
pr.119.017533.

P. Yang, C. Read, R.E. Kuc, G. Buonincontri, M. Southwood, R. Torella, P.D. Upton,
A. Crosby, S.J. Sawiak, T.A. Carpenter, R.C. Glen, N.W. Morrell, J.J. Maguire, A.
P. Davenport, Elabela/Toddler is an endogenous agonist of the apelin APJ receptor
in the adult cardiovascular system, and exogenous administration of the peptide
compensates for the downregulation of its expression in pulmonary arterial
hypertension, Circulation 135 (2017) 1160-1173, https://doi.org/10.1161/
CIRCULATIONAHA.116.023218.

T. Sato, C. Sato, A. Kadowaki, H. Watanabe, L. Ho, J. Ishida, T. Yamaguchi,

A. Kimura, A. Fukamizu, J.M. Penninger, B. Reversade, H. Ito, Y. Imai, K. Kuba,
ELABELA-APJ axis protects from pressure overload heart failure and angiotensin II-
induced cardiac damage, Cardiovasc. Res. 113 (2017) 760-769, https://doi.org/
10.1093/cvr/cvx061.

H. Chen, L. Wang, W. Wang, C. Cheng, Y. Zhang, Y. Zhou, C. Wang, X. Miao,

J. Wang, C. Wang, J. Li, L. Zheng, K. Huang, ELABELA and an ELABELA fragment
protect against AKI, J. Am. Soc. Nephrol. 28 (2017) 2694-2707, https://doi.org/
10.1681/ASN.2016111210.

F. Xu, H. Zhou, M. Wu, H. Zhang, Y. Zhang, Q. Zhao, R. Brown, D.W. Gong,

L. Miao, Fc-Elabela fusion protein attenuates lipopolysaccharide-induced kidney
injury in mice, Biosci. Rep. 40 (2020), https://doi.org/10.1042/BSR20192397.
B. Panaitescu, R. Romero, N. Gomez-Lopez, P. Pacora, O. Erez, F. Vadillo-Ortega,
L. Yeo, S.S. Hassan, C.-D. Hsu, ELABELA plasma concentrations are increased in
women with late-onset preeclampsia, J. Matern. Neonatal. Med. 33 (2018) 5-15,
https://doi.org/10.1080/14767058.2018.1484089.

N. Pritchard, T.J. Kaitu’u-Lino, S. Gong, J. Dopierala, G.C.S. Smith, D.S. Charnock-
Jones, S. Tong, ELABELA/APELA levels are not decreased in the maternal
circulation or placenta among women with preeclampsia, Am. J. Pathol. 188
(2018) 1749-1753, https://doi.org/10.1016/j.ajpath.2018.04.008.

D. Georgiadou, S. Boussata, M. van Dijk, ELABELA measurements by commercial
ELISA Kkits require sample extraction, Am. J. Physiol. Metab. 317 (2019)
E1218-E1219, https://doi.org/10.1152/ajpendo.00257.2019.

X. Lu, S. Liu, R. Luan, W. Cui, Y. Chen, Y. Zhang, Y. Lu, H. Zhang, L. Shi, L. Miao,
F. Xu, Serum elabela and apelin levels during different stages of chronic kidney
disease, Ren. Fail. 42 (2020) 667-672, https://doi.org/10.1080/
0886022X.2020.1792926.

L. Zhou, H. Sun, R. Cheng, X. Fan, S. Lai, C. Deng, ELABELA, as a potential
diagnostic biomarker of preeclampsia, regulates abnormally shallow placentation
via APJ, Am. J. Physiol. Metab. 316 (2019) E773-E781, https://doi.org/10.1152/
ajpendo.00383.2018.

J.J. Maguire, M.J. Kleinz, S.L. Pitkin, A.P. Davenport, [Pyrl]apelin-13 identified as
the predominant apelin isoform in the human heart: vasoactive mechanisms and
inotropic action in disease, Hypertension 54 (2009) 598-604, https://doi.org/
10.1161/HYPERTENSIONAHA.109.134619.

D. Ganguly, C. Cai, M.M. Sims, C.H. Yang, M. Thomas, J. Cheng, A.G. Saad, L.
M. Pfeffer, APELA expression in Glioma, and its association with patient survival
and tumor grade, Pharmaceuticals (Basel) 12 (2019) E45, https://doi.org/
10.3390/ph12010045.

G.P. Roberts, P. Larraufie, P. Richards, R.G. Kay, S.G. Galvin, E.L. Miedzybrodzka,
A. Leiter, H.J. Li, L.L. Glass, M.K.L. Ma, B. Lam, G.S.H. Yeo, R. Scharfmann,

D. Chiarugi, R.H. Hardwick, F. Reimann, F.M. Gribble, Comparison of human and
murine enteroendocrine cells by transcriptomic and peptidomic profiling, Diabetes
68 (2019) 1062-1072, https://doi.org/10.2337/DB18-0883.

J. Zhang, L. Xin, B. Shan, W. Chen, M. Xie, D. Yuen, W. Zhang, Z. Zhang, G.

A. Lajoie, B. Ma, PEAKS DB: de novo sequencing assisted database search for
sensitive and accurate peptide identification, Mol. Cell Proteomics 11 (2012),
M111.010587, https://doi.org/10.1074/mcp.M111.010587.

A.Y.H. Lee, D.L. Chappell, M.J. Bak, M. Judo, L. Liang, T. Churakova, G. Ayanoglu,
J. Castro-Perez, H. Zhou, S. Previs, S.C. Souza, M.E. Lassman, O.F. Laterza,
Multiplexed quantification of proglucagon-derived peptides by immunoaffinity
enrichment and tandem mass spectrometry after a meal tolerance test, Clin. Chem.
62 (2016) 227-235, https://doi.org/10.1373/clinchem.2015.244251.

H. Cynis, E. Scheel, T.C. Saido, S. Schilling, H.-U. Demuth, Amyloidogenic
processing of amyloid precursor protein: evidence of a pivotal role of glutaminyl
cyclase in generation of pyroglutamate-modified amyloid-p, Biochemistry 47
(2008) 7405-7413, https://doi.org/10.1021/bi800250p.

Y. Xi, D. Yu, R. Yang, Q. Zhao, J. Wang, H. Zhang, K. Qian, Z. Shi, W. Wang,

R. Brown, Y. Li, Z. Tian, D.-W. Gong, Recombinant Fc-Elabela fusion protein has


https://doi.org/10.1016/j.peptides.2021.170642
https://doi.org/10.1016/j.devcel.2013.11.002
https://doi.org/10.1016/j.devcel.2013.11.002
https://doi.org/10.1126/science.1248636
https://doi.org/10.1126/science.1248636
https://doi.org/10.1074/jbc.M115.648238
https://doi.org/10.1021/acs.jmedchem.5b01549
https://doi.org/10.1021/acs.jmedchem.5b01549
http://www.ncbi.nlm.nih.gov/pubmed/27903222
http://www.ncbi.nlm.nih.gov/pubmed/27903222
https://doi.org/10.1124/pr.119.017533
https://doi.org/10.1124/pr.119.017533
https://doi.org/10.1161/CIRCULATIONAHA.116.023218
https://doi.org/10.1161/CIRCULATIONAHA.116.023218
https://doi.org/10.1093/cvr/cvx061
https://doi.org/10.1093/cvr/cvx061
https://doi.org/10.1681/ASN.2016111210
https://doi.org/10.1681/ASN.2016111210
https://doi.org/10.1042/BSR20192397
https://doi.org/10.1080/14767058.2018.1484089
https://doi.org/10.1016/j.ajpath.2018.04.008
https://doi.org/10.1152/ajpendo.00257.2019
https://doi.org/10.1080/0886022X.2020.1792926
https://doi.org/10.1080/0886022X.2020.1792926
https://doi.org/10.1152/ajpendo.00383.2018
https://doi.org/10.1152/ajpendo.00383.2018
https://doi.org/10.1161/HYPERTENSIONAHA.109.134619
https://doi.org/10.1161/HYPERTENSIONAHA.109.134619
https://doi.org/10.3390/ph12010045
https://doi.org/10.3390/ph12010045
https://doi.org/10.2337/DB18-0883
https://doi.org/10.1074/mcp.M111.010587
https://doi.org/10.1373/clinchem.2015.244251
https://doi.org/10.1021/bi800250p

D. Nyimanu et al.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

extended plasma half-life andmitigates post-infarct heart dysfunction in rats, Int. J.
Cardiol. 292 (2019) 180-187, https://doi.org/10.1016/J.1JCARD.2019.04.089.
J.M. Onorato, C. Xu, X.-Q. Chen, A.V. Rose, C. Generaux, K. Lentz, P. Shipkova,
S. Arthur, J.K. Hennan, R. Haskell, M.C. Myers, R.M. Lawrence, H.J. Finlay,

M. Basso, J. Bostwick, G. Fernando, R. Garcia, S. Hellings, M.-Y. Hsu, R. Zhang,
L. Zhao, P. Gargalovic, Linking (Pyr)lapelin-13 pharmacokinetics to efficacy:
sStabilisation and measurement of a high clearance peptide in rodents, Anal.
Biochem. 568 (2019) 41-50, https://doi.org/10.1016/j.ab.2018.12.022.

A.G. Japp, N.L. Cruden, D.A.B. Amer, V.K.Y. Li, E.B. Goudie, N.R. Johnston,

S. Sharma, I. Neilson, D.J. Webb, I.L. Megson, A.D. Flapan, D.E. Newby, Vascular
effects of apelin in vivo in man, J. Am. Coll. Cardiol. 52 (2008) 908-913, https://
doi.org/10.1016/j.jacc.2008.06.013.

A.G. Japp, D.E. Newby, The apelin-APJ system in heart failure. Pathophysiologic
relevance and therapeutic potential, Biochem. Pharmacol. 75 (2008) 1882-1892,
https://doi.org/10.1016/j.bcp.2007.12.015.

M. Hosaka, M. Nagahama, W.S. Kim, T. Watanabe, K. Hatsuzawa, J. Ikemizu,

K. Murakami, K. Nakayama, Arg-X-Lys/Arg-Arg motif as a signal for precursor
cleavage scatalysed by furin within the constitutive secretory pathway, J. Biol.
Chem. 266 (1991) 12127-12130 (Accessed April 22, 2020), http://www.ncbi.nlm.
nih.gov/pubmed/1905715.

K. Shin, M. Landsman, S. Pelletier, B.N. Alamri, Y. Anini, J.K. Rainey, Proapelin is
processed extracellularly in a cell line-dependent manner with clear modulation by
proprotein convertases, Amino Acids 51 (2019) 395-405, https://doi.org/
10.1007/500726-018-2674-8.

K. Shin, A. Pandey, X.-Q.Q. Liu, Y. Anini, J.K. Rainey, Preferential apelin-13
production by the proprotein convertase PCSK3 is implicated in obesity, FEBS
Open Biol. 3 (2013) 328-333, https://doi.org/10.1016/j.f0b.2013.08.001.

C. Vickers, P. Hales, V. Kaushik, L. Dick, J. Gavin, J. Tang, K. Godbout, T. Parsons,
E. Baronas, F. Hsieh, S. Acton, M. Patane, A. Nichols, P. Tummino, Hydrolysis of
biological peptides by human angiotensin-converting enzyme-related
carboxypeptidase, J. Biol. Chem. 277 (2002) 14838-14843, https://doi.org/
10.1074/jbc.M200581200.

P. Yang, R.E. Kuc, A.L. Brame, A. Dyson, M. Singer, R.C. Glen, J. Cheriyan, L.

B. Wilkinson, A.P. Davenport, J.J. Maguire, [Pyr1]Apelin-13(1-12) is a biologically
active ACE2 metabolite of the endogenous cardiovascular peptide [Pyrl]Apelin-
13, Front. Neurosci. 11 (2017) 92, https://doi.org/10.3389/fnins.2017.00092.

K. Tran, A. Murza, X. Sainsily, E. Delile, P. Couvineau, J. Coté, D. Coquerel,

M. Peloquin, M. Auger-Messier, M. Bouvier, O. Lesur, P. Sarret, E. Marsault,
Structure-activity relationship and bioactivity of short analogues of ELABELA as

12

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Peptides 145 (2021) 170642

agonists of the apelin receptor, J. Med. Chem. 64 (2021) 602-615, https://doi.org/
10.1021/acs.jmedchem.0c01547.

F. Soulet, C. Bodineau, K.B. Hooks, J. Descarpentrie, I.D. Alves, M. Dubreuil,

A. Mouchard, M. Eugenie, J.-L. Hoepffner, J.J. Lopez, J.A. Rosado, I. Soubeyran,
M. Tomé, R.V. Duran, M. Nikolski, B.O. Villoutreix, S. Evrard, G. Siegfried, A.-
M. Khatib, Furin-cleaved ELA/Apela precursor displays tumor suppressor function
in renal cell carcinoma through mTORC1 activation, J. Clin. Investig. Insight 5
(2020), €129070, https://doi.org/10.1172/JCLINSIGHT.129070.

D. Nyimanu, R.E. Kuc, T.L. Williams, M. Bednarek, P. Ambery, L. Jermutus, J.

J. Maguire, A.P. Davenport, Apelin-36-[L28A] and Apelin-36-[L28C(30kDa-PEG)]
peptides that improve diet induced obesity are G protein biased ligands at the
apelin receptor, Peptides 121 (2019), 170139 (Accessed October 29, 2019),
https://www.sciencedirect.com/science/article/pii/S0196978119301172?via%
3Dihub.

D.N. Langelaan, E.M. Bebbington, T. Reddy, J.K. Rainey, Structural insight into G-
Protein coupled receptor binding by apelin {, Biochemistry 48 (2009) 537-548,
https://doi.org/10.1021/bi801864b.

A. Apffel, S. Fischer, G. Goldberg, P.C. Goodley, F.E. Kuhlmann, Enhanced
sensitivity for peptide mapping with electrospray liquid chromatography-mass
spectrometry in the presence of signal suppression due to trifluoroacetic acid-
containing mobile phases, J. Chromatogr. A 712 (1995) 177-190, https://doi.org/
10.1016/0021-9673(95)00175-m.

M.C. Garcia, A.C. Hogenboom, H. Zappey, H. Irth, Effect of the mobile phase
composition on the separation and detection of intact proteins by reversed-phase
liquid chromatography-electrospray mass spectrometry, J. Chromatogr. A 957
(2002) 187-199, https://doi.org/10.1016/50021-9673(02)00345-X.

C. Xu, F. Wang, Y. Chen, S. Xie, D. Sng, B. Reversade, T. Yang, ELABELA
santagonises intrarenal renin-angiotensin system to lower blood pressure and
protects against renal injury, Am. J. Physiol. Physiol. 318 (2020) F1122-F1135,
https://doi.org/10.1152/ajprenal.00606.2019.

Y. Li, J. Huang, S. He, Z. Lu, J. Zhang, X. Li, Z. Yang, R.M. Hoffman, Q. Wu, APELA/
ELA32 reduces iodixanol-induced apoptosis, inflammatory response and
mitochondrial and DNA damage in renal tubular epithelial cells, Anticancer Res. 40
(2020) 635-643, https://doi.org/10.21873/anticanres.13993.

E. Marsault, C. Llorens-Cortes, X. Iturrioz, H.J. Chun, O. Lesur, G.Y. Oudit,

M. Auger-Messier, The apelinergic system: a perspective on challenges and
opportunities in cardiovascular and metabolic disorders, Ann. N. Y. Acad. Sci. 1455
(2019) 12-33, https://doi.org/10.1111/nyas.14123.


https://doi.org/10.1016/J.IJCARD.2019.04.089
https://doi.org/10.1016/j.ab.2018.12.022
https://doi.org/10.1016/j.jacc.2008.06.013
https://doi.org/10.1016/j.jacc.2008.06.013
https://doi.org/10.1016/j.bcp.2007.12.015
http://www.ncbi.nlm.nih.gov/pubmed/1905715
http://www.ncbi.nlm.nih.gov/pubmed/1905715
https://doi.org/10.1007/s00726-018-2674-8
https://doi.org/10.1007/s00726-018-2674-8
https://doi.org/10.1016/j.fob.2013.08.001
https://doi.org/10.1074/jbc.M200581200
https://doi.org/10.1074/jbc.M200581200
https://doi.org/10.3389/fnins.2017.00092
https://doi.org/10.1021/acs.jmedchem.0c01547
https://doi.org/10.1021/acs.jmedchem.0c01547
https://doi.org/10.1172/JCI.INSIGHT.129070
https://www.sciencedirect.com/science/article/pii/S0196978119301172?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0196978119301172?via%3Dihub
https://doi.org/10.1021/bi801864b
https://doi.org/10.1016/0021-9673(95)00175-m
https://doi.org/10.1016/0021-9673(95)00175-m
https://doi.org/10.1016/S0021-9673(02)00345-X
https://doi.org/10.1152/ajprenal.00606.2019
https://doi.org/10.21873/anticanres.13993
https://doi.org/10.1111/nyas.14123

	In vitro metabolism of synthetic Elabela/Toddler (ELA-32) peptide in human plasma and kidney homogenates analyzed with mass ...
	1 Introduction
	2 Material and method
	2.1 Materials
	2.2 ELA metabolism in human plasma and human kidney homogenate
	2.3 Reduction and alkylation
	2.4 High flow rate LC–MS/MS analysis
	2.5 Nano flow LC–MS/MS analysis
	2.6 Method development for analysis of endogenous ELA in human tissues
	2.6.1 Peptide using guanidine hydrochloride
	2.6.2 Peptide extraction and immunoprecipitation
	2.6.3 Peptide extraction using guanidine hydrochloride and TFA

	2.7 Peptide identification using PEAKS software
	2.8 Enzyme immunoassay
	2.9 Data analysis

	3 Results
	3.1 ELA-32 is more stable in human plasma than kidney
	3.2 Identification of in vitro metabolites of synthetic ELA-32 peptide
	3.2.1 In vitro metabolism of synthetic ELA-32 peptide in human plasma and tissue
	3.2.1.1 Metabolism profile of ELA-32 in human plasma

	3.2.2 In vitro metabolism of synthetic ELA-32 peptide in kidney lysates

	3.3 Development of extraction methods for detection of endogenous ELA isoforms by LC–MS/MS

	4 Discussions
	Grant information
	CRediT authorship contribution statement
	Appendix A Supplementary data
	References


