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Angiotensin1-9 antagonises pro-hypertrophic signalling
in cardiomyocytes via the angiotensin type 2 receptor

M. Flores-Mufioz!, N. J. Smith?, C. Haggerty!, G. Milligan® and S. A. Nicklin'

!Institute of Cardiovascular and Medical Sciences, BHF GCRC, University of Glasgow, Glasgow, UK
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Non-technical summary The renin—angiotensin system regulates the function of the cardio-
vascular system via the peptide hormone angiotensin II through a cellular receptor, the angiotensin
type 1 receptor. Angiotensin II can become overactive and contribute to the development of cardio-
vascular disease, resulting in hypertension and other disorders such as enlargement of the heart
muscle cells, termed cardiomyocyte hypertrophy. Here we demonstrate, for the first time, that an
alternative angiotensin peptide, called angiotensin 1-9, is able to inhibit cardiomyocyte hyper-
trophy induced by angiotensin II by binding and activating an alternative angiotensin receptor,
the type 2 receptor. This has implications for our understanding of the renin—angiotensin system
in normal cardiovascular function and in cardiovascular disease.

Abstract The renin—angiotensin system (RAS) regulates blood pressure mainly via the actions of
angiotensin (Ang)II, generated via angiotensin converting enzyme (ACE). The ACE homologue
ACE2 metabolises AngII to Angl-7, decreasing AnglI and increasing Angl-7, which counteracts
AngllI activity via the Mas receptor. However, ACE2 also converts Angl to Angl-9, a poorly
characterised peptide which can be further converted to Angl-7 via ACE. Angl-9 stimulates
bradykinin release in endothelium and has antihypertrophic actions in the heart, attributed to its
being a competitive inhibitor of ACE, leading to decreased Angll, rather than increased Angl-7.
To date no direct receptor-mediated effects of Ang1-9 have been described. To further understand
the role of Angl-9 in RAS function we assessed its action in cardiomyocyte hypertrophy in rat
neonatal H9¢2 and primary adult rabbit left ventricular cardiomyocytes, compared to Angl-7.
Cardiomyocyte hypertrophy was stimulated with AnglI or vasopressin, significantly increasing
cell size by approximately 1.2-fold (P < 0.05) as well as stimulating expression of the hypertrophy
gene markers atrial natriuretic peptide, brain natriuretic peptide, S-myosin heavy chain and
myosin light chain (2- to 5-fold, P < 0.05). Both Angl-9 and Angl-7 were able to block hyper-
trophy induced by either agonist (control, 186.4 um; Angll, 232.8 um; Angll4+Angl-7, 198.3 pum;
Angll+Angl-9, 195.9 um; P < 0.05). The effects of Angl-9 were not inhibited by captopril,
supporting previous evidence that Angl-9 acts independently of Angl-7. Next, we investigated
receptor signalling via angiotensin type 1 and type 2 receptors (AT, R, AT,R) and Mas. The AT,R
antagonist losartan blocked AnglI-induced, but not vasopressin-induced, hypertrophy. Losartan
did not block the antihypertrophic effects of Ang1-9, or Angl-7 on vasopressin-stimulated cardio-
myocytes. The Mas antagonist A779 efficiently blocked the antihypertrophic effects of Angl-7,
without affecting Angl-9. Furthermore, Angl-7 activity was also inhibited in the presence of
the bradykinin type 2 receptor antagonist HOE140, without affecting Angl-9. Moreover, we
observed that the AT,R antagonist PD123,319 abolished the antihypertrophic effects of Angl-9,
without affecting Angl-7, suggesting Angl-9 signals via the AT,R. Radioligand binding assays
demonstrated that Angl-9 was able to bind the AT,R (pK; = 6.28 £ 0.1). In summary, we ascribe
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a direct biological role for Angl-9 acting via the AT,R. This has implications for RAS function
and identifying new therapeutic targets in cardiovascular disease.
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Abbreviations Ang, angiotensin; ACE, angiotensin converting enzyme; AT|R, angiotensin type 1 receptor; AT,R,
angiotensin type 2 receptor; B,R, bradykinin type 2 receptor; ANP, atrial natriuretic peptide; BNP, brain natriuretic
peptide; CVD, cardiovascular disease; RAS, renin—angiotensin system.

Introduction

Essential hypertension is one of the most significant
risk factors for cardiovascular disease (CVD) and one
of its most common triggers is overactivity of the
renin—angiotensin system (RAS). The main RAS mediator
is angiotensin II (Angll) generated by angiotensin
converting enzyme (ACE), which acts in heart, blood
vessels, brain, kidney and adrenal cortex through its
two receptors, AT R and AT,R, to regulate blood
pressure, sodium handling and cardiovascular homeo-
stasis. AnglI also contributes to CVD pathophysiology
through stimulating inflammation, fibrosis, hyper-
trophy and oxidative stress. The AT,R is the main
mediator of AnglD’s signals, both physiological and
pathophysiological, including sodium reabsorption, vaso-
constriction, proliferation, inflammation, oxidative stress
and extracellular matrix remodelling (Bunkenburg et al.
1992; Brilla et al. 1997; Nakagami et al. 2003; Bai et al.
2004; Swaney et al. 2005; Igarashi et al. 2007). The AT,R is
only 34% homologous to the AT, R (Wang et al. 1995) and
the signalling mechanisms differ (Kurisu et al. 2003; Ritter
et al. 2003; Yayama & Okamoto, 2008). Certain studies
have suggested that AngllI signalling via this receptor
acts as a negative feedback loop on AT;R signalling
as, for example, blocking AT,R activation can promote
cardiomyocyte hypertrophy (Bartunek et al. 1999), while
lentiviral-mediated overexpression of the AT,R in stroke
prone spontaneously hypertensive rat hearts leads to
protection from increases in left ventricular mass index
(Metcalfe et al. 2004).

The ACE homologue ACE2 cleaves Angl and Angll
to form angiotensin 1-9 (Angl-9) and angiotensin
1-7 (Angl-7), respectively (Donoghue et al. 2000;
Crackower ef al. 2002). Angl-9 can also be formed by
carboxypeptidase activity (Garabelli ef al. 2008). Angl-7
blocks the effects of Angll in cardiovascular tissues
including heart, kidney and blood vessels (Grobe et al.
2007; Mercure et al. 2008; De Mello, 2009; Pinheiro et al.
2009) via the G protein-coupled receptor Mas (Santos
et al. 2003). For example, co-infusion of Angl-7 into
Angll-infused rats attenuates fibrosis, cardiac hypertrophy
and hypertension (Grobe et al. 2006) and Angl-7 also
reduces re-entrant arrhythmias (De Mello et al. 2007).
Conversely, little is currently known about Angl-9. It

reduces Angll levels through acting as a competitive
inhibitor of ACE activity and increases Angl-7 levels and
has previously been shown to stimulate bradykinin release
in endothelial cells (Jackman et al. 2002). Most recently
Ang1-9 was demonstrated to block cardiac hypertrophy
in a rat myocardial infarction model (Ocaranza et al
2010). This was not dependent on Angl-9 increasing
Angl-7 activity via the Mas receptor, but was thought to
be through competitive ACE inhibition decreasing AnglI
levels. Moreover, the authors demonstrated significant
upregulation in endogenous plasma Angl-9 levels in
animals placed on angiotensin receptor antagonists or
ACE inhibitors suggesting that, like Angl-7, Angl-9 may
be an endogenous component of the counter-regulatory
RAS. In the present study, we have further investigated
Angl-9 and Angl-7 function in cardiomyocyte hyper-
trophy in rat neonatal (H9¢2) and primary adult rabbit left
ventricular cardiomyocytes. We demonstrate that Ang1-9
is an active RAS hormone with actions distinguishable
from its merely being a substrate for Angl-7 generation or
a competitive inhibitor of ACE. Importantly, we show that
Angl-9 directly binds the AT,R and antagonises cardio-
myocyte hypertrophy.

Methods
Ethical approval

The isolation of primary rabbit cardiomyocytes was
approved by the University of Glasgow Animal Procedures
and Ethics Committee and performed in strict accordance
with UK Home Office guidelines.

Materials

All tissue culture reagents were purchased from Lonza
(Braine-L’Alleud, Belgium) unless otherwise indicated.
Angiotensin peptides were purchased from Sigma-Aldrich
(Poole, UK) or Phoenix Pharmaceuticals (Karlsruhe,
Germany: '®I-labelled Angll). Pharmacological receptor
antagonists were purchased from Sigma (losartan,
captopril, PD123,319) or Bachem (Rhein, Germany:
A779). Phalloidin-fluorescein  isothiocyanate  was
purchased from Sigma.
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Cell culture

H9c2 cells are an immortalised cardiomyocyte cell line
derived from neonatal rat cardiomyocytes and were
obtained from the European Collection of Animal Cell
Cultures (Porton Down, UK). H9¢2 cardiomyocytes were
cultured at 37°C and 5% CO, in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum
(FCS), 2 mMm L-glutamine, streptomycin (100 microg/mL)
and penicillin (100 IU/mL) (Invitrogen, Paisley, UK).

Primary cardiomyocyte isolation

Adult rabbit left ventricular cardiomyocytes were isolated
by cardiac retrograde aortic reperfusion. The heart was
digested with collagenase type I (400 U ml™"). Cells were
recovered in Krebs solution containing NaCl (20 mm),
Hepes (20 mMm), KCl (5.4 mm), NaH,PO, (0.52 mm),
MgCl, (3.5mM), taurine (20 mMm), creatine (10 mm),
glucose and bovine serum albumin at 37°C, pH 7.4. Cells
were washed 4 times consecutively with Krebs solution
supplemented with CaCl, at 100 uM, 400 uM, 700 uM and
1 mM, respectively. Cells were pelleted by gravity, followed
by gentle re-suspension in M199 medium supplemented
with taurine, carnitine, creatine and antibiotics.

Hypertrophy model

H9¢2 cells were seeded at 3 x 10* cells per well 24 h
prior to initiation of experiments. Cells were quiesced
in serum free medium for 24 h, followed by stimulation
with 100 nm AnglI (Sigma) and incubated for a further
96h at 37°C in order to induce hypertrophy. We
measured cell size with Image ProPlus 4.1 software (Media
Cybernetics, Basingstoke, UK). For each condition we
measured 100 cells (10 fields of view in each condition).
Alternatively, cells were stimulated with 1 uM arginine
vasopressin in a similar manner to that described above.
To investigate the role of Angl-7 and Angl-9 in hyper-
trophy, we incubated H9¢2 or adult rabbit primary left
ventricular cardiomyocytes with either Angl-7 or Angl-9
30 min before addition of Angll or arginine vasopressin.
To assess receptor specificity the following antagonists
were used: AT,R (losartan; 1 um), AT,R (PD123,319;
500 nM) Mas receptor (A779; 10 um), bradykinin type
2 receptor (B,R) antagonist HOE140 (1 um) and the
ACE inhibitor (captopril; 1 uM). Antagonists were added
15min before Angl-7 and Angl-9. Left ventricular
rabbit cardiomyocytes were seeded as above following
extraction and then stimulated with Angll or arginine
vasopressin, followed by incubation for 24h at 37°C.
In H9¢2 cardiomyocytes cell length was measured. In
primary cardiomyocytes length and midpoint width were
measured. Angl-7 and Angl-9 stimulation was performed
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as described above. Receptor specificity was assessed as
described above.

Real-time quantitative polymerase chain
reaction assays

H9¢2 cardiomyocytes were plated in six-well plates at
1 x 10° cells per well and either left non-stimulated
or stimulated with angiotensin peptides at 100 nm as
described previously, and RNA was isolated at 96 h
using the RNeasy mini kit (Qiagen, Crawley, UK)
following the manufacturer’s protocols. Following DNase
treatment (Applied Biosystems, Warrington, UK), RNA
was reverse transcribed to c¢cDNA using the Applied
Biosystems Reverse Transcription Kit following the
manufacturer’s instructions. Real-time quantitative poly-
merase chain reaction (QPCR) was performed using
inventoried SYBR green gene expression assays (Qiagen)
for atrial natriuretic peptide (ANP) brain natriuretic
peptide (BNP), 8-myosin heavy chain (8-MHC) and myo-
sin light chain (MLC) and normalised to the expression
of 185 RNA (Applied Biosystems) using an Applied
Biosystems 7900HT Sequence Detection System following
the manufacturer’s instructions.

Phalloidin staining

H9¢2 cardiomyocytes were seeded at 3 x 10* cells per well
on coverslips. Hypertrophy was stimulated as described
above. After 4 days cells were washed, fixed with 4%
paraformaldehyde and permeabilised with 0.1% Triton
X-100. Cells were washed in phosphate-buffered saline
(PBS) and stained with phalloidin solution (5 ugml™
(v/v) phalloidin-FITC, 1% (w/v) bovine serum albumin
in PBS). Unbound phalloidin was removed by washing
in PBS and coverslips mounted using Vectashield
(Vector Laboratories, Burlingame, CA, USA) containing
4',6-diamidino-2-phenylindole (DAPI).

Cell viability

CellTiter 96® Non-radioactive Cell Proliferation Assay
(Promega, Southampton, UK) was used to determine
cell death in the hypertrophy assay following the
manufacturer’s protocol. Briefly, H9¢2 cardiomyocytes
were plated ata seeding density of 3 x 10* cells per well and
the hypertrophy assay protocol followed. After 96 h, dye
solution containing tetrazolium was added to the culture
medium of each well in a 15:100 ratio and incubated for 4
hours at 37°C in 5% C0O,-95% air. After incubation 1 ml
of Solubilisation Solution/Stop Mix was added to each
well to solubilise the formazan product. Absorbance was
recorded at 570 nm using a Wallac Victor® plate reader
(Wallac, Turku, Finland).
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Figure 1. Role of Ang1-7 and Ang1-9 in Angll-induced hypertrophy

A, H9c2 cardiomyocytes were incubated with Ang1-7 or Ang1-9 at 10, 100 nm or 1 uM 30 min before stimulation
with 100 nm Angll. Cells were then incubated for a further 96 h, fixed, stained with crystal violet and cell
size measured using ImageProPlus. *P < 0.001 vs. control non-stimulated cells. #P < 0.05 vs. Angll-stimulated
cells. B, RNA was isolated from H9c2 cardiomyocytes following 96 h exposure to 100 nm Angll and/or 100 nm
Ang1-7 or Ang1-9, reverse transcribed and ANP, BNP, 8-MHC and MLC expression quantified via real-time QPCR
and normalised to 18S RNA expression. *P < 0.05 vs. control non-stimulated cells. C, following 96 h exposure
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Radioligand binding assays

HeLa cells were plated at 3 x 10* cells per well and
the following day transduced with adenoviral vectors
expressing either the ATy, or AT, receptor (AdAT;,R
and AdAT,R (Thomas et al. 2002; D’Amore et al. 2005)
at a range of multiplicities of infection (moi) of 50,
100 and 200. AT{,R and AT,R receptor expression was
determined by whole cell '*I-labelled Angll binding
at 4°C, as described previously (Thomas et al. 2002;
D’Amore et al. 2005) and virus was titrated such
that equivalent receptor expression levels were achieved.
In subsequent experiments, the affinity of '*I-labelled
AnglI was determined by homologous AnglI competition
experiments using two separate concentrations of radio-
ligand (0.01 nM and 0.03 nM) and these values were then
used to establish the apparent affinity of various unlabelled
ligands in heterologous binding experiments (Thomas
et al. 2002). Homologous and heterologous binding
values were determined using appropriate equations in
GraphPad Prism 5.02.

Statistical analysis

Experiments were performed in triplicate on
three different occasions. Data are shown as the
mean = standard error of the mean (S.E.M.) of three
independent experiments. Student’s ftest for paired
data and one-way ANOVA with Bonferroni’s correction
for multiple comparisons were applied and statistical
difference was considered to be with P values <0.05.

Results

Effect of Angll, Ang1-7 and Ang1-9 on cardiomyocyte
hypertrophy

It has been reported that addition of Angll to cardio-
myocytes induces an increase in hypertrophy markers
as well as an increase in cell size (Thomas et al. 2002;
Bai et al. 2004; D’Amore et al. 2005; Hwang et al.
2006; Laskowski et al. 2006; Majalahti et al. 2007).
Stimulation of H9¢2 cardiomyocytes with 100 nm Angll
for 96h induced a significant increase in cell size
when compared to non-stimulated cells (232.8 9.9 um
vs. 186.4+£54um; P<0.001) (Fig.1A). Assessment
of the induction of the hypertrophy gene markers
ANP, BNP, B-MHC and MLC revealed that addition

Ang1-9 signals via the AT,R 943

of Angll produced a significant increase (P < 0.05) in
expression, (Fig. 1B). Phalloidin-FITC staining of cells
revealed that non-stimulated cardiomyocytes displayed
an irregular pattern of sarcomere units throughout the
cytoplasm of the cell but increased organisation of the
sarcomeres was clearly evident following exposure of
H9c2 cardiomyocytes to AnglI (Fig. 1C). Next, we added
exogenous Angl-7 or Angl-9, to H9¢2 cardiomyocytes
stimulated with Angll in order to study their effects.
Both Angl-7 and Angl-9 were able to block the increase
in cell size induced by AnglIl in H9c2 cardiomyocytes
(Fig. 1A). Importantly, the cell length of AnglI-stimulated
cardiomyocytes incubated with Angl-7 or Angl-9
was not significantly different from that observed in
control non-stimulated cells (Angl-7, 198.3 + 6.0 um;
Angl-9, 959+ 2.1 um, P <0.001). These effects were
also apparent when gene expression levels of ANP,
BNP, B-MHC or MLC were quantified, with Angl-7
and Angl-9 abrogating the increase in each marker’s
gene expression induced by Angll (Fig. 1B). Phalloidin
staining of actin filaments revealed that AnglIl 4+ Angl-7
or Angl-9-stimulated H9c2 cardiomyocytes showed the
same irregular sarcomeric pattern as non-stimulated
cells in contrast to the organised phenotype apparent
with Angll alone (Fig. 1C). In rabbit primary cardio-
myocytes cell length and width were measured separately
and exposure to 500nM Angll induced a significant
increase in cell width (non-stimulated, 29.6 &= 1.4 pum;
AnglI-stimulated, 38.8 £ 1.6 um; P < 0.001) but not cell
length (Fig. 1D). This suggested AnglI induced concentric
hypertrophy in these cells. When exogenous Angl-7 and
Angl-9 were added to AnglI-stimulated left ventricular
rabbit primary cardiomyocytes we observed similar
results. Angll induced a significant increase in the width
of the cell and both Angl-7 and Angl-9 were able to
block AnglI-induced hypertrophy at all concentrations
(P <0.01) (Fig. 1D).

Effect of ACE inhibition

Angl-9 has been described as a substrate for Angl-7
generation via ACE cleavage (Schluter & Wenzel,
2008) and therefore to assess if conversion to Angl-7
was necessary for the anti-hypertrophic effects of
Angl-9 we assessed hypertrophy in the presence
of the ACE inhibitor captopril. In the presence
and absence of captopril Angl-9 was still able to

to angiotensin peptides, a-actin filament reorganisation in H9c2 cardiomyocytes was evaluated by staining with
FITC-labelled phalloidin. Magnification 100x, scale bar = 100 um. D, left ventricular primary cardiomyocytes
were extracted from adult rabbits via collagenase digestion, plated and immediately stimulated with Ang1-7 or
Ang1-9 at 100 nm, 500 nm or 1 um 30 min before stimulation with 500 nm Angll. Cells were then incubated for a
further 24 h before measurement. Cell length and width were measured using ImageProPlus. *P < 0.01 vs. control

non-stimulated cells. #P < 0.05 vs. Angll-stimulated cells.
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block Angll-induced hypertrophy (non-stimulated,
1357+ 53 um;  Angll-stimulated, 169.4+7.9 um;
Angl-9, 126.4 + 4.6 pm; Ang1-9 + captopril,
121.2 £ 6.0 um; P < 0.001) (Fig. 2A). The increase in cell
width induced by AnglI in rabbit primary left ventricular
cardiomyocytes was also normalised (non-stimulated,
22.4 + 0.6 om; AnglI-stimulated, 35.4 £ 0.9 um; Angl-9,
263+ 0.8 um;  Angl-9 4 captopril, 24.8 0.8 um;
P <0.01) (Fig. 2B). These results imply that Angl-9 acts
independently of Ang1-7 and that it has anti-hypertrophic
effects in cardiomyocytes.

The role of the Mas, AT, and AT, receptors

Angl-7 has been described to antagonise Angll-induced
hypertrophy by engaging the Mas receptor (Santos
et al. 2003, 2006; Dias-Peixoto et al. 2008; Pinheiro
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Figure 2. Ang1-9 mediated inhibition of hypertrophy in the
presence of ACE inhibition

A, H9c2 cardiomyocytes were incubated with captopril at 100 um
15 min before addition of Ang1-9 (100 nm) and Angll. B, rabbit
primary cardiomyocytes were incubated with captopril at 1 um
15 min before addition of 500 nm Ang1-9. *P < 0.001 vs. control
non-stimulated cells; #P < 0.001 vs. Angll stimulated cells.
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et al. 2009). To determine whether Angl-9 signalled
via Mas we used the specific Mas antagonist A779.
Pre-incubation of Angll-stimulated H9c2 cardio-
myocytes with 10 um A779 prior to the addition
of Angl-7 blocked its anti-hypertrophic effect
(non-stimulated, 191.1 £6.6 um; AnglI-stimulated,
288.6 & 12.3 um; Angl-7, 218.3+9.8 um; Angl-7+
A779, 275.5+ 14.0 um; P < 0.001) (Fig.3A). However,
A779 did not block the anti-hypertrophic effects of
Angl-9 (Angl-9, 242.4410.7 um; Angl-9+ A779,

223.5+8.4 um; P<0.001) (Fig.3A). In adult left
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Figure 3. The role of the Mas receptor in Ang1-7 and Ang1-9
signalling in cardiomyocytes

A, H9c2 cells were pre-incubated with Angll (100 nwm), prior to
addition of the Mas antagonist A779 (10 um) 15 min before addition
of 100 nm Ang1-7 or Ang1-9. B, addition of A779 (10 um) in adult
rabbit left ventricular primary cardiomyocytes, prior to addition of
500 nM Ang1-7 or Ang1-9. *P < 0.001 vs. control non-stimulated
cells; #P < 0.001 compared to Angll stimulated cells.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society



J Physiol 589.4

ventricular rabbit primary cardiomyocytes, A779 also
blocked the anti-hypertrophic effects of Angl-7, without
affecting the actions of Angl-9 (Fig.3B). These results
confirmed that Angl-9 has an independent effect on
cardiomyocytes from that of Angl-7 and that it signals
via a different receptor from Mas.

Next, to determine which receptor Angl-9 was
signalling via we blocked the AT R with losartan (Fig. 4).
As Angll signals through the AT R, we induced hyper-
trophy with arginine vasopressin. First, we confirmed
that pre-incubation with losartan blocked AnglI-induced
hypertrophy (Fig. 4). Arginine vasopressin, however, was
still able to induce cardiomyocyte hypertrophy in the
presence of either 1 or 10 uM losartan (non-stimulated,
179.2 +5.4 um;  Angll-stimulated, 253.4 4+ 8.4 um;
AnglI + losartan 1 uM, 201.0 £ 6.1 um; Arg-vasopressin,
227.4+£9.8 um;  Arg-vasopressin + losartan 1 um,
247.8+7.2 um; P <0.001). Next, we pre-incubated
arginine vasopressin stimulated H9c2 cardiomyocytes
with losartan, and Angl-7 or Angl-9. Blocking the
AT R with losartan did not inhibit the anti-hypertrophic
effects of either Angl-7 or Angl-9. This confirmed that
while Angll induced hypertrophy via the AT,R, both
Angl-7 and Angl-9 did not antagonise AnglI signalling
by competition for the AT R. In addition, both Angl-7
and Angl-9 were able to block pro-hypertrophic signals
induced by alternative stimuli.

We next addressed the role of the AT,R, as the
other classical RAS receptor mediating the effects of
Angll. First we confirmed that AT,R agonism blocked
AnglI induced hypertrophy using the selective agonist
CGP42112 (Ohkubo et al. 1997) (Supplemental Fig. S1).
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To assess the role of the AT,R in the effects of Angl-7
and Ang1-9, the AT,R antagonist PD123,319 was utilised.
Addition of PD123,319 at 100 nM, 500 nM or 1 uM alone
did not affect Angll-induced hypertrophy, or result in
inhibition of either ANP or BNP expression, confirming
that Angll-induced hypertrophy in this model was
via the AT|R and did not involve the AT,R (Fig.5A
and B). Additionally, the anti-hypertrophic effect of
Angl-7 was not abolished in the presence of PD123,319
(Angl-7, 221.1 + 6.4 um; Angl-7 4+ PD123,319 500 nM,
216.2 7.0 um; P < 0.001). However, when PD123,319
was added to Angl-9-stimulated cardiomyocytes, the
anti-hypertrophic effect of Angl-9 on both cell size and
inhibition of ANP and BNP gene expression was blocked
(Angl-9, 216.3 6.1 um; Angl-9 4 PD123,319 500 nM,
290.8 + 8.3 um; P < 0.001) (Fig. 5B). These results were
additionally replicated in rabbit primary cardiomyocytes
(Fig. 5C). These results suggest that Angl-9 signals
through the AT, R receptor. Since AnglI has been described
to stimulate apoptosis in cardiomyocytes (Cigola et al.
1997; Goldenberg et al. 2001) we next examined cell
death following exposure to peptides. We observed no
differences in cell death between non-stimulated cells and
cells exposed to peptides (Supplemental Fig. S2). To begin
to understand the downstream signalling pathways from
Angl1-9 we focused on the classical cardiomyocyte hyper-
trophy pathways via protein kinase C (PKC) translocation
and activation of ERK1/2 by phosphorylation (Zou et al.
1996; Vijayan et al. 2004; Pan et al. 2005) using Western
phospho-immunoblotting and immunofluorescence and
observed no differences between Angll and Angl-7 or
Angl-9 stimulated cells (data not shown).

Losartan 1uM
EE3 Losartan 1M

+ + -+ + Losartan

Unstimulated Ang II

Vasopressin

Angl-7 Angl-9

+Vasopressin

Figure 4. The role of the AT4R in Ang1-7 and Ang1-9 signalling in cardiomyocytes

H9c2 cardiomyocytes were stimulated with arginine vasopressin (1 um) to induce hypertrophy. Losartan (1
and 10 uMm) was added to block Angll-induced hypertrophy but not arginine vasopressin‘s action. Cells were
pre-incubated with losartan and arginine vasopressin before addition of 100 nm Ang1-7 or Ang1-9. (VSP: arginine
vasopressin). *P < 0.001 vs. control non-stimulated cells; #P < 0.001 vs. Angll stimulated cells.
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Cross talk with the bradykinin type 2 receptor

Since the B,R has been reported to heterodimerise
with the AT,R and Mas, leading to cellular effects
(Kurisu et al. 2003), we next investigated whether
it contributed to Angl-7 and/or Angl-9 function
using the specific B,R blocker HOE140. H9¢2 cardio-

M. Flores-Munoz and others
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myocytes were incubated with either A779 or PD123,319
and HOE140 before addition of Angl-7 or Angl-9.
HOE140 was unable to affect Angll-induced hyper-
trophy, indicating there was no cross-talk between the
B,R and the AT,R (non-stimulated, 174.7 5.5 um;
non-stimulated + HOE140, 161.6 4.4 um;  Angll,

246.5£9.8 um; Angll + HOE140, 248.3+£7.5 um;
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Figure 5. The role of the AT;R in Ang1-7 and Ang1-9 signalling in cardiomyocytes

A, Angll-stimulated H9c2 cardiomyocytes were pre-incubated with the AT,R antagonist PD123,319 15 min before
addition of Ang1-7 (100 nm) or Ang1-9 (100 nm). B, RNA was isolated from H9c2 cardiomyocytes following
96 h exposure to Angll (100 nm) and/or Ang1-7 (100 nm) or Ang1-9 (100 nm) in the presence or absence
of the AT,R antagonist PD123,319 (500 nm) before RNA was isolated, reverse transcribed and ANP and BNP
expression quantified via real-time PCR. *P < 0.05 vs. control non-stimulated cells. C, in adult rabbit left ventricular
primary cardiomyocytes PD123,319 was added 15 min prior to addition of Ang1-7 (500 nm) or Ang1-9 (500 nm).
(PD123 =PD123,319.) *P < 0.001 vs. control non-stimulated cells; #P < 0.001 vs. Angll stimulated cells.
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P <0.001) (Fig.6). However, blockade of the B,R
in cardiomyocytes stimulated with Angl-7 partially
inhibited the anti-hypertrophic effect of Angl-7 (Fig. 6).
Although there was no significant difference between
AnglI-stimulated cells and Angl-7 + HOE140 stimulated
cells, there was a significant increase in cell size observed
between HOE140 and Angl-7 co-incubated cardio-
myocytes versus Angl-7 alone (Angl-7, 167.8 4.2 um;
Angl-7 + A779, 2264+ 7 um; Angl-7 + HOE,
209.1 £6.2 um; P <0.05) (Fig.6). However, HOE140
did not inhibit the anti-hypertrophic effect of Angl-9
(Angl-9, 174.7 £ 4.5 pm; Angl-9 4 PD123,319,
228.248.0 um; Angl-9 + HOE140, 185.54 5.5 um)
(Fig. 6) suggesting that crosstalk occurred for Angl-7
Mas/B,R but not for Angl-9 engagement at the AT,R.

Determination of Ang1-9 affinity at the AT,R

Our inhibitor studies suggested that Angl-9 exerted
its anti-hypertrophic effects via the AT,R. To confirm
unequivocally that Angl-9 was capable of binding
to the AT,R, we performed radioligand binding
experiments. Homologous (Angll) and heterologous
competition curves were generated for AT|R and AT,R
in HeLa cells exogenously expressing the receptors
via adenovirus-mediated gene transfer. For Angll
competition experiments, data were best fitted by
a one-site homologous competition equation that
accounted for radioligand depletion, as receptor binding
exceeded 10% of total '*I-labelled Angll added to the
assay at both concentrations of radioligand (0.01 and
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Table 1. Apparent affinities of ligands at AT; and AT,
receptors

AT, receptor AT, receptor

pKi* S.E.M. pKi* S.E.M.
Angll 8.42 +0.03 8.89 +0.13
Ang1-9 6.61+ 0.32 6.28 +0.10
Ang1-7 6.14 £ 0.25 7.02 £ 0.14%
PD123319 no fit 8.67 +0.34
Losartan 7.74 £+ 0.05 not determined

*pK;i except for Angll which is pKy, tn = 2 at AT, receptor.

0.03nM) (Table1). Angll showed expected pKy values
of 8.424.0.3 and 8.89 +0.13 at the AT,R and AT,R,
respectively. For remaining ligands, data were analysed
using a one-site heterologous binding equation with
correction for depletion. In this case, we were able to
demonstrate that Angl-9 was indeed able to compete
with radiolabelled AnglI at both receptors with pK; values
of 6.61 £0.32 and 6.28 £ 0.10 at the AT;R and AT,R,
respectively (Table 1).

Discussion

Here we define a novel function for the angiotensin meta-
bolite Angl-9 as an antagonist of cardiomyocyte hyper-
trophy. Angl-9 antagonises pro-hypertrophic signals in
cardiomyocytes from different species, representing both
neonatal and adult lineages. Additionally, Ang1-9 utilises
the AT, R to mediate its signals, segregating its actions from
those of Angl-7, which engages the Mas receptor.

300 1~
T 250 1 VT = *
&
E 200 1 g % % '
"L ) Al
_ / / 7
150 - ;:E/ - {E/ i A779 ﬁ - PD Hof
Unstimulated Angli Angl-7 Angl-9

Figure 6. The role of the B;R in Ang1-7 and Ang1-9 signalling in cardiomyocytes

H9c2 cardiomyocytes were incubated for 24 h in serum free medium before adding HOE140 (1 um), A779 (10 M)
or PD123,319 (500 nm). Cells were incubated for 15 min before adding Ang1-7 or Ang1-9 (100 nwm) followed by
Angll 30 min later. Following 96 h incubation, cells were fixed and stained with crystal violet and cell size measured
with ImageProPlus. *P < 0.001 vs. non-stimulated cells; #P < 0.001 vs. Angll stimulated cells; **P < 0.001 vs.
Ang1-7 stimulated cells. (PD = PD123,319; HOE = HOE140.)
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Both Angl-7 and Angl-9 are the main products of
the ACE-ACE2 axis in the heart. Angl-7 antagonises
the pathophysiological signalling of Angll, which leads
to adverse cardiac remodelling such as fibrosis and
left ventricular hypertrophy (Grobe et al. 2006, 2007;
Mercure et al. 2008), highlighting its importance in the
counter-regulatory arm of the RAS. Although Angl-7 may
interact with the AT R and AT,R (Walters et al. 2005; Silva
et al. 2007), Angl-7 mainly utilises a unique receptor, Mas
(Santos et al. 2003; Santos et al. 2006; Sampaio et al. 2007;
Dias-Peixoto ef al. 2008). In this study Angl-7’s effects in
cardiomyocytes are mediated through Mas.

Ocaranza et al. (2010) recently demonstrated an
anti-hypertrophic effect for Angl-9 in rat myocardial
infarction as a result of Angl-9 inhibiting ACE, leading
to decreased Angll. In this study ACE inhibition did not
block the effects of Ang1-9. This suggests that while Ang1-9
may mediate some effects via ACE inhibition, its effects
are also produced via direct AT,R activity. The AT,R is
proposed to counter-regulate AngllI signalling at the AT, R
since AT,R activation by AnglI releases bradykinin and
NO (Abadir et al. 2006). The B,R has been reported to
heterodimerise with the AT, R and Mas (Kurisu et al. 2003;
Soares de Moura et al. 2004; Peiro et al. 2007), and Jackman
et al. showed that Angl-9 potentiated B,R activity in end-
othelial cells (Jackman et al. 2002). However, here B,R
activity did not affect Angl1-9, in contrast to Angl-7, as
the B,R antagonist HOE140 partially blocked the effects
of Angl-7. This is in agreement with previous reports that
Mas receptor and B, R cross-talk occurs to mediate effects
of Angl-7 (Ferreira et al. 2002). Although the circulating
concentrations of Angl-9 are reported to be in the
2-6 fmol ml™! range (Campbell et al. 1993; Ocaranza et al.
2006) it has been reported that they rise following cardiac
injury such as myocardial infarction (MI) (Ocaranza et al.
2010). However, the tissue concentrations in the heart are
still relatively unexplored. It has been shown that in kidney
tissue Angl-9 levels are 100-fold higher than plasma and
are 3 times higher than Angl-7 concentration, reaching
half the concentration of Angl (Campbell ef al. 1993).
Moreover, in human heart failure patients, myocardium
forms in the region of 1 nMmin~' mg~' Angl-9 and
furthermore the tissue contains as much as 170 nMm Ang],
of which 85% is rapidly converted to equivalent levels of
Angl-9 and AngllI (Kokkonen et al. 1997). This provides
evidence that in vivo tissue concentrations of Angl-9 in
(patho)physiological settings in both experimental models
and patients may reach concentrations reflecting those
used here.

Radioligand binding showed that Angl-9 could bind
both the AT R and AT,R. However, Ang1-9 and not AnglI
affected hypertrophy through the AT,R, as PD123,319
did not alter Angll-mediated growth but did block the
effects of Angl-9. Despite having ~100-fold lower affinity
than AnglI for the AT,R, the selective AT,R activity of

J Physiol 589.4

Angl-9 is not inconsistent with current pharmacological
models of G protein-coupled receptor signalling and
activation. Indeed, the concept of functional selectivity,
where individual ligands at a receptor have the capacity to
selectively stabilise conformations which lead to distinct
signalling outcomes (Galandrin et al. 2007; Kenakin, 2007,
2008; Smith et al. 2010), is supported by a previous
study in which the critical amino acids and the mode of
binding of ligands at the AT R and AT, R were investigated
(Miura & Karnik, 1999). While agonist activation of the
AT/ R was particularly sensitive to peptide modifications
that disrupted contact points between the octapeptide
and receptor, substitutions within AnglI were far better
tolerated by the AT,R (Miura & Karnik, 1999). The authors
concluded that the AT,R exists in a relaxed conformation
and that Angll therefore binds at multiple indistinct
contact points (Miura & Karnik, 1999). Since Angl-9
contains the entire Angll sequence plus a C-terminal
histidine, our observations indicate that this difference
may stabilise the AT,R in a conformation able to counter-
act hypertrophic signalling in cardiomyocytes. Since we
did not observe functional competition between AngII
and Angl-9 at the AT,R, Angl-9 may be a preferential
ligand for the AT,R. What remains to be determined is the
downstream signalling effects from Angl-9; preliminary
studies indicate that the classical pathways via PKC trans-
location and ERK1/2 activation (Zou et al. 1996; Vijayan
et al. 2004; Pan et al. 2005) are not different between
Angll-, Angl-7- and Angl-9-stimulated cells. Since the
downstream signalling from the AT,R is unclear at pre-
sent, future studies will be required to delineate these
mechanisms.

In summary, here we have demonstrated that Angl-9
is able to antagonise AnglI signalling in cardiomyocytes
selectively via the AT,R, highlighting that Angl-9, along
with Angl-7, makes up part of the counter-regulatory arm
of the RAS.
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