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AM1-receptor-dependent protection by intermedin of
human vascular and cardiac non-vascular cells from
ischaemia–reperfusion injury
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Key points

• Coronary artery disease occurs when fatty deposits cause obstruction to blood flow in the
coronary arteries, reducing the supply of blood to the heart. This can damage the heart muscle
(heart attack).

• In this study, a small protein named intermedin is shown to be present in cells from the human
heart and blood vessels.

• Intermedin, acting on a specific type of receptor protein shown to be present on the surface
of these cells, is found to protect against damage occurring during experiments conducted
in human cardiac and vascular cells in culture under conditions designed to simulate initial
obstruction and subsequent restoration of blood flow, respectively.

• These results suggest that administration of intermedin might provide a novel therapeutic
strategy to minimise damage to heart muscle following a heart attack.

Abstract Intermedin (IMD) protects rodent heart and vasculature from oxidative stress and
ischaemia. Less is known about distribution of IMD and its receptors and the potential for similar
protection in man. Expression of IMD and receptor components were studied in human aortic
endothelium cells (HAECs), smooth muscle cells (HASMCs), cardiac microvascular endothelium
cells (HMVECs) and fibroblasts (v-HCFs). Receptor subtype involvement in protection by IMD
against injury by hydrogen peroxide (H2O2, 1 mmol l−1) and simulated ischaemia and reperfusion
were investigated using receptor component-specific siRNAs. IMD and CRLR, RAMP1, RAMP2
and RAMP3 were expressed in all cell types. When cells were treated with 1 nmol l−1 IMD during
exposure to 1 mmol l−1 H2O2 for 4 h, viability was greater vs. H2O2 alone (P < 0.05 for all cell
types). Viabilities under 6 h simulated ischaemia differed (P < 0.05) in the absence and presence
of 1 nmol l−1 IMD: HAECs 63% and 85%; HMVECs 51% and 68%; v-HCFs 42% and 96%.
IMD 1 nmol l−1 present throughout ischaemia (3 h) and reperfusion (1 h) attenuated injury
(P < 0.05): viabilities were 95%, 74% and 82% for HAECs, HMVECs and v-HCFs, respectively,
relative to those in the absence of IMD (62%, 35%, 32%, respectively). When IMD 1 nmol l−1

was present during reperfusion only, protection was still evident (P < 0.05, 79%, 55%, 48%,
respectively). Cytoskeletal disruption and protein carbonyl formation followed similar patterns.
Pre-treatment (4 days) of HAECs with CRLR or RAMP2, but not RAMP1 or RAMP3, siRNAs
abolished protection by IMD (1 nmol l−1) against ischaemia–reperfusion injury. IMD protects
human vascular and cardiac non-vascular cells from oxidative stress and ischaemia–reperfusion,
predominantly via AM1 receptors.

D. Bell and M. Campbell are joint first authors.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society DOI: 10.1113/jphysiol.2011.221895



1182 D. Bell and others J Physiol 590.5

(Received 6 October 2011; accepted after revision 19 December 2011; first published online 19 December 2011)
Corresponding author D. Bell: Therapeutics and Pharmacology, School of Medicine, Dentistry and Biomedical Sciences,
QUB, Whitla Medical Building, 97 Lisburn Road, Belfast BT9 7BL, UK. Email: d.bell@qub.ac.uk

Abbreviations AM, adrenomedullin; CGRP, calcitonin gene-related peptide; CRLR, calcitonin receptor-like receptor;
DNPH, 2,4-dinitrophenylhydrazine; HAEC, human aortic endothelial cell; HASMC, human aortic smooth muscle
cell; HMVEC, human cardiac microvascular endothelial cell (HMVEC); IMD, intermedin; RAMP, receptor
activity-modifying protein; ROS, reactive oxygen species; v-HCF, human ventricular cardiac fibroblast.

Introduction

Intermedin (adrenomedullin-2, IMD), a member of the
calcitonin/calcitonin gene-related peptide (CGRP) family,
is an emerging counter-regulatory peptide in the cardio-
vascular and renal systems (Bell & McDermott, 2008).
Cleavage sites demarcated by paired basic amino acids
at various positions within the mammalian prepro-IMD
precursor yield a series of peptides of varying length,
namely IMD1−53, IMD1−47 and IMD8−47 (Roh et al.
2004; Yang et al. 2005). IMD has similar but distinct
vasodilator and hypotensive actions to adrenomedullin
(AM) and CGRP (Takei et al. 2004; Fujisawa et al.
2007; Bell & McDermott, 2008; Jolly et al. 2009).
IMD augments cardiac contractility (Dong et al. 2006),
prevents calcification of vascular smooth muscle (Cai
et al. 2010), inhibits collagen synthesis, attenuates
proliferation of cardiac fibroblasts (Yang et al. 2009),
and attenuates cardiomyocyte hypertrophy (Pan et al.
2005; Zhao et al. 2006; Bell & McDermott, 2008; Yang
et al. 2010). IMD exerts its physiological effects mainly
through the common calcitonin receptor-like receptor
(CRLR)–receptor activity-modifying protein (RAMP)
receptor system shared with CGRP and AM, which gives
rise to CGRP1, AM1 and AM2 receptor subtypes at which
IMD interacts non-selectively (Bell and McDermott,
2008), although the existence of additional receptors
specific for IMD has been suggested (Taylor et al. 2006;
Owji et al. 2008; Zeng et al. 2009).

Surplus generation of reactive oxygen species
(ROS) such as superoxide and hydrogen peroxide,
termed oxidative stress, has been implicated in
the pathophysiology of hypertension, atherosclerosis,
myocardial ischaemia–reperfusion injury and cardiac
remodelling (Cai, 2005; Pearson et al. 2009). IMD is
protective in vitro and in vivo against endothelial damage
induced by oxidative stress (Chen et al. 2006; Hagiwara
et al. 2008; Song et al. 2009). Adenoviral vector-mediated
delivery of the IMD gene promotes angiogenesis and
improved blood flow in a rodent model of chronic
hindlimb ischaemia (Smith et al. 2009). IMD attenuates
myocardial injury in a rodent model of β-adrenergic
drive (Jia et al. 2006); this could be attributed to an
indirect coronary vasodilator effect of the peptide (Pan
et al. 2005). Similarly IMD reduces ischaemia–reperfusion

injury acutely in the isolated perfused rat heart (Yang
et al. 2005). Receptor subtype involvement in the actions
of IMD was not determined in these studies. IMD
is expressed less abundantly and in a more restricted
fashion in the rodent cardiovascular system than AM
(Bell & McDermott, 2008). Although upregulation of
myocardial expression of IMD and each of its receptor
components was demonstrated in the model of chronic
β-adrenergic drive (Jia et al. 2006) and in a model of
long term nitric oxide deficiency (Zhao et al. 2006; Bell
et al. 2007, 2008), it is not clear that such upregulation
would occur in acute ischaemic insult and there is
lack of consensus regarding the magnitude of increase
for each receptor component. IMD is protective during
reperfusion in a mouse model of ischaemia induced by left
anterior descending coronary artery ligation (mechanical
intimal-to-medial injury); receptor subtype involvement
was not determined, however. RAMP3 expression was
upregulated earlier during reperfusion that that of RAMP2
while RAMP1 expression remained unchanged (Zhang
et al. 2009).

In humans, CRLR is expressed in endothelium of
blood vessels including large and small arteries, veins
and capillaries and in myocardium and endocardium.
Differential RAMP expression has been detected in
endothelium of human coronary and cerebral arteries,
coronary artery vascular smooth muscle and myocardial
trabeculae (Kamitani et al. 1999; Frayon et al. 2000;
Saetrum et al. 2000; Sams et al. 2000; Hagner et al. 2002;
Oliver et al. 2002; Jansen-Olesen et al. 2003; Nagoshi et al.
2004; Nikitenko et al. 2006). In contrast, information on
IMD expression in human heart and vasculature is limited.
IMD is found in vascular smooth muscle of human skin
(Kindt et al. 2007), and, in patients without evident cardiac
disease post mortem, in left ventricular cardiomyocytes,
pericardial adipocytes, endothelial cells of pericardial veins
and vascular smooth muscle cells of coronary arteries
(Morimoto et al. 2007), and is present in plasma of healthy
volunteers (Morimoto et al. 2007), albeit less abundantly
than AM (Bell & McDermott, 2008), suggestive of a
more restricted distribution within the cardiovascular
system.

It is not clear how ischaemic studies in rodents translate
to humans since the methods used in rodent models could
not be employed in human studies and the extracellular
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environment and temporal aspect differ somewhat from
the clinical manifestation of acute coronary syndrome
in humans; differences in upregulation of the receptor
components may be species dependent, may be related to
duration of insult, and may also vary by cell type within the
tissue beds investigated. IMD is expressed, less abundantly
than AM, in endothelial cells from human aorta and
umbilical vein, but in contrast to AM it is up-regulated
markedly due to metabolic stressors, including hydro-
gen peroxide, and is protective of aortic endothelial cells
against oxidative injury and apoptosis (Pearson et al.
2009). Further research in isolated human cells is required
to provide the justification for clinical trials. The response
to ischaemic and/or reperfusion injury and the potential
for protection by IMD has not been investigated in human
cells.

The aim of the present study was first to examine
the expression of IMD at both the mRNA and the
protein level relative to that of AM and components of
the CRLR/RAMP receptor system in a range of adult
human cells in culture; specifically to compare expression
patterns of these peptides and their receptor system
in macrovascular (human aorta) and microvascular
(coronary microvasculature) endothelial cells and in aortic
vascular smooth muscle cells and non-vascular cells
from myocardium, namely ventricular cardiac fibroblasts.
Secondly, the direct cardioprotective effects of exogenous
IMD were examined in response to oxidative stress,
induced in cultured cells by (1) administration of hydro-
gen peroxide; (2) simulated ischaemia–reperfusion injury
using a protocol designed to simulate the ischaemic
environment, namely impaired supply of oxygen and
glucose, markedly acidic pH and increased extracellular
K+ ion (Van den Hoek et al. 2000; Townsend et al.
2004; McDermott et al. 2007). In the latter, the effects of
IMD administration given throughout the ischaemia and
reperfusion period were compared with those of giving the
peptide during the reperfusion phase only (investigating a
potential benefit for IMD as a post-myocardial infarction
adjunct therapy). Finally, evidence for involvement of
CRLR and the various RAMPs in the protective action
of IMD was investigated using silencing RNA targeting
specific CRLR/RAMP components.

Methods

Cell culture

Adult human cardiac microvascular endothelial cells
(HMVECs) and human aortic endothelium cells
(HAECs) were obtained from PromoCell, Heidelberg,
Germany; adult human aortic smooth muscle cells
(HASMCs) were, as previously described, primary
explant-derived from transplant donors with written
consent and ethical approval (Campbell et al. 2008);

and human ventricular cardiac fibroblast (v-HCFs)
(ScienCell Research Laboratories, San Diego CA,
USA/TCS Cellworks, Buckingham, UK) were a gift from
University College, Dublin. Cells were cultured in cell
type-specific media supplemented with 200 μmol l−1

glutamine dimer, 2 μg ml−1 amphotericin-B, 60 μg ml−1

penicillin-G and 100 μg ml−1 streptomycin sulphate
(Invitrogen, UK). Cells were grown in T25 flasks (Iwaki,
Japan), or on sterile glass coverslips placed in 12-well
plates, at 37◦C in 5% CO2 in a humidified incubator;
medium was replaced every 3–4 days. Cells were sub-
cultured every 10–14 days (at ∼80–90% confluence).
Experiments were conducted at passage 4–8, at which
time cells demonstrated good growth rates without loss
of phenotype.

Hydrogen peroxide-induced oxidative stress

Cells were incubated in cell type-specific media as above
in 5% CO2 at 37◦C in the presence of hydrogen peroxide
(≤10 mmol l−1, Sigma-Aldrich, UK) with or without
IMD1−47 (≤100 nmol l−1, Bachem, St Helens, UK) for 4 h.

Ischaemia and ischaemia–reperfusion protocols

The medium used to simulate ischaemia was pre-
pared freshly for each experiment and consisted
of M199 plus Hepes (free acid) 12.5 mmol l−1,
KCl 4 mmol l−1, 2-deoxyglucose 20 mmol l−1 (Fluka
Biochemica, Switzerland; hinders glycolysis) and
penicillin/streptomycin (2% v/v), gassed for 2 h with
100% N2 and maintained at pH 5.8. (Nitrogen was gassed
through a humidified sealed container inside an adapted
incubator and emptied through a water-seal trap into the
incubator.) Normal medium consisted of M199, Hepes
(free acid; 12.5 mmol l−1), and penicillin/streptomycin
(2%, v/v), placed in an air incubator and maintained at
pH 7.4. To examine the concentration dependence of
the protective effect of IMD against ischaemic injury,
cells were incubated in ischaemic medium in 100% N2

at 37◦C for 4 h with or without IMD (≤100 nmol l−1);
cells incubated in normal medium in an air incubator
with or without IMD (≤100 nmol l−1) served as
time-matched controls. To investigate the protective
effects of IMD in simulated ischaemia–reperfusion,
cells were incubated for 3 h in ischaemic medium in
100% N2 at 37◦C; cells were then returned to normoxic
conditions (normal medium in air incubator) for 1 h;
cells which were maintained under ischaemic conditions
or normoxic conditions throughout for 4 h served for
comparison. The influence of IMD (1 nmol l−1), present
throughout 3 h ischaemia and 1 h reperfusion, or during
1 h reperfusion only, was compared with that in cells
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Table 1. Primers sequences

Forward Backward

IMD TCCAGTGAGAATCCCCCTACC GAGATTGATGGCGTTGGAGG
AM AAACTGATTTCTCACGGCGTG AATAGTGAGGCTTGCGCCC
CRLR CATTCAACAAGCAGAAGGCG CAGAGCCATCCATCCCAGG
RAMP1 CTGGCCCATCACCTCTTCAT CACCGTAGTTAGCCTCCTGGC
RAMP2 CGAAAAGGATTGGTGCGACT CAGGGTGCTATAAGGCCTGC
RAMP3 GAGGTTCTCATCCCGCTGATC CATGGCGACAGTCAGAACGA
GAPDH ATCGATGACAACTTTGGTATCGTG GGCATGGACTGTGGTCATGAG
β-Actin GACTCCGGTGACGGGGTCACC CACGATGGAGGGGCCGGACTC

Accession numbers are taken from the European Molecular Biology
Laboratory (EMBL) database, which is part of the International Nucleotide
Sequence Database Collaboration.

incubated under identical conditions in the absence of
IMD.

siRNA protocol

For each transfection, cells were incubated with siRNA
duplex for the receptor (Sc-43705) or RAMP1–3
(Sc-40894, Sc-36378 and Sc-40896 respectively) together
with transfection reagent in transfection medium (all
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA)
for 6 h. Cells then received normal growth medium
containing twice as much serum and antibiotics as
usual (Campbell et al. 2008). Cells were incubated for a
further 18–24 h before changing to normal 1× growth
medium. After 72 h under these conditions, cells were
used in ischaemia–reperfusion protocols as described
above.

Cell viability

Following trypsinisation, neutralisation with fetal
bovine serum (20% v/v in normal medium) and
centrifugation (200 g) of the resultant suspension, cells
were re-suspended in phosphate-buffered saline (PBS,
100 μl) containing 0.2% Trypan blue (Sigma) by gentle
pipetting and introduced at the edge of a haemocytometer
chamber. Cells were counted, in triplicate aliquots,
over four corner squares of the haemocytometer
grid.

Real-time PCR

Total RNA was extracted from cells using an RNeasy
Mini-Kit (Qiagen, UK). Reported sequences for each
gene (Table 1) were used to design on Primer Express
software (PE, Applied Biosystems) human-specific
primers for each peptide and receptor component,
adapted to RT-PCR conditions, which were synthesised
by Invitrogen. Quantitative RT-PCR was performed as

described previously (Zhao et al. 2006), using SYBR
Green detection (Abgene Biotechnologies, UK) and
the housekeeping genes, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and β-actin, as internal
standards.

Protein extraction

Medium was removed and cell monolayers washed twice
with PBS prior to incubation in 300 μl RIPA buffer (1%
v/v Triton X-100, 0.1% v/v SDS and protease inhibitors
in PBS) for 20 min at 4◦C. Cells were scraped from the
flask surface, transferred to a micro-centrifuge tube and
incubated for 1 h at 4◦C before centrifugation (10,000 g for
10 min at 4◦C). Where membrane isolation was under-
taken, cell fractionation was carried out as described
(Campbell et al. 2008). The supernatant was stored at
–80◦C pending analysis.

Oxidation of cellular proteins/detection of protein
carbonylation

Protein concentration was determined by the method of
Lowry. The carbonyl groups in the membrane proteins
(5 μg protein per lane) were denatured by addition of
12% SDS and derivatised to 2,4-dinitrophenylhydrazone
by reaction with 2,4-dinitrophenylhydrazine (DNPH)
for 15 min prior to separation by 12% SDS-PAGE
and transfer to PVDF membrane (0.45 μm, Millipore,
UK). Non-derivatised protein samples served as negative
control. The PVDF membrane was washed with PBS
containing 0.05% v/v Tween-20 (Sigma) and blocked
for 1 h in PBS/0.05% v/v Tween-20 solution containing
1% w/v bovine serum albumin (BSA). Immunoblotting
was performed using a primary antibody directed
specifically against the dinitrophenyl moiety (90451
Oxyblot-anti-DNP, raised in rabbit, Chemicon Inter-
national, CA, USA) used at a dilution of 1:150. Immuno-
complexes were detected using secondary antibodies
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conjugated to horseradish peroxidase (goat anti-rabbit
90452 Oxyblot, Chemicon) used at a dilution of 1:300, and
ECL plus (Amersham, UK) as substrate, and quantified by
densitometry (Analytical Imaging System, Pittsburgh, PA,
USA).

Immunoprecipitation and Western blot

Immunoprecipitation. Primary antibody (2 μl) for CRLR
or RAMP2 was added to membrane lysate containing
200 μg protein and incubated on a rotary mixer at 4◦C for
2 h. Protein A-G Plus agarose beads (20 μl, Santa Cruz)
were added and incubation continued at 4◦C overnight.
After centrifugation at 10,000 g for 5 min, the recovered
pellet was washed four times with ice-cold RIPA buffer.
After the final wash, the pellet was re-suspended in 40 μl
of Laemmli buffer (Bio-Rad).

Western blotting. Either 20 μg of whole cell-lysate
protein reduced in equal volume of Laemmli buffer or
20 μl of immunoprecipitate was denatured (95◦C for
5 min) and resolved in 4–12% Bis-Tris gels (Invitrogen)
and transferred to nitrocellulose membrane (Amersham).
Membranes were blocked with TBS–4% BSA–0.1%
Tween-20 at 4◦C for 1 h. Primary antibody to CRLR (goat)
or RAMPs (rabbit, all Santa Cruz) was used at a dilution
of 1:200 at 4◦C overnight. Detection was with horseradish
peroxidase (HRP)-conjugated donkey secondary antibody
(Abcam, UK) at 1:5000 and ECL plus substrate. Analysis
was carried out using an AutoChemi system (UVP,
Upland, CA, USA).

Staining of cells for AM/IMD, their receptor
components and actin distribution

Medium was aspirated from the wells of 12-well plates
and coverslips, containing adherent cells, then after two
ice-cold PBS washes paraformaldehyde (4%) was added,
750 μl per well, and left for 20 min at room temperature
to fix the cells. Coverslips were washed ×5 with PBS,
for at least 10 min each time. Before staining, cells were
permeabilised with PBS containing 0.5% Triton X-100
(20 min). Coverslips were washed ×3 with PBS, then
incubated for 30 min with PBS containing 1% w/v BSA
and 0.5% v/v Triton X-100 (PBS-BSA-T) to decrease
non-specific binding. Primary anti-human antibodies
for the various peptides and their receptor components
(Phoenix Pharmaceuticals, Burlingame, CA, USA) were
diluted in PBS-BSA-T at a ratio of 1:200 and 400 μl of
this solution was applied per well. The coverslips were
incubated for 1 h in a humid chamber, then washed ×3
in PBS before counterstaining for actin with anti-rabbit
fluoroscein isothiocyanate and Alexafluor 535 nm diluted
in PBS-BSA-T at a ratio of 1:500 and 1:50, respectively. The

coverslips were incubated in darkness for 1 h in a humid
chamber. Coverslips were washed ×3 in PBS, mounted on
slides with 5 μl Vectashield (Vector Laboratories, UK) and
sealed with clear nail varnish. The slides were kept in the
dark at 4◦C until examination by fluorescence microscopy
(7.3 Three Shot Colour, Diagnostic Instruments Inc.,
Sterling Heights, MI, USA). Spot (version 4.1; Diagnostic
Instruments) software was used for picture processing
and semi-quantitative analysis (using standard settings
– gain and time exposure). Semi-quantitative analysis
measured the ratio of fluorescence signal emitted from the
secondary antibody under investigation to the equivalent
from that for actin, subtracting the size-matched back-
ground fluorescence signal for each peptide or receptor
component/actin signal following indirect immuno-
fluorescence staining.

Statistical analysis

Data were analysed using GraphPad Prism v. 5 for
Windows (GraphPad Software inc., La Jolla, CA, USA).
Cell counts were expressed as a percentage ratio of viable
compared to normoxic control in the absence of IMD to
standardise results across repeats. Comparison between
groups was assessed by two-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison post
hoc test. Comparison within groups was assessed by
ANOVA followed by a post hoc Dunnett’s multiple
comparison test. For all results P < 0.05 was considered
statistically significant.

Results

Cellular distribution of AM/IMD and their receptor
components

IMD and AM mRNAs were detected in all cell types;
IMD mRNA was more abundantly expressed than AM,
particularly in endothelial cells (Fig. 1: results normalised
to GAPDH (Fig. 1A) or β-actin (Fig. 1B)). IMD protein
was also present in each cell type, with prominent peri-
nuclear staining evident (Fig. 2; Supplementary Fig. A).
Similarly, CRLR and RAMPs1–3 were expressed at the
mRNA (Fig. 3) and protein (Fig. 4) level in each cell
type studied. In endothelial cells, all three RAMPs were
expressed more abundantly than CRLR at the mRNA
level, while in HASMCs and v-HCFs expression levels were
comparable relative to those of CRLR. CRLR and each of
the RAMP proteins were widely distributed within all cell
types studied although the intensity of staining tended to
dissipate from the central perinuclear region towards the
cell periphery (Fig. 4A). RAMP2 was the most abundant
RAMP at the protein level, relative to the other RAMPs and
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to CRLR, and was especially abundant in non-endothelial
cells (Fig. 4B–C).

Protection against the deleterious effects of
hydrogen peroxide

Treatment for 4 h with 1 mmol l−1 H2O2 (see
Supplementary Fig. B for choice of H2O2 concentration)
reduced the number of viable cells in all cell types
(P < 0.01) with associated membrane blebbing and thin
cytoplasmic extensions present on phase contrast micro-
scopy (Fig. 5A). Percentage reductions in viable cell
numbers (Fig. 5B) were greater for smooth muscle (89%)
and fibroblasts (72%) than for endothelial cells (56%). At
10 mmol l−1 H2O2 (4 h) viability was <10% for all cell

A

B

Figure 1. Relative IMD (filled column) and AM (open column)
mRNA expression normalised to GAPDH (A) or β-actin (B) in
human aortic endothelial cells (HAECs) and smooth muscle
cells (HASMCs), human coronary artery microvascular
endothelial cells (HMVECs) and ventricular-human cardiac
fibroblasts (v-HCFs) in basal conditions
Results (means ± SEM) from n = 3 independent cell sources (or
n = 3 individual cultures for v-HCFs) with each source (or culture)
run in quadruplicate are presented as percentage expression
compared to IMD expression in HAECs. Analysis (2-way ANOVA):
∗P < 0.05 vs. IMD in HAEC and #P < 0.05 vs. IMD in same cell type.

types. IMD ≤1 nmol l−1 did not exert detectable cyto-
toxic effects in any cell type. When cells were treated with
1 nmol l−1 IMD during exposure to 1 mmol l−1 H2O2 for
4 h, viability was greater vs. H2O2 alone (P < 0.01 for all
cell types). Disruption of the actin cytoskeleton (Fig. 5C)
and protein carbonyl formation (Fig. 5D) followed similar
patterns with increased damage due to 1 mmol l−1 H2O2

exposure (4 h), which was attenuated by the presence of
1 nmol l−1 IMD.

Protection against the deleterious effects of
ischaemic injury

Preliminary experiments designed to optimise temporal
dependence and pH of ischaemic conditions indicated
that significant (P < 0.05) but submaximal reduction
(30–80%) in cell viability occurred when cells were
incubated for 4–6 h in ischaemic medium, pH 5.8
(see Supplementary Fig. C for v-HCF results; other
data not shown). HASMCs and v-HCFs were more
susceptible to ischaemic injury than HAECs or HMVECs.
IMD (≤1 nmol l−1) exerted a concentration-dependent
protective effect against ischaemic injury which was
more apparent in those cells more susceptible to injury,
namely v-HCFs and HASMCs, than in HMVECs and
HAECs (comparable data for each cell type are shown in
Fig. 6). Cell viabilities at 6 h under ischaemic conditions
differed (P < 0.05, n = 3) in the absence and presence of
1 nmol l−1 IMD: HAECs 63% and 85%; HMVECs 51%
and 68%; v-HCFs 42% and 96%; HASMCs 28% and 75%,
respectively. IMD 100 nmol l−1 exerted a deleterious effect
on cell viability (P < 0.05) – data not shown; 1 nmol l−1

IMD was therefore chosen for subsequent experiments.

Protection against the deleterious effects of
ischaemia–reperfusion injury: receptor subtype
involvement

Following 3 h of ischaemia, a further 1 h of reperfusion,
simulated by replacing ischaemic medium with normoxic
medium, resulted in further damage in all cell types:
cell viability was lower (P < 0.05) following incubation
under 3 h ischaemia plus 1 h reperfusion than under 4 h
ischaemia alone. IMD (1 nmol l−1) present throughout
the entire ischaemia and reperfusion period attenuated
the extent of ischaemia–reperfusion injury (P < 0.01): cell
viabilities were 95%, 74% and 82% for HAECs, HMVECs
and v-HCFs, respectively, relative to those in the absence
of IMD which were 62%, 35% and 32%, respectively
(Fig. 7A). Attenuation of the disruption of the actin
cytoskeleton (Fig. 7B) and protein carbonyl formation
(Fig. 7C) followed similar patterns – representative data
from HAECs experiments are shown. Furthermore, when
IMD (1 nmol l−1) was present only during the reperfusion
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period, but not during the initial ischaemia phase, a
protective effect was still evident (P < 0.01): cell viabilities
were 79%, 55% and 48% for HAECs, HMVECs and
v-HCFs, respectively.

IMD mRNA expression (Fig. 8A) and that for AM
(Supplementary Fig. D) remained relatively unchanged
during the experimental period. However intracellular
protein level increased over 2-fold (Fig. 8B). Pre-treatment
(4 days) of cells with each of the CRLR components’
siRNAs was sufficient to quench protein translation
(Supplementary Fig. E). Pre-treatment (4 days) of HAECs
with CRLR siRNA abolished the protective effect of IMD
(1 nmol l−1) against ischaemia and ischaemia–reperfusion
injury (Fig. 8C). Similarly pre-treatment with RAMP2
siRNA abolished the protective effect of IMD (Fig. 8D); in
contrast, pre-treatment with RAMP1 (Fig. 8E) or RAMP3
(Fig. 8F) siRNA caused a small, but significant attenuation

of the protective effect of IMD, present during simulated
reperfusion only. siRNA pre-treatment alone had no
detectable influence in the absence of IMD on cell viability
under normoxic conditions or ischaemia–reperfusion
(data not shown). CRLR and RAMP2 proteins iso-
lated from the cell membrane were found to co-localise
(Fig. 8G).

Discussion

This study has demonstrated for the first time AM1

receptor-dependent protection by IMD against simulated
ischaemia–reperfusion injury directly (independent of
enhanced blood flow) in human macrovascular, micro-
vascular and cardiac non-vascular cells. The augmented
protein carbonyl formation during reperfusion indicates
that further oxidative damage occurs as normoxia returns

Figure 2. Cellular IMD vs. AM protein distribution
A, indirect immunofluorescence staining to detect the presence and location of IMD protein (green: signal enhanced
in IMD alone micrographs) in the cell-types investigated in Fig. 1. Actin counter-staining (red) of the same cells
facilitates normal cellular structure identification. B, for comparison AM (green) is shown. Scale bar: 10 μm.
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to ischaemic cells. Importantly, IMD was still found to
be protective even when administration was restricted
to the reperfusion phase only, raising the possibility of
injection of exogenous IMD as an attractive treatment
option post-myocardial infarction.

There is only one other previous report demonstrating
protection of HAECs by IMD against biochemical stressors
including oxidative stress, induced by hydrogen peroxide
administration (Pearson et al. 2009), but neither ischaemia
nor reperfusion was investigated. Protective effects of
IMD have been demonstrated before, however, in a
range of experimental rodent models in vitro namely:
cultured rat cerebral endothelial cells subjected to hydro-
gen peroxide (Chen et al. 2006); rat neonatal cardio-
myocytes subjected to hypoxia–reoxygenation (Song
et al. 2009); Langendorff-perfused rat hearts subjected
to 45 min global ischaemia and 30 min reperfusion
(Yang et al. 2005). IMD has also be shown to be
protective in vivo in mouse hearts subjected to myo-

cardial ischaemia–reperfusion injury induced by coronary
artery ligation (Zhang et al. 2009) and rat hearts
subjected to isoprenaline-induced ischaemic insult (Jia
et al. 2006). The current study therefore is the first
to specifically address the direct protective effects of
IMD against ischaemia–reperfusion injury in human
cells, both vascular and cardiac non-vascular, using a
protocol designed to simulate realistically the extracellular
environment during ischaemia, namely impaired supply
of oxygen and glucose, markedly acidic pH and increased
extracellular K+ ion (Van den Hoek et al. 2000; Townsend
et al. 2004; McDermott et al. 2007).

Furthermore, the present model faithfully reproduces
the temporal characteristics associated with the onset
of symptoms and cellular injury during an acute
coronary syndrome in humans and typical clinical delay
experienced before reperfusion. A variety of endpoints
have been assessed previously to determine injury arising
in vitro or in vivo as a result of oxidative stress

Figure 3. Relative mRNA expression of the calcitonin receptor-like receptor (CRLR) receptor components
in the cell-types investigated in Fig. 1 under basal conditions
Results, normalised against GAPDH, are presented as relative to CRLR for each RAMP. n = 3 cell sources (or
individual cultures for v-HCFs) run in triplicate: ∗P < 0.05 vs. CRLR and #P < 0.05 vs. other RAMPs. In data not
shown similar results were found when β-actin was employed as the house-keeping gene.
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and/or ischaemic insult (Yang et al. 2005; Chen et al.
2006; Jia et al. 2006; Pearson et al. 2009; Song et al.
2009; Zhang et al. 2009), including cell viability assays,
leakage of enzymes including creatine kinase and lactate

dehydrogenase, cellular lipid peroxidation and protein
carbonylation, disruption to the cytoskeleton, altered
membrane potential and haemodynamic parameters.
Although the present study focused primarily on cell

Figure 4
A, indirect immunofluorescence staining to detect the presence and location of CRLR receptor components (green)
and actin (red) protein in HAECs and v-HCFs. RAMP1 and RAMP3 signals have been intensified to allow distribution
to be seen in micrographs. Scale bar: 10 μm. B and C, indirect immunofluorescence staining images (using fixed
fluorescence and image capture settings and no image intensification) were analysed for n ≥ 30 cells (obtained
from n ≥ 3 microscopic fields) for n = 3–4 independent cultures for each condition, normalised for actin and
presented (means ± SEM) as relative to CRLR for each RAMP. ∗P < 0.05 vs. CRLR.
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Figure 5
A, phase contrast images showing the effect of 4 h exposure to 1 mmol l−1 H2O2 and/or 1 nmol l−1 IMD to
endothelial, smooth muscle and fibroblast cells. Scale bar 100 μm. B, counts of viable cells for the cell-types
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Figure 6
Dose-dependent effect of IMD (at concentrations ≤10−9 mol l−1; grey columns) on cell viability under simulated
ischaemia (4 h) for those cell types investigated in Fig. 1. n = 3 cell sources (or individual cultures for v-HCFs) run
in duplicate. ∗P < 0.05 vs. normoxia alone (open column) and #P < 0.05 vs. Ischaemia without IMD (black filled
column).

viability as an end-point, supporting evidence for the
protective effects of IMD was provided by assessment of
protein carbonyl formation and disruption of the actin
cytoskeleton.

The cellular protective effects of IMD were observed in
the concentration range 10 pmol l−1–10 nmol l−1; higher
concentrations of IMD were not protective and potentially
detrimental. These concentrations are at least an order of
magnitude lower than those associated with functional

effects in rodents in published reports (Yang et al. 2009;
Song et al. 2009). There are only two published reports
relating to IMD concentrations in human plasma; both
found IMD to be present at <30 pmol l−1 in plasma of
healthy subjects (Morimoto et al. 2007; Bell & McDermott,
2008), which is also at least an order of magnitude lower
than in rodents (reviewed in Bell & McDermott, 2008).
Plasma IMD is elevated significantly in humans in chronic
heart failure and in acute coronary syndrome (D. Bell and

and treatment conditions in Fig. 5A. n = 4 cell sources (or individual cultures for v-HCFs) run in quadruplicate.
∗P < 0.01 vs. untreated control and #P < 0.01 vs. H2O2 alone for that cell-type. C, indirect immunofluorescence
staining of cells exposed to 1 mmol l−1 H2O2 (actin, red). With IMD addition a degree of normal cellular structure
is maintained, represented by HAECs in the larger micrograph. Scale bar: 10 μm. D, protein carbonyl formation
(an indicator of oxidative stress) in HAECs in response to the treatment conditions employed in Fig. 5A. n = 3 cell
sources ∗P < 0.05 vs. control and #P < 0.05 vs. H2O2 alone. Representative blot shows, in order, both derivatised
and non-derivatised signal for each treatment condition.
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Figure 7
A, viable cell counts for cells exposed to normoxia (4 h), ischaemia (4 h) or ischaemia (3 h)–reperfusion (1 h; IR)
without/with co-incubation with 10−9 mol l−1 IMD throughout the 4 h period or only during the 1 h of reperfusion.
n = 4 cell sources (or individual cultures for v-HCFs) run in quadruplicate. ∗P < 0.01 vs. untreated control, †P < 0.05
vs. ischaemia alone, and #P < 0.01 vs. non-IMD counterpart. Representative phase contrast images showing the
effect of exposure of endothelial cells and fibroblasts to IR and IMD are also included. Scale bar 100 μm. B, indirect
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M. Harbinson, unpublished observation) but still does not
exceed 100 pmol l−1.

In the present study, IMD was detected at the mRNA
and protein levels in all human cell types investigated.
This is in agreement with two other reports regarding the
presence of IMD in HAECs (Pearson et al. 2009) and at
autopsy in cardiac tissue obtained from humans devoid
of cardiovascular disease (Morimoto et al. 2007); in the
latter, IMD was expressed more abundantly in cardiac
non-vascular cells but was also present in the coronary
vasculature, notably endothelial cells of pericardial veins,
and smooth muscle cells of coronary arteries. IMD is
also expressed, though sparsely, in adult rodent heart
and cardiomyocytes (Pan et al. 2005); such expression is
upregulated markedly in hypertrophying cardiomyocytes
(Pan et al. 2005), in response to chronic oxidative stress
and ischaemic insult (Zhao et al. 2006; Bell et al. 2007,
2008) and in the post-infarct failing heart (Hirose et al.
2008; Zhang et al. 2009). AM and IMD expression are
differentially influenced by oxidative stress both in cardio-
myocytes from chronic NO-deficient rats (Zhao et al. 2006;
Bell et al. 2007) and HAECs subjected to acute metabolic
stressors (Pearson et al. 2009), IMD showing much
greater up-regulation, indicative of a more prominent
pathophysiological role in response to oxidative
stress.

However, in contrast to the observation of Pearson’s
group that AM was the more abundant of the two
peptides in cultured HAECs maintained under optimal
conditions (Pearson et al. 2009), we observed IMD to be
the more abundantly expressed peptide in all human cell
types under basal conditions. This discrepancy might be
attributed to differences in the origin of the human cells
or differences in the composition of media and conditions
under which cells were routinely cultured.

It is probable that local levels of IMD would be
much greater than those circulating in human plasma,
enabling the peptide to exert the marked protective effect
observed in this study, as an autocrine or paracrine agent
under pathophysiological conditions in vivo, especially in
response to chronic ischaemia and/or oxidative stress. It is
less certain that augmented transcriptional expression of
the IMD gene would occur sufficiently rapidly to enable
large amounts of IMD to be generated within minutes
to hours after ischaemic insult. Although we observed
2- to 3-fold increase in IMD protein levels in HMVECs
within 4 h of ischaemia relative to cells maintained for
4 h under normoxia, mRNA level was not increased

significantly within this time. Furthermore, IMD protein
levels were not greater, and indeed were slightly reduced,
relative to cells maintained under ischaemic conditions
for 4 h, in HMVECs subjected to 3 h ischaemia and
1 h simulated reperfusion. These data are suggestive
of augmented processing of a preformed, stored pre-
cursor, in response to acute ischaemic insult and oxidative
stress; as stores of the precursor become exhausted,
continued supply of IMD then becomes dependent sub-
sequently on further expression of mRNA encoding the
precursor.

CRLR and RAMP1–3 expression was detected at both
the mRNA and protein level in each of the human
cell types studied, consistent with previous reports of
mRNA expression in human vasculature (Kamitani et al.
1999; Sams et al. 2000; Oliver et al. 2002; Jansen-Olesen
et al. 2003; Nikitenko et al. 2006; Albertin et al.
2010) including endothelium and smooth muscle; CRLR
mRNA expression in human microvascular endothelial
cells is upregulated by hypoxia (Nikitenko et al. 2006).
Specifically in the human heart, mRNA encoding these
receptor components has been detected in coronary
arteries (Frayon et al. 2000; Hasbak et al. 2003), myo-
cardial trabeculae (Saetrum et al. 2000) and cardio-
myocytes. Rat cardiomyocytes and fibroblasts also express
CRLR and RAMPs 2 and 3 (Nishikimi & Matsuoka,
2005). At the protein level, CRLR has been detected
by Western blotting in human left ventricular cardio-
myocytes and macrovascular and microvascular end-
othelial cells (Hagner et al. 2003). Although expression
of CRLR and RAMPs is consistent with the presence of
functional CGRP1, AM1 and AM2 receptors on human
cells (Hasbak et al. 2003), it should be noted that additional
functions for the RAMPs, independent of CRLR, are
starting to emerge in mammals: RAMPs can interact
with the calcitonin receptor protein CT to form amylin
AMY1−3 receptors (Udawela et al. 2004) and influence
VIP/PACAP receptor–effector coupling (Sexton et al.
2006), and RAMP3 can interact with secretin receptors
(Harikumar et al. 2009). The abundance of individual
RAMPs has often varied between studies and it cannot
necessarily be presumed that the most abundant RAMP
implies a predominant involvement of the associated
CGRP/AM receptor subtype. Limited functional data are
available in human tissue and pharmacological studies
have been hampered by lack of availability of highly
selective agonists and antagonists for each receptor sub-
type. IMD itself interacts non-selectively at CGRP1, AM1

immunofluorescence staining of cells exposed to ischaemia or IR (actin, red). With IMD addition during reperfusion
alone a degree of normal cellular structure is maintained. Scale bar: 10 μm. C, protein carbonyl formation in HAECs
in response to normoxia, ischaemia and IR without/with co-incubation with 10−9 mol l−1 IMD. n = 3 individual
cultures ∗P < 0.05 vs. control and #P < 0.05 vs. non-IMD treated counterpart. Representative blot showing in
order both derivatised and non-derivatised signal for each treatment condition.
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Figure 8
A and B, relative mRNA expression of IMD normalised against GAPDH (A; similar results were found using β-actin
as a housekeeping gene – not shown) or protein level normalised against β-actin (B) are presented as relative
to normoxia. n = 3 HMVECs sources run in triplicate: #P < 0.05 vs. normoxia. C–F, viable cell counts for cells
which have had the CRLR receptor components knocked-down before exposure to normoxia, ischaemia and
ischaemia–reperfusion without/with co-incubation with 10−9 mol l−1 IMD. n = 3 HAEC sources run in triplicate.
∗P < 0.05 vs. untreated control, †P < 0.05 vs. non knock-down counterpart, and #P < 0.05 vs. non-IMD counter
part. G, blots obtained when membrane protein lysates were immunoprecipitated (IP) with RAMP2 and western
blotted with CRLR antibody (and vice versa) to confirm co-precipitation of molecules. The heavy chain of the
IP antibody also transfers to the blot and is employed as a loading control. Treatment conditions included no
pre-treatment or pre-treatment with either random (non-targeting siRNA) or siRNA directed against CRLR or
RAMP2.
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and AM2 receptors (Bell and McDermott, 2008) although
additional independent receptors for IMD have been post-
ulated in rodent studies (Taylor et al. 2006; Owji et al.
2008; Zeng et al. 2009). Although CGRP1 receptors have
been implicated in functional responses to CGRP in
human coronary arteries, an additional novel functional
receptor for these peptides has been proposed in distal
coronary artery (Gupta et al. 2006). Lack of antagonism by
CGRP8−37 of the action of IMD to reduce caspase activity
in HAECs, together with a lack of inhibition of caspase
activity by AM in the same assay, has also prompted
speculation of the existence of novel, IMD-specific
receptors (Pearson et al. 2009). In the present study, the
protective effect of IMD against ischaemia–reperfusion
injury was abolished by siRNA to CRLR, confirming the
requirement for the CRLR protein. Viewed together with
the abolition of the protective effect similarly by siRNA
to RAMP2, but not by siRNAs to RAMP1 or RAMP3,
these data are strongly supportive of the involvement of
AM1 receptors predominantly in the protection afforded
by IMD. AM1 receptors are known to couple to a range
of downstream signalling pathways in rodent tissues
including cAMP, K+ channels and phosphatidylinositol
3-kinase (Bell & McDermott, 2008). It is important
to identify in future studies the mechanisms down-
stream of the AM1 receptor responsible for the protective
effects.

Unfortunately it is not easy to obtain adult human
tissue for isolation of cardiomyocytes of sufficient quantity
and quality to undertake similar experiments. In the
present study, v-HCFs were more susceptible to the
deleterious effects of ischaemia–reperfusion injury than
vascular cells, and derived more protection from IMD.
Significant differences occur in antioxidant capacity in
different vascular cell types (Serrano et al. 2006) as well
as in the same cell type but located at different points
throughout the circulation (Mahadevan et al. 2006). The
greater sensitivity of ventricular cardiac fibroblasts to
ischaemic injury could be explained by unique metabolic
properties of endothelial cells such as greater nitric oxide
production, glycolytic activity and glutathione peroxidase
and reductase activities (Dobrina & Rossi, 1983).
Fibroblasts are likely to behave similarly to other cardiac
non-vascular cells, including cardiomyocytes. Infusion of
IMD during reperfusion could therefore represent an
attractive treatment option in the early management of
acute coronary syndrome to salvage myocardial tissue.
Recent reports of the successful delivery of the IMD gene,
packaged in an adenoviral vector, to ischaemic rat hind-
limb and kidney (Hagiwara et al. 2008; Smith et al. 2009)
open up the exciting possibility of a similar approach of
adenoviral-mediated gene delivery of IMD or the receptor
components RAMP2/CRLR to offset the deleterious
consequences of chronic or intermittent ischaemia in
humans.
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