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A B S T R A C T

Acute myocardial ischemia and reperfusion injury (IRI) underly the detrimental effects of coronary heart disease
on the myocardium. Despite the ongoing advances in reperfusion therapies, there remains a lack of effective
therapeutic strategies for preventing IRI. Growth hormone secretagogues (GHS) have been demonstrated to
improve cardiac function, attenuate inflammation and modulate the autonomic nervous system (ANS) in models
of cardiovascular disease. Recently, we demonstrated a reduction in infarct size after administration of hexarelin
(HEX), in a murine model of myocardial infarction. In the present study we employed a reperfused ischemic (IR)
model, to determine whether HEX would continue to have a cardioprotective influence in a model of higher
clinical relevance.

Myocardial ischemia was induced by transient ligation of the left descending coronary artery (tLAD) in
C57BL/6 J mice followed by HEX (0.3 mg/kg/day; n= 20) or vehicle (VEH) (n= 18) administration for 21
days, first administered immediately prior-to reperfusion. IR-injured and sham mice were subjected to high-field
magnetic resonance imaging to assess left ventricular (LV) function, with HEX-treated mice demonstrating a
significant improvement in LV function compared with VEH-treated mice. A significant decrease in interstitial
collagen, TGF-β1 expression and myofibroblast differentiation was also seen in the HEX-treated mice after 21
days. HEX treatment shifted the ANS balance towards a parasympathetic predominance; combined with a sig-
nificant decrease in cardiac troponin-I and TNF-α levels, these findings were suggestive of an anti-inflammatory
action on the myocardium mediated via HEX.

In this model of IR, HEX appeared to rebalance the deregulated ANS and activate vagal anti-inflammatory
pathways to prevent adverse remodelling and LV dysfunction. There are limited interventions focusing on IRI
that have been successful in improving clinical outcome in acute myocardial infarction (AMI) patients, this study
provides compelling evidence towards the translational potential of HEX where all others have largely failed.
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1. Introduction

Ischemic heart disease is a major cause of death and disability
worldwide [1,2]. Myocardial ischemia occurs when coronary blood
flow and oxygen availability are insufficient to meet the requirements
of the heart [1]. The consequences of this are dependent on the nature
and severity of the ischemic episode and the elapsed time to subsequent
re-establishment of coronary blood flow [1].

During AMI, occlusion of a coronary artery territory leads to myo-
cyte necrosis. Without reperfusion or collateral blood supply, complete
necrosis ensues. In the absence of reperfusion, very few interventions
are able to limit infarct development [3,4]. The most effective and well
established therapeutic strategy for reducing myocardial ischemic in-
jury and infarct size is timely myocardial reperfusion through throm-
bolytic therapy or percutaneous coronary intervention (PPCI) [1]. Al-
though necessary for tissue salvage, reperfusion may lead to further
complications including diminished cardiac contractile function, ar-
rhythmias and irreversible cell injury leading to necrosis and apoptosis
[5]. The introduction of early reperfusion therapies have substantially
reduced mortality and morbidity amongst AMI patients, however, there
remains no effective therapy for the prevention of myocardial IRI and
its sequelae [1]. Early arrhythmias can often prove fatal and chronic LV
remodelling and heart failure (HF) continue to be major determinants
of prognosis after AMI [6].

Activation of the sympathetic nervous system (SNS) in patients with
AMI has been shown to contribute significantly to disease progression
and prognosis [7]. Autonomic imbalance, characterized by vagal
withdrawal and sympathetic predominance has been linked to impaired
cardiovascular (CV) function and elevated mortality in patients with
HF, ventricular arrhythmias, IRI and hypertension [8,9]. Traditionally,
the CV function of the vagus nerve (VN) has entailed regulating sinus
rhythm and atrioventricular node conduction. However, recent evi-
dence indicates that the VN can have profound effects on CV function,
remodelling, arrhythmias, IRI and mortality [10]. Reduced vagal tone,
characterized by depressed heart rate variability (HRV) and blunted
baroreflex sensitivity is closely related to disease progression and poor
clinical outcomes in AMI and HF patients [11–13].

Inflammation is an important component of myocardial ischemic
injury and HF [14]. It has been well established that enhancing para-
sympathetic tone decreases inflammation in various models of physio-
logic insult, such as cecal ligation and puncture, lipopolysaccharide
injection, severe burn injury, traumatic brain injury and myocardial IRI
[15–18]. Traditionally, CV drugs have had little influence on cytokines
or the inflammatory reflex present in HF, thus, modulating the in-
flammatory response may represent a potential therapeutic strategy to
protect against myocardial IRI and improve recovery of cardiac func-
tion [19].

Growth hormone secretagogues (GHS), a class of synthetic peptides
stimulating growth hormone release through binding of the G-protein
coupled receptor (GHS-R) have been demonstrated to have CV actions
[20,21]. A number of studies have demonstrated the protective effects
of the synthetic hexapeptide, hexarelin (HEX) in AMI, IR injury and
cardiac fibrosis [20,22–24]. There are accumulating studies that de-
scribe the application of GHS in CV disease clinical trials with pro-
mising results [25,26], however there remains a paucity of data de-
tailing the mechanisms underlying these effects. In preclinical disease
models, there is evidence supporting the indirect cardioprotective ac-
tion of GHS through central and peripheral modulation of the ANS
[20,21,24,27].

The present study was designed to examine the effects of HEX on LV
function and tissue characteristics in a mouse model of myocardial IR. A
key event in the progression to HF is the pathological remodelling of the
LV secondary to cardiac fibrosis [28]. In a recent publication we de-
monstrated the ability of HEX therapy to significantly reduce measures
of cardiac fibrosis in myocardial-infarct injured mice using a permanent
infarct model [24]. Unfortunately, this model is not readily applicable

to the human clinical setting, where early reperfusion therapy is para-
mount to improving outcome in AMI, thus, there is a clear need for
studies employing reperfusion techniques at the preclinical level to
allow for translational application. This study represents one of the first
in vivo myocardial IR studies employing chronic HEX therapy.

2. Materials and methods

All experiments were approved by the Animal Ethics Committee of
the University of Queensland and were performed in accordance to
national guidelines (Ethics number SBMS/200/13/NHMRC).

2.1. IR surgical protocol

Myocardial IR was induced in 12–14 week old male C57BL/6 JArc
inbred mice (n= 38) (JAX stock number: 000664) by transient ligation
of the left anterior descending coronary artery (tLAD). Mice were an-
esthetized by intraperitoneal injection of medetomidine (1mg/kg) and
ketamine (75mg/kg), intubated and supported by a small animal
ventilator (Harvard Apparatus) with tidal volume and respiratory rate
calculations described previously [29]. A left-sided thoracotomy was
performed and the LAD was ligated 3mm below the left auricular ap-
pendage using a 7−0 Prolene suture threaded through a 2mm piece of
sterile PE10 tubing. The tubing was heat-flared at the end in contact
with the heart, creating a blunt “foot-print”, enabling occlusion of the
LAD once tension was applied to the free ends of the suture. Successful
occlusion was confirmed by visualization of a pallor region distal to the
site of ligation along with characteristic electrocardiography changes.
The suture was ligated at the distal end of the tubing for the specified
40-minute ischemic time. Sham-operated mice underwent the same
procedure excluding ligation of the LAD.

After 40min of ischemia (or sham procedure) the suture was re-
leased and removed with the PE tubing, allowing reperfusion. The chest
was closed using 6–0 polydioxanone and the musculature and cuta-
neous tissues closed using a 5−0 non-absorbable suture.

On recovery, the mice were administered atipamezole (1mg/kg)
and a subcutaneous (SC) injection of carprofen (5mg/kg) and 0.5ml
saline SC. The mice were recovered in an oxygen- and heat-supple-
mented environment and subsequently moved to their standard housing
environment where they remained for 21 days whilst the experimental
data was collected.

2.2. Treatment administration

HEX (0.3mg/kg/day) or VEH was administered SC to each mouse
immediately prior to reperfusion. Similarly, mice undergoing the sham
procedure also received either VEH or HEX treatment. This dose was
chosen based on previous studies demonstrating a cardioprotective ef-
fect [30]. All mice then received their respective treatments once daily
throughout the 21-day study period.

2.3. Assessment of myocardial injury, inflammation and remodelling

2.3.1. Cytokine and Cardiac troponin (CnT)-I determination
Blood samples were collected 24 h and 21 days post tLAD ligation or

sham procedure. The blood was allowed to clot and samples were
centrifuged. The serum was immediately removed and stored at −80 °C
until assayed. The serum concentrations of CnT-I, interleukin (IL)-1β,
IL-6 and tumor necrosis factor (TNF)-α were measured at 24 h and 21
days post-operatively using a MILLIPLEX® map Assay according to the
manufacturer’s instructions (Merck Millipore).

2.3.2. HRV analysis
HRV analysis was performed 21 days post tLAD ligation or sham

procedure. ECG signals were recorded using a physiological analyzing
system (Bio Amp, AD Instruments, CA, USA). Mice were anaesthetized
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with isoflurane and ECG signals were recorded for a minimum of
20min once the heart rate (HR) had stabilized. ANS function was ex-
amined by power spectral analysis of HRV (LabChart Pro 7.0,
ADInstruments, Australia) where HR was used to generate a power
spectral density curve using a fast Fourier transformation [31,32]. The
area under the curve was calculated for the very-low-frequency (VLF:
0–0.15 Hz), low-frequency (LF: 0.15–1.5 Hz), and high-frequency (HF:
1.5–5 Hz) bands, with ranges based on previous studies [31]. The
parameters: LF, HF, normalized LF power (nLF), normalized HF power
(nHF), and the ratio of LF to HF power (LF/HF) were calculated as
described in [32].

2.3.3. Histology and morphometric analysis
Serial transverse paraffin-embedded LV sections from each group of

animals studied were stained with 0.1 % picrosirius red to detect in-
terstitial collagen deposition. Additional serial transverse LV sections
from each corresponding group of animals studied were im-
munohistochemically stained for selected markers associated with col-
lagen turnover; utilizing a polyclonal antibodies to transforming growth
factor (TGF)-β1 (sc-146; 1:200 dilution; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA) and matrix metalloproteinase (MMP)-13 (the
predominant collagenase in mice; 1:100 dilution; ab75606; Abcam;
Redfern, NSW, Australia); or a monoclonal antibody to α-smooth
muscle actin (α-SMA; a marker of myofibroblast differentiation;
M0851; 1:250 dilution; DAKO Antibodies, Carpinteria, CA, USA).
Detection of primary antibody staining was detected using DAKO
Envision anti-rabbit or anti-mouse kits, respectively, and 3,3-diamino-
benzidine. Morphometric analysis of picrosirius red- and im-
munohistochemically-stained sections was performed using Aperio
software (Leica Biosystems, North Ryde, NSW, Australia) on whole
tissue sections (corrected for the area of tissue stained) per animal. In
each case, the percentage staining of each marker analyzed per section
was derived and expressed as the fold changes relative to the SHAM-
VEH group, which was expressed as 1.

2.4. Assessment of myocardial function

2.4.1. High-field cardiac MRI
Mice were imaged using a 30cm-diameter horizontal bore Bruker

Biospec 9.4 T (T) small animal MRI scanner equipped with a BGA 12S
HP 660mT/m gradient set. MRI data was acquired with a 86mm i.d.
quadrature transmit coil and a 2×2 phase array receive coil, running
Paravision 5.1. (Bruker Biospin, Ettlingen, Germany).

2.4.2. Animal preparation
Anesthesia was induced using 5 % isoflurane in 100 % medical

grade oxygen with a flow rate of 1 L/minute into an induction chamber.
The mouse was positioned in a purpose-built cradle (Bruker, Germany)

and maintained with 1.5–2 % isoflurane in 1–2 L/min oxygen via a nose
cone. Core temperature was monitored using a rectal probe and
maintained with a warm water circulation system incorporated into the
animal bed. A SAII Monitoring system (Small Animal Instruments, NY,
USA) was used to record the electrocardiogram, using a 3-lead system
with surface Ag-AgCl electrodes. Respiration was monitored with a
pressure-transducer, from which a respiratory gating signal could be
derived.

2.4.3. Protocol
Gadopententate dimeglumine (Gd-DTPA) (0.3 mmol/kg Magnevist,

Bayer, Germany) was administered by intravenous (IV) infusion into
the lateral tail vein of the mouse.

Following standard pre-scan calibration, 2- and 4-chamber view
scout scans were acquired, from which a single mid-cavity short-axis
slice was planned. Cine imaging was performed with a retrospectively-
triggered (self-gated) INTRAGATE gradient-echo sequence [33], with
the following parameters: TR =5.6ms, TE =2.6ms, flip angle= 10
degrees, number of movie frames=20, slice thickness =1mm, ma-
trix= 512×512, field-of-view (FOV)= 4×4 cm [2]. This resulted in
78× 78 um in-plane resolution, with ∼5min. acquisition per slice.
Seven to nine short-axis slices with no slice gap were acquired to cover
the heart from apex to base. Late gadolinium enhancement (LGE)
images in the slice locations described above were acquired 10−15min
after IV Gd-DTPA (Fig. 1A/B).

2.4.4. Functional analysis
cMRI images, in DICOM format, were processed with Osirix [34]

software. The end-diastolic and end- systolic phases were identified on
a slice-by-slice basis and both the endocardial and epicardial borders
were traced. The LV end systolic volume (ESV), end diastolic volume
(EDV), stroke volume (SV) and ejection fraction (EF) were computed
from the traced borders and LV mass was obtained by multiplying the
volume by the specific gravity of 1.05 g/cm [3,35].

2.5. Statistical analysis

The data was expressed as mean +/− SEM or relative mean +/−
SEM. Statistical analysis was performed using GraphPad Prism 7.
Differences between groups were analysed by one-way ANOVA using a
Newman Keuls post-hoc test to allow for multiple comparisons between
groups. Unpaired t-test was applied to comparisons between two
groups. P < 0.05 was considered statistically significant.

Fig. 1. Representative cMRI images with LGE.
Representative LGE images acquired using a
T1–weighted INTRAGATE gradient-echo se-
quence 24 h post-transient LAD ligation. The
hyperintense region represents the infarcted
tissue (indicated by arrow). (A). Sham; (B).
tLAD.
cMRI, cardiac magnetic resonance imaging;
LGE, late gadolinium enhancement; tLAD,
transient ligation of the left descending cor-
onary artery.
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3. Results

3.1. Assessment of myocardial injury, inflammation and remodelling

3.1.1. CTn-I
In excess of a 4-fold increase in cTn-I was observed 24 h post tLAD

ligation in the IR-VEH compared with the IR-HEX group (Fig. 2A, left
column). Thus, by protecting against cardiomyocyte injury after IR,
HEX treatment appeared to significantly prevent an acute rise in cTnI.
There was no significant difference in cTnI between the IR-VEH and IR-
HEX group after 21 days (Fig. 2A, right column).

Fig. 2. Serum assessment of: (A). Troponin-I (pg/mL); (B). TNF-α (pg/mL); (C). IL-6 (pg/mL); (D). IL-1β (pg/mL).
Serum levels assessed 24 h (left column) and 21 days (right column) post-procedure in sham-injured mice and mice undergoing IR procedure with or without HEX
treatment.
Data expressed as mean± SEM; *p<0.05, **p< 0.01, versus Sham-VEH group; #p< 0.05, ##p< 0.01, versus IR-VEH group.
HEX, hexarelin; IR, ischemia reperfusion; LAD, left descending coronary artery; VEH, vehicle.
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3.1.2. Cytokines
Serum IL-1β, IL-6 and TNFα levels were determined 24 h and 21

days post-sham operation or tLAD occlusion.
HEX treatment was found to prevent the significant rise in TNFα

seen in the IR-VEH group (Fig. 2B). There were no significant differ-
ences noted in IL-6 or IL-1β levels between the groups at either time
point, although there was a trend towards reduction in each of the
respective inflammatory cytokines’ within the IR-HEX group (Fig. 2C/
D).

3.1.3. HRV
HRV was examined in mice 21 days post-procedure. HRV analysis is

considered an indirect measure of cardiac autonomic tone [31,36]. LF/
HF is used to represent SNS activity, whereas nHF represents para-
sympathetic nervous activity [31].

The IR-HEX group demonstrated a parasympathetic predominance
and sympathetic down-regulation based on a significantly lower LF/HF
ratio and higher nHF compared with the IR-VEH group (Fig. 3A, B re-
spectively).

3.1.4. LV mass and heart weight (HW)
LV mass was determined using cMRI 24 h and 21 days post proce-

dure. There were no significant differences in LV mass at either of these
time points (Fig. 4A/B).

To evaluate cardiac hypertrophy, heart weight was measured 21
days post-procedure. Tibial length (TL) was used as an adjustment
factor.

HW/TL ratios did not differ between the groups (Fig. 4C), thus our
HW/TL data was reflective of our cMRI-determined LV mass results.

3.1.5. Histology and morphometric analysis
Picrosirius red staining of the myocardium was used to detected

changes in interstitial collagen (IC) deposition. IC content was sig-
nificantly increased in the IR-VEH group; the presence of HEX was seen
to suppress this aberrant post-IR IC deposition (without affecting basal
IC) (Fig. 5A).

TGF-β1 (Fig. 5B) and α-smooth muscle actin (SMA)-associated
myofibroblast, arteriole and artery immunostaining (Fig. 5C) was sig-
nificantly increased in the IR-VEH group compared to that measured in
Sham-VEH counterparts. TGF-β1 and α-SMA were both significantly
suppressed by HEX-treatment post-IR. There was also a trend towards
increased MMP-13 levels in the IR-HEX group compared to that mea-
sured in the IR-VEH group (Fig. 5D). These results suggest that HEX had
a regulatory effect on cardiac remodelling and fibrosis post-IR.

3.2. Analysis of LV function

3.2.1. Twenty-four hours post IR/sham procedure
EF (%) was significantly reduced in the IR-VEH compared to the

SHAM-VEH group; HEX treatment was seen to completely prevent this
reduction. Both IR-VEH and IR-HEX groups showed a significant

increase in EDV 24-hs post-IR. The significant elevation in ESV seen
within the IR-VEH was limited by HEX treatment (Fig. 6A).

3.2.2. Twenty-one days post-procedure
EF% remained significantly reduced in the IR-VEH group, whereas a

normalization of EF% was observed in the IR-HEX group. Similarly, the
IR-HEX group displayed a normalization in ESV after the 21 days of
HEX therapy. There was no significant difference in LV EDV between
the groups at this time point (Fig. 6B).

4. Discussion

There is a clear need to determine therapeutic strategies to protect
the myocardium from the detrimental effects of IRI. Although im-
provements in myocardial reperfusion continue to take place with new
antiplatelet and thrombolytic agents, there remains to be no effective
therapeutic strategy for preventing myocardial IRI [1]. In this study we
demonstrated that HEX administration reduced serum inflammatory
cytokines profiles and cTn-I, reflecting an overall reduction in cardio-
myocyte injury [37]. Downstream, the effects of chronic HEX treatment
resulted in significantly reduced measures of cardiac fibrosis and an
overall preservation in LV function. Additionally, HEX treatment was
seen to shift the balance of ANS activity towards a parasympathetic
predominance. These findings provide evidence towards the cumulative
effects of simultaneous sympathetic down-regulation, vagal enhance-
ment and activation of anti-inflammatory pathways to prevent adverse
LV remodelling and dysfunction.

At the hospital, reduction in AMI ischemic injury requires a treat-
ment protocol that minimizes the door-to-PPCI time. Most preclinical
studies in this field consist of a surgical protocol involving permanent
ligation of the LAD (without allowing reperfusion of the ischemic
tissue) [24,30,38]. Therefore these studies fail to clearly assess the
critical interaction of ischemia, reperfusion injury and the subsequent
therapeutic intervention. By employing an IR model, the current study
closely simulates the critical “door-to-PPCI time” concept; therefore
representing a superior model and evidence towards the potential value
of HEX in AMI patients.

4.1. Relevance of the autonomic nervous system and inflammation

The high mortality in myocardial infarction has been strongly as-
sociated with an acute and sustained increase in cardiac SNS activity
[6,7,32]. Although chronic therapeutic interventions have been devel-
oped for chronic HF, it is the period immediately after AMI, before
autonomic modulation of cardiac function becomes irreversibly acti-
vated, that appears to be critical for optimizing short and long-term
outcome by therapeutic intervention [6]. Targeting adverse SNS acti-
vation and uncontrolled inflammation immediately post-infarction ap-
pears to offer a chronic cardioprotective advantage by preventing ad-
verse fibroblast activation, ventricular remodelling and dysfunction.
There is accumulating clinical and experimental evidence that indicates

Fig. 3. Heart rate variability analysis.
Electrocardiographic data recorded 21 days
after sham surgery or transient LAD occlusion
with or without HEX treatment. (A):
Sympathetic nerve activity represented by low-
frequency power (LF/HF); (B):
Parasympathetic nerve activity represented by
high-frequency power (nHF).
Data expressed as mean±SEM; #p< 0.05,
##p< 0.01, versus IR-VEH group.
HEX, hexarelin; HF, high frequency; IR,
ischemia reperfusion; LAD, left descending
coronary artery; LF, low frequency; nHF, nor-
malized high frequency power; VEH, vehicle.
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inhibition of cardiac sympathetic nerve activation improves survival
and mitigates LV remodelling and dysfunction post-MI [6,39].

4.2. GHS and the autonomic nervous system

Early treatment with the endogenous GHS ghrelin has been shown
to reduce the incidence of ventricular arrhythmias and improve early
survival prognosis by preventing the early increase in cardiac sympa-
thetic nervous system activation (CSNA) in rodent models of MI [39].
CSNA inhibition was maintained for at least 2 weeks after a single bolus
of ghrelin, resulting in attenuation of cardiac dysfunction, remodelling
and reduced mortality [6]. Comparable findings were demonstrated
with chronic ghrelin treatment [40]. Similarly, mice that received one
oral dose of HEX treatment within 30min of permanent LAD ligation
were observed to have a higher ejection fraction 14 days after MI with
lowered plasma epinephrine and dopamine levels. These results suggest
that early GHS therapy preserves chronic cardiac function after AMI
[38].

In a recent study, ghrelin knock-out mice were employed to de-
monstrate the crucial role of endogenous ghrelin in preventing CSNA,
reducing the incidence of arrhythmias and improving survival prog-
nosis post-AMI [41]. Catecholamine concentrations were dramatically
increased after AMI in ghrelin KO mice, reflective of stronger sympa-
thetic nerve activation in this group. Endogenous ghrelin was demon-
strated to prevent adverse ventricular remodelling and preserve myo-
cardial function [41]. Interestingly, the beneficial effect of ghrelin was
abolished after blockade of the VN [32]. Furthermore, it has been
suggested that in healthy human subjects ghrelin may suppress CSNA
and stimulate cardiac PS nerve activity [42], with the sympatho-in-
hibitory effects of ghrelin not found to be evident in vagotomised hu-
mans [43].

4.3. The cholinergic anti-inflammatory pathway and GHS

Excessive immune-mediated inflammatory responses in reaction to

myocardial injury have been shown to have deleterious effects on post-
infarction LV remodelling and dysfunction and can influence progres-
sion to HF [44]. A timely, well-orchestrated inflammatory response is
critical to achieve successful infarct healing in patients surviving an
AMI [44]. It has been well established that increasing parasympathetic
tone, through vagal nerve stimulation (VNS) can decrease inflammation
in various models of physiologic insult, including myocardial IRI, cecal
ligation and puncture, LPS injection, severe burn injury and traumatic
brain injury [16,17,45,46]. Thus, pharmacological stimulation of the
VN may offer a novel approach to anti-inflammatory therapy in AMI-
patients.

A multitude of studies highlight the importance of the role of the VN
in the physiological functions of GHS [47]. Ghrelin is known to cross
the blood-brain barrier and is produced both centrally and within the
periphery [48]. The nodose ganglion is a constellation of vagal afferent
neurons that synthesize the ghrelin receptor (GHS-R). These receptors
are transported to their vagal afferent terminals, such as those located
within the digestive tract for regulation of energy metabolism and food
intake [49]. Studies have also demonstrated the existence of the GHS-R
within the infarcted myocardium [40]. Co-staining with acetylcholine-
esterase suggests that the GHS-R is localized within the VN terminals in
the heart and sends afferent projections to the nucleus tractus solitaries
(NTS), a major CV control centre within the brain [50]. The ghrelin
receptor has also been localized to the dorsal motor nucleus of the
vagus [51,52]. It has been demonstrated that GHS-R mediates the ac-
tion of HEX and HEX is recognized to be both chemically more stable
and functionally more potent than ghrelin [53,54]. Peripherally, GHS
have been demonstrated to act on the cardiac vagal afferent nerve,
resulting in a reflex decrease in sympathetic activity in rats with MI [39,
[40].

Furthermore, it has been well described that activation of efferent
VN fibres can modulate local and systemic inflammatory responses,
through the ‘cholinergic anti-inflammatory pathway’ (CAP) [18]. The
CAP is mediated through vagal efferent firing leading to an acetylcho-
line-dependent interaction with the α-7 nicotinic acetylcholine receptor

Fig. 4. Assessment of myocardial mass and
heart weight.
Myocardial mass (mg) assessed by cMRI after:
(A). 24 h post tLAD ligation; (B). 21 days post-
procedure in sham-injured mice and mice un-
dergoing IR procedure with or without HEX
treatment.
Heart weight (C). measured post-mortem after
21 days. Tibial length (TL) was used as an
adjustment factor.
The data is expressed as mean +/− SEM.
There were no significant differences in myo-
cardial mass or HW/TL ratio between groups.
cMRI, cardiac magnetic resonance imaging;
HEX, hexarelin; HW, heart weight; IR,
ischemia reperfusion; LAD, left descending
coronary artery; LV, left ventricle; TL, tibial
length; VEH, vehicle.
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(α7nAChR) subunit on monocytes and macrophages and ultimately a
reduction in inflammatory cytokine production [18]. Activation of the
CAP is possible via VN stimulation or pharmacologically via adminis-
tration of selective α7nAChR agonists or inhibitors of

acetylcholinesetase [18].

Fig. 5. Histology and morphometric analysis.
(A). Interstitial LV collagen content measured by
picrosirius red staining; (B). TGF-β1; (C). α-SMA;
(D). MMP-13, immunohistochemistry staining
measured in sham-injured mice and mice under-
going IR with or without HEX treatment.
The right column displays representative low
power photomicrograph sections from each treat-
ment group corresponding to the selected markers
and methods described above. Low power (whole
mount) sections of heart have been selected to de-
monstrate the transmural staining with regional
differences that would not be as clearly observable
at high power.
Data expressed as mean±SEM; *p<0.05, versus
Sham-VEH group; #p<0.05, versus IR-VEH group.
HEX, hexarelin; IR, ischemia reperfusion; LV, left
ventricle; VEH, vehicle.
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4.4. GHS, inflammation and vagal activation

GHS have been shown to have several anti-inflammatory properties
involving vagus activation. Intravenous ghrelin administration in septic
mice has been shown to decrease levels of pro-inflammatory cytokines
mediated through the VN [55]. Ghrelin administration has been de-
monstrated to decrease TNF-α and IL-6, increase cardiac output, organ
perfusion and reduce mortality in rat models of endotoxemia and
polymicrobial sepsis, again mediated via the VN [55–58]. Vagotomy
has been demonstrated to completely prevent these effects [55]. Fur-
thermore, ghrelin has been demonstrated to have no direct effect on
cytokine release from Kupffer cells or peritoneal macrophages isolated
from normal rats, suggesting an indirect anti-inflammatory mechanism
[55].

Inflammation has been demonstrated to play a major role in IRI
[14]. GHS has been demonstrated to activate the CAP in various IR
models, Wu et al. demonstrated that administration of ghrelin after gut
IR attenuated excessive inflammation and reduced organ injury through
the rapid activation of the CAP [59]. In a rat model of renal IR, ghrelin
administration during reperfusion was found to attenuate both systemic
and renal-specific inflammatory responses, also mediated through the
VN [60,61]. The absence of endogenous ghrelin has been shown to
result in severe cardiac hypertrophy and diastolic dysfunction in a
mouse model of pressure-overload cardiac hypertrophy. Inhibition of
the CAP was thought to be responsible for these adverse processes and
administration of ghrelin was shown to reverse these effects [62].

4.5. The cardioprotective action of HEX in AMI

Myocardial infarction leads to progressive ventricular remodelling,
increased myocardial wall stress and possible progression to HF [63].
Following ischemia, alterations in the collagen network can result in

progressive changes in LV morphology and function with an increase in
interstitial collagen likely to impair both diastolic and systolic function
[64].

Post-infarction repair requires timely suppression of the in-
flammatory response to prevent catastrophic consequences of un-
controlled inflammation on cardiac geometry and function [63]. Stu-
dies suggest a direct involvement of fibroblasts in activation of the post-
infarction inflammatory reaction. TGF-β1 is markedly augmented fol-
lowing infarction, is a potent pro-fibrotic cytokine and has profound
effects on fibroblast phenotype and function, including activation of
myofibroblasts. Preventing TGF-β1 activation in a myofibroblast-spe-
cific manner holds promise in counteracting cardiac fibrosis [63].

Our recent work demonstrated a reduction in inflammatory cyto-
kines and improvement in LV function in a mouse model of MI, thought
to involve activation of the CAP. In this study, HEX influenced post-
infarct fibrotic healing, likely by involving the suppression of profi-
brotic factors and favouring a net reduction in aberrant collagen con-
tent [24]. Furthermore, Huang et al. recently demonstrated that HEX
protected cardiomyocytes from IR injury partly through modification of
the IL-1 signalling pathway via activation of the GHS-R [22].

In this current study, we demonstrated a HEX-mediated decrease in
TGF-β1 expression and myofibroblast differentiation post-myocardial
IR. Several studies have shown that TGF-β1 is a key stimulator of
myofibroblast differentiation post-MI [65,66]. MMP-9 and TGF-β1 also
both play key roles in the progression of post-MI remodeling [67,68]
and inflammatory cytokines such as IL-1 can regulate fibroblast phe-
notype. The activation of MMPs may influence changes in extracellular
matrix degradation (ECM) and collagen deposition [22,69,70].

Thus, via vagal enhancement and activation of the cholinergic anti-
inflammatory pathway, combined with simultaneous suppression of the
acute rise in SNS activation, HEX appears to mitigate adverse in-
flammation. Furthermore, this anti-inflammatory action appears to

Fig. 6. Cardiac functional parameters measured by cMRI.
(a). Ejection fraction (%), (b). LV end-diastolic volume, (c). LV end-systolic volume measured in sham-injured mice and mice undergoing transient LAD occlusion (IR)
with or without HEX treatment.
(A). 24 h post-procedure; (B). 21 days post-procedure.
Data expressed as mean± SEM; *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001, versus Sham-VEH group; #p<0.05, ##p<0.01, ####p<0.0001, versus IR-
VEH group; +p<0.05, versus Sham-HEX group.
cMRI, cardiac magnetic resonance imaging; HEX, hexarelin; IR, ischemia reperfusion; LAD, left descending coronary artery; LV, left ventricle; VEH, vehicle.
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downregulate TGF-β1 expression and myofibroblast differentiation as
part of its potential therapeutic effects [24] (Fig. 7).

5. Conclusion

Targeting autonomic imbalance by augmentation of para-
sympathetic tone has emerged as a promising therapeutic approach for
management of ischemic heart disease and HF [14]. The VN is sug-
gested to play a central role in GHS-observed effects and acts as an
endogenous mechanism to regulate the immune response and in-
flammation [20]. In the present study, HEX treatment was demon-
strated to modulate the ANS and influence the inflammatory response
induced by myocardial IR. Our results demonstrate that HEX may have
an important influence on balancing the sympathetic and para-
sympathetic nervous system and modulating adverse inflammatory
pathways in response to AMI. Pharmacological stimulation of the VN by
HEX may offer a novel cardioprotective strategy against IRI by pre-
venting myofibroblast activation and LV remodelling in AMI.

5.1. Clinical relevance

The research field of cardio-protection has been plagued by nu-
merous failed attempts to translate promising therapeutic strategies for
preventing myocardial ischemic injury discovered in the basic science
laboratory into the clinical setting [1]. A major factor underlying this
failure entails the inappropriate use of experimental animal models. In
our previous study we were able to clearly demonstrate the cardio-
protective effect of HEX therapy in a mouse model of permanent MI,
however, the translational aspect of this model is limited. HEX as an

emerging therapeutic agent for prevention of myocardial IRI has shown
promise in this study using a clinically relevant model, where HEX was
administered prior to myocardial reperfusion (removal of the coronary
ligature), representing a protocol that could be employed in the re-
perfusion unit. Therefore, this study signifies a noteworthy contribution
to the field of cardio-protection.
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