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Abstract

Ischemic heart disease (IHD) is a leading cause of morbidity and mortality

worldwide. Growth hormone secretagogues (GHS) have been shown to

improve cardiac function in models of IHD. This study determined whether

hexarelin (HEX), a synthetic GHS, preserves cardiac function and morphology

in a mouse model of myocardial infarction (MI). MI was induced by ligation

of the left descending coronary artery in C57BL/6J mice followed by vehicle

(VEH; n = 10) or HEX (0.3 mg/kg/day; n = 11) administration for 21 days.

MI-injured and sham mice (treated with VEH; n = 6 or HEX; n = 5) under-

went magnetic resonance imaging for measurement of left ventricular (LV)

function, mass and infarct size at 24 h and 14 days post-MI. MI-HEX mice

displayed a significant improvement (P < 0.05) in LV function compared with

MI-VEH mice after 14 days treatment. A significant decrease in LV mass,

interstitial collagen and collagen concentration was demonstrated with chronic

HEX treatment (for 21 days), accompanied by a decrease in TGF-b1 expres-

sion, myofibroblast differentiation and an increase in collagen-degrading

MMP-13 expression levels. Furthermore, heart rate variability analysis demon-

strated that HEX treatment shifted the balance of autonomic nervous activity

toward a parasympathetic predominance and sympathetic downregulation.

This was combined with a HEX-dependent decrease in troponin-I, IL-1b and

TNF-a levels suggestive of amelioration of cardiomyocyte injury. These results

demonstrate that GHS may preserve ventricular function, reduce inflamma-

tion and favorably remodel the process of fibrotic healing in a mouse model

of MI and hold the potential for translational application to patients suffering

from MI.

Introduction

Ischemic heart disease (IHD) is a leading cause of mor-

bidity and mortality worldwide (Suvarna 2013; Hausenloy

and Yellon 2013). A variety of risk factors contribute to

the development of heart failure (HF) post myocardial

infarction (MI) and ultimately cumulate in structural

changes within the myocardium leading to left ventricular

(LV) dysfunction. A key event in the progression of HF is

the pathological remodeling of the ventricle secondary to

cardiac fibrosis. Cardiac fibrosis has been identified as

both a primary and causal driver of disease and has

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

This is an open access article under the terms of the Creative Commons Attribution License,

which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

2018 | Vol. 6 | Iss. 9 | e13699
Page 1

Physiological Reports ISSN 2051-817X

https://doi.org/10.14814/phy2.13699
https://doi.org/10.14814/phy2.13699
http://creativecommons.org/licenses/by/4.0/


become an important therapeutic target in HF patients

(Dixon et al. 2015). Stiff fibrotic tissue affects myocardial

electrical transmission leading to arrhythmias, contributes

to diastolic and systolic dysfunction and can ultimately

result in HF (Dixon et al. 2015). The mechanisms that

underpin the stimulation of cardiac fibrosis are not fully

understood and interventions targeting excessive fibrosis

as a result of MI are of major therapeutic importance

(Samuel et al. 2011; Segura et al. 2014).

Growth hormone secretagogues (GHS) have been

recently identified as compounds that stimulate growth

hormone (GH) release from the pituitary gland through

the G protein-coupled receptor (GHS-R) expressed mainly

within the pituitary and hypothalamus (Baldanzi et al.

2002; Kojima & Kangawa, 2005). The endogenous ligand,

ghrelin, was originally isolated from the stomach wall in

1999 (Kojima et al. 1999). GHS have many functions other

than the control of GH-release. Ghrelin plays a major role

in the regulation of systemic metabolism and has been

shown to exert a number of central and peripheral actions

such as regulation of food intake, control of energy balance,

glucose metabolism, and insulin release, and stimulation of

gastric acid secretion and motility (Kojima and Kangawa

2005; Cheng et al. 2010). The GHS-R is expressed in many

peripheral organs including the stomach, intestine (Date

et al. 2000), pancreas (Guan et al. 1997), kidney (Mori

et al. 2000), heart and aorta (Nagaya et al. 2001). GHS

have been demonstrated to have several cardiovascular

effects suggested by the presence of GHS-R on blood vessels

and ventricular tissue (Kishimoto et al. 2009). Hexarelin

(HEX), a synthetic hexapeptide belonging to the GHS fam-

ily has been reported to feature cardiovascular activity and

is recognized to be both chemically more stable and func-

tionally more potent than ghrelin (Deghenghi 1998; Mao

et al. 2013). The GHS-R appears to mediate the action of

HEX (Mao et al. 2013, 2014a). The antifibrotic effects of

GHS have been investigated with promising results in vari-

ous models of cardiac injury such as doxorubicin car-

diotoxicity isoproterenol administration, myocardial

infarction, and spontaneous or diabetes-associated hyper-

tension (Angelino et al. 2015).

This study was designed to investigate the therapeutic

effects of HEX on myocardial function and cardiac fibro-

sis using a murine model of MI. Here, we demonstrate a

preservation of systolic and diastolic function measured

by cardiac magnetic resonance imaging (cMRI) and a

HEX-dependent attenuation of cardiac fibrosis. We pro-

pose that HEX prevents cardiac fibroblasts from acquiring

a proinflammatory and fibrogenic phenotype, preventing

excessive collagen synthesis and cardiac fibrosis. This may

be mediated by HEX’s influence on inflammation and the

autonomic nervous system evidenced by a reduction in

inflammatory cytokines, parasympathetic predominance

and sympathetic downregulation, respectively. Thus, the

findings of this study indicate that HEX may target fibro-

tic pathways and preserve LV function in a mouse model

of MI.

Materials and Methods

Animal models of MI

Ethical approval

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). The investigators under-

stand and comply with the ethical principles of the Jour-

nal of Physiology.

MI was induced in 12–14 week old male C57BL/6JArc

inbred mice (weight 25–30 g) (n = 21) (JAX stock num-

ber: 000664) by permanent ligation of the left anterior

descending coronary artery (LAD). Mice were anes-

thetized using a combination of medetomidine (1 mg/kg)

and ketamine (75 mg/kg) administered by intraperitoneal

injection, intubated and supported by a small animal ven-

tilator (Harvard Apparatus) with tidal volume and respi-

ratory rate calculated based on body weight (Tarnavski

et al. 2004). Anesthetic depth was monitored by assess-

ment of the pedal reflex and heart rate by electrocardio-

graphic (ECG) monitoring. A left-sided thoracotomy was

performed and the LAD was ligated 2 mm below the left

auricular appendage using 7-0 Prolene. Successful occlu-

sion was confirmed by visualization of a pallor region in

combination with characteristic ECG changes. Sham-

operated mice (n = 11) underwent the same procedure

excluding ligation of the LAD. The chest was closed using

6-0 polydioxanone and the musculature and cutaneous

tissues closed using a 5-0 nonabsorbable suture.

After completion of the surgery the mice were adminis-

tered atipamezole (1 mg/kg subcutaneous (SC)), carpro-

fen analgesia (5 mg/kg SC) and this was continued once

daily for 48 h postprocedure. A 0.5 mL bolus of saline

was administered SC on recovery. The mice were recov-

ered in an oxygen- and heat-supplemented environment

and then moved to their standard housing consisting of a

temperature- and heat- controlled environment with

12-hour light/dark cycles and provided with free access to

food and water ad libitum where they remained until the

completion of the study.

Hexarelin and vehicle administration

HEX (0.3 mg/kg/day; n = 11) or vehicle (VEH; n = 10)

was administered to each mouse SC within a 15-min

2018 | Vol. 6 | Iss. 9 | e13699
Page 2

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Hexarelin and Myocardial Infarction H. McDonald et al.



period prior to LAD ligation. Similarly, mice undergoing

the sham procedure received either VEH (n = 6) or HEX

(n = 5) treatment. All mice received their respective treat-

ments once daily throughout the 21-day study period.

The HEX dose was chosen based on similar studies by

Mao et al. (2013, 2014b).

Cardiac magnetic resonance imaging

cMRI was performed at both 24 h and 14 days post-LAD

ligation or sham procedure in all animals. Mice were

imaged using a 30-cm-diameter horizontal bore Bruker

Biospec 9.4 Tesla (T) small animal MRI scanner equipped

with a BGA 12S HP 660 mT/m gradient set. MRI data

were acquired with an 86 mm i.d. quadrature transmit

coil and a 2 9 2 phase array receive coil, running Paravi-

sion 5.1. (Bruker Biospin, Ettlingen, Germany).

Animal preparation

Anesthesia was induced in an induction chamber using 5%

isoflurane in 100% medical grade oxygen with a flow rate

of 1 L/min. 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 tem-

perature was monitored using a rectal probe and main-

tained with a warm water circulation system incorporated

into the animal bed. A SAII Monitoring system (Small Ani-

mal Instruments, NY, USA) was used to measure ECG,

using a 3-lead system with surface Ag–AgCl electrodes and
respiration was monitored with a pressure transducer, from

which a respiratory gating signal could be derived.

cMRI protocol

Gadopententate dimeglumine (Gd-DTPA) (0.3 mmol/kg

Magnevist, Bayer, Germany) was administered by intra-

venous (IV) infusion into the lateral tail vein of the mouse.

Following standard prescan 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 (Bovens et al. 2011),

with the following parameters: TR = 5.6 ms, TE = 2.6 ms,

flip angle = 10 degrees, number of movie frames = 20,

slice thickness = 1 mm, matrix = 512 9 512, field-of-view

(FOV) = 4 9 4 cm2. This resulted in 78 9 78 lm in-

plane resolution, with ~5 min 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 10–15 min after IV Gd-DTPA and

assessed for LGE.

Determination of cardiac functional parameters
and LV mass

MRI images, in DICOM format, were processed with

Osirix (Rosset et al. 2004) 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/cm3 (Bohl et al. 2009).

Determination of infarct volume

The LGE images were windowed to maximize the signal

from the hyperintense region and null that from the

nonenhanced region. Manual planimetry was performed

on each slice and the hyperintense region and total LV

myocardial area was calculated. Slice hyperintense areas

were multiplied by the slice thickness and summed to cal-

culate the infarct volume as a percentage of LV myocar-

dial volume.

Measurement of the chronic infarct: midline-
length measurement

In addition to infarct volume, the infarct length was

quantified, 14 days post-MI, using an alternative cMRI

approach described as a “midline-length measurement.”

This technique was modified from Takagawa et al.

(2007). Briefly, the midline infarct length was determined

by measuring the midline length of the infarct that

included 50% of the whole thickness of the myocardial

wall. The LV myocardial midline was measured as a mid-

line circumference. All measurements were taken in dias-

tole. Infarct size was calculated by dividing the sum of

midline infarct length from all sections by the sum of the

midline circumference from all sections and multiplying

by 100.

Post mortem measurement of Infarct size

At the endpoint of the study (at day 21 post-MI) mice

were killed by cervical dislocation. In a subset of mice

(HEX (n = 5), VEH (n = 4)), the hearts were rapidly

excised, trimmed of extracardiac tissue and flushed with

saline to remove any remaining blood. Hearts were fixed

in OCT compound at �20°C for 15 min and transected

into 6–8 short-axis slices of 1 mm thickness using a Zivic

Mouse Heart Slicer Matrix (Zivic Instruments). Slices

were thawed and immersed in 1% triphenyl tetrazolium

chloride (TTC) in PBS at 37°C for 20 min while being
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constantly agitated. The slices were fixed in 10% neutral-

buffered formalin overnight and each slice photographed

on each side with a digital camera mounted on a stere-

omicroscope (Nikon C51). Manual planimetry of viable

and nonviable tissue was performed using ImageJ (Sch-

neider et al. 2012). Specifically, the total LV area and MI

were manually traced for each image and MI size was

determined as a percentage of LV mass.

Histology and morphometric analysis

Serial paraffin-embedded LV sections from each group of

mice studied were stained with 0.1% picrosirius red to

detect interstitial collagen deposition. Additional serial

LV sections from each corresponding group of mice

studied were immunohistochemically stained for selected

markers associated with collagen turnover; utilizing poly-

clonal antibodies to transforming growth factor (TGF)-

b1 (sc-146; 1:200 dilution; Santa Cruz Biotechnology

Inc., Santa Cruz, CA, USA) and matrix metalloproteinase

(MMP)-13 (the predominant collagenase in mice;

ab75606; 1:100 dilution; Abcam; Redfern, NSW, Aus-

tralia); or a monoclonal antibody to a-smooth muscle

actin (a-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 antirabbit or ARK

biotinylation kits, respectively, and 3,3-diaminobenzidine.

Morphometric analysis of picrosirius red- and immuno-

histochemically stained sections was performed using

Aperio software (Leica Biosystems, North Ryde, NSW,

Australia) on whole-tissue sections per mouse. 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.

Hydroxyproline analysis

Equivalent frozen portions of LV tissue from each ani-

mal studied were lyophilized to dry weight measure-

ments before being hydrolyzed in 6 mol/L hydrochloric

acid for determination of their hydroxyproline content,

as described previously (Samuel 2009). Hydroxyproline

values were converted to collagen content by multiply-

ing by a factor of 6.94 (based on hydroxyproline repre-

senting approximately 14.4% of the amino acid

composition of collagen in most mammalian tissues

(Gallop and Paz 1975), further expressed as a percent-

age of the tissue dry weight (to yield collagen concen-

tration), and finally expressed as the relative change,

compared to the SHAM-VEH group (which was

expressed as 1).

Heart rate variability analysis

Heart rate variability (HRV) analysis was performed

21 days after MI or sham procedure. ECG signals were

recorded using a physiological analyzing system (Bio

Amp, AD Instruments, CA, USA). Mice were anaes-

thetized with isoflurane and ECG signals were recorded

for a minimum of 20 min after heart rate stabilization.

Using a technique described in (Thireau et al. 2008);

autonomic nervous system function was examined by

power spectral analysis of HRV (LabChart Pro 7.0,

ADInstruments, Australia). Heart rate was used to gener-

ate a power spectral density curve using a fast Fourier

transformation. The area under the curve was calculated

for the very-low-frequency (VLF: 0–0.15 Hz), low-fre-

quency (LF: 0.15–1.5 Hz), and high-frequency (HFr: 1.5–
5 Hz) band, based on previous studies (Thireau et al.

2008). From these, the parameters: LF, HFr, normalized

LF power (nLF), normalized HF power (nHFr), and ratio

of LF to HFr power (LF/HFr) were calculated as described

in (Mao et al. 2012).

Cytokine and troponin-I determination

Blood samples were collected from mice at both 24 h and

21 days after the procedure. The blood was allowed to

clot appropriately and samples were centrifuged for serum

removal and stored at �80°C until assayed. The serum

concentrations of troponin-I (cTnI), interleukin (IL)-1b,
IL-6, and tumor necrosis factor (TNF)-a were measured

using a MILLIPLEX� map assay according to the manu-

facturer’s instructions (Merck Millipore).

Statistical analysis

Data expressed as the mean � SEM or relative

mean � SEM. Statistical analysis was performed using

GraphPad Prism 7. Differences between groups were ana-

lyzed by one-way ANOVA using either a Bonferroni or

Newman Keuls post hoc test to allow for multiple com-

parisons between groups. Unpaired t-test was applied to

comparisons between two groups. P < 0.05 was consid-

ered statistically significant.

Results

cMRI measurement of cardiac function

LVEF, EDV, ESV

There was a significant reduction in EF in MI-VEH and

MI-HEX mice 24 h post LAD occlusion. However, a

trend toward a preservation of EF was observed in the

MI-HEX group compared with the MI-VEH group
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(Fig. 1A). After 14 days treatment, HEX treatment signifi-

cantly improved EF compared to MI-VEH mice (HEX:

49.25% � SEM 2.3; VEH: 36.96% � SEM 3.82)

(Fig. 1B).

The MI-VEH group showed a significant increase in

EDV 24 h post-MI. These changes were completely

reversed with 14 days of HEX treatment (Fig. 1C). LV

ESV was also significantly elevated after 14 days in the

MI-VEH group, which again was entirely reversed with

HEX treatment (Fig. 1D). These results suggested that

HEX treatment may preserve both systolic and diastolic

function post-MI.

Infarct assessment

Infarct volume was determined using cMRI and manual

planimetry to calculate infarct volume as a percentage of

LV myocardial volume (IV%) after 24 h. Both treatment

groups exhibited observable infarction after 24 h

(Fig. 2Aa,b), there was no significant difference in IV%

between MI-HEX and MI-VEH-treated groups at this

time point (Fig. 2B). This was confirmed by TTC staining

in a subset of animal’s postmortem.

Following 14 days of permanent LAD ligation, VEH-

and HEX-treated mice exhibited observable myocardial

infarction as assessed by LGE. Infarct volume was signifi-

cantly reduced following HEX treatment (HEX

6.13 � 1.11; VEH: 15.21 � SEM 2.63) (Fig. 2C). Simi-

larly, when infarct size was assessed using the midline-

length measurement approach using cMRI, a significant

reduction in infarct midline-length was observed follow-

ing HEX treatment (Fig. 2D). The midline-length mea-

surement for MI-VEH mice was twofold greater than that

assessed by the volume approach. In chronic infarcts, the

length-based approach has been demonstrated to measure

the extent to which the infarct scar radially covers the

wall of the LV, without being influenced by thinning of

the wall, thus this is likely to explain the different values

obtained by the two measurement approaches. The mid-

line-length approach may represent a superior measure to

assess chronic infarcts (Takagawa et al. 2007).

LV size

LV myocardial mass was determined using cMRI 24 h and

14 days postprocedure. There was a significant difference
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Figure 1. Cardiac functional parameters measured by cMRI. Ejection fraction (%), LV end-diastolic volume, LV end-systolic volume measured

post-MI/sham procedure with or without HEX treatment. (A). EF 24 h postprocedure, (SHAM-VEH (n = 5), SHAM-HEX (5), MI-VEH (7), MI-HEX

(7)); (B) EF 14 days postprocedure (n = 6/5/10/11); (C) LV EDV 14 days postprocedure (n = 6/5/10/11); (D) LV ESV 14 days postprocedure

(n = 6/5/10/11). Data in all figures expressed as mean � SEM; ***P < 0.001, ****P < 0.0001, versus SHAM-VEH group; #P < 0.05, ##P < 0.01,

versus MI-VEH group; +P < 0.05, ++++P< 0.0001, versus SHAM-HEX group. cMRI, cardiac magnetic resonance imaging; EDV, end diastolic
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in mass between MI-VEH and the respective SHAM-VEH

group after 24 h, whereas this was not apparent within the

MI-HEX group. At this acute time point, there is unlikely

to be any significant effect on remodeling but it is thought

that these changes may reflect differences in inflammation

and/or edema (Fig. 3A). Cardiac mass was significantly ele-

vated after 14 days in the MI-VEH group. This increase

was entirely reversed by HEX treatment (Fig. 3B).

To further evaluate cardiac hypertrophy, heart weight

(HW) was compared 21 days post procedure. Tibial length

(TL) was used as an adjustment factor as body weight and

growth tendencies were found to depend on whether MI or

sham operation was performed (Mao et al. 2013). HW/TL

ratios did not differ between the two sham groups. The MI-

VEH HW/TL was significantly higher than the SHAM-

VEH group. There was a trend toward a decreased HW/TL

ratio in the MI-HEX group compared with the MI-VEH

group (Fig. 3C). Thus, the HW/TL results were consistent

with our cMRI myocardial mass data.

The effect of HEX on MI-induced cardiac
remodeling

To determine the effect of HEX on LV fibrosis in MI,

mice were treated with HEX or VEH daily for 21 days.

LV collagen deposition

Picrosirus red staining of the myocardium was used to

detected changes in interstitial collagen deposition and
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Figure 2. Infarct size measured by cMRI. (A). Representative LGE images acquired using a T1-weighted INTRAGATE gradient-echo sequence

24 h post LAD ligation. The hyperintense region represents the infarcted tissue (indicated by white arrows); (a). HEX-treated (b). VEH-treated.

(B) Myocardial infarct size assessed 24 h post-MI (IV%), (n = 7/7). (C) Myocardial infarct size 14 days post-MI, infarct size assessed via IV%

approach, or (D) via midline-length approach, (n = 10/10). ##P < 0.01 versus MI-VEH group. IV%, Infarct volume %.

2018 | Vol. 6 | Iss. 9 | e13699
Page 6

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Hexarelin and Myocardial Infarction H. McDonald et al.



was markedly increased in the MI-VEH group (7.62% of

the LV area stained � SEM 2.15) compared to that from

the SHAM-VEH group (1.05% � SEM 0.17). The pres-

ence of HEX (MI-HEX) was seen to almost completely

reverse the aberrant postinfarct interstitial collagen depo-

sition measured compared with the MI-VEH group (2.15-

% � SEM 0.78; Fig. 4A). Left ventricular collagen

concentration (% collagen content per dry weight tissue)

was extrapolated from hydroxyproline analysis of tissue

samples, and was also significantly higher in MI-VEH

mice (4.57% � SEM 0.58) compared to their SHAM-

VEH counterparts (0.60 � SEM 0.06). Chronic treatment

with HEX resulted in a ~53% reduction (2.45% � SEM

0.44) in LV collagen concentration (Fig. 4B).

TGF-b1, a-SMA, and MMP-13

LV TGF-b1 (Fig. 4C) and a-SMA-associated myofibrob-

last (Fig. 4D) immunostaining was significantly increased

(by ~49% and ~63%, respectively); whereas LV MMP-13

staining (Fig. 4E) was significantly reduced (by ~66%) in

MI-VEH mice compared to that measured in SHAM-

VEH mice.

HEX (MI-HEX) therapy normalized the aberrant MI-

induced increase in TGF-b1 (Fig. 4C) and a-SMA

(Fig. 4D) expression, and increased MMP-13 levels to

sixfold of that measured in the MI-VEH group

(Fig. 4E). These results suggested that HEX had a regu-

latory effect on cardiac remodeling and cardiac fibrosis

post-MI.

Troponin-I and cytokine measurements

There was a threefold increase in cTn-I after 24 h in the

MI-VEH group compared with the MI-HEX group (VEH

40,697 pg/mL � SEM 7568; HEX 13,200 pg/mL � SEM

7551). HEX treatment was found to significantly prevent

the rise in cTnI (Fig. 5A). There was no significant differ-

ence in cTnI between the MI-VEH and MI-HEX group

after 21 days but a trend toward a reduction in cTnI was

maintained in the MI-HEX group.

In MI-VEH mice, serum TNF-a (Fig. 5B) and IL-1b
(Fig. 5C) were significantly increased 24 h post-MI com-

pared to SHAM-VEH counterparts and there was a trend

toward increased IL-6 levels (Fig. 5D). The acute MI-

induced aberrant increase in TNF-a (VEH 9.94 pg/

mL � SEM 0.38; HEX 4.63 pg/mL � SEM 1.6) (Fig. 5A)

and IL-1b (VEH 9.21 pg/mL � SEM 2; HEX 4.47 pg/

mL � SEM 0.6) (Fig. 5B) was normalized by HEX (MI-

HEX) treatment, whereas IL-6 levels were unaffected by

HEX administration (Fig. 5C). In comparison, there were

no differences noted in cytokine levels between MI-HEX

and MI-VEH-treatment at the 21-day time point (data

not shown).
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Heart rate variability (HRV)

HRV was examined 21 days after sham operation or per-

manent LAD occlusion. HRV analysis is considered a sen-

sitive, noninvasive, indirect measure of cardiac autonomic

tone that has been extensively validated (Task Force of

the European Society of Cardiology 1996; Thireau et al.

2008). LF/HFr is used to represent cardiac sympathetic

nervous activity (SNA), whereas nHFr represents

parasympathetic nervous activity (PNA) (Thireau et al.

2008). LF/HFr was markedly increased (Fig. 6A), whereas

nHFr was significantly reduced (Fig. 6B) in MI-VEH mice

compared to that measured from their SHAM-VEH

counterparts. HEX treatment (MI-HEX group) normal-

ized the MI-induced loss of nHFr and increase in LF/HFr

(Fig. 6) back to that measured in SHAM-VEH mice,

thereby indicating a simultaneous enhancement in PNA

and reduction in sympathetic tone.

Discussion

In this study, we have demonstrated that HEX treatment

can preserve cardiac function and tissue characteristics in

mice after acute MI. This was shown by an improvement

in systolic and diastolic function, a lower cardiac mass

and HW/TL ratio in MI-injured mice after chronic HEX

therapy. One of the major findings of this study was the

ability of HEX to significantly reduce measures of cardiac

fibrosis after MI. The antifibrotic properties of HEX may

be associated with an underlying anti-inflammatory

mechanism, indicated in this study by a decrease in the

proinflammatory cytokines TNF-a and IL-1b and signifi-

cant reduction in cTnI levels. Furthermore, HEX treat-

ment was seen to shift the balance of autonomic nervous

system activity toward a parasympathetic predominance

as evidenced by a lower LF/HFr ratio and higher nHFr

measured by HRV analysis.

Our findings are consistent with those showing that HEX

administration had markedly protected against myocardial

stunning with almost complete recovery of LV function

postreperfusion in senescent rats. A simultaneous reduction

in creatine kinase concentration suggested a HEX-mediated

preservation of cardiomyocyte integrity (Rossoni et al.

1998). Locatelli et al. (1999), concluded that short-term

pretreatment with HEX counteracted ischemic damage in

perfused hearts of hypophysectomized rats mediated

through cardiac-specific receptors and independent of GH-

release. At the clinical level, the effects of HEX were investi-

gated in normal subjects and in patients with severe GH

deficiency with similar conclusions (Imazio et al. 2002).

Specifically, a similar increase in LVEF was seen after HEX

treatment in normal subjects, patients with ischemic car-

diomyopathy and those with severe GH deficiency, which

was independent of GH-release. Interestingly, in that study,
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acute IV administration of HEX had a positive inotropic

effect in patients with ischemic cardiomyopathy-induced

severe LV dysfunction but failed to stimulate heart contrac-

tility in patients with severe LV dysfunction due to dilated

cardiomyopathy (Imazio et al. 2002).

Cardiac fibrosis and remodeling

After myocardial injury, multiple neurohormonal factors

and cytokines drive changes in cardiomyocytes and fibrob-

lasts that collectively result in cardiac remodeling (Dixon

et al. 2015) (Fig. 7). MI leads to progressive ventricular

remodeling, increased myocardial wall stress and ultimately

results in HF (Huang et al. 2009). During ventricular

remodeling, collagen, the main component of the extracel-

lular matrix (ECM) increases and contributes to scar tissue

(fibrosis) formation. When increases in wall stress exceed

that of the compensatory capacity of the heart, degradation

of the extracellular matrix and alterations of the collagen

network progressively result in alterations of LV morphol-

ogy and function. Continued accumulation of collagen

(fibrosis) impairs diastolic function and compromises sys-

tolic mechanisms (Segura et al. 2014).

The antifibrotic effects of GHS have been investigated

in various models of cardiac injury (Mao et al. 2014a;

Angelino et al. 2015). Interventions targeting excessive

fibrosis as a result of MI are of major therapeutic impor-

tance in the treatment of HF (Samuel et al. 2011; Segura

et al. 2014). HEX treatment may allow normalization of

wall stress and preservation of diastolic and systolic func-

tion, helping to prevent changes in ventricular wall and

chamber dimensions. In this study, HEX therapy blunted

changes in LV mass and significantly reduced interstitial

LV collagen content and collagen concentration. These

findings represent the therapeutic potential of HEX to

alleviate degenerative hypertrophic adaptive changes lead-

ing to LV dysfunction.

Inflammation and remodeling

HEX has been shown to inhibit apoptosis, increase car-

diomyocyte viability and suppress stress-induced neuro-

hormonal activation in various studies (Filigheddu et al.

2001; Xu et al. 2005; Zhao et al. 2016). HEX has been

demonstrated to protect cardiomyocytes against angioten-

sin (AT)-II-induced apoptosis by inhibiting activation of

caspase-3, Bax mRNA expression and increasing the

expression of Bcl-2 (Pang et al. 2004). In addition to

inhibition of apoptosis, anti-inflammatory strategies may

represent another therapeutic approach to mitigate car-

diac fibrosis. Timely activation of the endogenous path-

ways that inhibit inflammation is important to prevent

the catastrophic consequences of uncontrolled inflamma-

tion on cardiac geometry and function post myocardial

infarction (Dixon et al. 2015). Induction of proinflamma-

tory cytokines, such as IL-1 and TNF-a play an important

role in acquisition of a proinflammatory phenotype by

cardiac fibroblasts during the early stages following MI

and have been demonstrated to play a role in cardiac

remodeling and progression of HF (Saxena et al. 2013).

This study demonstrated the ability of HEX to reduce the

presence of serum IL-1b and TNF-a in a model of MI

(Fig. 7).

Sustained presence of inflammatory cytokines leads to

activation of MMPs and results in ventricular dilation

through slippage of collagen (Bryant-Greenwood 1991;

Deschamps and Spinale 2006). Our data suggest that

HEX may increase the degradation of collagen through

increased MMP activity demonstrated by an increase in

MMP-13 expression after chronic HEX treatment. Xu

et al. (2012) also observed similar findings in a study

where spontaneously hypertensive rats were treated with

HEX. In this study, treatment resulted in a significant

reduction in cardiac fibrosis, attenuation of LV hypertro-

phy, diastolic dysfunction, and reduced blood pressure.
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HEX increased MMP-2 and MMP-9 activity and

decreased myocardial mRNA expression of TIMP1 sug-

gesting an increased degradation of collagen. Thus, we

propose that HEX may reverse the mechanisms that lead

to progressive LV dysfunction, at least in part, through

inhibition of the inflammatory response and regulation of

collagen turnover.

Myofibroblast activation

Compared with cardiomyocytes, cardiac fibroblasts are

much less vulnerable to oxidant stress following coronary

occlusion (Zhang et al. 2001). Given their resistance to

ischemic death, location and abundance within the

cardiac interstitium, fibroblasts are ideally suited to sense

microenvironmental alterations following myocardial

injury and initiate the inflammatory response (Chen and

Frangogiannis 2013). In vitro, cardiac fibroblasts respond

to hypoxia by acquiring a proinflammatory and fibro-

genic phenotype characterized by enhanced cytokine

expression, myofibroblast transdifferentiation, and

increased collagen synthesis (Shivakumar et al. 2008).

Experimental findings suggest a direct involvement of

fibroblasts in activation of the postinfarction inflamma-

tory reaction (Chen and Frangogiannis 2013). TGF-b1
expression is markedly augmented following infarction

and has been found to have profound effects on fibroblast

phenotype and function, inducing myofibroblast
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transdifferentiation, upregulating matrix protein synthesis

and stimulating the synthesis of protease inhibitors

such as TIMP-1 (Willems et al. 1994; Dixon et al. 2015).

Our study demonstrated a significant reduction in a-SMA

expression in HEX-treated mice in combination with a

decrease in TGF-b1. This suggests decreased activation of

myofibroblasts secondary to a HEX-mediated reduc-

tion in TGF-b1 and inflammatory cytokines. Preventing

TGF-b1 activation in a myofibroblast-specific manner

has promising therapeutic perspectives and HEX may rep-

resent a novel pharmacological agent to target this

pathway.

Extensive evidence also suggests a crucial role of the

renin-angiotensin aldosterone (RAAS) system in activa-

tion of infarct myofibroblasts (Dixon et al. 2015). The

fibrogenic effects of the RAAS are mediated, at least in

part, through activation of growth factors such as TGF-b1
(Detillieux et al. 2003). HEX has been shown to suppress

ATII and TGF-b1-induced cardiac fibroblast proliferation

and collagen synthesis in cultured rat cardiac fibroblasts

(Xu et al. 2007). Our study demonstrated a significant

reduction in TGF-b1 expression in HEX-treated mice.

Thus suggesting that HEX’s ability to influence postinfarct

fibrotic healing may involve the ability to suppress the

expression and effect of profibrotic factors (such as TGF-

b1), that promote fibrogenesis; inhibit myofibroblast dif-

ferentiation and myofibroblast-induced collagen synthesis;

and augment MMP-13-induced collagen breakdown. The

combined actions of which favor a net reduction in aber-

rant collagen content.

Autonomic nervous system

It is well-known that activation of efferent vagal nerve

fibers can modulate local and systemic inflammatory

responses through activation of the “cholinergic anti-

inflammatory pathway” (Tracey 2007). The vagus is sug-

gested to play a central role in GHS-observed effects and

is an important link between the nervous and immune

systems. Ghrelin has been shown to have several anti-

inflammatory properties involving vagus activation (Date

et al. 2002; Mao et al. 2014a; Khowailed et al. 2015). The

restoration of parasympathetic tone has emerged as a

promising therapeutic approach to normalize autonomic

imbalance and inhibit the progression of HF (Kaye et al.

1995; Olshansky 2016). Furthermore, SNA in patients

with MI has been shown to contribute significantly to dis-

ease progression and prognosis (Kaye et al. 1995). Accu-

mulating clinical and experimental evidence indicates that

inhibition of cardiac SNA improves survival and mitigates

LV remodeling and dysfunction post-MI (Schwenke et al.

2008, 2012). In this study, chronic HEX treatment was

demonstrated to modulate the autonomic nervous system

by blunting SNA and enhancing PSA, and influence the

inflammatory response induced by MI.

Given that the foremost role of ghrelin relates to the

control of systemic metabolism, one possible mechanism

underlying the beneficial effect of ghrelin in heart failure

may relate to normalization of cardiac energy substrate

consumption and attenuation of cardiac metabolic distur-

bances (Xu et al. 2010; Mitacchione et al. 2014). These

pathways may also involve modulation of the autonomic

nervous system (Flaa et al. 2008).

Limitations

HEX administration immediately prior to ligation repre-

sents a potential limitation. Timely reperfusion strategies

act to limit infarct development, thus more logically; ther-

apy would be initiated at this point, prior to reperfusion.

The effect of reperfusion was not investigated in this

study and represents a downfall. The temporal

histopathological and functional infarct changes in mouse

models of MI vary when compared to acute myocardial

infarction patients, thus representing a limitation of this

model.

Conclusion

In this study, we have demonstrated that HEX treatment

has a clear effect on myocardial function, fibrosis, and

inflammation in a mouse model of MI. Pharmacological

strategies targeting fibrogenic growth factors and anti-

inflammatory effects may hold promise in prevention of

cardiac remodeling and attenuation of diastolic and sys-

tolic dysfunction. Modulation of the autonomic nervous

system by HEX may offer a novel cardioprotective strat-

egy by acting to modulate the inflammatory reaction and

fibrotic pathways.
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