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Background-—Growth hormone–releasing hormone agonists (GHRH-As) stimulate cardiac repair following myocardial infarction
(MI) in rats through the activation of the GHRH signaling pathway within the heart. We tested the hypothesis that the
administration of GHRH-As prevents ventricular remodeling in a swine subacute MI model.

Methods and Results-—Twelve female Yorkshire swine (25 to 30 kg) underwent transient occlusion of the left anterior descending
coronary artery (MI). Two weeks post MI, swine were randomized to receive injections of either 30 lg/kg GHRH-A (MR-409)
(GHRH-A group; n=6) or vehicle (placebo group; n=6). Cardiac magnetic resonance imaging and pressure–volume loops were
obtained at multiple time points. Infarct, border, and remote (noninfarcted) zones were assessed for GHRH receptor by
immunohistochemistry. Four weeks of GHRH-A treatment resulted in reduced scar mass (GHRH-A: �21.9�6.42%; P=0.02;
placebo: 10.9�5.88%; P=0.25; 2-way ANOVA; P=0.003), and scar size (percentage of left ventricular mass) (GHRH-A:
�38.38�4.63; P=0.0002; placebo: �14.56�6.92; P=0.16; 2-way ANOVA; P=0.02). This was accompanied by improved diastolic
strain. Unlike in rats, this reduced infarct size in swine was not accompanied by improved cardiac function as measured by serial
hemodynamic pressure–volume analysis. GHRH receptors were abundant in cardiac tissue, with a greater density in the border
zone of the GHRH-A group compared with the placebo group.

Conclusions-—Daily subcutaneous administration of GHRH-A is feasible and safe in a large animal model of subacute ischemic
cardiomyopathy. Furthermore, GHRH-A therapy significantly reduced infarct size and improved diastolic strain, suggesting a local
activation of the GHRH pathway leading to the reparative process. ( J Am Heart Assoc. 2015;4:e001464 doi: 10.1161/
JAHA.114.001464)
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H eart failure (HF) represents the major sequela of
myocardial infarction (MI). This syndrome increases in

prevalence with age and affects almost 10% of men and 8% of

women over the age of 60.1 Although the survival after HF has
improved, mortality remains high—approximately 50% of
people diagnosed with HF will die within 5 years.1,2 Recent
evidence indicates that growth hormone (GH) deficiency plays
a crucial role in the functional abnormalities, disease
progression, and mortality in HF patients.3 Currently, a variety
of new treatment strategies, including cellular,4–6 pharmaco-
logical,7 and genetic7 treatments, have been developed for
ischemic cardiomyopathy. These treatment modalities, includ-
ing hormone therapy, focus on the regeneration or repair of
damaged myocardium and restoration of cardiac function.8–11

Administration of GH-releasing hormone (GHRH) exerts
important cardioprotection in the setting of ischemia–reper-
fusion injury in rats.11 The administration of GHRH offers a
highly physiological approach to treating cardiac injury based
on its direct effect on cardiomyocyte and cardiac stem cell
(CSC) receptors.8,9,11,12 Although GHRH administration can
potentially activate the GH/insulin-like growth factor (IGF)-1
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axis, its ability to act independently of this axis can avoid the
side effects associated with GH or IGF-1.13,14 There are
several clinical studies using GH replacement therapy for HF,
but results are controversial.10,15,16

A synthetic analog of the human GHRH, GHRH agonist
(GHRH-A), has demonstrated high activity and greater meta-
bolic stability.17 In previous studies, we showed a significant
response to GHRH-A in acute and chronic ischemic injuries in
rodent models. The GHRH-A (JI-38) stimulated substantial
cardiac repair,8 reversed ventricular remodeling,9 and
improved cardiac function.8,9 Similar effects were obtained
with a new series of GHRH-As, represented by MR-409.18

Moreover, in rats, the GHRH-A did not alter circulating levels
of GH and IGF-1, suggesting a direct cardiac effect.8,9 To
translationally advance the potential application of GHRH
agonist to treat humans with post-MI remodeling, we tested
the hypothesis that the GHRH-A MR-409 would exert
cardioprotection in a model of infarct remodeling in the
swine. Accordingly, we administered GHRH-A (MR-409) to
Yorkshire pigs with subacute ischemic cardiomyopathy and
tested the hypothesis that daily subcutaneous administration
of GHRH-A for 4 weeks results in prevention and/or reversal
of ventricular remodeling.

Materials and Methods

Animals and Study Design
All animal protocols were reviewed and approved by the
University of Miami Institutional Animal Care and Use
Committee. Twelve female Yorkshire swine (25 to 30 kg) were
used in this double-blinded, randomized, placebo-controlled
translational study. The MI in the swine model was induced via
full occlusion of the left anterior descending coronary artery
(LAD) by using balloon catheter inflation for 90 minutes.19

Animals were randomized to receive injections of either GHRH-
A―MR409 (GHRH-A; n=6) (structure: [N-Me-Tyr1, D-Ala2,
Orn12, Abu15, Orn21, Nle27, Asp28] hGH-RH1–29, NH-CH3, as

previously reported18) or vehicle (placebo; n=6). Each study
animal underwent noninvasive magnetic resonance imaging
(MRI) and invasive hemodynamic assessment. Animals also
underwent serial measurements of cardiac function and blood
work as outlined in Table 1. All study procedures and analyses
were performed by blinded investigators.

MI Induction
All animals in this study underwent closed-chest ischemic
reperfusion MI as previously described,19 in which MI was
induced by the inflation of a coronary angioplasty balloon in
the mid LAD. Access was obtained via a right carotid artery
cutdown. The right internal carotid artery and external jugular
vein were exposed and catheterized with 7-Fr and 10-Fr
sheaths, respectively. Animals received heparin (100 to
200 IU/kg) before the start of occlusion. Lidocaine (2 to
4 mg/kg bolus followed by continuous infusion of
50 lg kg�1 min�1) was administered to the animal. Coronary
angiograms were obtained by fluoroscopy. Then, a 0.014-inch
coronary guidewire was advanced into the LAD. A coronary
angioplasty balloon (Cordis Fire Star) sized to match the
diameter of the mid LAD (3.0915 mm to 3.75920 mm) was
delivered to that segment and inflated distal to the first LAD
diagonal branch, at the lowest pressure necessary to occlude
distal flow. After 90 minutes, the balloon was deflated and
removed to allow for reperfusion. The right carotid arteriot-
omy was repaired (if feasible) with 6-0 Prolene or ligated, and
the external jugular vein was ligated. The surgical incision was
closed in layers and sterilely dressed. Postprocedural pain
was managed with buprenorphine (0.003 mg/kg) and trans-
dermal fentanyl (25 to 75 lg kg�1 h�1) for 72 hours. The
swine was then recovered, and the myocardium was allowed
to heal for 2 weeks.

Randomization
Randomization was conducted after the induction of MI.

Table 1. Experimental Time Points

Time Point Baseline (MI) Immediately Post MI 2 Weeks Post MI
Immediately
Posttreatment

1 Week
Posttreatment

2 Weeks
Posttreatment

3 Weeks
Posttreatment

4 Weeks
Posttreatment

Treatment (start) X

Cardiac imaging X X X X

Pressure–volume
loops

X X X

Death and necropsy X

Blood work X X X X X X X X

Body weight X X X X X X

MI indicates myocardial infarction.
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Administration of GHRH-A
Animals were administered a daily subcutaneous injection of
30 lg/kg GHRH-A MR-409 or vehicle (dimethyl sulfoxide +
propylene glycol) by blinded administrators. The treatment
began 2 weeks post MI. Animals were weighed weekly, and
the amount of drug to be administered was adjusted
according to the animals’ weight.

Blood Sample Analysis
Serum hematology, chemistry, and cardiac enzymes were
measured at numerous time points throughout this study (see
Table 1). Blood samples were obtained while the animal was
under general anesthesia. EDTA-anticoagulated whole blood

was collected for hematology; serum was collected for
chemistry (clot tubes). All the measurements performed are
summarized in Table 2.

Imaging
Cardiac magnetic resonance (CMR) imaging studies were
conducted by using a Siemens Magnatom Trio, A Tim System
(Erlangen, Germany) scanner with Syngo Numaris 4 (MR
BV17A) software and an Invivo 16-channel Body Array Anterior
Coil (Gainesville, FL) with retrospective gating and short breath-
hold acquisitions. CMR was done to study the heart before MI
(baseline), 2 weeks post MI (pretreatment), 2 weeks postad-
ministration of the first dose of GHRH-A/vehicle (2 weeks
posttreatment), and 4 weeks posttreatment (death).

Table 2. Blood Sample Parameters

1. White blood cell count 12. Eosinophils 22. BUN 33. A/G ratio

2. Red blood cell count 13. Basophils 23. Crea 34. ALT

3. Hemoglobin 14. NRBC 24. BUN/Crea ratio 35. LDH

4. Hematocrit 15. RBC morphology 25. Sodium 36. CPK

5. MCV 16. Platelet morphology 26. Potassium 37. Alkaline phosphatase

6. MCH 17. WBC morphology 27. Calcium 38. Total bilirubin

7. MCHC 18. Platelet count 28. Magnesium 39. CK-MB (ortho)

8. Segmented neutrophils 19. Hemolysis index 29. Phosphorus 40. CK-MM

9. Band neutrophils 20. Lipemia index 30. Uric acid 41. CK-BB

10. Lymphocytes 21. Glucose 31. Total protein 42. Troponin-I, ng/mL

11. Monocytes 32. Albumin 43. GGT

A/G indicates albumin-to-globulin ratio; ALT, alanine transaminase; BUN, blood urea nitrogen; CK-BB, CK isoenzyme in brain; CK-MB, creatine kinase (CK) isoenzyme in heart; CK-MM, CK
isoenzyme in skeletal muscle; CPK, creatine phosphokinase; Crea, creatinine; GGT, c-glutamyl transferase; LDH, lactate dehydrogenase; MCV indicates mean corpuscular volume; MCH,
mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; NRBC, nucleated red blood cell; RBC, red blood cell; WBC, white blood cell.

Table 3. Swine Mass, Scar Mass, and Heart Weight (HW)/Body Weight (BW) Index Characteristics

Baseline 2 Weeks Post MI (Pretreatment) 2 Weeks Posttreatment 4 Weeks Posttreatment

Swine mass, kg

Placebo (n=6) 27.83�0.6 33.67�1.52 40.83�1.88 47.33�2.25

GHRH-A (n=6) 29.33�1.17 34.67�1.43 41�1.65 47.33�1.89

Scar mass, g

Placebo (n=6) — 8.13�0.96 — —

GHRH-A (n=6) — 9.04�1.03 — —

Scar mass/LV mass

Placebo (n=6) — 13.45�1.35 — —

GHRH-A (n=6) — 13.71�1.21 — —

HW/BW index

Placebo (n=6) — 5046.5�212.65 — —

GHRH-A (n=6) — 5587.2�398.74 — —

GHRH-A indicates growth hormone–releasing hormone agonist; LV, left ventricular; MI, myocardial infarction.
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Steady-state free precession cine images in 2-, 3-, and 4-
chamber and short-axis planes (slice thickness 4 mm, field of
view 280 to 300 mm, matrix 256980, repetition time [TR]
43 ms, echo time [TE] 2.67 ms, number of averages 1, band
width 441 Hz, flip angle 12°) were obtained. Two-chamber
and short-axis planes were used for analyses. At end diastole
and end systole, semiautomated epicardial and endocardial
borders were drawn in contiguous short-axis cine images
covering the apex–to–mitral valve plane by using Segment
Software (Medviso AB) to calculate end-diastolic volume, end-
systolic volume, and stroke volume.

Perfusion imaging was performed using injection boluses of
Gd-DPTA. First-pass perfusion imaging was performed contin-
uously for 1.5 minutes at rest immediately after an intravenous
bolus injection of gadolinium (Gd-DPTA, 0.1 mmol/kg, 5 mL/s;
Magnevist, Berlex, Wayne, NJ) with an ECG-gated interleaved
saturation recovery gradient echo planar imaging pulse
sequence. After completion of first-pass image acquisition, a
second bolus of Gd-DTPA (0.1 mmol/kg) was injected. An
entire short-axis stack was acquired every 2 to 4 heartbeats.
Imaging parameters were as follows: TR/TE=162 and 0.94 ms;
flip angle=10°; 1289128matrix; 8-mm slice thickness/no gap;
bandwidth 1002 Hz; 26-com field of view; and 1 number of
average signals (NSA).

Short-axis and 2-, 3-, and 4-chamber long-axis delayed
enhancement images (slice thickness of 4 mm with no gap,
field of view 280 to 300 mm, matrix 2569100, TR/TE
567 ms/2.16 ms, band width 287 Hz, and a flip angle of 20°)
were acquired 8 minutes following intravenous infusion of
gadolinium 0.3 mmol/kg. Infarct scar size was calculated
from the short-axis delayed myocardial enhancement images
covering the apex–to–mitral valve plane (Kim et al30). By
using Segment Software, epicardial and endocardial left

ventricular (LV) contours were drawn with use of a semiau-
tomated tool. The intensity of a normal region of myocardium
was calculated, and scar tissue was determined by using an
intensity threshold 2 SDs above normal myocardium.

Regional function was measured by tagged CMR images by
using HARP software (Diagnosoft). Tagged MR images were
collected in parallel planes throughout the short axis. Flash
tagged images in the short-axis planes (slice thickness 8 mm,
field of view 280 to 300 mm, matrix 256980, TR 49 ms, TE
2.7 ms, number of averages 1, band width 446 Hz, flip angle
10°) were obtained. Three contiguous short-axis tagged
images encompassing the scar were selected for analysis.

Table 4. Average Values for Cardiac Enzymes (Troponin I, CK-MB, CK-MM, and CK-MB) by Treatment Group

Laboratory Test Normal Values Baseline (Pre MI)
Immediately
Post MI

2 Weeks
Post MI

Immediately
Posttreatment

1 Week
Posttreatment

2 Weeks
Posttreatment

3 Weeks
Posttreatment

4 Weeks
Posttreatment

Placebo group

Troponin-I 0.00 to 0.50 0.011 1.506 0.016 N/D 0.008 0.007 0.007 0.01

CK-MB 31.3 90.6 31.7 57.0 46.5 33.7 37.5 26.5

CK-MM 642.0 2992.2 721.5 2801.5 982.0 1272.7 1333.2 836.7

CK-MB 87.0 615.4 125.3 254.5 132.3 160.0 126.8 101.5

GHRH-A group

Troponin-I 0.00 to 0.50 0.004 2.003 0.019 N/D 0.008 0.007 0.006 0.014

CK-MB 33.5 139.8 42.0 86.5 22.8 45.7 42.7 86.7

CK-MM 905.2 3424.7 1326.0 3596.0 653.3 1980.7 1654.7 2614.1

CK-MB 144.3 723.5 262.2 221.5 100.3 454.7 186.3 398.0

CK-BB indicates creatine kinase (CK) isoenzyme in brain; CK-MB, CK isoenzyme in heart; CK-MM, CK isoenzyme in skeletal muscle; GHRH-A, growth hormone–releasing hormone agonist;
MI, myocardial infarction; N/D, no data.

Figure 1. Average values for cardiac enzymes (CK-MB and
troponin) in GHRH-A and placebo groups. GHRH-A indicates
growth hormone–releasing hormone agonist.
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User-defined epicardial and endocardial contours were drawn
to create a 24-segment mesh for each slice, and Eulerian
circumferential strain for each segment at each time point of
the cardiac cycle was measured. By using the right ventricular
insertion as a reference point, corresponding tagged images
were classified as either transmural infarction segments (scar
≥50% of the respective segment), margin of infarcted area
(scar <50% of the respective segment), and remote area
(remote segments to the infarction area). The peak Eulerian
circumferential strain for each area was calculated by
averaging the peak Eulerian circumferential strain (more
negative is greater contractility) from each individual segment
of the specified zone. The peak diastolic strain rate was
calculated by averaging the most positive point in the early
diastolic portion of the strain rate curve from each individual
segment of the specified zone. The same slices and areas
were used between all time points.

PV Analysis
Hemodynamic studies were scheduled to occur during the
majority of procedures in accordance with Table 1. A

pressure–volume (PV) loop transducer (Millar Instruments
Inc) was zeroed and balanced in warm saline. The Millar
catheter was inserted through the arterial vascular sheath into
the LV, and baseline PV cardiac information was recorded.
Then, a 3920-mm balloon was inserted through the venous
vascular sheath in the inferior vena cava to record occlusion
PV cardiac information. The PV loop volumes were calibrated
to corresponding CMR-derived end-diastolic volume and
stroke volume by using the point-and-difference technique,
which calibrates the conductance volume signal to the
independently obtained CMR volume assessment.19 Left
ventricular PV loops were recorded at steady state and at
varying preloads during temporary occlusion of the inferior
vena cava. All analyses were performed by using LabChart 7
Pro software (AD Instruments Inc).

Necropsy and Histopathologic Analysis
At the end of the study, a necropsy was performed on each
animal, and tissue samples of the brain, liver, spleen, kidney,
lung, ileum, and pituitary gland were obtained and analyzed
histologically for the presence of neoplastic tissue.

Table 5. Hemodynamic Parameters

Baseline 2 Weeks Post MI 4 Weeks Posttreatment

Integrated cardiac function

SW (mm Hg9mL)/BSA (m2)

Placebo 2117�207.52 1568�133.64 2268�327.60

GHRH-A 2099�233.05 1850�176.66 2102�158.01

CO (L/min)/BSA (m2)

Placebo 4.00�0.164 3.32�0.091 4.39�0.433

GHRH-A 3.55�0.298 3.49�0.394 3.89�0.380

SV (mL)/BSA (m2)

Placebo 37.59�2.43 35.28�1.44 49.68�5.70*

GHRH-A 39.92�3.02 39.52�3.25 47.96�2.76

EF (%)

Placebo 32.33�1.97 26.34�1.42 30.11�3.41

GHRH-A 34.84�2.53 31.28�2.97 29.89�2.82

Lusitropy

EDPVR

Placebo 0.19�0.03 0.17�0.03 0.17�0.03

GHRH-A 0.23�0.03 0.20�0.07 0.21�0.06

dP/dt min (mm Hg/s)

Placebo �1411�110.46 �889.74�113.68* �1052�54.76

GHRH-A �1429�108.88 �1171�96.15 �1076�135.24

N=5 or 6. BSA indicates body surface area; CO, cardiac output; EDPVR, end-diastolic pressure–volume relationship; EF, ejection fraction; GHRH-A, growth hormone–releasing hormone
agonist; MI, myocardial infarction; SV, stroke volume; SW, stroke work.
One-way ANOVA within group: *P<0.05 vs baseline.
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Gross and Microscopic Histology of the Heart
At necropsy, the heart was harvested for analysis and a heart
weight/body weight index determined. The LV was sliced into
10 rings along the short-axis plane of the ventricle. Both
surfaces of these ventricular slices were photographed while
immersed in water to eliminate highlights, and digital images
were obtained. Samples of infarct, border, and remote (nonin-
farcted) zones were isolated and stored in formalin for
histological analysis. Histochemical staining, including hema-
toxylin and eosin and Masson’s trichrome as appropriate, was
used to evaluate myocardial regeneration. GHRH receptor
(GHRHR) expression was assessed by immunohistochemical
staining in the cardiac tissue following GHRH-A or placebo
treatment by using an anti-GHRHR antibody (rabbit polyclonal
to GHRHR—ab28692 [Abcam]). The histology and immunohis-
tochemical staining were performed on 3-lm-thick paraffin
sections of tissues fixed in buffered formalin according to the
manufacturer’s protocol. All images were obtained by using a
910 magnification, and the settings were constant for the
entire study. All slides were analyzed and pictured in a digital

microscope (VisionTek; Sakura). One image was taken from
each sample (infarct, border, and remote zones) for histology
and immunohistochemistry assays. Morphometric analyses for
the hematoxylin and eosin/trichrome staining were performed
by a blinded pathologist (qualitative analyses). The quantifica-
tion of immunohistochemistry was performed following decon-
volution (Image J software, version 1.44p; Wayne Rasband,
National Institutes of Health), with no previous knowledge of the
sample identification. A mean gray value of 3 distinct selected
areas was generated by using the point tool, and the mean
staining intensity (intensity/pixel) was recorded. The GHRHR
expression was quantified by gray color intensity and is
inversely correlated with GHRHR expression.

Vascular Density Assessment
Immunohistochemistry staining was performed with von Wille-
brand factor VIII antibody to calculate the vascular density. For
the vascular density quantification, representative samples
were selected from the border zone containing infarct and
nonscarred tissue from the LV wall of all cardiac samples from

Table 6. Hemodynamic Parameters

Baseline 2 Weeks Post MI 4 Weeks Posttreatment

Preload

EDP, mmHg

Placebo 17.71�2.37 17.05�3.95 18.67�2.57

GHRH-A 13.47�2.07 17.98�1.42 18.38�4.03

EDV (mL)/BSA (m2)

Placebo 117.54�1.90 138.34�6.24* 130.97�33.05*†

GHRH-A 116.54�4.75 132.42�5.87 165.94�10.06*†

Afterload

Ea, mmHg/mL

Placebo 3.18�0.22 2.60�0.33* 1.85�0.27

GHRH-A 2.83�0.21 2.57�0.18* 1.93�0.12

Contractility

dP/dt max, mmHg/s

Placebo 1161�88.21 946.06�82.96 1081�118.46

GHRH-A 1008�66.06 996.30�49.81 894.38�68.46

PRSW

Placebo 26.48�3.30 16.68�4.17 38.73�6.06†

GHRH-A 30.52�2.69 25.87�1.88 33.13�4.27

ESPVR

Placebo 1.45�0.10 1.06�0.20 1.27�0.17

GHRH-A 1.17�0.22 1.07�0.20 1.44�0.18

N=5 or 6. BSA indicates body surface area; Ea, arterial elastance; EDP, end-diastolic pressure; EDV, end-diastolic volume; ESPVR, end-systolic pressure–volume relationship; GHRH-A,
growth hormone–releasing hormone agonist; MI, myocardial infarction; PRSW, preload recruitable stroke work.
One-way ANOVA within group: *P<0.05 vs baseline. †P<0.05 vs 2 weeks post MI.
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each group. Five areas of each slide were photographed under
light microscopy (Leica Microsystems Inc) at 910 magnifica-
tion (100 lm) and blindly analyzed. The total number of
positively stained vessels from each sample was quantified and
expressed as the average total count per slide with the use of a
custom research package (Image J). Image acquisitions were
performed with a digital microscope (VisionTek).

Immunostaining
Myocardial sections from border zones of the infarct area were
deparaffinized through a series of xylenes and graded alcohol as
previously described20 and stained for phospho-S10 of histone
H3 (pH3; Abcam, ab5176), active caspase-3 (AF835; R&D), and

tropomyosin or troponin T (Abcam, ab17784 or ab8295) as
cardiac marker. Nuclei were counterstained with 40,6-diamidi-
no-2-phenylindole dye (DAPI; Invitrogen); to confirm that the
labeling observed was due to binding of the secondary antibody
to the primary antibody, we excluded the primary antibodies on
parallel sections and used them as negative controls.

All representative images were obtained with fluorescent
(Olympus IX81) or a confocal microscopy (LSM710; Zeiss).
The total numbers of pH3- and caspase-3–positive cells were
quantified per slide to calculate the numbers of cells per unit
area (mm2) on each sample (n=3 for each pig). Subsequent
slides from the same sections (~3 lm apart) stained for
Masson’s trichrome were scanned (Path Scan Enabler IV;
Meyer Instruments) and used to determine the area of each

Table 7. Cine Image Analyses and Perfusion by CMR and Contractility Index by Tagging

Baseline 2 Weeks Post MI 4 Weeks Posttreatment

Cine

ESV, mL

Placebo 48.88�1.73 71.67�5.92 88.39�7.17

GHRH-A 46.11�3.26 64.96�5.51 91.40�9.30

EDV, mL

Placebo 80.54�3.54 106.10�7.41 139.80�7.47

GHRH-A 78.89�3.54 105.65�7.11 141.45�10.96

SV, mL

Placebo 31.67�2.11 34.43�2.30 51.40�4.67

GHRH-A 32.78�2.44 40.69�3.11 50.05�3.02

Tagging

Infarcted area

Placebo �13.92�1.14 �5.29�0.63 �6.62�1.00

GHRH-A �12.78�0.71 �5.72�0.94 �6.07�0.48

Margin of infarcted area

Placebo �13.47�0.79 �8.78�0.76 �8.52�1.32

GHRH-A �13.48�0.86 �10.53�1.38 �11.68�1.15

Remote area

Placebo �16.51�0.89 �15.31�1.55 �17.79�1.20

GHRH-A �14.96�0.83 �15.12�1.57 �16.20�1.21

Perfusion

Infarcted area

Placebo 4.00�0.26 4.64�0.43 4.63�0.35

GHRH-A 4.62�0.75 5.11�0.44 5.26�0.58

Margin of infarcted area

Placebo 4.43�0.50 4.67�0.55 4.84�0.67

GHRH-A 3.82�0.27 4.28�0.17 4.21�0.50

Infarcted area (scar ≥50% of the respective segment), margin of infarcted area (scar <50% of the respective segment), and remote area (remote segments to the infarction area). CMR
indicates cardiac magnetic resonance; EDV, end-systolic pressure; ESV, end-systolic volume; GHRH-A, growth hormone–releasing hormone agonist; MI, myocardial infarction; SV, stroke
volume.
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sample (1 mm=288 pixels) by using Adobe Photoshop CS3
extended (Adobe).

Statistical Analysis
All data are presented as a mean�SEM. GraphPad Prism
(Version 6.0) was used to analyze all data and plot graphs.

Comparisons between groups employed the Wilcoxon rank
test or Mann–Whitney tests or t tests, as appropriate.
Variables measured at multiple time points were analyzed
by using 1-way ANOVA (for within-group effects) or 2-way
ANOVA that included terms for group, time, and group9-

time interactions (between-group effects). ANOVA results
were further analyzed by post hoc analyses by using either
Bonferroni, Tukey, or Dunn multiple-comparison testing. A
value of P<0.05 was considered statistically significant.

Results
A total of 21 Yorkshire swine were infarcted as described.
Nine animals died during surgery due to a cardiac arrest
caused by large transmural infarction, and they did not
respond to external defibrillation (42.8% mortality). The 12
survivors had no adverse events during the infarction
procedure. These animals were randomized into 2 different
groups: GHRH-A (MR-409) and placebo. Two weeks post MI,
both groups had a similar scar size (Table 3).

Blood Analysis and Body Weight Growth Post
GHRH-A Treatment
The animals from the GHRH-A–treated and placebo groups
showed identical patterns in serum hematology, chemis-
try, and cardiac enzymes during the study and exhibited

A B

C

Figure 2. GHRH-A treatment reduces scar mass. A, Percent change of scar mass in GHRH-A group versus
placebo group at 2 and 4 weeks post initiation of treatment (2-way ANOVA, between group: *P=0.04 and
**P=0.003 vs placebo, respectively). One-way ANOVA: †P=0.02 for GHRH-A group. B, Images of hearts
from an animal in each group before and 4 weeks after the initiation of treatment. C, Percent change of
scar as a percentage of left ventricular mass in GHRH-A group versus placebo group at 2 and 4 weeks
postinitiation of treatment (2-way ANOVA, between group: P=NS and *P=0.02 vs placebo, respectively).
One-way ANOVA: †P=0.0002 for GHRH-A group. GHRH-A indicates growth hormone–releasing hormone
agonist.

Figure 3. Peak diastolic strain rate improves after GHRH-A
treatment. Diastolic strain rate in segments with 50% or more of
scar tissue improved in the GHRH-A group but not in placebo
group at 4 weeks postinitiation of treatment (2-way ANOVA
between-group; Tukey’s multiple-comparisons test *P=0.04).
GHRH-A indicates growth hormone–releasing hormone agonist.
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no evidence of clinically relevant or unexpected laboratory
abnormalities (data not shown). Of particular interest
were the relative similarities (rise and fall) of enzymes
(Table 4) within both groups. The specific cardiac
enzymes (creatine kinase–MB and troponin I) are shown
in Figure 1. As illustrated in Table 3, no differences in
body weight (swine mass) were detected between groups
during the study.

Left Ventricular Structural and Functional
Changes After GHRH-A Treatment
Although the hemodynamic parameters (Tables 5 and 6),
CMR CINE images, contractility index by tagging, and
perfusion by CMR (Table 7) revealed similar degrees of
global cardiac functional levels in both groups after

treatment, the scar mass (Figure 2A and 2B) exhibited
substantial reduction in the GHRH-A group (1-way ANOVA,
within group: P=0.02) compared with the placebo group after
4 weeks of treatment (2-way ANOVA, between group:
P=0.003). Similarly, the scar size as a percentage of LV
mass (Figure 2C) was reduced in the GHRH-A group (1-way
ANOVA, within group: P=0.0002) compared with the placebo
group (2-way ANOVA, between group: P=0.02). Furthermore,
the peak diastolic strain rate (Figure 3) in the transmural
infarction segments (scar ≥50% of the respective segment)
improved after 4 weeks of GHRH-A treatment but not
in the placebo group (1.03�0.19 versus 0.51�0.06,
respectively, 2-way ANOVA between-group; Tukey`s multi-
ple-comparisons test: P=0.04). Scar size was also quantified
based on transverse heart sections from gross pathology.
When compared with the CMR delayed enhancement scar

A B

Figure 4. Scar size quantification by gross pathology. A, Representative CMR and gross pathology images of swine hearts in transverse axis
from placebo and GHRH-A groups—at post MI and 4 weeks post-treatment time points. Extent of scar size at 4 weeks posttreatment, measured
by delayed enhancement and gross pathology, is demarcated by white and black arrows, respectively. B, Scar size as measured by CMR delayed
enhancement strongly correlates with gross pathology scar size quantification (Pearson correlation coefficient r=0.82, P=0.002). GHRH-A
indicates growth hormone–releasing hormone agonist.

Table 8. Histological Findings Represented by the Relation Between the Numbers of Samples Analyzed and Total Animals in Each
Group

Cells Within Fibrosis

Calcification Inflammatory Cells

Yes

No

Yes

VasculitisFoci Granulomatous Sparse Nodular

Placebo 6/6 1/6 3/6 2/6 6/6 0/6 0/6

GHRH-A 6/6 1/6 5/6 0/6 5/6 1/6 0/6

GHRH-A indicates growth hormone–releasing hormone agonist.
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measurements, there was a strong correlation between the 2
methods, as previously shown21,22 (Figure 4).

Effect of GHRH-A on the Heart and Other Tissues
In addition to metrics of cardiac function, the histopathologic,
gross, and microscopic studies on ex vivo tissue samples were
performed post-mortem. There was no evidence of tumor
formation in any organ analyzed (eg, brain, liver, spleen,
kidney, lung, ileum, and pituitary gland) from either the GHRH-
A or placebo groups (data not shown). Moreover, the heart
weight/ body weight index did not differ between the groups
after 4 weeks of treatment (Table 3). Histologically, both
groups showed evidence of healing fibrosis, normal myocar-
dium, and the presence of calcium and inflammatory cells
related to the calcium deposition. These histological findings
are summarized in Table 8, and representative hematoxylin
and eosin and Masson’s trichrome images from each group
are shown in Figure 5.

Increase in GHRHR Expression in the Heart After
GHRH-A Treatment
Immunohistochemical staining for GHRHR in the swine hearts
(Figure 6A) revealed abundant receptors in cardiac tissue.
GHRHRs were more abundant in the border zones compared
with their infarct zones in both GHRH-A and placebo groups
(73.5�8.1 versus 204.2�4.5 and 105.2�10.9 versus
196.3�2.3, respectively; P<0.0001 for both by Kruskal–Wallis
test) (Figure 6B), and the GHRH-A group showed a trend toward
higher levels in the border zones (P<0.0625 versus placebo by
Wilcoxon rank test) than did the placebo group (Figure 6C).

Effect of GHRH-A on Vasculogenesis, Cell
Proliferation, and Apoptosis
When border zones from heart LV walls were assessed for
vascular density (Figure 7), no differences were observed
between GHRH-A and placebo (80.28�11.48 versus

Figure 5. Hematoxylin and eosin– and Masson’s trichrome–stained images from GHRH-A and placebo groups. The treated and placebo
groups exhibited calcium in the infarct zone (black arrows), evidence of healing fibrosis, and normal myocardium in the border zone (black box),
and normal myocardium and vessels in the remote zone. All images at 910 magnification. Scale bars: 100 lm. GHRH-A indicates growth
hormone–releasing hormone agonist.
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82.58�7.76, respectively; P=NS by Mann–Whitney test).
Quantification of pH3- and caspase-3–positive cells (Figure 8A
and 8B, respectively) in LV wall border zones demonstrated no
difference in the degree of cardiomyocyte proliferation and
apoptosis between groups (P=NS by Mann–Whitney test).
Further, apoptotic activities of noncardiomyocytes (Figure 8C)
in the 2 groups were similar (P=NS by Mann–Whitney test).

Discussion
The major new findings of this work are that therapy with a
potent GHRH agonist has the ability to substantially reduce

infarct size and improve diastolic cardiac function in a swine
model of subacute cardiomyopathy. These results can be
viewed within the broader context of attempt to treat
cardiovascular disease through activation of the GH axis. In
this regard, there have been several studies that have tested
the use of GH to treat cardiac injury. The results of these
previous studies on the effects of GH and recombinant GH
on rat MI size,23–26 as well as clinical studies on GH
replacement for the failing human heart,15,16 have been
controversial, but GHRH and synthetic GHRH-As provide a
potential new beneficial strategy for MI and LV dysfunc-
tion.8,9,11,18,27

A B

C

Figure 6. GHRHR expression. A, Example of GHRHR expression (brown color) in the border zones (top)
and the remote zone (bottom) in the GHRH-A and placebo groups by immunohistochemical analysis. B, Gray
color intensity is inversely proportional to the presence of GHRHR (ie, low gray color intensity corresponds
to greater GHRHR expression). GHRHRs were more abundant in the border zones compared with their
infarct zones in both GHRH-A and placebo groups (*P<0.01), as well as more receptor abundance in the
border zones compared with its remote zones (**P<0.01) only in the GHRH-A group by nonparametric test
(Kruskal–Wallis) with Dunn’s multiple comparison test. C, Comparison between groups demonstrated a
tendency towards higher levels of receptors in the border zone of the GHRH-A group versus placebo
(*P<0.0625 by Wilcoxon rank test). GHRH-A indicates growth hormone–releasing hormone agonist;
GHRHR, GHRH receptor; BZ, border zone; IZ, infarct zone; RZ, remote zone.
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We have previously studied in vivo the action of GHRH-A
(JI-38 and MR-409) for the treatment of acute and chronic rat
MI models.8,9,18,31 In both models, GHRH-A therapy reduced
the degree of cardiac dysfunction and infarct size.8,9 These
findings support the possibility that administration of a GHRH-
A, which has higher potency and longer-lasting effects
compared with native GHRH,17,18,28 could have therapeutic
benefits in patients with acute MI and chronic ischemic heart
disease. This effect was seen following subcutaneous

administration of these analogs, twice daily for 4 weeks.
Importantly, this treatment regimen did not increase circulat-
ing GH and IGF-1 levels. This observation suggests that the
benefits were a consequence of local cardiac activation and
not regulated by the GH-IGF-1 axis.9 Based on these results,
we performed the first GHRH-A study in a large animal model
of reperfusion–ischemia, a preclinical model that recapitulates
LV remodeling and therefore is ideal for translation to human
application.19 Here, we report that daily subcutaneous
injections of GHRH-A (MR-409) injections (30 lg kg�1 d�1),
using a 4-week regimen in a swine model of subacute
ischemic cardiomyopathy, resulted in significantly reduced
scar size and improved diastolic LV function.

Reduction of infarct size represents the primary goal of
treatment of patients with ST-elevation acute MI.29 It has been
shown that infarct size after ST-elevation acute MI is one of the
strongest predictors for LV dysfunction and adverse outcomes
compared with other traditional risk parameters.32,33 Impor-
tantly, the development of HF after ST-elevation acute MI has
been linked to poorer prognoses.34 Thus, the attenuation of
myocardial fibrosis after GHRH-A therapy represents beneficial
changes for the remodeling prevention process and suggests
that this treatment would contribute to a prolonged life span,
because patients with larger infarcts have greater mortality
than those with smaller infarcts.35 Additionally, the volume of
the infarct may be a crucial determinant in the development of
arrhythmias related to sudden cardiac death.36–40 While
ischemia leads to both systolic and diastolic dysfunction,
previous studies have noted a worse prognosis in patients
presenting with diastolic dysfunction.41 Therefore, we tested
the diastolic component of the global cardiac dysfunction. We
examined segmental LV diastolic strain rate and found that

Figure 7. Vascular density assessment in border
zones of both GHRH-A and placebo groups. GHRH-A
indicates growth hormone–releasing hormone
agonist.

A B C

Figure 8. Cardiomyocyte proliferation and apoptosis. A, No differences in cardiomyocyte
proliferation was seen between groups in the border zone (P=NS by Mann–Whitney test). B,
The degree of cardiomyocyte apoptosis found in the border zone was similar in the GHRH-A
and placebo groups (P=NS by Mann–Whitney test) and (C) similarly for noncardiomyocytes
(P=NS by Mann–Whitney test). Values are normalized by number of cells per unit area
(mm2). GHRH-A indicates growth hormone–releasing hormone agonist.
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administration of this GHRH-A enhanced LV diastolic function.
Moreover, after GHRH-A treatment, body weight and heart
weight did not change. This corroborates our previous findings
in rats in which the administration of a variety of GHRH-As was
shown to act locally without causing any adverse effects, such
as cardiac hypertrophy, on the process of LV remodeling.8,9 In
contrast, recombinant GH8 and GH23 treatments after acute MI
increased body and height weight but did not prevent cardiac
remodeling.

Surprisingly, our current immunostaining data show that
the antifibrotic effect observed in the GHRH-A group was not
followed by an increase in vascular density, cardiomyocyte
mitosis, or antiapoptotic activity; however, the interpretation
of these results needs to be carefully analyzed along with our
study limitations. The healing process after an MI in the
rodent model differs significantly from the swine model.
Therefore, the effects of GHRHA therapy on tissue repair
events such as endothelial and cardiomyocyte mitogenesis or
apoptosis may occur during early or late stages not covered
by our study design.

Our hemodynamic findings were not conclusive regarding
potential beneficial effects of GHRH-A on cardiac performance
or loading conditions. Importantly, improvements in ejection
fraction or hemodynamic parameters were not detected on
hemodynamic catheterization in this study. Many of these
parameters could be critically affected by intraoperative
conditions and/or animal variability. In addition, cardiac
structure and function as assessed on CMR images were
similar in the 2 groups. This finding suggests that at the dose
and dosing regimen used, the primary effect was on scar
reduction, which also translated into improved diastolic
performance. Although reduction in MI size was the predom-
inant effect, these findings still suggest that this approach has
merit and longer-term evaluation outcomes or different dosing
regimens should be explored to identify improvements in this
animal model.

In agreement with previous studies that showed the
presence of GHRHRs on rat cardiomyocytes8,11 and CSCs,12

we found GHRHRs in swine cardiac tissue. The border zone of
the GHRH-A–treated group exhibited the highest levels of
GHRHRs compared with the placebo group and other zones of
the heart. These findings suggest that GHRH-A acts through
the GHRHR signal transduction pathway in the heart while not
dependent on the activation of GH/IGF-1 axis.8,9,11

Our current knowledge on the role of GHRH signaling in the
heart is still limited; however, GHRH was found to elicit
cardioprotective effects on adult rat cardiomyocytes and in
the H9c2 cardiac cell line,11 and these effects required
extracellular signal-regulated kinases 1 and 2 (ERK1/2) and
phosphatidylinositol-3-kinase/Akt (PI3K/Akt) activation as
well as adenylyl cyclase/cyclic AMP/protein kinase A
signaling.11 Penna et al42 reported that GHRH induces

cardioprotection after ischemia–reperfusion injury in isolated
rat hearts via activation of reperfusion injury salvage kinase
(RISK) and survivor activating factor enhancement (SAFE)
pathways through receptor-mediated mechanisms. More
recently, our group has demonstrated that agonists of GHRH
directly stimulate self-renewal of porcine CSCs and promote
their survival in vitro.12 In addition, inhibitors of ERK and AKT
pathways completely abolished the effect of GHRH agonists
on CSC proliferation. Because we have not investigated the
effect of GHRH on CSCs in vivo, we cannot rule out that the
beneficial effect observed in our study is due to stimulation of
endogenous CSCs.

Study Limitations
The results of the present study are encouraging, but it is
important to note that the pharmacokinetics of the agonist
was not fully characterized. Moreover, the dose–response of
the GHRH analog was not tested, and this should be studied
in the near future to examine whether a higher or earlier
(immediately after MI) administration dose of GHRH-A is more
efficacious in restoring global cardiac function, because our
experimental work did not translate into an improved cardiac
performance as was shown in the rat study.8,9,18 Although
only 12 of 21 swine survived the infarct procedure, we believe
that the results from the surviving swine could be general-
izable as the mortalities noted were all perioperatively related
and not due to “healthier” versus “nonhealthier” animals.
Hemodynamic parameters between the 2 groups were not
different at baseline, corroborating this concept. Further, the
individual swine have slight variations in cardiac anatomy,
which is an important factor when considering survival of the
infarction procedure.

Conclusion
The results of this study suggest that daily subcutaneous
administration of GHRH-A is safe, promotes substantial
reduction of infarct size, and enhances diastolic function.
Further, to more precisely extrapolate the expected effects on
humans, studies with longer follow-up (>8 weeks) in a chronic
ischemia porcine model and earlier or higher doses of GHRH-
A should be performed. Together, these findings provide
insight into a potentially new and promising strategy to
reduce scar burden after MI and could be beneficial to a large
patient population with unmet needs.
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