
INTRODUCTION
Myocardial infarction occurring after

coronary artery occlusion leads to ische-
mic injury–mediated necrosis of myocar-
dium followed by subsequent redistribu-
tion of cardiac loading in the viable
myocardial tissue, which could result in
congestive heart failure (CHF). CHF is
considered to be an irreversible process,
a belief stemming from the assumption
that cardiac cells are not able to regener-
ate (1,2). Recent data suggest, however,
that myocardium regenerates and that
growth factors, such as insulinlike
growth factor-1 (IGF-1), may play an im-

portant role in this process by preventing
the apoptosis of myocardial cells (3–7).

The IGF-1 gene consists of six exons,
and alternative splicing has led to the
identification of two different mRNA
transcripts in rodents (8), IGF-1Ea and
mechano-growth factor (MGF). IGF-1Ea
is the main isoform produced by the
liver under the control of growth hor-
mone (GH), and MGF was initially de-
tected in skeletal muscle and was shown
to be significantly upregulated by me-
chanical stimulation (9). The MGF splice
variant differs from IGF-1Ea by a 52-bp
insert within the E domain of exon 5.

This insert results in a translational
frame shift that leads to a carboxy termi-
nal sequence different from that of IGF-
1Ea (8). Thus, two IGF-1 precursor
polypeptides are raised from the differ-
ent IGF-1 transcripts. These IGF-1
propeptides yield the same mature IGF-1
peptide, which is derived from the
highly conserved exons 3 and 4 of the
IGF-1 gene. These exons are known to
code for the binding domain of the IGF-1
receptor (IGF-1R). Posttranslational
cleavage of IGF-1 precursor polypeptides
removes the signal and the E-peptide
and results in different E domains
(10,11).

We examined the endogenous expres-
sion of IGF-1Ea and MGF after artery
ligation–induced myocardial infarction
in rats, and we characterized MGF E pep-
tide signaling in H9C2 myocardial-like
cells using a synthetic peptide that con-
tained the last 24 amino acids of the
E domain. Our data suggest that in rat
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myocardium, IGF-1 transcript expression
is upregulated during the late postinfarc-
tion period, whereas in rat myocardial
cells in vitro, MGF E peptide exerts au-
tonomous, IGF-1R–independent action.

MATERIALS AND METHODS

Experimentally Induced Myocardial
Infarction in Rats

For this investigation we used 72 male
Wistar rats weighing 280–330 g. The
study protocol was approved by the
local ethics committee. Animals were
housed 1–3 per cage in an approved ani-
mal facility (ELPEN Pharmaceuticals,
Athens, Greece) with 12:12 h light-dark
cycles and given free access to standard
rodent chow and water. Before surgery
rats were put under ether anesthesia in a
specifically designed box for about 2 to 3
min. Subsequently, endotracheal intuba-
tion was performed under laryngoscopy
by a specifically trained investigator and
research assistant with the use of a 16-G
venous catheter connected to a rodent
ventilator (Harvard Apparatus, Hollis-
ton, MA, USA) at the following settings:
tidal volume, 3 mL; rate, 70 breaths/min.
Proper intubation was confirmed by ob-
servation of chest expansion and retrac-
tion during ventilated breaths. Anaesthe-
sia was maintained using a mixture of
93% O2, 5% CO2, and 2% isoflurane. My-
ocardial infarction was induced by proxi-
mal artery ligation of the left anterior de-
scending coronary artery as previously
described in detail (12). Briefly, after left
thoracotomy the pectoralis muscle
groups were dissected or cut trans-
versely, exposing the thoracic cage. Occa-
sionally, the internal mammary artery
was severed, but bleeding usually
stopped spontaneously. Blunt curved for-
ceps were then plunged between the fifth
and sixth ribs, through the intercostal
muscles, at a point approximately 2 mm
to the left of the sternum. In this way,
bleeding from the internal epigastric ar-
tery was avoided. The gap was then
widened by gentle pressure with the per-
forating forceps, and then the sixth rib
was transacted with scissors. Bleeding

that occurred occasionally was stopped
with application of pressure with a ster-
ile cotton swab for <20 s. With the use of
forceps the pericardium was discon-
nected. A 6-0 silk suture (Ethicon,
Somerville, NJ, USA) placed at the apex
of the heart enabled us to exteriorize it
without difficulty. We then introduced
the needle of a 6-0 silk suture (Ethicon)
into the pulmonary cone and brought it
to the surface again at a point near the
insertion of the left atrial appendage. In
that way, the left coronary artery was lig-
ated near its origin, producing a large
myocardial infarction. By following these
anatomical landmarks we were able to
accurately reproduce the infarct size.
Then, the heart was placed back into the
thorax and the intercostal muscles were
tightened to close the thoracic wall. Slight
lateral pressure after tying this ligature
squeezed the air out of the thorax, and be-
cause the skin, subcutaneous tissue, and
muscles act as a valve, the pneumothorax
was evacuated. The animals regained con-
sciousness soon after we stopped the ad-
ministration of isoflurane. The mortality
due to the surgical procedure was 18% in
our hands. Sham-operated animals were
used as controls. In these animals the
same procedure was followed without the
ligation step. Animals were killed after
the ligation procedure according to the
protocol (at 1 h, 24 h, 4 d, 8 d, 4 wks, and
8 wks postsurgery).

Infarct size was confirmed by use of
the Tetrazolium method. Briefly, in the
anesthetized rat, the heart was excised
and cut from apex to base transversely
in sections 2-mm thick. The sections
were then incubated in a 1% solution
of triphenyltetrazolium chloride (TTC)
for 10 to 15 min until viable myocar-
dium was stained brick red. Infarct-
related myocardium is not stained
with TTC. The tissue sections were
then fixed in a 10% formalin solution
and weighed. Color digital images of
both sides of each transverse slice were
obtained. The infarct zone and the
periinfarct area were determined on
the basis of the observed size of the in-
farct (~40% of the myocardium) and on

the indicative tissue sections stained
with TTC.

RNA Extraction and Reverse
Transcription–Polymerase Chain
Reaction Conditions

The rat cardiac tissues were homoge-
nized (Ultra-Turrax T25; Thermo Fisher
Scientific, Cheshire, UK) at 500g, and
total RNA was extracted according to the
Trizol Reagent protocol (Invitrogen, Carls-
bad, CA, USA). Diethylpyrocarbonate-
treated water was used for the dilution
of the RNA pellet. The RNA concentra-
tion was estimated spectrophotometri-
cally (Genova; Jenway, Essex, UK) by ab-
sorbance at 260 nm and the purity by the
ratio of the absorbance at 260/280 nm.
The RNA integrity was assessed by visu-
alization of the 18S and 28S ribosomal
RNA pattern in a denaturing agarose gel.
In each sample 2 μg of total RNA was re-
verse-transcribed into cDNA by use of
SuperScript II reverse transcriptase (In-
vitrogen) as described previously (13).

To study the relative mRNA expres-
sion of the IGF-1Ea and MGF, in each
polymerase chain reaction (PCR) reaction
every target cDNA was coamplified with
classic 18S internal standard (detected at
489 bp) (Ambion, Austin, TX, USA), and
its expression was given as a ratio of the
target cDNA/18S. This procedure com-
pensates for differences in starting
amounts of total RNA and in reverse
transcription (RT) efficiency.

A linearity test for the coamplification
of 18S and the different IGF-1 cDNAs
(that is, reverse-transcribed mRNAs of
MGF and IGF-1 Ea) as a function of PCR
cycle number was used to validate the
use of 18S for the correction for potential
variability in the starting amount of
cDNA in each case and to choose the ap-
propriate amplification cycle number.
Regression analysis showed that amplifi-
cation of each PCR product was highly
linear for the range of cycles (35–39)
tested, with high coefficients of determi-
nation (data not shown).

To decrease the 18S signal so as to at-
tain a linear amplification of each target
mRNA and 18S to the same range, 18S
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primers and antagonists of primers were
mixed at ratios that ranged from 1:2 to
1:4 depending on the abundance of the
target mRNA. For both controls and
pathological samples of every group, the
same premixed reagents were used to
minimize the differences in PCR effi-
ciency. The relative quantitative RT-PCR
methods used in the present study have
been extensively validated in previously
reported studies (14,15).

The PCR products were measured by
use of a relative quantification proce-
dure as described below. Ethidium
bromide–stained 2% agarose gels were
captured under ultraviolet light in a
Kodak EDAS 290 imaging system (Care-
stream Health, Rochester, NY, USA), and
PCR products were quantified by band
densitometry with image software (Sci-
entific Imaging Systems, Kodak ID, New
Haven, CT, USA). Values of MGF and
IGF-1 Ea PCR products were normalized
to each corresponding ribosomal 18S
and expressed as fold of change from
the values of controls.

Primer sequences for rat IGF-1Ea and
MGF mRNA were specifically designed
on the basis of their specific sequence (8).
For IGF-1Ea primers the specific se-
quences were forward GCTTGCTCAC
CTTTACCAGC and reverse AAGTG
TACTTCCTTCTGAGTCT; for MGF they
were forward GCTTGCTCACCTTTA
CCAGC and reverse AAGTGTACTT
CCTTTCCTTCTC. Primers were de-
signed with the Primer Select computer
program (DNAStar, Madison, WI, USA)
and prepared by Invitrogen. Each set of
primers was designed to detect and am-
plify specifically only one of the IGF-1
isoforms. The PCR mix for the amplifica-
tion was constructed according to the
HotStartTaq DNA Polymerase Kit (Qia-
gen, Valencia, CA, USA), and the reac-
tions were carried out in a PTC-200
Peltier Thermal Cycler, (MJ Research,
Waltham, MA, USA) at annealing tem-
peratures of 65°C for IGF-1Ea and 57°C
for MGF and extension at 72°C. The reac-
tion was accomplished after 37 cycles, ac-
cording to the results of linearity tests for
each target mRNA and 18S. The expected

sizes of the specific PCR products were
initially verified by electrophoretic sepa-
ration on agarose gel, and all target se-
quences were identified by sequencing
analysis to ensure specificity of the
primers and to further verify each target
mRNA. In preliminary experiments, each
primer set was tested for its compatibil-
ity with the 18S Classic primers.

Protein Extracts and Western Analysis
Total proteins were obtained from rat

myocardium by lysis of 10 mg of the tis-
sue in 1 mL RIPA Buffer (50 mM Tris-
HCl, 150 mM NaCl; Sigma, St. Louis,
MO, USA) containing 0.55 Nonidet P-40;
protease inhibitors 1 mM phenylmethyl-
sulfonyl fluoride (Sigma), 10 μg/mL
aprotinin, and 10 μg/mL leupeptin
(Sigma); and phosphatase inhibitors 1 mM
sodium ortovanadate and 1 mM NaF
(Sigma). The samples were homogenized
(homogenizer Ultra-Turrax T25, Thermo
Fisher Scientific, Cheshire, UK) in the
RIPA buffer and then incubated on ice
for 20 min. The homogenates were
cleared by centrifugation (500g, 4°C, 30
min). The extract was stored at –80°C.
Protein concentrations were determined
by protein assay (Bio-Rad Laboratories,
Hercules, CA, USA).

Equal amounts of protein extracts
(30 μg) from the myocardial tissues were
mixed with a loading buffer [62.5 mM
Tris, pH 6.8, 5% glycerol (v/v), 1% SDS
(v/v), 2.5% β-mercaptethanol (v/v)], de-
natured at 95°C for 4 min, electropho-
resed on 16% SDS-PAGE under denatur-
ing conditions, and transferred onto
nitrocellulose membrane (Bio-Rad Labo-
ratories). Blots were then incubated with
a blocking solution containing 5% nonfat
milk powder in Tris phosphate-buffered
saline (TBS; 10 mM Tris, pH 7.6; 100 mM
NaCl) plus Tween (0.1% Tween 20)
(TBS-T) at room temperature for 1 h.
After three washes with TBS-T for 10-
min intervals, blots were incubated with
the following primary antibodies for the
immunodetection of IGF-1Ea and MGF
proteins: IGF-1Ea, mouse monoclonal
anti–IGF-1 (1:200 dilution) (MS-1508;
NeoMarkers, Fremont, CA, USA) (molec-

ular weight of antigen, ~21 kDa), MGF,
and rabbit anti-human MGF polyclonal
antibody (1:10,000 dilution), which was
raised against a synthetic peptide corre-
sponding to the last 24 amino acids of
the E domain of human MGF, as previ-
ously described (16). Blots were incu-
bated with the primary antibodies di-
luted in TBS-T overnight at 4°C under
gentle shaking. After three washes with
TBS-T, membrane was incubated with a
horseradish peroxidase–conjugated sec-
ondary antirabbit IgG (goat antirabbit,
1:2000 dilution; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) or antimouse
IgG (goat antimouse, 1:2000 dilution;
Santa Cruz Biotechnology) in TBS-T con-
taining 1% nonfat milk powder, for 1 h at
room temperature. The expected bands
were visualized by exposure of the mem-
brane to x-ray film after incubation with
an enhanced chemiluminecent substrate
for 3 min (SuperSignal; Pierce Biotech-
nology, Rockford, IL, USA). Glyceralde-
hyde 3-phosphate dehydrogenase
(GAPDH, housekeeping gene) (1:2,000
dilution; Santa Cruz Biotechnology) was
used as an internal standard to minimize
the differences in the loading of the pro-
tein. The films were captured under
white light in a Kodak EDAS 290 imag-
ing system, (Carestream Health) and pro-
teins were quantified by band densitom-
etry using image software (Scientific
Imaging Systems).

Cell Cultures
H9C2 rat myocardial cells were ob-

tained from the American Type Cell Cul-
ture (ATCC, Bethesda, MD, USA). H9C2
cells were seeded in 6-well plate in Dul-
becco’s modified Eagle’s medium/F-12
(Cambrex, Walkerville, MD, USA) sup-
plemented with 10% heat-inactivated
fetal bovine serum (FBS; Biochrom, Berlin,
Germany) and 100 U/mL penicillin/
streptomycin (Cambrex) at 37°C in a
humidified atmosphere of 5% CO2.
Twenty-four h prior to various treat-
ments, the culture medium was changed
to 5% FBS. To study the actions of MGF
and IGF-1 in rat myocardium, we used a
synthetic peptide comprising the last 24
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amino acids of the MGF E domain (16),
and a 70–amino acid human recombi-
nant IGF-1 corresponding to the mature
IGF-1 peptide (rhIGF-1; Chemicon,
Temecula, CA, USA). The synthetic MGF
E peptide was synthesized and validated
as previously described (16). Both the
synthetic MGF E and the mature IGF-1
peptides were used in the following con-
centrations: 5, 25, and 50 ng/mL for
48 h. In the control cultures, H9C2 cells
were treated under the same procedure
using phosphate-buffered saline (PBS).
To investigate if IGF-1 and MGF peptide
act on myocardial cells via IGF-1R sig-
naling, H9C2 cells were incubated with
a monoclonal anti–IGF-1R neutralizing
antibody (R&D Systems, Minneapolis,
MN, USA) for 1 h prior to the various
treatments with either mature IGF-1 or
MGF peptide. The IGF-1R neutralizing
antibody was used at a concentration of
10 μg/mL, according to the manufac-
turer’s recommendation. In these experi-
ments, control wells were treated only
with anti–IGF-1R antibody, and the same
procedure as in the treatment cultures
was followed. H9C2 cells were plated at
a cell density of 3.5 × 104 cells/well in 6-
well plates and grown with DMEM/F-12
containing 10% FBS. After 24 h of cell
seeding, the culture medium was
changed to 5% FBS, and the cell cultures
were exposed to the appropriate growth
factor using dose-dependent experi-
ments. Trypan blue assays were used for
a cell number analysis as described pre-
viously (17).

To further investigate whether the ma-
ture IGF-1 and the MGF E peptide act
through different intracellular pathways,
we analyzed the activation (phosphory-
lation) of extracellular regulated kinase 1
and 2 (ERK1 and ERK2) and Akt-kinase
(protein kinase B) in H9C2 cells as de-
scribed previously (18). Briefly, cells
were exposed to 50 ng/mL of mature
IGF-1 and MGF peptide for 5, 15, 30, and
60 min. Equal amounts of cell lysates
(20 μg) were heated at 95°C for 5 min,
electrophoresed on SDS–PAGE under
denaturing conditions, and transferred
onto nitrocellulose membrane (Bio-Rad

Laboratories). The membranes were
probed overnight with primary phos-
phospecific antibodies against phospho-
ERK1/2 (Thr 202/Tyr 204), ERK1/2,
phospho-Akt (Ser 473) and Akt (1:1,000
dilution; Cell Signaling, Beverly, MA,
USA). The blots then were incubated
with a secondary goat antibody raised
against rabbit IgG conjugated to horse-
radish peroxidase (1:2,000 dilution;
Santa Cruz Biotechnology), and the
bands were visualized and densitometri-
cally analyzed.

Serum IGF-1 Determination
The IGF-1 serum concentrations were

measured with a commercially available
standard sandwich enzyme-linked im-
munosorbent assay kit, according to the
manufacturer’s instructions (Immunodi-
agnostic Systems, Fountain Hills, AZ,
USA). The method incorporated a sam-
ple pretreatment to avoid interference
from binding proteins. A monoclonal
anti–IGF-1 antibody was coated onto
the inner surface of the microtiter wells.
The pretreated, diluted samples were in-
cubated together with biotinylated poly-
clonal rabbit anti–IGF-1 antibody and
shaken for 2 h at room temperature.
Then, the wells were washed and horse-
radish peroxidase–labeled avidin was
added and bound to the biotin complex.
After an additional wash, a single-
component chromogenic substrate was
added to develop color. The absorbance
of the stopped reaction mixture was
read at 450 nm in a microtiter plate
reader (Versamax; Molecular Devices,
Sunnyvale, CA, USA). All samples were
run simultaneously and analyzed in
triplicate, and the results were aver-
aged. The sensitivity, defined as the con-
centration corresponding to the mean
plus 2 standard deviations (SD) of 20
replicates of the zero calibrator was
63 ng/mL. IGF-1 serum levels were
measured both in experimental and
sham-operated rats.

Immunohistochemistry
Myocardial tissues were fixed in 4%

formaldehyde, embedded in paraffin

wax, and cut in 3-μm sections. Then,
the sections were adhered to glass
slides, dried at 37°C overnight, de-
waxed in xylene, and rehydrated in se-
rial dilutions of ethanol. Then, the sec-
tions were immersed in 1% hydrogen
peroxide in distilled water for 15 min
and washed in distilled water and PBS
buffer. Finally, the sections were incu-
bated with the same primary poly-
clonal anti-MGF antibody that was
used for the Western blot assay (at a di-
lution of 1:1000), in PBS overnight at
4°C. After washing in PBS buffer, sec-
ondary biotinylated goat antirabbit IgG
(Dako Real EnVision, Glostrup, Den-
mark) was added for 25 min at room
temperature, followed again by re-
peated PBS buffer washes. Incubation
of the sections in a solution of 3,3-
diaminobenzidine substrate-chromogen
(Dako Real EnVision) in PBS (for 10
min) enabled the visualization of the
immunocomplex. Staining was accom-
plished by immersion in hematoxylin
for 5 min. After being washed in dis-
tilled water the sections were dehy-
drated in serial dilutions of ethanol
and xylene and finally mounted in
dibutyl phthalate xylene. The visualiza-
tion of the sections was accomplished
with a PENTAX-ZX-50 ASAHI digital
color camera mounted on the micro-
scope. The same experimental proce-
dure was also performed for the nega-
tive control samples, with the omission
of the primary antibodies.

Statistical Analysis
Changes in cell number analyses and

in the transcriptional and translational
expression of IGF-1 isoforms, as well as
changes in IGF-1 serum measurements,
were assessed using two-way analysis of
variance with repeated measures over
time (SPSS v. 11 statistical package).
When significant F ratios were found for
main effects or interaction (P < 0.05), the
means were compared using Tukey’s
post-hoc tests. All data are presented as
mean ± standard error of the mean
(SEM). The level of significance was set
at P < 0.05.
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RESULTS

Infarct Evaluation and IGF-1
Expression after Myocardial Infarction

In all experimental animals, ligation of
the left anterior descending artery did
provoke an infarct, which extended from
20% to 40% of the rat myocardium (vi-
able myocardium was stained brick red,
whereas infarcted myocardium failed to
be stained with TTC; Figure 1). In each
animal the infarction was confirmed ini-
tially by the cyanotic color of the injured
myocardium and by the deviation of the
electrical axis in the electrocardiogram
(data not shown). The expression of IGF-
1Ea and MGF was documented both at
the transcriptional and translational lev-
els using PCR, Western blot, and im-
munohistochemical analysis (Figure 2).
The expression profiles of IGF-1Ea and
MGF during the postinfarction period re-
vealed that both IGF-1Ea and MGF ex-
pression were significantly increased at 4
and 8 wks postinfarction in rat myocar-
dium. However, fold increase of MGF ex-
pression was significantly higher (greater

than five-fold) than that of IGF-1Ea (two-
fold) at both the transcriptional (Figure 3,
panel I) and translational level (Figure 3,
panel II).

Serum IGF-1 levels measured in the in-
farcted animals were significantly de-
creased compared with those of the
sham-operated animals at the early
postinfarction period (24 h and 8 d
postinfarct) (Figure 4). Throughout the
experimental period, however, measured
levels were not significantly different in
experimental animals compared with
those measured in sham-operated ani-
mals (Figure 4; P > 0.05).

Characterization of Mature IGF-1 and
Synthetic MGF E Peptide Actions on
H9C2 Cell Proliferation

Trypan blue exclusion assays revealed
that the synthetic MGF E peptide stimu-
lated the proliferation of H9C2 cells as it
did mature IGF-1 (Figure 5, panel I).
However, the action of the synthetic MGF
E peptide of H9C2 cells was not blocked
by the anti–IGF-1R neutralizing antibody.

In contrast, anti–IGF-1R neutralizing anti-
body completely blocked the IGF-1–me-
diated action on H9C2 cells, suggesting
that synthetic MGF E peptide action was
mediated by an IGF-1R–independent
mechanism (Figure 5, panel I). Exogenous
administration of mature IGF-1 produced
a time-dependent increase of ERK1/2
and Akt phosphorylation in H9C2 cells
(Figure 5, panel II). However, the syn-
thetic MGF E peptide activated ERK1/2
without affecting Akt phosphorylation
(Figure 5, panel II). These data reinforced
the notion that MGF E peptide acts on
H9C2 cells through IGF-1R–independent
signaling.

DISCUSSION
IGF-1 actions are mediated via the

type I IGF-1 receptor (IGF-1R) (19). How-
ever, insulin receptor (IR) and the hybrid
IGF-1R/IR were recently reported to me-
diate certain IGF-1 actions (20). Two pri-
mary signaling pathways are associated
with the activation of IGF-1R (21,22). The
Raf-MEK-ERK signaling pathways are
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Figure 1. Histopathological analysis of the
size of the infarcted region in rat myocar-
dium using the Tetrazolium (TTC) method.
Viable myocardium was stained brick
red, whereas infarcted myocardium failed
to be stained with TTC. In our experi-
ments, 20%–40% of the rat myocardium
was apparently damaged. Presented
here is an example of rat myocardium
excised and cut from base (upper panel)
to apex (lower panel) transversely in 2-
mm thick sections and stained with TTC.

Figure 2. Expression of the IGF-1 isoforms in rat myocardium. Panel I: Specific PCR products
for MGF and IGF-1Ea mRNA detected in rat myocardium. The PCR products were con-
firmed by sequencing. Panel II: Detection of MGF and IGF-1Ea at the protein level using
Western blot analysis. Panel III: Photomicrographs (magnification, × 40) of the left ventrical
sections of rat myocardium stained with anti-MGF antibody. Specificity of the immunohis-
tochemical MGF detections was confirmed by the absence of immunoreactivity in the
negative control sections (A). Note that myocardial tissues of sham-operated rats appear
less intensively stained (B) compared with infarcted tissues (C).



linked to cell growth and proliferation
(21,23), and the activation of the phos-
phatidylinositol 3-kinase (PI3K)-Akt sig-
naling cascade is critical for cell metabo-
lism, growth, and antiapoptotic
responses (24).

Interest has recently increased in the
role of the IGF-1 isoforms in the regula-
tion of cardiac cell survival and function
after myocardial infarction (25). Exoge-
nous administration of a synthetic MGF
E peptide reduced postinfarct apoptosis
in the periinfarct zone of sheep myocar-
dium (12,25). In addition, genome-wide
analysis in rats revealed upregulation of
IGF-1 postinfarction (26). Indeed, our
data corroborate these data because coro-
nary artery ligation–induced myocardial
infarction was followed by an endoge-
nous increase of IGF-1Ea and MGF ex-
pression, both at mRNA and protein lev-
els. This finding was evident at the late
postinfarction period (4 weeks and 8
weeks postinfarction), which is known to
correspond to the timing of the cardiac
remodelling/repair process in the post-
infarction period (27–30). Notably, in a
genome-wide (microarray) analysis in
mice, up to 48 hours after myocardial in-
farction, IGF-1Ea and MGF were not re-
ported to be detected (31).

Our data also reveal legitimate evi-
dence to support the notion that biologic
actions and signaling of the synthetic
MGF E peptide are mediated via an IGF-
1R–independent mechanism. Conceiv-
ably, both IGF-1Ea and MGF expression
play a role in the pathophysiology of rat
myocardium; however, proteolytic pro-
duction of the MGF E peptide by the
MGF transcript apparently generates a
novel mitogen for rat myocardial cells,
which possesses possibly autonomous
biologic actions.

The upregulation of IGF-1 expression,
documented in our study, is in concert
with recently reported findings of previ-
ous studies indicating that myocardial
hypertrophy after infarction is accompa-
nied by a progressive increase in car-
diomyocyte volume over time (32), an
adaptive mechanism (29,33,34) that in-
volves IGF-1 expression (35,36). IGF-1
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Figure 3. Panel I: mRNA expression of IGF-1Ea and MGF splice variants at different time
points after experimental occlusion of the left descending coronary artery. Bars represent
mean values (mean ± SEM of six measurements) of respective mRNA expression, which
was normalized to each corresponding ribosomal 18S and expressed as the fold change
of the mRNA levels in sham-operated rats (controls). PCR amplification for both 18S and
the different IGF-1 transcripts was in linear phase at 37 cycles at all time points. *Statisti-
cally significant values: P < 0.05. Panel II: Expression of IGF-1Ea and MGF at the protein
level using Western blot analysis. Immunoblotting for GAPDH served as a control for pro-
tein loading. Expression values (means ± SEM of six measurements) were normalized to
those of corresponding GAPDH in the same immunoblot and expressed as the fold
change of the sham-operated rats (controls). *Statistically significant values: P < 0,05.

Figure 4. Serum IGF-1 levels measured in sham-operated and infarcted rats using enzyme-
linked immunosorbent assay as described in the “Material and Methods” section. Con-
centrations of IGF-1 were expressed as mean ± SEM of six measurements.*P < 0.05. Note
that IGF-1 serum levels were decreased early (1 h to 1 wk) during the experimental pro-
cedure; however, these levels were not different during the late phase (4 wks and 8 wks)
of the experimental procedure compared with measurements in sham-operated rats.



has been consistently reported to medi-
ate skeletal muscle hypertrophy
(21,36,37), myocardial cell survival, and
myocardium repair and hypertrophy
(5,38–43). In particular, IGF-1 expression
prevented apoptosis of the viable myo-
cardium after infarction and was impli-
cated subsequently in cardiac hypertro-
phy and its detrimental impact on heart
function (5,38,44). The two major IGF-
1R–mediated signaling pathways,
namely the Raf-MEK-ERK and the PI3K-
Akt pathways, were both shown to be
activated in myocardium postinfarction
(45–47). Indeed, the PI3K-Akt pathway
was implicated in the survival of cardiac

myocytes and protection of myocardial
cells from reperfusion-induced injury in
both in vitro (45,48) and in vivo studies
(49). In addition, the IGF-1R–PI3K-Akt
signaling pathway was shown to be es-
sential for myocardial hypertrophy
(50–52). However, the data on the role of
ERK phosphorylation in cardiac hyper-
trophy vary substantially. There is evi-
dence that ERKs are involved as immedi-
ate downstream effectors of the
cardiomyocyte hypertrophic responses
(34,53) without being the sole mediators
of such responses (54). Moreover, evi-
dence indicates that activation of ERKs
may have an inhibitory effect on hyper-

trophic responses (55–57). Our study has
evaluated the endogenous transcrip-
tional and translational expression of the
IGF-1 isoforms after myocardial infarc-
tion, showing that the fold increase of
MGF expression was higher than that of
IGF-1Ea. Thus, we postulate that in-
creased MGF expression during this pe-
riod could be a key determinant during
the late postinfarction period, reflecting
possibly local needs for a selective in-
crease of ERK1/2 phosphorylation in in-
farcted myocardium.

Therefore, we propose that the upreg-
ulation of IGF-1Ea and MGF in the late
postinfarct period in vivo could partici-
pate in the repair processes via IGF-
1R–mediated and IGF-1R–independent
mechanisms.

Notably, the upregulation of endoge-
nous IGF-1 expression in rat myocar-
dium was not accompanied by an in-
crease of measured IGF-1 levels in
serum, supporting the notion that IGF-1
expression serves the needs of rat myo-
cardium locally.

In conclusion, we have documented
that there is an increase of IGF-1 ex-
pression in rat myocardium after coro-
nary artery infarction. The actions of
our synthetic MGF E peptide are possi-
bly IGF-1R independent, based on our
in vitro studies using this synthetic
MGF peptide. However, it would be in-
teresting to test whether in vivo experi-
ments can verify this type of action in
vivo for the naturally occurring MGF E
peptide. Elucidation of the precise role
of MGF E peptide actions in cardiac re-
pair and hypertrophic responses of the
myocardium requires further investiga-
tion. In particular, the possible role of
IGF-1 transcripts in other pathophysio-
logical conditions (58–63) requires fur-
ther investigation.
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Figure 5. Analysis of H9C2 cell proliferation using the trypan blue assay. Panel I: The effects
of mature IGF-1 and synthetic MGF E peptide on H2C2 cell proliferation (% cell number
changes) in a dose-dependent manner as presented in the “Materials and Methods”
section. Note that the IGF-1R neutralizing antibody (anti-IGF-1R ab) blocked IGF-1 effects
without affecting the action of synthetic MGF E peptide on H9C2 cell proliferation. Data
are presented as mean ± SEM. *Significantly different (P < 0.001) from control conditions.
Panel II: Representative Western blot analysis of ERK1/2 and Akt phosphorylation in H9C2
cells after stimulation with IGF-1 and synthetic MGF E peptide in a time-dependent man-
ner. Note that the MGF E peptide activated ERK1/2 phosphorylation; however, it did not
activate Akt phosphorylation. IGF-1 did activate both ERK1/2 and Akt in H9C2 myocar-
dial-like cells as expected. These data suggest that synthetic MGF E peptide could signal
via an IGF-1R–independent mechanism in H9C2 cells.
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