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Identification of a Marker Protein for Cardiac Ischemia and
Reperfusion Injury by Two-Dimensional Gel Electrophoresis and
Matrix-Assisted Laser Desorption Ionization Mass Spectrometry
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The purpose of the present study was to evaluate the expression of cardiac marker protein in rabbit
cardiac tissue that was exposed to ischemic preconditioning (IPC), or ischemiareperfusion injury (IR)
using two-dimensional gel electrophoresis (2DE) and matrix-assisted laser desorption ionization mass
spectrometry (MALDI-MS). We compared 2DE gels of control (uninjured) cardiac tissue with those of
IPC and IR cardiac tissue. Expression of one protein was detected in IR heart tissue, however the
protein was not detected in the samples of control and IPC tissue. To further characterize the detected
protein molecule, the protein in the 2D gel was isolated and subjected to trypsin digestion, followed
by MALDI-MS. The protein was identified as myoglobin, which was confirmed also by Western blot
analysis. These results are consistent with previous studies of cardiac markers in ischemic hearts,
indicating myoglobin as a suitable marker of myocardial injury. In addition, the present use of multiple

techniques indicates that proteomic analysis is an appropriate means to identify cardiac markers in
studies of IPC and IR.

Key Words: Myoglobin, Ischemiareperfusion injury, Cardiac injury marker, Two-dimensional gel
electrophoresis, Matrix-assisted laser desorption ionization mass spectrometry

INTRODUCTION

Ischemic heart disease and its clinical correlate (acute
myocardial infarction) have a variety of etiologies, and
remain to be the largest cause of death in industrialized
societies (Carroll et al, 1999). Ischemic heart disease is
characterized by insufficient blood supply to regions of the
myocardium, which leads to tissue infarction (Braunwald,
1985). To reduce mortality and improve the effectiveness
of therapy, many studies have attempted to identify key
biomarkers (molecular 'signposts’ of the biological state of
cells) for ischemic heart disease (Michael et al, 1999; Penttil
et al, 1999; Christian, 2001; Svensson et al, 2003)

The major goal of studies on ischemic heart disease is
to detect of cardiac tissue-specific biomarkers of myocardial
cell injury, and the use of proteomics appears to be able
to simultaneously monitor changes in protein expression
and cell signaling pathways in response to conditions such
as myocardial infarction and heart failure (Ii et al, 1992;
Cohen et al, 2001; Robert et al, 2001). The treatment of
ischemic heart disease has entered a new era, in which
mortality can be reduced by approximately 50% by pro-

cedures that allow rapid restoration of blood flow, such as
reperfusion, to the ischemic zone(s) of the myocardium.
However, reperfusion may lead to such complications as
diminished cardiac contractile function and arrhythmias
(Braunwald, 1985; Ferdinandy & Schulz, 2003). The recent
discovery of an endogenous protective cellular mechanism,
known as ischemic preconditioning (IPC), has raised hopes
that endogenous intracellular pathways and proteins might
be activated to avoid necrosis or apoptosis (Li et al, 1992;
Przklenk & Kloner, 1998). In the heart, IPC refers to brief
period of ischemia that confers protection against infarction
that would otherwise be produced by a subsequent long
period of ischemia (Yellon & Bexter, 1995; Robert &
Thomas, 2001).

Proteomics, including high-resolution two-dimensional
electrophoresis (2DE) and mass spectrometry, has changed
the approach to detect the expression of disease markers.
The purpose of the present study was to evaluate dif-
ferences in the expression of proteins in ischemic precon-
ditioned (IPC) and ischemia-reperfusion-injured (IR) rabbit
heart tissue, using 2DE and matrix-assisted laser desorp-
tion ilonization mass spectrometry (MALDI-MS), in an at-
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tempt to identify cardiac tissue-specific markers that reflect
ischemiareperfusion injury and/or ischemic preconditioning
protection after an ischemic insult.

METHODS
Preparation of isolated heart

Rabbits that had been anesthetized with sodium
pentobarbitone were injected with sodium heparin via the
femoral vein. Hearts were rapidly excised, placed in cold
bicarbonate buffer, cannulated, and then perfused at 37°C
with bicarbonate buffer that was gassed with 95% 02/5%
COs. Perfusion was carried out in the non-recirculating
Langendorff mode at a constant flow of 12 ml/g tissue per
min. The bicarbonate buffer contained (in nmol/L): NaCl,
118.5; KCl, 3.1; KHoPO,, 1.18; MgCls, 1.2; NaHCO;, 25.0;
CaClg, 1.4; and glucose, 10.0.

Perfusion protocols

We prepared IPC and IR cardiac tissue according to the
perfusion protocols summarized in Fig. 1, while cardiac
tissue that was not injured was used as control. In experi-
ments that involved whole-heart high-flow ischemia, ische-
mia was initiated by terminating perfusion while the heart
was maintained at 37°C. Reperfusion was achieved by
reinitiating perfusion for a specific period of time. Cardiac
tissue that was not injured was used as a control.

Preparation of samples for two-dimensional gel elec-
trophoresis

Frozen cardiac tissue was transferred to a mortar that
contained liquid nitrogen, and a precooled pestle was used
to homogenize the tissue. The powdered tissue was
transferred to a 50-ml tube that contained lysis buffer (7
M urea, 2 M thiourea, 4% CHAPS, 40 mM Tris base, 1%
DTT, 0.5% IPG buffer, 0.5% Triton X-100, and protease
inhibitor cocktail) and vortexed at 4°C. The homogenate
was then subjected to ultracentrifugation (60,000 rpm, 5
h, 4°C in a Beckman 100Ti rotor), after which the super-
natant that contained the cytosolic proteins was harvested.
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Fig. 1. Perfusion protocols for isolated rabbit hearts used in the
present study. A, control; B, ischemic preconditioning; C, ischemiar-
eperfusion injury. Numbers refer to time in minutes.

Two-dimensional gel electrophoresis and image anal-
ysis

A 24-cm (pH 3~10) immobilized pH gradient (IPG) strip
(Amersham, Uppsala, Sweden) was hydrated overnight at
30 V in 450 gL of isocelectric focusing (IEF) solution that
contained approximately 500 pg of the solubilized cytosolic
proteins. IEF was carried out at 60,000 Vh at 20°C, as
follows: 500 V for 1 h, 1,000 V for 1 h, and finally 8,000
V incremented to 60,000 Vh. The IPG strips were placed
in 10 mL of an equilibration solution [50 mM Tris-HCI, pH
8.8, containing 6 M urea, 30% glycerol, 2% sodium dodecyl
sulfate (SDS), and bromophenol blue] that contained 1%
DTT (v/v) during the first equilibration step and 2.5%
iodoacetamide (v/v) during the second equilibration step (15
min per equilibration step).

Second dimensional separation was carried out, using the
Ettan DALTtwelve System (Amersham). The IPG strips
were loaded onto a 12% SDS-polyacrylamide (SDS-PAGE)
gel, running buffer (25 mM Tris, 2 M glycine, 3.5 mM SDS,
pH 8.3) was added, and a constant current (5 W/gel) was
applied for 6 h. The gels were then stained with silver
nitrate. The stained gels were scanned on a flatbed scanner,
and the images that were acquired were analyzed, using
commercially available software (Image Master 2D Elite;
Amersham).

Identificationn of the protein

For mass spectrometry fingerprinting, the portion of the
2D gel that was stained (see above) was excised, and this
gel fragment was then destained with 100 mM sodium
thiosulfate and 30 mM potassium ferricyanide. The gel
fragment was then washed with 50% acetonitrile which was
then removed, and the fragment was dried in a vacuum
centrifuge. Dried gel fragments were rehydrated in 20 #L
of 25 mM NHMHCO; that contained 0.5 ug of sequencing
grade trypsin (Promega, Madison, WI), and they were
incubated overnight at 37°C. The supernatant was then
collected, and peptides were extracted twice with 30 xL of
50 mM NHHCOs: acetonitrile (ACN) (1 : 1) mixture. The
combined extracts were evaporated in a vacuum centrifuge.
Aliquots of the peptide-containing samples were applied to
a target disk, and the aliquots were letf to evaporate.
Spectra were obtained using a Voyager DE PRO MALDI-
MS (Applied Biosystems, Foster City, CA, USA). Protein
databases were searched with MS-Fit (http:/prospector.
ucsf.edu/ucsthtml3.4/msfit.htm) using monoisotopic peaks.
A mass tolerance within 50 ppm was allowed at first, after
which a recalibration was performed using the list of
proteins that was obtained at 20 ppm.

Western blotting

Proteins were separated on 12% SDS-PAGE gels and
transferred onto Immobilon membranes (Millipore, Bed-
ford, MA, USA), using a semi-dry transfer blotter. The
membrane was blocked for 1 h in a solution (PBS-TB) of
phosphate-buffered saline (PBS; 4 mM KH;PO,, 16 mM
Na;HPO,, 115 mM NaCl, pH 7.4) containing 0.1% (v/v)
Tween-20 and 1% bovine serum albumin (BSA). The
membrane was then incubated for 60 min in the presence
of polyclonal anti-myoglobin antibody. After washing (3 x 10
min) in PBS-TB, the blot was incubated for 45 min in
PBS-TB that contained horseradish peroxidase-conjugated
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Fig. 2. Two-dimensional gel electrophoretic analysis of cytosolic proteins in rabbit heart tissue. Paired
samples of control, ischemic preconditioned, and ischemiareperfusion-injured tissue are shown.
Differentially expressed proteins are marked in blue boxes. A, control; B, ischemic preconditioned,
C, ischemiareperfusion-injured. The arrow in C indicates the protein spot that corresponds to

myoglobin.
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Fig. 3. Matrix-assisted laser desorption ionization mass spec-
trometry (MALDI-MS) peptide mass spectrum for myoglobin.
Monoisotopic peptide masses were used to search protein databases
for matches, which were subsequently used to identify individual
proteins. T, trypsin-digested autolytic fragments.

secondary antibody at a dilution of 1 : 2,000. Goat anti-
human IgG s secondary antibody was used to detect
myoglobin.

RESULTS

Two-dimensional gel electrophoretic analysis of car-
diac tissue samples

In 2DE gels of IPC and IR cardiac tissues, more than
400 protein spots were detected. The protein spots were
localized in the pl 3~10, and the range of relative
molecular masses was 10~200 kDa. A representative 2DE
gel is shown in Fig. 2. Analysis of the silver staining spot
patterns of control (a), IPC (b), and IR (c) tissues revealed

Fig. 4. Western immunoblot with a polyclonal anti-myoglobin
antibody. A 17-kDa immunoreactive band was detected only in the
ischemiareperfusion-injured tissue samples. A, control; B, ischemic
preconditioned; C, ischemiareperfusion-injured.

a spot that was expressed in IR tissue samples in three
different 2DE gels, however, it was almost undetectable in
the control and IPC cardiac tissues (Fig. 2).

Identification of myoglobin as the cardiac marker

To further elucidate the molecular characteristics of the
protein that was detected in the 2DE gels above, the spot
in the 2DE gel of the IR cardiac tissue was isolated and
subjected to MALDI-TOF analysis. Mass fingerprinting of
selected peptide peaks, using low tolerance (<20 ppm) with
recalibration, revealed that this protein was myoglobin
(Fig. 3). Myoglobin was identified with score of 1.8e-12 and
sequence coverage of 99% (Table 1). The results of the 2DE
gel analysis, therefore, suggest that cardiac injury is
correlated with myoglobin expression.
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Table 1. Summary of matrix-assisted laser desorption ionization
mass spectrometry (MALDI-MS) masses and partial amino acid
sequence of myoglobin. Result of the database search using MS-Fit.
Myoglobin was identified with score of 1.8e-12 and sequence
coverage of 99%

Masses MH+ Proposed peptide

submitted  matched Position sequence

1351.71 1352.54 32~42  (R)LFHTHPETLEK(F)

1407.83 1408.69 64~77 (KYHGNTVLTALGAILK(K)

1502.67 1503.64 119~133 (K)HPGDFGADAQAAMS(K)

1606.85 1607.81 17~31 (K)VEADLAGHGQEVLIR(L)

1741.89 1742.98 32~45  (R)LFHTHPETLEKFDK(F)

1814.94 1816.08 1~16 (—)GLSDAEWQLVLNVWG(K)

1899.03 1900.24 103~118 (K)YLEFISEAITHVLHAK(H)

1982.05 1983.25 79~96 (K)KGHHEAEIKPLAQ-
SHATKH)

2119.11 2120.39 8098 (K)YGHHEAEIKPLAQSH-
ATKHK()

2939.54 2941.34 17~42 (K)VEADLAGHGQE-
VLIRLFHTHPETLEK(F)

PPM, parts per million.

Immunoblotting

When the tissue homogenates were examined with an anti-
myoglobin antibody by Western blot, a single immunoposi-
tive bandwas detected that corresponding to a protein with
a molecular mass of ~17 kDa, being consistent with the
molecular weight of myoglobin. The myoglobin- positive
band was observed only in the IR cardiac tissue sample.

DISCUSSION

Recent advances in genomics and proteomics provide a
great potential for diagnostic, prognostic, and therapeutic
applications (Srinivas et al, 2001). Comparisons of gene
transcription and corresponding protein expression have
revealed that the levels of mRNA and protein expression
are not necessarily closely correlated (Charlwood et al,
2000; Larsson et al, 2000). Therefore, proteomic methods
have been devised to detect the functional units of
expressed genes using protein fingerprints (Wilking et al,
1996; Wilkins & Mann, 2000). Such proteomic methods use
biomarkers to reveal both the intrinsic genetic changes
within a cell and the impact of environment of the cell. For
example, the molecular events that occur during neoplastic
progression are complex and diverse, and they have not
fully been characterized. The identification, quantification,
classification, and functional assignment of proteins are
essential to fully understand such molecular events (Ryu
et al, 2003). :

In the present study, we investigated the differential
expression of proteins in ischemia-injured cardiac tissue by
using proteomics. One protein was found to be expressed
in IR, but not in IPC tissue, and this protein was identified
as myoglobin. Myoglobin is a 17,800-Da heme protein that
is present in the cytosol of skeletal and cardiac muscle. It
transports oxygen from hemoglobin to the terminal mito-
chondrial oxidase, and is released from damaged muscle
(Antonini & Brunori, 1971; Wittenberg & Wittenberg, 1989;
Jannie et al, 1995; Esquerra et al, 1998; Alderton et al,
2003). Myoglobin that is released from damaged muscle has

been suggested to exacerbate the vascular and tissue injury
that is associated with myocardial ischemia, rhabdomyol-
ysis, and crush syndrome (Galaris et al, 1989; Moore et al,
1998; Holt & Moore, 2000; Alaya et al, 2001; Agnillo &
Alayash, 2002). Because of its small size, myoglobin is
released rapidly from the areas of ischemic injury for a
limited time, and is transferred to serum (Klocke et al,
1982). Furthermore, myoglobin has been shown to be a very
early marker of myocardial necrosis, and the expression of
myoglobin precedes the release of creatine kinase MB
isoenzyme (CK-MB) by 2~5 h (Drexel et al, 1983;
Grenadiere et al, 1983). Therefore, the early increase in
myoglobin expression in the patients with acute myocardial
infarction has the potential to be an ideal biomarker for
early detection and treatment of thrombosis (Jannie et al,
1995).

The results in the present study are consistent with those
of previous studies in which the expression of cardiac
ischemia associated biomarkers was examined. Although
myoglobin has been well characterized as a biomarker, it
has nevertheless been considered to be not an ideal marker
of cardiac injury, because of lack of specificity (Hudson et
al, 1999). The present results challenge this notion: Our
finding that myoglobin was specifically expressed in IR, but
not in IPC cardiac tissue, suggests that myoglobin is a
suitable biomarker of myocardial injury. Moreover, our
present aforementioned observation suggests that ischemic
preconditioning protects the heart from ischemic insult.
Our present successful use of multiple techniques, includ-
ing 2DE, MALDI-MS, and Western blot, demonstrate that
proteomic analysis can be an appropriate means of identi-
fying cardiac biomarkers of ischemia-induced cardiac
injury.
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