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Abstract
Proteomic patterns of myocardial tissue in different
etiologies of heart failure were investigated using a di-
rect analytical approach with High Performance Liq-
uid Chromatography (HPLC)/Fourier Transform Ion
Cyclotron Resonance Mass Spectrometry (FT-ICR
MS). Right atrial appendages from 20 patients, 10 with
hemodynamically significant isolated aortic valve dis-
ease and 10 with symptomatic coronary artery disease
were collected during elective cardiac surgery. After
preparation of tissue samples and tryptic digestion of
proteins, the peptide mixture was HPLC-separated
and on-line analyzed by electrospray FT-ICR MS. Data
obtained from HPLC / FT-ICR MS runs were com-
pared for classification. To extract the classification
features, the selection of best individual features was
applied and the "nearest mean classifier" was used for
the classification of test samples and the sample pro-
jection onto classification patterns. The pattern distri-
bution characteristics of aortic and coronary diseases
were clearly different. No interference between sam-
ples of both disease categories was registered, even if
the distribution of unsupervised classified test samples
were closer. Samples representing aortic valve disease
showed a closer accumulation pattern of spots com-
pared to the samples representing coronary disease,
which indicated a more specific protein classification.
Through selective identification of specific peptides
and protein patterns with FTMS, valvular and coro-
nary heart disease is for the first time clearly distin-
guished at molecular level. The described methodolo-
gy could also be feasible in search for specific bio-
markers in plasma or serum for diagnostic purposes.

Key words: Human myocardium, Fourier transform ion
cyclotron resonance mass spectrometry, proteome
analysis

INTRODUCTION

Due to the anticipated growth of the elderly popula-
tion, the incidence of heart disease will further in-

crease. This trend will continue in spite of improved
primary prevention and efficient therapeutic strate-
gies. Heart failure is a syndrome with various causes
including ischemic, valvular and congenital disorders,
myocardiopathy, myocarditis and hypertension. Al-
though much has been learned about re-modeling
processes in heart failure throughout recent years, the
basic causes of the cardiac dysfunction at molecular
level still remains largely unknown. The majority of
these processes are thought to result from underlying
alterations in gene expression, which in turn can influ-
ence complex interactions among numerous media-
tors in both signaling and regulatory pathways. While
coronary artery disease often leads to myocardial dys-
function with a rapid progression of myocardial is-
chemia, valvular disease has more chronic characteris-
tics with long lasting adaptive changes in myocardial
structure and function.

Being a primary risk factor for left ventricular sys-
tolic dysfunction, coronary artery disease initially leads
to a reduced perfusion of the myocardial tissue. Influ-
enced by a variety of immunologic cascades, the
process of plaque evolution can be accelerated by dif-
ferent effector molecules and activation of inflamma-
tion which elicits the acute coronary syndrome leading
to myocardial ischemia and subsequent infarction [1].
In contrast, concentric and/or excentric hypertrophic
response in the aortic valve disease is a dynamic
process in which progressive changes in gene expres-
sion first develop adaptive structural and functional
changes including cellular hypertrophy and interstitial
fibrosis which subsequently depress the left ventricular
contractility. Degenerative alteration in cell structure
like mitochondrial changes, disruption of sarcomeric
units, non-oriented growth of contractile fibers, and
disappearance of organelles are the final result [2].

The objective of this study was to evaluate the pro-
teomic patterns of myocardial tissue upon different
etiologies of heart failure by using a direct analytical
approach with High Performance Liquid Chromatog-
raphy / Fourier-Transform – Ion Cyclotron Reso-
nance Mass Spectrometry (HPLC / FT-ICR MS) that
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has been shown to be a powerful tool for detecting
structural alterations of proteins in disease [3-5].

MATERIAL AND METHODS

ANALYTICAL BACKGROUND

Tissue samples containing the protein mixture are di-
gested with trypsin after various preparation steps [3,
6] in order to perform the so-called bottom-up pro-
teomic analysis. The digestion results in a peptide mix-
ture, which needs to be separated by HPLC. Com-
pounds eluting from the HPLC are introduced
through an electrospray ionization source [7-9] into
the mass spectrometer. The analysis is performed by
FT-ICR MS [10] in an ion cyclotron resonance cell
that is located in the ultrahigh vacuum system at the
center of a superconducting magnet (Fig. 1). The
mass-to-charge ratio (m/z) of ions is determined by
measuring their cyclotron frequency. 

The general appearance of liquid chromatography /
mass spectrometry (LC/MS) data displayed in a m/z
vs. time diagram resembles two-dimensional (2D) gel
electrophoresis separation results. Using a pattern
recognition method, the applied bio-informatics tool
is capable of displaying all differences between com-
plete liquid chromatography / mass spectrometry data
obtained from different pathologic cases. This allows a
thorough comparison of the studied diseases. If ef-
fects of two different diseases on the proteomic pat-
tern are investigated, such a comparison leads to clas-
sifiers, which in turn can subsequently be analyzed by
a liquid chromatography / mass spectrometry run us-
ing ion fragmentation with tandem mass spectrometric
(MS/MS) methods for obtaining sequence informa-
tion of the proteins. A selective determination of pro-
teins corresponding to these classifiers helps identify
the differences in proteomic appearance of the dis-
ease. 

COLLECTION AND PREPARATION OF THE SAMPLES

Right atrial appendages, which are subject to discard-
ing prior to venous cannulation for cardiopulmonary
bypass were collected from 20 patients. The patient
group (19 male, 1 female) consisted of 10 individuals
with hemodynamically significant isolated aortic valve
disease and 10 with symptomatic coronary artery dis-
ease. The median age was 62 years (45-81) in the aortic
group and 66 years (37-83) in the coronary group. All
patients in the coronary group were previously treated
with beta-blockers and statins and antithrombotic
agents were suspended 10-14 days prior to surgery.
The preoperative medication in the aortic valve group
was less homogenous. Demographic data including
preoperative medication are shown in Table 1. Cardiac
samples were immediately washed in Krebs-Henseleit
solution and fixed on wax plates at room temperature.
After separation from the epicardium, trabecular tis-
sues were shock-frozen in liquid nitrogen and stored
at -80 ºC.

Tissue specimens were kept in Cryotubes (Nunc,
Roskilde, Denmark). 4-5 mg were prepared to be ho-
mogenized in 300 µL of 8 M urea, 0.4 M NH4HCO3
using a Polytron PT 1200 CL mixer (Kinematica AG,
Luzern, Switzerland) for 5-15 s until a homogenous
solution was obtained. This was followed by the addi-
tion of 25 µL of 45 mM dithiothreitol. The mixture
was incubated at 95 °C for 25 min and thereafter
cooled to ambient temperature. 25 µL of 100 mM
iodoacetamide were added, and the mixture was left
standing for 1 h in darkness. Then, 100 µL de-ionized
water and 100 µg (approx. 2.5% w/w) of trypsin were
added. The digestion was performed overnight in the
dark at 37 °C.

In order to remove salts and other contaminants,
400 µL of tryptic peptides was acidified with acetic
acid to a final acetic acid concentration of 2.5%. The
acidified mixture was desalted on a SPE Spec Plus C18
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Fig. 1. Non-scaled schematic view of an HPLC / FT-ICR MS system with electrospray ion source. Ions are formed at atmos-
pheric pressure, transferred through a glass capillary with metalized ends and through a skimmer into a hexapole ion trap. The
ions are trapped there for a short time (0.6 s) before they are further transferred through the electrostatic ion optics to the ion
cyclotron resonance cell. The ICR cell is in the magnetic center of a 9.4T superconducting magnet. The vacuum system, not
shown in the figure, consists of pumping stages down to the range of 10-10 mbar in the ultra high vacuum chamber of the ICR
cell. The numbers shown are approximate pressures in different pumping stages.



AR, 3 mL column (Ansys Diagnostics Inc, CA). The
desalting procedure was conducted in the following
way: The column was first wetted in 3 x 500 µL 50%
acetonitrile, and then equilibrated with 3 x 500 µL of
1% acetic acid. After equilibration, the sample was ad-
sorbed to the media. After sample loading, the column
was washed with 500 µL 1% acetic acid. Finally, the
desalted tryptic peptides were eluted with 2 x 100 µL
of 50% acetonitrile in 1% acetic acid. The eluate was
sampled and vacuum-centrifuged to dryness in a pre-
lubricated microfuge tube (Costar, USA), using a
Speedvac ISS1100 (Thermo Savant, Holbrook, NY,
USA). After dryness, the samples were stored at -80 ºC
until further analysis. Before reversed-phase liquid
chromatography analysis, the samples were re-dis-
solved in 50 µL mobile phase A (see below). 

PACKED CAPILLARY LIQUID CHROMATOGRAPHY
FT-ICR MS FOR PATTERN RECOGNITION

Reversed-phase liquid chromatography was performed
using a 10 cm long in-house packed C18 column, I.D.
200 µm. The packing material used was ODS-AQ,
∅ 5µm (YMC Europe GmbH, Schermbeck, Ger-
many). Two HPLC-pumps (JASCO 1580, JASCO
Japan) delivered mobile phase A: acetonitrile: water:
acetic acid (5 : 94.5 : 0.5 volume ratio), and mobile
phase B: acetonitrile : water : acetic acid (94.5 : 5 : 0.5
volume ratio). The program of choice was isocratic
elution using solvent A for 10 min, followed by the
gradients 100-50 % in 54 min and 50-0% A in 6 min.
The flow rate through the column was measured be-
fore each experiment and adjusted to 2.2 mL/min by
changing the total flow rate. A volume of 10 µL of the
sample was injected onto the column using a six-port
injector valve (Valco Instruments Co. Inc., Schenkon,
Switzerland). The separated peptides passed a UV-de-
tector before they were electrosprayed on-line to a
Bruker Daltonics BioAPEX-94e Fourier transform ion
cyclotron resonance mass spectrometer (Bruker Dal-

tonics, Billerica MA, USA) with a 9.4 Tesla supercon-
ducting magnet. In the modified electrospray source
of the instrument the samples were sprayed using a
Black Dust (polyimide-graphite) sheathless electro-
spray emitter, with an internal diameter of 50 µm [11].
Data was collected approximately 14 minutes after the
injection. In total, 256 mass spectra of 256 K data
points were collected in each experiment. Each spec-
trum was a sum of 10 individual scans, and the total
time for collecting one spectrum was 10 s. 

PATTERN RECOGNITION AND EXTRACTION OF
CLASSIFICATION FEATURES

The pattern recognition and classification strategy
have been described in detail by Ramström et al. [5]. A
numerical code was developed for the analysis. The
first part of the code normalizes the spectrogram in-
tensity, removes the noise and calibrates the individual
HPLC / FT-ICR mass chromatograms in time to a
common “table” sample. Both the normalization of
the spectrogram intensity and removing the liquid
chromatography noise are done by applying low-fre-
quency filters in mass and in time. This results in a
more accurate time calibration of the patterns by uti-
lizing the positions of common abundant peptides.
The second part of the code concerns the calibrated
sample classification and extraction of the classifica-
tion features. The selection of best individual features,
followed by the “leave-one-out” verification method,
was applied for the extraction of classification features
(peaks). The “nearest mean classifier” was used for the
classification of test samples and the sample projec-
tion onto classification patterns which finally gives just
two classification parameters, the Cooman plot [12].
In case of a binary classification, the features are rep-
resented by those pattern peaks, which are more abun-
dant in the majority of the samples of one class. These
peaks are defined as the characteristic peaks. Thus,
two lists of characteristic peaks were generated for
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Table 1. Demographic data including concomitant disorders and preoperative medication.

Aortic valve group Coronary group

Number of patients 10 10

Median age [years] (range) 62 (45-81) 66 (37-83)
Body-Mass-Index [kg/m2] 26 (21-37) 24 (21-35)
Smoking history 3 8
Hypertension 7 7
Diabetes mellitus 1 3
Dyslipidemia 3 7

Medication

Beta-blocker 1 10
ACE inhibitors 6 5
Platelet aggregation inhibitors 3 8
Coronary vasodilators 0 4
Statins 2 10



each classification. Finally, the neutral masses were re-
stored for each characteristic peak using the isotope
distribution at the corresponding scans.

RESULTS

In the classification using all representative samples,
240 characteristic peaks in the coronary artery disease
group and 90 characteristic peaks in the aortic valve
disease group were observed. A different distribution
pattern of aortic valvular and coronary diseases was
found. In Figure 2, the symbols represent both cardiac
disorders accumulated on either side of the diagonal
line with increased distance from the diagonal related
to the specification for particular disease type. Above
the diagonal, samples from myocardial tissue with
coronary disease and below the diagonal samples from
myocardial tissue with aortic valve disease are located.
Each filled symbol represents an individual supervised
classified training sample while each open symbol rep-
resents an individual unsupervised classified test sam-
ple. As illustrated in Figure 2, the algorithm led to only
two potential misclassifications of the unknown test
samples. When the HPLC / FT-ICR MS for these am-
biguous samples were manually inspected, large gaps
in the total ion chromatograms due to unstable elec-
trospray and sudden changes in elution rates could be
observed, resulting in difficulties for the algorithm to
correctly calibrate and align the data sets. There were
intense and stable representative peaks found in both
classes. Having a clear difference in proteomic pattern
between both myocardial disorders, no interference
between aortic and coronary samples was registered,

even if the distribution of open symbols on either
sides of the diagonal (unsupervised classified test sam-
ples) displayed a closer distance to the diagonal. The
aortic valve samples showed a closer accumulation
pattern of the spots indicating a more specific classifi-
cation of the proteins compared to the coronary sam-
ples. 

DISCUSSION

Different attempts to identify myocardial protein pat-
terns at molecular level have been made in recent
years, including 2D gel electrophoresis of cardiac tis-
sue and a considerable number of different proteins
could be identified and classified [13, 15]. Using high-
resolution polyacrylamide 2D gel electrophoresis,
Pleissner and co-workers could identify quantitative
and qualitative differences between atrial and ventric-
ular protein patterns in human myocardial samples.
Furthermore, a protein database for myocardial 2D
gel electrophoresis with accessing possibility via
world-wide-web was described by the same author
[16]. However, a comparative identification of my-
ocardial protein patterns in failing heart, originating
from different etiologies of cardiac disease is still not
available. Therefore, our investigation on myocardial
tissue samples representing valvular versus coronary
heart disease has a pioneering character. We showed
that, molecular differences in both disease forms
could for the first time be distinguished through se-
lective identification of specific peptides and protein
patterns by FT-ICR mass spectrometric analysis,
which was not used before for this type of compara-
tive study. The material we have applied is unique and
the methodology we apply do not have the inherent
disadvantages, which are present in the 2D technique
including discrimination of hydrophobic proteins,
membrane bound proteins, small proteins etc. Also
the dynamic range in HPLC / FT-ICR MS is normally
better than in ordinary 2D gels. In addition, our
methodology is also considerably less time consuming
(a few hours compared to several days). Until now
FT-ICR MS investigations of digested and HPLC-sep-
arated cardiac proteins were limited to studies of indi-
vidual proteins either for establishing analytical meth-
ods or for studying structural properties of a particu-
lar cardiac protein [17]. 

This method has a considerable potential to be used
for early verification of heart disease of various etiolo-
gies since protein-based transformations responsible
for disease may arise far before clinical signs can be
identified by today’s routine diagnostic techniques.
Identified peptides and proteins could act as potential
biomarkers but could also be used for verification (by
immuno-histochemistry) and validation of the find-
ings. Identities would also allow an elective search for
specific biomarkers peripherally in plasma and/or
serum and thereby facilitate the development of a
more high-throughput immunoassay based diagnostic
tool, e.g. ELISA [18] or protein chip assays. A more
thorough investigation of representative peptides
(“classifiers”) as markers of larger proteins that seem
to be involved with the pathogenesis of these diseases
is currently in progress. 
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Fig. 2. Pattern for the classification of coronary (circular
symbols) vs. aortic valve disease (square symbols) samples.
Each point represent an individual sample where filled sym-
bols (� and � ) represent supervised classified training sam-
ples while open symbols (o and �) represent unsupervised
classified test samples. All samples with exception of two
were unambiguously correctly classified.
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