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Abstract: Cardioproteomics (Cardiovascular proteomics) is fast becoming an indispensible technique in deciphering
changes in signaling pathways that occur in cardiovascular diseases (CVDs). The quality and availability of the instru-
ments and bioinformatics software used for cardioproteomics continues to improve, and these techniques are now
available to most cardiovascular researchers either directly or indirectly via university core centers. The heart and
aorta are specialized tissues which present unique challenges to investigate. Currently, the diverse range of proteo-
mic techniques available for cardiovascular research makes the choice of the best method or best combination of
methods for the disease parameter(s) being investigated as important as the equipment used. This review focuses on
proteomic techniques and their applications which have advanced our understanding of the signaling mechanisms
involved in CVDs at the levels of protein complex/protein-protein interaction, post-translational modifications and
signaling induced protein changes.
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Introduction

Cardiovascular diseases (CVDs) are a group of
disorders of the heart and blood vessels. CVD is
one of the leading causes of death in the world,
especially in low- and middle-income countries.
CVDs encompass many types of diseases which
are subcharacterized into different types of car-
diovascular disease in the heart or blood ves-
sels (Table 1). About 17.1 million people died
from CVDs in 2004, representing 29% of all
global deaths, and an estimated 23.6 million
people will die from CVDs each year by 2030
(World Health Organization 2001, www.who.int/
mediacentre/factsheets/fs317/en). The Ameri-
can Heart Association’s Heart Disease and
Stroke Statistics suggest that CVD as the under-
lying cause of death accounted for 33.6% of all
deaths in 2007, or 1 of every 3 deaths in the
United States. The estimated direct and indirect
cost of CVD in the United States for 2007 was
$286.6 hillion, which was a 5.8 percent in-
crease over the previous year [1]. To prevent

and control CVDs, significant efforts have been
conducted to explore the pathogenesis of car-
diovascular diseases. In general, CVDs result
from the interplay between lifestyle risk factors,
environmental stimuli and the inherent intracel-
lular system. Therefore, the pathogenesis of
cardiovascular diseases is complicated [1].

In recent years, the advancement of proteomic
technigues has improved the methods available
for investigating CVDs [2-5]. The application of
proteomic methods to uncover the protein func-
tion and structure in normal or disease states in
the cardiovascular field is called cardiopro-
teomics. As with general proteomics, cardiopro-
teomics can be subdivided into: 1) investigating
protein function in different physiological or dis-
ease processes, called mechanistic studies, and
2) investigating proteins altered in response to
different cardiovascular disease states for po-
tential clinical use, called biomarker studies [2-
7]. In general, the workflow of techniques used
in a proteomic investigation includes sample
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Table 1. Main types of cardiovascular diseases

Cardiovascular Diseases in the heart

Cardiovascular Diseases in the heart

Angina pectoris (angina)
-Stable angina
-Unstable angina
-Variant angina (Prinzmetal's angina)
Arrhythmias
-Atrial fibrillation
-Heart block
-Premature atrial complex (PAC)
-Atrial flutter
-Paroxysmal supraventricular tachycardia
(PSVT)
-Wolff-Parkinson-White syndrome
-Premature ventricular complex (PVC)
-Ventricular tachycardia
-Ventricular fibrillation
-Long QT syndrome
Cardiomyopathy
-Dilated cardiomyopathy
-Hypertrophic cardiomyopathy
-Restrictive cardiomyopathy
Congestive heart failure
Congenital heart disease
-Atrial septal defect (ASD)
-Ventricular septal defect (VSD)
-Patent ductus arteriosus
-Pulmonic stenosis
-Congenital aortic stenosis
-Coarctation of aorta
-Tetralogy of Fallot
-Tricuspid atresia
-Truncus arteriosus
-Ebstein's anomaly of the tricuspid valve
-Transposition of the great vessels
Coronary artery disease (CAD)
Cor pulmonale
Diabetic cardiomyopathy
Heart attack (myocardial infarction, Ml)
Heart valve disease:
-Mitral stenosis
-Mitral valve regurgitation
-Mitral valve prolapse

-Aortic stenosis
-Aortic regurgitation
-Tricuspid stenosis
-Tricuspid regurgitation
Myocarditis
Pericarditis
Rheumatic heart disease

Sudden Cardiac Death

Syncope
Cardiac Tumor

Cardiovascular Diseases in the Blood Vessels

Aortic aneurysm
Aortitis
Arteriosclerosis
Atherosclerosis
Aortic dissection
High blood pressure (hypertension)
-Essential hypertension
-Secondary hypertension
-Malignant hypertension

Stroke
Transient ischemic attack (TIA)
Other problems in the arteries
-Atherosclerosis of the extremities
(arteriosclerosis obliterans)
-Arterial embolism
-Acute arterial occlusion
-Raynaud's phenomenon
-Arteriovenous fistula
-Vasculitis
-Thoracic outlet syndrome
Other problems in veins
-Venous thrombosis
-Deep vein thrombosis (DVT)
-Thrombophlebitis
-Varicose veins
-Spider veins
Lymphedema

Cardiovascular diseases which have been investigated by proteomics are underlined.

preprocessing or/pre-fractionation, mass spec-
trometry (MS) analysis and data processing
(Figure 1). In a recent review, the proteomics
workflow, the general application of proteomics,
and the difficulty of proteomics implementation
were comprehensively detailed by Mallick et al.,
2010 [8]. Sample pre-fractionation decreases
the complexity of the sample for subsequent MS
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analysis. Depending on the aim(s) of the study,
different methods of protein sample pre-
fractionation are available, such as traditional
one dimensional (1D) or two dimensional (2D)
gel based protein separation, affinity chroma-
tography/immune precipitation or multidimen-
sional liquid chromatography. MS analysis
takes the central stage of proteomics, and the
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SAMPLE PREPARATION

Primary cell culture
Stable cell line culture
Laser-capture
Microdissection

Cell sorting

Gradient centrifugation
Biopsy

Biofluid

Metabolic labeling
Chemical protein labeling
Chemical peptide labeling
Enzymatic peptide labeling
Absolute quantification
Label free

Single/multiple reaction
monitoring

PROTEIN QUANTIFICATION

PROTEIN FRACTIONATION

1D/2D SDS-PAGE
Capillary electrophoresis
Column chromatography
Affinity chromatography
Affinity depletion

Cell surface labeling
Active site labeling

Database searching
Mascot, Sequest,

X! Tandem, OMSSA,
Spectrum Mill, Peaks,
PepNovo, InsPecT, PTM
ScroeScore, A-Score,
ModifiComb, De novo
sequencing

PROTEIN IDENTIFICATION

PEPTIDE FRACTIONATION

lon exchange

Hydrophilic interaction
Immobilized metal affinity
Titanium/zirconium dioxide
Affinity chromatography
Immunoprecipitation
Biotinylation

Reverse phase HPLC

Electrospray ionization
(ESI)-MS, MALDI-MS
Time-of -flight MS

lon trap MS
Quadrupole MS
Orbitrap MS
Fourier-transform ion
cyclotron MS (FT-ICR)

MASS SPECTROMETRY

Figure 1. Schematic of the typical Proteomic workflow for sample processing and mass spectrometry-based identifica-
tion of a protein. Trypsin digestion (either in-gel or in-solution) occurs between protein and peptide fractionation.

development of other relevant proteomics tech-
niques including sample pre-fraction and data
analysis are centering on the development of
MS. The peptide analysis methods of mass
spectrometry are continually being improved
with more advanced mass spectrometers and
better MS analysis software. There are now nu-
merous choices of mass spectrometers based
on resolution, accuracy and precision. The most
popular and common types of mass spectrome-
ters used in proteomics are the MALDI-TOF/TOF-
MS/MS, Q-TOF-MS/MS, and LTQ-Orbitrap MS.
Each type of MS has its own advantages and
disadvantages. The basic principles of MS
based peptide sequencing, the mechanism of
MS and the pros and cons of different MS are
well reviewed [9, 10].

Over the last few years a shift from protein iden-
tification to functional proteomics has occurred
[14, 12]. The aim of functional proteomics is not
only profiling the phenotype of certain tissues,
cells, or organelles, but also to define protein
function in different biological contexts to an-
swer specific biological questions [13-18]. Cell
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signaling is a major research field of functional
proteomics. Cell signaling pathways often gov-
ern basic cellular activities and coordinate cell
actions; therefore, unraveling the nature of cel-
lular signaling is crucial for a comprehensive
understanding of normal biological processes
and disease pathogenesis [19, 20]. The binding
of a ligand to its receptor commonly triggers a
cascade of reactions often involving protein-
protein interactions, protein post-translational
modifications (PTM) and signal-induced protein
expression changes. Furthermore, signaling
feedback loops usually help to regulate the trig-
gered signaling, while crosstalk sometimes
bridges diverse signaling pathways [20]. Most
signaling pathways are not a linear cascade, but
instead involve many complicated molecular
interactions, which generally integrate into dif-
ferent signaling networks, making it difficult to
uncover the full details of complex pathways
[19, 20]. Functional proteomics has become
one of the most successful methods to charac-
terize these elaborate signaling systems which
are difficult to determine by other biological
methods [13, 16, 18]. Cardioproteomics, as one
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important research field of proteomics, has al-
lowed us to dissect these signaling pathways,
helping us to better understand the pathogene-
sis of cardiovascular diseases [3].

In this review, we summarize some new ad-
vancement in proteomics techniques and car-
dioproteomic applications for cardiovascular
scientists. Although proteomics have been used
in many fields of CVD research, in this review,
we focus on the applications of these tech-
niques in elucidating novel signaling pathways
in cardiovascular research. The state-of-art inte-
gration of cardioproteomic tools and other tech-
niques that enhance our ability to detect single
functional molecules and signaling networks
related to CVD is also discussed.

Cardioproteomic methods in discovering and
identifying signaling pathways

Protein complex/protein-protein interaction

Protein complexes/protein-protein interactions
are very important for linking chemical or physi-
cal stimuli to specific effecter molecules in dy-
namic signaling processes. Affinity purification
coupled with mass spectrometry has enable
researchers to determine the composition of
protein complexes [8, 11, 12, 21]. Typical affin-
ity purification utilizes affinity-tagged recombi-
nant proteins to catch protein complexes from
parallel samples. The more stringent and in-
creasingly popular method for affinity purifica-
tion is tandem affinity purification (TAP), which
uses two or more different tags for two or more
independent affinity purifications [22-24]. TAP
allows highly purified complexes to be obtained
in relatively short time periods reducing the non-
specific binding partners of the target protein.
Utilizing specific antibodies to target proteins in
protein complexes is an alternative method
used to purify protein complexes [12, 21]. How-
ever, using specific antibodies requires highly
precise antibodies and extensive optimization
for obtaining optimal protein complexes. To ex-
plore the critical role of Ras interacting protein
1 (Rasipl) during normal blood vessel tubu-
logenesis, Xu et al., 2011, used two-step affinity
purification and mass spectrometry to show that
non-muscle myosin heavy-chain lIA (NMHCIIA)
and a RhoA specific GAP, Arhgap29 interact
with Rasipl [25]. This group found that Rasipl
together with Arhgap29 suppresses RhoA sig-
naling and dampens ROCK and nonmuscle my-
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osin llA activities in endothelial cells, which play
critical roles in cell polarity formation, lumen
morphogenesis, basal and apical adhesion and
actomyosin contractility during blood vessel
tubulogenesis. Using a TAP based approach,
they were able to display a more detailed model
of Rasipl regulation of embryonic vascular tu-
bulogenesis [25]. The advantages and disad-
vantages of the use of affinity chromatography
and mass spectrometry to determine the com-
position of protein complexes have been well
discussed [21, 22].

Post-translational modification

Post-translational modification (PTM) of proteins
is a common mechanism for controlling the be-
havior of a protein. More than 200 different
types of PTMs are currently known and new
ones are regularly being discovered [19, 20].
Some well-known PTMs include but are not lim-
ited to: phosphorylation, glycosylation, acetyla-
tion, methylation, and ubiquitylation. In addition,
many proteins have more than one type of PTM
[19, 20]. Therefore, PTMs significantly increase
the possible cellular states of proteins, resulting
in tremendous diversity, complexity and hetero-
geneity. It is very difficult for traditional molecu-
lar or biochemical methods to dissect the com-
plicated PTMs that exist in most signaling path-
ways. PTM detection and analysis has been a
major factor in the development of better mass
spectrometers which have been continually im-
proved to operate with greater sensitivity for
detecting PTMs [13, 16, 18]. Current high reso-
lution MSs are very powerful, because they en-
able the identification and quantification of pro-
teins, determination of modified sites and ex-
tent of the PTMs under varying conditions [13,
16, 18].

In general, MS based methods for most PTM
analyses are similar, but the most established
method is utilized in the detection of protein
phosphorylation. MS-based proteomics have
become indispensable in studying protein phos-
phorylation [26]. Because of the relatively low
abundance of most proteins containing PTMs in
cells, the strategy of MS based protein phos-
phorylation identification includes first enriching
the phosphorylated proteins or peptides, and
then utilizing the enriched proteins or peptides
for identification by MS. The enrichment of
phosphorylated proteins or peptides can be
achieved by methods involving chemical modifi-
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Reductions in phosphorylated tropomyosin contributes to
the depression in cardiac function that progresses to DCM.

cation or by direct enrichment. The latter is of-
ten employed through resins (Immobilized Metal
lon Affinity Chromatography (iMAC Fe3*), tita-
nium dioxide, strong cation-exchange column
(SXC)), or specific antibodies (anti-
phosphotyrosine antibody) [19, 20]. MS based
identification of phosphorylated sites on pro-
teins is not only high throughput, but also high-
fidelity and high speed, which cannot be
achieved by other biological or molecular meth-
ods. Thousands of phosphorylated proteins and
their phosphorylation sites have been identified
in many model organisms, from bacteria [27],
yeast [28] and worms [29] to plants [30] and
animals [31]. Over the last few years, many
groups have contributed to cardiovascular phos-
phoproteomic analysis of cardiac myocytes [32],
cardiac mitochondria [33, 34], 20S protea-
somes [35] and myofilaments [36].

Quantitative methods

Quantitative methods are universally used to
analyze global protein level changes in various
biological processes [37-39]. Changes in protein
expression levels are important in all diseases
including cardiovascular diseases as changes in
protein levels can affect the function, location
and binding partners of the protein. Quantitative
methods allow us to accurately determine how
much protein changes. There are several stud-
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cardiomyopathy signaling
pathway in E54K transgenic
mice.

Interpretation

ies using quantitative cardioproteomic tech-
niques to explore CVDs (Table 2). In general,
two main types of quantitative proteomic meth-
ods are utilized, 1) 2D gel based quantitative
methods such as traditional 2D-SDS PAGE
(polyacrylamide gel electrophoresis), and DIGE
(Differential imaging of gel electrophoresis).
While 2D gel based methods have disadvan-
tages, including low dynamic range and inability
to properly separate some membrane proteins,
it is still widely used as a proteomics research
tool because of its advantages. 2D gel based
methods are directly observable, relatively inex-
pensive to perform, and protocols and software
for 2D based methods are well developed. Re-
sults from 2D gel based research account for a
significant proportion of current cardioproteo-
mic studies, such as ventricular hypertrophy
[40], pulmonary hypertension [41], hypertensive
heart [42], arteriosclerosis [43], dilated cardio-
myopathy [44], heart ischemia and ischemia-
reperfusion [45], etc. In addition, there are dedi-
cated applications using 2D gel based methods
to resolve specific biological questions. A pow-
erful use of 2D based applications is demon-
strated in Figure 2. Transgenic mice expressing
a mutant form of tropomyosin (E54K) that is
associated with dilated cardiomyopathy was
investigated by 2D phosphoproteomics [44].
Proteomics showed that decreased phosphory-
lation of tropomyosin may directly affect myo-
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Table 2. Summary of cardiovascular diseases investigated by proteomics and major findings

Disease Methods | Tissue/cell Model Findings Ref.
type or
Subcellular
fraction
Acute coronary 2DE + Blood/ 25 human patients with Expression of 20 proteins was [93]
syndrome MALDI- monocytes non-ST-elevation acute modified by intensive treatment
TOF/TOF coronary syndrome were with atorvastatin including protein
+ randomized to receive disulfide isomerase ERG0 (PDI),
LC/MS/ atorvastatin 80 mg/dL (n annexin |, prohibitin, and HSP-70.
MS = 14) or conventional
treatment (n = 11) for two
months.
2DE, Plasma/pool Plasma from forty patients | Besides proteins previously [94]
DIGE, remaining with acute coronary identified as upregulated in plasma
MALDIM | after depletion | syndrome were compared | from patients with acute coronary
S/MS of high- with twenty healthy syndrome, four other potential
abundance volunteers and 10 stable biomarkers were identified: alpha-1-
proteins. CAD patients. B-glycoprotein, Hakata antigen,
tetranectin, and tropomyosin 4
2DE + circulating Platelets from 18 patients | 22 proteins differentially expressed [77]
MALDI- platelets with non-ST segment including proteins involved in allb3
TOF/TOF elevation acute coronary and GPVI signaling. The number of
syndrome and 10 differentially expressed proteins
matched stable coronary decreased at day 5 and further
artery disease patients decreased 6 months after the acute
were compared event.
iTRAQ + Cardiac/ Guinea pig ventricular Altered expression of 35 proteins [95]
LC- ventricular myocytes were exposed to | after transient exposure of
MALDI- myocytes either O uM H202 for 5 min | myocytes to H202. Most protens
TOF/TOF and then 10 units/ml altered were mitochondrial
catalase or 30 uM H202 including malate dehydrogenase
for 5 min and then 10 and cytochrome ¢ oxidase subunit
units/ml catalase at 37 2.
°C.
Adenaline and 2DE + Cardiac/ Male rat cardiomyocytes Differential changes in myosin [96]
Reactive MALDI- myocytes and under different conditions | light chain-2, cytochrome ¢ and
Oxygen species | TOF/TOF | mitochondria were compared: (i) control | voltage-dependent anion channel 1;
on from myocytes | cells, with no exposure; (ii) | redox regulation proteins (particular
cardiomyocytes cells incubated with superoxide dismutase); energetic
adrenaline (ADR); (iii) cells | metabolism proteins (ATP synthase
exposed to ADR with XXO alpha chain and dihydrolipoyllysine-
(xanthine with xanthine residue acetyltransferase
oxidase: a reactive oxygen | component of pyruvate
species generating dehydrogenase complex); heat
system); and (iv) cells shock proteins.
exposed only to XXO.
Chronic model 2DE + Cardiac/ none | Hearts of 4-to 5-mo-old Altered expression of 20 identified [97]
of type 1 MALDI- control and OVE26 mice proteins, of which 12 were
diabetes TOF were compared. OVE26 mitochondrial and included
mice are a chronic model aconitase 2 and ATP synthase, F1
of type 1 diabetes complex, .
Congestive 2DE + Cardiac/Left Dogs weighing 25-32 kg Extensive changes (upregulation) in | [98]
heart failure DIGE/LC | atria myocytes | subjected to ventricular- cardioprotective heat shock
/MS/MS tachypaced for 24hr (n=5) | proteins, decreased antioxidant
or 2 week periods (n=8). proteins (superoxide dismutase and
Sham-operated animals peroxiredoxin), and desmin and
(instrumented but not filamin fragmentation in 2-week
paced) were used as ventricular-tachypaced atrial
controls (n=4 and 9 for cardiomyocytes.
24hr and 2 week groups
279 Am J Cardiovasc Dis 2011;1(3):274-292




Cardioproteomics in cardiovascular diseases

respectively).
Coronary 2DE, Coronary 10 diseased and 7 normal | Increased expression of ferritin light | [99]
atherosclerosis LC/MS/ | arteries/ none | human coronary arteries chain in diseased coronary arteries.
MS were compared.
Dilated Lable Cardiac/ Endomyocardial biopsies 174 proteins were differentially [81]
Cardiomyopathy | free endomyocardi | from 10 patients with expressed. The major changes in
(DCM) LC/MS/ | al biopsies inflammatory DCM as well | protein expression were observed
MS as 7 controls with normal for mitochondrial and cytoskeletal
left ventricular function proteins. Deregulation of proteins of
were compared. carbohydrate metabolism, the actin
cytoskeleton, and extracellular
matrix remodeling was observed in
DCM samples.
2DE + Cardiac/none Hearts from cows with 24 proteins (including myoglobin) [100]
MALDI- bovine hereditary dilated are of decreased abundance in
TOF/TOF cardiomyopathy were diseased tissue, whilst 11 proteins
compared with non- are of increased abundance in the
diseased bovine hearts. diseased state.
2DE + Cardiac/affinit | 12 DCM, 9 ischemic (IHD) | All DCM hearts showed significantly | [101]
MALDI- y purification and 12 unused human higher expression of certain key
TOF/TOF | of donor hearts were enzymes of the ubiquitin-
ubiquitinated compared. proteasome pathway.
proteins
2DE + Cardiac/ Comparison of hearts from | A significant (~ 40%) decrease in [44]
DIGE/LC | ventricular transgenic mice Tm phosphorylation in transgenic
/MS/MS | homogenates expressing a mutant DCM hearts compared to non-
and myofibrils | tropomyosin (E54K) that is | transgenic mouse hearts. This
associated with dilated suggests that altered
cardiomyopathy. phosphorylation may be a
significant factor in the linkage of
the E54K mutation to DCM.
2DE + Coronary Comparison of non- Hsp27 showed decreased [102]
DIGE/LC | arteries/none diseased coronary arteries | abundance in ischemic vessels. The
/MS/MS from human heart expression of cytoskeletal proteins,
transplant donors and such as vimentin was significantly
patients with DCM with no | reduced, while transgelin and Tm
evidence of coronary showed significantly increased
artery disease, to coronary | abundance in vessels with IHD.
arteries from patients with | Together with western blotting data,
ischemic heart disease the results suggest that phospho-
(IHD). Hsp27 protects against vascular
disease possibly by stabilizing the
actin cytoskeleton within
endothelial and/or smooth muscle
cells.
Experimental iTRAQ/M | Cardiac/ Male and female rats were | Troponins were oppositely regulated | [103]
alcoholic ALDI ventricular maintained on either an by alcohol exposure in males
cardiomyopathy | TOF-TOF | nuclear, alcohol-containing or (downregulated) vs. females
mitochondrial, | alcohol-free diet for 18 wk | (upregulated). Males consuming
sarcoplasmic and then compared. alcohol showed increased
and expression of proteins involved in
myofibrillar oxidative phosphorylation
fractions (complexes |, lll, IV, V) whereas
females showed no change or
decreased content.
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Experimental iTRAQ + | Cardiac/ Male rats treated with 65 proteins differed significantly [104]
Model of Type 1 | LC/MS/ mitochondria streptozotocin (60mg/kg) between the groups: up-regulation
Diabetes MS or saline and investigated | of several enzymes involved in the
after 120 days. oxidation of long-chain fatty acid, in
combination with
down-regulation of short-chain fatty
acid catabolism.
in vitro Cardiac/ Diabetic rats and age- Up-regulation of the fatty acid [105]
stable mitochondria matched control rats were | B-oxidation. Down-regulation of
isotope investigated at 1 or 4 protein levels for creatine kinase,
labeling, weeks after STZ injection. voltage-dependent anion channel 1
2DE + (VDAC-1), HSP60, and Grp75.
MALDI-
TOF
2DE + Cardiac/ Male mice injected with Interfibrillar mitochondria were [106]
iTRAQ + subsarcolemm | streptozotocin (50mg/kg) impacted by type 1 diabetes
MALDI- al or saline daily for five mellitus to a greater extent than
TOF/TOF | mitochondria consecutive days after 6 h | subsarcolemmal
and of fasting. Five weeks after | mitochondria, including a decrease
interfibrillar hyperglycemia onset, in abundance of fatty acid oxidation
mitochondria animals were euthanized and electron transport chain
for further proteins. Mitochondrial phosphate
experimentation. carrier and adenine nucleotide
translocator were decreased in the
diabetic interfibrillar mitochondria
Experimentaly 2DE + Cardiac/none Comparison of WT, 4 wk Pronounced changes in protein [107]
induced MALDI- (asymptomatic) and 9 wk expression profile in 9 wk-old KO
cardiomyopathy | TOF old (severe mice with few changes in 4 wk-old
cardiomyopathy) frataxin KO mice. Frataxin KO mice showed
knockout mice. decreased expression of
components of the iron-dependent
complex-l and -l of the
mitochondrial electron transport
chain, enzymes involved in ATP
homeostasis (creatine kinase,
adenylate kinase) and a variety of
chaperones. The KO hearts
exhibited increased expression of
enzymes involved in the citric acid
cycle, catabolism of branched-chain
amino acids, ketone body utilization
and pyruvate decarboxylation.
Experimental isobaric Cardiac/ Comparison of rat 22 unique proteins in the [108]
acute tag sarcomeric, ventricular tissue from sarcomeric enriched fraction had
myocardial labelling, | nuclear, and ischemic and non- changed at least 20% including a
ischemia iTRAQ, cytoplasmic ischemic regions of rat decrease in ryanodine receptor 2 in
OFFGEL | enriched hearts induced by acute ischemic regions.
fractiona | fractions myocardial ischemia by
tion, ligating the left-anterior
LC/MS/ descending coronary
MS artery in vivo for 1hr
without reperfusion.
Experimental 2DE, Cardiac/ none | Isolated male rat hearts Y-27632 treatment affected four [109]
ischemia- LC/MS/ were perfused under proteins: lactate dehydrogenase
reperfusion MS aerobic conditions or and glyceraldehyde-3-phosphate
injury subjected to ischemia- dehydrogenase were significantly
reperfusion in the increased in the Y-27632 treated
presence or absence of group, while creatine kinase and
the cardioprotective Rho two different molecular fragments
kinase inhibitor, Y-27632. | of ATP synthase were normalized to
control levels by Y-27632. The
cardioprotective effect of Y-27632
likely involves increased energy
281 Am J Cardiovasc Dis 2011;1(3):274-292
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production.
Experimental 2DE, Cardiac/ Ventricular proteins from Loss of phospholamban is [110]
hyperdynamic MALDI- Ventricle phospholamban-KO and associated with MLC-1 isoform
mouse hearts TOF, LC- WT mice were compared. switching and increased MLC-2v,
MS/MS HSP27 and aB-crystallin
phosphorylation.
Left ventricular SELDI- Plasma/ Human plasma samples Post-translational variants of the [111]
remodeling TOF plasma from 93 patients al-chain of haptoglobin were more
(LVR) albumin (obtained on day 5 of elevated in remodeling patients.
depleted hospitalization) were
divided into three groups
(no, low, or high
remodeling) and
compared.
2DE + Cardiac and Comparison of plasma 2D phosphoproteomics showed that | [46]
MALDI- plasma/ left from 10-week-old male troponin T phosphorylation was
TOF ventricle rats which had myocardial | decreased in the left ventricle from
infarction induced by left rats with LVR. Western blotting with
coronary ligation and anti-phosphoserine residue 208 of
plasma from 16 sham- troponin T showed that
operated rats. phosphorylation of this site was
decreased in plasma and left
ventricles from rats and humans.
Hypertension iTRAQ + | Cardiac/ 20-month-old 79 proteins were differentially [112]
LC/MS/ Mitochondria spontaneously expressed between groups.
MS hypertensive rat (SHR) Changes in proteins involved in
and Wistar-Kyoto controls several metabolic pathways,
were compared chaperone and antioxidant systems.
Multiple subunits of the oxidative
phosphorylation complexes were
increased (complexes |, lll and V) or
decreased (complexes Il and V) in
SHR heart mitochondria.
Myocardial SELDI- Plasma/Immu | Cardiac Troponin | forms Several forms of cardiac troponin | [113]
Infarction TOF MS no- present in the human were detected with intact and bis-
purification of | Plasma from 64 patients phosphorylated troponin | mostly
) with acute myocardial present by itself.
cardiac . ;
) infarction
troponin |
forms from
plasma
Reperfusion isobaric Cardiac/Left Rat myocardial ischemia 92 differentially expressed proteins. | [24]
arrhythmias tag ventricular reperfusion (IR) model Na*/K* ATPase al subunit was
labeling, | membrane was induced by 30 min decreased in IR group while it was
iTRAQ, enriched coronary occlusion and significantly increased in GSPE
MALDI fraction 120 min reperfusion in group compared to sham group.
TOF-TOF the presence and absence
of grape seed
proanthocyanidin (GSPE)
extract
Type 2 diabetes | iTRAQ + Cardiac/ Pooled subsarcolemmal Inner mitochondrial membrane [114]
mellitus. MALDI subsarcolemm | and interfibrillar proteins and mitochondrial protein
TOF-TOF | al mitochondria import machinery were

mitochondria
and
interfibrillar
mitochondria

subpopulations from 18wt
old db/db and WT mouse
hearts were compared

predominantly decreased in
diabetic mitochondria.
Subsarcolemmal mitochondria from
db/db showed greater differences
than interfibrillar mitochondria
when compared to their respective
WT controls.
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filament function and be part of the dilated car-
diomyopathy signaling pathway in these trans-
genic mice. Using a rat model of myocardial
infarction and 2D phosphoproteomics Dubois et
al, 2011 found that phosphorylation of serine
residue 208 of rat troponin T (residue 207 of
human troponin T) is decreased in plasma and
left ventricle of infarcted rat hearts [46]. Further
evaluation of human plasma and ventricular
samples using a phosphoantibody against ser-
ine 207 suggests that decreased phosphoryla-
tion of troponin T is a likely biomarker for left
ventricular remodelling after myocardial infarc-
tion [46].

Fernando et al.,, 2005, used 2D-SDS-PAGE
based kinase assays to compare the difference
of heart kinase activities between a constitu-
tively active mutant of mitogen-activated protein
kinase kinase 6 (MKK®6) transgenic mice and
wild-type mice [47]. Heart lysates from MKK6
transgenic and wild-type mice were separated
by isoelectric focusing (IEF), and then trans-
ferred to acrylamide gels containing kinase sub-
strate. The reactions between kinase and sub-
strate were detected using radioactive ATP, al-
lowing the activity and location of kinases on
the gel to be detected by autoradiography and
the kinases subsequently identified by MS [47].
This group also used a similar method to iden-
tify substrates of MKK6 by separating IEF sam-
ples in a substrate-free second-dimension gel
and incorporating a recombinant active MKK6
in the kinase incubation buffer. They found that
the activity of MKK6, p38a, 5-AMP activated
kinase (AMPK), Rho associated kinase (RAK),
and the serine/threonine kinase protein kinase
N (PKN) was elevated in MKK6 transgenic mice,
and some proteins including p38a, ao-adducin,
hsp90, elF4E, B-tubulin, and E1 ligase could be
the substrates of MKK®. This approach allowed
the determination of signaling pathways related
to cardiomyocyte hypertrophy. In this study,
they didn't compare protein expression levels
but the activity of kinases, although they cannot
exclude the effect on kinase activity levels due
to changes in kinase expression levels [47].

2) The other main type of quantitative method
used in cardioproteomics is shotgun based
methods using stable isotope tagging [38, 48,
49] and label free methods [38, 50]. Since sta-
ble isotope tagging methods emerged, they
have been well accepted for high-throughput
determination of relative protein expression
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levels under different biological conditions [37,
38]. To introduce the analogue of the same pep-
tide for the discrimination of mass spectrome-
try, different samples are labeled by light and
heavy isotopes separately, resulting in a mo-
lecular weight shift between the same proteins
in different samples. Several well developed
stable isotope tagging methods are currently
available including Isotope-Coded Affinity Tags
(ICAT) [51, 52], Isobaric Tags for Relative and
Absolute Quantitation (iTRAQ) [53], Isotope-
Coded Protein Label (ICPL) [54], Tandem Mass
Tags (TMT) [55], [180]-water labeling [56],
Global Internal Standard Technology (GIST) [57]
and Stable Isotope Labeling with Amino Acids in
Cell Culture (SILAC) [58, 59]. All these methods
except SILAC are in vitro methods used after
protein extraction. Only SILAC labels proteins in
vivo at the cell or animal level [58, 60]. Stable
isotope methods generally achieve more high-
throughput and effective data output than 2D
gel based methods. However, these methods
need to be combined with a high precision MS
resulting in more extensive costs than 2D gel
based methods. Of these stable isotope tagging
methods, SILAC and iTRAQ are the most com-
monly used techniques for protein quantitation.
SILAC introduces fewer quantitative errors com-
pared to other isotopic labeling methods be-
cause of the nature of SILAC labeling. SILAC
protein isotopic labels (heavy and light) occur
intracellularly resulting in decreased artifacts
which can be caused by sample fractionation or
other manipulations following the mixing of light
and heavy cells. As such, SILAC is more suit-
able for PTM and protein-protein interaction/
protein complex analysis [16, 59, 61].

To get the bona fide interaction partners of tar-
get proteins, a method of protein complex purifi-
cation is often combined with a quantitative
method, such as ICAT [51], iTRAQ [61, 62] or
SILAC [63, 64]. While these combinations of
methods have not been significantly used in
cardiovascular research for PTM analysis, the
potential for the use of these methods is exem-
plified by successes in other proteomic fields.
Olsen employed an integrated phosphoproteo-
mic technology combining phosphopeptide en-
richment, high-accuracy identification, and SI-
LAC to determine time-dependent changes in
phosphorylation dynamics after stimulating
Hela cells with epidermal growth factor (EGF)
[65]. Selbach combined SILAC, RNA interfer-
ence (RNAI), co-immunoprecipitation and mass-
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spectrometry analysis to detect cellular interac-
tion partners of b-catenin and Cbl in mammal-
ian cells [64]. This integrated approach signifi-
cantly reduced non-specific interaction proteins,
and was named as QUCIK [64].

Signaling in the understanding of the cellular
processes that are responsible for the transition
to disease phenotypes

Cardioproteomic approaches have been used to
parse signaling molecules at the level of multi-
ple protein complexes/protein interaction net-
works, PTMs and signaling affecting proteins.
These studies often used focused-
cardioproteomic techniques, allowing the func-
tion of the components of protein complexes
investigated to be properly deciphered by
straightforward follow-up experiments. The ser-
ine/threonine kinase, protein kinase C € (PKCg),
was found to play an important role by forming
large multi-protein signaling complexes to ac-
complish signal transduction in protection
against ischemic injury in the heart [66, 67].
In Ping’s lab, they used 2DE and 1D SDS-PAGE
followed by LC-MS/MS to identify purified PKCe
complexes. A total of 93 proteins in PKCe com-
plexes were reported in this study, including
structural, signaling, stress-activated, metabo-
lism-related, transcription- and translation-
related proteins, which indicate PKCe could
regulate multiple signaling pathways to inte-
grate different functions against heart injury
[66, 67]. Subsequently, they examined simulta-
neous association of PKCe and two of its bind-
ing partners, Akt and eNOS, in the regulation of
NO production and cardiac protection. They
found that PKCe could directly phosphorylate
Akt and eNOS, and activation of PKCe increased
phosphorylation of eNOS in a transgenic mouse
heart. These investigations deepened our un-
derstanding of the function of the PKCe complex
in heart injury protection [68].

Another investigation by Gomes et al., 2006
integrated glycerol gradient/ion-exchange chro-
matography, 1-DE, 2-DE, Blue native (BN)-PAGE,
and LC/MS/MS to investigate the 20S and 26S
proteasomes in murine hearts [69]. Protea-
somes are very large protein complexes inside
all eukaryotes and function mainly to degrade
unneeded or damaged proteins. The cardiac
26S proteasome was found to contain alterna-
tively spliced isoforms of Rpn10 as well as sev-
eral kinases and phosphatases which directly
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interact with it. This study is an example of us-
ing multiple different techniques to obtain a
more comprehensive complex analysis [69, 70].
One of the proteins found bound to the protea-
some was protein phosphatase 2A (PP2A),
which accounts for a large portion of serine/
threonine phosphatase activity in cell signal
transduction. Functional validation of the pres-
ence of PP2A interacting with the proteasome
showed that this phosphatase not only interacts
with the proteasome but endogenous PP2A in
purified proteasomes was capable of regulating
the activity of the proteasome, making PP2A a
physiologically relevant interacting partner.
Other physiologically relevant interacting part-
ners of the cardiac proteasome include the
kinases cAMP dependent protein kinase (PKA)
and casein kinase Il, which help to explain pro-
teasome regulated local signaling and function
in the heart [69, 71].

Identifying the types and locations of PTMs in
cardiovascular signaling is currently only a small
proportion of total cardioproteomic research.
However, cardioproteomics have been used to
examine several important types of PTMs in
CVDs, such as phosphorylation [72], arginyla-
tion [73], oxidization [74] and S-nitrosylation
[75]. Oxidative stress is the key factor for heart
injury in heart ischemia-reperfusion. Chou et al.,
2010 used hydrogen peroxide treated H9c2 rat
cardiomyocytes as a model to determine
changes in tyrosine phosphorylation signaling
that may be induced during heart ischemia-
reperfusion injury.  They utilized anti-
phosphotyrosine affinity purification with LC-
MS/MS and 2D DIGE coupled with MALDI-TOF
MS, and found that that the Src kinase may play
an important role in oxidative stress-induced
phosphorylation and cell damage in cardiomyo-
cytes [72]. Post-translational arginylation medi-
ated by arginyltransferase (ATE1) plays an im-
portant role in cardiovascular development.
The arginylation reaction and the functioning of
ATE1 remained poorly understood because of
the lack of good biochemical models. Wang
and colleagues took advantage of 2D SDS-PAGE
combined with autoradiography to compare the
arginylation functional difference of arginyl-
transferase (ATE1) isoforms. They incubated
ATE1 isoforms and isotope labeled arginine in
Atel KO cell extract. After 2D SDS-PAGE, the
comparison of the difference in arginylated pro-
teins was analyzed by radiography. They found
the protein arginylation of the ATE1 isoforms is
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highly variable in vitro [73]. Tetsuro found that
thioredoxin-1 (Trx1) regulates disulfide bond
formation between two cysteine residues lo-
cated in HDAC4 and its interaction protein
Dnalb5 by reactive oxygen species (ROS) stimuli
in cardiac myocytes [74]. They identified these
oxidized cysteine residues located in the HDAC4
and Dnalb5 proteins by MS. In this study, pro-
teomics was critical for the key results which
were then further investigated in-depth [74].
Mutation of these cysteine residues in HDAC4
resulted in increased susceptibility to cardiac
hypertrophy. Nitric Oxide (NO) is a very impor-
tant signaling molecule in the cardiovascular
system. NO-mediated S-nitrosylation was exam-
ined by 2-DE and the level of S-nitrosylation of
11 proteins was found to be significantly in-
creased [75]. To explore the function of ex-
tracellular  signal-regulated kinase  1/2
(ERK1/2) in cardiomyocytes exposed to
ischemic hypoxia and reoxygenation, Mizukami
et al.,, 2004 used 2DE and MS and found in-
creased expression of a-enolase, a rate-limiting
enzyme in the glycolytic pathway, in response to
ischemic hypoxia [75]. The up-regulation of o-
enolase could be inhibited by a MEK inhibitor,
PD98059. They also showed that a-enolase
could restore ATP levels and prevent cell death
during ischemic hypoxia and reoxygenation in
heart cells, suggesting that ERK1/2-a-enolase
signaling pathway is important in ischemic hy-
poxia [76]. Platelet activation could be induced
by the rupture of an unstable atherosclerotic
plaque in acute coronary syndrome (ACS), which
may lead to occlusion of an artery supplying a
substantial part of the myocardium. In order to
explore the functional change of platelets in
ACS, Fernandez and colleagues isolated plate-
lets from patients with ACS and control patients
and found that 14 proteins were differentially
changed. These proteins were either signaling
or cytoskeletal, and nine of them are known to
participate in platelet activation by 2DE and
Ingenuity pathway analysis (IPA) [77]. Other
quantitative methods including ICAT, iTRAQ and
label free proteomics have been used to investi-
gate cardiovascular diseases [78-81].

Although there are many types of quantitative
methods currently available, no one method is
optimal for all investigations. A combination of
different quantitative methods is usually a good
choice for specific research goals. The results
obtained by different methods are often partly
complementary as well as independently benefi-

285

cial. Taking advantage of these complementary
methods often improves the result. Fu et al.,
2009 used ICAT and iTRAQ to compare Trx1
induced proteins from the hearts of a cardiac
specific Trxl-overexpressing transgenic mouse
model. Using the results from ICAT and iTRAQ,
they were able to reduce the false positive pro-
teins and improved the accuracy of their protein
list [80].

Deciphering of drug related signaling

The use of drugs to treat cardiovascular dis-
eases is an important field of cardiovascular
research. The increasing number of patients
with cardiovascular diseases amplifies the need
for more effective drugs to get better therapeu-
tic efficacy and reduce the cost of treatment for
patients. Drug discovery requires not only new
drugs but also redesigned drugs. How diseases
and infections are controlled at the molecular
and physiological level is the basic knowledge
required for drug disign. However, comprehen-
sively deciphering the mechanism(s) of a drug’s
action is still a major challenge for researchers.
Recent research on signaling processes has laid
the foundation for fundamental understanding
of cellular biology and has begun to influence
choices made in drug discovery, including drug
screens, drug design, drug modification and
drug optimization [53, 82]. Most drugs bind to
intracellular targets and elicit a series of dy-
namic signaling changes in cells, which will lead
to many positive and negative side effects on
the cells during the treatment process [53, 82].
Knowing the drug elicited signaling pathway is
important to understand the action and mecha-
nism of these drugs. Mass spectrometry has
made important contributions to the under-
standing of drug related signaling [83-88]. Most
drugs derived from small molecular compounds
are ideal drug discovery candidates for human
diseases. The application of proteomics in drug
discovery is increasing and has driven chemical
proteomic developments that integrate syn-
thetic organic chemistry, cell biology, biochemis-
try and mass spectrometry [83-88]. Chemical
proteomics focus mainly on the finding of spe-
cific drug targets based on small molecular
compound probes [85-88]. Nearly half of the
drug targets fall into just six gene families: ser-
ine/threonine and tyrosine protein kinases, G-
protein-coupled receptors (GPCRs), zinc metal-
lopeptidases, serine proteases, nuclear hor-
mone receptors and phosphodiesterases [82].
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The interaction of drugs on these targets typi-
cally leads to target relevant signaling changes.
Many model applications of drug target discov-
ery have been carried out, especially in anti-
cancer drug discovery. For example, more than
20 different protein kinases and various other
cellular proteins were identified as putative ge-
fitinib (epidermal growth factor receptor (EGFR)-
directed kinase inhibitor) targets in HelLa cells
through affinity chromatography and MS identi-
fication [89]. Overall, the strategy for drug target
identification using MS is similar to the identifi-
cation method used for protein-protein interac-
tion studies. To get more specific drug targets,
quantitative proteomic methods can be com-
bined with the above mentioned strategies.
Bantscheff et al., 2007 used kinobeads bound
to multiple kinase inhibitors combined with
iTRAQ and found new drug target proteins. They
were also able to profile the effect of a drug on
BCR-ABL-RasGAP-MAPK1 signaling pathways
[90].

Amid the applications of proteomics in the re-
search of drug related signaling, the integration
of quantitative methods and PTM analysis meth-
ods is beneficial for exploring pharmaceutical
effects on target cells or tissue. Currently there
are only a few applications of proteomics in
drug research for the treatment of cardiovascu-
lar diseases. Salvianolic acid B (SB) is the most
abundant and bioactive component of the herb
Danshen, which is popularly used in China. It
possesses considerable protective effects
against cardiovascular disorders such as angina
pectoris, myocardial infarction, and stroke. But
its direct target proteins and downstream signal
-related proteins remain unknown [91]. Feng et
al., 2011 predicted that EGFR may be one of
the ligands of SB. They employed 2DE to com-
pare the effect of SB on H9c2 cardiac cells un-
dergoing stimulated ischemic-reperfusion (IR)
injury, and found 9 signaling-related proteins
involved in a network together with EGFR
through direct interaction [91]. Atenolol, a B1-
selective drug, can significantly block 1 adreno
-receptor activity. In order to investigate the dif-
ference between R- and S-enantiomers of at-
enolol on vascular smooth muscle cells, they
employed an iTRAQ-coupled 2D LC-MS/MS ap-
proach. Their data showed some molecular evi-
dence on the metabolic effect and possible link
of calcium-binding proteins with treatment of
hypertension associated with atenolol [92].
Since CVD is the major cause of death due to
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disease worldwide, cardiovascular drug discov-
ery will continue and cardioproteomics will be a
major player in drug discovery research.

Future prospects

With continued improvements in proteomic
methods, exploration of cardiovascular signaling
pathways will be a central point in future cardio-
proteomics applications. Although many ad-
vanced proteomic techniques are currently
available, utilization of cardioproteomics is cur-
rently still limited in CVD signaling research,
especially in CVD related drug signaling. This is
partially due to the specific characteristics of
heart tissue. 2DE based approaches still ac-
count for a significant proportion of cardiopro-
teomics (Table 2). Most shotgun based proteo-
mic techniques are still labor intensive and
costly for many cardiovascular researchers. To
some extent, 2DE based and shotgun based
techniques are complementary for resolving
some biological questions. For optimal results it
is important to choose the strategy most suit-
able to the study goals.

The most advanced proteomic techniques are
not always the best choice for some studies. In
addition, the most advanced techniques still are
unable to routinely detect some PTMs. It is still
difficult to analyze glycosylation, ubiquitinylation
and very transient PTM events by MS based
PTM detection. The strategy of combining differ-
ent approaches is encouraged so as to make
the most of the unique advantages of different
techniques in resolving biological problems. For
most biologists, it is important to discuss their
goals with proteomic experts to help find the
most suitable strategy to achieve their research
aims. Although proteomics has been applied to
various fields of life science as a tool for biologj-
cal research, it is not one size-fits-all, and has
certain limitations to answering some biological
questions. Proteomics has a disadvantage in
that it is unable to detect the functional details
of identified proteins in signaling pathways. The
integration of proteomic methods with other
biological and molecular methods is very impor-
tant to unraveling functional details of certain
proteins.

During the process of charting signaling path-
ways, cardioproteomic techniques are often
used either on a restrictive scale or large scale.
Both restrictive and global characteristics of
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proteomic investigations help to decipher the
signaling pathways in different CVDs. The data
produced by proteomics are usually large com-
pared to other biological studies. Most proteo-
mic labs are unable to fully analyze the proteo-
mic data to achieve the functional and pheno-
typic assessment in different models. Dissecting
the specific function of these signaling modules
could be achieved by collaboration between
proteomics laboratories and laboratories that
specialize with functional studies. Because the
heart and aorta are specialized tissues, protein
extraction approaches should be developed or
optimized for CVD signaling research. Although
there are some challenges ahead for the wide-
spread application of cardioproteomics in the
future, it will continue to be a powerful tool for
signaling pathway detection, especially for pro-
tein complex and PTMs in CVD relevant re-
search. As Table 1 shows, relatively few cardio-
vascular diseases have been investigated using
proteomic techniques compared to the total
number of different cardiovascular diseases.
Both signaling in CVDs and signaling of CVD
related drugs are important research fields in
the near future.
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