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Introduction

 Cardiovascular diseases resulting in heart failure remain one of the leading causes of mortality the world over. They were 
accountable for 31% of global deaths in 2012[1]. In view of this, a huge amount of research has been targeted towards diagnoses, 
prevention and therapeutic intervention of cardiovascular disease forms with a mind to abate the incidence of heart failure. While 
experimental research has given the bulk of breakthroughs, management procedures and understanding of cardiovascular diseases, 
a systems biology approach is enhancing and reshaping the way research is carried out and data is interpreted in this field. It is yield-
ing such beneficial results of itself and in conjunction to experimental biology that would not be possible for the latter alone. The 
purpose of this review is to succinctly catalogue two relevant systems biology approaches being used currently in cardiac biology 
and highlighting the important contributions made by them. 

Proteomics in cardiac biology
 Proteome is the entire complement of proteins along with their modifications produced by a cell or organism that varies 
with time and physico-chemical set up of the cell or tissue. Proteomics is a term that applies to large scale and comprehensive study 
of any specific proteome in order to understand cellular processes. Proteomics approaches have helped in a wide array of cardiac 
research like biomarker discovery for different cardiac diseases to aid in efficient diagnoses and treatment, cellular signalling net-
works involved in the pathology of different cardiac diseases, understanding the cellular basis of disease initiation and progression 
and action of therapeutic drugs in different cardiac diseases.
 While expression proteomics have yielded a large amount of information about the proteins involved in any cardiac dis-
ease, structural proteomics is giving specific information regarding protein complexes[2], their functions, drug- protein interactions 
as well as drug-off target protein interactions[3,4], to enhance therapeutic approaches. Different protein separation techniques are 
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used prior to mass spectrometry to enhance the resolution power 
of the mass spectrometer and enable it to detect rare proteins. 2 
dimensional difference in gel electrophoresis (DIGE), isobaric 
tags for relative and absolute quantitation (iTRAQ™) labelling 
and liquid chromatography (LC) are some popularly used la-
belled separation techniques that allow multiplexing of samples 
for ease in comparison[5-9].

Proteomics in biomarker discovery
 Biomarkers are measurable indicators of cardiac dis-
ease presence and/ or severity. Novel candidates are always be-
ing researched which can be easily assessed noninvasively and 
provide high degree of specificity and sensitivity in diagnosing 
different forms of cardiac diseases. As of now the established 
biomarkers in clinical use are- cardiac Troponin I and T for di-
agnosing acute myocardial infarction (MI), B-type natriuretic 
peptides (BNP) for diagnosing heart failure, C reactive protein 
as inflammation marker of ischemic disease[10-12]. Towards this 
end, proteomics has been an invaluable tool that has churned out 
several promising novel biomarker candidates. Cardiac myo-
sin-binding protein C has been found to be a potential biomarker 
for early myocardial injury during acute MI[13]. Haptoglobin has 
also been found as a potential marker for acute MI[14]. A plas-
ma proteomics approach has revealed Quiescin Q6 (QSOX1), a 
protein involved in forming disulfide bridges to be a novel bio-
marker for acute decompensated heart failure. When combined 
with existing BNP it became an even more specific and accurate 
diagnostic tool for acute decompensated heart failure[15].
 A subsection of patients with heart failure are often pre-
sented with preserved ejection fraction (HFEF) and as such their 
detection and diagnosis becomes difficult without the significant 
helping aid of echocardiographic parameters. A proteomic study 
with serum samples of patients with HFEF has found Angiogen-
in to be a promising biomarker for the condition along with a 
panel of 16 other proteins that could be studied further to devel-
op one or more for clinical use[16]. Novel proteomic approach has 
been applied to find out protein differences in formalin fixed par-
affin embedded samples of acute lethal myocardial infarctions 
that result in sudden death. This process can potentially solve 
the barrier of fresh tissue/ serum/ plasma samples for analysis. 
It is also one of the few studies that looked into the proteome 
of lethal myocardial infarction to find out that Sorbin and SH3 
domain containing protein 2 (SORBS2) can serve as markers 
for very early phase of myocardial infarction with elevated se-
rum concentrations[17]. There are other studies which are trying 
to address biomarker research for the benefit of cardiovascular 
therapy. As can be seen, proteomics provides a very useful and 
convenient tool for biomarker discovery that may be further de-
veloped for clinical use.

Proteomics for elucidation of molecular processes in cardiac 
disease
 Proteomics has been used extensively for the under-
standing of molecular and cellular basis of different cardiac dis-
eases. Most of proteomics research has been geared towards un-
ravelling the pathophysiology of heart failure. Global proteomic 
differences between ischemic and non ischemic failing hearts, 
between ischemic and dilated cardiomyopathic heart failure, in 
early and end stage heart failure have been analysed[18-21] while 
myocardial infarction has also been extensively studied[7,14,17]. 

Myocardial infarction being a very critical factor for cardiac 
dysfunction or sudden death, has also received a high degree of 
proteomic research efforts. From the proteins specifically altered 
during MI and afterwards, to the discovery of biomarkers, to the 
difference it represents with other forms of cardiac disease such 
as hypertrophy, all have been explored by intensive proteomic 
tools[7]. Aside from the major share of studies elucidating these 
two cardiac dysfunctions, a fair number have also been dedi-
cated to finding out the cellular protein mediated mechanisms 
behind atrial fibrillation, pressure overload hypertrophy, diabetic 
cardiomyopathy and others. 
 Besides global proteome changes in the above condi-
tions, several studies have now targeted precise aspects of the 
protein machinery like the status of phosphorylation and oxida-
tion on the one hand and sub cellular organelle protein milieu 
like that of mitochondria and myofilaments on the other to find 
out explicit information regarding all aspects of cardiac diseases. 
 In case of subcellular organelle proteomics, the advan-
tage lies in the fact that greater amplification of a small section 
of cellular proteins leads to the identification of low abundance 
proteins which would otherwise be difficult[22]. Proteomic stud-
ies have indicated the involvement of mitochondrial pathways 
for TCA cycle either by the cycle enzymes or via NADH[23,24], 
fatty acid oxidation and oxidative phosphorylation to be altered 
during various forms of cardiac failure[24]. Phosphoproteome 
analysis of the mitochondrial proteome provides further insights 
into the above mentioned processes and the post translational 
modifications (PTMs) of the concerned proteins[22]. One study 
has devised a proteomic approach that best covers the maximum 
repertoire of mitochondrial proteins[25]. They have found that 
SDS-PAGE followed by LC-MS/MS provided the best coverage 
of the mitochondrial proteome. Distinctions between mitochon-
drial proteome are also made based on the location- subsarco-
lemmal and inter fibrillar. Most work has been done with sub-
sarcolemmal mitochondria. Mitochondrial phosphoproteome 
is being explored to acquire better understanding of the role of 
mitochondrial processes in heart failure[26,27]. One study using 
a rat model of human congestive heart failure has mapped 26 
mitochondrial proteins which show phosphorylation in 39 sites 
characterised by 42 phosphopeptides[26]. Among the proteins 
changed by phosphorylation are pyruvate dehydrogenase E1 
component subunit α (PDHE1α) of the pyruvate deydrogenase 
complex, long chain acyl- COA dehydrogenase (LCAD) of the 
βoxidation machinery, ATP synthase α of the respiratory com-
plex V, translocase of outer membrane 70 kDa subunit (TOM 
70), voltage dependant anion channel 1 (VDAC1), creatine ki-
nase S type and aconitate hydratase among others. All these pro-
teins are members of important functional networks implicated 
at various times in heart failure and other cardiac diseases. This 
data renders it easy to focus further study on the particular pro-
teins that have been modified by phosphorylation.
 To have a reference data set to which the change in 
phosphoproteome can be compared, one study has evaluated the 
unstressed healthy murine models to elucidate 236 phosphosites 
belonging to 181 phospho proteins which include proteins of all 
major mitochondrial pathways[28].

Cardiac myofilament subproteome
 The cardiac myofilament has also been a subject of in-
terest as it is the major contractile apparatus of the cell. Myofil-
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ament proteins like myosin, actin, titin are implicated in heart 
failure. The myofilament phosphoproteome was studied in a rat 
heart model treated with endothelin1 and isoproterenol; potent 
inducers of myofilament phosphorylation. The study found an 
excess of 600 proteins to be phosphorylated other than several 
known proteins in the myofilament sub proteome. In particular, 
Isoproterenol treatment showed a shift in the subcellular local-
ization of protein phospahatase 2A regulatory subunit B56α[29]. 
In another study the myofilament sub proteome was studied in 
case of acute MI in a swine model to reveal that there was a sig-
nificant reduction in phosphorylation of important myofilament 
proteins like cardiac troponin I, myosin regulatory light chain 
and enigma homolog isoform 2[30]. 

Redox proteomics
 The redox status of the cell dictates the health and op-
timal functioning of proteins in the cell. An imbalance in this 
redox status leads to the formation of harmful free radicals and 
reactive oxygen species that have been decisively established as 
major causative factors behind cardiac diseases like myocardial 
infarction, ischemia-reperfusion injury, coronary heart disease, 
heart failure and even hypertrophy. Thus proteomic approaches 
have targeted the redox state of proteins to find out the global 
scenario during such cardiac diseases. A study has found that 
protein carbonylation, a result of oxidative stress, is increased in 
the myocardium during heart failure with M-type creatine kinase 
(M-CK) being the most affected. α cardiac actin is also affected 
to a lesser degree. They attempted to explain the defects in en-
ergy metabolism during heart failure based on their findings of 
loss of function of M-CK due to its increased carbonylation[31]. 
In case of ischemia-reperfusion, a study has found evident ox-
idative stress by increased accumulation of protein carbonyl. 
They found that thiol oxidation occurred mainly during ischemia 
or early reperfusion. Longer reperfusion led to reversal in thiol 
oxidation. Proteins involved in important heart functions like 
the proteins of the electron transport chain complexes- I, II, III, 
ATP synthase, long chain acetyl COA dehydrogenase and sarco/ 
endoplasmic reticulum Ca2+ ATPase (SERCA) showed oxida-
tion of their thiol residues. It was concluded from the study that 
most oxidative changes were reversible up to certain duration 
in ischemia-reperfusion. However, increased protein carbonyl 
formation could be deleterious to the ischemic heart subjected to 
reperfusion[32]. 
 A lot of well known anti cancer drugs like Doxorubi-
cin and Adriamycin are cardiotoxic. Redox effects of such drugs 
on the heart have also been studied by the redox proteomic 
approach. A Doxorubicin based study has found that it causes 
increased accumulation of 4-hydroxynonenal (HNE); a lipid 
peroxidation product in murine hearts. The proteins mostly af-
fected belong to mitochondrial energy metabolism network[33]. 
Another Adriamycin based study found that specific carbonyl 
levels of three proteins- triose phosphate isomerise, β enolase 
and electron transfer flavoprotein- ubiquinone oxidoreductase 
(ETF-QO) were significantly increased. They concluded that 
the mitochondrial bioenergetic pathway was a prime oxidative 
stress target of adriamycin in the heart[34]. 

Comparative proteomics
 This is a proteomic approach where two or more car-
diac disease forms, two or more treatment procedures, temporal 

and spatial cardiac variations have been compared to delineate 
their similarities and differences and aid in development of bet-
ter therapeutic strategies. Mitra et al. (2015)[7] previously con-
ducted a comparative proteomic study on rodent hearts suffering 
from two critical cardiac diseases- hypertrophy and myocardial 
infarction. It was found that altered glucose oxidation pattern 
distinguished the cellular energy levels and the disease types 
for hypertrophy and myocardial infarction. These investigators 
have also been able to elucidate in detail the differential apop-
totic cascades that play an important role during cardiac deteri-
oration process in etiologically different cardiac disease forms, 
i.e predominant mitochondrial and endoplasmic reticulum stress 
mediated myocyte death during hypertrophy and myocardial 
infarction respectively. A candidate protein found in this study 
was α Crystallin B which was shown to play a critical protective 
role during myocardial infarction by targeting to mitochondrial 
channel protein VDAC1 and blocking mitochondrial pathway 
of apoptosis. Further, the group has also shown that the cardi-
oprotective effect of α Crystallin B is mediated by p38 MAPK 
during myocardial infarction[7,21,35]. Another comparative study 
between human ischemic and dilated cardiomyopathy revealed 
eleven proteins with similar expression patterns apart from the 
differentially expressed proteins. These eleven proteins could 
signify a common course of events that lead to heart failure by 
ischemic or dilated cardiomyopathy[36].
 Several other studies have been carried out using in-
novative proteomic approaches to micro dissect the cellular and 
molecular processes and events occurring in the heart during 
different diseases for better understanding and development of 
therapeutic care. Inclusion of all of them is beyond the scope of 
this review. As huge amounts of proteomic data is being churned 
out regularly by a large number of studies, keeping track of them 
is proving to be a difficult task. In order to simplify the storage 
and access to such data and reduce redundancy of research ef-
forts a consolidated cardiac proteome knowledgebase has been 
developed. It has been named Cardiac Organellar Protein Atlas 
Knowledgebase (COPaKB). It is a centralised platform having 
cardiac proteomic data, bioinformatic tools for processing the 
data and relevant cardiovascular phenotypes[37]. Another project 
called the Cardiac Atlas Project (CAP) has also been established 
as a large scale database of cardiac images from clinical exam-
inations along with associated clinical data. It has been set up as 
an atlas of the structural and functional aspects of normal and 
pathological heart[38].

Computational modelling in cardiac biology
 Modelling and simulation has been used in cardiac bi-
ology for a long time to help interpret a wide range of experi-
mental data and integrate them into a highly detailed/ intricate 
visual system to give us a most comprehensive virtual organ[39]. 
The advancement in both non invasive cardiac imaging systems 
and computational methods has made it possible to design and 
use simulations and cardiac models that has enhanced our un-
derstanding of cardiac function[40,41]. This has made such model 
systems of infinite use in clinical settings in decision making and 
therapeutic intervention for various cardiac diseases. A compre-
hensive review on this topic has been made by Trayanova[39].
 Electrophysiological data from numerous experiments 
and biological model systems have been incorporated to give 
us the electromechanical models of the heart[39,42]. These mod-
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els integrate the electrical wave propagation in the heart and the 
mechanical contraction-relaxation performed by the contractile 
proteins of the myocytes that lead to the actual pumping of the 
ventricles[39]. The sequence of events that lead to ventricular con-
traction, namely, depolarization of myocytes by action poten-
tial, release of Ca2+ from intracellular stores and its binding to 
Troponin C, contraction of myocytes and ultimately ventricular 
deformation are all recorded to give a working electromechan-
ical model of the heart. For the simulation of a cardiac cycle 
and corresponding pressure-volume loop conditions on cham-
ber, volume and pressure are imposed by circulatory systems 
lumped-parameter models[39,40,42]. These models are utilised to 
answer for problems relating to the mechanical and electrophys-
iology of the heart in a generalised manner or in user specified 
individual cases [the geometry and structure as specified by us-
er’s magnetic resonance images (MRI)].
 Whole heart models in cardiac electrophysiology have 
been extensively used to study normal wave propagation in 
healthy and diseased hearts and in cardiac arrhythmias[39]. In 
case of arrhythmias whole heart models reveal mechanism of 
causation and suggest methods of better therapy. Exploring ar-
rhythmia was the first application of ventricular modelling and 
a number of ventricular models (3D models) have focused on 
arrhythmia dynamics[43-45]. They have been extensively used to 
characterise ventricular fibrillation[44]. Ventricular arrhythmia 
due to myocardial infarction has also been well characterised by 
such models[44,45]. In addition to ventricular models, MRI imag-
es and electrophysiological data for the atria has resulted in the 
construction of models to address atrial arrhythmias[45,46]. Elec-
tromechanical models have been used to design treatments for 
ventricular pump dysfunction with special uses in cardiac resyn-
chronisation therapy (CRT). They have elucidated mechanisms 
that govern CRT efficacy[39,47]. 
 In patients with cardiovascular disease, assessing the 
risk of lethal arrhythmia and stratifying at-risk patients accord-
ingly decreases mortality and health care costs. This has been 
considerably enhanced by using ventricular models along with 
electrocardiogram (ECG) data from patients[39]. In administer-
ing therapeutic interventions (surgical or otherwise) ventricular 
models are being used to make critical decisions[48].
 A new and challenging aspect in the realm of cardi-
ac modelling is the application of such models for individual 
patients customizing for their particular cardiac problems. En-
hanced imaging systems notwithstanding several obstacles in 
this process are the acquisition of poor in vivo scans, the perpet-
ually loaded state of the heart during image acquisition that pro-
vide difficulty in modelling the geometric mesh of the patient’s 
heart[36]. However, much progress has been made to overcome 
such problems and make individual modelling a prevailing pro-
cedure for cardiac research and therapy. New 3D models that 
incorporate patient specific data to give very faithful representa-
tions are being produced[42]. Computational cardiac modelling is 
thus merging the experimental data with complex programming 
to give a rich virtual visual representation of heart function.

Conclusion

 Computational modelling on the one hand and proteom-
ics on the other are two invaluable systems biology approaches 
that are being increasingly employed in cardiac research. Car-

diac models and simulations are enhancing the interpretation 
of experimental data and systematic storage of vast amounts of 
proteomics data is being achieved by developing comprehensive 
knowledge bases. Proteomics is by far the most relevant systems 
biology method that is being applied in every area of cardiac 
research to provide global as well as definite information to an-
swer pressing concerns of cardiac diseases.
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