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ABSTRACT

The evolution of proteomics facilitates protein separation, identification and characterization,
which give better insight into molecular mechanisms underlying cardiovascular physiology and
pathophysiology. Investigations on the expression of proteins, their interactions and post-trans-
lational modifications contributes to our better understanding of disease processes and provides
new cardiovascular biomarkers. Up to now, laboratory animals have been employed in proteomic
research on human disorders, although rodent models do not genuinely reflect human con-
ditions. Because of the similarities in anatomy, physiology and metabolism, farm animals such
as pigs, cows or sheep are increasingly being used as model organisms in human cardiovascular
research. It should be noted that application of proteomics has a huge potential for gaining some
new insight into physiology and pathophysiology of the cardiovascular system, which cannot be
provided with conventional methods. Up to date, complete heart and aorta proteomes of human
and several animal species have been established. Several proteomic studies on human diseases,
including atherosclerosis, myocardial infarction and dilated cardiomyopathy, have been conduc-
ted and proved to be very valuable in bringing key information on their aetiology and progres-
sion, as well as new challenges for biomedical investigation. The aim of this review is to sum-
marize achievements in proteomics of cardiovascular physiology and pathophysiology with the
use of domestic and laboratory animal models.
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INTRODUCTION

Recent advances in proteomic techniques have laid the foundation for
sensitive and rapid protein analyses, unambiguous protein identification and
verification of changes in protein expression (DoHERTY et al. 2008, MOLACEK
et al. 2014). The proteomic approach has contributed to better understanding
of human and animal physiology, as well as pathophysiological mechanisms
of several diseases. Proteomics has proven to be a powerful tool for the cha-
racterization of cardiovascular physiology and disease, as it enables to iden-
tify and specify the function of a wide range of proteins that directly affect
the heart and blood vessels (HEINKE et al. 1998, DoNNERs et al. 2004, YAN et
al. 2005, VERMA et al. 2011, BARALLOBRE-BARRIERO et al. 2012). In this manner,
proteomic analysis provides a unique opportunity for comprehensive and
more complete understanding of basic molecular mechanisms that govern
cardiovascular physiology. Moreover, disease processes will be reflected in an
altered protein pattern of the analyzed tissue. Identification of differentially
expressed proteins in healthy and unhealthy conditions may serve as the
basis for selecting biomarkers useful in the diagnosis and prevention of a
specific disease (DoHERTY et al. 2008, SHARMA et al. 2013).

On account of ethical, legal and practical considerations, numerous ani-
mal models have been employed in human science and research. Laboratory
animals have been applied in proteomic studies on human disorders, altho-
ugh rodent models do not genuinely reflect human conditions. Because of
similarities in anatomy, physiology and metabolic aspects, farm animals such
as pigs, cows or sheep are increasingly being used as model organisms in
human medicine, including cardiovascular research (DoHERTY et al. 2008,
VERMA et al. 2011). The aim of this review is to summarize achievements in
cardiovascular proteomics with the use of domestic and laboratory animal
models.

Applications of proteomics in heart muscle research

The last decade has brought rapid advances of proteomic technology and
its application in research, allowing researchers to specify and identify car-
diac muscle proteins (CorBETT et al. 1994). This has resulted in generating
complete heart proteomes of human and several animal species (CORBETT et al.
1994, MULLER et al. 1996, ToraasoN et al. 1997, WEEKES et al. 1999, L1 et al.
1999, HEROSIMCZYK et al. 2015).

Due to limitations related to sample collection for proteomic analysis
from patients suffering from cardiovascular disorders, the search for animal
models reflecting analogous pathological processes is crucial. The most im-
portant animal models for human cardiovascular diseases are pigs and dogs
(HEINKE et al. 1998, HEINKE et al. 1999, YaN et al. 2005, BARALLOBRE-BARRIERO
et al. 2012). Their suitability for the study of developing cardiovascular disease
results inter alia from several anatomical and physiological similarities.
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Analyzing the data available from sequence database Uniprot (www.uniprot.
org), Koow et al. (2014) found that 6575 from 44 272 proteins identified in
human myocardium shared the minimum 90% of the amino acid sequence
both with the pig and with the dog. A similar comparison of the amino acid
sequence of human and canine cardiac proteins indicates 8861 proteins with
analogous homology. Another important animal model includes laboratory
rodents, in particular the rat and the mouse. Koows et al. (2014) demonstra-
ted that 6663 proteins of human, rat and mouse myocardium are characteri-
zed by amino acid sequence homology equal to or higher than 90%. Compari-
son of the mouse proteome with the human proteome reveals that the
number of these proteins is equal to 8404, and for the rat and human there
are 6948 proteins (Figure 1).

Fig. 1. Diagram showing the number of proteins characterized by amino acid sequence
homology higher than 90% between human and animal species (KooJ1 et al. (2004))

The major analytical strategies of cardiovascular proteomics include two-
dimensional gel electrophoresis (2-DE) or two-dimensional differential gel
electrophoresis (2D-DIGE) coupled with mass spectrometry (Figure 2). In
order to determine protein expression changes and/or to validate results,
Western blot analyses followed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) should be provided (Figure 2).

A number of studies were performed to identify the protein profile of the
heart and its specific regions. Using two-dimensional gel electrophoresis (2-DE),
proteins of the human heart tissue were separated, obtaining 3229 protein
spots. Of these, 33 were identified by means of microsequencing and 20 by
sequence comparison with protein database (Martinsried Institute Protein
Sequence Database) (JUNGBLUNT et al. 1994).

A study on the protein profile of the left ventricle and right atrium frag-
ments taken from patients with dilated cardiomyopathy was conducted by
PLEISSNER et al. (1995). The authors demonstrated differences in protein
expression levels between these two regions of the heart. Among 197 protein
spots separated by 2-DE, 40 proteins were found to be differentially expres-
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Fig. 2. Examples of analytical strategies used in cardiovascular proteomics

sed between the ventricle and the atrium. Moreover, 3 spots representing
myosin light chain 1 (MYL1) and 2 (MYL2) were typical only for the atrium
and were not present in the left ventricle. However, 2 spots were characteri-
stic of the left ventricle (phosphoglycerate mutase, ATP synthase alpha chain)
(PLEISSNER et al. 1995).
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Proteomic tools were used to determine the proteins that are differentially
expressed in the left ventricle of dogs in connection to the development of
cardiac disorders. HEINKE et al. (1998) conducted a study on 5 dogs which
underwent rapid ventricular pacing that produced a cardiomyopathic state
resembling dilated cardiomyopathy. Tissue fragments of the left ventricle
were separated using 2-DE. In the group of paced dogs, the expression of 69
protein spots differed significantly. Of these, 27 were up-regulated, whereas
42 showed down-regulation. The most numerous groups were represented by
proteins involved in energy metabolism (creatine kinase M, pyruvate dehydro-
genase, isocitrate dehydrogenase subunit alpha) and cytoskeletal proteins
(actin, RAS related protein). Further research using the same experimental
design was aimed at the comparison of the protein maps of both groups
(HEINKE et al. 1999). The authors found 269 spots in the control group and
377 in the experimental group. In the group of paced dogs, 31 protein spots
were significantly altered, of which 21 were down-regulated, whereas 10
were up-regulated. Differentially expressed protein spots were identified
using peptide mass fingerprinting (PMF). In line with their previous study,
the authors identified proteins associated with cell energy production (crea-
tine kinase M, hydroxymethyl glutaryl CoA synthase, cytochrome c oxidase,
cytochrome b5). It is suggested that expression changes of these proteins
confirm that energy deficit in cardiomyocytes may contribute to cardiac
diseases, such as dilated cardiomyopathy. This may indicate that the fatty
acid metabolism was reduced by the decreased activity of 3-2trans-enoyl-CoA
isomerase, as well as the decreased activity of the electron transport chain
due to a lower cytochrome ¢ oxidase and cytochrome b5 expression. Modifica-
tions of these energy pathways are manifested by the reduced ATP level of
the cardiac muscle in the experimental group. Similar changes were
observed in human research on this type of disease. HEINKE et al. (1999) obser-
ved changes in the cytoskeletal protein expression. Actin was up-regulated,
which could be associated with an increased contractility of the cardiac
muscle as a result of the stimulation of the heart. Moreover, the expression
of triphosphate isomerase and creatine kinase M was elevated. These results
are in accordance with the study conducted on patients with dilated cardio-
myopathy, by CorsETT et al. (1998). Additionally, the authors indicated alte-
red expression of other cytoskeletal proteins (myosin light chain 1, vimentin)
and proteins involved in energy metabolism (lactate dehydrogenase, phospho-
fructokinase, dihydrolipoamide dehydrogenase), which could have important
implications for myocyte function (CorBETT et al. 1998). Collaborative chan-
ges in protein expression may suggest a similar molecular mechanism of this
cardiac disorder, thereby the canine model can be of great importance for
obtaining sound knowledge of this pathological process (HEINKE et al. 1998,
1999).

The chicken embryo is used as a model to study the heart’s development
and pathogenesis. BoN et al. (2010) carried out a comprehensive analysis of
the proteome of the ventricle (V), great arteries (GA) and the outflow tract
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(0) in chicken throughout three stages of the embryonic development (at day
5, 7 and 10). The authors used one-dimensional electrophoresis (1-DE) to
separate proteins and nanoliquid chromatography mass spectrometry (nano
LC-MS/MS) for protein identification. In total, approximately 600 protein
spots from 3 different tissue samples (V, GA, O) were obtained and 267 pro-
teins were identified. Differences in the expression of several proteins: my-
osin-heavy chain 6, myosin-heavy chain 7, titin, connectin, collagen alpha-1
and xin, was observed, depending on the development stage and structure.
The pathway analysis indicated a particularly important contribution of my-
osin 6 and myosin 7 in the cardiovascular system’s development and func-
tion. Myosin-heavy chain 6 was expressed in all heart tissues tested at the
initial stage. In contrast, myosin-heavy chain 6 was not detected in GA
tissue at the later stages. Myosin-heavy chain 7 was expressed in O and V
on the 7™ day of the embryonic development and in GA on the 5™ day of the
embryonic development, but was unobserved at other stages. Moreover, other
important proteins were identified, such as supervillin and xin, which are
involved in actin organization in cells, ankyrin 3, which participates in the
maintenance of normal electrical activity in cardiomyocytes and in the deve-
lopment of excitable membrane domains in heart tissue, desmoplakin, which
is of key importance for cellular organization (BoN et al. 2010)

Proteomic techniques are being widely used in studies on the cardio-
vascular system in humans and in laboratory animals. However, proteomic
data of the heart and arteries (including aorta) of farm animals are not ava-
ilable in the literature. Proteomic strategies enable us to evaluate each ele-
ment of the cardiovascular system, thus they may provide relevant informa-
tion about ongoing physiological processes and contribute to the broadening
of our current knowledge on the system’s function (ARRELL et al. 2001, ODA,
Matsumoro 2016).

Applications of proteomics in blood vessel function research

Vascular smooth muscle cells (SMCs) play a key role in the development
of cardiovascular disorders. Protein expression changes or their products
(secretome) may serve as a biomarkers for the developing or ongoing patho-
logical changes. Aortic smooth muscle cells (ASMCs) provide a good model
for proteomic studies that focus on the search of mechanisms controlling cell
alterations during pathogenesis. It is based on the evaluation of variable
biological activity of these cells in relation to the development of blood vessel
damage (GaLLEco-DELGADO et al. 2005, RzucipLo et al. 2007). DupronT et al.
(2005) established proteomic reference maps of SMCs obtained from the tho-
racic artery of patients undergoing a coronary artery bypass surgery. Using
2-DE, the authors obtained protein maps specific to the ASMC proteome and
secretome. By means of matrix-assisted laser desorption/ionization mass
spectrometry, they identified 83 and 18 different intracellular and secreted
proteins, respectively. The biggest group was composed of cytoskeletal prote-
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ins involved in the regulation of actin polymerization, cell shape control and
contraction processes. Different expression of these proteins can be associa-
ted with atheromatosis. Other important protein classes included proteins
engaged in protein biosynthesis and proteolysis and proteins involved in
metabolic pathways or defense mechanisms.

Proteomic analysis of carotid plaque samples taken from patients with
atherosclerotic plaque progression was carried out by DonNERs et al. (2004).
Proteins were separated using 2-DE, identified by mass spectrometry and
protein expression was validated by means of Western blotting and immu-
nohistochemistry. The authors detected about 800 spots, 29 of them were
unique for thrombus-containing plaques and 21 were specific for advanced
stable plaques. This was the first study indicating that vinexin-f, a vinculin-
binding protein, is expressed in advanced atherosclerotic plaques, albeit at
the same level as in stable and thrombus-containing plaques. Moreover,
a,-antitrypsin, an acute-phase protein, was shown to be differentially expres-
sed during progression of atherosclerotic plaque (DONNERS et al. 2004).

For atherosclerosis research, MAYR et al. (2005) analyzed the proteome of
aortic SMCs of mice using 2-DE, MALDI-TOF MS and MS/MS. The authors
found approximately 2400 protein spots and identified 235 of them as represen-
ting the products of 154 unique genes. As a result of extensive analyses, the
first map of aortic SMCs was presented. The largest group consisted of enzy-
mes and structural proteins, which constituted more than of half of the identi-
fied proteins. Moreover, proteins involved in protein synthesis, chaperons,
antioxidants and signaling molecules were also found (MavYr et al. 2005). Husi
et al. (2014) conducted analysis of proteins of aortic vessels from diabetic mice
and controls, in order to investigate diabetes-induced molecular changes in the
vascular system. Using liquid chromatography tandem mass spectrometry,
996 proteins were detected in both diabetic and control samples. Of this num-
ber, 72 proteins were differentially expressed, indicating their contribution to
the pathogenesis of diabetic arteriopathy. Several proteins and pathways were
identified to be implicated, such as oxidative stress-response proteins (aldolase
reductase, mirinoglobulin-1, fatty acid binding protein 4), apoptosis modulators
(alpha-1-antitripsin, T-complex protein 1 subunit zeta, gasdermin, leucine rich
PPR motif-containing protein, collagens type 6), proteins associated with hyper-
trophy and hypertension, decreased glycolysis and fatty acid metabolism (ATP-
-citrate synthase, transketolase, pyruvate dehydrogenase), evident increase in
vascularization (Husr et al. 2014).

Aorta proteins of typical subtotal nephrectomy (SNX) and sham-operated
(SO) rat models were analyzed using 2-DE for protein separation and Q-TOF
MS for protein identification (LiN et al. 2010). 97 differentially expressed
spots were identified, of these 29 were up-regulated and 53 were down-regu-
lated. These proteins were categorized according to their function into chap-
erons, cytoskeleton proteins, extracellular proteins (osteoglicin, dermatopon-
tin), proteins involved in oxidative stress, ion transporters and lipid
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transporters (apolipoprotein Al, apolipoprotein E) and many others. Interest-
ingly, several of differentially altered proteins were associated with the age-
ing process, e.g. increased MFG-E8 accumulation in the aorta of SNX rats
was observed. An increase in the abundance of MFG-ES8 leads to an increase
in the tensile strength, affecting and adversely aortic functions. Chaperons,
such as a-B-crystalline, HSP27, chaperonin containing TCP1, HSP70, were
down-regulated in SNX aorta, which could contribute to altered mechanical
properties in the SNX rat aorta. Another protein associated with mechanical
characteristics is collagen, whicht is involved in cell migration and arterial
remodeling. The SNX aorta differently expressed several proteins related to
collagen synthesis, e.g. osteoglycin and dermatopontin, which were up-regu-
lated, and HSP47 that was down-regulated. Moreover, many of cytoskeletal
proteins exhibited expression changes, such as transgelin, Rho GDP dissoci-
ation inhibitor a, myosin regulatory light chain, tropomyosins, lamin A and
vimentin. Altered accumulation of proteins associated with cytoskeleton and
contractile function indicates changes in vascular tonic contraction and arte-
rial wall characteristics. Authors observed decreased expression of several
crucial anti-oxidant enzymes, e.g. glutathione peroxidase, GST m3 and mb5,
aldehyde dehydrogenase 2, biliverdin reductase and DdJ-1 in the SNX aorta
tissue (LIN et al. 2010).

Another study on the aorta from spontaneously hypertensive (SHR) and
normotensive (WKY) rats resulted in the identification of several differently
expressed proteins associated with vascular remodelling and other patholog-
ical changes. Of these, six proteins were up-regulated in hypertensive rats:
non-muscle myosin alkali light chain, Mob4B protein, glutathione S-transfer-
ase Y-b subunit, similar to 6-phosphogluconolactonase, RhoGDIa (S15 and
S17), and four proteins were down-regulated: ubiquitin-conjugating enzyme
E2N (UBEZ2N), ribosomal protein S12, Blvrb protein, osteoglycin precursor
(OGN). Mob4B and UBE2N are implicated in the imbalance between prolif-
eration and apoptosis of cells. Blvrb protein and 6-phosphogluconolactonase
play a cell protective role from oxidative damage and toxic substances. OGN
down-regulation in the hypertensive rats may be related to higher formation
of collagen (BiaN et al. 2007).

Protein profiles of calcified abdominal aortic aneurysms (CAAs) and cal-
cified thoracic aortic aneurysms (CTAs) in patients were established by MAT-
sumoTo et al. (2012). The authors analyzed protein expression changes com-
pared to normal aorta tissues. Using very strict criteria for protein
identification, the authors detected 138 proteins with altered expression in
the CAA aorta and 134 differentially expressed proteins in the CTA aorta.
Well-known proteins that participate in the development and progression of
aortic aneurysmal formation were found in both CAAs and CTAs. Of the
proteins with significant expression changes in CAAs, type I and type III
collagens were increased, whereas in CTAs type I collagen, fibrinogen a, £, y
chains and prothrombin exhibited expression, and fibulin-5 was shown to be
decreased. Several proteins associated with vascular calcification were de-
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tected, such as matrix Gla protein, a-2-HS-glycoprotein (fetuin-A) and bigly-
can, which were up-regulated, and mimecan (osteoglycin), which was
down-regulated in CAA aorta, as well as a-2-HS-glycoprotein, decorin and
biglycan, being increased in CTA samples (MaTsumoro et al. 2012). Other
authors have separated proteins of the abdominal aortic wall from patients
with rupturing abdominal aortic aneurysm (AAA) and healthy controls.
This analysis enabled the researchers to detect 85 proteins expressed only in
aneurysm tissue and 18 proteins specific to healthy controls. The authors
confirmed several previously reported proteins, implicated in the develop-
ment of aneurysm, such as alpha-l-antitrypsin, alcohol dehydrogenase,
annexins and glyceraldehyde-3-phosphate dehydrogenase, fibrinogen gamma,
albumin, transferin, alpha enolase. Additionally, new proteins were found to
be associated with aneurysm formation, mainly extracellular proteins and
those related to the cytoskeleton, e.g. alpha actin, collagen VI, type II kera-
tin, vimentin, destrin, transgelin and others (MoLACEK et al. 2014).

Protein profiles of stenotic and nonstenotic human aortic valves were
compared by MARTIN-RoJas et al. (2012). By means of 2D-DIGE and mass
spectrometry, the authors identified 43 differently expressed proteins.
Of these, 35 proteins exhibited higher expression, whereas 8 proteins were
decreased. The detected proteins are involved in cardiovascular processes as
antioxidant enzymes (e.g. superoxide dismutase (Cu—Zn), glutathione
S-transferase P), structural and contractile proteins (e.g. lumican, vimentin),
proteins associated with inflammation (e.g. serum amyloid P-component,
alpha-1-antitrypsin), transport proteins (e.g. transthyretin, apolipoprotein
A1l). These proteins play roles in homeostasis, fibrosis, coagulation and other
processes, and may be involved in pathological processes of the degenerative
stenosis (MARTIN-RoJAS et al. 2012).

Cardiovascular proteomics of farm animals - human disease models

Farm animals such as pigs, cows, sheep or horses are important alterna-
tives to laboratory animals, widely used as model organisms in cardiovascu-
lar physiology and pathophysiology research. Livestock animals are becoming
increasingly important for proteomics in human disease. In terms of omnivo-
rousness, metabolism, body size and lifespan, the pig is of particular signifi-
cance, since 1t is much more similar to humans than rodents are. It should
be noted that proteomics is broadly applied in physiology and biomedical
research, much more often carried out on pigs than on other farm animals.
Better understanding of physiological processes requires good knowledge of
the expression level, structure and function of proteins. Therefore, applica-
tion of proteomics in animal model research is justified (BENDIXEN et al. 2011,
DE ALMEIDA, BENDIXEN 2012, CECILIANI et al. 2014).

Due to the high production cost and large size, cattle are not well suited
as a model for practical research. However, studies on naturally occurring
bovine diseases may be useful for investigating human disorders by analogy.
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An important example is dilated cardiomyopathy (DoHERTY et al. 2008).
WEEKES et. al. (1999) conducted a proteomic study on the ventricular tissue
from Simmental Red Holstein crossbred cattle with hereditary dilated cardio-
myopathy (DCM) and from healthy controls. The study revealed that 35
proteins were altered in DCM cattle, and of these 12 were successfully iden-
tified. Several proteins were mitochondrial enzymes (e.g. isocitrate dehydro-
genase, isovaleryl CoA dehydrogenase, mitochondrial thioredoxin-dependent,
cytochrome ¢ oxidase, polypeptide VA) and proteins involved in oxidative
process (mitochondrial stress-70 protein, peroxidase reductase). Moreover,
ubiquitin C-terminal hydrolase exhibited significantly higher expression,
suggesting that inappropriate ubiquitination may contribute to DCM path-
ogenesis.

Recently, more attention has been paid to the pig as a human disease
model. Regarding the cardiovascular system, pigs have been used to investi-
gate atherosclerosis and myocardial infarction (TUrk et al. 2004, 2005).
The heart function and its characteristics, such as the size, heart rate and
myocardial blood flow, in a miniature pig are very similar to those in the
human (VERMA et al. 2011). BARALLOBRE-BARRIERO et al. (2012) carried out an
experiment on a pig model of ischaemia/reperfusion (I/R) injury, in order to
monitor extracellular matrix (ECM) remodelling processes after myocardial
infarction. In total, the authors identified 139 extracellular proteins belon-
ging to different protein families, such as proteoglycans, collagen subunits,
glycoproteins and others. Several proteins were proven to contribute to car-
diac remodelling, including cartilage intermediate layer protein 1, extracellu-
lar adipocyte enhancer binding protein 1, matrilin-4, collagen a-1, dermato-
pontin, beclin, asporin and prolargin (BARALLOBRE-BARRIERO et al. 2012). YAN
et al. (2005) used a swine model of chronic ischaemia to investigate if chronic
ischaemia triggered autophagy. The authors demonstrated an increase in the
expression of several proteins that participate in the process of autophagy,
including cathepsin B and D, heat shock cognate protein Hsc73, beclin 1 and
the processed form of microtubule-associated protein 1 light chain 3 (YaN et
al. 2005). SHEIKH et al. (2009) conducted a study on the right ventricular hy-
pertrophy using a pig model. By means of proteomic tools, the authors com-
pared the right ventricular myocardial tissue of experimental animals and
healthy controls. In total, 18 differentially expressed proteins were identified,
including structural proteins (vinculin, tropomyosin fS-chain, tropomyosin
1 a-chain, calsarcin-1), metabolic enzymes (alpha enolase, F1-ATPase fS-chain,
malate dehydrogenase cytoplasmic, medium chain acyl-CoA dehydrogenase
chain A), proteins involved in stress response (e.g. superoxidase dismutase
[precursor]) and other functional groups. Decreased abundance of the F1-AT-
Pase f-chain was observed, which may be associated with early dysfunction
in energy metabolism and impaired contractile processes. Moreover, the up
-regulation of calcineurin confirmed its contribution to cardiac hypertrophy.

Vascular smooth muscle cells (VSMCs) play an important role in blood
vessel plasticity, and are able to migrate and proliferate if blood vessel da-
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mage occurs (OWENS et al. 2004, Boccarpr et al. 2007). The first protein map
of VSMC was published in 2001 by McGrEGor et al. (2001). These authors
analyzed human saphenous vein medial VSMC, mapping 149 unique prote-
ins. Of these, 129 were successfully identified by MALDI- MS and nanospray
-MS. The most comprehensive VSMC map was obtained by Mavyr et al.
(2005). Proteins from aortic SMCs of mice were separated using 2-DE and
identified by MALDI-TOF MS and MS/MS. Of 2400 spots detected, 235 pro-
tein were identified, representing 154 distinct proteins. A 2D reference map
of human VSMC protein expression was presented by Dupont et al. (2005).
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Fig. 3a. Graphical representation of results of the recent cardiac proteomic studies performed
on humans and animal models. The scheme shows abbreviated names of proteins that were
differentially expressed in response to dilated cardiomyopathy (DCM), right ventricular hyper-
trophy (RVH), chronic ischemia (CI) and ischemia/reperfusion injury (I/R). Protein name
abbreviations: IDH1 — Isocitrate dehydrogenase; IVD — Isovaleryl CoA dehydrogenase;
COX-VA - Cytochrome c oxidase polypeptide VA; PRDX3 — Preoxidase reductase;
HSPA9 — Mitochondrial stress-70 protein; ACT — Actin; RRAS — Ras related protein;
CKM - Creatine kinase M; PDHA1 — Pyruvate dehydrogenase;

IDH3A — Isocitrate dehydroghenase subunit alpha; COX — Cytochrome c oxidase;
MYL 1 — Myosin light chain 1, ventricular; DES — Desmin; TPM1 — Myosin 1 a-chain;
TPM2 — Tropomyosin S-chain; MYOZ2 — Calsarcin-1; VCL — Vinculin; ENO1 — Enolase a;
ATP5B — F1-ATPase f-chain; MDH — Malate dehydrogenase, cytoplasmic;

ACDAM - Medium chain acyl-CoA dehydrogenase chain A; SOD — Superoxidase dismutase;
COLQ - Collagen subunit; DPT — dermatopontin; ASPN — Asporin; BECN1 — Beclin;
MATN-4 — Matrilin-4; CATSB — Cathepsin B; CATSD — Catheopsin D;

HSPAS8 — Heat shock cognate protein HSC 73
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Fig. 3b. Schematic diagram of results of the recent cardiovascular proteomic studies performed
on humans and rodent models. The graph contains abbreviated names of proteins that were
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(CTA, CAA) as well as rupturing abdominal aorta aneurysm (AAA). Protein name
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AKRI1B1 — Aldolase reductase; MUG-1 — Murinoglobulin-1;

FABP4 — Fatty acid-binding protein 4; SERPINA1A — Alpha-1-antitripsin;
CCT6A — T-complex protein 1 subunit zeta; GSDMCZ — Gasdermin;

LRPPRC - Leucine rich PPR motif-containing protein; COL6A — Collagens type 6;
TAGLN - Transgelin; ARHGDIA — Rho GDP dissociation inhibitor a; TPMs — Tropomyosins;
LMNA — Lamin A; MYL — Myosin regulatory light chain; APOE — Apolipoprotein E;
OGN - Osteoglicin; DPT - Dermatopontin; CRYAB — a-f-crystalline;

HSP27 — Heat shock protein 27; HSP70 — Heat shock protein 70;

CCT — Chaperonin containing TCP1; ALDH2 — Aldehyde dehydrogenase;

BLVR - Biliverdin reductase; GSTm3 — Glutathione S transferase mu3;

GSTmb5 — Glutathione S transferase mu5; GPX — Glutathione peroxidase;

MOBA4B — Mob4b protein; UBE2N — ubiquitin-conjugating enzyme E2N;

GSTYb — Glutathion S-transferase Y-b subunit; BLVRB — Biliverdin reductase B;
AHSG — a-2-HS-glucoprotein; BGN — Biglycan; THBS1 — Trombospondin-1;

VTN - Vitronectin; DCN — Decorin; CLU — Clusterin; COL1A — type I collagen a-1;
COL2A - type II collagen a-2; GAPDH - glyceraldehydes 3-phosphate dehydrogenase;
ENOL1 - alpha enolase; ADH — Alcohol dehydrogenase; ACTA1 — Alpha actin;
COLG6A1 - Collagen VI; TAGLN — Transgelin; DSTN — Destrin
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Conclusions and future prospects

Proteomics is a valuable tool for studies on the physiology of the cardio-
vascular system and diagnosis/prevention of cardiovascular diseases. Appli-
cation of proteomic techniques has enabled researchers to specify and identify
proteins of heart regions and different types of blood vessels, and to specify
their function in the cardiovascular system. The comparative proteomic
approach has provided biomarkers of several heart and circulatory diseases,
including atherosclerosis, myocardial infarction and dilated cardiomyopathy.
Using animal models in human research has contributed to better under-
standing of human biology. Recently, farm animals have been successfully
employed in proteomic studies on human cardiovascular disorders. Therefore,
proteomics i1s a valuable tool for cardiovascular research, allowing us to
explore mechanisms of disease onset and progression and to increase the effi-
ciency of diagnosis and/or monitoring of treatment (Figure 3).

REFERENCES

ARraB S., GramoLINT A.O., PinGg P., KisLINGER T., STANLEY B., van Evk J., OvuzounioN M., MacLEN-
NaN D.H., Emiur A., Liv P.P. 2006. Cardiovascular proteomics tools to develop novel bio-
markers and potential applications. J. Am. Coll. Cardiol., 48(9): 1733-1742, DOI: 10.1016/j.
jace.2006.06.063

ArreLL D.K., NEVEROVA 1., VAN EvK J.E. 2001. Cardiovascular proteomics. Evaluation and po-
tential. Circ Res., 88: 763-773. DOI: 10.1161/hh0801.090193

BARALLOBRE-BARREIRO oJ., DIDANGELOS A., SCHOENDUBE F.A., Drozpov 1., YIN X., FERNANDEZ-CAGGIANO M.,
WiLLelT P., PuNTMANN V.O., Arpama-Loprez G., SHaAH A.M., DomENECH N., MayrR M. 2012.
Proteomics analysis of cardiac extracellular matrix remodeling in a porcine model of ischemia/
reperfusion injury. Circulation, 125(6): 789-802. DOI: 10.1161/CIRCULATIONAHA.111.056952

BenDIxEN E., DaniELsEN M., HoLrune K., Gianazza E., MiLLEr 1. 2011. Farm animal proteomics —
A review. J. Proteomics, 77(3): 282-293. DOI: 10.1016/j.jprot.2010.11.005

Ban Y-L., Q1 Y-X., Yan Z-Q., Long D-K., SuEB B-R., Jianc Z-L. 2008. A proteomic analysis
of aorta from spontaneously hypertensive rat: RhoGDI alpha up regulation by angiotensin I
via AT, receptor. Eur J Cell Biol., 87(2): 101-110. DOI: 10.1016/j.ejcb.2007.09.001

Boccarpi C., CEccHETTINI A., CaseLLI A., Camict G., EvANGELISTA M., MERCATANTI A., RAINALDI G.,
Crirti L. 2007. A proteomic approach to the investigation of early events involved in vascular
smooth muscle cell activation. Cell Tissue Res., 328(1): 119-128. DOI: 10.1007/s00441-006-
-0357-3

BonN E., StEEGERS R., STEEGERS E.A.P., UrseM N., CHarir H., Burgers P.C., Lumgr T.M., DEKKER L.J.M.
2010. Proteomic analyses of the developing chicken cardiovascular system. J Proteome Res.,
9: 268-274. DOI: 10.1021/pr900614w

Ceciuiant F., Resternt L., Leccatr C. 2014. Proteomics in farm Animals models of human diseases.
Proteomics Clin. Appl., 8: 677-688. DOI: 10.1002/prca.201300080

CorBETT J.M., WHEELER C.H., BAKER C.S., YacouB M.H., Dunx M.J. 1994. The human myocardial
two-dimensional gel protein database: update 1994. Electrophoresis, 15(11): 1459-1465.
DOI: 10.1002/elps.11501501209

CorBerT J. .M., Way H.J., WHEELER C.H., RicHarRDSON P.J., ArRcHARD L.C., YacouB M.H., Dunn M.J.
1998. Cardiac protein abnormalities in dilated cardiomiopathy detected by two-dimensional

polyacrylamide gel electrophoresis. Electrophoresis, 19(11): 2031-2042. DOI: 10.1002/elps.
1150191123



934

DE ALMEIDA A.M., BENDIXEN E. 2012. A review of a species in the crossroad between biomedical
and food species. J. Proteomics, 75(14): 4296-4314. DOI: 10.1016/j.prot.2012.04.010

Donerty M.K., BEynoN R.J., WaHITFIELD P.D. 2008. Proteomics and naturally occurring animal
diseases: Opportunities for animal and human medicine. Proteomics Clin Appl., 2: 135-141.
DOI: 10.1002/prca.200780085

Donners M.M.P.C., VERLUYTEN M.d., BouwmaN F.G., MariMAN E.C.M., DEVEREESE B., VANROBAEYS F.,
VAN BEEUMAN J., VAN DEN AKKER L.H.J.M., DaEmaN M.J.A.P., HEENEMAN S. 2005. Proteomic

analysis of differential protein expression in human atherosclerotic plaque progression.
J Pathol., 206: 39-45. DOI: 10.1002/path.1749

Duront A., CorsEaux D., DEkEYZER O., DrRoBECQ H., GuiHOT A-L., SUSEN S., VINCENTELLI A., AMOUYEL P.,
JUDE B., PINcET F. 2005. The proteome and secretome of human arterial smooth muscle cells.
Proteomics, 5: 585-596. DOI: 10.1002/pmic.200400965

GALLEGO-DELGADO d., LazAarRo A., OSENDE J.I., BARDERAS M.G., Branco-Corio L.M., Duran M.C.,
MARTIN-VENTURA J.L., Vivanco F. 2005. Proteomic approach in the search of new cardio-
vascular biomarkers. Kidney Int., 68(90): 103-107. DOI: 10.1111/5.1523-1755.2005.09919.x

HEeinke M.Y., WHEELER C.H., CHanG D., EINSTEIN R., DRAKE-HoLLAND A., DUNN M.J., Dos REMEDIOS
C.G. 1998. Protein changes observed in pacing-induced heart failure using two-dimensional
electrophoresis. Electrophoresis, 19(11): 2021-2030. DOI: 10.1002/elps.1150191122

Hemvke M.Y., WHEELER C.H., Yan J.X., AMIN V., CHANG D., EINsTEIN R., DUNN M.J. 1999. Changes
in myocardial protein expression in pacing-induced canine heart failure. Electrophoresis,
20: 2086-2093. DOI: 10.1002/(SICI)1522-2683(19990701)20:10<2086::AID-ELPS2086>3.0.CO;2-4

HEerosmczyk A., Ozco M., SkrRzypczak W.F., LEpczyNsKI A., PoLak A., KINERT N. 2015. Myocardial
and pericardial 2-DE protein profiles of African catfish, Clarias gariepinus. Med. Wet.,
71(9): 557-562.

Hust H., van Act™aEL T., MUuLLEN W., BanLmanN F.H., ScHansTRA J.P., VLaHOU A., DELLES C.,
PEerco P., MiscHak H. 2014. Proteome-based systems biology analysis of the diabetic mouse
aorta reveals major changes in fatty acid biosynthesis as potential hallmark in diabetes
mellitus — associated vascular disease. Circ Cardiovasc Genet, 7: 161-170. DOI: 10.1161/
CIRCGENETICS.113.000196

JUNGBLUT P., O110 A., ZEINDL-EBERHART E., KNECHT M., REGITZ-ZAGROSEK V., FLECK E., WITTMANN-
-LieBoLD B.1994. Protein composition of the human heart: the construction of a myocardial
two-dimensional electrophoresis database. Electrophoresis, 15(5): 685-707. DOI: 10.1002/
elps.1150150197

Kood1 V., VENRATRAMAN V., TRA J., KIRk J.A., ROWELL J., BLICE-BAUM A., CAMMARETO A., VAN EvK J.E.
2014. Sizing up models of heart failure: Proteomics from flies to humans. Proteomics Clin
Appl., 8: 653-664. DOI: 10.1002/prca.201300123

L1 X.P., PreissNErR K.P., ScHELER C., REGITZ-ZAGROSEK V., SALNIKOW dJ., JunGBLUT P.R. 1999.
A two-dimensional electrophoresis database of rat heart proteins. Electrophoresis, 20(4-5):
891-897. DOI: 10.1002/(SICI)1522-2683(19990101)20:4/5<891::AID-ELPS891>3.0.CO;2-2

LiNn Y-P., Hsu M-E., Cuiou Y-Y., Hsu H-Y., Tsat H-C., Penc Y-J, Lu C-Y., Paxn G.Y., Yu W-C.,
Cuen C-H., Cur C-W., Lin C-H. 2010. Comparative proteomic analysis of rat aorta in a sub-
total nephrectomy model. Proteomics, 10: 2429-2443. DOI: 10.1002/pmic.200800658

MarTIN-RoJas T., GiL-Dongs F., Lorez-ArLmopovar L.E., PabiaL L.R., Vivanco F., BaArpEras M.G.
2012. Proteomic profile of human aortic stenosis: Insights into the degenerative process.
J Proteome Res., 11(3): 1537-1550. DOI: 10.1021/pr2005692

Marsumoro K-1., Mantwa T., Tanaka T., Saton K., Oxkunisul H., Opa T. 2012. Proteomic analysis
of calcified abdominal and thoracic aortic aneurysms. Int J Mol Med., 30(2): 417-429.
DOI: 10.3892/ijmm.2012.985

Mavyr U., Mayr M., YN X., BeEcum S., TareLLI E., WaIT R., Xu Q. 2005. Proteomic dataset of mouse
aortic smooth muscle cells. Proteomics, 5(17): 4546-4557. DOI: 10.1002/pmic.200402045

McGrecor E., KempsTeErR L., WarT R., WELsoN S.Y., GosLing M., Dunn M.J., PowsL J.T. 2001.



935

Identification and mapping of human saphenous vein medial smooth muscle proteins
by two-dimensional polyacrylamide gel electrophoresis. Proteomics, 1(11): 1405-1414. DOI:
10.1002/1615-9861(200111)1:11<1405::AID-PROT1405>3.0.CO;2-H

MoLAcEK J., MARES J., TrRESKA V., HoupLEK K., Baxa J. 2014. Proteomic analysis of the abdomi-
nal aortic aneurysym wall. Surg Today, 44(1): 142-151. DOI: 10.1007/s00595-012-0480-6

MurLEr E.C., THieDE B., ZMNY-ARNDT U., SCHELER C., PREHM J., MULLER-WERDAN U., WITTZMAN-
-LieBoLp B., Otto A., JuNGBLUT P. 1996. High-performence human myocardial two-dimensional
electrophoresis database: edition 1996. Electrophoresis, 17(11): 1700-1712. DOI: 10.1002/
elps.1150171107

Opa T., Matsumoro K. 2016. Proteomic analysis in cardiovascular research. Surg Today, 46:
285-296. DOI: 10.1007/s00595-015-1169-4

Owens G.K., Kumar M.S., WamaOFF B.R. 2004. Molecular regulation of vascular smooth muscle
cell differentiation in development and disease. Physiol. Rev., 84(3): 767-801. DOI: 10.1152/
physrev.00041.2003

PLEISSNER K.P., REGITZ-ZAGROSEK V., WEISE C., NEUSs M., KRUDEWAGEN B., SopinGg P., BucHNER K.,
Hucno F., HILDEBRANDT A., FLECK E. 1995. Chamber-specific expression of human myocardial
proteins detected by two-dimensional gel electrophoresis. Electrophoresis, 16(5): 841-850.
DOI: 10.1002/elps.11501601139

Rzuciro E.M., MarTIN K.A., PoweLL R.J. 2007. Regulation of vascular smooth muscle cell differen-
tiation. J Vasc Surg, 45(6): 25A-32A. DOI: 10.1016/5.jvs.2007.03.001

SHEIKH A.M., BARRET C., ViLLaMizAR N., ALzaTE O., VALENTE A.M., HERLONG J.R., CrRAIQ D., LODGE A.,
Lawson J., Mmano C., Jaccers J. 2009. Right ventricular hypertrophy with early dysfunc-
tion: A proteomics study in a neonatal model. J. Thorac. Cardiovasc. Surg., 137(5): 1146-1153.
DOI: 10.1016/}.jtcvs.2008.09.013

SHARMA P., CosME J., GRAMOLINI A.O. 2013. Recent advances in cardiovascular proteomics. J Pro-
teomics, 81: 3-14. DOI: 10.1016/j.jprot.2012.10.026

ToraasoN M., MoorMaN W., MatHiAs P.I., Furtz C., WitzmanN F. 1997. Two-dimensional electro-
phoretic analysis of myocardial proteins from lead-exposed rabbits. Electrophoresis, 18(15):
2978-2982. DOI: 10.1002/elps.1150181540

Turk J.R., HENDERSON K. K., VANVICKLE G.D., WATKINS J., LAucHLIN M.H. 2005. Arterial endothe-
lial function in a porcine model of early stage atherosclerotic vascular disease. Int. J. Exp.
Pathol., 86(5): 335-345. DOI: 10.1111/5.0959-9673.2005.00446.x

Turk J.R., LaveHLIN M.H. 2004. Physical activity and atherosclerosis: which animal model?
Can. J. Appl. Physiol., 29(5): 657-683. DOI: 10.1139/h04-042

VERMA N., RETTENMEIER A.W., SCHMITZ-SPANKE S. 2011. Recent advences in the use of Sus scrofa
(pig) as a model system for proteomic studies. Proteomics, 11(4): 776-793. DOI: 10.1002/
pmic.201000320

WEEKES J., WHEELER C.H, Yan J.X., WEIL J., ESCHENHAGEN T., ScHLTYSIK G., DUNN M.J. 1999.
Bovine dilated cardiomiopathy proteomic analysis of an animal model of human dilated
cardiomiopathy. Electrophoresis, 20(4-5): 898-793. DOI: 10.1002/9783527613489.ch42

Yan L., Vatner D.E., Kiv S-J., GE H., MAsurekarR M., Massover W.H., Yanc G., Matsur Y.,
SApOSHIMA dJ., VATNER S.F. 2005. Autophagy in chronically ischemic myocardium. PNAS,
102(39): 13807-13812. DOI: 10.1073/pnas.0506843102



