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Abstract: The article represents literature review dedicated to molecular and cellular mecha-
nisms underlying clinical manifestations and outcomes of acute myocardial infarction. Extracel-
lular matrix adaptive changes are described in detail as one of the most important factors con-
tributing to healing of damaged myocardium and post-infarction cardiac remodeling. Extracellu-
lar matrix is reviewed as dynamic constantly remodeling structure that plays a pivotal role in
myocardial repair. The role of matrix metalloproteinases and their tissue inhibitors in fragmenta-
tion and degradation of extracellular matrix as well as in myocardium healing is discussed. This
review provides current information about fibroblasts activity, the role of growth factors, par-
ticularly transforming growth factor B and cardiotrophin-1, colony-stimulating factors, adipoki-
nes and gastrointestinal hormones, various matricellular proteins. In conclusion considering the
fact that dynamic transformation of extracellular matrix after myocardial ischemic damage plays
a pivotal role in myocardial infarction outcomes and prognosis, we suggest a high importance of
further investigation of mechanisms underlying extracellular matrix remodeling and cell-matrix
interactions in cardiovascular diseases.
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1. INTRODUCTION

Over the past few decades, cardiovascular diseases
(CVD) have firmly occupied the first place among all causes
of mortality and disability worldwide. Coronary heart dis-
ease (CHD) and specifically myocardial infarction (MI) play
the leading role in the structure of cardiovascular morbidity,
significantly reducing duration and quality of life [1, 2].

Molecular and cellular mechanisms underlying clinical
manifestations and outcomes of acute MI determine adaptive
and reparative processes and lead to the remodeling of myo-
cardial tissue in the later stages. At the same time with a de-
crease in a number of functioning cardiomyocytes (due to
myocardial damage), extracellular matrix (ECM) undergoes
adaptive changes aimed at the maintenance of cardiac output
[3]. Therewith, it is well known that maladaptive post-
infarction cardiac remodeling unavoidably leads to the de-
velopment of heart failure (HF) - one of the critical factors
determining quality and expectancy of life after MI [4, 5].
Condition of myocardial non-contractile elements is one of
the most important factors controlling the healing of dam-
aged myocardium and post-infarction cardiac remodeling [6,
7].
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There are two opposite processes in ECM underlying
myocardial remodeling after MI. In the early period of MI,
protein lysis and degradation prevail, while the later stages
are characterized by activation of synthesis, accumulation
and deposition of fibrillar collagen. Healing of the infarcted
myocardium undergoes 3 phases: (1) inflammatory phase; (ii)
proliferative phase or formation of granulation tissue; (iii)
maturation phase or formation of collagen scar. Thereby,
ECM is considered as a dynamic constantly remodeling
structure that plays a pivotal role in cardiac repair [8§, 9].

2. MATRIX METALLOPROTEINASES

During the first days after onset of MI in the infarcted
area, fragmentation and degradation of ECM take place [10].
Cardiomyocyte necrosis causes prompt activation of matrix
metalloproteinases (MMPs) that in normal condition appear
to be in the form of inactive proenzymes. This results in the
imbalance between MMPs and tissue inhibitors of metallo-
proteinases (TIMPs) expression [11]. It should be noted that
regulation and maintenance of appropriate MMP/TIMP bal-
ance in myocardium is critical to ensure effective MI healing
and adaptive cardiac remodeling, whereas its imbalance may
adversely manifest in both the acute stage of the disease (e.g.
development of acute heart failure, formation of acute aneu-
rysm) and in post-MI period (maladaptive remodeling, pro-
gressive HF) [11-13]. MMPs can be divided into five groups
based on the substrate specificity and main localization:
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collagenases, gelatinases, stromelysins, matrilysins and
membrane-type MMPs (Fig. 1). Earliest destruction of colla-
gen matrix in infarcted myocardium is mostly associated
with the activation of collagenases (MMP-1) and gelatinases
(MMP-2 and MMP-9), as well as other proteases, such as
plasmin, cathepsin G and B [3, 14, 15]. Various experimen-
tal studies aimed to investigate post-MI left ventricular func-
tion through MMP inhibition presented conflicting results. It
has been shown that the suppression of early ECM degrada-
tion, on one hand, reduced the risk of myocardium ruptures,
but on the other hand, slowed down myocardium healing,
angiogenesis, and the formation of collagen scar, and subse-
quently led to the development of more severe HF [16]. It
has also been established that MMP-9 deletion attenuated
left ventricular dilation by regulating myocardial collagen
and fibronectin cleavage [17]. Another study demonstrated
that MMP-9 overexpression attenuated inflammatory and
fibrotic response in ECM improving post-MI left ventricular
function [18].

3. FIBROBLASTS

Destruction and fragmentation of native ECM during MI
occur due to activation of inflammatory cells, fibroblasts,
cardiomyocytes, various cytokines, chemokines, growth fac-
tors and hormones [6, 19]. T-lymphocytes also play a certain
role in ECM remodeling. T-helpers type 1 cells enhance
myocardial stiffness, reduce MMP-9 and MMP-13 expres-
sion, increase the total amount of collagen and strengthen
cardiac collagen cross-linking. T-helpers type 2 cells have
opposite effects resulting in dilatation of heart chambers [20,
21].

Subsequently, a decrease in protease activity and the re-
lease of anti-inflammatory cytokines denote the transition to
the next phase - fibrogenesis. It is regulated mainly by fibro-
blasts, that proliferate and acquire myofibroblast phenotype
under the cooperative influence of various cytokines, growth
and trophic factors [22-24]. There is a reciprocal functional
and regulatory interrelation between fibroblasts and
MMP/TIMP. On one hand, fibroblasts exert modulating ef-
fects on proteases and their inhibitors, on the other hand,
MMP and TIMP can regulate fibroblasts state and activity
[25, 26]. Moreover, it has been demonstrated that membrane
type 1 MMP in addition to collagenase activity, was also
able to modulate fibroblasts activity, functional condition of
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the myocardium, cardiomyocyte survival, and matricellular
interactions [27]. MMP activity can also be determined by
conditions associated with myocardial ischemia/reperfusion,
particularly post conditioning that inhibits both MMP’s ac-
tivity and myocardial fibrogenesis [28].

Early period of MI is characterized by migration of inter-
stitial fibroblasts from the adjacent intact myocardium to
damaged zone and active fibroblast proliferation in this area
[29]. Fibrin/fibronectin deposition in the ECM serves as a
kind of guide for fibroblasts’ migration into the damaged
myocardium [30, 31]. In addition, the infarcted area attracts
circulating myofibroblast precursors. As a result, in MI, both
types of cells undergo differentiation into mature myofibro-
blasts, functionally characterized by high synthetic and con-
tractile activity, but poor migration ability [32, 33]. Myofi-
broblast phenotype is characterized by the expression of
various contractile, structural and matricellular proteins (e.g.
a-smooth muscle actin, vimentin, embryonic smooth muscle
myosin heavy chain (Smemb), fibrillar collagens, periostin,
osteopontin, tenascin C), and also cell surface receptors (e.g.
transforming growth factor beta (TGF-B) type II receptor,
type 1 angiotensin II receptor (AT1), leukemia inhibitory
factor receptor (gp130) (Fig. 2) [24, 34]. Furthermore, ma-
ture myofibroblasts have rough endoplasmic reticulum, myo-
filaments with focal densities, collagen-secreting granules
and fibronexus junctions [35, 36]. One of the most specific
markers of myofibroblasts is Smemb, expressed in the in-
farcted area and in the hibernating myocardium [37-39]. Un-
like dermal fibroblasts that disappear from the infarcted area
after transformation of the granulation tissue into the mature
scar, myofibroblasts can be identified in the myocardial scar
for many years after MI [40]. An important role in inflam-
matory response suppression and in myofibroblasts’ activa-
tion is played by transmembrane CD 44 receptors expressed
by leukocytes and endotheliocytes infiltrating MI area [41].
Fibroblasts’ differentiation into myofibroblasts requires ad-
ditional biochemical stimuli such as interleukin (IL)-1p, tu-
mor necrosis factor (TNF)-a, platelet growth factor, stem cell
factor, and particularly TGF-f and fibronectin domain ED-A
[24, 34, 42-44]. Leukemia inhibitory factor, on the contrary,
blocks myofibroblasts transformation and also inhibits angi-
ogenesis [45, 46]. Due to its contractile ability, myofibro-
blasts embedded in the extracellular matrix produce isomet-
ric tension of the granulation tissue, which is mediated by
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Fig. (2). Proteins expressed by myofibroblasts. (4 higher resolution / colour version of this figure is available in the electronic copy of the

article).

focal adhesions with a connective tissue matrix and is poten-
tiated by TGF-B. This leads to consolidation (reduction in
size) of post-infarct scar in the later period of MI [47]. In the
early period of MI, normal healing of damaged myocardium
requires active migration and proliferation of myofibroblasts.
Therefore, formation and dissociation of focal adhesions are
accelerated and contacts appear to be not strong enough.
This process is mediated by focal adhesion kinase that, in
addition to the destruction of cell-matrix connections, is also
capable of regulating a cell cycle [48].

Besides the factors mentioned above, the functions of
fibroblasts and myofibroblasts are affected by numerous
cytokines and growth factors, including epidermal growth
factor, fibroblast growth factor (FGF), heparin-binding epi-
dermal growth factor-like growth factor, connective tissue
growth factor, reactive oxygen species and intracellular
molecules involved in regulation of free radical oxidation
[49-52].

4. GROWTH FACTORS

A large body of evidence suggests that growth factors
may play a crucial role in the regulation of cellular mecha-
nisms associated with myocardial repair and remodeling.
Growth factors are able to induce matrix protein synthesis
and regulate myofibroblast transformation and proliferation
during the proliferative phase of myocardial healing [24, 53].

In particular, TGF-B appears to be an essential promoter
of myofibroblast transformation. It is important to note that
TGF-B has the ability to regulate the function of all cell types
engaged in myocardial injury and healing, and on the other
hand, most cell types involved in myocardial remodeling are
able to secrete TGF-P [54]. TGF-p is secreted as an inactive
form that is activated following MI. Reactive oxygen spe-
cies, integrins, serine and cysteine proteases, cathepsins,
metalloproteinases and matricellular proteins contribute to
TGF-p activation [55-57]. Besides stimulation of myofibro-
blast phenotype, TGF-B induces synthesis of ECM proteins,
such as fibronectin, collagen I and III. It has been revealed
that TGF-f inhibition in the early period of MI reduces sta-
ble scar formation resulting in the left ventricular dilation
and increased mortality rates, while its inhibition in later
period attenuates the severity of myocardial fibrosis [58]. In
addition, TGF-B exerts an anti-inflammatory effect, pro-
motes angiogenesis, reduces oxidative stress, and protects
cardiomyocytes from apoptosis via p42/44 mitogen-activated

protein kinase (p42/44 MAPK) and phosphoinositide 3-
kinase/Akt (PI3K/Akt) pathways [54].

FGF-2 is capable of promoting the proliferation of fibro-
blasts, endothelial cells, and smooth muscle cells. It also
appears to be an important regulator of cell survival, migra-
tion, differentiation and apoptosis [59]. The beneficial effect
of FGF-2 in myocardial healing manifests in attenuation of
left ventricle (LV) dilation and scar thinning, development of
compensatory cardiomyocyte hypertrophy, an increase of
fibroblast proliferation and collagen deposition, cardiopro-
tection and promotion of angiogenesis [25, 26, 53, 60]. Ex-
perimental studies demonstrated that deletion of FGF-2 in
acute MI resulted in enhanced ventricular dilation, infarct
expansion and reduced cardiac function [60].

Platelet-derived growth factors (PDGF) - a family of pro-
teins are composed of four isomers: PDGF-A, -B, -C, and -D
that exert their action by binding with two PDGF receptors -
a and B [61]. PDGF family has a significant influence on
post-infarct remodeling and repair. PDGF regulates fibro-
blast migration, proliferation and transformation, promoting
fibrogenesis [26, 53]. PDGF also induces TGF-f synthesis
that exerts potent profibrogenic effects. Moreover, PDGF is
involved in post-infarct angiogenesis. It facilitates stabiliza-
tion and maturation of neovessels leading thereby to inhibi-
tion of myocardial inflammation [62].

Another factor implicated in angiogenesis after myocar-
dial damage is vascular endothelial growth factor as it regu-
lates proliferation and migration of endothelial cells and lu-
men formation [63]. In addition, experimental studies dem-
onstrate that vascular endothelial growth factor may inhibit
cardiomyocyte apoptosis and enhance myocardial contractil-
ity [64].

5. CARDIOTROPHIN-1

An important role in the coordination of MI healing and
ECM remodeling is played by cardiotrophin-1 (CT-1) [65,
66]. CT-1 is a member of the IL-6 family of cytokines, de-
scribed as the most potent stimulant of cardiomyocyte hyper-
trophy from IL-6 family [67]. Elevated CT-1 expression is
associated with MI, unstable angina, myocardial pressure
overload and chronic HF [65, 68-71]. CT-1 expression di-
rectly correlates with the left ventricular mass index; there-
fore CT-1 level could be used as a diagnostic marker of hy-
pertensive heart disease [72]. It has also been shown that
elevated CT-1 level is associated with increased risk of atrial
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fibrillation relapse after successful cardioversion in patients
with persistent atrial fibrillation, thus CT-1 could be used as
a predictor of sinus rhythm constancy in this cohort of pa-
tients [73]. CT-1 secretion is potentiated by mechanical
stretch of cardiomyocytes and by various biochemical agents
such as catecholamines, angiotensin II, aldosterone, and by
myocardial hypoxia (Fig. 3) [65, 74-76].

Cardiomyocyte
mechanical stretch hypoxia

\ Cardiotrophin-1 /

/ Aldosteron \

Catecholamine

Myocardial

Angiotensin II

Fig. (3). Factors stimulating cardiotrophin-1 expression. (4 higher
resolution / colour version of this figure is available in the elec-
tronic copy of the article).

CT-1 hypertrophic activity is mediated by a complex
receptor consisting of leukemia inhibitory factor receptor
and glycoprotein 130 heterodimer receptor, which are phos-
phorylated by Janus kinase/signal transducer and activator of
transcription 3 (JAK/STAT3). JAK/STAT 3 pathway activa-
tion results in myocardial hypertrophy, while the involve-
ment of other signaling pathways - p42/44 MAPK and
PI3K/Akt induces cardioprotection, cardiomyocyte survival
and inhibition of apoptosis [76, 77]. Ventricular hypertrophy
mediated by CT-1 has certain specific features. Unlike other
hypertrophic stimuli that cause predominant enlargement of
cardiomyocytes in width due to the assembly of new myofi-
brils in parallel direction, CT-1 promotes assembly of sar-
comere units in series leading to cardiomyocyte enlargement
primarily due to an increase in cell length [78]. CT-1 attenu-
ates ischemia/reperfusion myocardium injury, resulting in a
decrease in the number of dying cardiomyocytes, it also
maintains myocardial contractility by stimulation of cardio-
myocyte hypertrophy [66, 79, 80].

CT-1 appears in the infarcted area starting from 24 hours
and up to 8 weeks, with being maximum at about 2 weeks
after MI. In the non-infarcted myocardium, CT-1 expression
is very low and it increases gradually with a significant in-
crease at the second week after the onset of MI [81]. CT-1
stimulates fibroblast migration and proliferation [82]. In ad-
dition, CT-1 can induce bone marrow stem cells migration
[75]. CT-1 action might be compared to a certain extent with
the TGF-P effect on myofibroblasts meaning that while CT-1
promotes proliferation and migration of myofibroblasts,
TGF-B induces the formation of stable contractile and secret-
ing phenotype [24, 42]. CT-1 stimulates the synthesis of ex-
tracellular matrix proteins - collagen, fibronectin, tenascin;
proteins involved in the regulation of cell cycle - cyclins,
proliferative nuclear antigen; proteins involved in cell adhe-
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sion and migration - mainly integrins. However, the effect of
CT-1 on collagen synthesis appears to be modest [81, 83].

6. COLONY-STIMULATING FACTORS

Over the last decades, numerous studies have demon-
strated that various colony-stimulating factors play an impor-
tant role in MI healing. Until recently, it has been considered
that regulation of hematopoiesis is the only function of these
factors. Later on, it was discovered that granulocyte colony-
stimulating factor reduced the size and thickened collagen
scar, stimulated hypertrophy of survived cardiomyocytes,
diminished severity of fibrosis in non-infarcted myocardium,
activated STAT-3 (Signal Transducer and Activator of Tran-
scription) and nuclear factor GATA-4, increased the expres-
sion of myosin heavy chain, desmin and troponin T, in-
creased the activity of MMP-2 and MMP-9, reduced TNF-a,
TGF-B, angiotensin II type 1 receptor expression [84, 85].
Consequently, its cardioprotective effect results in a reduc-
tion of HF severity after MI. The RIGENERA trial showed
that the administration of granulocyte colony-stimulating
factor in patients with ST-elevation MI was associated with a
significant attenuation of adverse left ventricular remodeling
[84]. Granulocyte colony-stimulating factor and macrophage
colony-stimulating factor accelerate MI healing and suppress
the expansion of the peri-infarct border zone. This is associ-
ated with the increase of matrix ribonucleic acid (mRNA),
TGF-B, procollagen types I and III expressions in the MI
zone, but not in non-infarcted myocardium, and results in the
improvement of myocardial function [86]. Macrophage col-
ony-stimulating factor also increases the amount of collagen
in the MI area and reduces the proportion of collagen fine
filaments, thereby, the severity of myocardial dysfunction
can be diminished by the acceleration of myocardium heal-
ing [87]. At the same time, excessive activation of granulo-
cyte-macrophage-colony-stimulating factor promotes MI
expansion, increases the number of mononuclear cells in the
damaged area and collagen deposition [88, 89].

7. ADIPOSE TISSUE AND GASTROINTESTINAL
HORMONES

An important role in post-infarct ECM remodeling is
played by adipo(cyto)kines known as adipose tissue hor-
mones, which regulate lipid and carbohydrate metabolism.

Adiponectin serves as a scaffold for newly formed colla-
gen in MI healing. Its allocation in MI coincides with that of
fibronectin and type IV collagen. It is primarily distributed
peripherally to survived cardiomyocytes zone adjacent to an
infarcted myocardium [90]. Moreover, adiponectin exerts
anti-fibrotic activity by increasing MMP-9 expression result-
ing in enhanced collagen cleavage and thus inhibiting ad-
verse ECM remodeling [91].

Leptin also plays a significant role in pathophysiological
changes taking place during the first days of MI. It has been
determined that in MI patients, circulating leptin levels are
elevated independently of the presence or absence of obesity
[92]. Leptin activates STAT3 known to regulate biochemical
reactions involved in cardiac remodeling after MI through
leptin receptors of cardiomyocytes. Leptin may have a pro-
tective effect after myocardial injury, because leptin-null
mice in experimentally induced MI setting showed increased
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mortality rate associated with the development of severe
hypertrophy, dilation and reduced contractility of LV [93].

Resistin levels significantly increase 12 hours after the
onset of MI and correlate with troponin I and C-reactive pro-
tein blood levels. Resistin promotes TNF-a expression and
activates NF-«B proinflammatory signaling pathway in car-
diac tissue resulting in myocardial inflammation and fibrosis
[65].

Another member of the adipokine family - apelin can
induce a cardioprotective effect in myocardial injury. Recent
studies discovered that apelin reduces the infarct size, at-
tenuates myocardial fibrosis and promotes angiogenesis in
an infarcted myocardium [94, 95].

Ghrelin - a growth-hormone releasing peptide that be-
longs to the gastrointestinal hormones family has also been
found to exert a cardioprotective effect. In addition to ghre-
lin’s ability to regulate appetite, body weight, glucose and
lipid metabolism, it also participates in the pathogenesis of
MI [96]. Various studies demonstrated that ghrelin reduces
adverse cardiac remodeling by inhibiting the inflammatory
response and MMP-2 and MMP-9 activity. Moreover, ghre-
lin administration suppresses cardiomyocyte apoptosis, im-
proves endothelial function, and prevents excessive cardiac
sympathetic nerve activity, thus leading to more favorable
MI prognosis [97, 98].

8. MATRICELLULAR PROTEINS

An essential part in the regulation of ECM dynamic
changes in MI healing and formation of adaptive remodeling
in post-infarct period belongs to matricellular proteins. Ma-
tricellular proteins are a family of nonstructural matrix com-
ponents that are able to modulate cell function and activity,
regulate cytokine and growth factor responses, promote car-
diomyocytes survival and ensure the formation of a struc-
tural matrix [55]. The family includes tenascin-C and -X,
thrombospondin-1, -2 and -4, osteonectin/SPARC (secreted
protein, acidic and rich in cysteine), osteopontin, periostin,
and CCN family members [34].

Matricellular proteins are markedly expressed during em-
bryogenesis. Later in healthy adult hearts, their expression is
reduced, but it significantly increases in case of tissue damage
[3, 99]. Matricellular proteins modulate migration, prolifera-
tion and adhesion of cells involved in post-infarct cardiac re-
pair. Their activity in transducing molecular signals is imple-
mented by interacting with cell surface receptors, or modulat-
ing the expression of various cytokines, growth factors, prote-
ases, and structural matrix proteins [ 100, 101].

Tenascin-C is predominantly localized in the infarct bor-
der zone - area where the most intensive matrix remodeling
is observed. Tenascin-C lessens cardiomyocyte-matrix inter-
actions due to de-adhesive properties that result in cardio-
myocytes “slippage”, facilitating the penetration of inflam-
matory cells and capillaries’ growth between cardiomyocytes
[102]. Tenascin-C stimulates the synthesis of ECM structural
components, particularly collagens via involvement and ac-
tivation of myofibroblasts. Tenascin-C also induces fibro-
blast migration into the remodeling area and myofibroblast
transformation promoting myocardial fibrosis and diastolic
dysfunction [103]. In addition, tenascin-C possesses elastic
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properties that help to prevent mechanical overload of the
border zone [104]. Some studies show that tenascin-C is
cleaved by MMP-2 that unfolds its cryptic adhesive site, and
conversely, tenascin-C can induce the expression of MMPs
that potentiates structural matrix destruction [105]. Tenascin-
X also promotes collagen deposition, facilitates consolidation
and elasticity of ECM and contributes to the inhibition of
MMP-2 and MMP-9 activity, but numerous studies did not
observe any significant role of tenascin-X in the cardiovas-
cular disease [106, 107].

Osteonectin or SPARC is markedly expressed in MI with
its peak on 7™-14™ day of the disease [108]. SPARC plays a
pivotal role in post-infarct cardiac repair and ECM remodel-
ing through several mechanisms: i) modulating activity of
growth factors involved in myocardial healing - TGF-p, fibro-
blasts growth factor, platelets growth factor, vascular endothe-
lial growth factor; ii) inducing myocardial cells de-adhesion;
iii) promoting angiogenesis; and iv) facilitating the assembly
of newly-formed collagen [55, 109, 110]. SPARC also medi-
ates the expression of large numbers of genes encoding ECM
proteins, adhesion molecules, connective tissue growth fac-
tor, MMPs and TIMPs. It has been observed that SPARC de-
ficiency significantly affects the severity of left ventricular
dilatation and contractile function in the first days of MI [111].
However, defining the role of this protein in post-infarct car-
diac repair and remodeling requires further investigation.

Another important mediator in post-infarct myocardial
remodeling is osteopontin (Eta-1). Osteopontin is an adhe-
sive glycophosphoprotein that interacts with avfl, oavf3,
avP5, avp6 and aSP1 integrins, transmembrane CD 44 re-
ceptors, collagen and fibronectin [112, 113]. Osteopontin
induces collagen synthesis and organization regulating ECM
assembly in the infarcted myocardium, inhibits cell apopto-
sis, and acts as a chemoattractant for T-lymphocytes and
macrophages. Osteopontin deficiency leads to adverse post-
infarct remodeling and left ventricular dilatation due to re-
duced collagen deposition in the healing scar [114]. Its ex-
pression peaks on the 2-3rd day after MI, but then falls on 7-
10th days. Osteopontin expression is significantly upregu-
lated in the damaged area compared to non-infarcted myo-
cardium. Osteopontin can be expressed by various cells, in
particular by macrophages and T-lymphocytes. Pro-
inflammatory cytokines and angiotensin II promote osteo-
pontin synthesis by fibroblasts [55, 115, 116]. Some studies
have shown that osteopontin is cleaved by MMP-2, -3, -7, -9,
and -12 resulting in the formation of fragments with adhe-
sive properties [113]. Moreover, osteopontin can stimulate
MMP-9 expression [117]. In addition, osteopontin modulates
growth factor signaling and activates angiogenesis that plays
a pivotal role in post-infarction cardiac repair [118, 119].

Thrombospondins 1 and 2 are trimeric proteins that show
a very low expression in the normal heart with a gradual
increase in thrombospondin-1 mRNA content as early as 1
hour after the onset of MI [55]. The primary localization of
thrombospondin-1 in infarcted myocardium is the border
zone, which serves as a barrier between the damaged and
intact tissue. This localization particularly protects non-
infarcted myocardium from adverse remodeling [11]. One of
the key functions of thrombospondin-1 is the activation of
TGF-B1 resulting in the reduction of an inflammatory re-
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sponse, modulation of fibroblast migration and myofibro-
blast transdifferentiation, stimulation of fibrogenesis, and
thus leading to ECM preservation [120, 56]. Throm-
bospondin-1 inhibits angiogenesis by suppressing new ves-
sels’ formation and thereby precluding premature granula-
tion tissue growth [121]. Thrombospondin-1 also reduces the
expression of monocyte chemoattractant protein-1, macro-
phage inflammatory protein-la, interferon-y-inducible pro-
tein 10, IL-1B, IL-6, and decreases the accumulation of
macrophages in infarcted myocardium and in border zone
which leads to the suppression of inflammatory response
[122]. Thrombospondin-2, as well as thrombospondin-1 ex-
ert anti-angiogenic and anti-inflammatory effects [121]. Fur-
thermore, it is responsible for fibroblasts’ interactions with
matrix proteins, including fibronectin, and their migration
into the infarcted area [123]. It has been demonstrated that
thrombospondin-2 null mice developed cardiac rupture in 90
% of cases within 48 hours following MI, suggesting that
thrombospondin is vital in sustaining ECM integrity and
structure [124]. Both thrombospondin-1 and -2 can inhibit
MMP-2 and -9 thus preventing ECM degradation in MI
[121, 123]. Thrombospondin-4 is highly expressed in adults’
healthy heart, but its role in MI is still to be elucidated [55].

Periostin is another matricellular protein related to the
fasciclin family involved in cell adhesion and migration
[125]. There is a very low expression of periostin in healthy
adult heart, but it can be detected in cardiac valves and in
case of various CVDs. Periostin is upregulated in myocar-
dium beginning from the 4-5" day and up to 14-28 days after
the development of MI [126]. It plays a significant role in
collagen scar formation and ECM organization by activating
cardiac fibroblasts, promoting their migration and differen-
tiation into myofibroblasts, stimulating fibrillogenesis and
promoting fibrosis [127]. Several studies established that
periostin deficiency in mice was significantly associated
with cardiac rupture in acute MI, although periostin-null
mice developed better systolic function in later stages of the
post-infarction period [128].

CCN family consists of six prototypic polypeptide mole-
cules ranging from CCNI1 to CCN6. The abbreviation of
CCN is derived from the names of first three members of the
family: cysteine-rich protein 61 (CCN1), connective tissue
growth factor (CCN2), and nephroblastoma overexpressed
protein (CCN3) [129]. CCNs play an important role in cell
differentiation, proliferation, migration and survival via in-
teraction with cell adhesion receptors. CCN2 expression is
increased primarily in myofibroblasts and cardiomyocytes of
border zone after MI. Its expression in infarcted myocardium
is induced by TGF-B1, angiotensin II, and endothelin-1
[130]. CCN2 promotes fibroblast migration and differentia-
tion, stimulates angiogenesis and activates TGF-B1 signaling
pathways inducing fibrogenesis [131, 132]. It has also been
demonstrated that CCN2 may exert a protective effect on
cardiomyocytes [133].

9. PROTEINS WITH MATRICELLULAR FUNC-
TIONS

There is a considerable amount of various proteins in-
volved in ECM remodeling after MI, in particular, decorin —
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small leucine-rich proteoglycan (SLRP) plays an important
role in collagen fibrillogenesis and in maintenance of ECM
structural integrity. Decorin deficiency has no effect on the
infarct size, but it causes a wider distribution of collagen
fibrils with the formation of less organized and loosely
packed large scars, development of aneurysms, ventricular
hypertrophy (possibly compensatory) and dilatation with
decreased myocardium contractility [100, 134].

Another member of SLRPs family is biglycan that is also
implicated in cardiac repair and remodeling after MI. It has
been demonstrated that biglycan is essential for adequate
collagen cross-linking and formation of a stable scar. Bigly-
can deficiency leads to enhanced left ventricular dilation and
systolic dysfunction. In addition, its deficiency induces fi-
broblasts differentiation into myofibroblasts [100, 135].

Galectin-3 - a member of the lectin family is mainly ex-
pressed by macrophages and is known to be a marker of car-
diovascular inflammation, fibrosis and remodeling [136].
Galectin-3 induces redundant collagen synthesis in the myo-
cardium and upregulates fibroblast activity. Elevated circu-
lating galectin-3 levels in post-MI period are positively asso-
ciated with infarct size, systolic dysfunction and adverse LV
remodeling [137].

Various studies discuss the protective role of syndecan
family proteins, namely syndecan-1 and -4, in MI outcomes.
Absence of syndecan-1 in mice model of MI caused in-
creased inflammation in cardiac tissue, activation of MMP-2
and MMP-9, collagen fragmentation and disorganization,
resulting in adverse myocardial remodeling, LV dilation and
systolic dysfunction [138]. Syndecan-4 also exerts a cardio-
protective effect by promoting angiogenesis, activating en-
dothelial cells, reducing myocardial inflammation and fibro-
sis, and inhibiting cardiomyocyte apoptosis [139].

Another receptor, which is likely to play a role in MI-
associated ECM remodeling, is TNF cytokine superfamily
member osteoprotegerin. Osteoprotegerin is involved in
atherogenesis and arterial calcification [140]. Its level within
1 hour after the onset of MI is higher than in stable coronary
artery disease, in which, in turn, it is slightly higher than in
the control. Then, with the course of MI, it gradually, but
very slowly decreases. It is significantly upregulated in MI
compared to stable coronary artery disease patients and con-
trols. This study also showed the quite interesting balance of
the RANKL (Receptor Activator of NF-kB Ligand) in MI,
stable coronary artery disease and healthy individuals. It was
the lowest in stable coronary artery disease. In MI, it was
somewhat higher, but nevertheless 3 times lower than in the
control [141]. Moreover, increased serum osteoprotegerin
levels in acute MI patients after the percutaneous coronary
intervention were strongly associated with the final infarct
size. Osteoprotegerin expression has been shown to be asso-
ciated with increased mortality, but pathophysiological
mechanisms underlying this connection require further in-
vestigation [142].

Table 1 summarizes the roles of the most important fac-
tors regulating molecular-cellular interactions in ECM re-
modeling during MI.
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Table 1.  Signaling molecules modulating extracellular matrix dynamic changes in myocardial infarction.
Molecule Localization Expression Time Effect Refs.
Matricellular Proteins
Tenascin-C Infarcted myocardium, Early post-infarct period Stimulates collagen synthesis; [102-105]
border zone, remodeling (proliferative phase of Induces fibroblast migration and differentiation;
myocardium myocardial healing) . . . .
Promotes inflammation and angiogenesis
Tenascin-X Not known Not known Promotes collagen deposition; [106, 107]
Maintains ECM preservation;
Contributes to inhibition of MMP-2 and MMP-9 activity
Trombospondin-1 Infarct border zone Early post-infarct period Activates TGF-B1; [56, 121,
(1nﬂammat‘0ry phellse of Modulates fibroblast migration and differentiation; 122]
myocardial healing) Promotes fibrogenesis;
Suppresses inflammatory response;
Inhibits angiogenesis;
Inhibits MMPs
Trombospondin-2 Not known Late post-infarct period Exerts anti-inflammatory effects; [121, 123,
after trombospondin-1 Reduces angiogenesis; 124]
level decreases Inhibits MMPs:
Modulates fibroblast interactions with fibronectin
Osteonectin Infarcted myocardium, Early and late post-infarct | Modulates activity of TGF-f, fibroblasts growth factor, platelets | [108-111]
non-infarcted myocardium period (3"- 14™ day) growth factor, vascular endothelial growth factor;
Induces myocardial cells de-adhesion;
Promotes angiogenesis;
Regulates assembly of newly-formed collagen
Osteopontin Infarcted myocardium, Early and late post-infarct Induces collagen synthesis and organization; [114-119]
. . h
non-infarcted myocardium period (1% - 28" day) Inhibits cell apoptosis;
Modulates growth factor signaling; Activates angiogenesis
Periostin Infarcted myocardium, Early and late post-infarct Promotes fibroblasts migration and differentiation; [125-128]
border zone, remodeling period (3 - 28" day) Stimulates fibrillogenesis
myocardium
CCN-2 Infarcted myocardium Early and late post-infarct Activates TGF-B1 signaling pathways; [130-133]
: h A gth
period (7"-28" day) Stimulates angiogenesis;
Promotes fibroblast migration and differentiation;
Exerts cardioprotective effect
Proteins with matricellular function
Biglycan Infarcted myocardium, Early and late post-infarct | Stimulates collagen deposition and appropriate cross-linking; [100, 135]
. d h
border zone p‘erlod (2? - 28 Say) Regulates fibroblast phenotype and function;
with peaking at 147 day Decreases ventricular dilation;
Attenuates ventricular rupture;
Modulates scar organization
Decorin Infarcted myocardium, Early and late post-infarct | Regulates collagen fibrillogenesis and proper matrix assembly; | [100, 134]

border zone

period (7™-28"day) with
peaking at 14" day

Decreases infarct size and ventricular hypertrophy;
Diminishes left ventricular dilation;

Promotes scar organization

(Table 1) Contd...
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Molecule

Localization

Expression Time

Effect Refs.

Syndecans

Infarcted myocardium

Early post-infarct period
(24"— 7" day peak)

Prevent excessive matrix degradation; [138,139]
Enhance myofibroblast transdifferentiation;
Stimulate growth factor-dependent endothelial cell proliferation;
Promote angiogenesis;
Reduce myocardial inflammation and fibrosis;

Inhibit cardiomyocyte apoptosis

Galectins

Infarcted myocardium

Early post-infarct period
(2"-14" day)

Induce fibroblast proliferation; [136, 137]
Promote matrix deposition;

Stimulate macrophage migration

Growth factors

Transforming
growth factor beta

Predominantly infarct
border zone

Early and late post-infarct
period (3 - 28" day)

Promotes myofibroblast differentiation; [54, 56,

Increases collagen and fibronectin synthesis; 120]
Activates TIMP;

Stimulates cardiomyocyte hypertrophy;
Induces mononuclear cells chemotaxis;
Promotes angiogenesis;
Reduces oxidative stress;

Protects cardiomyocytes from apoptosis

Fibroblast growth
factor

Infarcted myocardium,
border zone

Early and late post-infarct
period (7™-28™ day)

Promotes proliferation of fibroblasts, endothelial cells, smooth
muscle cells;

[59, 60]

Regulatesprocesses of cell survival, migration, differentiation
and apoptosis;
Stimulates angiogenesis;

Attenuates fibroblast proliferation and collagen deposition

Platelet derived
growth factor

Infarcted myocardium

Early and late post-infarct
period (7™-28™ day)

Regulates fibroblast migration, proliferation and transformation;
Promotes fibrogenesis;

Induces TGF-f synthesis;

Facilitates stabilization and maturation of neovessels;

[53, 62]

Promotes resolution of inflammation

Vascular endothe-
lial growth factor

Infarcted myocardium,
border zone

Early and late post-infarct
period (24 hours — 6
weeks)

Promotes angiogenesis and proliferation of endothelial cells; [63, 64]
Inhibits cardiomyocyte apoptosis; Enhances myocardial con-

tractility

Cardiotrophin-1

Predominantly infarcted
myocardium

Early and late pot-infarct
period (24 hours — 8
weeks)

Induces cardiomyocyte survival; [65, 80, 81]
Inhibits cardiomyocyte apoptosis;

Attenuates ischemia/reperfusion myocardium injury;
Maintains myocardial contractility by stimulation of cardiomyo-
cyte hypertrophy;

Stimulates fibroblast migration and proliferation;
Induces bone marrow stem cells migration;

Stimulates synthesis of multiple extracellular matrix proteins

10. THERAPEUTIC TARGETING AT ECM REMOD-

ELING IN MI

Considering the fact that ECM plays a crucial role in the

regulation of molecular and cellular response to cardiac mus-
cle ischemic injury and ischemia (infarction)-induced cardiac
remodeling, the search for new possible therapeutic

approaches targeting ECM in patients with MI seems to be
of great importance.

As mentioned above, a variety of clinical and experimen-
tal studies have indicated the important role of MMPs’ inhi-
bition in postinfarct remodeling and progression of HF [16,
17, 143, 144]. It has been demonstrated that the administra-
tion of non-selective MMPs inhibitor in rabbits at 4 weeks
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after MI attenuated LV dilation and reduced the infarcted
wall thinning [145]. Another study showed that the inhibi-
tion of MMP-2 activity in post-MI mice prevented cardiac
rupture and reduced cardiac remodeling by decreasing
macrophage infiltration [146]. On the other hand, according
to the PREMIER trial data, administration of broad-spectrum
MMPs inhibitor for 90 days in patients with ST-segment
elevation MI did not improve LV ejection fraction and failed
to reduce cardiac remodeling and the incidence of post-MI
complications [147]. Another experimental study indicated
that the selective MMP-9 inhibition in the early postinfarct
period in mice model caused the development of delayed
inflammation resolution, resulted consequently in the im-
pairment of cardiac pump function restoration [148]. There-
with a selective MMP-12 inhibition has been shown to
worsen post-MI cardiac dysfunction by delaying inflamma-
tion resolution [149]. Thus, numerous studies provided con-
troversial results indicating that further research is needed to
reveal the complex role of MMPs in targeting post-MI ECM
remodeling.

A variety of ECM-targeting mediators being involved in
MIl-induced cardiac remodeling has been considered to be a
promising target for promoting myocardial healing and re-
pair [10]. Some studies demonstrated that the suppression of
TGF-f signaling in acute MI mice significantly attenuated
ventricular dilation, reduced fibrous tissue formation and
improved LV systolic function [150]. However, it should be
accentuated that TGF-f has pleiotropic and complex effects
on various cell types and the responses to its inhibition differ
considerably between individuals. There are some studies
suggesting that TGF-f suppression leads to the formation of
aortic aneurysm and cardiac rupture [151]. Two large clinical
trials demonstrated that TNF-a antagonist - etanercept did
not have a clinical effect in patients with HF and did not re-
duce mortality [152]. Another study indicated that the sup-
pression of TNF-a in mice with acute MI resulted in signifi-
cant anti-inflammatory effect and improved cardiac function
[153]. Some recent studies suggest the suppression of IL-1f
activity to be a potential therapeutic target in MI. Therewith,
another study has shown that IL-1B inhibition in patients
with MI resulted in a lower incidence of HF, but had no sig-
nificant effect on LV volume and pump function [154]. Con-
tradictory results of the studies on proinflammatory media-
tor’s inhibition in MI highlighted the complexity of their
function, pleiotropy of the effects and involvement of many
other co-factors contributing to pathophysiological altera-
tions developing during all phases of MI and post-MI period.

Matricellular proteins also appear to be a promising
therapeutic target in MI because of their ability to modulate
cell-matrix interactions, growth factors and cytokines signal-
ing. It has been demonstrated that in the rat model of MI,
periostin improved ventricular remodeling, reduced fibrosis
and infarct size, and increased angiogenesis [155]. Another
study showed that periostin treatment in swine model of MI
in addition to the improvement of LV systolic function in-
creased myocardial fibrosis [156]. However, matricellular
proteins have diverse functions and their effects depend on a
variety of factors including cytokines and growth factors
profiles and ECM structural condition [34, 157]. Thus, the
multifunctional role of matricellular proteins also brings cer-
tain difficulties to their therapeutic implementation.
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Stem cell therapy seems to be a highly promising thera-
peutic approach in post-MI patients. Recent meta-analyses
evaluating data from 33 randomized control trials established
that stem cell treatment in a postinfarct period significantly
improved LV ejection fraction and reduced infarct size
[158]. Some studies demonstrated that the application of 3D
printed pre-vascularized stem cell patch augmented stem cell
delivery by promoting vascularization and tissue matrix for-
mation in vivo leading to the reduction of ventricular hyper-
trophy and fibrosis and to the improvement in cardiac func-
tion [159, 160]. A growing body of data suggests a perfu-
sion-decellularization strategy that represents decellulariza-
tion of the human heart with preserved 3D architecture and
vasculature and then its recellularization with cardiomyo-
cytes derived from induced pluripotent stem cells as the
novel treatment option [161]. This strategy may be consid-
ered as an important step toward the production of extracel-
lular matrix components in cardiovascular diseases and in
MI, in particular. But it requires further experimental and
clinical investigations.

CONCLUSION

Over the last few decades, knowledge about the role of
ECM in MI spread far beyond the earlier concept of ECM
providing mainly mechanical scaffolding support for con-
tractile myocardial cells. Nowadays, ECM is recognized also
as a dynamic network that transduces key signals essential
for survival and function of both cardiomyocytes and non-
contractile cardiac cells. Overall, pathological processes and
dynamic transformation of ECM after myocardial damage
and its post-infarction remodeling determine the course of
MI and its short- and long-term prognosis in to a consider-
able extent than changes occurring in cardiomyocytes. This
fact suggests high importance of further investigation of the
mechanisms underlying ECM remodeling and cell-matrix
interactions in CVDs and in MI particularly that may provide
a good fundamental basis for elaboration of new therapeutic
approaches to the treatment of such patients.
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