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Abstract
After onset of myocardial infarction (MI), the left ven-
tricle (LV) undergoes a continuum of molecular, cel-
lular, and extracellular responses that result in LV wall 
thinning, dilatation, and dysfunction. These dynamic 
changes in LV shape, size, and function are termed 
cardiac remodeling. If the cardiac healing after MI 
does not proceed properly, it could lead to cardiac 
rupture or maladaptive cardiac remodeling, such as 
further LV dilatation and dysfunction, and ultimately 
death. Although the precise molecular mechanisms in 
this cardiac healing process have not been fully eluci-
dated, this process is strictly coordinated by the inter-
action of cells with their surrounding extracellular ma-
trix (ECM) proteins. The components of ECM include 
basic structural proteins such as collagen, elastin and 
specialized proteins such as fibronectin, proteoglycans 
and matricellular proteins. Matricellular proteins are a 
class of non-structural and secreted proteins that prob-
ably exert regulatory functions through direct binding 
to cell surface receptors, other matrix proteins, and 
soluble extracellular factors such as growth factors and 
cytokines. This small group of proteins, which includes 

osteopontin, thrombospondin-1/2, tenascin, periostin, 
and secreted protein, acidic and rich in cysteine, shows 
a low level of expression in normal adult tissue, but is 
markedly upregulated during wound healing and tissue 
remodeling, including MI. In this review, we focus on 
the regulatory functions of matricellular proteins dur-
ing cardiac tissue healing and remodeling after MI.
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INTRODUCTION
With the growth of  the elderly population and western-
ization of  eating habits, the number of  patients with isch-
emic heart disease continues to increase in the developed 
world. In the Unites States alone, about 8 million people 
have myocardial infarction (MI) every year and almost 
30% of  those are reported to die[1,2]. After onset of  MI, 
the left ventricle (LV) undergoes a continuum of  molecu-
lar, cellular, and extracellular responses that result in LV 
wall thinning, dilatation, and dysfunction[3]. If  the cardiac 
healing does not proceed properly after MI, it could lead 
to cardiac rupture or maladaptive cardiac remodeling, 
such as further LV dilatation and dysfunction, and ulti-
mately death[4].
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The response to MI generates specific regions within 
the myocardium, each with distinct cellular environ-
ments[5]. Subsequent to provisional deposition of  plasma-
derived proteins such as fibronectin, collagen deposition 
occurs at the area of  infarction. The border region, defined 
as the area adjacent to the infarcted region, separates the 
infracted region from the remote region in which the 
myocardium retains its original structural organization. 
Various cytokines and growth factors, possibly derived 
from tissue-infiltrated macrophages, stimulate collagen 
production in and around the infarcted region[4]. Col-
lagen, produced primarily by fibroblasts, many of  which 
display protein expression patterns characteristic of  myo-
fibroblast differentiation, is the primary constituent of  
the fibrous scar that preserves ventricular integrity and 
prevents cardiac rupture[6]. In general, the cardiac heal-
ing process after MI can be divided into four phases: (1) 
death of  cardiomyocytes; (2) inflammatory phase, which 
features monocyte and lymphocyte migration into the 
necrotic myocardium for the removal of  dead cardiomyo-
cytes; (3) formation of  granulation tissue, which is charac-
terized by the presence of  fibroblasts, macrophages, myo-
fibroblasts, new blood vessels, and extracellular matrix 
(ECM) proteins; and (4) scar formation, which is charac-
terized by acellular and cross-linked collagen rich regions  
(Figure 1)[7]. Although the precise molecular mechanisms 
in this cardiac healing process have not been fully eluci-
dated, these successive phases are strictly coordinated by 
the interaction of  cells with their surrounding ECM pro-
teins and growth factors[8]. Thus, the ECM is now proven 
to be a dynamic structure that is continually remodeling 
in response to various stimuli. Alterations in the composi-
tion of  the ECM provide signals to adjacent cells via cell 
surface receptors. Thus, interaction of  ECM with cells 
via cell surface receptors such as integrins regulates cell 
shape, proliferation, intracellular signaling and differen-
tiation, which are critical for maintaining normal tissue 
function and wound healing[9]. The components of  ECM 
include basic structural proteins such as collagen, elastin 
and specialized proteins such as fibronectin, proteogly-
cans and matricellular proteins. Matricellular proteins 
are a class of  non-structural and secreted proteins that 
probably exert regulatory functions through direct bind-
ing to cell surface receptors, other matrix proteins, and 
soluble extracellular factors such as growth factors and 
cytokines[10]. Matricellular proteins include osteopontin 
(OPN), thrombospondin-1/2 (TSP-1/2), tenascin-C/X 
(TNC/TNX), periostin, and secreted protein, acid and 
rich in cysteine; also known as osteonectin (SPARC), and 
are abundantly expressed during development, while in 
adults, their production is mainly restricted to wound 
healing and tissue remodeling[11]. Many studies have been 
done to investigate the role of  matricellular proteins 
during MI, utilizing matricellular protein gene-deficient 
mice[5,8,10,12-14]. In this review, we focus on the role of  ma-
tricellular proteins in cardiac tissue healing and remodel-
ing after MI.

ROLE OF MATRICELLULAR PROTEINS IN 
CARDIAC HEALING AND REMODELING 
AFTER MI
Mice that lack one of  the matricellular protein genes 
have been generated and all of  these survive embryo-
genesis, which suggests the functional redundancy of  
these proteins[15,16]. However, most of  these mice show 
remarkable phenotypes after MI, which indicates that 
their re-expression is essential for cardiac healing and 
remodeling after MI. A comprehensive list of  known 
phenotypes in matricellular protein gene-deficient mice 
after MI is shown in Table 1. The expression and spe-
cific function of  matricellular proteins in the heart after 
MI are discussed hereafter.

OPN expression after MI
While the adult heart expresses only low levels of  OPN 
[18,25], OPN expression increases markedly in the heart 
under several pathological states[18,26,27]. Plasma OPN level 
is increased in patients with MI[28]. In a rat model, OPN 
protein expression was detected on day 1 after MI and 
continued to increase up to day 14. Macrophages seem to 
be a source of  OPN[29]. Similarly, in a mouse MI model, 
OPN mRNA expression is increased in the infracted as 
well as non-infarcted heart[18]. OPN mRNA level was high 
on day 3 after MI and started to decrease on day 7, but 
remained elevated even at day 28 after MI. In the non-
infarcted heart, OPN mRNA expression was biphasic, 
with peaks at 3 and 28 d after MI. In mice, infiltrating cells 
and fibroblasts are the source of  increased OPN mRNA 
and protein[18]. Increased expression of  OPN as early as 
1 d after MI suggests that OPN has a role in early cardiac 
healing after MI, while increased OPN expression at 3 and 
28 d after MI in infarcted and non-infracted heart suggests 
that a pivotal role of  OPN in chronic cardiac remodeling 
after MI. 

Role of OPN in cardiac healing and remodeling after MI
In OPN-deficient mice, LV dilation is significantly 
severe, as compared with wild-type (WT) mice, with 
reduced collagen synthesis and deposition in infarcted 
and non-infracted regions[18]. Echocardiographic analysis 
has shown that absence of  OPN leads to enhanced LV 
end-systolic and end-diastolic dimensions as compared 
with WT mice at 14 d after MI[17]. Thus, it seems that 
increased OPN expression protects the heart from LV 
dilation and is required for maintenance of  the struc-
ture and function of  the heart after MI. The molecular 
mechanisms for how OPN protects the heart from 
maladaptive cardiac remodeling are discussed below and 
summarized in Figure 2.

Macrophage recruitment and phagocytosis: Macro-
phages become predominant phagocytic cells after neu-
trophils are decreased in MI. Macrophages play a role in 
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Table 1  Expression of matricellular proteins and phenotypes of matricellular gene null mice after MI

Protein Expression after MI Phenotypes of matricellular gene null 
mice after MI as compared with WT mice

Heart function 
after MI

Possible mechanism responsible for 
phenotypes of gene null mice after MI

Ref.

OPN ↑ Early and late phases Increase in LV dilation with reduced 
collagen synthesis and accumulation in 
the infarct as well as non-infarct regions

↓ Macrophage recruitment and phagocytosis ↓ [17,18]

Macrophages and fibroblasts Fibroblast adhesion and proliferation ↓
Myofibroblast differentiation ↓
ECM deposition ↓

TSP-1 ↑ Early phase More inflammation and expansion of 
the infarct and enhanced ventricular 
dilatation

ND Inflammation ↑ [19]

Inflammatory cells TGF-β1 signaling ↓
MMP-9 activity ↑

TSP-2 ↑ Late phase Increased incidence of cardiac rupture ND Maturation of the infarct scar ↓ [20]

Fibroblasts MMP activity ↑
TNC ↑ Early phase Reduced end-diastolic pressure and LV 

dimension with less interstitial fibrosis
↑ De-adhesion ↓ [21]

Fibroblasts MMPs production ↓
Fibrosis ↓

TNX ND ND ND ND ND
Periostin ↑ Early and late phases Increased incidence of cardiac rupture 

with decreased recruitment of 
myofibroblasts and impaired collagen 
fiber formation in the infarct

↑ Integrity of the ECM ↓ [22,23]

Fibroblasts Adhesion-dependent signaling ↓

SPARC ↑ Early and late phases Increased incidence of cardiac rupture 
with disorganized granulation tissue and 
immature collagenous ECM

↓ Collagen matrix maturation ↓ [24]

Myofibroblasts and 
leucocytes

TGF-β1 signaling ↓

MI: Myocardial infarction; WT: Wild-type; OPN: Osteopontin; LV: Left ventricle; ECM: Extracellular matrix; TSP: Thrombospondin; ND: Not determined; 
TGF-β1: Transforming growth factor-β1; MMP: Matrix metalloproteinase; TNC: Tenascin-C; TNX: Tenascin-X; SPARC: Secreted protein, acid and rich in 
cysteine; also known as osteonectin.
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Figure 1  Phases of cardiac healing and remodeling after myocardial infarction (MI). The cardiac healing and remodeling process after MI can be divided 
into four phases: (1) death of cardiomyocytes; (2) acute inflammation; (3) formation of granulation tissue; and (4) scar formation. Death of cardiomyocytes starts at 
approximately 1 h after coronary artery occlusion, and can either be the result of apoptosis or necrosis. During acute inflammation, the influx of inflammatory cells, 
including neutrophils and monocytes, for phagocytosis and removal of dead cardiomyocytes into the infarcted area and degradation of the extracellular matrix (ECM) 
by matrix metalloproteinase (MMP) takes place between 1 h and 4 d after MI. MMP also modulates inflammatory cytokine and chemokine activity. Generation of matrix 
fragments exerts potent inflammatory effects. Thereafter, formation of granulation tissue, characterized by the presence of fibroblasts, macrophages, myofibroblasts, 
new blood vessels, and ECM proteins, occurs in the infarcted heart between 2 and 14 d after MI. To rescue the loss of the shielding effects of the normal matrix, 
fibroblasts and myofibroblasts produce ECM. Finally, granulation tissue matures in the infarcted heart between 14 d and 2 mo after MI. The scar is characterized by a 
cross-linked, collagen-rich region that is induced by lysyl oxidase. In this phase, most infarct myofibroblasts undergo apoptosis and disappear. The time intervals for 
each phase are dependent on the species, as rodents exhibit an accelerated inflammatory and reparative response following MI as compared with large mammals.
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infarct healing by removing dead cells and debris. They 
also release cytokines and growth factors that stimulate 
the proliferation of  fibroblasts and endothelial cells[30]. 
Although monocytes express low levels of  OPN, OPN 
expression increases along with the differentiation into 
macrophages[31]. OPN modulates various functions of  
macrophages, such as migration, phagocytosis, and pro-in-
flammatory cytokine production[31]. Knockdown of  OPN 
expression by siRNA in macrophage-like cells results in 
impaired migration, increased apoptosis, and decreased 
secretion of  interleukin-12. Moreover, cells with silenced 
OPN expression show features of  monocytes, which sug-
gests that OPN production is required for maintaining 
macrophages with a differentiated phenotype[32].

Fibroblast adhesion and proliferation: Cardiac fibro-
blasts play an important role during cardiac remodeling 
after MI. In vitro, OPN regulates angiotensin Ⅱ-induced 
DNA synthesis by cardiac fibroblasts[33]. OPN-deficient 
cardiac fibroblasts exhibit reduced adhesion to ECM pro-
teins such as collagen Ⅰ, fibronectin, laminin and vitro-
nectin, and addition of  recombinant OPN protein restores 
their adhesion to ECM proteins. Moreover, OPN-deficient 
cardiac fibroblasts show reduced resistance to detach-
ment by shear force and poor collagen gel contraction in 
response to transforming growth factor-β1 (TGF-β1)[34]. 
The ability of  fibroblasts to contract collagen gels in vitro 
reflects their ability to contract wounded areas (wound clo-
sure) in vivo during wound healing. Collectively, these stud-
ies suggest that OPN has a significant role in the healing 
process of  MI by regulating proliferation and adhesion of  
fibroblasts and maintaining their contractile ability.

Myofibroblast differentiation: Activated fibroblasts or 
myofibroblasts are a source of  ECM proteins that form 
scars. They also help maintain the integrity of  the dam-
aged tissue by contracting the newly deposited ECM, 
thereby promoting wound closure[35]. TGF-β1 stimulates 
cardiac fibroblasts to increase the expression of  myofi-
broblast markers such as α-smooth muscle actin and ex-
tra domain A of  fibronectin. OPN-deficient fibroblasts 
exhibit no significant increase in the expression of  these 
proteins and poor formation of  stress fibers, focal adhe-
sions, and lamellipodia[34]. Thus, OPN might also play a 
crucial role in cardiac remodeling after MI by modulat-
ing myofibroblast differentiation and function.

ECM deposition: ECM plays a significant role in main-
taining the strength and organization of  the heart and is 
crucially involved in cardiac healing after MI. However, 
in the absence of  OPN, collagen Ⅰ protein and gene ex-
pression is significantly impaired in the infarcted as well 
as non-infarcted regions at day 28 after MI. Transmission 
electron microscopy has shown that fibrillar collagen is 
reduced, and more specifically, thin collagen filaments and 
large collagen fibers are significantly reduced in the non-
infarcted heart in the absence of  OPN[18]. Thus, cardiac 
tissue expresses OPN as a response to MI and OPN plays 
a crucial role in the regulation of  cardiac remodeling after 
MI, at least in part, by promoting collagen synthesis and 
organization[10,18]. 

TSPs expression after MI
Expression of  TSP-1 precedes that of  TSP-2 during car-
diac healing after MI. However, there is a partial overlap in 
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Figure 2  Possible role of osteopontin (OPN) in cardiac healing and remodeling after MI. OPN modulates various functions of macrophages, such as migration, 
phagocytosis, and pro-inflammatory cytokine production. OPN also regulates proliferation and adhesion of fibroblasts. Moreover, OPN modulates myofibroblast 
differentiation and function, thereby promoting collagen synthesis and organization.
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their expression. TSP-1 is secreted by inflammatory cells, 
and its expression is high during early phases of  cardiac 
healing, whereas TSP-2 is secreted mostly by fibroblasts, 
and is therefore expressed at high levels during later stages 
of  cardiac healing after MI[36,37]. 

Role of TSPs in cardiac healing and remodeling after MI 
TSP-1-deficient mice exhibit severe inflammation and ex-
pansion of  the infarct and enhanced ventricular dilatation 
after MI, which indicates that TSP-1 regulates the severity 
of  inflammatory responses and prevents infarct expan-
sion during early stages of  the healing process after MI 
(Figure 3)[19]. On the other hand, TSP-2 deficiency results 
in cardiac rupture within 3 d after MI, which suggests a 
crucial role of  TSP-2 in regulation of  the integrity of  the 
cardiac ECM (Figure 4)[20].

Inflammation: The role of  TSP-1 in the inflammatory 
phase has been described by Frangogiannis et al[19], who 
discovered that TSP-1 prevents expansion of  MI. In the 
infarct, TSP-1 protein is localized to the border zone after 
1-7 d, but is not expressed in the non-infarcted region[19]. 
TSP-1-deficient mice display higher levels of  chemokine 
and cytokine transcripts in healing infarcts, which are as-
sociated with increased and persistent infiltration of  mac-
rophages and myofibroblasts in infarcted and non-infarct-
ed regions. That could explain why TSP-1-deficient mice 
exhibit enhanced ventricular dilation after MI. TGF-β1 is 
involved in severe inflammation seen in TSP-1-deficient 
mice. TSP-1 is a major activator of  TGF-β1[38]. In fact, 
marked upregulation of  TGF-β1 is seen in the infarcted 
region after MI[39]. In the non-infarcted region, TSP-1 is 

not expressed and chemokine and cytokine expression 
levels are similar between WT and TSP-1-deficient mice. 
In addition, the infarcted region of  TSP-1-deficient mice 
has decreased phosphorylation of  Smad2, a downstream 
kinase of  the TGF-β1 signaling pathway. Therefore, the 
selective expression of  TSP-1 in the infarct border region 
is supposed to work as a barrier that suppresses inflamma-
tory chemokines and cytokines, via its TGF-β1-activating 
effect, thereby preventing extension of  the inflammatory 
process into the non-infarcted region. On the other hand, 
the structurally similar TSP-2 does not activate TGF-β1 
and could affect the inflammatory process through other 
mechanisms. Although there is a high incidence of  cardiac 
rupture in TSP-2-deficient mice within 3 d after MI[20], the 
inflammatory response in the hearts of  TSP-2-deficient 
mice has not been evaluated. 

Angiogenesis: After the acute inflammation phase, granu-
lation tissue begins to form in the border region of  
the infarct. The granulation tissue consists of  inflam-
matory cells, myofibroblasts, and newly formed blood 
vessels. Both TSP-1 and TSP-2 are potent inhibitors of  
angiogenesis and exert their angiostatic effects via in-
teraction with CD36 and/or CD47/integrin associated 
protein[40,41]. Unexpectedly, the neovascularization in the 
infarcted region of  TSP-1-deficient mice is comparable 
to that of  WT mice[19]. A possible explanation for this 
observation is that TSP-1 is not expressed during the late 
proliferative phase when neovascularization occurs. The 
effect of  TSP-2 on angiogenesis during the proliferative 
phase cannot be studied directly, due to early cardiac 
rupture in TSP-2-deficient mice after MI[20].
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Figure 3  Possible role of thrombospondin-1 (TSP-1) in cardiac healing and remodeling after MI. Expression of TSP-1 works as a barrier that suppresses 
inflammatory chemokines and cytokines via its transforming growth factor-β1 (TGF-β1)-activating effect, thereby preventing extension of the inflammatory process 
into the non-infarcted region. In addition, TSP-1 could affect maturation of the infarct scar through the activation of TGF-β1 and inhibition of MMP activity.
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Maturation of  the infarct scar: Maturation of  the infarct 
scar is characterized by disappearance of  inflammatory 
cells, regression of  blood vessels, and cross-linking of  de-
posited collagen[42]. The level of  TSP-1 is low during late 
stages of  cardiac wound healing, therefore, the protein 
should play a minor role, if  any, during the late stages of  
infarct wound healing. After ischemia-reperfusion, TSP-1 
is observed up to 28 d after injury; however, its expres-
sion is confined to the infarct border region, and is mini-
mal in the infarct region. Thus, it is assumed that TSP-1 
is not crucial for infarct scar maturation[19]. However, it 
should be remembered that TSP-1 can affect matura-
tion of  the infarct scar through activation of  TGF-β1, 
because TGF-β1 promotes fibrosis via enhanced collagen 
deposition[43]. Furthermore, TGF-β1 inhibits matrix me-
talloproteinase (MMP) activity and induces synthesis of  
proteinase inhibitors such as plasminogen activator inhibi-
tor and tissue inhibitor of  metalloproteinase[44]. Consistent 
with these functions, MMP-9 activity is enhanced in the 
infarct border region in TSP-1-deficient mice, which in 
turn could explain the enhanced LV dilation after MI. 
Whether TSP-1 is important during the late infarct heal-
ing phase remains to be determined. In contrast to TSP-1, 
TSP-2 is expressed during the phase of  scar maturation, 
and TSP-2-deficient mice show abnormalities in collagen 
fibril formation. TSP-2 might therefore be an important 
regulator of  infarct scar formation[16]. The abnormally 
organized collagen matrix might be due to increased levels 
of  MMP-2 and MMP-9 in wounds of  TSP-2-deficient 
mice[37]. Thus, TSP-2 is a crucial regulator of  the integrity 
of  the cardiac ECM during maturation of  the infarct scar, 
presumably via regulation of  MMP activity, and subse-
quent deposition of  a cross-linked collagen matrix. 

TNC expression after MI
Under physiological conditions, TNC is only detected in 
the chordae tendinae of  papillary muscles of  the normal 
adult myocardium[45]. However, TNC is markedly but tran-
siently upregulated during the proliferative phase of  heal-
ing[46], and is predominantly produced by fibroblasts[47]. Im-
portantly, it is localized in the infarct border region between 
the infarcted and non-infarcted regions after MI. Although 
the precise mechanisms responsible for TNC induction 
in the infarct remain unknown, cytokines and growth fac-
tors, released in healing infarcts, such as tumor necrosis 
factor-α, TGF-β, and basic fibroblast growth factor, are 
capable of  upregulating TNC synthesis in fibroblasts. In 
addition, angiotensin Ⅱ, an important regulator of  cardiac 
remodeling and fibrosis, is also known to stimulate TNC 
expression[48]. TNC expression virtually disappears in the 
mature infarct[46]. Its selective expression in the infarct bor-
der region suggests that it is important in the events associ-
ated with cardiac healing and remodeling after MI.

Role of TNC in cardiac healing and remodeling after MI
The role of  TNC in cardiac healing and remodeling after 
MI has recently been reported[21]. End-diastolic pressure 
and LV dimension were reduced in TNC-deficient mice af-
ter MI. Interstitial fibrosis in the infarct border region was 
significantly mild in TNC-deficient mice. Therefore, this 
study has suggested that TNC accelerates adverse ventricu-
lar remodeling, cardiac failure, and fibrosis in the residual 
myocardium after MI. Potential mechanisms responsible 
for the phenotype of  TNC-deficient mice after MI are dis-
cussed below (Figure 5).

De-adhesion and MMP production: TNC can detach 
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Figure 4  Possible role of TSP-2 in cardiac healing and remodeling after MI. TSP-2 is a crucial regulator of the integrity of the cardiac ECM during maturation of 
the infarct scar, presumably via regulation of MMP activity, and subsequent deposition of a cross-linked collagen matrix. 
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cardiomyocytes from the matrix by its de-adhesive effect 
after MI[49]. Thus, TNC reappearance after cardiac injury 
seems to be detrimental, by removing cardiomyocytes 
from the matrix, thereby leading to anoikis of  cardio-
myocytes and facilitating invasion of  inflammatory cells 
to the infarcted region. In addition, TNC upregulates the 
transcription and activity of  MMPs[50]. Hence, TNC could 
promote degradation of  ECM, thereby increasing the risk 
of  cardiac dilatation and rupture after MI[51-53].

Fibrosis: A recent study has examined the effects of  TNC 
deficiency in a model of  electrical cardiac injury. TNC 
deficiency leads to delayed recruitment of  myofibro-
blasts into the injured site[54]. TNC stimulates fibroblasts 
to produce matrix, thereby causing cardiac fibrosis and 
maladaptive remodeling after MI[55].

TNX expression after MI
TNX is also widely expressed during embryogenesis, but, 
in contrast to TNC, its expression persists after birth[56,57]. 
To date, several functions of  TNX have been proposed. 
TNX blocks invasion and metastasis of  tumor cells[58,59], 
enhances cell proliferation stimulated by VEGF family 
proteins[60,61], and modulates collagen fibrillogenesis[15]. 
TNX-deficient mice exhibit a syndrome of  cutaneous hy-
perflexibility of  the skin[15], which mimics Ehlers-Danlos 
syndrome in humans, which could also be caused by a 
mutation in the TNX gene[62].

Role of TNX in cardiac healing and remodeling after MI
Absence of  TNX does not result in an apparent cardiac 
phenotype, but results in reduced collagen content in the 
skin and loss of  tissue strength[15]. In addition, absence 

of  TNX results in increased activity of  MMP-2 and 
MMP-9[59]. Whether TNX can regulate MMP activity, 
thereby affecting rupture or dilatation, or influence car-
diac healing and remodeling after cardiac injury, requires 
further investigation.

Periostin expression after MI
Periostin is comprised of  four fasciclin domains that 
promote fibroblast adhesion and movement, as well as 
collagen fibrillogenesis[14]. Strong periostin expression 
is detected in cardiac fibroblasts in infarcted and non-
infarcted regions from day 3 to 28 after MI, whereas un-
der physiological conditions, periostin expression in the 
heart is restricted to the collagen-rich environment of  the 
valves[22,23,63,64]. 

Role of periostin after cardiac healing and remodeling 
after MI
Periostin deficiency results in increased incidence of  car-
diac rupture associated with decreased recruitment of  
myofibroblasts and impaired collagen fiber formation in 
the infarct[22,23]. However, surviving periostin-deficient 
mice have less fibrosis and significantly better cardiac 
performance[22,23]. Alterations in cardiac remodeling and 
hypertrophy might occur by two different, but potentially 
overlapping mechanisms, as described below (Figure 6). 

Integrity of  the ECM: Periostin might regulate the in-
tegrity of  the ECM through its ability to bind multiple 
ECM proteins, such as TNC, fibronectin, collagen Ⅴ, 
collagen Ⅰ, aggrecan and heparin, thereby affecting the 
structural integrity of  the adult heart matrix or stretch-
sensitive signaling[65,66]. Indeed, collagen fibrils from 

Figure 5  Possible role of tenascin-C (TNC) in cardiac healing and remodeling after MI. TNC stimulates fibroblasts to produce matrix, thereby causing cardiac 
fibrosis and maladaptive remodeling after MI. Furthermore, TNC upregulates transcription and activity of MMP and promotes degradation of ECM.
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periostin-deficient mice are reduced in size, somewhat 
disorganized, and less efficiently cross-linked[23,66]. The 
periostin-deficient periodontal ligament ECM is disorga-
nized and exhibits reduced ability to absorb masticatory 
mechanical stresses[67]. Similarly, skin from periostin-de-
ficient mice has lower tensile strength and a difference in 
elasticity[66]. Therefore, periostin might have a secondary 
impact on the structural properties of  the heart by alter-
ing the composition and performance of  the ECM. Such 
alterations in the ECM could easily affect cardiac healing 
and remodeling after MI by modifying the strength and 
stretch characteristics of  the tissue, with a proportionate 
impact on fibroblast signal transduction. 

Adhesion-dependent signaling: A second potential mech-
anism by which periostin affects the phenotype of  the 
adult heart is by adhesion-dependent signaling through in-
tegrins. Periostin binds to αvβ3, αvβ5 and α4β6 integrins, 
and transduces signals to facilitate epithelial mesenchymal 
transition and metastatic activity[68,69], as well as movement 
of  cells within the developing bone centers and periodon-
tal ligament[67,68,70,71]. Moreover, it has been shown that 
periostin-deficient mice have decreased phosphorylation 
of  focal adhesion kinase in the infarct after MI and that 
inhibition of  this kinase or αv integrin blocks periostin-
promoted cell migration[23]. Thus, interaction of  periostin 
with integrins could transduce the specific signal to various 
cells to affect their repair function in the infarcted region.

SPARC expression after MI
In a mouse MI model, a moderate increase of  SPARC 
protein expression was detected in the non-infarcted re-
gion 3 d after MI, while SPARC protein expression was 

strongly increased in the infarcted region at 7 and 14 d 
after MI[24]. SPARC mainly colocalized with α-smooth-
muscle-actin-positive infiltrating myofibroblasts and 
CD45-immunoreactive leukocytes[24]. 

Role of SPARC in cardiac healing and remodeling after 
MI
SPARC deficiency led to a high incidence of  myocardial 
rupture and ventricular dysfunction after MI[24]. However, 
there was no significant difference in mRNA expression 
for collagens Ⅰ and Ⅲ between WT and SPARC-deficient 
mice. The collagen fibers were disorganized and immature 
in SPARC-deficient mice[24]. Importantly, overexpression 
of  SPARC by administration of  adenovirus vector in WT 
mice 2 d prior to MI resulted in improved cardiac func-
tion and a reduction in dilation[24]. Thus, overexpression 
of  SPARC, in addition to enhanced endogenous levels 
of  SPARC after MI, was beneficial in preserving cardiac 
function after MI. The molecular mechanisms for how 
SPARC affects cardiac healing and remodeling are dis-
cussed below and summarized in Figure 7.

Collagen matrix maturation: SPARC probably regulates 
infarction healing and collagen maturation by several dif-
ferent mechanisms. First, SPARC directly interacts with 
collagen type Ⅰ fibers[72,73], thereby affecting their assem-
bly. Variations in the structure of  SPARC alter its affinity 
for collagen type Ⅰ, and SPARC deficiency results in the 
formation of  immature collagen fibers during wound 
healing in the skin[74]. Moreover, SPARC- deficient fibro-
blasts lack the capacity to form a mature collagen matrix 
as a result of  defects in procollagen processing[73]. A sec-
ond mechanism by which SPARC can regulate collagen 

Figure 6  Possible role of periostin in cardiac healing and remodeling after MI. Periostin regulates the integrity of the ECM through its ability to bind multiple ECM 
proteins, thereby affecting the structural integrity of the adult heart matrix. In addition, periostin promotes migration of fibroblasts via interaction with integrin. 

Neutrophils Monocytes

Macrophages

Phagocytosis

MMP

Cytokines
Chemokines

ECM

ECM degradation

Cell migration

Inflammation

Matrix fragments

Cytokines
Chemokines
Growth factors Macrophages

Monocytes

Endothelial cells

Capillary Angiogenesis

ECM production
Fibroblasts

Myofibroblasts

Apoptosis

Myofibroblasts

ECM

Matrix crosslinking

Phase 2 Phase 3 Phase 4

Periostin

Periostin

Periostin

Stimulation
Inhibition
Stimulatory effect

Matsui Y et al . Matricellular proteins in myocardial infarction



77 May 26, 2010|Volume 1|Issue 5|WJBC|www.wjgnet.com

matrix maturation is the capacity of  SPARC to regulate 
fibronectin matrix assembly[75]. In vitro, collagen fibril 
formation is dependent on the assembly of  fibronectin 
into fibrils[76]. SPARC deficiency results in impaired fi-
bronectin unfolding, which is regulated via α5β1 integrin 
and integrin-linked kinase, which can lead to defective 
collagen maturation.

TGF-β1 signaling: TGF-β1 is a cytokine that is involved 
in wound healing and collagen production[77]. SPARC has 
been implicated in the regulation of  TGF-β1 signaling 
in vitro[78,79]. In the infarcted region of  WT mice, SPARC 
expression was increased with elevated levels of  phos-
phorylated Smad2 (p-Smad2), a down-stream element in 
the TGF-β1 signaling cascade. Knockdown of  SPARC 
expression by shRNA in fibroblasts reduced the ratio of  
p-Smad2/Smad2 following TGF-β1 stimulation. Con-
tinuous administration of  TGF-β1 after MI resulted in 
decreased cardiac rupture in SPARC-deficient mice and 
increased deposition of  mature collagen fibers[24]. Taken 
together, these results suggest that SPARC-mediated 
TGF-β1 signaling is important in regulating cardiac healing 
after MI.

CONCLUSION
Expression of  matricellular protein in the heart is aug-
mented after MI and expressed mainly by cardiac fi-
broblasts or inflammatory cells. Mice without these 
matricellular proteins only show a mild phenotype. How-
ever, most of  the null mice show an altered response to 
cardiac healing and remodeling, with changes in inflam-

mation, angiogenesis, collagen fibrillogenesis, or matrix  
deposition. 

We have summarized the roles of  matricellular pro-
teins including OPN, TSP-1/2, TNC/TNX, periostin, 
and SPARC in cardiac healing and remodeling after MI 
in this review. However, our lists of  matricellular pro-
teins should be augmented by other members of  the 
novel CCN family of  ECM-associated proteins, such as 
CCN1 (Cyr61), CCN2 (CTGF), and CCN3 (Nov). The 
role of  these new members of  the matricellular proteins 
in cardiac healing and remodeling after MI is currently 
unknown and remains to be examined.

In this review, we focused on the phenotypes of  ma-
tricellular protein gene-null mice after MI. Among the 
matricellular protein gene-deficient mice described here, 
periostin-, SPARC-, and TSP-2 deficient mice exhibited 
increased incidence of  cardiac rupture associated with 
impaired collagen fiber formation in the infarct[20,22-24]. On 
the other hand, OPN-, TSP-1-, and TNC-deficient mice 
were not associated with increased incidence of  cardiac 
rupture[18,19,21]. However, an important issue that should 
be emphasized here is that the experimental design in 
each study varied. For example, mice on a C57BL/6 
background were used in some studies[19,22-24], whereas 
mice on the other backgrounds, such as Balb/c and 
129Xblack Swiss hybrid[18,21], were used in the other stud-
ies. Moreover, permanent coronary occlusion was used 
in most studies[18,21-24], whereas ischemia-reperfusion was 
done in one study[19]. Because genetic background and 
cardiac injury protocols both strongly affect phenotype, 
including rupture rates and cardiac remodeling process 
after MI[80,81], these results should be interpreted with cau-

Stimulation
Inhibition
Stimulatory effect

Figure 7  Possible role of secreted protein, acidic and rich in cysteine (SPARC) in cardiac healing and remodeling after MI. SPARC regulates collagen 
maturation by direct interaction with collagen type Ⅰ fibers and regulation of fibronectin matrix assembly. SPARC mediates TGF-β1 signaling, which is involved in 
wound healing and collagen production, thereby regulating cardiac healing and remodeling.
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tion. Further detailed studies are necessary to understand 
the mechanism of  how each matricellular protein orches-
trates various phases of  cardiac healing and remodeling 
after MI, and to define the therapeutic potential of  these 
matricellular proteins in the cardiac healing and remodel-
ing processes after MI. 

REFERENCES
1 Rosamond W, Flegal K, Friday G, Furie K, Go A, Greenlund 

K, Haase N, Ho M, Howard V, Kissela B, Kittner S, Lloyd-
Jones D, McDermott M, Meigs J, Moy C, Nichol G, O'Donnell 
CJ, Roger V, Rumsfeld J, Sorlie P, Steinberger J, Thom T, 
Wasserthiel-Smoller S, Hong Y. Heart disease and stroke 
statistics--2007 update: a report from the American Heart 
Association Statistics Committee and Stroke Statistics Sub-
committee. Circulation 2007; 115: e69-e171

2 Matsumura S, Iwanaga S, Mochizuki S, Okamoto H, Ogawa 
S, Okada Y. Targeted deletion or pharmacological inhibition 
of MMP-2 prevents cardiac rupture after myocardial infarc-
tion in mice. J Clin Invest 2005; 115: 599-609

3 Cohn JN, Ferrari R, Sharpe N. Cardiac remodeling--con-
cepts and clinical implications: a consensus paper from an 
international forum on cardiac remodeling. Behalf of an In-
ternational Forum on Cardiac Remodeling. J Am Coll Cardiol 
2000; 35: 569-582

4 Lindsey ML, Mann DL, Entman ML, Spinale FG. Extracel-
lular matrix remodeling following myocardial injury. Ann 
Med 2003; 35: 316-326

5 McCurdy S, Baicu CF, Heymans S, Bradshaw AD. Cardiac 
extracellular matrix remodeling: fibrillar collagens and Se-
creted Protein Acidic and Rich in Cysteine (SPARC). J Mol 
Cell Cardiol 2010; 48: 544-549

6 Cleutjens JP, Verluyten MJ, Smiths JF, Daemen MJ. Collagen 
remodeling after myocardial infarction in the rat heart. Am J 
Pathol 1995; 147: 325-338

7 Cleutjens JP, Blankesteijn WM, Daemen MJ, Smits JF. The 
infarcted myocardium: simply dead tissue, or a lively target 
for therapeutic interventions. Cardiovasc Res 1999; 44: 232-241

8 Dobaczewski M, Gonzalez-Quesada C, Frangogiannis NG. 
The extracellular matrix as a modulator of the inflammatory 
and reparative response following myocardial infarction. J 
Mol Cell Cardiol 2010; 48: 504-511

9 Raghow R. The role of extracellular matrix in postinflamma-
tory wound healing and fibrosis. FASEB J 1994; 8: 823-831

10 Singh M, Foster CR, Dalal S, Singh K. Osteopontin: role in 
extracellular matrix deposition and myocardial remodeling 
post-MI. J Mol Cell Cardiol 2010; 48: 538-543

11 Sangaletti S, Colombo MP. Matricellular proteins at the 
crossroad of inflammation and cancer. Cancer Lett 2008; 267: 
245-253

12 Schellings MW, Pinto YM, Heymans S. Matricellular pro-
teins in the heart: possible role during stress and remodel-
ing. Cardiovasc Res 2004; 64: 24-31

13 Schellings MW, van Almen GC, Sage EH, Heymans S. 
Thrombospondins in the heart: potential functions in car-
diac remodeling. J Cell Commun Signal 2009; 3: 201-213

14 Conway SJ, Molkentin JD. Periostin as a heterofunctional 
regulator of cardiac development and disease. Curr Genomics 
2008; 9: 548-555

15 Mao JR, Taylor G, Dean WB, Wagner DR, Afzal V, Lotz JC, 
Rubin EM, Bristow J. Tenascin-X deficiency mimics Ehlers-
Danlos syndrome in mice through alteration of collagen 
deposition. Nat Genet 2002; 30: 421-425

16 Kyriakides TR, Zhu YH, Smith LT, Bain SD, Yang Z, Lin 
MT, Danielson KG, Iozzo RV, LaMarca M, McKinney CE, 
Ginns EI, Bornstein P. Mice that lack thrombospondin 2 
display connective tissue abnormalities that are associated 

with disordered collagen fibrillogenesis, an increased vas-
cular density, and a bleeding diathesis. J Cell Biol 1998; 140: 
419-430

17 Krishnamurthy P, Peterson JT, Subramanian V, Singh M, 
Singh K. Inhibition of matrix metalloproteinases improves 
left ventricular function in mice lacking osteopontin after 
myocardial infarction. Mol Cell Biochem 2009; 322: 53-62

18 Trueblood NA, Xie Z, Communal C, Sam F, Ngoy S, Liaw 
L, Jenkins AW, Wang J, Sawyer DB, Bing OH, Apstein CS, 
Colucci WS, Singh K. Exaggerated left ventricular dilation 
and reduced collagen deposition after myocardial infarction 
in mice lacking osteopontin. Circ Res 2001; 88: 1080-1087

19 Frangogiannis NG, Ren G, Dewald O, Zymek P, Haudek S, 
Koerting A, Winkelmann K, Michael LH, Lawler J, Entman 
ML. Critical role of endogenous thrombospondin-1 in pre-
venting expansion of healing myocardial infarcts. Circulation 
2005; 111: 2935-2942

20 Cleutjens J, Huynen F, Smits J, Bornstein P, Daemen M. 
Thrombospondin-2 deficiency in mice results in cardiac 
rupture early after myocardial infarction. Circ Res 1999; 100 
Suppl: 156

21 Nishioka T, Onishi K, Shimojo N, Nagano Y, Matsusaka H, 
Ikeuchi M, Ide T, Tsutsui H, Hiroe M, Yoshida T, Imanaka-
Yoshida K. Tenascin-C may aggravate left ventricular re-
modeling and function after myocardial infarction in mice. 
Am J Physiol Heart Circ Physiol 2010; 298: H1072-H1078

22 Oka T, Xu J, Kaiser RA, Melendez J, Hambleton M, Sargent 
MA, Lorts A, Brunskill EW, Dorn GW 2nd, Conway SJ, 
Aronow BJ, Robbins J, Molkentin JD. Genetic manipulation 
of periostin expression reveals a role in cardiac hypertrophy 
and ventricular remodeling. Circ Res 2007; 101: 313-321

23 Shimazaki M, Nakamura K, Kii I, Kashima T, Amizuka N, 
Li M, Saito M, Fukuda K, Nishiyama T, Kitajima S, Saga 
Y, Fukayama M, Sata M, Kudo A. Periostin is essential for 
cardiac healing after acute myocardial infarction. J Exp Med 
2008; 205: 295-303

24 Schellings MW, Vanhoutte D, Swinnen M, Cleutjens JP, De-
bets J, van Leeuwen RE, d'Hooge J, Van de Werf F, Carme-
liet P, Pinto YM, Sage EH, Heymans S. Absence of SPARC 
results in increased cardiac rupture and dysfunction after 
acute myocardial infarction. J Exp Med 2009; 206: 113-123

25 Singh K, Balligand JL, Fischer TA, Smith TW, Kelly RA. 
Glucocorticoids increase osteopontin expression in cardiac 
myocytes and microvascular endothelial cells. Role in regula-
tion of inducible nitric oxide synthase. J Biol Chem 1995; 270: 
28471-28478

26 Graf K, Do YS, Ashizawa N, Meehan WP, Giachelli CM, 
Marboe CC, Fleck E, Hsueh WA. Myocardial osteopontin 
expression is associated with left ventricular hypertrophy. 
Circulation 1997; 96: 3063-3071

27 Singh K, Sirokman G, Communal C, Robinson KG, Conrad 
CH, Brooks WW, Bing OH, Colucci WS. Myocardial osteo-
pontin expression coincides with the development of heart 
failure. Hypertension 1999; 33: 663-670

28 Tamura A, Shingai M, Aso N, Hazuku T, Nasu M. Osteo-
pontin is released from the heart into the coronary circula-
tion in patients with a previous anterior wall myocardial 
infarction. Circ J 2003; 67: 742-744

29 Komatsubara I, Murakami T, Kusachi S, Nakamura K, Hi-
rohata S, Hayashi J, Takemoto S, Suezawa C, Ninomiya Y, 
Shiratori Y. Spatially and temporally different expression 
of osteonectin and osteopontin in the infarct zone of experi-
mentally induced myocardial infarction in rats. Cardiovasc 
Pathol 2003; 12: 186-194

30 Frangogiannis NG. The mechanistic basis of infarct healing. 
Antioxid Redox Signal 2006; 8: 1907-1939

31 Wang KX, Denhardt DT. Osteopontin: role in immune regu-
lation and stress responses. Cytokine Growth Factor Rev 2008; 
19: 333-345

32 Nyström T, Dunér P, Hultgårdh-Nilsson A. A constitutive 

Matsui Y et al . Matricellular proteins in myocardial infarction



79 May 26, 2010|Volume 1|Issue 5|WJBC|www.wjgnet.com

endogenous osteopontin production is important for mac-
rophage function and differentiation. Exp Cell Res 2007; 313: 
1149-1160

33 Ashizawa N, Graf K, Do YS, Nunohiro T, Giachelli CM, 
Meehan WP, Tuan TL, Hsueh WA. Osteopontin is produced 
by rat cardiac fibroblasts and mediates A(II)-induced DNA 
synthesis and collagen gel contraction. J Clin Invest 1996; 98: 
2218-2227

34 Lenga Y, Koh A, Perera AS, McCulloch CA, Sodek J, Zohar 
R. Osteopontin expression is required for myofibroblast dif-
ferentiation. Circ Res 2008; 102: 319-327

35 Zahradka P. Novel role for osteopontin in cardiac fibrosis. 
Circ Res 2008; 102: 270-272

36 Agah A, Kyriakides TR, Lawler J, Bornstein P. The lack of 
thrombospondin-1 (TSP1) dictates the course of wound 
healing in double-TSP1/TSP2-null mice. Am J Pathol 2002; 
161: 831-839

37 Bornstein P, Agah A, Kyriakides TR. The role of thrombos-
pondins 1 and 2 in the regulation of cell-matrix interactions, 
collagen fibril formation, and the response to injury. Int J 
Biochem Cell Biol 2004; 36: 1115-1125

38 Crawford SE, Stellmach V, Murphy-Ullrich JE, Ribeiro SM, 
Lawler J, Hynes RO, Boivin GP, Bouck N. Thrombospon-
din-1 is a major activator of TGF-beta1 in vivo. Cell 1998; 93: 
1159-1170

39 Dewald O, Ren G, Duerr GD, Zoerlein M, Klemm C, Gersch 
C, Tincey S, Michael LH, Entman ML, Frangogiannis NG. Of 
mice and dogs: species-specific differences in the inflamma-
tory response following myocardial infarction. Am J Pathol 
2004; 164: 665-677

40 Isenberg JS, Ridnour LA, Perruccio EM, Espey MG, Wink 
DA, Roberts DD. Thrombospondin-1 inhibits endothelial 
cell responses to nitric oxide in a cGMP-dependent manner. 
Proc Natl Acad Sci USA 2005; 102: 13141-13146

41 Simantov R, Silverstein RL. CD36: a critical anti-angiogenic 
receptor. Front Biosci 2003; 8: s874-s882

42 Blankesteijn WM, Creemers E, Lutgens E, Cleutjens JP, 
Daemen MJ, Smits JF. Dynamics of cardiac wound healing 
following myocardial infarction: observations in genetically 
altered mice. Acta Physiol Scand 2001; 173: 75-82

43 Lijnen PJ, Petrov VV, Fagard RH. Induction of cardiac fibro-
sis by transforming growth factor-beta(1). Mol Genet Metab 
2000; 71: 418-435

44 Schiller M, Javelaud D, Mauviel A. TGF-beta-induced SMAD 
signaling and gene regulation: consequences for extracellular 
matrix remodeling and wound healing. J Dermatol Sci 2004; 
35: 83-92

45 Sato I, Shimada K. Quantitative analysis of tenascin in chor-
dae tendineae of human left ventricular papillary muscle 
with aging. Ann Anat 2001; 183: 443-448

46 Willems IE, Arends JW, Daemen MJ. Tenascin and fibronec-
tin expression in healing human myocardial scars. J Pathol 
1996; 179: 321-325

47 Imanaka-Yoshida K, Hiroe M, Nishikawa T, Ishiyama S, 
Shimojo T, Ohta Y, Sakakura T, Yoshida T. Tenascin-C mod-
ulates adhesion of cardiomyocytes to extracellular matrix 
during tissue remodeling after myocardial infarction. Lab 
Invest 2001; 81: 1015-1024

48 Mackie EJ, Scott-Burden T, Hahn AW, Kern F, Bernhardt J, 
Regenass S, Weller A, Bühler FR. Expression of tenascin by 
vascular smooth muscle cells. Alterations in hypertensive 
rats and stimulation by angiotensin II. Am J Pathol 1992; 141: 
377-88

49 Murphy-Ullrich JE, Lightner VA, Aukhil I, Yan YZ, Erickson 
HP, Höök M. Focal adhesion integrity is downregulated by 
the alternatively spliced domain of human tenascin. J Cell Biol 
1991; 115: 1127-1136

50 Tremble P, Chiquet-Ehrismann R, Werb Z. The extracellular 
matrix ligands fibronectin and tenascin collaborate in regu-
lating collagenase gene expression in fibroblasts. Mol Biol 

Cell 1994; 5: 439-453
51 Heymans S, Luttun A, Nuyens D, Theilmeier G, Creemers E, 

Moons L, Dyspersin GD, Cleutjens JP, Shipley M, Angellilo 
A, Levi M, Nübe O, Baker A, Keshet E, Lupu F, Herbert JM, 
Smits JF, Shapiro SD, Baes M, Borgers M, Collen D, Dae-
men MJ, Carmeliet P. Inhibition of plasminogen activators 
or matrix metalloproteinases prevents cardiac rupture but 
impairs therapeutic angiogenesis and causes cardiac failure. 
Nat Med 1999; 5: 1135-1142

52 Ducharme A, Frantz S, Aikawa M, Rabkin E, Lindsey M, 
Rohde LE, Schoen FJ, Kelly RA, Werb Z, Libby P, Lee RT. 
Targeted deletion of matrix metalloproteinase-9 attenuates 
left ventricular enlargement and collagen accumulation 
after experimental myocardial infarction. J Clin Invest 2000; 
106: 55-62

53 Rohde LE, Ducharme A, Arroyo LH, Aikawa M, Sukhova 
GH, Lopez-Anaya A, McClure KF, Mitchell PG, Libby P, 
Lee RT. Matrix metalloproteinase inhibition attenuates early 
left ventricular enlargement after experimental myocardial 
infarction in mice. Circulation 1999; 99: 3063-3070

54 Tamaoki M, Imanaka-Yoshida K, Yokoyama K, Nishioka 
T, Inada H, Hiroe M, Sakakura T, Yoshida T. Tenascin-C 
regulates recruitment of myofibroblasts during tissue repair 
after myocardial injury. Am J Pathol 2005; 167: 71-80

55 Weber KT. Fibrosis and hypertensive heart disease. Curr Opin 
Cardiol 2000; 15: 264-272

56 Bristow J, Tee MK, Gitelman SE, Mellon SH, Miller WL. 
Tenascin-X: a novel extracellular matrix protein encoded by 
the human XB gene overlapping P450c21B. J Cell Biol 1993; 
122: 265-278

57 Geffrotin C, Garrido JJ, Tremet L, Vaiman M. Distinct tissue 
distribution in pigs of tenascin-X and tenascin-C transcripts. 
Eur J Biochem 1995; 231: 83-92

58 Matsumoto K, Takahashi K, Yoshiki A, Kusakabe M, Ariga 
H. Invasion of melanoma in double knockout mice lacking 
tenascin-X and tenascin-C. Jpn J Cancer Res 2002; 93: 968-975

59 Matsumoto K, Takayama N, Ohnishi J, Ohnishi E, Shirayo-
shi Y, Nakatsuji N, Ariga H. Tumour invasion and metasta-
sis are promoted in mice deficient in tenascin-X. Genes Cells 
2001; 6: 1101-1111

60 Ikuta T, Ariga H, Matsumoto KI. Effect of tenascin-X to-
gether with vascular endothelial growth factor A on cell 
proliferation in cultured embryonic hearts. Biol Pharm Bull 
2001; 24: 1320-1323

61 Ikuta T, Ariga H, Matsumoto K. Extracellular matrix tenas-
cin-X in combination with vascular endothelial growth factor 
B enhances endothelial cell proliferation. Genes Cells 2000; 5: 
913-927

62 Schalkwijk J, Zweers MC, Steijlen PM, Dean WB, Taylor 
G, van Vlijmen IM, van Haren B, Miller WL, Bristow J. A 
recessive form of the Ehlers-Danlos syndrome caused by 
tenascin-X deficiency. N Engl J Med 2001; 345: 1167-1175

63 Snider P, Hinton RB, Moreno-Rodriguez RA, Wang J, Rog-
ers R, Lindsley A, Li F, Ingram DA, Menick D, Field L, 
Firulli AB, Molkentin JD, Markwald R, Conway SJ. Periostin 
is required for maturation and extracellular matrix stabili-
zation of noncardiomyocyte lineages of the heart. Circ Res 
2008; 102: 752-760

64 Stanton LW, Garrard LJ, Damm D, Garrick BL, Lam A, Ka-
poun AM, Zheng Q, Protter AA, Schreiner GF, White RT. 
Altered patterns of gene expression in response to myocar-
dial infarction. Circ Res 2000; 86: 939-945

65 Takayama G, Arima K, Kanaji T, Toda S, Tanaka H, Shoji S, 
McKenzie AN, Nagai H, Hotokebuchi T, Izuhara K. Perios-
tin: a novel component of subepithelial fibrosis of bronchial 
asthma downstream of IL-4 and IL-13 signals. J Allergy Clin 
Immunol 2006; 118: 98-104

66 Norris RA, Damon B, Mironov V, Kasyanov V, Ramamurthi 
A, Moreno-Rodriguez R, Trusk T, Potts JD, Goodwin RL, 
Davis J, Hoffman S, Wen X, Sugi Y, Kern CB, Mjaatvedt CH, 

Matsui Y et al . Matricellular proteins in myocardial infarction



80 May 26, 2010|Volume 1|Issue 5|WJBC|www.wjgnet.com

Turner DK, Oka T, Conway SJ, Molkentin JD, Forgacs G, 
Markwald RR. Periostin regulates collagen fibrillogenesis 
and the biomechanical properties of connective tissues. J 
Cell Biochem 2007; 101: 695-711

67 Rios H, Koushik SV, Wang H, Wang J, Zhou HM, Lindsley 
A, Rogers R, Chen Z, Maeda M, Kruzynska-Frejtag A, Feng 
JQ, Conway SJ. periostin null mice exhibit dwarfism, incisor 
enamel defects, and an early-onset periodontal disease-like 
phenotype. Mol Cell Biol 2005; 25: 11131-11144

68 Gillan L, Matei D, Fishman DA, Gerbin CS, Karlan BY, 
Chang DD. Periostin secreted by epithelial ovarian carci-
noma is a ligand for alpha(V)beta(3) and alpha(V)beta(5) 
integrins and promotes cell motility. Cancer Res 2002; 62: 
5358-5364

69 Yan W, Shao R. Transduction of a mesenchyme-specific 
gene periostin into 293T cells induces cell invasive activity 
through epithelial-mesenchymal transformation. J Biol Chem 
2006; 281: 19700-19708

70 Baril P, Gangeswaran R, Mahon PC, Caulee K, Kocher HM, 
Harada T, Zhu M, Kalthoff H, Crnogorac-Jurcevic T, Lem-
oine NR. Periostin promotes invasiveness and resistance of 
pancreatic cancer cells to hypoxia-induced cell death: role of 
the beta4 integrin and the PI3k pathway. Oncogene 2007; 26: 
2082-2094

71 Wilde J, Yokozeki M, Terai K, Kudo A, Moriyama K. The 
divergent expression of periostin mRNA in the periodontal 
ligament during experimental tooth movement. Cell Tissue 
Res 2003; 312: 345-351

72 Kaufmann B, Müller S, Hanisch FG, Hartmann U, Paulsson 
M, Maurer P, Zaucke F. Structural variability of BM-40/
SPARC/osteonectin glycosylation: implications for collagen 
affinity. Glycobiology 2004; 14: 609-619

73 Rentz TJ, Poobalarahi F, Bornstein P, Sage EH, Bradshaw 
AD. SPARC regulates processing of procollagen I and col-
lagen fibrillogenesis in dermal fibroblasts. J Biol Chem 2007; 

282: 22062-22071
74 Bradshaw AD, Reed MJ, Sage EH. SPARC-null mice exhibit 

accelerated cutaneous wound closure. J Histochem Cytochem 
2002; 50: 1-10

75 Barker TH, Baneyx G, Cardó-Vila M, Workman GA, Weav-
er M, Menon PM, Dedhar S, Rempel SA, Arap W, Pasqualini 
R, Vogel V, Sage EH. SPARC regulates extracellular matrix 
organization through its modulation of integrin-linked ki-
nase activity. J Biol Chem 2005; 280: 36483-36493

76 Velling T, Risteli J, Wennerberg K, Mosher DF, Johansson S. 
Polymerization of type I and III collagens is dependent on 
fibronectin and enhanced by integrins alpha 11beta 1 and 
alpha 2beta 1. J Biol Chem 2002; 277: 37377-37381

77 Bujak M, Frangogiannis NG. The role of TGF-beta signaling 
in myocardial infarction and cardiac remodeling. Cardiovasc 
Res 2007; 74: 184-195

78 Francki A, Bradshaw AD, Bassuk JA, Howe CC, Couser 
WG, Sage EH. SPARC regulates the expression of collagen 
type I and transforming growth factor-beta1 in mesangial 
cells. J Biol Chem 1999; 274: 32145-32152

79 Schiemann BJ, Neil JR, Schiemann WP. SPARC inhibits epi-
thelial cell proliferation in part through stimulation of the 
transforming growth factor-beta-signaling system. Mol Biol 
Cell 2003; 14: 3977-3988

80 van den Borne SW, van de Schans VA, Strzelecka AE, Ver-
voort-Peters HT, Lijnen PM, Cleutjens JP, Smits JF, Daemen 
MJ, Janssen BJ, Blankesteijn WM. Mouse strain determines 
the outcome of wound healing after myocardial infarction. 
Cardiovasc Res 2009; 84: 273-282

81 Nakagawa M, Takemura G, Kanamori H, Goto K, Maruyama 
R, Tsujimoto A, Ohno T, Okada H, Ogino A, Esaki M, Miyata 
S, Li L, Ushikoshi H, Aoyama T, Kawasaki M, Nagashima 
K, Fujiwara T, Minatoguchi S, Fujiwara H. Mechanisms by 
which late coronary reperfusion mitigates postinfarction car-
diac remodeling. Circ Res 2008; 103: 98-106

S- Editor  Cheng JX    L- Editor  Kerr C    E- Editor  Zheng XM

Matsui Y et al . Matricellular proteins in myocardial infarction


