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Abstract: Cardiac fibrosis is a common finding that is associated with the progression of heart
failure (HF) and impacts all chambers of the heart. Despite intense research, the treatment of
HF has primarily focused upon strategies to prevent cardiomyocyte remodeling, and there are no
targeted antifibrotic strategies available to reverse cardiac fibrosis. Cardiac fibrosis is defined as
an accumulation of extracellular matrix (ECM) proteins which stiffen the myocardium resulting
in the deterioration cardiac function. This occurs in response to a wide range of mechanical and
biochemical signals. Integrins are transmembrane cell adhesion receptors, that integrate signaling
between cardiac fibroblasts and cardiomyocytes with the ECM by the communication of mechanical
stress signals. Integrins play an important role in the development of pathological ECM deposition.
This review will discuss the role of integrins in mechano-transduced cardiac fibrosis in response
to disease throughout the myocardium. This review will also demonstrate the important role of
integrins as both initiators of the fibrotic response, and modulators of fibrosis through their effect on
cardiac fibroblast physiology across the various heart chambers.

Keywords: cardiac fibrosis; integrins; fibroblasts; myofibroblasts; left ventricle; right ventricle;
mechano-sensing

1. Introduction

Heart Failure (HF) is a significant clinical problem with ~6 million individuals suf-
fering from HF within the United States between 2015 and 2018 [1]. In response to toxic
stimuli, the heart undergoes a response known as remodeling; characterized by cardiomy-
ocyte (CM) hypertrophy, fibrosis along with a wide array of electrical and molecular based
changes [2–4]. Cardiac fibrosis a key feature of the remodeling response, and is defined
as the accumulation of excessive amounts of extracellular matrix (ECM) proteins such
as collagen and fibronectin, in response to injuries such as myocardial infarction (MI),
pressure overload (PO), or during the progression of inflammatory disorders such as dia-
betes [3,5,6]. Cardiac Fibroblasts (CFs) within and around injured areas become activated,
and transform into myofibroblasts [7]. Myofibroblasts possess both contractile and syn-
thetic characteristics, and are capable of secreting inflammatory cytokines as well as ECM
components such as collagen [8]. In the heart, the transformation of CF to myofibroblast is
associated with the production of fibrillar collagen types I and III, of which type I collagen
remains the most abundant [9]. While the process of tissue repair is an important short-
term adaptation to tissue injury, continual long-term production of ECM proteins results
in a stiff, non-compliant myocardium which leads to cardiac dysfunction and culminates
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in HF [3,6,10,11]. Further, the increased production and accumulation of collagen along
with the increased myofibroblast number leads to impaired mechano-electric coupling of
CMs [12,13]. Finally, active myofibroblasts continue to secret proinflammatory cytokines
further leading to CM hypertrophy, necrosis and prompting additional replacement fibrosis.
This is best described by a positive feedback loop whereby injury leads to fibrosis, resulting
in reduced chamber compliance and impaired cardiac function, which further activates
cytokines leading to ongoing collagen production. One of the established contributors
to cardiac fibrosis is mechanical stress. Since fibroblasts are sensitive to their mechanical
microenvironment, increases in ECM tension observed during pathological remodeling
further promotes endogenous CF differentiation to myofibroblasts. This further augments
the positive feedback loop in that a stiffer matrix stimulates more collagen production. The
molecular mechanisms involved in myofibroblast differentiation remains an active area of
research, and a crucial part of the cell’s mechanosensory capability are the integrin family
of proteins.

Integrins are family of heterodimeric transmembrane cell-adhesion molecules com-
prised of α and β receptor subunits [14–16]. There are to date, eighteen α subunits and
eight β subunits which comprise twenty-four unique heterodimers. Integrins have two
major functions; the first is to bind the ECM to the cell, and the second is to regulate
cell-ECM signaling. The distinct role that each integrin heterodimer plays are dependent
upon its composition of α and β subunits. These roles can include cell adhesion, mi-
gration and extravasation [14,16,17]. Importantly, integrin’s respond to ligand binding
and are therefore classified by ligand specificity. These include arginine-glycine-aspartate
(RGD)-binding receptors, leukocyte-specific receptors, laminin receptors and collagen
binding receptors [14,16,18]. Moreover, specific integrins may mediate cell–cell adhesion
and potentially communication [16]. Activation of integrins following ECM ligand binding
(‘outside-in’ signaling), initiates downstream signaling mechanisms including A kinases,
small GTPases and proteins that modulate ECM composition [17,19–21]. The affinity of an
integrin to its ligand is enhanced in response to intracellular signaling (‘inside-out’ signal-
ing) derived from activated G-protein or via coupling with other receptors [21]. Further,
inside-out signaling mechanisms enable the docking of focal adhesions [22]. In this review
we will explore the most recent research on the interaction of integrins and collagen in the
heart and how these interactions are altered during disease.

2. Integrins in the Heart

The composition of most tissues in the body can be classified as cellular and extracellu-
lar components. The heart is composed of CMs, CFs, smooth muscle cells, and endothelial
cells among others (e.g., pericytes and immune cells) [16]. The extracellular component,
also known as the ECM of the heart contains a variety of molecules including hyaluronan,
fibronectin, proteoglycans, laminin, and collagens [16,23]. These extracellular molecules
communicate with the cells of the heart to help control cell growth, survival, differentiation,
migration, and other cell processes [24]. This communication is mediated through several
different mechanisms, but one of particular importance is through the cell-surface receptors
like integrins [16].

In the healthy heart, CFs have been shown to express α1β1 [25,26], α2β1 [25,26],
α11β1 [27], and β3 integrins [28], CMs have been shown to express α1β1 [29], α5β1 [30],
α7β1 [15], and β1 integrins (Figure 1).



Cells 2021, 10, 770 3 of 18

Figure 1. Integrin expression in healthy adult cardiomyocyte and cardiac fibroblast. In the healthy
heart, adult cardiomyocytes have been shown to express α1β1, α5β1, α7β1, and β1 integrins. In the
adult fibroblast, integrins have been shown to express α1β1, α2β1, α11β1, and β3 integrins.

These integrins bind to a variety of ligands and ECM components. α1β1, α2β1, and
α11β1 are collagen-binding integrins [31], binding to collagens types I, IV, and IX [16,32–34].
These integrins differ in their preferential binding between collagens types I and IV. Be-
tween these two collagen types, α1β1 preferentially bind to collagen type IV [18,32,33],
while α2β1 and α11β1 preferentially bind to collagen type I [18,32–34]. Fibrillar collagens
are the most abundant proteins within the cardiac ECM [35,36]. The primary role of col-
lagen within the heart is to provide the structural lattice for CMs along with, stiffness to
the myocardial wall and aid in force transduction [37,38]. Therefore, collagen synthesis
and degradation is highly regulated within the myocardium and minor alterations to the
collagen structure may significantly affect myocardial force production and ultimately
cardiac function [39,40]. Further, collagen binding integrins play a relatively minor role
in normal physiology but, have significant roles in development and organ fibrosis [18].
In addition to collagen, α1β1 and α2β1, along with α7β1 [15,41] bind to laminin, another
ECM molecule. The β3 [28] and α5β1 [42,43] integrins have been shown to bind to Arg-
Gly-Asp (RGD) motifs. The α5β1 integrin has been shown to be the one predominantly
expressed by the neonatal CM, while the α7β1 integrin is predominantly expressed by
the adult CM [15]. The αvβ5 integrin, similar to the β3 and α5β1 integrins, binds to RGD
motifs [44], and is normally highly expressed during cardiac development, rather than
in the adult heart [45]. α3β1 is an integrin that binds to a variety of molecules, including
fibronectin and laminin [46].

Fibronectin is a multifunctional, soluble, secreted glycoprotein produced by CFs, my-
ofibroblasts, and endothelial cells [47]. Much like collagen, the organization of a fibronectin
matrix is essential to cell migration in embryogenesis, and wound healing. To this end,
integrin binding is required to scaffold fibronectin to the actin cytoskeleton and promote
fibronectin fibrillogenesis. It has long been established that the primary fibronectin-binding
integrin is the α5β1 integrin and knockout animal studies have been used to demonstrate
a compensatory ability of the αVβ3 to mediate fibronectin attachment in the absence of
α5β1 [48]. Attachment of these integrins to fibronectin mediate its alignment to actin stress
fibers via RhoA-dependent mechanisms [49]. Recent work on fibronectin in the cardiac sys-
tem has revealed its crucial role in embryological heart development. Work by Mittal et al.
in fibronectin-null and α5-null mouse embryos displayed aberrations in fibroblast growth
factor 8 (Fgf8) signaling without alterations in Fgf8 mRNA. The group also demonstrated
that fibronectin adhesion was necessary to in vitro Fgf8 signaling, which purports a crucial
role for α5β1 integrin in the adhesion of cardiac precursors to the fibronectin matrix and
furthermore, mediating morphogenesis of the fetal heart [30].
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3. Normal Functions of Integrins in CFs

The collagen-binding integrins α1β1, α2β1, α11β1 mediate numerous functions in CFs
in addition to collagen binding. The α1β1 play important roles in the regulation of collagen
synthesis [50,51] and fibroblast proliferation [52], ultimately contributing to the formation
of new ECM. While α2β1 alone functions in the induction of matrix metalloproteinases [50],
both α2β1 and α11β1 share functions in contraction of collagen lattices [34,50,53,54], cell
migration [34,55], and collagen fibril formation [56]. β3 integrins have been shown to
contribute to cell spreading, proliferation, and migration [28].

4. Normal Functions of Integrins in CMs

CMs are responsible for the synchronous generation of force and relaxation that are
the fundamental properties of heart function. To this end, CMs have a highly organized
cellular structure, and must communicate with adjacent cells [57]. The integrins expressed
in CMs support proper cell shape and proper cell–cell communication. α1β1 is important in
development and maintenance of cell morphology [29] while α5β1 mediates organization
of the gap junction protein, connexin 43 [58], which connects adjacent cells and allows
for free movement of ions, metabolites, second messengers, and other small molecules
between cells. The α7β1 integrin has been shown to interact with laminin in order to
promote cell adhesion and motility in myoblasts, the precursors to striated muscle cells
(such as CMs) [59]. The β1 integrin possesses four isoforms, two of which are expressed in
CMs, namely β1A and β1D. The β1A isoform is expressed predominantly in the developing
heart, as opposed to β1D which is the isoform expressed in the adult heart. β1D functions in
adhering the CM to the ECM [15] and helps maintain proper mechano-sensing in CMs [60].
Therefore, integrins act to coordinate and control force sensing, providing a mechanism by
which the heart can sense and respond to the various mechanical stressors placed upon the
heart during both health and disease in order to maintain appropriate cardiac function.

5. Integrins in the Diseased Heart

In the diseased heart, the expression and function of integrins is altered in order
to account for abnormal stress signals, leading to alterations in CFs, the ECM and CMs.
Myocardial stress induced integrin signaling may result in the activation of myofibroblasts
(e.g., fibrosis, or “the excessive deposition of collagen”) [61] or the development of CM hy-
pertrophy [62]. CF expression of α1β1 [16,25,26], α2β1 [16,25,26], α10β1 [63], α11β1 [16,64]
and β3 [65] integrins are modified in response to myocardial stress in both heath (e.g.,
exercise) and disease (e.g., MI), and the αvβ5 [66], β1 [65] integrins become upregulated
(Figure 2). CM expression of the α1β1 [29], α5β1 [30,67], α7β1 [68], β1 [46,69] integrins are
upregulated, and the α2β1 [16], α3β1 [67], β3 [45] integrins become expressed (Figure 2).

The modification of integrin expression impacts the force sensing capabilities of
the cell and alters signaling mechanisms within the cell (i.e., outside in signaling), as
described below.
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Figure 2. Summary of integrin expression in health and disease. The diseased heart possesses a higher proportion of
myofibroblasts than does the healthy heart. In the diseased heart, myofibroblasts show modified expression of the α1β1,
α2β1, α11β1, and β3 integrins, as well as non-endogenous expression of the αvβ5, α10β1, and β1 integrins. In the diseased
heart, cardiomyocytes show modified expression of the α1β1, α5β1, α7β1, and β1 integrins, as well as non-endogenous
expression of the α2β1, α3β1, and β3 integrins.

6. The Importance of Actin Binding Elements and Integrin Related Kinases

Since integrins do not possess intrinsic enzymatic or actin-binding activity, adap-
tor proteins are required to propagate signals from the ECM to the cell and vice versa.
These adaptor proteins connect cytoplasmic tails of integrin α and β subunits to the actin
cytoskeleton or other signaling molecules and mediate the activation of downstream path-
ways. The following section will outline the functionality of the main integrin-related
proteins: Talin, Paxillin, Kindlin, Focal Adhesion Kinase (FAK) and Integrin-Linked Kinase
(ILK) as they have been shown to be involved directly in integrin induced fibrosis.

7. Talin

Talin is an actin-binding protein which binds either directly or indirectly through
vinculin (Figure 3) [17,70]. Talin has broad effects upon integrin function, transducing sig-
nals across integrins both inside-out and outside-in. Talin modulates integrin organization
through the actin network and focal adhesions composition [22,71,72]. Talin binding is
initiated following ECM bound integrins recruiting talin to bind to the tails of β subunits
such as integrin β1. Talin can facilitate non-ECM bound integrins to bind to their respective
ligands which is thought to be dependent on FAK signaling [22,72] (Figure 3). Further,
talin has two integrin binding sites, three actin binding sites and can dimerize. Thus, talin
has the potential to bind four integrin heterodimers and multiple actin filaments [22]. The
knockout (KO) of talin-1 within the heart leads to reduced hypertrophy and fibrosis in
response to PO attributed to attenuated ERK1/2, p38 and Akt responses [73]. Manso et al.,
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further investigated the roles of talin-1 and 2 demonstrating that talin2 KO surprisingly
does not affect cardiac function or structure due to a compensatory upregulation of talin1.
Finally, the KO of both talin1 and 2 leads to cardiac dysfunction and mortality by 6 months
of age in mice [74].

Figure 3. Integrins bind with the ECM followed by the binding of integrin associated proteins such as
Talin, Kindlins, Paxillin (Pax), Focal adhesion Kinase (FAK) and Integrin Linked Kinase (ILK). Where
the activation of Talin results in binding of the actin cytoskeleton directly or via vinculin (VINC) as
well as, the activation of other Integrins through co-operation with Kindlin’s (Inside-out). Moreover,
Talin binding results in the activation of FAK Paxillin binding to integrin results in FAK activation
and actin binding via VINC. ILK binding to integrin results in cytoskeleton binding through Parvin
(PA). Finally, FAK activation can occur via direct binding to integrins.

8. Paxillin

Paxillin is an adapter protein that has been shown to be involved in integrin mediated
cell adhesion to the ECM. Paxillin is a phosphotyrosine-containing protein that has been
implicated in a number of signaling pathways due to the various adapter proteins and
kinases in which it binds to, including vinculin (Figure 3), actopaxin, FAK and ILK [72]. Due
to the wide range of protein interactions, it has been implicated in multiple mechanisms.
Paxillin has been shown to directly bind to β1, β3 and α4 integrin [75]. Paxillin is essential
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for heart function as paxillin deficiency leads to destabilization of binding partners such as
FAK, resulting in degradation of vinculin and leading to HF [76].

9. Kindlin

Kindlins are a family of structurally related multidomain proteins consisting of three
distinct subtypes, all of which bind to the cytoplasmic tail of β integrins. The assembly of
focal adhesions requires the binding of kindlins and kindlins are important co-activators of
integrins via number of mechanisms including the creation of a complex with talin and
β1 integrin [72] (Figure 3). Various subtypes of kindlins exist: kindlin 1, 2 and 3 have
different expression patterns with kindlin 1 and 2 expression ubiquitous across murine
and human tissues where-as, kindlin-3 is restricted to hematopoietic tissues. Importantly
all three kindlin isoforms bind to the collagen binding β1 integrin. The loss of kindlin 1
or 2 has been demonstrated to impair β1 integrin activation [77]. Kindlin-2 plays a key
role in maintaining cardiac structure and normal heart function. The loss of kindlin-2 in
adult CMs was associated with enlargement of the heart, and extensive fibrosis which
eventuated in HF [78].

10. Focal Adhesion Kinase (FAK)

Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase expressed widely,
and has been implicated as an important mediator of integrin mediated transduction.
Further, FAK has been demonstrated through early studies to be activated by the ECM or
growth factors. Importantly, tyrosine phosphorylation of FAK has been associated with the
formation of focal contacts. The FAK 4.1 protein ezrin radixin moesin (FERM) domain is
important for the binding of integrins as well as the activation of integrin-FAK mediated
non-receptor tyrosine kinases such as ETK [79]. The colocalization of FAK and integrins is
an indirect association through binding to other integrin-related proteins like paxillin and
talin [80,81] (Figure 3). Further, the mechanical activation of FAK has been demonstrated
in vivo and in vitro [82,83]. FAK is implicated in myofibroblast transformation and collagen
deposition [84–87]. Inhibition of FAK in cardiomyopathy leads to reduction in collagen I
production and α-SMA as well as, reduced ERK and AKT phosphorylation [88].

11. Integrin-Linked Kinase (ILK)

Integrin Linked kinase (ILK) is a protein kinase linking the cytoskeleton and medi-
ating integrin signaling. It has been shown to bind to the cytoplasmic tails of β1 and β3
integrins [89,90]. ILK is thought to elicit its downstream biological activity through its role
as a scaffolding protein, by binding other scaffolding proteins including PINCH, parvin
and paxillin [91]. Parvin has been demonstrated to bind to the actin cytoskeleton [92] and
PINCH binding can result in the initiation of the catalytic activity of ILK [91] (Figure 3).
ILK is important to maintain proper myocyte architecture, as deletion of ILK in mouse
hearts disrupts myocyte morphology leading to cardiac fibrosis [93].

12. Integrin Mediated Signaling

The mechano-sensing of integrins in response to cardiac injury, pressure or volume
overload ultimately results in the activation of several downstream pathways, which
mediate the activation of myofibroblasts and collagen production. One prominent path-
way associated with integrin activation as a result of receptor ligand binding is TGF-β1.
This mechanism, involving Small Mothers Against Decapentaplegic (SMADS) has been
described in great depth [6,17,84,94–96].

The activation of integrins has been demonstrated to recruit Rho guanine nucleotide-
exchange factors, thus initiating the activation of the Rho/ROCK pathway [5]. The Hippo
related transcription factors, YAP/TAZ, have been demonstrated to be activated by me-
chanical signaling, through integrins, leading to activation of Src kinases, Rho-GTPases,
ILK, and ultimately YAP/TAZ phosphorylation [97]. Finally, Wnt signaling pathway has
been implicated with integrin/FAK activation in response to a stiffening ECM [98].
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13. Spatial and Temporal Distribution and Functions of Integrins in Heart during Disease

The heart is comprised of four chambers each possessing cell populations that have
been postulated to be region specific. The cells within each chamber differ in origin, elec-
trophysiological properties, and gene expression. Importantly, the function and mechano-
stress micro-environments of each chamber is distinct, resulting in a different response to
disease. As previously described, CFs within diseased chambers have significantly altered
phenotypes compared to that of healthy chambers and are referred to as myofibroblasts.
Myofibroblasts produce significant amounts of ECM proteins and are marked by increased
expression of various proteins such as α-smooth muscle actin (α-SMA), platelet derived
growth factor receptor (PDGFR)-α, PDGFR-β and periostin. In this section, we will explore
how integrins expression changes across the myocardium in response to cardiac disease
models and explore how integrins mediate cardiac fibrosis.

14. Integrins Across the Left Ventricle
14.1. Acute/Ischemic Injury

Following cardiac injury including MI, fibrosis remains an important response in
order to replace cells within the injured area and stabilize heart function [6]. Initially, the
significant loss of CMs due to necrotic cell death leads to an inflammatory phase which
initiates the migration of macrophages and CFs to the injured myocardium [99,100]. Once
macrophages remove dead tissue and ECM fragments from the injured myocardium, local
cytokines stimulate the transformation of CFs into myofibroblasts [101–103]. These myofi-
broblasts secrete collagen to replace the lost cells, stabilizing the remaining tissue within
the myocardium preventing rupture and death. However, once the scar has matured, my-
ofibroblasts remaining in the infarcted area continue to secrete collagen type I and replace
collagen type III [104]. Collagen type I within the infarct and per-infarct area undergoes
cross linking by LOX iso forms [105]. Cross-linking of the collagen fibers leads to increased
tensile strength and contraction of the infarct altering the ventricular geometry [10]. This
results in LV dilation, as per Laplace’s law, LV dilatation increases local wall stress, further
activating myofibroblasts in the infarct and remote area, further promoting deleterious
remodeling, with infarct expansion and the production of fibrosis within the remote area.
The remodeling leads to the development of HF, an increased chance of cardiac arrythmias
and sudden cardiac death due to electrical inhomogeneity [106]. Since integrins are key
mediators of ECM-cell attachment and mechano-sensing (LV wall stress) their expression
and role following ischemic injury has been widely investigated.

Nawata et al. (1999) described the expression of α1, α3 and α5 integrin in the rat
heart following ligation of the left anterior descending (LAD) coronary artery [107]. This
study demonstrated that α5 integrin expression was increased mostly in the peri-infarct
zone and remote areas early at 4 days and 7 days post ligation, followed by a decline to
levels seen in control animals by 42-days post ligation [104]. Moreover, the integrin α1
expression was significantly increased only in the peri-infarct zone and persisted until
42 days post ligation [107]. Modification of integrin expression correlated with the ex-
pression profiles of collagen and fibronectin post MI within the peri-infarct zone. The
increase in α5 integrin correlated with fibronectin expression and the increased α1 integrin
correlated with collagen expression, suggesting that integrins modify ECM expression.
Krishnamurthy et al., showed that the heterozygous deletion of β1 integrin increased
myocardial dysfunction with increased LV dilatation post MI [108]. This was associated
with greater degrees of myocyte hypertrophy and apoptosis [108]. While there was no
significant increase in fibrosis following LAD ligation, a trend to increased fibrosis was
noted. Further Investigation by Sun et al. (2003), observed that following MI, integrins
β1 and β3 gene expression was significantly upregulated at the site of the infarct [109].
To understand the β1 integrin expression further, they sought to understand the different
isoforms β1D and β1A [109]. β1D expression was down regulated following MI, which
was associated with upregulation of tumor necrosis factor α [109]. Human studies have
described similar effects when samples from ischemic HF (IHF) patients who underwent
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transplant were evaluated [110]. The expression of integrin β1D was seen to be significantly
lower in those patients suffering from IHF compared to that of control hearts [110]. Okada
et al. (2013) sought to investigate the importance of integrins in ischemic damage following
ischemic reperfusion injury of the left ventricle (LV) [68]. Using an overexpression model,
Okada and colleagues demonstrated the importance of α7 integrin, displaying that α7
overexpression reduced the size of the infarct [68]. To further investigate the importance of
integrins, they deleted the β1 integrin using a Cre with a myosin heavy chain promoter,
which significantly increased the infarct size despite a similar area’s at risk [68]. Finally,
Konstandin and colleagues have demonstrated a protective role α5β1 integrin induced by
fibronectin binding following MI [111]. Fibronectin KO mice had significantly increased
infarct size and worsened function following MI due to attenuated cardiac progenitor cell
(CPC) protection and proliferation. β1 and α5 integrin knockdowns in CPC’s resulted in a
blunted fibronectin induced CPC protection. Further, fibronectin treatment induces Pim 1
expression and overexpression of Pim 1 improved CPC protection which, was blunted by
β1 integrin knockdown. Finally, FAK inhibition blocked fibronectin induced Pim 1 expres-
sion. Therefore, Konstandin and colleagues suggest fibronectin binding to α5β1 induces
protection and proliferation of CPC’s via activation of FAK and Pim 1 [111]. These studies
have shown an important protective role for β1 integrin in regulating infarct formation.
Further investigation of the contribution of ECM ligand binding, ECM production induced
by integrins, and the downstream modulators is needed to understand how integrins
modulate short-term infarct formation, and the long-term deleterious remodeling seen
post infarct.

14.2. Pressure Overload

In response to PO the heart remodels, resulting in cardiac fibrosis and hypertrophy,
in an attempt to normalize the increased wall stress. Fibrosis increases cardiac stiffness,
which may manifest as diastolic dysfunction, and is associated with activation of car-
diac fibroblasts to myofibroblasts, with the production of excessive ECM proteins [6,112].
Burges et al. sort to identify the effects of hypertension (coarctation of the abdominal aorta)
and exercise training (XTR) upon integrin expression in the LV. They demonstrated that
hypertension reduced α1, α2 and α5 expression, while increasing β1 integrin expression,
compared to control [113]. Conversely, XTR reduced α1 and increased both α5 and β1
integrin expression, demonstrating the differential role of integrins in (patho)physiology
and response to different forms of cardiac stress [113]. Moreover, Babbitt et al. investigated
integrin expression and signaling following transverse aortic constriction (TAC). They
demonstrated that TAC increased α1, α5, and β1 integrin mRNA as well as, α7 and β1D
protein expression after 7 days [83]. Finally, FAK recruitment as measured via phosphory-
lated FAK which, was significantly increased 60 min post TAC [83]. The studies conducted
by Burgess and Babbbit et al., demonstrate differential expression of integrins in response
to pressure, but not as to how this affects ECM production and remodeling, which is an
important next step. A study by Krishnamurthy et al. demonstrated the role of β1 integrin
in myocardial remodeling after β—adrenergic stimulation [114]. Here, Krishnamurthy and
colleagues, showed that heterozygous β1 integrin KO resulted in a blunted hypertrophic
and fibrotic response in the LV, following β—adrenergic stimulation. A blunted fibrotic
response coincided with increased matrix metalloproteinases (MMP)-2 protein levels 7-
and 28-days post stimulation. Interestingly 7 days post stimulation, MMP-9 protein expres-
sion was increased in WT, but reduced in heterozygous β1 integrin KO. These changes
in ECM molecules coincide with increased phosphorylated JNK and ERK protein expres-
sion [114]. Shai et al. inactivated β1 integrin exclusively in ventricular cardiac myocytes
using a Cre-loxP strategy, and showed that Cre positive mice had approximately 18% β1D
expression of controls, and upon reaching adulthood they developed “patchy” fibrosis
across the myocardium. These results coincided with abnormal organization of integrin
β1D and talin, showing a role for talin in β1D induced mechano-sensing. Finally, Cre
positive mice did not tolerate TAC PO, as they had significantly worse survival (53% vs.
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88%) [115]. The role of β1 integrin in PO described by the previous studies suggests it
plays a significant role in ventricular remodeling and fibrosis. The knowledge that β1
pairs with α chain collagen binding integrins may suggest that this process is managed
through collagen binding. Balasubramanian et al. investigated the role of β3 integrin in
cardiac fibrosis, secondary to TAC. β3/2 integrin null mice, in response to TAC, displayed
reduced accumulation of interstitial fibronectin and total collagen volume. Moreover, in
order to study the impaired response of ECM accumulation in β3/2 integrin null mice,
cardiac fibroblasts were analyzed from WT and β3/2 integrin null mice. β3/2 integrin
null cardiac fibroblasts displayed a reduction in cell-matrix adhesion, spreading, migration,
as well as reduced expression of the myofibroblast marker PDGFR. These results suggest
a role for β3 integrin in myofibroblast transformation and cardiac fibrosis in response to
TAC [28]. Finally, investigation of integrins in cardiac fibrosis induced by hypertension was
investigated in spontaneously hypertensive rats (SHR), and compared to control Wistar
rats [116]. SHR’s had significantly increased collagen I and TGF-β1 expression, which
coincided with increased αvβ5 integrin expression in both cardiac tissue and CFs [116].
SMAD2/3 signaling activation and α-SMA was significantly higher in isolated SHR-CFs,
following TGF-β1 treatment, an effect that was seen to be attenuated following inhibition
of αvβ5, which coincided with an attenuation of collagen I production [116]. As the β3 and
αvβ5 are RGD binding integrins, likely their role in cardiac fibrosis is via the activation of
signaling molecules such as TGF-β after binding with ligands, such as fibronectin rather
than collagen binding.

14.3. Diabetic Cardiomyopathy

Many patients with HF suffer from diabetes mellitus, and fibrosis is a frequent compli-
cation of diabetic cardiomyopathy (DCM), often referred to as the “frequent, forgotten and
fatal complication of diabetes” [3,117–119]. DCM is initially characterized by myocardial
fibrosis and dysfunctional remodeling, which is seen to be the production of disorganized
fibrotic matrix.

Our group investigated the role of α11 integrin in diabetes, where streptozotocin (STZ)-
treated Sprague Dawley rats were found to have increased α11 integrin mRNA and protein
in isolated CFs compared to controls [64]. To further elucidate the mechanisms behind the
excess fibrosis, siRNA Knockdown (KD) of α11 integrin was used in human fibroblasts
plated on methylglyoxal-treated collagen. The KD of α11 integrin blocked the increase in
TGFβ2 and α-SMA protein expression [64], suggesting that α11 integrin may mediate CF
transformation through TGFβ2 and fibrosis in the diabetic heart. Further research by our
group has demonstrated that glycated collagen binding to α11 integrin increased TGF-β2
expression, which coincided with the activation of α11 promoter. Interrogation of the α11
promoter demonstrated a Smad2/3 binding element [120]. Lastly, to further understand the
role of α11 integrin in fibrosis observed in DCM, our lab treated α11-KO mice with STZ to
induce diabetes. The loss of integrin α11 integrin reduced ECM production (collagen type
I) and cardiac fibrosis compared to controls, but did not improve diastolic function [27].
The evidence from these studies suggests α11integrin is a master regulator of a “toxic triad”
whereby, α11 binds to collagen resulting in TGF β signaling. The increase in collagen
production, along with increased α11 expression results in a positive feedback loop, where
α11 integrin acts to potentiate adverse cardiac remodeling and cardiac dysfunction.

The complexity of integrin binding within the LV displays that numerous questions
remain unanswered. A role for the collagen binding integrins α1, α2 and α11 has been
demonstrated, but mechanisms are not well defined. The catalytic activity of integrins
is managed by integrin related kinases. Understanding, how integrin-ligand binding
modulates signaling mechanisms and the transformation of CFs to myofibroblasts is
relevant. A differential integrin response was observed between the hypertension model
and MI. This is likely dependent on disease etiology and progression, displaying the
importance of understanding the roles of integrins, both in early remodeling as seen in MI,
and the later fibrotic response known to cause LV dilation and HF.
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15. Integrins in Right Ventricular Pressure Overload

Relative to its left-sided counterpart, the pathophysiological mechanisms underlying
disease of the right ventricle (RV) remain ill-defined. This has been attributed to the incor-
rect belief that the RV is a passive structure, serving only to provide blood to the pulmonary
circulation. With growing knowledge on the crucial interdependence between ventricles,
as well as the RV’s prognostic significance in pulmonary hypertension (PH), including PH
caused by left-HF, the RV has been receiving increased attention in the field of cardiac and
cardiopulmonary research. The LV and RV differ in their embryological origin, structure,
and CM architecture [121]. Interestingly, the RV has higher collagen content compared to
the LV; however, the cause of this difference remains undetermined. The response of the
RV to PO shares features with that of the LV, including initial compensatory hypertrophy
which eventually decompensates and transitions into chamber dilation, activation of the
fetal gene program, and fibrosis [122]. Dissimilarities also exist however, and are a topic
of current research. A study by Urashima and colleagues demonstrated that the gene
activation in response to PO shares much overlap but also differs between the ventricles,
such as a heightened activation of Wnt signaling, Dickkopf 3, and lysyl oxidase in the RV
compared to the LV [123]. It is likely that differences at the molecular level underly the
responsiveness of the failing RV to various therapeutics conventionally used for the LV;
however, this has not yet been explored in depth and remains one of the key questions in
RV research.

Our knowledge of the roles that collagen-binding integrins play in the RV under
PO remains limited. The β3 integrin was shown in early work by Kuppuswamy and
colleagues, to be associated with cytoskeletal-Src, and FAK upon PO to the feline RV [124].
Although further research of the β3 integrin in KO models has implicated it as a key player
in both cardiac hypertrophy and fibrosis, its known association with the non-collagen-
binding αV integrin suggests that the mechanism by which it regulates these processes
does not have a basis in direct integrin-collagen binding [28,125]. More recent work
however has demonstrated a more prominent role for collagen-binding integrins in RV
remodeling. In a rat model of RV dysfunction induced by pulmonary artery banding,
our group demonstrated that α1β1 and α11β1 were upregulated in the both the RV and
LV; including the α1β1A and α1β1D isoforms. These changes were accompanied by an
increase in collagen type I, αSMA, TGFβ1, phospho-FAK and phospho-Smad2/3. To further
investigate these signaling pathways at a cellular level, we subjected cultured RV fibroblasts
to cyclical stretching to mimic the mechanical stress of PO. Cell stretching predictably
induced the upregulation of profibrotic genes including αSMA, TGFβ1, and CTGF, as
well as the β1A integrin. Inhibition of integrin α2β1 by BTT-3033 abrogated this stretch-
induced response suggesting a key role for integrins in myofibroblast transformation in
RV fibroblasts [126]. Despite the value of our study in establishing a clear association
between collagen-binding integrin activity and profibrotic gene expression specifically
in the mechanically stressed RV fibroblast as well as upregulation of α1β1 and α11β1
integrins in RV PO, further work is required to elucidate a molecular mechanism that
causally connects collagen binding-mediated integrin signaling, to gene regulatory activity
in the RV.

Since our study only demonstrated the upregulation of α1 and α11 integrins in the
pressure-overloaded RV, future studies using KO models could provide further insight on
the contribution of specific collagen-binding integrins to the remodeling response of the
RV to PAB. Such studies would be extremely useful to the integrin field because collagen-
binding integrins share functional overlap. The α10β1 and α1β1 integrins primarily
bind collagen IV and VI, while the α2β1 integrin selectively binds collagen I much like
α11β1 [127]. Deconvoluting how each of the collagen-binding integrins respond and
contribute to cardiac remodeling would provide more specific signaling frameworks to
potentially target for therapeutic purposes which, with respect to the scarcity of knowledge
on targetable RV-specific pathways, may be of great value. Thus, knowing what role
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integrins play in remodeling RV ECM and via which mechanisms as well as, how this
differs to the LV remain important questions to the field of integrin research (Figure 4).

Figure 4. Summary of the current understanding of integrin involvement in left ventricular and right ventricular cardiac
fibrosis. In the right ventricle, integrins α1β1, α2β1, α11β1, and β3 have shown modified expression under pressure
overload conditions. In the left ventricle, integrins α1, α3, α5, α7, α11, β1, and β3 have shown modified expression in
acute/ischemic injury; α1, α2, α5, α1β1, αvβ5, α11β1, and β1 in pressure overload; and α11 in diabetic cardiomyopathy.

16. Atrium

The expression of integrins in disease has been investigated in the ventricles however,
integrin expression in the atriums in the setting of disease, has yet to be examined. Further,
there has been little work to investigate the integrin regional differences between the atri-
ums and ventricles. Recent work by Wiencierz et al. (2015) has sought to differentiate atria
CMs from ventricular CMs via integrin expression and investigated integrins α1, α5 and
α6 [128]. They demonstrated that α6 integrin expression was differential between atrial and
ventricular CMs during development, and was not a transient feature of development [128].
In fact, the differential expression of α6 integrin persisted into adult CMs. This observation
provides evidence for the temporal differential expression of integrins across the heart,
further demonstrating the need to understand integrin expression changes temporally, and
modulates disease progression.

17. Future Directions

In order to understand the role of integrins across the heart, it’s important to under-
stand the different conditions in which each integrin is exposed to across chambers. The RV
is normally exposed to pressures from 4 to 25 mmHg. While the LV is exposed to far greater
pressures between 10 and 120 mmHg, in a healthy individual. Clearly, the hemodynamic
stress exposed to the cells in each chamber is different. Whilst subpopulations of cardiac
fibroblast appear to exist in the heart, it is unclear if this is due to inherent differences in
these CF populations from an embryologic perspective, or if the differences observed occur
secondary to the response CF’s undergo as a result of the hemodynamic stress they are
placed under. If we consider that integrins are important mechano-sensors it is likely that
their expression and function changes in response to the various hemodynamic and other
stress changes in order to maintain appropriate ECM structures, in an attempt to dissipate
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wall stress. Therefore, integrins may, in part, be responsible for the observed differences in
CF sub-populations.

The isolation of collagen producing fibroblast or myofibroblasts is difficult and the
markers of the myofibroblast remain a contentious issue within the literature as most
markers such as α-SMA are inconsistent [129]. However, recent studies have identified
markers that maybe more appropriate to mark CF or myofibroblasts including periostin and
PDGFR-α [130–132]. Further research is required to characterize these CF subpopulations,
and whether integrins are key determinants of the response of these subpopulations.

18. Conclusions

The expressions and function of integrins plays a critical role in both cardiac health
and disease, by providing a key link between the CM, ECM and CF. However, the precise
understanding of expression, control and regulation, in both a temporal and spatial di-
mension requires further research. Understanding, how integrins modulate myofibroblast
transformation, and their relationship to ECM production requires further elucidation.
Likewise, understanding the cellular subpopulations, and what drives this difference
may help further the discovery of novel CM–CF interactions, where integrins play an
essential role.

Author Contributions: Review Conceptualization, K.A.C., P.B.M. and X.A.L.; Writing—original draft
preparation, P.B.M., X.A.L., J.L., A.V.; Writing—review and editing, P.B.M., K.A.C., X.A.L., M.K.F. All
authors have read and agreed to the published version of the manuscript.

Funding: K.A.C. is supported by research grants from the CIHR, and funds from the St Michaels
Hospital Foundation “SCAR WARS” program. Kim A Connelly is supported by a Merit Award from
the Department of Medicine, University of Toronto.

Conflicts of Interest: K.A.C. has received research grants to his institution from Astra Zeneca and
Boehringer Ingelheim, received support for travel to scientific meeting from Boehringer Ingelheim and
honoraria for speaking engagements and ad hoc participation in advisory boards from Astra Zeneca,
Boehringer Ingelheim and Janssen. All other authors declare that they have no competing interests.

References
1. Virani, S.S.; Alonso, A.; Aparicio, H.J.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.;

Cheng, S.; Delling, F.N.; et al. American Heart Association Council on Epidemiology and Prevention Statistics Committee and
Stroke Statistics Subcommittee Heart Disease and Stroke Statistics-2021 Update: A Report from the American Heart Association.
Circulation 2021, 143, e254–e743. [CrossRef] [PubMed]

2. McMurray, J.J.V.; Pfeffer, M.A. Heart failure. Lancet 2005, 365, 1877–1889. [CrossRef]
3. Meagher, P.; Adam, M.; Civitarese, R.; Bugyei-Twum, A.; Connelly, K.A. Heart Failure with Preserved Ejection Fraction in

Diabetes: Mechanisms and Management. Can. J. Cardiol. 2018, 34, 632–643. [CrossRef] [PubMed]
4. Kemp, C.D.; Conte, J.V. The pathophysiology of heart failure. Cardiovasc. Pathol. 2012, 21, 365–371. [CrossRef] [PubMed]
5. Frangogiannis, N.G. Cardiac fibrosis. Cardiovasc. Res. 2020, 214, 199.
6. Travers, J.G.; Kamal, F.A.; Robbins, J.; Yutzey, K.E.; Blaxall, B.C. Cardiac Fibrosis: The Fibroblast Awakens. Circ. Res. 2016, 118,

1021–1040. [CrossRef]
7. Kawaguchi, M.; Takahashi, M.; Hata, T.; Kashima, Y.; Usui, F.; Morimoto, H.; Izawa, A.; Takahashi, Y.; Masumoto, J.;

Koyama, J.; et al. Inflammasome activation of cardiac fibroblasts is essential for myocardial ischemia/reperfusion injury.
Circulation 2011, 123, 594–604. [CrossRef]

8. Tomasek, J.J.; Gabbiani, G.; Hinz, B.; Chaponnier, C.; Brown, R.A. Myofibroblasts and mechano-regulation of connective tissue
remodelling. Nat. Rev. Mol. Cell Biol. 2002, 3, 349–363. [CrossRef]

9. Bashey, R.I.; Martinez-Hernandez, A.; Jimenez, S.A. Isolation, characterization, and localization of cardiac collagen type VI.
Associations with other extracellular matrix components. Circ. Res. 1992, 70, 1006–1017. [CrossRef]

10. Van den Borne, S.W.M.; Diez, J.; Blankesteijn, W.M.; Verjans, J.; Hofstra, L.; Narula, J. Myocardial remodeling after infarction:
The role of myofibroblasts. Nat. Rev. Cardiol. 2010, 7, 30–37. [CrossRef]

11. Chaturvedi, R.R.; Herron, T.; Simmons, R.; Shore, D.; Kumar, P.; Sethia, B.; Chua, F.; Vassiliadis, E.; Kentish, J.C. Passive stiffness
of myocardium from congenital heart disease and implications for diastole. Circulation 2010, 121, 979–988. [CrossRef]

12. De Bakker, J.M.; van Capelle, F.J.; Janse, M.J.; Tasseron, S.; Vermeulen, J.T.; de Jonge, N.; Lahpor, J.R. Fractionated electrograms in
dilated cardiomyopathy: Origin and relation to abnormal conduction. J. Am. Coll. Cardiol. 1996, 27, 1071–1078. [CrossRef]

http://doi.org/10.1161/CIR.0000000000000950
http://www.ncbi.nlm.nih.gov/pubmed/33501848
http://doi.org/10.1016/S0140-6736(05)66621-4
http://doi.org/10.1016/j.cjca.2018.02.026
http://www.ncbi.nlm.nih.gov/pubmed/29731023
http://doi.org/10.1016/j.carpath.2011.11.007
http://www.ncbi.nlm.nih.gov/pubmed/22227365
http://doi.org/10.1161/CIRCRESAHA.115.306565
http://doi.org/10.1161/CIRCULATIONAHA.110.982777
http://doi.org/10.1038/nrm809
http://doi.org/10.1161/01.RES.70.5.1006
http://doi.org/10.1038/nrcardio.2009.199
http://doi.org/10.1161/CIRCULATIONAHA.109.850677
http://doi.org/10.1016/0735-1097(95)00612-5


Cells 2021, 10, 770 14 of 18

13. Spach, M.S.; Boineau, J.P. Microfibrosis produces electrical load variations due to loss of side-to-side cell connections: A major
mechanism of structural heart disease arrhythmias. Pacing Clin. Electrophysiol. 1997, 20, 397–413. [CrossRef] [PubMed]

14. Barczyk, M.; Carracedo, S.; Gullberg, D. Integrins. Cell Tissue Res. 2010, 339, 269–280. [CrossRef] [PubMed]
15. Israeli-Rosenberg, S.; Manso, A.M.; Okada, H.; Ross, R.S. Integrins and integrin-associated proteins in the cardiac myocyte.

Circ. Res. 2014, 114, 572–586. [CrossRef]
16. Civitarese, R.A.; Kapus, A.; McCulloch, C.A.; Connelly, K.A. Role of integrins in mediating cardiac fibroblast-cardiomyocyte

cross talk: A dynamic relationship in cardiac biology and pathophysiology. Basic Res. Cardiol. 2017, 112, 6. [CrossRef]
17. Chen, C.; Li, R.; Ross, R.S.; Manso, A.M. Integrins and integrin-related proteins in cardiac fibrosis. J. Mol. Cell. Cardiol. 2016, 93,

162–174. [CrossRef]
18. Zeltz, C.; Gullberg, D. The integrin-collagen connection—A glue for tissue repair? J. Cell. Sci. 2016, 129, 653–664. [CrossRef]
19. Calderwood, D.A.; Campbell, I.D.; Critchley, D.R. Talins and kindlins: Partners in integrin-mediated adhesion. Nat. Rev. Mol.

Cell Biol. 2013, 14, 503–517. [CrossRef]
20. Zhou, J.; Aponte-Santamaría, C.; Sturm, S.; Bullerjahn, J.T.; Bronowska, A.; Gräter, F. Mechanism of Focal Adhesion Kinase

Mechanosensing. PLoS Comput. Biol. 2015, 11, e1004593. [CrossRef]
21. Schroer, A.K.; Merryman, W.D. Mechanobiology of myofibroblast adhesion in fibrotic cardiac disease. J. Cell. Sci. 2015, 128,

1865–1875. [CrossRef]
22. Klapholz, B.; Brown, N.H. Talin—The master of integrin adhesions. J. Cell. Sci. 2017, 130, 2435–2446. [CrossRef]
23. Lockhart, M.; Wirrig, E.; Phelps, A.; Wessels, A. Extracellular matrix and heart development. Birth Defects Res. A Clin. Mol. Teratol.

2011, 91, 535–550. [CrossRef]
24. Valiente-Alandi, I.; Schafer, A.E.; Blaxall, B.C. Extracellular matrix-mediated cellular communication in the heart. J. Mol.

Cell. Cardiol. 2016, 91, 228–237. [CrossRef]
25. Gullberg, D.; Turner, D.C.; Borg, T.K.; Terracio, L.; Rubin, K. Different β1-integrin collagen receptors on rat hepatocytes and

cardiac fibroblasts. Exp. Cell Res. 1990, 190, 254–264. [CrossRef]
26. Gullberg, D.; Gehlsen, K.R.; Turner, D.C.; Ahlén, K.; Zijenah, L.S.; Barnes, M.J.; Rubin, K. Analysis of alpha 1 beta 1, alpha 2 beta 1

and alpha 3 beta 1 integrins in cell–collagen interactions: Identification of conformation dependent alpha 1 beta 1 binding sites in
collagen type I. EMBO J. 1992, 11, 3865–3873. [CrossRef] [PubMed]

27. Civitarese, R.A.; Talior-Volodarsky, I.; Desjardins, J.-F.; Kabir, G.; Switzer, J.; Mitchell, M.; Kapus, A.; McCulloch, C.A.; Gullberg, D.;
Connelly, K.A. The α11 integrin mediates fibroblast-extracellular matrix-cardiomyocyte interactions in health and disease. Am. J.
Physiol. Heart Circ. Physiol. 2016, 311, H96–H106. [CrossRef]

28. Balasubramanian, S.; Quinones, L.; Kasiganesan, H.; Zhang, Y.; Pleasant, D.L.; Sundararaj, K.P.; Zile, M.R.; Bradshaw, A.D.;
Kuppuswamy, D. β3 integrin in cardiac fibroblast is critical for extracellular matrix accumulation during pressure overload
hypertrophy in mouse. PLoS ONE 2012, 7, e45076. [CrossRef]

29. Simpson, D.G.; Terracio, L.; Terracio, M.; Price, R.L.; Turner, D.C.; Borg, T.K. Modulation of cardiac myocyte phenotype in vitro
by the composition and orientation of the extracellular matrix. J. Cell. Physiol. 1994, 161, 89–105. [CrossRef] [PubMed]

30. Mittal, A.; Pulina, M.; Hou, S.-Y.; Astrof, S. Fibronectin and integrin alpha 5 play requisite roles in cardiac morphogenesis.
Dev. Biol. 2013, 381, 73–82. [CrossRef] [PubMed]

31. Eckes, B.; Zweers, M.C.; Zhang, Z.G.; Hallinger, R.; Mauch, C.; Aumailley, M.; Krieg, T. Mechanical tension and integrin alpha 2
beta 1 regulate fibroblast functions. J. Investig. Derm. L Symp. Proc. 2006, 11, 66–72. [CrossRef]

32. Kern, A.; Eble, J.; Golbik, R.; Kühn, K. Interaction of type IV collagen with the isolated integrins alpha 1 beta 1 and alpha 2 beta 1.
Eur. J. Biochem. 1993, 215, 151–159. [CrossRef] [PubMed]

33. Tulla, M.; Pentikäinen, O.T.; Viitasalo, T.; Käpylä, J.; Impola, U.; Nykvist, P.; Nissinen, L.; Johnson, M.S.; Heino, J. Selective binding
of collagen subtypes by integrin alpha 1I, alpha 2I, and alpha 10I domains. J. Biol. Chem. 2001, 276, 48206–48212. [CrossRef]
[PubMed]

34. Tiger, C.F.; Fougerousse, F.; Grundström, G.; Velling, T.; Gullberg, D. alpha11beta1 integrin is a receptor for interstitial collagens
involved in cell migration and collagen reorganization on mesenchymal nonmuscle cells. Dev. Biol. 2001, 237, 116–129. [CrossRef]
[PubMed]

35. Neuman, R.E.; Logan, M.A. The determination of collagen and elastin in tissues. J. Biol. Chem. 1950, 186, 549–556. [CrossRef]
36. Robinson, T.F.; Geraci, M.A.; Sonnenblick, E.H.; Factor, S.M. Coiled perimysial fibers of papillary muscle in rat heart: Morphology,

distribution, and changes in configuration. Circ. Res. 1988, 63, 577–592. [CrossRef] [PubMed]
37. Factor, S.M.; Robinson, T.F.; Dominitz, R.; Cho, S.H. Alterations of the myocardial skeletal framework in acute myocardial

infarction with and without ventricular rupture. A preliminary report. Am. J. Cardiovasc. Pathol. 1987, 1, 91–97. [PubMed]
38. Jalil, J.E.; Doering, C.W.; Janicki, J.S.; Pick, R.; Shroff, S.G.; Weber, K.T. Fibrillar collagen and myocardial stiffness in the intact

hypertrophied rat left ventricle. Circ. Res. 1989, 64, 1041–1050. [CrossRef]
39. Horn, M.A.; Trafford, A.W. Aging and the cardiac collagen matrix: Novel mediators of fibrotic remodelling. J. Mol. Cell. Cardiol.

2016, 93, 175–185. [CrossRef] [PubMed]
40. Baicu, C.F.; Stroud, J.D.; Livesay, V.A.; Hapke, E.; Holder, J.; Spinale, F.G.; Zile, M.R. Changes in extracellular collagen matrix alter

myocardial systolic performance. Am. J. Physiol. Heart Circ. Physiol. 2003, 284, H122–H132. [CrossRef]
41. Liu, J.; Milner, D.J.; Boppart, M.D.; Ross, R.S.; Kaufman, S.J. β1D chain increases α7β1 integrin and laminin and protects against

sarcolemmal damage in mdx mice. Hum. Mol. Genet. 2012, 21, 1592–1603. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1540-8159.1997.tb06199.x
http://www.ncbi.nlm.nih.gov/pubmed/9058844
http://doi.org/10.1007/s00441-009-0834-6
http://www.ncbi.nlm.nih.gov/pubmed/19693543
http://doi.org/10.1161/CIRCRESAHA.114.301275
http://doi.org/10.1007/s00395-016-0598-6
http://doi.org/10.1016/j.yjmcc.2015.11.010
http://doi.org/10.1242/jcs.188672
http://doi.org/10.1038/nrm3624
http://doi.org/10.1371/journal.pcbi.1004593
http://doi.org/10.1242/jcs.162891
http://doi.org/10.1242/jcs.190991
http://doi.org/10.1002/bdra.20810
http://doi.org/10.1016/j.yjmcc.2016.01.011
http://doi.org/10.1016/0014-4827(90)90194-F
http://doi.org/10.1002/j.1460-2075.1992.tb05479.x
http://www.ncbi.nlm.nih.gov/pubmed/1396580
http://doi.org/10.1152/ajpheart.00918.2015
http://doi.org/10.1371/journal.pone.0045076
http://doi.org/10.1002/jcp.1041610112
http://www.ncbi.nlm.nih.gov/pubmed/7929612
http://doi.org/10.1016/j.ydbio.2013.06.010
http://www.ncbi.nlm.nih.gov/pubmed/23791818
http://doi.org/10.1038/sj.jidsymp.5650003
http://doi.org/10.1111/j.1432-1033.1993.tb18017.x
http://www.ncbi.nlm.nih.gov/pubmed/8344274
http://doi.org/10.1074/jbc.M104058200
http://www.ncbi.nlm.nih.gov/pubmed/11572855
http://doi.org/10.1006/dbio.2001.0363
http://www.ncbi.nlm.nih.gov/pubmed/11518510
http://doi.org/10.1016/S0021-9258(18)56248-7
http://doi.org/10.1161/01.RES.63.3.577
http://www.ncbi.nlm.nih.gov/pubmed/3409489
http://www.ncbi.nlm.nih.gov/pubmed/2458117
http://doi.org/10.1161/01.RES.64.6.1041
http://doi.org/10.1016/j.yjmcc.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/26578393
http://doi.org/10.1152/ajpheart.00233.2002
http://doi.org/10.1093/hmg/ddr596
http://www.ncbi.nlm.nih.gov/pubmed/22180459


Cells 2021, 10, 770 15 of 18

42. Kapp, T.G.; Rechenmacher, F.; Neubauer, S.; Maltsev, O.V.; Cavalcanti-Adam, E.A.; Zarka, R.; Reuning, U.; Notni, J.; Wester, H.-J.;
Mas-Moruno, C.; et al. A Comprehensive Evaluation of the Activity and Selectivity Profile of Ligands for RGD-binding Integrins.
Sci. Rep. 2017, 7, 39805–39813. [CrossRef] [PubMed]

43. Mould, A.P.; Askari, J.A.; Humphries, M.J. Molecular basis of ligand recognition by integrin alpha 5beta 1. I. Specificity of ligand
binding is determined by amino acid sequences in the second and third NH2-terminal repeats of the alpha subunit. J. Biol. Chem.
2000, 275, 20324–20336. [CrossRef] [PubMed]

44. Pedchenko, V.; Zent, R.; Hudson, B.G. Alpha(v)beta3 and alpha(v)beta5 integrins bind both the proximal RGD site and non-RGD
motifs within noncollagenous (NC1) domain of the alpha3 chain of type IV collagen: Implication for the mechanism of endothelia
cell adhesion. J. Biol. Chem. 2004, 279, 2772–2780. [CrossRef] [PubMed]

45. Le Gat, L.; Bonnel, S.; Gogat, K.; Brizard, M.; Van Den Berghe, L.; Kobetz, A.; Gadin, S.; Dureau, P.; Dufier, J.L.; Abitbol, M.; et al.
Prominent beta-5 gene expression in the cardiovascular system and in the cartilaginous primordiae of the skeleton during mouse
development. Cell Commun. Adhes. 2001, 8, 99–112. [CrossRef]

46. Johnston, R.K.; Balasubramanian, S.; Kasiganesan, H.; Baicu, C.F.; Zile, M.R.; Kuppuswamy, D. Beta3 integrin-mediated
ubiquitination activates survival signaling during myocardial hypertrophy. Faseb J. 2009, 23, 2759–2771. [CrossRef]

47. Valiente-Alandi, I.; Potter, S.J.; Salvador, A.M.; Schafer, A.E.; Schips, T.; Carrillo-Salinas, F.; Gibson, A.M.; Nieman, M.L.;
Perkins, C.; Sargent, M.A.; et al. Inhibiting Fibronectin Attenuates Fibrosis and Improves Cardiac Function in a Model of Heart
Failure. Circulation 2018, 138, 1236–1252. [CrossRef]

48. Yang, J.T.; Hynes, R.O. Fibronectin receptor functions in embryonic cells deficient in alpha 5 beta 1 integrin can be replaced by
alpha V integrins. Mol. Biol. Cell 1996, 7, 1737–1748. [CrossRef]

49. Zhang, Q.; Magnusson, M.K.; Mosher, D.F. Lysophosphatidic acid and microtubule-destabilizing agents stimulate fibronectin
matrix assembly through Rho-dependent actin stress fiber formation and cell contraction. Mol. Biol. Cell 1997, 8, 1415–1425.
[CrossRef]

50. Langholz, O.; Röckel, D.; Mauch, C.; Kozlowska, E.; Bank, I.; Krieg, T.; Eckes, B. Collagen and collagenase gene expression in
three-dimensional collagen lattices are differentially regulated by alpha 1 beta 1 and alpha 2 beta 1 integrins. J. Cell Biol. 1995, 131,
1903–1915. [CrossRef]

51. Gardner, H.; Kreidberg, J.; Koteliansky, V.; Jaenisch, R. Deletion of integrin alpha 1 by homologous recombination permits normal
murine development but gives rise to a specific deficit in cell adhesion. Dev. Biol. 1996, 175, 301–313. [CrossRef] [PubMed]

52. Pozzi, A.; Wary, K.K.; Giancotti, F.G.; Gardner, H.A. Integrin alpha1beta1 mediates a unique collagen-dependent proliferation
pathway in vivo. J. Cell Biol. 1998, 142, 587–594. [CrossRef] [PubMed]

53. Klein, C.E.; Dressel, D.; Steinmayer, T.; Mauch, C.; Eckes, B.; Krieg, T.; Bankert, R.B.; Weber, L. Integrin alpha 2 beta 1 is upregulated
in fibroblasts and highly aggressive melanoma cells in three-dimensional collagen lattices and mediates the reorganization of
collagen I fibrils. J. Cell Biol. 1991, 115, 1427–1436. [CrossRef] [PubMed]

54. Zhang, Z.G.; Bothe, I.; Hirche, F.; Zweers, M.; Gullberg, D.; Pfitzer, G.; Krieg, T.; Eckes, B.; Aumailley, M. Interactions of primary
fibroblasts and keratinocytes with extracellular matrix proteins: Contribution of alpha2beta1 integrin. J. Cell. Sci. 2006, 119,
1886–1895. [CrossRef] [PubMed]

55. Pilcher, B.K.; Dumin, J.A.; Sudbeck, B.D.; Krane, S.M.; Welgus, H.G.; Parks, W.C. The activity of collagenase-1 is required for
keratinocyte migration on a type I collagen matrix. J. Cell Biol. 1997, 137, 1445–1457. [CrossRef]

56. Velling, T.; Kusche-Gullberg, M.; Sejersen, T.; Gullberg, D. cDNA cloning and chromosomal localization of human alpha(11)
integrin. A collagen-binding, I domain-containing, beta(1)-associated integrin alpha-chain present in muscle tissues. J. Biol. Chem.
1999, 274, 25735–25742.

57. Woodcock, E.A.; Matkovich, S.J. Cardiomyocytes structure, function and associated pathologies. Int. J. Biochem. Cell Biol. 2005, 37,
1746–1751. [CrossRef]

58. Czyz, J.; Guan, K.; Zeng, Q.; Wobus, A.M. Loss of beta 1 integrin function results in upregulation of connexin expression in
embryonic stem cell-derived cardiomyocytes. Int. J. Dev. Biol. 2005, 49, 33–41. [CrossRef]

59. Yao, C.C.; Ziober, B.L.; Sutherland, A.E.; Mendrick, D.L.; Kramer, R.H. Laminins promote the locomotion of skeletal myoblasts
via the alpha 7 integrin receptor. J. Cell. Sci. 1996, 109, 3139–3150.

60. Li, R.; Wu, Y.; Manso, A.M.; Gu, Y.; Liao, P.; Israeli, S.; Yajima, T.; Nguyen, U.; Huang, M.S.; Dalton, N.D.; et al. β1 integrin gene
excision in the adult murine cardiac myocyte causes defective mechanical and signaling responses. Am. J. Pathol. 2012, 180,
952–962. [CrossRef] [PubMed]

61. Hinderer, S.; Schenke-Layland, K. Cardiac fibrosis—A short review of causes and therapeutic strategies. Adv. Drug Deliv. Rev.
2019, 146, 77–82. [CrossRef] [PubMed]

62. Maitra, N.; Flink, I.L.; Bahl, J.J.; Morkin, E. Expression of alpha and beta integrins during terminal differentiation of cardiomy-
ocytes. Cardiovasc. Res. 2000, 47, 715–725. [CrossRef]

63. Dullens, H.F.J.; Schipper, M.E.I.; van Kuik, J.; Sohns, W.; Scheenstra, M.; van Wichen, D.F.; Van Oosterhout, M.F.M.; de Jonge, N.;
de Weger, R.A. Integrin expression during reverse remodeling in the myocardium of heart failure patients. Cardiovasc. Pathol.
2012, 21, 291–298. [CrossRef]

64. Talior-Volodarsky, I.; Connelly, K.A.; Arora, P.D.; Gullberg, D.; McCulloch, C.A. α11 integrin stimulates myofibroblast differentia-
tion in diabetic cardiomyopathy. Cardiovasc. Res. 2012, 96, 265–275. [CrossRef] [PubMed]

http://doi.org/10.1038/srep39805
http://www.ncbi.nlm.nih.gov/pubmed/28074920
http://doi.org/10.1074/jbc.M000572200
http://www.ncbi.nlm.nih.gov/pubmed/10764748
http://doi.org/10.1074/jbc.M311901200
http://www.ncbi.nlm.nih.gov/pubmed/14610079
http://doi.org/10.3109/15419060109080710
http://doi.org/10.1096/fj.08-127480
http://doi.org/10.1161/CIRCULATIONAHA.118.034609
http://doi.org/10.1091/mbc.7.11.1737
http://doi.org/10.1091/mbc.8.8.1415
http://doi.org/10.1083/jcb.131.6.1903
http://doi.org/10.1006/dbio.1996.0116
http://www.ncbi.nlm.nih.gov/pubmed/8626034
http://doi.org/10.1083/jcb.142.2.587
http://www.ncbi.nlm.nih.gov/pubmed/9679154
http://doi.org/10.1083/jcb.115.5.1427
http://www.ncbi.nlm.nih.gov/pubmed/1955483
http://doi.org/10.1242/jcs.02921
http://www.ncbi.nlm.nih.gov/pubmed/16636073
http://doi.org/10.1083/jcb.137.6.1445
http://doi.org/10.1016/j.biocel.2005.04.011
http://doi.org/10.1387/ijdb.041835jc
http://doi.org/10.1016/j.ajpath.2011.12.007
http://www.ncbi.nlm.nih.gov/pubmed/22248583
http://doi.org/10.1016/j.addr.2019.05.011
http://www.ncbi.nlm.nih.gov/pubmed/31158407
http://doi.org/10.1016/S0008-6363(00)00140-1
http://doi.org/10.1016/j.carpath.2011.09.009
http://doi.org/10.1093/cvr/cvs259
http://www.ncbi.nlm.nih.gov/pubmed/22869616


Cells 2021, 10, 770 16 of 18

65. Rapisarda, V.; Borghesan, M.; Miguela, V.; Encheva, V.; Snijders, A.P.; Lujambio, A.; O’Loghlen, A. Integrin Beta 3 Regulates
Cellular Senescence by Activating the TGF-β Pathway. Cell Rep. 2017, 18, 2480–2493. [CrossRef]

66. Sarrazy, V.; Koehler, A.; Chow, M.L.; Zimina, E.; Li, C.X.; Kato, H.; Caldarone, C.A.; Hinz, B. Integrins αvβ5 and αvβ3 promote
latent TGF-β1 activation by human cardiac fibroblast contraction. Cardiovasc. Res. 2014, 102, 407–417. [CrossRef] [PubMed]

67. Terracio, L.; Rubin, K.; Gullberg, D.; Balog, E.; Carver, W.; Jyring, R.; Borg, T.K. Expression of collagen binding integrins during
cardiac development and hypertrophy. Circ. Res. 1991, 68, 734–744. [CrossRef]

68. Okada, H.; Lai, N.C.; Kawaraguchi, Y.; Liao, P.; Copps, J.; Sugano, Y.; Okada-Maeda, S.; Banerjee, I.; Schilling, J.M.;
Gingras, A.R.; et al. Integrins protect cardiomyocytes from ischemia/reperfusion injury. J. Clin. Investig. 2013, 123, 4294–4308.
[CrossRef]

69. Ross, R.S.; Pham, C.; Shai, S.Y.; Goldhaber, J.I.; Fenczik, C.; Glembotski, C.C.; Ginsberg, M.H.; Loftus, J.C. Beta1 integrins
participate in the hypertrophic response of rat ventricular myocytes. Circ. Res. 1998, 82, 1160–1172. [CrossRef]

70. Critchley, D.R. Biochemical and structural properties of the integrin-associated cytoskeletal protein talin. Annu. Rev. Biophys.
2009, 38, 235–254. [CrossRef]

71. Beckerle, M.C.; Burridge, K.; DeMartino, G.N.; Croall, D.E. Colocalization of calcium-dependent protease II and one of its
substrates at sites of cell adhesion. Cell 1987, 51, 569–577. [CrossRef]

72. Calderwood, D.A.; Shattil, S.J.; Ginsberg, M.H. Integrins and actin filaments: Reciprocal regulation of cell adhesion and signaling.
J. Biol. Chem. 2000, 275, 22607–22610. [CrossRef]

73. Manso, A.M.; Li, R.; Monkley, S.J.; Cruz, N.M.; Ong, S.; Lao, D.H.; Koshman, Y.E.; Gu, Y.; Peterson, K.L.; Chen, J.; et al. Talin1 has
unique expression versus talin 2 in the heart and modifies the hypertrophic response to pressure overload. J. Biol. Chem. 2013,
288, 4252–4264. [CrossRef] [PubMed]

74. Manso, A.M.; Okada, H.; Sakamoto, F.M.; Moreno, E.; Monkley, S.J.; Li, R.; Critchley, D.R.; Ross, R.S. Loss of mouse cardiomyocyte
talin-1 and talin-2 leads to β-1 integrin reduction, costameric instability, and dilated cardiomyopathy. Proc. Natl. Acad. Sci. USA
2017, 114, E6250–E6259. [CrossRef] [PubMed]

75. Schaller, M.D. Paxillin: A focal adhesion-associated adaptor protein. Oncogene 2001, 20, 6459–6472. [CrossRef]
76. Hirth, S.; Bühler, A.; Bührdel, J.B.; Rudeck, S.; Dahme, T.; Rottbauer, W.; Just, S. Paxillin and Focal Adhesion Kinase (FAK)

Regulate Cardiac Contractility in the Zebrafish Heart. PLoS ONE 2016, 11, e0150323. [CrossRef]
77. Harburger, D.S.; Bouaouina, M.; Calderwood, D.A. Kindlin-1 and -2 directly bind the C-terminal region of beta integrin

cytoplasmic tails and exert integrin-specific activation effects. J. Biol. Chem. 2009, 284, 11485–11497. [CrossRef] [PubMed]
78. Zhang, Z.; Mu, Y.; Veevers, J.; Peter, A.K.; Manso, A.M.; Bradford, W.H.; Dalton, N.D.; Peterson, K.L.; Knowlton, K.U.; Ross, R.S.;

et al. Postnatal Loss of Kindlin-2 Leads to Progressive Heart Failure. Circ. Heart Fail. 2016, 9, e003129. [CrossRef]
79. Chen, R.; Kim, O.; Li, M.; Xiong, X.; Guan, J.L.; Kung, H.J.; Chen, H.; Shimizu, Y.; Qiu, Y. Regulation of the PH-domain-containing

tyrosine kinase Etk by focal adhesion kinase through the FERM domain. Nat. Cell Biol. 2001, 3, 439–444. [CrossRef]
80. Schlaepfer, D.D.; Mitra, S.K.; Ilic, D. Control of motile and invasive cell phenotypes by focal adhesion kinase. Biochim. Biophys. Acta.

2004, 1692, 77–102. [CrossRef]
81. Mitra, S.K.; Hanson, D.A.; Schlaepfer, D.D. Focal adhesion kinase: In command and control of cell motility. Nat. Rev. Mol. Cell Biol.

2005, 6, 56–68. [CrossRef] [PubMed]
82. Torsoni, A.S.; Constancio, S.S.; Nadruz, W.; Hanks, S.K.; Franchini, K.G. Focal adhesion kinase is activated and mediates the early

hypertrophic response to stretch in cardiac myocytes. Circ. Res. 2003, 93, 140–147. [CrossRef] [PubMed]
83. Babbitt, C.J.; Shai, S.-Y.; Harpf, A.E.; Pham, C.G.; Ross, R.S. Modulation of integrins and integrin signaling molecules in the

pressure-loaded murine ventricle. Histochem. Cell Biol. 2002, 118, 431–439. [CrossRef]
84. Thannickal, V.J.; Lee, D.Y.; White, E.S.; Cui, Z.; Larios, J.M.; Chacon, R.; Horowitz, J.C.; Day, R.M.; Thomas, P.E. Myofibroblast

differentiation by transforming growth factor-beta1 is dependent on cell adhesion and integrin signaling via focal adhesion
kinase. J. Biol. Chem. 2003, 278, 12384–12389. [CrossRef] [PubMed]

85. Vittal, R.; Horowitz, J.C.; Moore, B.B.; Zhang, H.; Martinez, F.J.; Toews, G.B.; Standiford, T.J.; Thannickal, V.J. Modulation of
prosurvival signaling in fibroblasts by a protein kinase inhibitor protects against fibrotic tissue injury. Am. J. Pathol. 2005, 166,
367–375. [CrossRef]

86. Shi-wen, X.; Parapuram, S.K.; Pala, D.; Chen, Y.; Carter, D.E.; Eastwood, M.; Denton, C.P.; Abraham, D.J.; Leask, A. Requirement
of transforming growth factor beta-activated kinase 1 for transforming growth factor beta-induced alpha-smooth muscle actin
expression and extracellular matrix contraction in fibroblasts. Arthritis Rheum. 2009, 60, 234–241. [CrossRef]

87. Liu, S.; Xu, S.-W.; Kennedy, L.; Pala, D.; Chen, Y.; Eastwood, M.; Carter, D.E.; Black, C.M.; Abraham, D.J.; Leask, A. FAK is
required for TGFbeta-induced JNK phosphorylation in fibroblasts: Implications for acquisition of a matrix-remodeling phenotype.
Mol. Biol. Cell 2007, 18, 2169–2178. [CrossRef]

88. Zhang, J.; Fan, G.; Zhao, H.; Wang, Z.; Li, F.; Zhang, P.; Zhang, J.; Wang, X.; Wang, W. Targeted inhibition of Focal Adhesion Kinase
Attenuates Cardiac Fibrosis and Preserves Heart Function in Adverse Cardiac Remodeling. Sci. Rep. 2017, 7, 1–12. [CrossRef]

89. Hannigan, G.E.; Leung-Hagesteijn, C.; Fitz-Gibbon, L.; Coppolino, M.G.; Radeva, G.; Filmus, J.; Bell, J.C.; Dedhar, S. Regulation
of cell adhesion and anchorage-dependent growth by a new beta 1-integrin-linked protein kinase. Nature 1996, 379, 91–96.
[CrossRef]

90. Pasquet, J.-M.; Noury, M.; Nurden, A.T. Evidence that the platelet integrin alphaIIb beta3 is regulated by the integrin-linked
kinase, ILK, in a PI3-kinase dependent pathway. Thromb. Haemost. 2002, 88, 115–122.

http://doi.org/10.1016/j.celrep.2017.02.012
http://doi.org/10.1093/cvr/cvu053
http://www.ncbi.nlm.nih.gov/pubmed/24639195
http://doi.org/10.1161/01.RES.68.3.734
http://doi.org/10.1172/JCI64216
http://doi.org/10.1161/01.RES.82.11.1160
http://doi.org/10.1146/annurev.biophys.050708.133744
http://doi.org/10.1016/0092-8674(87)90126-7
http://doi.org/10.1074/jbc.R900037199
http://doi.org/10.1074/jbc.M112.427484
http://www.ncbi.nlm.nih.gov/pubmed/23266827
http://doi.org/10.1073/pnas.1701416114
http://www.ncbi.nlm.nih.gov/pubmed/28698364
http://doi.org/10.1038/sj.onc.1204786
http://doi.org/10.1371/journal.pone.0150323
http://doi.org/10.1074/jbc.M809233200
http://www.ncbi.nlm.nih.gov/pubmed/19240021
http://doi.org/10.1161/CIRCHEARTFAILURE.116.003129
http://doi.org/10.1038/35074500
http://doi.org/10.1016/j.bbamcr.2004.04.008
http://doi.org/10.1038/nrm1549
http://www.ncbi.nlm.nih.gov/pubmed/15688067
http://doi.org/10.1161/01.RES.0000081595.25297.1B
http://www.ncbi.nlm.nih.gov/pubmed/12805241
http://doi.org/10.1007/s00418-002-0476-1
http://doi.org/10.1074/jbc.M208544200
http://www.ncbi.nlm.nih.gov/pubmed/12531888
http://doi.org/10.1016/S0002-9440(10)62260-2
http://doi.org/10.1002/art.24223
http://doi.org/10.1091/mbc.e06-12-1121
http://doi.org/10.1038/srep43146
http://doi.org/10.1038/379091a0


Cells 2021, 10, 770 17 of 18

91. Legate, K.R.; Montañez, E.; Kudlacek, O.; Fässler, R. ILK, PINCH and parvin: The tIPP of integrin signalling. Nat. Rev. Mol.
Cell Biol. 2006, 7, 20–31. [CrossRef] [PubMed]

92. Nikolopoulos, S.N.; Turner, C.E. Actopaxin, a new focal adhesion protein that binds paxillin LD motifs and actin and regulates
cell adhesion. J. Cell Biol. 2000, 151, 1435–1448. [CrossRef] [PubMed]

93. White, D.E.; Coutu, P.; Shi, Y.-F.; Tardif, J.-C.; Nattel, S.; St Arnaud, R.; Dedhar, S.; Muller, W.J. Targeted ablation of ILK from the
murine heart results in dilated cardiomyopathy and spontaneous heart failure. Genes Dev. 2006, 20, 2355–2360. [CrossRef]

94. Biernacka, A.; Dobaczewski, M.; Frangogiannis, N.G. TGF-β signaling in fibrosis. Growth Factors 2011, 29, 196–202. [CrossRef]
95. Kim, K.K.; Sheppard, D.; Chapman, H.A. TGF-β1 Signaling and Tissue Fibrosis. Cold Spring Harb. Perspect. Biol. 2018, 10, a022293.

[CrossRef] [PubMed]
96. Worthington, J.J.; Klementowicz, J.E.; Travis, M.A. TGFβ: A sleeping giant awoken by integrins. Trends Biochem. Sci. 2011, 36,

47–54. [CrossRef]
97. Boopathy, G.T.K.; Hong, W. Role of Hippo Pathway-YAP/TAZ Signaling in Angiogenesis. Front. Cell Dev. Biol. 2019, 7, 49.

[CrossRef]
98. Du, J.; Zu, Y.; Li, J.; Du, S.; Xu, Y.; Zhang, L.; Jiang, L.; Wang, Z.; Chien, S.; Yang, C. Extracellular matrix stiffness dictates Wnt

expression through integrin pathway. Sci. Rep. 2016, 6, 20395. [CrossRef]
99. Frangogiannis, N.G. Regulation of the inflammatory response in cardiac repair. Circ. Res. 2012, 110, 159–173. [CrossRef]
100. Hasenfuss, G. Animal models of human cardiovascular disease, heart failure and hypertrophy. Cardiovasc. Res. 1998, 39, 60–76.

[CrossRef]
101. Frangogiannis, N.G. Pathophysiology of Myocardial Infarction. Compr. Physiol. 2015, 5, 1841–1875.
102. Frangogiannis, N.G. The mechanistic basis of infarct healing. Antioxid. Redox Signal. 2006, 8, 1907–1939. [CrossRef]
103. Shinde, A.V.; Frangogiannis, N.G. Fibroblasts in myocardial infarction: A role in inflammation and repair. J. Mol. Cell. Cardiol.

2014, 70, 74–82. [CrossRef] [PubMed]
104. Jugdutt, B.I. Ventricular remodeling after infarction and the extracellular collagen matrix: When is enough enough? Circulation

2003, 108, 1395–1403. [CrossRef] [PubMed]
105. González-Santamaría, J.; Villalba, M.; Busnadiego, O.; López-Olañeta, M.M.; Sandoval, P.; Snabel, J.; López-Cabrera, M.; Erler, J.T.;

Hanemaaijer, R.; Lara-Pezzi, E.; et al. Matrix cross-linking lysyl oxidases are induced in response to myocardial infarction and
promote cardiac dysfunction. Cardiovasc. Res. 2016, 109, 67–78. [CrossRef]

106. Bunch, T.J.; Hohnloser, S.H.; Gersh, B.J. Mechanisms of sudden cardiac death in myocardial infarction survivors: Insights from
the randomized trials of implantable cardioverter-defibrillators. Circulation 2007, 115, 2451–2457. [CrossRef]

107. Nawata, J.; Ohno, I.; Isoyama, S.; Suzuki, J.; Miura, S.; Ikeda, J.; Shirato, K. Differential expression of alpha 1, alpha 3 and alpha 5
integrin subunits in acute and chronic stages of myocardial infarction in rats. Cardiovasc. Res. 1999, 43, 371–381. [CrossRef]

108. Krishnamurthy, P.; Subramanian, V.; Singh, M.; Singh, K. Deficiency of beta1 integrins results in increased myocardial dysfunction
after myocardial infarction. Heart 2006, 92, 1309–1315. [CrossRef]

109. Sun, M.; Opavsky, M.A.; Stewart, D.J.; Rabinovitch, M.; Dawood, F.; Wen, W.-H.; Liu, P.P. Temporal response and localization
of integrins beta1 and beta3 in the heart after myocardial infarction: Regulation by cytokines. Circulation 2003, 107, 1046–1052.
[CrossRef]

110. Pfister, R.; Acksteiner, C.; Baumgarth, J.; Burst, V.; Geissler, H.J.; Margulies, K.B.; Houser, S.; Bloch, W.; Flesch, M. Loss of
beta1D-integrin function in human ischemic cardiomyopathy. Basic Res. Cardiol. 2007, 102, 257–264. [CrossRef] [PubMed]

111. Konstandin, M.H.; Toko, H.; Gastelum, G.M.; Quijada, P.; La Torre, D.A.; Quintana, M.; Collins, B.; Din, S.; Avitabile, D.;
Völkers, M.; et al. Fibronectin is essential for reparative cardiac progenitor cell response after myocardial infarction. Circ. Res.
2013, 113, 115–125. [CrossRef]

112. Phan, S.H. Biology of fibroblasts and myofibroblasts. Proc. Am. Thorac. Soc. 2008, 5, 334–337. [CrossRef]
113. Burgess, M.L.; Terracio, L.; Hirozane, T.; Borg, T.K. Differential integrin expression by cardiac fibroblasts from hypertensive and

exercise-trained rat hearts. Cardiovasc. Pathol. 2002, 11, 78–87. [CrossRef]
114. Krishnamurthy, P.; Subramanian, V.; Singh, M.; Singh, K. Beta1 integrins modulate beta-adrenergic receptor-stimulated cardiac

myocyte apoptosis and myocardial remodeling. Hypertension 2007, 49, 865–872. [CrossRef] [PubMed]
115. Shai, S.-Y.; Harpf, A.E.; Babbitt, C.J.; Jordan, M.C.; Fishbein, M.C.; Chen, J.; Omura, M.; Leil, T.A.; Becker, K.D.; Jiang, M.; et al.

Cardiac myocyte-specific excision of the beta1 integrin gene results in myocardial fibrosis and cardiac failure. Circ. Res. 2002, 90,
458–464. [CrossRef] [PubMed]

116. Perrucci, G.L.; Barbagallo, V.A.; Corlianò, M.; Tosi, D.; Santoro, R.; Nigro, P.; Poggio, P.; Bulfamante, G.; Lombardi, F.;
Pompilio, G. Integrin ανβ5 in vitro inhibition limits pro-fibrotic response in cardiac fibroblasts of spontaneously hyperten-
sive rats. J. Transl. Med. 2018, 16, 1–13. [CrossRef] [PubMed]

117. Russo, I.; Frangogiannis, N.G. Diabetes-associated cardiac fibrosis: Cellular effectors, molecular mechanisms and therapeutic
opportunities. J. Mol. Cell. Cardiol. 2016, 90, 84–93. [CrossRef]

118. Levick, S.P.; Widiapradja, A. The Diabetic Cardiac Fibroblast: Mechanisms Underlying Phenotype and Function. Int. J. Mol. Sci.
2020, 21, 970. [CrossRef]

119. Bell, D.S.H. Diabetic cardiomyopathy. Diabetes Care 2003, 26, 2949–2951. [CrossRef]
120. Talior-Volodarsky, I.; Arora, P.D.; Wang, Y.; Zeltz, C.; Connelly, K.A.; Gullberg, D.; McCulloch, C.A. Glycated Collagen Induces

α11 Integrin Expression Through TGF-β2 and Smad3. J. Cell. Physiol. 2015, 230, 327–336. [CrossRef]

http://doi.org/10.1038/nrm1789
http://www.ncbi.nlm.nih.gov/pubmed/16493410
http://doi.org/10.1083/jcb.151.7.1435
http://www.ncbi.nlm.nih.gov/pubmed/11134073
http://doi.org/10.1101/gad.1458906
http://doi.org/10.3109/08977194.2011.595714
http://doi.org/10.1101/cshperspect.a022293
http://www.ncbi.nlm.nih.gov/pubmed/28432134
http://doi.org/10.1016/j.tibs.2010.08.002
http://doi.org/10.3389/fcell.2019.00049
http://doi.org/10.1038/srep20395
http://doi.org/10.1161/CIRCRESAHA.111.243162
http://doi.org/10.1016/S0008-6363(98)00110-2
http://doi.org/10.1089/ars.2006.8.1907
http://doi.org/10.1016/j.yjmcc.2013.11.015
http://www.ncbi.nlm.nih.gov/pubmed/24321195
http://doi.org/10.1161/01.CIR.0000085658.98621.49
http://www.ncbi.nlm.nih.gov/pubmed/12975244
http://doi.org/10.1093/cvr/cvv214
http://doi.org/10.1161/CIRCULATIONAHA.106.683235
http://doi.org/10.1016/S0008-6363(99)00117-0
http://doi.org/10.1136/hrt.2005.071001
http://doi.org/10.1161/01.CIR.0000051363.86009.3C
http://doi.org/10.1007/s00395-006-0640-1
http://www.ncbi.nlm.nih.gov/pubmed/17186162
http://doi.org/10.1161/CIRCRESAHA.113.301152
http://doi.org/10.1513/pats.200708-146DR
http://doi.org/10.1016/S1054-8807(01)00104-1
http://doi.org/10.1161/01.HYP.0000258703.36986.13
http://www.ncbi.nlm.nih.gov/pubmed/17283249
http://doi.org/10.1161/hh0402.105790
http://www.ncbi.nlm.nih.gov/pubmed/11884376
http://doi.org/10.1186/s12967-018-1730-1
http://www.ncbi.nlm.nih.gov/pubmed/30541573
http://doi.org/10.1016/j.yjmcc.2015.12.011
http://doi.org/10.3390/ijms21030970
http://doi.org/10.2337/diacare.26.10.2949
http://doi.org/10.1002/jcp.24708


Cells 2021, 10, 770 18 of 18

121. Friedberg, M.K.; Redington, A.N. Right versus left ventricular failure: Differences, similarities, and interactions. Circulation 2014,
129, 1033–1044. [CrossRef] [PubMed]

122. Guihaire, J.; Noly, P.E.; Schrepfer, S.; Mercier, O. Advancing knowledge of right ventricular pathophysiology in chronic pressure
overload: Insights from experimental studies. Arch. Cardiovasc. Dis. 2015, 108, 519–529. [CrossRef] [PubMed]

123. Urashima, T.; Zhao, M.; Wagner, R.; Fajardo, G.; Farahani, S.; Quertermous, T.; Bernstein, D. Molecular and physiological
characterization of RV remodeling in a murine model of pulmonary stenosis. Am. J. Physiol. Heart Circ. Physiol. 2008, 295,
H1351–H1368. [CrossRef] [PubMed]

124. Kuppuswamy, D.; Kerr, C.; Narishige, T.; Kasi, V.S.; Menick, D.R.; Cooper, G. Association of tyrosine-phosphorylated c-Src with
the cytoskeleton of hypertrophying myocardium. J. Biol. Chem. 1997, 272, 4500–4508. [CrossRef]

125. Ren, J.; Avery, J.; Zhao, H.; Schneider, J.G.; Ross, F.P.; Muslin, A.J. Beta3 integrin deficiency promotes cardiac hypertrophy and
inflammation. J. Mol. Cell. Cardiol. 2007, 42, 367–377. [CrossRef]

126. Sun, M.; Ishii, R.; Okumura, K.; Krauszman, A.; Breitling, S.; Gomez, O.; Hinek, A.; Boo, S.; Hinz, B.; Connelly, K.A.; et al. Experi-
mental Right Ventricular Hypertension Induces Regional β1-Integrin-Mediated Transduction of Hypertrophic and Profibrotic
Right and Left Ventricular Signaling. J. Am. Heart Assoc. 2018, 7, e007928. [CrossRef]

127. Zhang, W.-M.; Kapyla, J.; Puranen, J.S.; Knight, C.G.; Tiger, C.-F.; Pentikainen, O.T.; Johnson, M.S.; Farndale, R.W.; Heino, J.;
Gullberg, D. alpha 11beta 1 integrin recognizes the GFOGER sequence in interstitial collagens. J. Biol. Chem. 2003, 278, 7270–7277.
[CrossRef]

128. Wiencierz, A.M.; Kernbach, M.; Ecklebe, J.; Monnerat, G.; Tomiuk, S.; Raulf, A.; Christalla, P.; Malan, D.; Hesse, M.; Bosio, A.; et al.
Differential Expression Levels of Integrin α6 Enable the Selective Identification and Isolation of Atrial and Ventricular Cardiomy-
ocytes. PLoS ONE 2015, 10, e0143538. [CrossRef]

129. Sun, K.-H.; Chang, Y.; Reed, N.I.; Sheppard, D. α-Smooth muscle actin is an inconsistent marker of fibroblasts responsible for
force-dependent TGFβ activation or collagen production across multiple models of organ fibrosis. Am. J. Physiol. Lung Cell. Mol.
Physiol. 2016, 310, L824–L836. [CrossRef]

130. Kanisicak, O.; Khalil, H.; Ivey, M.J.; Karch, J.; Maliken, B.D.; Correll, R.N.; Brody, M.J.; Lin, S.-C.; Aronow, B.J.; Tallquist, M.D.; et al.
Genetic lineage tracing defines myofibroblast origin and function in the injured heart. Nat. Commun. 2016, 7, 12260. [CrossRef]
[PubMed]

131. Doll, S.; Dreßen, M.; Geyer, P.E.; Itzhak, D.N.; Braun, C.; Doppler, S.A.; Meier, F.; Deutsch, M.-A.; Lahm, H.; Lange, R.; et al.
Region and cell-type resolved quantitative proteomic map of the human heart. Nat. Commun. 2017, 8, 1–13. [CrossRef] [PubMed]

132. Farbehi, N.; Patrick, R.; Dorison, A.; Xaymardan, M.; Janbandhu, V.; Wystub-Lis, K.; Ho, J.W.; Nordon, R.E.; Harvey, R.P.
Single-cell expression profiling reveals dynamic flux of cardiac stromal, vascular and immune cells in health and injury. eLife
2019, 8, e43882. [CrossRef] [PubMed]

http://doi.org/10.1161/CIRCULATIONAHA.113.001375
http://www.ncbi.nlm.nih.gov/pubmed/24589696
http://doi.org/10.1016/j.acvd.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26184869
http://doi.org/10.1152/ajpheart.91526.2007
http://www.ncbi.nlm.nih.gov/pubmed/18586894
http://doi.org/10.1074/jbc.272.7.4500
http://doi.org/10.1016/j.yjmcc.2006.11.002
http://doi.org/10.1161/JAHA.117.007928
http://doi.org/10.1074/jbc.M210313200
http://doi.org/10.1371/journal.pone.0143538
http://doi.org/10.1152/ajplung.00350.2015
http://doi.org/10.1038/ncomms12260
http://www.ncbi.nlm.nih.gov/pubmed/27447449
http://doi.org/10.1038/s41467-017-01747-2
http://www.ncbi.nlm.nih.gov/pubmed/29133944
http://doi.org/10.7554/eLife.43882
http://www.ncbi.nlm.nih.gov/pubmed/30912746

	Introduction 
	Integrins in the Heart 
	Normal Functions of Integrins in CFs 
	Normal Functions of Integrins in CMs 
	Integrins in the Diseased Heart 
	The Importance of Actin Binding Elements and Integrin Related Kinases 
	Talin 
	Paxillin 
	Kindlin 
	Focal Adhesion Kinase (FAK) 
	Integrin-Linked Kinase (ILK) 
	Integrin Mediated Signaling 
	Spatial and Temporal Distribution and Functions of Integrins in Heart during Disease 
	Integrins Across the Left Ventricle 
	Acute/Ischemic Injury 
	Pressure Overload 
	Diabetic Cardiomyopathy 

	Integrins in Right Ventricular Pressure Overload 
	Atrium 
	Future Directions 
	Conclusions 
	References

