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Preface

Cardiac Fibrosis and Heart Failure: Cause or Effect?
Cardiac fibrosis is the abnormal expansion of the cardiac extracellular matrix 

(ECM) due to excessive ECM protein deposition, which occurs in most types of 
heart disease. It is widespread and is found in cardiac diseases including post-MI 
heart failure, hypertension and diabetic cardiomyopathy. Remodeling of the cardiac 
extracellular matrix has become a well-known modifier of cardiac performance 
and on-going or chronic wound healing is closely tied to heart failure. The cardiac 
ECM includes proteins that occupy the space between cells in the heart. Contractile 
myofibroblasts are those cells that not only express α-smooth muscle actin, but 
more importantly also exhibit formation of stress fibres, are the major players in the 
secretion and physical remodeling of matrix. Myofibroblasts facilitate connections 
from cell surface adhesions to the matrix itself, and progressive remodeling of the 
matrix and cellular connections contributes to heart failure. Fibroblasts (defined as 
fibroblastic cells without stress fibres) and myofibroblasts contribute to the normal 
maintenance of matrix, wound healing, and to the pathology of cardiac fibrosis. 
While limited wound healing is necessarily “a good thing”, the situation deteriorates 
in runaway wound healing or fibrosis, which is marked by progressive deposition of 
matrix proteins long after the acute wound healing phase is completed. In the early 
1990s, and despite a widespread awareness of cardiac fibrosis, our interpretation 
of its role in heart disease had stalled at the concept of cardiac fibrosis as a being 
secondary result of disease, and not as a primary contributor to the development 
of heart failure. Since then, major advances in our understanding have allowed us 
to now identify cardiac fibrosis as being a primary and causal driver of disease. 
This may be thought of as independent of cardiac muscle cell injury. Thus a 
comprehensive treatise on this topic is well warranted.

Jeffrey T. Wigle, Ian M.C. Dixon
Winnipeg, Canada
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Cardiac Fibrosis and Heart Failure—Cause 
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Abstract  Cardiac fibrosis is the pathological accumulation of cardiac extracellular 
matrix (ECM or matrix), which occurs in most types of heart disease. Major recent 
advances in our understanding have allowed us to identify cardiac fibrosis as a 
primary disease independent of either cardiomyocyte injury or loss. New develop-
ments within this field are burgeoning, including research that points to multiple 
sources for cardiac myofibroblasts participating in cardiovascular disease patho-
genesis, the feasibility of bioengineered matrix tissues as well as the identification 
of novel targets to reduce the incidence and severity of cardiac fibrosis. A summary 
of the state of knowledge of the regulation of the function of fibroblasts as well as 
a synopsis of the current state of investigation to address the biology of cardiovas-
cular fibroblasts, valvular interstitial cells (VICs), and myofibroblasts is warranted. 
This book will help to adapt the information that we have gathered in order to 
translate it into treatments for fibrotic cardiac diseases and thus alter the course of 
their progression.

Keywords  Cardiac fibrosis · Heart disease · Fibroblast · Myofibroblast
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Cardiac fibrosis is the pathological accumulation of cardiac extracellular matrix (ECM 
or matrix). It is generally held that fibrosis occurs in most types of heart disease where-
in cardiomyocytes are lost to necrotic cell death and is the end-point of a chronic or 
excessive wound healing process [1]. While acute wound healing is both required and 
necessary for the maintenance of the interconnectivity of the muscular parenchymal 
syncytium of cardiomyocytes, cardiac fibrosis is by definition the pathological mani-
festation of the abnormal expansion of the cardiac interstitium or non-parenchymal 
tissues with excessive matrix component protein deposition. Remodeling of the cardi-
ac extracellular matrix has become a well-known modifier of cardiac performance and 
on-going or chronic wound healing is closely tied to heart failure [2]. The traditional 
functional description of the cardiac matrix is limited to the tethering of myocytes 
to effect the efficient transfer of contractile forces and to translate those forces into 
cardiac pump function. However the cardiac matrix itself is diverse and dynamic as 
it contains glycosaminoglycans, glycoproteins, matrikines, structural proteins, both 
active and inactive cytokines and fibrogenic growth factors including TGF-β1 (which 
may be bound to docking proteins and therefore “held in reserve”) and also serves as 
the scaffold for the most numerous cell type in the heart—cardiac fibroblasts [3–5]. 
The current usage of the term “fibroblast” may be a relative oversimplification in-
sofar as it groups together these mesenchymally derived cells from heart atria and 
ventricles, as well as lung, kidney, skin etcetera, despite growing evidence that these 
cells differ topographically within organs including the heart [6] and between different 
organs [7]. We and others have previously shown that relatively quiescent atrial and 
ventricular-derived cells rapidly phenoconvert in vitro and in vivo to become con-
tractile, hypersecretory myofibroblasts [8, 9]. These myofibroblast cells are the major 
players in the secretion and physical remodeling of the connections from cell surface 
adhesions to the matrix; this remodeled ECM contributes to heart failure (see Fig. 1).

Fig. 1   Phenoconversion of fibroblasts to myofibroblasts. Activation of Ski in the nucleus of 
myofibroblasts is associated with the diminution of the myofibroblast phenotype 
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The unique biology of cardiac fibroblasts, and especially cardiac myofibroblasts 
[10], distinguishes them from other fibroblastic cells and this unique biology is only 
beginning to be appreciated in the context of their contribution to heart failure. The 
natural signals that stimulate and inhibit the process of cardiac fibrosis mediated 
by these cells are not well understood. In the early 1990s, despite a widespread 
awareness of cardiac fibrosis occurring in various etiologies of heart failure, our 
interpretation of its role in heart disease had stalled at the concept of cardiac fibrosis 
as being a secondary result of progressive heart failure [11, 12] Since then, major 
advances in our understanding have allowed us to identify cardiac fibrosis as a 
primary disease, which can be independent of either cardiomyocyte injury or loss 
[13]. While other comprehensive treatises on this topic have been forthcoming [1], 
the suggestion that cardiac fibrosis may be a primary contributor to heart failure has 
only recently gained ground. For these reasons, a summary of the state of knowl-
edge of the regulation of the function of fibroblasts, including the synthesis and 
secretion of ECM and focal adhesion proteins, as well as a synopsis of the current 
state of investigation to address the biology of cardiovascular fibroblasts, valvular 
interstitial cells (VICs), and myofibroblasts is warranted. New developments within 
this field are burgeoning, including research that points to diverse sources for car-
diac myofibroblasts participating in cardiovascular disease pathogenesis, the feasi-
bility of bioengineered matrix tissues as well as the identification of novel targets 
to reduce the incidence and severity of cardiac fibrosis. Among the latter are recent 
studies to investigate endogenous inhibitors of cardiac fibrosis, including proteins 
such as the Ski/Sno superfamily [9, 14]. For example, we have recently discovered 
that Ski may strongly influence myofibroblast phenoconversion, possibly via the 
regulation of a novel Smad interacting protein, Zeb2 [9] and induction of apoptotic 
death (unpublished results), which may then influence the pathogenesis of cardiac 
fibrosis.

The purpose of this compendium of work is to bring together the latest findings 
in the investigation into matrix dysfunction in cardiovascular disease. The current 
book will address the molecular mechanisms that control the synthesis and secre-
tion of the cardiac ECM. We will highlight work which sheds light on the pathogen-
esis of cardiovascular diseases including topics as diverse as atrial fibrillation and 
fibrosis, putative pools or sources for myofibroblasts, cardiac aging, endogenous 
inhibitors of fibrosis, autophagy and ER stress in fibrosis, and discussions to unify 
mechanisms of matrix remodeling in valves, atria and ventricles. As the mecha-
nisms that underpin the stimulation of cardiac fibrosis are not fully understood, 
it is not surprising that no specific agents currently exist in the clinical armament 
to alleviate this pathology by acting specifically on cardiovascular fibroblasts and 
myofibroblasts. Ultimately, we hope that this book will help to adapt the informa-
tion that we have gathered in order to translate it into treatments for fibrotic cardiac 
diseases; this will allow us to alter the course of the progression of these diseases 
and thus lessen their impact not only on patients with cardiovascular disease, but 
also on society at large.
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Abstract  The adult mammalian heart contains abundant fibroblasts. Cardiac fibro-
blasts are versatile and dynamic cells that not only produce extracellular matrix 
proteins, but may also serve important functions in myocardial inflammation, angio-
genesis and repair. Following injury, cardiac fibroblasts may maintain the integrity 
of the extracellular matrix network preserving cardiac geometry and function. Myo-
cardial infarction induces dynamic alterations in fibroblast phenotype. During the 
early stages of infarct healing, cardiac fibroblasts may serve as sentinel cells that 
sense signals released by dying cardiomyocytes and activate the inflammasome, 
secreting cytokines and chemokines. During the inflammatory phase, fibroblasts 
exhibit a matrix-degrading phenotype; myofibroblast conversion may be delayed 
by activation of Interleukin-1 (IL-1) signaling. Suppression of pro-inflammatory 
signals and termination of IL-1-driven cascades during the proliferative phase 
of infarct healing may allow unopposed actions of Transforming Growth Factor 
(TGF)-β on cardiac fibroblasts, mediating myofibroblast transdifferentiation, matrix 
synthesis and scar contraction. Angiotensin II, the mast cell proteases chymase and 
tryptase, growth factors and specialized matrix proteins may co-operate to promote 
a synthetic and proliferative myofibroblast phenotype. The maturation phase fol-
lows, as infarct myofibroblasts cross-link the surrounding matrix, become quiescent 
and may undergo apoptosis. However, in the non-infarcted remodeling myocar-
dium, fibroblasts may remain activated in response to volume and pressure overload 
promoting interstitial fibrosis. This chapter discusses the role of cardiac fibroblasts 
in infarct healing and the mechanisms of their activation, suggesting potential thera-
peutic targets aimed at attenuating adverse post-infarction remodeling.

Keywords  Myofibroblast · Infarction · Proto-myofibroblast · Transdifferentiation · 
Ischemia
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1 � Introduction

Fibroblasts are the most abundant interstitial cells in the adult mammalian myocar-
dium [1, 2]. There are no reliable and specific fibroblast markers, thus identifica-
tion of fibroblasts in mammalian tissues is based on morphological and functional 
criteria. Traditionally, cardiac fibroblasts are described as elongated, spindle shaped 
cells that lack a basement membrane and are responsible for maintaining the integ-
rity of the cardiac matrix network. It is increasingly recognized that fibroblasts do 
not only serve as matrix-producing cells, but also play important roles in regulat-
ing inflammatory, immune, reparative and angiogenic responses [3–6]. Most car-
diac pathophysiologic insults activate cardiac fibroblasts. The specific fibroblast 
responses triggered by various injurious stimuli are major determinants of the func-
tional and geometric consequences of the pathophysiologic condition. For example, 
pressure overload and volume overload may activate distinct molecular programs in 
cardiac fibroblasts, leading to different functional and morphologic abnormalities. 
The infarcted heart provides a unique opportunity to study the dynamic changes of 
cardiac fibroblasts and to appreciate their functional diversity in response to micro-
environmental changes [7]. Because the adult mammalian myocardium has negli-
gible endogenous regenerative capacity, loss of a large number of cardiomyocytes 
leads to their replacement with a collagen-based scar.

Repair of the infarcted heart is dependent on a superbly orchestrated response 
that can be divided into three distinct, but overlapping phases: the inflammatory, 
the proliferative and the maturation phase [8, 9]. In the dynamic microenvironment 
of the infarct, cardiac fibroblasts undergo dramatic phenotypic alterations and may 
serve a wide range of functions. This chapter reviews evidence on the role of car-
diac fibroblasts in the phases of infarct healing and on their potential involvement in 
activation and suppression of the inflammatory reaction, in matrix metabolism, and 
in formation of a mature collagen-based scar. We will also discuss the key molecu-
lar signals directing the phenotypic transitions of fibroblasts during the phases of 
cardiac repair and we will attempt to identify specific therapeutic targets to prevent 
adverse remodeling following myocardial infarction.

2 � Cardiac Fibroblasts in Normal Mammalian Hearts

The adult mammalian heart contains abundant fibroblasts (Fig. 1). Although it is of-
ten stated that cardiac fibroblasts may outnumber cardiomyocytes [10] robust docu-
mentation of this claim in human hearts is lacking. Moreover, the number of fibro-
blasts measured in experimental studies likely depends on the specific methodology 
and the markers used for fibroblast identification. Species, strain and age may also 
affect the relatively density of cardiac interstitial fibroblasts. Regardless of these 
uncertainties, it is generally accepted that fibroblasts are the predominant interstitial 
cells in mammalian hearts. Fibroblast studies have been hampered by the absence 
of a fibroblast-specific surface marker. Vimentin, a cytoskeletal protein, has been 
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identified as an intermediate filament protein expressed by most cells of mesen-
chymal origin and has been extensively used to identify fibroblasts in normal and 
infarcted myocardium [11, 12]. Although useful in labeling fibroblasts in tissues, 
vimentin lacks specificity. Despite its name, fibroblast-specific protein (FSP)-1 is 
also known as S100A4, a calcium-binding protein which is expressed by activated 
macrophages, lymphocytes and endothelial cells [13, 14]. Other markers of fibro-
blasts (such as α-smooth muscle actin (α-SMA) and periostin) appear to label only 
activated cells upon acquisition of a matrix-synthetic myofibroblast phenotype. The 
basic helix-loop-helix (bHLH) transcription factor TCF21 has been proposed as a 
fibroblast-specific protein [15, 16]; however, its ability to specifically label cardiac 
fibroblasts in normal and injured hearts has not been systematically tested.

Little is known regarding the role of fibroblasts in cardiac homeostasis. Em-
bryonic fibroblasts may promote cardiomyocyte proliferation through interactions 
involving β1 integrin signaling [17]. A growing body of evidence suggests that fi-
broblasts and cardiomyocytes may contribute to cardiac homeostasis by intracellu-
lar communications known as connexins, which contribute to normal electrical and 
mechanical function of the heart [18].

3 � The Phases of Cardiac Repair

From the descriptive viewpoint, the reparative response following myocardial in-
farction can be divided into three overlapping but distinct phases: the inflammatory 
phase, the proliferative phase and the maturation phase. Each phase is characterized 
by recruitment/activation of specific cellular populations. Death of large numbers of 
cardiomyocytes in the infarcted myocardium results in the release of danger signals, 
triggering the activation of an inflammatory cascade. Neutrophils and inflammatory 
monocytes infiltrate the infarct and clear the wound from dead cells and matrix 
debris. Resolution of the inflammatory reaction is associated with activation and 

Fig. 1   Fibroblasts harvested 
from mouse hearts and 
cultured in a collagen pad. 
In free floating gel pads, 
many cardiac fibroblasts 
exhibit a dendritic morphol-
ogy ( arrow), while others 
have a more rounded shape 
( arrowhead). Stained with 
Sirius red, counterstained 
with hematoxylin
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proliferation of mesenchymal cells; at this stage activated fibroblasts become the 
dominant cell type in the infarct and deposit large amounts of structural and matri-
cellular matrix proteins. The maturation phase follows, as collagen is cross-linked 
and the cellular elements of the scar undergo apoptosis. Each phase of cardiac repair 
is associated with distinct phenotypic alterations of the fibroblasts.

4 � Cardiac Fibroblasts During the Inflammatory Phase

4.1 � Cardiac Fibroblasts as Inflammatory Cells Following 
an Ischemic Insult

Although robust evidence on the fate of resident cardiac fibroblasts following myo-
cardial infarction is lacking, in vitro experiments suggest that fibroblasts may be 
more resistant to ischemic insults than cardiomyocytes [19]. Due to their relative re-
sistance to ischemic death, their strategic location in the cardiac interstitium and po-
tential interactions with other myocardial cells, fibroblasts may function as sentinel 
cells that sense injury and trigger an inflammatory reaction (Fig. 2). Because other 
cell types (including vascular cells, mast cells and macrophages) are also capable of 
releasing pro-inflammatory mediators, the relative role of fibroblasts as inflamma-

Fig. 2   The “pro-inflammatory” fibroblast. During the inflammatory phase of infarct healing, car-
diac fibroblasts activate the inflammasome and may secrete matrix metalloproteinases ( MMPs), 
cytokines and chemokines. Reactive oxygen species ( ROS), activation of Toll-like receptor ( TLR) 
pathways by matrix fragments (FN/fibronectin, Col/collagen, H/hyaluronan) and danger signals, 
and pro-inflammatory cytokines (such as Interleukin (IL)-1 and Tumor necrosis factor ( TNF)-α 
may promote a pro-inflammatory and matrix-degrading fibroblast phenotype

 



9Fibroblast Activation in the Infarcted Myocardium

tory cells is unclear. However, extensive experimental evidence from animal mod-
els of myocardial infarction suggests that cardiac fibroblasts exhibit activation of 
the inflammasome, the molecular platform responsible for caspase-mediated inter-
leukin (IL)-1 activation [20] and downstream IL-1 signaling. Moreover, fibroblasts 
may serve as a source of chemokines in the infarcted myocardium.

Which molecular signals trigger pro-inflammatory activation of fibroblasts in 
the infarcted heart? Induction of pro-inflammatory cytokines, such as IL-1, Tumor 
Necrosis Factor (TNF)-α and members of the gp130 family, plays an important role 
in acquisition of pro-inflammatory phenotype by cardiac fibroblasts during the ear-
ly stages following infarction. In vitro, IL-1, TNF-α and oncostatin-M [21–23] exert 
potent pro-inflammatory actions on cardiac fibroblasts. In vivo evidence suggests 
that IL-1β may be prominently involved in inflammatory activation of fibroblasts 
in the infarcted heart [24]. IL-1 signaling enhances collagenase expression by car-
diac fibroblasts promoting a matrix-degrading fibroblast phenotype that may also 
be associated with accentuated inflammatory cytokine synthesis. In addition to its 
pro-inflammatory actions, IL-1 also delays myofibroblast transdifferentiation sup-
pressing expression of α-SMA by cardiac fibroblasts [24] and may inhibit fibroblast 
proliferation [25] by modulating expression of cyclins and their kinases [26]. Acti-
vation of IL-1 signaling during the early inflammatory phase of infarct healing may 
prevent premature conversion of fibroblasts into matrix-secreting myofibroblasts at 
a timepoint when the infarct environment may be hostile to reparative and contrac-
tile cells. As the wound is cleared from dead cells and matrix debris, suppression 
and resolution of IL-1-driven inflammation may allow unopposed actions of growth 
factors, leading to transdifferentiation of fibroblasts into synthetic myofibroblasts. 
Angiotensin II and aldosterone also exert pro-inflammatory actions on cardiac fi-
broblasts in vitro [27, 28]; however, the in vivo significance of these actions during 
the inflammatory phase of cardiac repair remains unknown. Cytokines and angio-
tensin II may exert their pro-inflammatory actions, at least in part, by promoting 
generation of reactive oxygen species (ROS) [27, 28]. Matrix degradation products, 
generated through the early activation of proteases in the infarcted heart may also 
contribute to pro-inflammatory fibroblast signaling [29, 30]. In vitro studies suggest 
that activation of Toll-like receptor (TLR) signaling by danger associated molecular 
patterns (DAMPs) released from dead cells may also activate pro-inflammatory 
responses in fibroblasts [31]. However, the potential role of TLR actions in inflam-
matory activation of cardiac fibroblasts in vivo has not been investigated.

4.2 � Do activated Fibroblasts Participate in Resolution 
of Post-Infarction Inflammation?

Effective post-infarction repair requires timely suppression of the inflammatory 
response; negative regulation of chemokine and cytokine signaling prevents the 
catastrophic consequences of uncontrolled inflammation on cardiac geometry and 
function [8]. Suppression and resolution of the inflammatory reaction involves the 
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timely activation of endogenous inhibitory pathways that inhibit inflammation. Var-
ious soluble mediators, such TGF-β and IL-10, and intracellular STOP signals (such 
as Interleukin Receptor Associated Kinase-M) inhibit innate immune signaling [32] 
and have been implicated in suppression and resolution of inflammatory infiltrate. 
Although all cell types participating in repair following an ischemic result are likely 
involved in suppression and resolution of inflammation the key cellular effectors in 
mediating this transition have not been identified. While subsets of monocytes and 
lymphocytes and macrophages have been shown to negatively regulate the post-
infarction inflammatory response [33–35], whether fibroblasts can acquire an anti-
inflammatory phenotype, participating in resolution of inflammation in the healing 
infarct remains unknown.

5 � Cardiac Fibroblasts During the Proliferative Phase

5.1 � Activated Fibroblasts as the Dominant Reparative Cells 
in the Infarcted Myocardium

During the proliferative phase of infarct healing, cardiac fibroblasts undergo dra-
matic phenotypic changes acquiring a synthetic/proliferative myofibroblast-like 
phenotype. Accumulation of activated myofibroblasts in the infarct border zone has 
been demonstrated in experimental models of myocardial infarction (Fig. 3). The 
transition from an inflammatory to a synthetic myofibroblast phenotype involves 
the removal of pro-inflammatory signals (such as IL-1β), activation of growth fac-
tor-mediated signaling and generation of a plastic matrix network which promotes 
myofibroblast transdifferentiation and stimulates responses to various growth fac-
tors through matricellular interactions (Fig. 4).

Fig. 3   During the prolifera-
tive phase, α-smooth muscle 
actin ( SMA)-expressing 
myofibroblasts infiltrate the 
infarct border zone. α-SMA 
immunohistochemistry 
identifies abundant myo-
fibroblasts in the infarcted 
mouse heart (1h ischemia/7 
days reperfusion), as elon-
gated cells ( arrows) located 
outside the vascular media. 
α-SMA staining also labels 
vascular smooth muscle cells 
( arrowheads)
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5.2 � Characteristics and Origin of Activated Fibroblasts 
Following Infarction

Where do infarct myofibroblasts come from? In adult mammals, the abundant 
cardiac interstitial cells can be activated in response to growth factor stimulation 
and to alterations in their matrix environment, and may represent the most impor-
tant source of myofibroblasts in the healing infarct. In vivo evidence suggests that 
blood-derived fibroblast progenitors and endothelial to mesenchymal transition 
may also contribute to the myofibroblast populations in models of cardiac fibrosis 
[36–38]. Additional sources of infarct fibroblasts may include epicardial cells, car-
diac pericytes and vascular smooth muscle cells [39]. The relative contribution of 
each population remains unknown. Moreover, the infarct fibroblast population may 
be heterogeneous; different subsets with distinct origins and functional properties 
may contribute specialized roles in cardiac repair.

Fig. 4   During the proliferative phase of infarct healing, fibroblasts become activated, transdif-
ferentiate into myofibroblasts, secrete matrix proteins and proliferate. A wide range of mediators 
(including angiotensin II, TGF-β, growth factors, endothelin-1, tryptase, chymase and matricel-
lular proteins) are implicated in the activation process (see text)
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5.3 � Myofibroblast Transdifferentiation

Conversion of fibroblasts into synthetic myofibroblasts is the hallmark of the pro-
liferative phase of infarct healing. In the healing infarct, border zone myofibro-
blasts acquire some characteristics of smooth muscle cells, exhibiting formation 
of contractile stress fibers [12, 40], and expression of α-SMA. Although de novo 
synthesis of α-SMA characterizes the differentiated myofibroblast, it is important 
to note that it is not a necessary criterion for myofibroblast identification: “pro-
to-myofibroblasts” form stress fibers without incorporation of α-SMA [41, 42]. 
Conversion of cardiac fibroblasts into myofibroblasts requires the cooperation of 
growth factors (such as TGF-β) and specialized matrix components (such as ED-A 
fibronectin) [43, 44]. Recent evidence suggests that the calcium channel Transient 
receptor potential canonical (TRPC)6 is critically involved in mediating the effects 
of TGF-β and angiotensin II on myofibroblast transdifferentiation [45, 46]. Dur-
ing the proliferative phase of healing, activation of TGF-β, deposition of ED-A 
fibronectin and matricellular proteins in the provisional matrix network [47] and 
removal of pro-inflammatory cytokines, such as IL-1β, create an environment that 
potently stimulates myofibroblast conversion.

5.4  �Role of TGF-β Signaling and its Importance in Fibrosis

TGF-β is a multifunctional, versatile and highly pleiotropic growth factor that 
regulates a wide range of cellular responses (including cell migration, prolifera-
tion, differentiation and survival). TGF-β is found in many tissues in a latent form; 
generation of small amounts of bioactive TGF-β is sufficient to trigger a maximal 
cellular response. TGF-β expression is markedly augmented following infarction 
and is predominately localized in the infarct border zone; platelets, inflammatory 
leukocytes, fibroblasts, vascular cells and cardiomyocytes may contribute to the in-
creased levels of TGF-β. TGF-β1, β2 and β3 isoforms exhibit distinct time courses 
of upregulation in myocardial infarction [48]: TGF-β1 and β2 are induced early, 
whereas TGF-β3 expression is upregulated at a later stage. TGF-β induction in the 
infarcted myocardium is associated with a marked increase in levels of phosphory-
lated Smad2/3 [49, 50], suggesting generation of bioactive TGF-β and downstream 
activation of TGF-β/Smad signaling.

TGF-β has profound effects on fibroblast phenotype and function inducing 
myofibroblast transdifferentiation [51], upregulating matrix protein synthesis and 
stimulating synthesis of protease inhibitors, such as Tissue inhibitor of metallopro-
teinases (TIMP)-1 and Plasminogen activator inhibitor (PAI)-1 [44, 50]. TGF-β me-
diated activation of Smad3 signaling plays an important role in activation of infarct 
fibroblasts; in the absence of Smad3, collagen deposition in the infarct, in the border 
zone and in the remodeling non-infarcted myocardium is significantly attenuated. 
The pro-fibrotic effects of Smad3 signaling are mediated, at least in part, through 
upregulation of matrix protein synthesis and through stimulation of α-SMA expres-
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sion [52]. Our understanding of the role of non-canonical Smad-independent TGF-β 
signaling pathways in cardiac repair remains limited. Although in other models of 
tissue fibrosis, p38 mitogen-activated protein kinase (MAPK) and c-Abl tyrosine 
kinase have been implicated in the fibrotic response [53, 54], their significance in 
activation of reparative fibroblasts following infarction remains unknown. TGF-β 
activated kinase (TAK)-1 may also exert pro-fibrotic actions in the myocardium 
[55]; however, direct evidence on its role in post-infarction repair is lacking.

5.5  �Signals Regulating Fibroblast Migration in the Infarcted 
Myocardium

Migration of fibroblasts into the healing infarct is essential for the reparative re-
sponse. Formation of a fibrin/fibronectin-based provisional matrix in the infarcted 
area creates the environment necessary for cell migration. Despite the significance 
of the migratory response in cardiac repair, understanding of the signals that stimu-
late fibroblast migration in the healing infarct is limited. Fibroblast migration in the 
infarct is associated with the activation of tissue polarity genes, such as frizzled-2 
[56]. Growth factor signaling and deposition of matricellular proteins likely regu-
late fibroblast migration; however, the specific pathways implicated in the process 
are poorly understood. The migratory response is tightly regulated. Activation of 
inhibitory anti-migratory signals, such as the anti-fibrotic chemokine CXCL10/
Interferon--inducible Protein (IP)-10 [57] reduces growth factor-induced fibroblast 
migration preventing excessive fibrotic remodeling of the infarcted heart. The anti-
fibrotic effects of IP-10 are not mediated through activation of its main receptor 
CXCR3 and may involve proteoglycan-mediated interactions [58].

5.6  �The Renin Angiotensin Aldosterone System (RAAS) and 
Growth Factors Regulate Fibroblast Function in the 
Infarcted Myocardium

In the healing infarct, myofibroblasts become matrix-synthetic proliferative cells 
and are responsible for formation of the collagen-based scar that replaces the dead 
cardiomyocytes. Surviving cardiomyocytes, macrophages and mast cells may 
contribute to activation of border zone myofibroblasts by secreting mediators that 
regulate their proliferative activity and matrix synthetic capacity [59, 60]. Exten-
sive evidence suggests a crucial role for the RAAS system in activation of infarct 
myofibroblasts. Both pharmacologic inhibition studies and genetic loss-of-function 
experiments suggested that angiotensin II signaling increases the matrix synthetic 
capacity of infarct myofibroblasts by activating type I (AT1) receptors [61]. Aldo-
sterone also induces expression of matrix proteins in cardiac fibroblasts [62]. The 
fibrogenic effects of the RAAS are mediated, at least in part, through activation of 
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growth factors, such as Fibroblast Growth Factors (FGFs), TGF-β, and Platelet-
derived growth factor (PDGF) [63, 64]. Endothelin-1 also activates cardiac fibro-
blasts, by inducing collagen synthesis and by stimulating proliferation [65, 66]. 
Moreover, the mast cell proteases tryptase and chymase are potent activators of 
fibroblast proliferation and inducers of matrix protein synthesis [67–69]. In addition 
to its direct actions on cardiac fibroblasts, mast cell chymase may act as an impor-
tant alternative mechanism for angiotensin II generation [70].

5.7 � The Extracellular Matrix as a Modulator of Fibroblast 
Phenotype: The Matricellular Proteins

The extracellular matrix does not simply play a structural role, but also dynamically 
regulates cellular phenotype and function in injured and remodeling tissues. Dur-
ing the proliferative phase of infarct healing, deposition of matricellular proteins 
in the infarct dynamically modulates fibroblast phenotype, regulating cytokine and 
growth factor responses. Several members of the matricellular family, including 
thrombospondin (TSP)-1, TSP-2, osteopontin (OPN), Secreted protein acidic and 
rich in cysteine (SPARC), periostin, tenascin-C and members of the CCN family are 
upregulated in the infarcted myocardium and modulate fibroblast function, playing 
an essential role in the reparative and remodeling response [47].

TSP-1, a prototypical matricellular protein is a potent angiostatic mediator with 
an essential role in TFG-β activation [71]. TSP-1 expression is selectively upregu-
lated in the infarct border zone; TSP-1 loss results in increased dilative post-in-
farction remodeling associated with prolonged and expanded inflammation [72]. 
TSP-1 has matrix-stabilizing effects; both direct actions of TSP-1 and its effects on 
TGF-β activation may drive cardiac fibroblasts towards a matrix-preserving pheno-
type [73]. TSP-1 loss in a model of cardiac pressure overload was associated with 
increased MMP activity, impaired myofibroblast transdifferentiation, and reduced 
fibroblast-derived collagen synthesis [73].

Expression of Tenascin-C is also markedly upregulated during the proliferative 
phase of healing [74] and facilitates fibroblast migration into the infarct [75, 76]. 
SPARC also critically regulates fibroblast phenotype and function in the remodel-
ing heart. SPARC loss in mice is associated with higher mortality following due to 
defective healing, associated with disorganized granulation tissue formation and 
deposition of immature collagen [77]. OPN upregulation is also consistently found 
in animal models of myocardial infarction [78]. OPN can act both as a cytokine and 
as a matricellular protein. Loss of OPN was associated with worse post-infarction 
cardiac remodeling [79]. OPN has multifunctional effects on cell survival, prolif-
eration, adhesion and migration. In vitro experiments suggested that proliferative 
effects of angiotensin II in cardiac fibroblasts may be mediated by OPN [80]. Peri-
ostin is also highly upregulated in the infarcted heart and plays a critical role in 
infarct fibroblast maturation and differentiation [81, 82].
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6 � Cardiac Fibroblasts During the Maturation Phase 
of Infarct Healing

As the scar matures, the extracellular matrix is cross-linked, while the cellular ele-
ments undergo apoptosis. Cardiac fibroblasts may contribute to formation of cross-
linked collagen by secreting enzymes such as lysyl-oxidase and tissue transgluta-
minase. Although cardiac fibroblasts appear to undergo dramatic changes during 
the maturation phase, transitioning to a quiescent state and eventually disappearing 
from the scar, very little is known regarding their fate, and the signals that may drive 
suppression of their activity. In mature myocardial infarcts, myofibroblast density is 
decreased [83, 84]; whether this decrease is due to loss of α-SMA expression and re-
versal of myofibroblast phenotype, or to apoptotic death, remains unclear. Removal 
of matricellular proteins and growth factors from the infarct environment may be 
responsible for fibroblast deactivation and apoptosis in the scar, depriving the cells 
from key pro-survival signals [85].

7 � Cardiac Fibroblasts in the Remodeling 
Non-Infarcted Heart

While infarct myofibroblasts may be cleared through activation of apoptotic path-
ways, in the remote remodeling infarcted myocardium, fibroblasts may remain ac-
tivated due to pathophysiologic changes induced by pressure and volume overload. 
In experimental models, pressure overload induces activation of matrix protein syn-
thesis, fibrosis and development of diastolic dysfunction. Persistent pressure over-
load ultimately leads to decompensation, chamber dilation and systolic dysfunction 
[86]. Volume overload on the other hand is predominately associated with matrix 
loss and cardiac dilation [87]. The phenotypic changes of interstitial fibroblasts in 
the remote remodeling myocardium remain poorly understood.

8 � Therapeutic Opportunities: Targeting the Cardiac 
Fibroblast Following Myocardial Infarction

Remodeling of the infarcted heart is dependent on the mechanical properties of the 
scar; thus, fibroblast-mediated actions on the infarcted and remodeling myocardium 
have important functional implications. Because of their key role as inflammatory 
and reparative cells, infarct fibroblasts are important therapeutic targets. Success of 
several established pharmacologic strategies for patients with myocardial infarction 
may be dependent, at least in part, on their effects on cardiac fibroblasts. Angioten-
sin Converting Enzyme (ACE) inhibitors and AT1 blockers decrease mortality in 
patients with myocardial infarction and protect from heart failure. Although their 
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beneficial effects are associated with attenuated cardiac fibrosis, [88], these agents 
have a wide range of additional actions on the myocardium. Thus, the relative role 
of their anti-fibrotic effects in improving clinical outcome remains unclear. Aldo-
sterone antagonists also reduce adverse remodeling and decrease circulating levels 
of fibrosis-associated markers in patients with acute myocardial infarction [89]. 
However, because of the broad effects of aldosterone on all cell types implicated 
in cardiac remodeling, the relative significance of anti-fibrotic actions in mediating 
the observed clinical is unknown.

Investigations in animal models have identified several promising new ap-
proaches that may prevent adverse remodeling and protect from the development 
of heart failure following myocardial infarction by targeting fibroblast functions [6, 
90]. IL-1 antagonism may attenuate dilative post-infarction remodeling by limiting 
fibroblast-mediated inflammatory and matrix-degrading activity [91]. On the other 
hand, strategies targeting fibrogenic growth factors (such as TGF-β or FGF-2) may 
hold promise in prevention of fibrotic cardiac remodeling [50, 92] and in attenuation 
of diastolic heart failure. Because all inflammatory and fibrogenic mediators affect 
all cell types implicated in cardiac repair, whether any beneficial effects of these 
interventions may be due to modulation of fibroblast function is unclear. Moreover, 
experience from experimental animal studies suggests caution when attempting to 
interfere with matrix metabolism following myocardial infarction. Overactive ma-
trix-preserving pathways may result in excessive matrix deposition in the infarcted 
heart, increasing chamber stiffness and causing diastolic dysfunction. In contrast, 
accentuation of matrix-degrading signals (due to overactive inflammatory cascades 
and/or enhanced protease activation) induces ventricular dilation and causes sys-
tolic dysfunction. Thus, perturbation of the balance between matrix synthesis and 
degradation may have adverse consequences on myocardial geometry and function.

Implementation of anti-fibrotic strategies in patients with myocardial infarction 
is particularly challenging due to the complexity of the pathophysiology of cardiac 
remodeling in human patients. Patients surviving an acute myocardial infarction 
exhibit significant pathophysiologic diversity that cannot be simulated in an ani-
mal model. Gender, age, genetic background, various co-existing conditions (such 
as hypertension, and metabolic disease), the use of medications (including agents 
targeting the RAAS or β-blockers) have important effects on fibroblast responses. 
For example, aging is associated with impaired fibroblast responsiveness to growth 
factors and results in formation of a defective scar with low collagen content [93]. 
In contrast, genetic predispositions or metabolic diseases (such as diabetes and obe-
sity) may accentuate fibrosis leading to development of diastolic heart failure [94]. 
Considering the heterogeneity of patients with myocardial infarction, biomarker-
based strategies or imaging-guided approaches are needed to develop personalized 
therapeutic approaches for treatment of patients with myocardial infarction [90, 95, 
96]. Assessment of inflammatory biomarkers (such as Monocyte Chemoattractant 
Protein-1) may identify patients with myocardial infarction exhibiting prominent, 
accentuated, or prolonged inflammatory responses who may benefit from anti-
inflammatory approaches. On the other hand, individuals with overactive TGF-β 
responses may be identified through measurement of biomarkers that reflect matrix 
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synthesis, or through imaging studies assessing fibrotic remodeling; these patients 
may benefit from inhibition of TGF-β/Smad signaling. Targeting the fibroblast may 
also hold promise in treatment of infarct-related arrhythmias. Experimental studies 
suggested that α-SMA-containing stress fibers contribute to the arrhythmogenic po-
tential of myofibroblasts. Thus, modulation of the myofibroblast cytoskeleton may 
have anti-arrhythmic effects [97].

9 � Conclusions

Cardiac fibroblasts are abundant and exhibit remarkable phenotypic plasticity. Fol-
lowing myocardial infarction cardiac fibroblasts are key effector cells in inflamma-
tion, repair and remodeling of the heart. In vitro studies and animal model investiga-
tions have provided us important insights into the role of fibroblasts in myocardial 
infarction. Unfortunately, the lack of specific and reliable fibroblast markers and 
challenges in targeting fibroblasts in vivo have hampered our understanding of the 
cell biological role of fibroblasts in healing infarction. Future studies need to fo-
cus on several important directions. First, identification of new fibroblast-specific 
markers and characterization of fibroblast subpopulations that may play distinct 
roles in cardiac repair and remodeling is crucial for understanding the role of fibro-
blasts in the infarcted heart. Second, dissection of the signaling pathways respon-
sible for activation and phenotypic modulation of fibroblasts following infarction is 
essential in order to understand the pathophysiology of the reparative and fibrotic 
response and to design new therapeutic strategies. Third, understanding the fate of 
infarct myofibroblasts and the role of endogenous stop signals that may inhibit their 
activation controlling the fibrotic response may identify new strategies for the treat-
ment of heart failure.
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Abstract  The aortic valve lies in, arguably, one of the more complex local mecha-
nobiological environments in the body. The inherent intricacy of this microenvi-
ronment results in multiple homeostatic mechanisms, but also a wide variety of 
putative disease pathways by which valve function can be compromised. Aortic 
valve disease (AVD) is a cell-mediated pathology whose initial stages are character-
ized by unchecked matrix dysregulation, leaflet thickening, and widespread fibro-
sis. The valve itself is composed of multiple cell populations, including endothelial 
cells that are sensitive to blood flow-induced shear stresses and multipotent mes-
enchymal progenitors which are influenced by both the mechanical properties and 
composition of the surrounding extracellular matrix. Dynamic mechanical loading 
and shear stresses over the cardiac cycle, an irregular three-dimensional shape, and 
a non-uniform matrix composition further influence these cellular responses. There 
is also abundant biochemical signaling in the aortic root, with molecular factors 
either produced by valve cells or transported to the root via blood flow. When these 
mechanical/biochemical processes become deregulated as a result of insults to their 
constituent components, resident valvular cells are driven to undergo myofibroblas-
tic differentiation, a program of valvular fibrosis sets in, and valve function is com-
promised. Valve dysfunction affects the cardiac environment as well, as impaired 
opening and reductions in orifice area alter myocardial mechanics and often result 
in hypertrophy and/or fibrosis of the left ventricle. In this chapter, we use the aortic 
valve as a model tissue to discuss causative mechanisms of cardiovascular fibrosis, 
including the contributions of mechanotransduction, matrix dysregulation, and bio-
chemical signaling.
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MLC	 Myosin light chain
MMP	 Matrix metalloproteinase
MRTF-A	 Myocardin-related transcription factor-A
NC	 Non-coronary (cusp)
NPR-B	 Natriuretic peptide receptor-B
PKG	 Protein kinase-G
RC	 Right coronary (cusp)
ROCK	 Rho-associated protein kinase
SRF	 Serum response factor
TGF-β1	 Transforming growth factor-β1
TGFβRI/II	 TGFβ receptor I/II
TIMPs	 Tissue inhibitors of metalloproteinases
TNFα	 Tumor necrosis factor-α
VEC	 Valvular endothelial cell
VIC	 Valvular interstitial cell
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1 � Introduction

Mechanical forces play a broad role in a variety of physiological processes. The 
physical stresses in the external environment of the cell, the nature of the cell’s sur-
rounding extracellular matrix (ECM), and the properties of adjacent cells all con-
tribute to define the local biophysical environment. Mechanotransduction is the 
means by which cells translate physical and mechanical stimuli into biochemical 
signals, and it underpins cellular sensing of and responses to mechanical forces. In 
development, responses to changes in tissue stiffness guide lineage specification of 
mesenchymal stem cells [1], and are essential for proper maturation of the embryo 
[2]. Mechanotransduction also has highly-conserved homeostatic roles: for example, 
stretch-activated ion channels are expressed in bacteria, plants, and animals [3], as 
are surface receptors (e.g., integrins) which transmit external forces across the cell 
membrane [4]. Lastly, mechanotransduction is a key causative factor in a multitude 
of diseases—blood flow-induced shear stresses in vascular diseases [5], impaired 
cellular force transmission in muscular dystrophies [6], and diminished bone elabo-
ration in osteoporosis [7], to name a few. Indeed, a number of diseases and patholo-
gies that were previously thought to simply be “degenerative” or due to age-induced 
“wear and tear” are now recognized as the result of active, mechanically-mediated 
cellular differentiation and/or dysfunction. In this chapter, we detail how mecha-
notransduction, coupled with biochemical signaling, drives matrix dysregulation 
and fibrosis in the complex microenvironment of the aortic valve. The concept of 
valvular fibrosis as an active disease is still young, and so we also draw on studies 
performed in other cardiovascular and connective tissues to provide further depth.

1.1 � Aortic Valve Biology, Physiology, and Function

The aortic valve is one of four one-way valves in the vertebrate heart, and sits be-
tween the left ventricle and the ascending aorta. Like the pulmonary valve (which 
is located between the right ventricle and pulmonary artery, and is the aortic valve’s 
analogue on the right side of the heart), the aortic valve is made up of three semi-
lunar leaflets (or cusps) (Fig. 1). The curvature of these leaflets creates three aortic 
sinuses on the aortic (“top”) side of the valve: the left and right coronary arteries 
originate in the sinuses of the left coronary (LC) cusp and right coronary (RC) cusp 
respectively, while no artery arises from the posterior aortic sinus formed by the 
non-coronary (NC) cusp. Adult human valve leaflets are approximately 1 mm thick 
[8], with size and structure generally well-conserved between mammalian species 
of similar cardiac sizes, such as the pig [9]. This well-conserved structure is rather 
complex, but uniquely suited to withstand the dynamic mechanical forces found in 
the valvular microenvironment. Each leaflet is composed of three stacked layers, 
each of which has unique mechanical properties that contribute to proper mechanical 
function of the whole cusp. Layer-specific tissue mechanics are the result of differ-
ent mixes and organization of extracellular ECM components. The fibrosa layer rests 
on the side of the valve closest to the ascending aorta and contains dense bundles of 
circumferentially-oriented type I and type III collagen fibres [10, 11], whose high 
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Fig. 1   Aortic valve cusp anatomy. a Illustration of an aortic valve cusp in cross-section, dem-
onstrating the tri-layer morphology and composition. Valvular interstitial cells ( VICs) are found 
inside the cusps, while valvular endothelial cells ( VECs) line the surfaces. The fibrosa ( aortic side) 
is rich in collagen fibers which run in a circumferential direction, while strands of radial elastin 
are contained in the ventricularis ( ventricular side). The proteoglycan-rich spongiosa acts as a 
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tensile strength provides the majority of the valve’s strength and resistance against 
deformation while closed [12]. On the ventricular side of the leaflet, the ventricularis 
is rich in collagen, but also has radially-oriented elastin which serves to control radial 
strains as the valve opens and closes [13]. Between these two layers, the spongiosa 
acts as a shock-absorber or linking buffer connecting the fibrosa and ventricularis. It 
is rich in highly-hydrated glycosaminoglycans and proteoglycans, which serve to re-
sist compression and lubricate the differentially-directed shears (circumferential vs. 
radial) of the outer two layers [14]. Recent work has discovered finely interweaved 
elastin fibers in the spongiosa as well, which are oriented differently in the attach-
ment and leaflet tip regions (rectilinear) vs. the belly or middle of the cusps (radial 
stripes) [15]. While the specific role of these elastin webs remains to be determined, 
they are hypothesized to preload and prime the outer layers for recoil during valve 
closure [15]. Differences in matrix composition between layers results in layer-spe-
cific matrix stiffness. Zhao and colleagues measured microscale, layer-specific me-
chanical properties of normal porcine aortic valve cusps at a number of points across 
the leaflet surface via micropipette aspiration [16]. They identified significant spatial 
heterogeneity in local matrix stiffness across both the fibrosa and ventricularis lay-
ers. However the fibrosa was, on average, significantly stiffer than the ventricularis. 
In addition, there were a number of focal regions in the fibrosa which were always 
stiffer than any part of the ventricularis [16]. A similar study using atomic force 
microscopy identified comparable trends in relative leaflet layer stiffness, with the 
spongiosa being the softest layer, followed by the ventricularis, while the fibrosa was 
roughly two times stiffer than even the ventricularis [17].

The aortic valve leaflets contain two distinct types of cell populations, both of 
which are responsible for cusp homeostasis and maintenance of valve health and 
function. Valvular interstitial cells (VICs) inhabit all leaflet layers, and are plastic 
and highly heterogenous. VICs from healthy valves are primarily quiescent fibro-
blasts, along with a small amount of activated myofibroblasts (~ 5 %) [18]. In a va-
riety of species, VICs also contain a large percentage of multipotent mesenchymal 
progenitors (up to 48 % in porcine leaflets [19]) with myofibrogenic, osteogenic, 
adipogenic, and chondrogenic potential [19–21]. This cell population likely contin-
uously synthesizes and degrades valvular ECM in a homeostatic manner, allowing 
healthy matrix turnover and enabling the valve to respond to microenvironmental 
changes [22]. Interestingly, new evidence suggests that there are even distinct cel-
lular phenotypes and differential responses to mechanical and biochemical stimuli 
between VICs from different layers of the valve [23], along with clear differences 
in expression of hundreds of genes between male and female VIC populations [24].

While VICs reside internally, the external (blood-facing) surfaces of the valve 
leaflets are lined by a single layer of valvular endothelial cells (VECs), which share 
many similarities with endothelial cells found elsewhere throughout the body’s vas-
culature, but are phenotypically distinct in several ways. Though vascular endothe-
lial cells (vascular ECs) align parallel to blood flow, contact guidance from underly-

linking buffer between the other two layers. b Cross-sectional histochemical staining (Movat’s 
pentachrome) of porcine aortic valve demonstrates layer-specific extracellular matrix composi-
tion. Image in panel b kindly provided by Dr. Krista L. Sider, University of Toronto
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ing collagen fibers in the fibrosa or ventricularis causes VECs to orient circumfer-
entially on the leaflet surface [25]. Thus, VECs in vivo are frequently aligned and 
extended perpendicular to the direction of blood shear in several areas of the valve. 
Perpendicular alignment of VECs to flow without substrate guidance in vitro has 
been reported in one study [26] but not others [27], so the true cause or mechanism 
of altered endothelial alignment on the valve surface remains unclear. In culture, 
VECs are much more proliferative than vascular endothelial cells [28], half of all 
active genes in cultures of VECs and vascular ECs are unique to one cell type or 
the other [28], gene expression profiles differ in response to shear [29], and VECs 
preferentially adhere on different compositions of ECM than do vascular ECs [30]. 
As is the case with layer-specific differences in VIC phenotype, so to do differences 
exist between VECs on the aortic (fibrosa) and ventricular (ventricularis) sides of 
the aortic valve. In healthy porcine aortic valves, over 580 genes are differentially 
expressed between sides, a number of which are clearly linked to susceptibility/
resistance to valvular disease development [31]. Others have shown multiple regu-
latory microRNAs (miRNAs) are up/downregulated side-to-side in human valves 
[27]. Together, these findings imply that important phenotypic heterogeneity exists 
not only between vascular and valvular ECs, but also within the VEC cell type itself.

Movement of the aortic valve over the cardiac cycle is passive, and occurs in 
response to relative changes in pressure between the left ventricle and ascending 
aorta. The valve opens as the left ventricle contracts to expel blood during systole, 
and left ventricular pressure rises above that of the ascending aorta. The reverse 
occurs at the beginning of diastole—as the left ventricle relaxes, its pressure drops 
below that of the aorta, the leaflets are “sucked” back, they co-apt and close off the 
aortic orifice [10]. In the majority of individuals, the aortic valve functions nor-
mally for their entire lifetime—typically opening and closing an average of 3.5 bil-
lion times [10]. This resistance to cyclic failure is particularly remarkable in light of 
the mechanical forces to which the valve is subjected throughout the cardiac cycle. 
During diastole, the 1 mm thick valve leaflets must withstand pressure gradients 
of 80 mmHg (and well above 100 mmHg in those with hypertension) [32]. This 
pressure gradient exerts significant radial strain (~ 20 %) on the valve leaflets, while 
strain in the circumferential direction is roughly 10 % [33]. As they open and close, 
leaflets are subjected to elevated flexural stress: total diastolic stresses in a single 
leaflet are estimated at 250 kPa for a 15 % strain magnitude [10]. Blood flowing 
through the valve also exerts significant hemodynamic force on the leaflets. Indeed, 
blood is expelled through the valve during systole at a velocity of ~ 1 m/s in healthy 
humans, but can reach above 4 m/s in those with advanced valve disease [34]. Dur-
ing systole the ventricularis is exposed to laminar blood flow from the aortic jet 
and a half-sinusoidal hemodynamic shear stress waveform forms which peaks at 
7 Pa, with a brief reversal to retrograde shears of up to − 50 dynes/cm2 during the 
final ~ 20 ms of systole; diastolic shears are negligible [35]. In stark contrast, the fi-
brosa experiences substantial oscillatory and disturbed flow along with formation of 
eddies and recirculation zones [36]. Shear stress magnitudes are substantially lower 
as well, peaking at 15 dynes/cm2 during systole, but generally oscillating between 
− 2 and 5 dynes/cm2 [37].
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1.2 � Aortic Valve Fibrosis

The microenvironment of the aortic valve is, then, incredibly complex: multiple 
cell types with progenitor potential, several layers of tissue with varied matrix com-
position and mechanical properties, high flexural stresses and pressure loads, and 
extreme regional variations in blood flow shear stress regimes. Such an intricate 
system is highly perturbable, and therefore prone in a number of ways to malfunc-
tion leading to disease development.

In 2011, the NIH National Heart, Lung, and Blood Institute Working Group on Cal-
cific Aortic Stenosis defined the term calcific aortic valve disease (CAVD) to cover a 
wide range of valvular pathologies, from mild sclerosis (thickening of the leaflets) to 
advanced and severe stenosis (compromised leaflet opening resulting in an impairment 
of the valve function) [38]. Incidence rates are high: 25 % of North Americans over 
age 65 years have aortic valve sclerosis, and 2–4 % of those are afflicted with valvular 
stenosis [39]. Besides age, male sex is the most significant risk factor for CAVD—it is 
associated with a 100 % increase in incidence rates of valve disease vs. that of females 
[40]. While sclerosis does not directly impact cardiac function until it has progressed to 
stenosis, its presence is associated with a 50 % increased risk for other cardiovascular 
events [41]. Indeed, aortic valve dysfunction can be directly causative of cardiac hyper-
trophy, myocardial fibrosis, and eventual heart failure [42]. Up to 38 % of patients with 
moderate or severe valvular stenosis develop midwall myocardial fibrosis and a more 
advanced hypertrophic response [43].

Compounding the severity of this disease is the complete lack of any approved 
pharmacological treatments. Drug classes effective against hypertension, heart 
failure, and cardiomyopathy such as beta blockers, angiotensin receptor blockers 
(ARBs), and angiotensin-converting enzyme (ACE) inhibitors have all been inef-
fective against valve disease pathogenesis to date [44, 45]. Retrospective trials of 
anti-atherosclerotic lipid-lowering statins showed promise as putative treatments 
for aortic stenosis [45, 46], but follow-up prospective clinical trials found no benefit 
[47, 48]. At present, surgical replacement of a valve is thus required once it begins 
to impair cardiac function—without replacement, 50 % of patients will not survive 
two years after the onset of symptoms [49]. These surgeries have become prevalent 
as CAVD cases increase (an estimated 275,000–370,000 replacements worldwide 
per year [50]), but unfortunately they remain highly invasive, with significant side 
effects and variable lifespans of replacement valves [51, 52].

Aortic valve disease is, then, a deadly and growing phenomenon. For many 
years, onset and progression of this disease was believed to be simple age-related 
degeneration of valvular tissues. In the past two decades however, a multitude of 
in vitro and in vivo studies have clearly overturned this idea in favor of an active, 
cell-mediated pathogenesis [38]. Valvular sclerosis is reflective of a thickened, stiff-
ened, and highly fibrotic disease state [8], with associated development of focal 
(nodular) calcification (Fig. 2). These thickened, fibrotic, and calcified valve leaf-
lets fail to open and close properly, leading to stenosis and obstruction of blood flow 
[8, 39, 53]. Fibrosis in the aortic valve occurs when a wide variety of pathogenic 
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insults cause previously quiescent and fibroblastic VICs to become activated and 
express α-smooth muscle actin (α-SMA) [54]. Incorporation of α-SMA in intracel-
lular stress fibers is indicative of myofibroblast differentiation [55] and associated 
increased contractility and synthetic activity [56]. Myofibrogenesis is a key hall-
mark of valvular fibrosis, as myofibroblast content increases more than six-fold in 
diseased valves with nearly one in three VICs displaying α-SMA-positive stress 
fibers [57, 58]. In addition, VECs possess the potential for endothelial-to-mesen-
chymal transition (EndMT), where they lose expression of endothelial markers and 
gain a contractile, αSMA-positive apparatus consistent with that of myofibroblasts 
(reviewed in [59]). In response to inflammatory cytokines, VECs undergo EndMT, 
and endothelium-derived mesenchymal valve cells are found in close proximity to 
advanced valvular lesions in humans [60]. Together, VIC/VEC myofibrogenesis 
results in dysregulation of the valvular matrix in two key manners. First, valvular 
myofibroblasts synthesize large amounts of disorganized and deranged collagen 
and elastin [61], which dramatically thicken (by two- to three-fold) and stiffen the 
valve leaflets [8]. Second, they alter expression levels and activities of valvular 
ECM remodeling enzymes. While both matrix metalloproteinases (MMPs) and 
their inhibitors (tissue inhibitors of metalloproteinases, TIMPs) are upregulated in 
human CAVD, higher elevation of TIMP expression tilts this ratio towards MMP 
inhibition and resultant ECM buildup [62]. However, MMP-9 is upregulated more 
than its inhibitory TIMP [63, 64], thereby also resulting in fragmentation of both 
pre-existing and newly synthesized fibrotic collagen [63]. Fibrosis and matrix dys-
regulation occur along with the appearance of chronic inflammatory infiltrates [8], 
oxidative stress [65], cholesterol build-up [66], cartilage formation [67, 68], and 
calcification [8] (of which ~ 80 % is dystrophic mineralization, and the remainder 
is active ectopic osteogenic elaboration of bone matrix [68]). The onset of disease 
is side-dependent: VICs in the collagen-rich fibrosa, in close proximity to VECs 
experiencing low and oscillatory shear stresses, are much more prone to myofibro-
genesis and calcific lesion development than those in the ventricularis [8, 53]. This 
side-dependent susceptibility to disease development may hold clues as to patho-
biological mechanisms (reviewed in [69–71]).

Fig. 2   Excised aortic valve specimens, viewed from parallel to the level of the valve with the 
aortic root cut open. a Healthy human aortic valve whose leaflets are translucent and flexible. 
Dashed lines denote the two edges of the single vertical cut used to open up the root. b Severely 
diseased and stenotic human aortic valve which is thickened, fibrotic, and highly calcified, with 
resultant impairment of cardiac function. Both panels reproduced with permission: Department of 
Pathology, University of Alabama at Birmingham, PEIR Digital Library (peir.patj.uab.edu/library)

 



31

2 � Fibrosis, Biomechanics and the Myofibroblast

Fibrosis may be described as an out of control wound healing response. Normally, 
the ECM of healthy tissues is subjected to continuous remodeling and turnover, 
which results in a steady-state balance of matrix synthesis and degradation [72]. 
After tissue injury, dead or damaged cells are replaced by cells of the same type 
(the regenerative phase), then connective tissue replaces the damaged organ pa-
renchyma (fibroplasia phase) [73], resulting in restoration of the organ function. 
However, if fibroplasia continues unrestrained and connective tissue homeostasis is 
no longer tightly regulated, then overexpression of disorganized collagenous ECM 
arises and fibrotic scar tissue develops [73, 74]. Fibrotic scars are typically perma-
nent, dramatically modify tissue mechanical properties, and contribute to lethality 
in diseases of the heart, lung, liver, kidney, and skin [75]. Organ-level fibrosis is 
intimately regulated by biomechanics at multiple size scales (tissue to molecular, 
reviewed in [76]). Fibrotic scars are stiffer than their surrounding tissue, and these 
mechanical properties induce pathological differentiation of local mechanosensitive 
cells which go on to further stiffen, thicken, and contract the ECM in a system of 
pathological positive-feedback [77]. Furthermore, fibrotic ECM fails to shield cells 
from external mechanical forces, provoking further differentiation [55, 78].

Regardless of the tissue in which fibrosis occurs, there is a single cell type which 
plays a central role in the initiation and progression of disease: the myofibroblast. 
This cell was first identified over 40 years ago by Gabbiani and colleagues, who dis-
covered fibroblasts in dermal wounds with smooth muscle cell-like packed fibrillar 
bundles, irregular nuclei (consistent with those found during cellular contracture of 
smooth muscle and myocardial fibers), and peripheral attachment sites [79]. In the 
intervening years, development of traction force and synthesis of ECM by myofi-
broblasts have been identified as key players in both physiological and pathological 
connective tissue remodeling (reviewed in [74]). Myofibroblast activation is tran-
sient during normal tissue repair, as the majority of these cells undergo apoptosis 
after their contraction contributes to rapid wound closure and mechanically stable 
scar tissue [80]. Apoptosis in myofibroblasts has been shown to be triggered by sev-
eral factors: release from mechanical stress [81], loss of cell-cell OB-cadherin-type 
adherens junctions after wound closure [82], and nitric oxide signaling [83]. Other 
than cell death by apoptosis, the fate of the remaining myofibroblasts in a normally-
healing wound is typically de-differentiation (quiescence) to a non-contractile, non-
synthetic phenotype. Such quiescence has been established experimentally through 
loss of transforming growth factor-β1 (TGF-β1) signaling [84, 85], culture on soft/
compliant substrates [86], and removal of underlying etiological agents (such as 
CCl4 in modeled liver fibrosis), which is associated with upregulation of anti-apop-
totic Hspa1a/b expression [87].

The real trouble occurs when myofibroblastic activity is not properly terminated 
by apoptosis or de-differentiation—unchecked fibrotic ECM production and ten-
sion generation activate feedback loops leading to fibrosis and scarring, and eventu-
ally impact proper organ function. Myofibroblasts explanted from fibrotic (sclero-
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dermic) skin are resistant to Fas-induced apoptosis, likely due to Akt activation 
[88] and/or autocrine TGF-β1-induced phosphorylation of focal adhesion kinase 
(FAK) [89], whose downstream signaling regulates α-SMA expression in response 
to mechanical force application [90]. The persistence of apoptosis-resistant myofi-
broblasts provides a basis for the pathogenesis of fibrosis in all of the body’s major 
organs.

The cellular origins of myofibroblasts are well-defined and represent an extreme-
ly diverse spectrum. They develop primarily from local (interstitial) fibroblasts, 
but pericytes, epithelial cells, endothelial cells, chondrocytes, osteoblasts, smooth 
muscle cells, hepatic stellate cells, and bone-marrow derived circulating fibrocytes 
have all demonstrated myofibroblastic potential (reviewed in [91]). Myofibroblast 
differentiation follows a common two-stage process in all tissues. First, elevated 
matrix stiffness and mechanical tension during injury repair causes precursor cells 
to express non-muscle myosin IIa and IIb [92] and transition to actively synthetic 
“proto-myofibroblasts,” which are negative for α-SMA but develop contractile 
actin stress fibers and produce abundant collagen and the ED-A splice variant of 
fibronectin [79, 93, 94]. Proto-myofibroblasts also alter how they anchor to the un-
derlying ECM: quiescent fibroblasts without stress fibers connect their cytoskeleton 
to the external matrix through integrin receptor binding at small (~ 2 μm) “focal 
complexes” [95], whereas proto-myofibroblasts begin to produce tension through 
remodeled and larger (~ 6 μm) “classical” focal adhesions (FAs) which connect to 
extracellular ED-A fibronectin [96].

During the second stage, tension force mediated by proto-myofibroblast actin 
stress fibers releases TGF-β1 from the surrounding ECM [97], while ED-A fibro-
nectin activates MAPK-Erk1/2 and downstream focal adhesion kinase (FAK) sig-
naling [98]. Together, these stimuli act to drive α-SMA synthesis/incorporation into 
stress fibers and to develop “supermature FAs,” which are up to 30 μm in size [96], 
rich in FAK [99] and exert a four-fold higher traction stress (~ 12 kPa) than proto-
myofibroblasts with classical FAs [96, 100]. Differentiated myofibroblasts also gain 
direct intercellular cytoplasmic connections with neighouring cells via gap junc-
tions, producing putative multicellular contractile units [101, 102]. This widespread 
system of cell-cell and cell-matrix connections underlie the perception of substrate 
stiffness and stress by myofibroblasts (reviewed in [103]), allowing dynamic re-
sponses to the biomechanics and biochemistry of the tissue microenvironment.

While α-SMA-positive stress fibers are therefore a specific marker of differenti-
ated myofibroblasts, they are not a unique one. Smooth muscle cells (SMCs) also 
express α-SMA, along with gap junctions [104]. This necessitates the use of a rela-
tively complex expression profile to definitively discriminate between fibroblasts, 
myofibroblasts, and smooth muscle cells. Though only α-SMA is most often used 
in practice, myofibroblasts are negative for desmin [104, 105], heavy chain smooth 
muscle myosin (MyHC) [104–106], smoothelin [104, 107], and N-caldesmon [108], 
which are all expressed by SMCs. Unlike myofibroblasts, quiescent fibroblasts are 
negative for α-SMA [105], SMemb [54], and MMP-13 [54, 58]. No single unique 
myofibroblast marker has been identified to date.
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3 � TGF-β-Mediated Mechanotransduction of Valvular 
Myofibrogenesis

Control of myofibroblastic differentiation is a complex and multifaceted affair, 
highlighted by the involvement of several classical and interconnected signaling 
cascades. However, the prototypical myofibrogenic signaling pathway is perhaps 
that which originates from profibrotic TGF-β1, and which is intimately associated 
with mechanotransduction. TGF-β1 has key homeostatic and pathological roles in a 
number of tissues and cellular processes, and regulates a wide variety of responses 
including wound repair, proliferation, inflammation, and matrix synthesis (reviewed 
in [109]). This molecule binds the TGFβ receptor type II (TGFβRII), which in turn 
phosphorylates the TGFβ receptor type I (TGFβRI). These two complexed serine/
threonine kinases then induce myofibrogenesis (upregulated α-SMA and collagen 
synthesis) through canonical Smad signaling [110] (phosphorylation of Smad2/3, 
nuclear translocation of a Smad2/3/4 complex, and action as transcription factors to 
drive induction of profibrotic gene expression [111]).

Canonical TGF-β1 signaling is a key mechano-sensitive pathway in the stiffened 
environment of fibrotic scars (reviewed in [55]). TGF-β1 is secreted extracellularly 
in a non-bioactive form as part of a large latent complex (LLC), which consists of 
inactivated TGF-β1 bound to latency associated peptide (LAP) and latent TGF-β1 
binding protein-1 (LTBP-1) [112]. Both LAP and LTBP-1 contain integrin binding 
domains [113], while LTBP-1 also binds components of the ECM such as fibrillins 
and fibronectins [114]. Together, this results in a pool of latent extracellular TGF-β1 
that is bound mechanically to both the ECM and the contractile cytoskeleton (via 
integrins). This connection underpins force-sensitive TGF-β1 signaling: while the 
release of biologically active TGF-β1 from the LLC can occur through a variety 
of soluble factor/receptor interactions or through proteolytic cleavage [114], it has 
been conclusively demonstrated that cellular traction forces are transmitted directly 
to the LLC via integrins [114]. Indeed, in epithelial cells latent TGF-β1 can be 
freed from the LLC without any proteolytic action whatsoever, but this requires the 
cytoplasmic tail of the integrin to be intact and the actin cytoskeleton to be polym-
erized [115]; integrin/LLC interactions alone are insufficient to activate the latent 
complex [112]. In a classical demonstration of TGF-β1 mechanotransduction in 
myofibroblasts, Wipff and colleagues showed that external stretching and intracel-
lular tension directly activate TGF-β1 in this cell type through the integrins αvβ3 and 
αvβ5 [97] (Fig. 3). Importantly, LAP-integrin binding, myofibroblast contracture, 
α-SMA-positive stress fibers, and a minimum substrate stiffness of ≥ 5 kPa were 
all required for activation of latent TGF-β1, and the magnitude of this activation 
grew with increases in substrate stiffness [97]. It is clear then, that a conformational 
change in the LLC and subsequent activation of TGF-β1 requires the ECM to pro-
vide a threshold of resistance against the “pulling” of a contractile myofibroblast. 
Interestingly, this 5 kPa stiffness is lower than the ~15 kPa required for incorpora-
tion of α-SMA into stress fibers [99]. This may therefore explain how proto-myo-
fibroblasts can drive mechanical activation of TGF-β1 signaling and ECM remod-

Mechanical and Matrix Regulation of Valvular Fibrosis



34 M. C. Blaser and C. A. Simmons

eling/stiffening, which eventually results in a matrix stiff enough to support the 
presence of fully differentiated α-SMA-positive myofibroblasts (reviewed in [75]).

Since TGF-β1 is positioned centrally in force-mediated myofibrogenesis, it is 
then of little surprise that this molecule has been highly studied in the context of 
valvular fibrosis. Stenotic human aortic valve leaflets are rich in TGF-β1 and con-
tain high levels of LAP, which together implicate force-induced myofibrogenesis in 
the pathogenesis of CAVD [116]. The same early study found that TGF-β1 addition 
to cultures of VICs drives aggregation, apoptosis, and calcification, all of which 
are rescued by the addition of actin depolymerizing agents and/or pharmacologi-
cal inhibitors of apoptosis [116]. As in many other cell types, TGF-β1 promotes a 
dose-dependent synthesis of α-SMA-positive stress fibers in cultured VICs [117]. 
Canonical TGF-β1 signaling via the Smad pathway is certainly a contributor to 

Fig. 3   Mechanotransduction leading to myofibroblast differentiation: integration of mechanics 
and biochemical signaling. Myofibroblasts secrete latent TGF-β1 bound to the large latent com-
plex ( LLC). When cells sit on a stiff ECM, mechanical forces from myofibroblast contracture are 
transferred via integrins from the cytoskeleton to the LLC. This contractile force releases biologi-
cally-active TGF-β1 which binds to the TGFβRI & II receptors, activating canonical Smad signal-
ing. Integrin pulling also leads to activation of FAK, gelsolin, RhoA, and SRF/MRTF signaling. 
Together, these pathways work to upregulate expression of α-SMA
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this myofibrogenesis: in cultured VICs, TGF-β1 drives Smad phosphorylation and 
nuclear translocation of Smad3 [118]. When nuclear translocation of the Smads is 
blocked by addition of basic fibroblast growth factor (FGF-2) to VICs, TGF-β1 is 
no longer capable of inducing myofibroblastic differentiation, cellular contraction, 
or formation of VIC aggregates [118]. Smad2/3 phosphorylation has also been im-
plicated as a mediator of VIC motility—TGF-β1/Smad signaling regulates VIC ac-
tivation, migration, and monolayer wound repair by driving α-SMA synthesis [119].

The biomechanics, composition, and stiffness of the valvular matrix are inti-
mately involved in TGF-β1-mediated VIC myofibrogenesis (Fig.  4). Strikingly, 

Fig. 4   Drivers of valvular interstitial cell fibrosis. A number of classical myofibroblastic pathways 
are at play in the aortic valve. TGF-β1 is highly present in diseased cusps, and the elevated leaflet 
substrate stiffnesses that occur during disease pathogenesis appear to upregulate expression of its 
downstream signaling pathway components, as well as potentiate cross-talk between TGF-β1 and 
Wnt/β-catenin. Mechanically-mediated release of TGF-β1 from the valvular ECM is believed to 
be due in part to this increase in cyclic stretch. Pathological levels of cyclic stretch also induce 
expression of MMPs, elastolytic cathepsins, and osteogenic BMPs. Elevated cyclic stretch even 
upregulates serotonin expression, which in turn will activate RhoA signaling, collagen synthesis, 
and ENPP1-dependent mineralization in VICs. Lastly, the RhoA/ROCK effector cofilin is abun-
dant in sclerotic leaflets, as is MRTF nuclear translocation and concomitant myofibrogenesis
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TGF-β1 and mechanical force act synergistically in VICs to drive stress fiber-medi-
ated increases in cellular contractility [117]. At physiological levels of strain (15 %), 
exogenous TGF-β1 and cyclic stretch drive synergistic expression of α-SMA in 
cultured leaflets [120], possibly in part via mechanical release of bioactive TGF-β1 
from the LLC [121]. Matrix composition is clearly involved in promoting this 
phenomenon: when cultured on fibronection or heparin substrates known to bind 
TGF-β1, VICs produce higher α-SMA levels than on collagen-coated control sub-
strates [122]. Interestingly, activated myofibroblastic VICs drive alignment and 
reorganization of ECM fibronection fibrils by exerting force through FAs [117]. 
The stiffness of the surrounding matrix is of equal (or greater) importance to its 
composition. VIC myofibrogenesis and α-SMA expression in response to TGF-β1 
administration is dependent on matrix stiffness [18], as studied with both stiff 
ECM substrates and with exogenous force applied to collagen-coated magnetite 
beads. VICs grown on compliant (~ 25 kPa) collagen matrices are less sensitive to 
TGF-β1 treatment than those grown on stiff (~ 110 kPa) matrices, which respond 
to TGF-β1 by upregulating α-SMA, increasing cellular contractility, and producing 
cellular aggregates [123]. Though production of TGF-β1 mRNA and TGFβRII by 
VICs do not differ between compliant and stiff substrates, expression of TGFβRI 
is over five-fold higher on stiff substrates [123]. Thus, matrix-stiffness-dependent 
TGFβRI synthesis may partially underlie the differential impact of matrix rigidity 
on VIC myofibrogenesis. The canonical Wnt signaling pathway has been shown 
in VICs to interact with TGF-β/Smad signaling at the level of TGFβRI. When this 
kinase is activated, it drives β-catenin nuclear translocation and VIC myofibrogen-
esis [124]. This crosstalk is also stiffness-dependent, and occurs only when VICs 
are cultured on substrates whose stiffness mimics the disease-prone fibrosa layer 
of the aortic valve leaflet, and not on softer matrices with stiffnesses similar to 
that of the disease-protected ventricularis. Fibrotic regions of diseased aortic valve 
fibrosa show colocalized expression of Wnt3A, β-catenin, TGF-β1, and phosphory-
lated Smad2/3, and cotreatment of cultured VICs with TGF-β1 and Wnt3A causes 
synergistic myofibrogenesis and α-SMA expression [124]. Downstream inhibition 
of TGF-β1 signaling may also be regulated by other molecules expressed with re-
gional specificity in the aortic valve. C-type natriuretic peptide (CNP) exerts anti-
fibrotic effects in other tissues such as the lungs [125], heart [126], and vasculature 
[127]. In normal porcine aortic valve leaflets, CNP is expressed three-fold higher 
on the disease-protected ventricularis side than the fibrosa side [31]. Expression 
levels of CNP and its specific receptor natriuretic peptide receptor-B (NPR-B) are 
all reduced in stenotic human aortic valves [128]. CNP-treated VICs are resistant to 
TGF-β1- and stiffness-mediated myofibrogenesis [129, 130], likely through a direct 
interaction between the activated forms of protein kinase G (PKG) and Smad2/3 
which inhibits p-Smad2/3 nuclear translocation [131].

Though much work remains to be done, there are some important indications 
that valve biomechanics are also capable of inducing endothelial-to-mesenchymal 
transition in VECs. When VECs are cultured on 2D gels and subjected to 1 Hz 
cyclic strain, the rate of α-SMA-positive EndMT is elevated two- to three-fold 
compared with that of unstretched controls [132]. Remarkably, different signaling 
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pathways drive EndMT between low-strain (10 %) and high-strain (20 %) environ-
ments—canonical TGF-β1 signaling via phosphorylated Smads is upregulated at 
10 % strain, while Wnt/β-catenin signaling dominates at 20 % strain [132]. Others 
have demonstrated that substrate stiffness can also exert control over mesenchymal 
transition. In both canine kidney cells and murine mammary gland epithelial cells, 
TGF-β1 treatment on soft substrates (< 1 kPa) induces apoptosis, but instead drives 
EMT on stiffer substrates to produce α-SMA-positive cells via elevated PI3K/Akt 
signaling (> 5 kPa) [133]. VEC EndMT is also influenced by the biochemical milieu 
of the valve microenvironment. TGF-β1 has been found to drive EndMT in aortic 
VECs through the TGFβRII receptor, resulting in α-SMA-positive mesenchymal 
cells negative for the smooth muscle cell marker MyHC [134]. EndMT is also pro-
moted by Notch1 signaling in both embryonic and post-natal VECs [135], as does 
treatment with the inflammatory cytokine tumor necrosis factor-α (TNFα) [136]. 
Regardless of the means through which these cells are transformed, they display 
upregulated MMP, Notch1, and TGF-β1 synthesis consistent with myofibrogenesis 
[136].

4 � Mechanical Control of Valvular Myofibroblast 
Differentiation Independent of TGF-β

While TGF-β1 signaling plays a critical role in myofibroblastic differentiation, 
mechano-sensitive control of α-SMA promoter activity and resultant α-SMA syn-
thesis is regulated in many other ways. Indeed, it appears that the very incorpora-
tion of cytosolic α-SMA into the actin cytoskeleton requires mechanical stress—if 
differentiated myofibroblasts are cultured on soft substrates, α-SMA is dislodged 
from β-actin filaments [99]. The implication here is that α-SMA is not a structural 
component of the myofibroblast cytoskeleton [76]. Instead, tension likely exposes 
cryptic cysteines on stress fibers, enabling α-SMA binding to sites that are only ac-
cessible when the cytoskeleton is mechanically loaded [137].

Another major pathway which mediates mechanical control of myofibrogenesis 
signals through the small GTPase RhoA and its downstream effector Rho-asso-
ciated protein kinase (ROCK). RhoA activity is regulated by a collection of gua-
nine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) 
that lie in close proximity to the cytoskeleton and which are regulated by force 
transduction (reviewed in [138]). Long-term contraction and tension generation in 
myofibroblasts is achieved when RhoA maintains phosphorylation of myosin light 
chain (MLC) by actively inhibiting myosin phosphatase [139]. Mechanosensitive 
RhoA/ROCK signaling is stimulated by force transfer via integrins [140], and acts 
to phosphorylate LIM kinase and cofilin. Activated cofilin mediates an increase in 
the stability and formation rate of actin filaments [141]; as the ratio of actin fila-
ments to monomeric G-actin rises, so too does serum response factor (SRF) activ-
ity [142]. The translocation of SRF and its transcriptional co-activator myocardin-
related transcription factor-A (MRTF-A) is driven by integrin pulling [140], and the 
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resultant binding of SRF to a CArG-B element in the α-SMA promoter contributes 
substantially to myofibrogenic α-SMA expression [143]. Partial redundancy is en-
abled in this system, since force applied to myofibroblast integrins also activates 
focal adhesion kinase (FAK) [90]. Phosphorylated FAK promotes MRTF-A nuclear 
translocation and recruits gelsolin, which (along with RhoA) drives ROCK/LIM ki-
nase/cofilin activity [90]. Lastly, the actin-binding protein mammalian Diaphenous-
related formin (mDia) likewise exerts control over SRF expression, MRTF-A nu-
clear translocation and α-SMA promoter activity [144]. Together, these components 
combine to initiate stress fiber assembly, and offer further force-sensitive control of 
myofibrogenesis (Fig. 3).

There is substantial evidence of a role for RhoA/ROCK mechanotransduction in 
mediating aortic valve fibrosis (Fig. 4). RhoA and ROCK activity is significantly 
elevated in myofibroblastic aggregates of cultured VICs, and pharmacological in-
duction of RhoA activity drives further myofibrogenesis and α-SMA expression 
[145]. As would be expected, treatment with ROCK inhibitors impairs aggregate 
formation, α-SMA-positive stress fiber production, and gene expression related to 
myofibroblast activity (TGF-β1, MMP-1/13, etc) [145]. The RhoA effector protein 
cofilin is almost completely not expressed in normal porcine aortic valves, but is 
dramatically upregulated as these leaflets become sclerotic where it co-localizes 
with α-SMA in fibrotic focal clusters [18]. In cultured VICs, cofilin is highly up-
regulated during myofibrogenesis, is required for α-SMA incorporation into stress 
fibers, and contributes significantly to VIC myofibroblast contractile force genera-
tion [18]. Addition of the bioactive lipid sphingosine-1-phosphate (S1P, involved in 
a variety of cardiovascular pathophysiologies) to VICs in culture promotes RhoA 
activation and myofibrogenic aggregate development, which is reversed with phar-
macological inhibition of S1P receptors, RhoA, and/or ROCK [146]. RhoA/ROCK 
signaling has also been implicated in mediating VIC calcification in response to 
15 % mechanical strain by facilitating export of ectonucleotide pyrophosphatase/
phosphodiesterase (ENPP1, a promoter of apoptotic VIC mineralization highly ex-
pressed in stenotic aortic valves [147]) to the plasma membrane, where it medi-
ates accumulation of spheroid mineralized microparticles [148]. While the HMG-
CoA reductase inhibitor simvastatin protects against atherosclerosis by impairing 
cholesterol biosynthesis, it appears to have pleiotropic effects in the aortic valve 
and instead suppresses ROCK activation, thereby preventing formation of apop-
totic and calcified VIC aggregates in culture [149]. Most recently, a clear role for 
the RhoA/G-actin/SRF/MRTF axis in promoting VIC myofibrogenesis has been 
described [150]. When RhoA activity is reduced and the VIC G/F-actin ratio is in-
creased through administration of the polyunsaturated fatty acids (PUFAs) docosa-
hexaenoic acid and arachidonic acid, so too is nuclear translocation of MRTF [150]. 
PUFA treatment suppresses VIC contractility and ameliorates α-SMA expression in 
explanted aortic valves—implying that therapeutic reversal of VIC myofibrogen-
esis may be feasible via interference with RhoA/MRTF signaling.

While cyclic stretch has clear impacts on valvular TGF-β1 signaling (see above), 
it also drives valve fibrosis through other means. When excised porcine aortic valve 
leaflets are subjected to ex vivo circumferential stretch with near-physiological 
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loading curves at 15 % strain, they develop upregulated levels of collagen, α-SMA, 
MMP-1/2/9, and the elastolytic proteases cathepsin S and K (which are also impli-
cated in development of valve disease [151]) [64, 152]. Further work has demon-
strated that cyclic stretch promotes expression of bone morphogenic protein-2/4 
(BMP-2/4) [153], molecules with pro-osteogenic activity in stenotic aortic valves 
[154]. Finally, cyclic stretch upregulates both serotonin (5-HT) [155] and its recep-
tor 5-HT2A in VECs [156]. Together, they are responsible for cyclic-stress-induced 

Fig. 5   Cardiac fibrosis and aortic valve disease. a Aortic valve stenosis increases pressure after-
load and ventricular wall stress, stimulating left ventricular hypertrophy. Resultant myocyte injury/
apoptosis and ventricular stiffening lead to myofibroblast infiltration and myofibrogenic differen-
tiation of interstitial cardiac fibroblasts. Diffuse myocardial interstitial fibrosis, along with larger 
regions of midwall fibrosis follow. b Left ventricular histochemical staining (Masson’s trichrome) 
of aged female patient with advanced calcific aortic stenosis demonstrates myocyte hypertrophy 
( arrowhead) and diffuse myocardial interstitial fibrosis ( arrow). c Large and extensive midwall 
fibrotic lesions ( white tissue, arrows) pervade these gross horizontal sections of the hypertrophic 
left ventricle from a patient with calcific aortic stenosis. Panels b and c reproduced with permis-
sion: Department of Pathology, University of Alabama at Birmingham, PEIR Digital Library (peir.
patj.uab.edu/library)
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collagen synthesis, VIC proliferation, and increased leaflet stiffness, which may 
in turn drive further VIC myofibrogenesis [155]. Interestingly, serotonin has been 
shown to activate RhoA in vascular tissues [157] and to drive expression of TGF-β1 
by VICs [158], placing it at a nexus between two key mechanosensitive regulators 
of valvular myofibrogenesis.

5 � Impact of Aortic Valve Disease and Biomechanics on 
Cardiac Fibrosis

As valvular fibrosis develops and worsens, its impact spreads beyond just the mi-
croenvironment of the aortic root. A substantial portion of morbidity and mortality 
associated with aortic valve disease is due to CAVD-induced changes to myocardial 
health and, thus, cardiac function (Fig. 5). Some of the first studies to identify al-
terations in the composition and function of the myocardium in patients who had 
developed chronic aortic valve stenosis described hypertrophic cardiomyocytes 
surrounded by fibrous tissue [159, 160]. In later decades, a number of studies in 
humans identified cardiac muscle fiber enlargement, reduced myofibril volume 
fraction, reduced ejection fraction, and prolonged relaxation time constant in pa-
tients with aortic stenosis [161], and that some of these pathological changes to the 
left ventricle (fibrous content, muscle mass, cellular hypertrophy) were partially re-
versible after replacement of the aortic valve [162]. However, ventricular structure 
remained somewhat fibrotic and function continued to be significantly impaired 
even 6–7 years after valve replacement [162].

Hypertrophic myocyte enlargement and wall thickening occur in response to the 
increased pressure afterload and ventricular wall stress created by deficits in aortic 
valve function [163, 164]. Though it initially preserves ventricular function, much 
of this hypertrophy is increasingly believed to be maladaptive: when controlling 
for valve narrowing, mortality was increased in those subjects with the highest in-
creases in left ventricular mass [42]. These patients were most prone to develop-
ment of heart failure, due to myocyte apoptosis and unchecked ventricular fibrosis 
[165]. There are two distinct forms of cardiac fibrosis which transpire in response 
to stenosis-induced hypertrophy: discrete midwall lesions [43] and diffuse intersti-
tial fibrosis [166]. Midwall fibrosis appears to be driven by hypertrophy-induced 
myocyte apoptosis [167], while interstitial fibrosis is thought to be the result of 
altered mechanical loading of cardiac fibroblasts in the pressure-overloaded heart 
(reviewed in [168]). In either case, myocytes/interstitial cardiac fibroblasts differen-
tiate to myofibroblasts, initiating the classical fibrotic cycle of dysregulated matrix 
synthesis and resultant stiffening.

Mechanotransduction as it relates specifically to cardiac fibrosis is a relatively 
recent and growing field. Early indications of this mechanosensitivity were appar-
ent when it was discovered that cardiac myofibroblasts in post-MI scars align in the 
direction of mechanical stresses caused by cyclic contraction of the surrounding 
viable myocardium [169]. When cultured cardiac fibroblasts are subjected to cyclic 
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strain, they increase fibrotic collagen III mRNA expression after as little as 12 h 
[170], and elevate procollagen a1(I) synthesis after 48 hours [171]. Cell spreading 
and MMP-2/-9 expression are increased in both cardiomyocytes and cardiac fibro-
blasts when these cells are cultured on substrates of increasing stiffnesses from ~ 46 
to ~ 1000  kPa [172], as are attachment, proliferation, and expression of thicker, 
denser, α-SMA-positive stress fibers on substrates from 140 to 590 kPa [173].

The mechanosensitivity of cardiac fibroblasts (reviewed in [174]) and their pro-
fibrotic response to mechanical forces are mediated by molecular pathways similar 
to those in the valve and other cardiovascular tissues. Over/under-expression of 
TGF-β1 respectively drives and attenuates cardiac fibrosis in aged mouse hearts 
[175, 176], while competitive antibody-mediated inhibition of TGF-β1 signaling 
in pressure-overloaded rat hearts reduces collagen mRNA production, prevents in-
terstitial myocardial fibrosis, and rescues ventricular function [177]. Most recently, 
Sarrazy and colleagues showed that the integrins αvβ5 and αvβ3 are expressed in the 
heart, are upregulated in myofibroblast-rich fibrotic cardiac lesions, and drive car-
diac fibroblast myofibrogenesis/α-SMA expression by contributing to mechanical 
stress-induced activation of latent TGF-β1 [178]. Other prototypical mediators of 
myofibroblast differentiation have also been implicated in cardiac fibrosis—for ex-
ample, canonical Smad signaling is elevated in hypertensive heart failure and fibro-
sis [179], TGF-β1 activates RhoA/ROCK signaling and induces MRTF-A nuclear 
translocation in cardiac fibroblasts [180], and MRTF-A knockout mice are resistant 
to fibrosis post-MI [180]. Others have demonstrated that applied mechanical force 
stimulates RhoA and drives MRTF-A nuclear localization and α-SMA expression in 
cultured cardiac fibroblasts [140].

Thus, the mechanisms that regulate myofibrogenesis are highly conserved be-
tween the valves and heart. Interestingly, many genetically-induced murine models 
of aortic valve sclerosis and stenosis also develop cardiac hypertrophy, midwall/
interstitial fibrosis, and deficits in systolic function, [181–185]. To date however, 
there has been little effort to specifically separate and dissect whether there are 
genetic pre-dispositions in humans that are causative of aortic valve disease and 
cardiac hypertrophy/fibrosis, or solely causative of the former, with the latter oc-
curring naturally as a secondary pathology. Conditional tissue-specific knockouts 
are difficult to achieve in valvular tissue due to the heterogeneity of the interstitial 
population [19], but would be one means of answering this question. The notion 
of valve and cardiac fibrosis being linked by underlying genetic susceptibilities 
is further supported by the knowledge that after aortic stenosis onset, myocardial 
function is more likely to be preserved in females than in males [186]—this ap-
pears to be related to the elevated prevalence of initially restorative left ventricular 
hypertrophy in women [187]. LV diameter is reversed more frequently in females 
after valve replacement, a phenomenon speculated to be the result of differential 
collagen synthesis patterns in response to the sex hormone estradiol between male 
and female cardiac fibroblasts [187]. Regardless, careful study of shared vs. tissue-
specific pathological mechanisms in the valve and heart is needed to enable effica-
cious treatment of both diseases.
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6 � Conclusions

Myofibroblastic differentiation of previously quiescent valvular interstitial cells, 
ECM dysregulation, and resultant unchecked synthesis of stiffened collagenous 
matrix are cornerstones of valvular fibrosis. VIC myofibrogenesis is driven by a 
number of causes, including valve stiffness increases, pathological hemodynamic 
shear, elevated cyclic stress, biochemical signaling, and mechanistic crosstalk and 
feedback therein. Valve fibrosis and associated calcification hinder leaflet motion 
and impair proper valve function. Compensatory remodeling of the left ventricle as 
a result of increased pressure afterload from the diseased valve can result in hyper-
trophy, fibrosis, and failure of the myocardium.

A number of gaps still exist in our knowledge of valvular fibrosis mechanobi-
ology. First and foremost, the early pathogenesis of aortic valve disease is poorly 
understood and dramatically understudied. Little is known about the instigating fac-
tors that first induce myofibroblastic differentiation of VICs. A number of putative 
pathogenic insults have been identified in vitro and in vivo, but a consensus mo-
lecular mechanism of disease initiation has yet to be widely accepted. Characteriza-
tion of valvular fibrosis biomechanics in humans and animal models of valvular 
sclerosis and stenosis is also largely absent [188], though a number of methods have 
recently been developed that enable accurate in vivo [189], ex vivo [16, 17], and in 
vitro [190] quantification of tissue or cellular mechanical properties. Importantly, 
fibrosis and calcification do not arise consecutively in the valve, but rather appear 
to develop in parallel. Even as prominent myofibrogenesis occurs during the initial 
stages of fibrosis, noticeable mineralization is also detectable [8]. It has therefore 
been difficult to separately study the relative contributions of these two phenotypes 
in regards to leaflet stiffening, functional impairment, and further fibrosis/calcifica-
tion.

Surgical valve replacement is the only therapeutic option at present, primarily 
because valve disease is typically only diagnosed once functional impairments are 
apparent on ultrasound scans [191]. As functional impairment typically occurs only 
after a substantial calcific burden has developed, diagnosis and intervention are 
limited to the advanced stenotic forms of this disease at present [192]. Were it not 
for the stalled nature of valvular diagnostics, the fibrotic stage of aortic valve dis-
ease would appear ripe for pharmaceutical intervention (reviewed in [193]). Studies 
in mice have demonstrated that aggressive lipid-lowering can reverse pre-calcific 
forms of valve disease, including myofibroblast activation and fibrosis [194]. How-
ever, this lipid-lowering is unable to rescue function once the valve undergoes any 
significant calcification [195]. There is some evidence of the same occurring in 
humans: early administration of statins to asymptomatic patients with valve fibro-
sis/sclerosis (identified by rigorous, time-consuming, and challenging echocardio-
graphic quantification of leaflet thickness) slowed progression to aortic stenosis 
by ~ 40 % [196]. Other anti-fibrotic therapeutic strategies may target myofibroblas-
tic VICs themselves, through specific disruption of TGF-β1/Smad, RhoA/ROCK, 
or integrin-dependent signaling. Regardless, accurate earlier diagnosis of valvular 
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fibrosis will require both an improved understanding of early valvular mechanics-
mediated pathobiology, new biomarkers of early disease, and a leap forward in non-
invasive imaging or detection technologies [197, 198].

Experimental systems designed to integrate a wide variety of putative patho-
logical insults in a combinatorial and high-throughput manner will be necessary in 
order to fully characterize how individual mechanical forces and biological signals 
integrate together in the valvular microenvironment during disease development 
[32]. Organ-on-a-chip microsystems may enable these sorts of high-throughput 
studies in vitro [199], and could reveal novel opportunities/pathways for diagnosis 
and therapeutic intervention. These microfabricated devices can incorporate multi-
ple cell types, ECM compositions, biochemical factors, and more recently, complex 
mechanical forces [200, 201], although none yet models a heart valve. Ultimately, 
multi-organ microdevices currently under development [202] will allow simultane-
ous study of the valve and myocardium and their interactions in vitro, providing 
new insights into the intricate and coupled mechanobiological bases of valvular and 
cardiac fibrosis.
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Abstract  Excessive extracellular matrix protein deposition, termed fibrosis, is a 
multi-faceted process that can exacerbate numerous cardiovascular pathologies and 
lead to heart failure. Classically thought to be the result of myofibroblasts activated 
from interstitial fibroblasts endogenously present within the heart, recent research 
has found that there are numerous cell sources contributing to fibrosis, including 
various stem cell lineages found in the heart and in the bone marrow. Mesenchymal 
stem cells recruited to the heart in response to inflammation in a variety of cardio-
vascular diseases have been directly implicated in extracellular matrix protein depo-
sition. Circulating fibrocytes, which, in addition to expressing both hematopoietic 
and mesenchymal lineage markers, also express fibroblast markers, and have been 
shown to aggravate fibrosis. In many cardiovascular disorders that lead to fibro-
sis, these cells differentiate rapidly to the myofibroblast phenotype in response to 
injury, a process that is both facilitated and guided by microRNA. The putative role 
of microRNA has been implied in both the differentiation of bone marrow-derived 
stem cells and interstitial fibroblasts to myofibroblasts. The significant potential 
for a link between miRNA and the differentiation of various progenitor cell-types 
and their contribution to cardiac fibrosis will be explored in this book chapter. This 
topic invites further consideration for therapeutic potential to combat pathological 
cardiovascular remodeling.
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1 � Introduction

The international burden of cardiovascular disease is exacerbated by the exces-
sive extracellular matrix (ECM) protein deposition phenomenon known as fibrosis. 
This process is multi-faceted and can drive numerous cardiovascular pathologies 
towards heart failure, the fastest growing subclass of cardiovascular diseases [1, 2]. 
A prominent trigger of cardiovascular fibrosis is acute cell death, which triggers an 
inflammatory reaction similar to what occurs during a myocardial infarction (MI) 
[3]. Pathological fibrosis can also occur in the context of systemic hypertension, 
aortic stenosis, hypertrophic and dilated cardiomyopathies, and heart transplanta-
tion, which impairs survival [2–7]. In addition, aging results in increased levels of 
interstitial ECM protein production which can stiffen the myocardium and impair 
overall cardiac function [8].

Traditionally, fibrosis was presumed to be solely the result of myofibroblasts de-
rived from interstitial resident fibroblasts within the heart; however, recent research 
has found that there are numerous cell sources contributing to fibrosis, including 
various cell lineages found in the bone marrow [6, 9–13]. Cells of bone-marrow 
origin include both mesenchymal and/or hematopoietic lineages and contribute to 
pathological ECM protein deposition in a variety of cardiovascular diseases in both 
animal models and patients [12, 14–18]. A cell type of particular interest has re-
cently been named fibrocytes, which are derived from bone marrow mesenchymal 
progenitor cells and express a distinct combination of markers found separately 
on leukocytes, hematopoietic progenitor cells, and fibroblasts [19–21]. These cells 
appear to be ubiquitously involved in both physiological and pathological fibrosis 
within the human body, including the cardiovascular system [19–22]. Other cell 
sources include endothelial cells undergoing endothelial-to-mesenchymal (Endo-
MT) transition [12, 23, 24] and epithelial cells undergoing epithelial-to-mesenchy-
mal transition (EMT) [25, 26].

Although a variety of scientific tools have been used to discover the culprits 
responsible for cardiovascular fibrosis, it is crucial to be able to understand various 
aspects of bone marrow derived cells in an in vitro setting to better interpret their 
physiology. This allows easier manipulation and targeted study of these cells to bet-
ter elucidate the mechanisms behind beneficial fibrosis required for normal wound 
healing, and how it differs from pathological fibrosis that impairs cardiac function-
ality. In vitro analysis comparing primary human atrial fibroblasts (hAF) with pri-
mary human bone marrow-derived progenitor cells (hBMPCs) within the same pa-
tient was recently published [27]. It was found that hBMPCs rapidly acquire a myo-
fibroblastic phenotype in culture, the primary cell responsible for cardiac fibrosis, 
evidenced by expression of α-smooth muscle actin, non-muscle myosin isoforms 
and EDA-fibronectin. These cells also functionally behave like myofibroblasts, evi-
denced by contraction of collagen gels at baseline, as well as in response to TGF-β 
stimulation [28]. Additionally, other research groups can induce these cells to ac-
quire a myofibroblast-like phenotype in culture, particularly through administra-
tion of TGF-β1 [29–32]. Understanding how bone marrow-derived progenitor cell 
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differentiate to myofibroblast-like cells could reveal therapeutic targets to prevent 
overzealous differentiation in a cardiovascular disease environment.

One mechanism that could be influential in the differentiation of various cells 
to pro-fibrotic phenotypes is microRNA (miRNA). These 20–25 nucleotide-long 
sequences prevent targeted messenger-RNA (mRNA) from forming proteins and 
have been shown to influence cell differentiation [33, 34]. Because they can simul-
taneously interact with multiple mRNA targets, miRNA molecules can act as a mas-
ter switch to regulate multiple cellular processes, including differentiation. Many 
different miRNA molecules have been implicated in cell differentiation; however, 
miR-21, miR-24, miR-29, miR-133, miR-145, and miR-208 have been found to 
be the most influential in regulating cardiac fibrosis either through controlling 
myofibroblast differentiation or altering ECM protein deposition [35–40]. Due to 
the potential role of miRNA in regulating numerous protein targets, for example 
ECM proteins, miRNA represents an exciting potential avenue for therapeutic tar-
gets in preventing, possibly even reversing, pathological fibrosis in the heart.

2 � Cell Sources of Fibrosis

The classic cellular source of fibrosis within the cardiovascular system is the myo-
fibroblast, which is derived from resident fibroblasts present within tissue that re-
spond to an inflammatory, pro-fibrotic signal [32]. However, there is a significant 
portion of ECM protein deposition that is a result of a variety of cells derived from 
the bone marrow. Numerous studies have been done with various cell-tracing tech-
niques and bone marrow transplant models to understand the relative contribution of 
myofibroblasts from the bone marrow compartment [9–12, 22, 41]. Using enhanced 
green fluorescent protein (eGFP)-transgenic mice, two independent groups have 
shown the contribution of bone marrow-derived cells to cardiac fibrosis [41, 42]. 
Both studies found that approximately 20–24 % of the myofibroblast cells within 
the scar expressed eGFP 7 days post-infarct, indicative of their bone-marrow ori-
gin. Another comprehensive study used gender mismatched bone marrow transplant 
mice and evaluated the number of Y chromosome-positive cells in aortic banded 
and sham female hearts [12]. This study revealed that the banded hearts had 13.4 
and 21.1 % of the cells being Y-chromosome FSP-1 and/or α-SMA double posi-
tive, respectively, indicating that these cells expressing fibroblast and myofibroblast 
markers originated in the bone marrow. Interestingly, in sham hearts, there were 
no FSP-1 positive cells with a Y chromosome; however, about 3.4 % of cells with 
a Y chromosome were also α-SMA positive which indicates that, even in normal 
hearts, bone marrow cells contribute to the fibroblast population within the heart. 
A similar study was performed in heart transplant patients with gender mismatched 
hearts, who suffered a myocardial infarction post-transplant, allowing tracking of 
cells into the transplanted heart [15]. As early as 2–4 weeks after infarction, almost 
6 % of all cells were non-inflammatory cells. These could either be fibroblasts and/
or mesenchymal progenitor cells out of which 24.1 % of the cells were derived from 



58 A. L. Müller and D. H. Freed

the organ host compared to only 5.3 % of cells in patients without an infarction [15]. 
These numbers are lower than those found in animal studies, which might indicate 
that it may take longer for cells to be recruited from the bone marrow to contribute 
to scar formation in transplant patients as a result of additional complications and/or 
medications that may interfere with the wound healing process. It is not enough to 
show that these bone marrow-derived cells are present within the heart post-injury, 
but also that they directly contribute to ECM protein deposition. To evaluate this, 
van Amerongen MG et al. [42] utilized a bone marrow transplant model with mice 
expressing pro-Col1A2 (coding for the α2 chain of pro-collagen I) promoter fused 
to both luciferase and β-galactosidase. Analysis of in vivo luciferase and in vitro 
β-galactosidase activity showed that cells derived from the transplanted pro-Co-
l1A2 transgenic mice bone marrow were present in the post-MI heart and actively 
expressed collagen.

The studies previously discussed have found that the proportion of these cells 
significantly increases solely as a result of injury. As injury is attended by inflam-
mation and fibrosis is intimately associated with inflammation [7], it is important 
to consider how the heart recruits these bone marrow-derived cells. There are dis-
tinct profiles of chemokines, cytokines, growth factors, and ECM structure, in heart 
tissue that is healthy, injured, inflamed, or fibrotic. These profiles are unique and 
can actually create a specific myocardial signaling milieu that can cause varied 
differentiation of administered multi-lineage progenitor cells at different stages 
of myocarditis [11, 43]. Analysis of ischemic heart disease models indicates that 
bone marrow-derived recruited or administered progenitor cells differentiate into 
hematopoietic cell types [44–46]. One lab has investigated the importance of the 
chemokine receptor CCR2 [27], which is found in to be expressed in > 80 % of bone 
marrow-derived fibroblast precursors. They showed that when CCR2-KO mice are 
given an angiotensin-II (AngII) infusion, there is a decrease in collagen accumula-
tion and Col1 and fibronectin mRNA expression in the heart in comparison to wild-
type controls. They also showed that bone marrow derived fibroblast precursors 
identified as Col1+ and CD34+/CD45+ were increased in AngII-treated wild-type 
mice, but these numbers were significantly lower than CCR2 KO mice. Interest-
ingly, there was no difference in cardiac hypertrophy or hypertension between these 
two groups indicating a unique mechanism for recruitment of bone marrow-derived 
fibroblasts [27]. Cells expressing CD133 have also been observed infiltrating the 
myocardium [47], indicating bone marrow-derived hematopoietic lineage origins. 
These cells also express SDF-1α [48], a common chemokine for hematopoietic pro-
genitor cells, which was found to be significantly up regulated in the myocardium of 
AngII-exposed animals as early as day one of treatment [17]. Finally, the CXCR4-
CXCL12 axis is instrumental in the homing of bone marrow-derived progenitor 
cells [49], as CXCR4 is a crucial chemokine receptor in stem cell trafficking, and 
the differential expression of CXCL12 within various tissues allows for trafficking 
CXCR4+ cells in a gradient-dependent manner to ensure tissue specificity [49, 50]. 
These studies illustrate the importance of the immune system in cell recruitment, as 
immunodeficient mice showed no bone marrow-derived cell contribution to fibro-
sis [51]. This is because the response of the immune system has been shown to be 
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imperative in not only facilitating the migration of bone marrow-derived progenitor 
cells to fibrogenic areas, but also encouraging their differentiation into pro-fibrotic 
cells [52].

2.1  �Mesenchymal Progenitor Cells (MPCs)

There are two distinct lineages of progenitor cells that reside within the bone mar-
row that can differentiate into myofibroblasts in vitro: hematopoietic stem cells 
(HSCs) and mesenchymal progenitor cells (MPCs) [53]. MPCs have been shown to 
share many features with myofibroblasts, which is why their contribution to fibrosis 
has been studied extensively [27, 29, 30, 54–56]. They are a rare cell population 
that make up a mere 0.001–0.01 % of bone marrow [57] that can contribute to fi-
brosis, not only in response to injury or acute inflammation, but also as a result of 
aging [58]. MPCs are also known to be precursors for cells that can actively form 
ECM proteins, namely fibroblasts and smooth muscle cells [53]. When comparing 
MPCs to fibroblasts, it is important to note that initially, MSCs were identified as 
colony-forming unit fibroblast-like cells [9] and that known fibroblast cell lines, 
specifically HS68 and NHDF, were screened using a phenotype panel of 22 CD 
surface markers against MPCs and were found to be identical [24]. A study co-
culturing human MPCs with human dermal fibroblasts found that there was MPC-
induced fibrosis as a result of the differentiation of the MPCs into myofibroblasts 
with well-organized α-SMA filaments [59]. MPCs have even been found to possess  
basal levels of contraction similar to cardiac fibroblasts and respond in a similar 
way to TGFβ-1 treated cells by strengthening their ability to contract [60] through 
co-expression of αSMA [61]. During culturing on plastic dishes, MPCs were found 
to produce collagen, although this level of production did not increase in response 
to TGF-β1, unlike that observed with human myofibroblasts obtained from atrial 
tissue [60, 62, 63]. TGF-β1 is an important ligand to consider as it induces the dif-
ferentiation of fibroblasts to collagen-forming myofibroblasts [61]. Human MPCs 
have also been found to differentiate into fibroblasts by cyclic mechanical stimula-
tion, in addition to many other growth factors such as connective tissue growth fac-
tor and fibroblast growth factor-2 [64–67]. A unique feature of MPCs is their ability 
to have an intercellular connection with resident cardiomyocytes via connexin 43, 
which is also shown to occur with cardiac fibroblasts [68–70]. This allows for elec-
trical signal transduction that further emphasizes the similarities between these cell 
types, as well as allowing for the potential for endogenous differentiation of MPCs 
to myofibroblasts [71, 72].

2.2 � Fibrocytes

Recently a unique cell type contributing to cardiac fibrosis was identified, shar-
ing the cell markers of leukocytes, hematopoietic progenitor cells, and fibroblasts 
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(collagen+/CD13+/CD34+/CD45+) [21, 73]. Within the literature, these cells have 
been given a variety of names including telocytes, CD34+ stromal cells, and fibro-
cytes [74]. For the purposes of this chapter we shall refer to these cells as fibrocytes, 
which originate from immature mesenchymal cells within the peripheral blood but 
express the hematopoietic lineage marker CD34+ [74]. They are ubiquitously pres-
ent throughout the body and have been found to be involved in synthesizing sub-
strates, immunomodulation, providing scaffolding support for other cells, phago-
cytosis, parenchymal regulation, as well as synthesizing and remodeling ECM 
[74]. Although classified as a subset of fibroblasts, they have also been found to 
be able to differentiate into adipogenic, osteoblastic, and chondrogenic lineages 
[75]. They have been discovered in animal models of atherosclerosis [76], within 
the fibrous cap of human carotid artery plaques [77], in patients with atrial fibrosis 
in the context of chronic atrial fibrillation [78], and in patients with hypertrophic 
cardiomyopathy [79]. Repetitive episodes of ischemia-reperfusion inducing fibrotic 
cardiomyopathy resulted in an increase in fibrocytes, as indicated by expression 
of collagen-1, αSMA, CD34, and CD45 [9]. The presence of these cells in various 
cardiovascular pathologies, accompanied by fibrotic remodeling, indicates that they 
are potentially a key target in ameliorating detrimental ECM remodeling. They have 
shown to be robustly active in producing ECM proteins including collagen I, col-
lagen III, and vimentin, in addition to secreting matrix metalloproteinases (MMPS), 
key regulators of cardiac ECM remodeling [80, 81]. As previously discussed in 
this chapter, immunomodulation is an important factor in promoting fibrosis and 
fibrocytes uniquely contribute by being a source of inflammatory cytokines, che-
mokines, and growth factors. During wound healing, fibrocytes express IL-1β, IL-
10, TNF-α, MIP1α, MIP1β, MIP-2, PDFG-A, and TGFβ1 and actually localize to 
granuloma formation and connective matrix deposition [80]. Studies have shown 
that fibrocytes are released from the bone marrow into the peripheral blood to hone 
into zones of inflammation via a CCR2-mediated pathway [27]. Fibrocytes also 
have the ability to undergo phenotypic changes by being proliferative, synthetic, 
and/or contractile and, by expressing markers such as endosialin and integrin recep-
tors, they can bind to fibronectin and fibrin to situate themselves in close proximity 
with resident fibroblasts [82, 83].

2.3  �Other Differentiating Cell Sources

Although bone marrow-derived progenitor cells contribute significantly to fibrosis, 
they are not the only cell-type capable of changing their identity to become pro-fi-
brotic. Endothelial-to-mesenchymal transition (EndMT) has been shown to contrib-
ute to fibrosis by forming fibroblasts [12, 84]. In a cardiac context, the endothelial 
cells making up the endocardium in development form heart valve progenitor cells. 
During development, some of these cells undergo EndMT in order to form valve 
interstitial cells that then further mature into valve mesenchymal cells and valve 
leaflets [85]. An important factor in triggering this cell transformation in an embry-
onic context is TGF-β [86], which is also found extensively in fibrotic areas of the 
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heart and is responsible for fibroblast activation [87]. In a lineage tracing analysis 
utilizing LacZ irreversibly labelled endothelial cells, Ziesber et al. [12] found that 
in mice exposed to pressure-overload for 5 days, nearly 33 % of their cardiac fibro-
blasts originated from the endothelial layer. Not only do EndMT cells further com-
plicate fibrosis by forming fibroblasts, but there is also a net loss of endothelial cells 
that needs to be considered. In a study investigating the role of endothelial cells 
in chronic kidney injury, it was found that reduced bioavailability of nitric oxide 
synthesized by endothelial cells causes further endothelial dysfunction where there 
was up-regulation of collagen, increased TGF-β and rarefaction of capillaries [88].

Another key cellular transformation process that occurs during embryonic heart 
development is epithelial-to-mesenchymal transition. This mechanism has also 
been implicated in pathological ECM remodeling of the heart by up-regulating a 
number of genes encoding growth factors including VEGF, FGF2, TGF-β2, and 
MCP1 which promote angiogenesis and might be beneficial in reducing heart injury 
post-MI [89]. In addition, epithelial cells of the epicardium also have the ability to 
differentiate into fibroblasts [90] and, although this has been established to be a key 
source of fibroblasts during fibrosis in kidney [91], liver [92], and lungs [93], it is 
yet to be determined if it contributes to pathological fibrosis in the heart.

In addition to progenitor cells found within the bone marrow, a distinct popula-
tion of cardiac stem cells has been found residing in the heart [94]. They were found 
to be negative for various hematopoietic lineage markers (such as CD34, CD45, 
CD8) but are positive for c-kit, a stem cell marker. Although these cells are being 
evaluated for their potential to become functional cardiomyocytes for therapeutic 
purposes [94, 95], there is currently no information available about the potential 
of these cells to differentiate into myofibroblasts or any other cell type that could 
contribute to cardiac fibrosis.

3 � Influence of miRNA on Cell Differentiation 
and Fibrosis

When injury occurs in the body, cells have to respond in a promptly in order to initi-
ate healing and prevent further damage. We have established that there are numer-
ous cells within the body that undergo a phenotype change in order participate in 
fibrosis and that inflammation is responsible for guiding these cells to the damaged 
area to promote ECM remodeling. In many circumstances, this change has to occur 
rapidly where the cell essentially “switches” phenotype. As it would take time for 
a cell to undergo complete protein translation based off of extracellular signaling 
causing the activation of transcription factors, there has recently been discovered 
a molecule that could rapidly facilitate this “switch”, known as miRNA. This mol-
ecule is made up of 20–25 nucleotides derived from mostly non-coding regions of 
the genome that target mRNA to fine-tune protein translation [33, 96]. The first 
miRNA was discovered during the adult stage of Caenorhabditis elegans where 
loss of the miRNA, let-7, caused reiteration to larval cell fates indicating that let-7 
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is necessary for the differentiation of adult cells [33]. Furthermore, let-7 has also 
been shown to be important in the development of adult fibroblasts in adult MPCs 
[97]. In a study evaluating the effect of Dicer, which processes miRNA permitting 
them to function, Dicer KO MPCs retained their mesenchymal identity. This shows 
that miRNAs do not necessarily govern cell identity but that miRNA processing 
is required for active differentiation, suggesting its presence critical for cell state 
transition [97]. This data supports additional findings that demonstrate the impor-
tance of miRNAs in regulating cellular transitions and physiological robustness in 
various model systems [98, 99]. MiRNAs have also shown to be central in the de-
differentiation of human fibroblasts. As Yamanaka demonstrated, fibroblasts can 
be reprogrammed back to an embryonic-like state [100], which prompted several 
scientists to look at various aspects of this phenomenon. The two that were found to 
promote the reprogramming of human fibroblasts to inducible pluripotent stem cells 
were miR-302b and miR-372 [101].

A miRNA has also been identified in cardiac myofibroblast differentiation, 
namely miR-145 [40]. This particular miRNA was initially identified as a regulator 
of smooth muscle cell differentiation. Several aspects of how miR-145 influences 
myofibroblast differentiation were investigated, with a focus on α-SMA filaments. 
When treated with miR-145, α-SMA positive cells readily formed stress filaments 
and were organized in parallel actin-filament bundles, permitting cellular con-
tractility that was comparable to fibroblasts treated with TGFβ1 [40]. In addition, 
fibroblasts treated with miR-145 migrated to a comparable degree as fibroblasts 
treated with TGFβ. Collagen expression was also assessed, with miR-145 treated 
cells showing comparable decreases in pro-collagen 1A1 and pro-collagen 1A2 but 
significant comparable increases in mature collagen 1A1 and collagen 1A2 produc-
tion. As miRNA have the potential to have numerous downstream targets, which is 
the nature of their behavior and natural design, miR-145 was found to target KLF5. 
KLF5 is instrumental in cardiovascular remodeling, particularly in smooth muscle 
cells, as it activates platelet-derived growth factor A/B, Egr-1, plasminogen activa-
tor inhibitor-1, inducible nitric oxide synthase, and vascular endothelial growth fac-
tor [102]. Whether miR-145 is the sole miRNA to facilitate this differentiation from 
fibroblast to myofibroblast is yet to be determined.

The expression of several miRNAs, including several let-7s, miR-1, miR-133a, 
miR-133b, miR-19a, miR-19b, miR-150, miR-195, miR-199, miR-221, miR-23a, 
miR-23b, miR-29a, miR-29b, the miR-30 family and miR-320, either increased or 
decreased during heart failure [103]. The highest expression miRNA in the heart is 
miR-1, which accounts for 40 % of all cardiac miRNAs [104]. It plays a role in the 
regulation of the cardiac conduction system, in part by controlling the expression 
of connexin 43 [105]. It has been shown to have differential expression based on 
the whether or not the heart is succumbing to short-term injury such as ischemic 
injury, where it is up-regulated, or long-term injury such as hypertrophy and heart 
failure, where it is down-regulated [103]. Its potential role in fibrosis has yet to be 
elucidated although, due to its high expression in the heart, it is unlikely that it is a 
bystander during pathological cardiac ECM remodeling. MiR-133a may be more di-
rectly implicated in fibrosis as high expression of miR-133a prevented both fibrosis 
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and apoptosis in an animal model of trans-aortic constriction (TAC) [36]. It did not 
affect hypertrophy in either the TAC model or in isoproterenol-induced hypertrophy.

Another miRNA of interest is miR-208a because, when it is knocked out in TAC, 
there is no hypertrophy of cardiomyocytes or fibrosis detected [37]. In a different 
study evaluating miR-208a, it was found that in areas associated with interstitial fi-
brosis, there was miR-208a expression which occurred concurrently with a decrease 
in connexin 40, indicating that there might be a link between miR-208a, cardiac 
conduction, and fibrosis [38].

Another few miRNA regulators of cardiac fibrosis are miR-24, miR-21, and miR-
29 [39, 106–109]. MiR-24 is found in fibroblasts and its expression has been found 
to be associated with the degree of fibrosis in hypertrophic hearts [110]. Post-MI, 
miR-24 is down-regulated only after an initial week of elevated expression where 
its expression correlated with the levels of collagen-1, fibronectin, and TGF-β1 
[39]. When delivered in vivo, miR-24 reduces cardiac fibrosis and decreases col-
lagen-1 protein expression. Not only is miR-24 expressed in fibrocytes, it is also 
found to decrease the expression of α-SMA, a myofibroblast marker [39]. One of 
the downstream targets of miR-24 is furin, which is a regulator of the TGF-β path-
way by proteolytically maturing TGF-β, which correlates with the observation that 
TGF-β1 treatment up-regulates miR-24 expression in a time- and dose-dependent 
manner [39]. Both miR-21 and miR-29 have been identified in cardiac fibroblasts, 
where their expression is greater than that found in cardiomyocytes [106, 107]. 
Over-expression of miR21 in the heart results in reduced infarct size after ischemia 
reperfusion injury with preserved ejection fraction and decreased collagen depo-
sition [111], in addition to promoting fibroblast survival [108, 109]. Conversely, 
knock-down of miR-21 attenuated interstitial fibrosis and cardiac remodeling after 
aortic banding [109]. In the myocardial infarct border zone, miR-21 was upregu-
lated, inhibiting PTEN expression, which resulted in up-regulation of MMP-2 ex-
pression [108].

Finally, a very popular miRNA of interest in the fibrosis literature is miR-29, 
which regulates a subset of fibrosis-related gene expression including many colla-
gens, fibrillins, laminins, integrins, and elastin [107]. When down-regulated, there 
is an increase of these ECM proteins found which is then attenuated with over-
expression of miR-29 [107]. Although inhibiting miR-29 would be an ideal thera-
peutic target to prevent pathological ECM remodeling, it also regulates several anti-
apoptotic genes including Tcl-1, Mcl-1, p53, and CDC42 [112–114]. The continuing 
investigation of how miRNAs are involved in both physiological and pathological 
ECM remodeling is an additional therapeutic target that could be utilized in combat-
ting fibrosis, not only within the heart, but in other fibrotic diseases as well.

4 � Conclusions

It is evident that more than endogenously present interstitial fibroblasts within the 
myocardium contribute to fibrosis, both physiologically and pathologically. This 
multi-faceted process drives numerous cardiovascular pathologies toward heart 
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failure and occurs via a number of different cell sources, including various cell lin-
eages found in the bone marrow [9–12, 16]. These include fibrocytes and MPCs that 
contribute directly to ECM remodeling and protein deposition, and appear ubiqui-
tously involved in both physiological and pathological fibrosis [19, 22]. We have 
also outlined how similar fibroblasts and MPCs act in culture and under stimulation 
of pro-fibrotic TGF-β. Additional sources of pro-fibrotic cells are endothelial cells 
undergoing endothelial-to-mesenchymal (EndoMT) transition [12, 23, 24] and epi-
thelial cells undergoing epithelial-to-mesenchymal transition (EMT) [25, 28].

A thorough understanding of how these various cell types become pro-fibrotic 
could reveal therapeutic targets for preventing overzealous ECM deposition and re-
modeling. We explored the possibility of miRNA in inducing cell differentiation to 
a pro-fibrotic phenotype and/or contributing directly to fibrosis including miR-21, 
miR-24, miR-29, miR-133, miR-145, and miR-208a [35, 36, 38–40, 107] (Fig. 1). 
miRNA provides a potential therapeutic target to either promote physiological fibro-
sis for optimal wound healing, or to inhibit pathological cardiac ECM remodeling.
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Abstract  The ability of cardiac fibroblasts to sense and control the mechani-
cal properties of the extracellular matrix is essential to adapt the heart tissue to 
mechanical load, such as in conditions of hypertension and to repair injuries after 
myocardial infarct. Aberrant mechanosensing and/or persistent stress results in the 
chronic activation of cardiac fibroblasts and other progenitors into myofibroblasts. 
Myofibroblasts drive the development of fibrosis by excessive collagen secretion 
and contraction of the neo-matrix into scar tissue. Stiff fibrotic tissue impairs heart 
distensibility, pumping and valve function, contributes to diastolic and systolic dys-
function, and affects myocardial electrical transmission, leading to arrhythmia and 
ultimately heart failure. To explore novel therapeutic strategies that specifically tar-
get the myofibroblasts in heart fibrosis, we here elaborate on the common factors 
that control myofibroblast activation from different precursor cells in the heart. At 
least two factors are pivotal for myofibroblast activation and function: mechani-
cal stress, manifested in disease as a stiff extracellular matrix, and active TGF-
β1. Because of uncontrollable side effects, global TGF-β1 inhibition has failed in 
clinical trials to treat fibrosis but preventing TGF-β1 activation in a myofibroblast-
specific manner has promising perspectives.

Keywords  Fibroblast · Fibrosis · Scar · Integrin · Extracellular matrix · Mechanical 
stress · Stiffness · TGF-β1 · α-smooth muscle actin · Extracellular matrix

1 � Introduction

Heart failure is the leading cause of death worldwide. A variety of factors con-
tributes to the development of heart failure, including coronary heart disease (fre-
quently leading to myocardial infarction), chronic high blood pressure, diabetes, 
and cardiomyopathy. The outcomes of these conditions are structural changes in the 
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heart architecture leading to impaired left ventricular function in filling and eject-
ing blood. Pathological remodelling of the ventricle, in particular development of 
fibrosis, is a key event in the progression of heart failure and there is no effective 
therapy available. Fibrosis is the accumulation of excessive collagenous extracel-
lular matrix (ECM) that can replace functional heart muscle [1–5].

Instrumental in all fibrotic conditions are myofibroblasts, which are mainly acti-
vated from local fibroblastic cells, commonly summarized under the term ‘cardiac 
fibroblasts’ [5, 6–9]. Cardiac fibroblasts are reported to account for the majority (in 
number) of all cells in the healthy adult heart where they maintain the ECM archi-
tecture [10]. In the healthy myocardium, cardiac fibroblasts form an interconnected 
network of cells that are embedded within a collagen network surrounding groups 
of myocytes [11] (Fig.  1). Physiological increase of the heart load (e.g., during 
exercise) stimulates increased ECM production by the resident fibroblasts as an 
adaptive response of the heart in addition to increasing numbers and sizes of fibro-
blasts and cardiomyocytes [12, 13]. However, in response to chronically increased 
mechanical load (e.g. caused by hypertension leading to cardiac hypertrophy) and 
to myocardial injury (e.g. after infarct), cardiac fibroblasts are activated into myofi-
broblasts [2, 14] that are not present in the normal heart [15] (Fig. 1).

Myofibroblasts produce excessive ECM that is contracted by the action of neo-
formed contractile actin-myosin stress fibres in vivo [16, 17]. The ultimate aim of 
ECM secretion and remodelling is restoring the mechanical integrity of the injured 
tissue even at the cost of losing tissue function [18]. Frequently, persistence of myo-
fibroblasts and collagen contraction leads to irreversible remodelling of the heart 
ECM into a stiff fibrotic scar that matures over time. The scar reduces heart pump-
ing and distensibility, contributes to diastolic and systolic dysfunction, impairs heart 
valve function, impairs oxygen availability to cardiomyocytes as perivascular fibro-
sis around intracoronary arterioles, and affects myocardial electrical transmission, 
leading to arrhythmia [9, 10, 19–24]. Importantly, the scar environment perpetu-
ates fibrosis by converting healthy progenitors into fibrogenic myofibroblasts and 
by providing the chemical and mechanical conditions for myofibroblasts to resist 
clearance by apoptosis. Hence, myocardial fibrosis can be both the cause and con-
sequence of rheumatic heart disease, inflammation, pathological hypertrophy, car-
diomyopathy, and post-myocardial infarct remodelling [3, 19]. It is likely, yet not 
documented, that cardiac myofibroblasts can become deactivated, as described for 
an animal model of liver fibrosis [25]. Alternatively, suicide may be their only way 
out which is supported by the fact that myofibroblasts can persist for months and 
even years in an infarct scar by escaping programmed cell death [9].

To provide novel therapeutic strategies that target the myofibroblast in heart fi-
brosis, it is important to understand how mechanical and chemical factors coop-
eratively control the myofibroblast phenotype. At least two factors are pivotal for 
myofibroblast activation and function: mechanical stress, manifested in disease as 
a stiff ECM, and active TGF-β1 [7, 26]. TGF-β1 is the most potent pro-fibrotic cy-
tokine known; it causes excessive ECM production, induces its own secretion and 
drives myofibroblast activation [17, 27, 28]. Although general TGF-β1 inhibition 
has failed to treat organ fibrosis in clinical trials [29–35] because of uncontrol-
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Fig. 1   Fibroblasts and myofibroblasts in the healthy and fibrotic myocardium. (a) A rat model of 
aortic coarctation was used to induce left ventricular ( LV) cardiac hypertrophy and fibrosis. (b & c) 
A Yorkshire pig model of pulmonary vein stenosis for 7 weeks was used to induce right ventricular 
cardiac hypertrophy and fibrosis; a perivascular region has been selected for (c). Transmural blocks
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lable side effects [36–39], preventing TGF-β1 activation in a myofibroblast-specific 
manner has emerged as one possible strategy to counteract fibrosis. In this chapter, 
we will discuss the mechanical and chemical preconditions of the ECM for latent 
TGF-β1 activation and how myofibroblast contraction and cell ECM receptors con-
tribute to a mechanical feed-forward loop of latent TGF-β1 activation and myofi-
broblast differentiation.

2 � A Myofibroblast is a Myofibroblast, Of Course, 
Of Course?

2.1 � Myofibroblast Features

Myofibroblasts were originally discovered and defined as fibroblastic cells that si-
multaneously exhibit prominent endoplasmic reticulum and contractile actin micro-
filament bundles in vivo [40]. According to this most basic definition, neo-formation 
of contractile actin/myosin stress fibers by cardiac fibroblasts in vivo suffices the 
criterion of a myofibroblast; however, ultrastructural analysis is required to define 
these cell features [40, 41]. In vitro, fibroblastic cells spontaneously form stress 
fibers when cultured on standard culture dishes [7, 42] (Fig. 2). Hence, it has be-
come common practice to use neo-expression of α-smooth-muscle actin (α-SMA) 
in stress fibres as distinguishing feature of myofibroblasts [43] (Fig. 2). Expression 
of α-SMA is the molecular basis for the higher contractile activity of myofibroblasts 
compared to their precursor cells [44]. The contractile apparatus of myofibroblasts 
is designed to remodel collagen, which is distinct from the periodic beating activity 
of cardiomyocytes [45].

In principal, myofibroblast-specific proteins such as α-SMA provide attractive 
therapeutic targets for the action and/or delivery of anti-myofibroblast/fibrotic drugs 
in addition to helping diagnosis and rating of the severity of heart fibrosis. However, it 
is important to note that no unique single marker exists to discriminate myofibroblasts 
from other cells in the fibrotic heart or other organs and it is questionable whether such 
a marker exists at all [6]. Typically, myofibroblasts are characterized by a specific set 
of cytoskeletal proteins, including α-SMA. Vascular smooth muscle cells and peri-
cytes are also α-SMA-positive and additional markers are required to make the dis-
tinction [46]. In normal adult tissue, smooth muscle cells express late smooth muscle 

Fig. 1   (continued) of the normal and fibrotic ventricular myocardium were sectioned and immu-
nostained for α-SMA, CD31, sarcomeric actin (sarc actin), vimentin, desmin, and nuclei (DAPI) 
in the indicated combinations and colors. Fibroblastic cells are α-SMA-/vimentin+/desmin-/α-
sarc-/CD31-, myofibroblasts are α-SMA+/vimentin+/desmin-/CD31-/α-sarc-/, endothelial cells 
are α-SMA-/vimentin+/desmin-/α-sarc-/CD31+, smooth muscle cells are α-SMA+/vimentin+/
desmin+/α-sarc-/CD31-, and cardiomyocytes are α-SMA-/vimentin-/desmin+/α-sarc+/CD31-. 
Inset in (a) shown higher magnification of the vascular endothelium. Scale bar: 50 µm. Modified 
and reprinted with permission from [150]
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differentiation markers that are not expressed by myofibroblasts, including desmin, 
smooth muscle myosin heavy chain, h-caldesmon, and smoothelin [47]. However, in 
conditions of organ injury, fibrosis, and in cell culture, SMCs lose these late differ-
entiation markers and attain a myofibroblastic and collagen synthesizing phenotype 
[48]. Furthermore, both smooth muscle and endothelial cells express vimentin that 
is also common to (myo)fibroblastic cells. Given that small vessels populate areas 
between cardiomyocytes, immunostaining for vimentin and α-SMA alone can be 
ambiguous to identify myofibroblasts. Co-staining for desmin (smooth muscle cells, 
cardiomyocytes) and endothelial cell specific proteins such as CD31 or VE-cadherin 
will discriminate between these main cell types populating the myocardium (Fig. 1).

In addition to using molecular markers in immunohistological applications, a 
number of different transgenic mouse models have been developed to either follow 
the fate or to specifically eliminate myofibroblasts in conditions of organ fibrosis. 
Transgenic mice that co-express fluorescent proteins under control of the α-SMA 
and collagen type I promoters have been used to identify myofibroblasts in lineage 
tracing studies in the liver and kidney [25] and should in principal be applicable to 
track myofibroblasts in the heart. Conditional knockouts and expression of fluores-
cent markers under promoter control of the platelet-derived growth factor receptor 
β(PDGFRβ) has been successful to eliminate myofibroblast activation from pericytes 
in liver (hepatic stellate cells), lung and kidney fibrosis [49] but has not been tested 
yet for the heart. Whereas PDGFRβ-positive pericytes emerge as major contributors 
to the myofibroblast population in fibrotic liver [50] and kidney (there being identi-
fied as descendants of FOXD1 lineage) [51], their role is much less defined in the 
heart. Another potential approach to trace myofibroblasts in fibrotic conditions is us-

Fig. 2   Fibroblasts and myofibroblasts in vitro. Primary rat cardiac fibroblasts were immunos-
tained after 4 days culture either on silicone culture substrates with a Young’s modulus of 5 kPa 
( left panel) or on conventional stiff ( GPa) culture plastic dishes ( right panel). Cells were stained 
for F-actin-rich stress fibers ( Phalloidin-green), α-SMA ( blue, turquoise in overlay), and focal 
adhesions ( vinculin-red). All cells form stress fibers. However, culture on soft substrates reduces 
the percentage of cells spontaneously acquiring α-SMA-positive stress fibers to ~ 5 % compared 
with ~ 80 % α-SMA-positive myofibroblasts on stiff culture substrates. Scale Bar: 25 µm
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ing PDGFRα promoter driven reporter constructs. PDGFRα is expressed in smooth 
muscle-related cell progenitors and upregulated in conditions of fibrosis and repair 
in the heart [52–54] and other organs [55]. Periostin promoter-driven expression 
constructs were employed to identify and target the fibroblastic population specifi-
cally in the heart; periostin-driven expression of β galactosidase was confirmed for 
fibroblastic cells and absent from cardiomyocytes and endothelial cells [56]. Other 
groups have used the transcription factor Tcf21 (epicardin) to specifically trace the 
fibroblastic population in the developing and fibrotic heart [57–59].

2.2 � Cardiac Myofibroblast Precursors

In the quest to search for an anti-fibrotic cellular target, the problem of finding a 
specific molecular marker is intimately linked with the question of the origin of 
myofibroblasts. A number of different myofibroblast precursors have been reported 
in the heart [11], including fibroblasts [2, 60], smooth muscle cells and pericytes 
[61], epithelial cells [62], endothelial cells [63], resident mesenchymal progenitor 
cells [54, 64], and bone-marrow-derived circulating fibrocytes and mesenchymal 
stem cells [65–68] to list the most prominent candidates. The percentage contribu-
tion of each of these potential precursors to the myofibroblast population is a mat-
ter of ongoing and sometimes heated debate. Part of the difficulty to identify ‘the’ 
myofibroblast precursor is the lack of a unique marker and the choice of different 
lineage tracers in various studies as discussed above. Another confounding factor 
is the loose definition of the precursor population itself, such as using ‘fibroblast’ 
to classify a rather heterogeneous group of cells with no markers on their own [11, 
69]. Finally, it is conceivable that the myofibroblast represents an activation state 
attained by multiple cell types and the precursor likely depends on the nature of 
the insult and the available cell populations [6]. Hence, different animal models 
and clinical conditions of cardiac fibrosis are likely characterized by myofibroblast 
populations of different origin but with similar function. Although we are far from 
understanding myofibroblast heterogeneity, there is a potential to exploit the com-
position of myofibroblast populations as indicators of disease origin and level of 
progression as our knowledge expands.

3 � More than Just Material for Myofibroblasts: The ECM 
of the Heart

3.1 � Composition and Function of the ECM in the Heart

Independent of their origin, all myofibroblasts are specialized to produce and re-
model ECM in response to an insult. Although the most obvious function of the 
cardiac ECM is to provide a framework for myofibrils and to mechanically protect 
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cardiomyocytes against overstretch, the ECM plays more than just structural roles 
[10, 70, 71]. In the normal heart, the ECM organizes the different cellular com-
partments, transmits mechanical stimuli, affects electrical transmission in the heart, 
stores growth factors, and thereby mediates critical cell functions such as prolifera-
tion, growth and differentiation [72, 73]. The composition of the cardiac ECM is 
a complex network of structural proteins such as collagens, elastin, laminins, and 
fibronectin [73, 74], macromolecules like proteoglycans and glycoproteins that con-
tribute to the overall ECM architecture and bind the growth factors essential for cell 
migration and tissue remodelling [75], and matricellular proteins and growth factors 
with signalling function [70]. The fine-balanced interplay between all these elements 
is massively disturbed in conditions of heart fibrosis and pathological remodelling.

The principal ECM component in the heart is fibrillar collagen type I [72], which 
provides tensile strength by virtue of its extraordinary mechanical property with an 
extension modulus of several GPa [76, 77]. Other fibrillar collagens in the myocar-
dium are types III and V. The fibrillar collagens are produced by cardiac fibroblasts 
and kept in homeostasis by balancing synthesis with degradation mediated by ma-
trix metalloproteinases (MMPs) [78]. Cross-linking enzymes such as lysyl oxidases 
and transglutaminases provide additional resilience and structure to the collagen/
ECM network [72]. Whereas fibrillar collagens provide strength, non-fibrillar col-
lagens, such as types IV and VI mainly integrate myofibrils and cardiac ECM by be-
ing major components of the basal lamina of cardiomyocytes [79]. Collagen type IV 
forms a sheet-like scaffold with laminin, entactin and perlecan, and collagen type 
VI interacts with collagen type IV and collagen type I to create an anchoring bridge 
between the basal lamina and interstitial ECM and plays a role in guiding the fibro-
blast phenotype [79, 80]. Collagens types IV and VI mediate essential cell function 
through interaction with cell surface receptors such as integrins and discoidin do-
main receptors (DDRs) [81, 82]. It is amply clear that changes in the composition 
and organization of the ECM during repair after injury or in fibrosis dramatically 
impact cell functions. The direct instructive role of the ECM becomes evident in 
experiments, where de-cellularized ECM from fibrotic organs is sufficient to drive 
fibrogenesis of healthy cells in situ [83, 84].

Cellular fibronectin is a paradigm component of the cardiac ECM that is gain-
ing particular importance during heart development and in the injured myocardium 
[85–87]. Alternative splicing of fibronectin occurs during wound healing and fi-
brosis [88] with the extradomain A (ED-A) fibronectin splice variant being highly 
expressed and required during the myofibroblast activation process [13, 89]. Fibro-
nectin is a master regulator of cell signalling by providing a plethora of binding sites 
for cell receptors and a large number of different growth factors [90–92], including 
but not restricted to the latent TGF-β complex [93], vascular endothelial growth 
factor (VEGF) [94], bone morphogenetic protein 1 (BMP1) [95], hepatocyte growth 
factor (HGF) [96] and fibroblast growth factor (FGF-2) [96]. Integration of cell sig-
nalling with the ECM is also the main function of different matricellular proteins, 
such as thrombospondins, tenascin C, osteopontin, SPARC, periostin, and the CCN 
protein family members [74]. All these signalling ECM proteins are differentially 
regulated during myocardial remodelling and important regulators of myofibroblast 
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functions [97, 98]. Thrombospondins and SPARC have been shown to essential-
ly control collagen accumulation in the heart [99, 100]. The diverse functions of 
tenascin C include weakening of cell adhesion, up-regulating the expression and 
activity of MMPs, modulating inflammatory responses, promoting recruitment of 
myofibroblasts, and enhancing fibrosis [101]. CCN2 (CTGF) is also upregulated 
in various conditions of cardiac fibrosis and appears to collaborate with TGF-β1 in 
regulating collagen and myofibroblast induction [1].

3.2 � ECM Mechanics Matters for Myofibroblast Activation

Transient activation of myofibroblasts per se is beneficial to preserve the struc-
tural integrity of the myocardium in response to overload or damage; this normal 
wound healing response is referred to ‘adaptive’ or ‘reparative’ fibrosis and consid-
ered reversible. In contrast, persistent excessive accumulation and contraction of 
collagenous ECM is detrimental to heart function at various levels. First, because 
myofibroblasts can repair but not regenerate, non-functional scar tissue replaces 
the damaged heart muscle (‘replacement fibrosis’). Second, the stiff scar obliter-
ates proper heart functioning by representing a sheer mechanical obstacle within 
the softer heart muscle (‘you cannot make a scar squeeze’). Third, the electrical 
conduction properties of the fibrotic ECM cause arrhythmia [24, 102–105]. Fourth, 
scar stiffness fosters arrhythmia by directly influencing cardiomyocyte beating; em-
bryonic cardiomyocytes beat periodically when cultured on heart-soft substrates 
but not on fibrotic-stiff material [106, 107]. Incompressibility and poor electrical 
conduction of scar tissue both contribute to diastolic and systolic dysfunction and 
to left ventricular hypertrophy [20, 21]. Finally, the mechanical and chemical ECM 
microenvironment created by myofibroblasts stimulates their own activation from 
normal precursor cells and perpetuates fibrosis.

One characteristic of the fibrotic scar is its high stiffness compared to the com-
pliant texture of healthy myocardium. Tissue stiffness is measured as Young’s 
Modulus (in Pa) and represents the force per area (stress) that is required to strain 
a material [108]. Normal heart muscle has a Young’s modulus of ~ 10 kPa as mea-
sured by atomic force microscopy whereas fibrotic tissue is typically 2–10-times 
stiffer (20–100 kPa) [106, 109–111] (Fig. 3). One important condition for turning 
physiological remodelling (typically not involving myofibroblast activation) into 
pathological remodelling is the presence of an inflammatory response [112, 113]. 
In addition to providing pro-fibrotic cytokines, inflammatory cells produce ECM 
cross-linking enzymes, e.g. lysyl oxidases [114] that can initiate ECM stiffening 
preceding myofibroblast activation as shown in an animal model of liver fibrosis 
[115]. Scar stiffening is not only due to increased amounts of collagen. Increase in 
the Young’s modulus of the scar occurs through strain-stiffening of the collagenous 
ECM by cell pulling forces [116, 117] which is macroscopically evident by the 
maturation of post-myocardial tissue into thin and highly dense scars.

Multiple studies demonstrated that ECM-transmitted stress activates myofibro-
blasts. Mechanical stimulation of cultured cardiac fibroblasts by twisting ECM 
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protein-coated magnetite beads induces α-SMA expression [118], as does cyclic 
stretch applied to cultured aortic valve fibroblasts [119]. Expression of α-SMA is 
augmented in cardiac myofibroblasts cultured on stiff two-dimensional (2D) culture 
substrates but suppressed on soft polymer substrates [120] (Fig. 2). Myofibroblasts 
express α-SMA in attached and stressed 3D-collagen gel cultures but not in free-
floating relaxed gels [121–123]. In healing rat skin wounds [44, 116] and skin scar 
tissue in situ [124], expression of α-SMA is accelerated by (re-)straining the tissue. 
Comparable controlled experiments with animal and human heart tissue have yet to 
be performed. Myofibroblast mechanoregulation occurs at different levels. (1) Me-
chanical load determines the intracellular stress fibre localization of α-SMA [109]; 
(2) Stress directly modulates α-SMA promoter activity and protein expression [118, 
125]. (3) Substrate compliance and mechanical stimulation regulates the contractile 
activity of myofibroblasts by regulating cytosolic Ca2+ signalling [45, 120–126]; (4) 
Stress modulates the bioactivity of TGF-β1, the major cytokine inducing myofibro-
blast differentiation in a process that involves integrins and cell contraction.

4 � TGF-β1 at the Cross-Roads of ECM and Growth 
Factor Signalling

TGF-β1 is a master regulator of fibrosis in all organs [127–129] including the heart 
where its protein and mRNA expression levels correlate with the degree of fibrosis 
in a variety of clinical settings and animal models [85, 87, 130–136]. Overexpres-

Fig. 3   Stiffness of organs and fibrotic scar. The stiffness range of different organs has been 
assessed at the cellular perception level using atomic force microscopy indentation and expressed 
as Young’s elastic modulus in Pa [179, 180]. Very soft organs are bone marrow [181], brain (0.1–
0.5 kPa) [182] and fat (1–3 kPa) [183]. Soft organs are liver (1–2 kPa) [115], lung parenchyma 
(2–4 kPa) [184], and skin [185], whereas muscular tissues including the myocardium are medium 
stiff (10–15 kPa) [111, 186, 187]. Bone and teeth provide the stiffest structures in our body [188]. 
Note that fibrotic tissue (here stylized for a fibrotic heart) is always stiffer than normal tissue. 
Modified and reprinted with permission from [189]
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sion of TGF-β1 in mice causes cardiac hypertrophy and interstitial fibrosis [137, 
138]; inhibition of TGF-β1 prevents late cardiac remodelling in a mouse model 
of heart fibrosis [139]. TGF-β1 is also the most potent cytokine known to activate 
myofibroblasts irrespective of the precursor [7]. Despite the clear pro-fibrotic ac-
tion of TGF-β1, global therapeutic inhibition of this growth factor is problematic 
due to its pleiotrophic character [34, 129], e.g., knock-out of TGF-β1 leads to the 
development of multifocal inflammatory disease in mouse models [140]. TGF-β1 
also regulates homeostasis of the vasculature and dysregulation of TGF-β1 levels 
can lead to tumor formation [141, 142]. More recent strategies are aiming to block 
TGF-β1 activation from its latent complex rather than targeting the active molecule; 
this approach bears the advantage of a more targeted strategy to block TGF-β1 
pro-fibrotic signalling. Activation of TGF-β1 is promoted by various mechanisms 
which differ according to the cell type and physiological context [127, 143–147].

Myofibroblasts and other cells produce TGF-β1 together with its latency-asso-
ciated pro-peptide (LAP); LAP and TGF-β1 remain non-covalently bound and are 
secreted as a large latent complex covalently linked to the latent TGF-β1 binding 
protein LTBP-1 [93, 143, 148] (Fig. 4). In cultured lung and cardiac myofibroblasts, 
TGF-β1 activation occurs mainly via transmission of cell traction forces at sites 
of integrins to an RGD binding site in the LAP moiety of the large latent complex 

Fig. 4   Mechanical activation of latent TGF-β1. Latent TGF-β1 (TGF-β1 with it’s associated pro-
peptide LAP) is stored in the ECM by together with the latent TGF-β1 binding protein LTBP-1. 
Upon actin/myosin promoted myofibroblast contraction, interaction of integrins with RDG bind-
ing sites in the LAP activates TGF-β1 by inducing a putative conformation change in LAP
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[145, 149, 150]. Binding of the latent TGF-β1 storage protein LTBP-1 to other ECM 
proteins, including fibrillins and fibronectin makes latent TGF-β1 an integral com-
ponent of the ECM [35, 144, 151–153]. The normal myocardium is rich in latent 
TGF-β1 that only seems to wait for activation in conditions of heart overload and 
injury [98]. Binding of LAP to the ECM through the LTBP-1 is also the structural 
pre-condition for mechanical activation by integrins [143, 149, 154]. The LTBP-1 
binding site of LAP directly opposes the RGD site in LAP for integrin attachment; 
integrin-mediated force transmission induces a conformational change in LAP that 
liberates active TGF-β1 [154, 155] (Fig. 4). Recent studies support that the me-
chanical state of the ECM directly contributes to the bioavailability of TGF-β1 for 
contraction activation by providing resistance to cell pulling on the latent complex. 
This effect has been demonstrated by measuring reduced levels of active (not total) 
TGF-β1 released by cells grown and contract on compliant versus stiff elastic cul-
ture substrates [145, 156]. In contrast to elastic cell culture polymers, the ECM of 
normal and fibrotic connective tissues is subject to strain-stiffening [157, 158]. Re-
sults from our lab suggest that cell remodelling strain-stiffens LTBP-1-containing 
ECM and thereby ‘primes’ latent TGF-β1 for subsequent activation, analogous to 
the loading of a mechanical spring [116]. This relationship between the bioavail-
ability of TGF-β1 and the organization state of the ECM provides a mechanical 
threshold to generate and/or sustain myofibroblasts. In the poorly organized but 
latent TGF-β1-rich provisional ECM established after organ injury and overload, 
TGF-β1 activation by cell traction will be inefficient and α-SMA-positive myofi-
broblasts will not develop. In a sufficiently pre-strained ECM, even the low con-
tractile forces exerted by migrating fibroblastic cells will promote latent TGF-β1 
activation [116]. Both, the remodelling required to reaching a mechanical ‘tipping 
point’ in the ECM and active cell pulling in the acute latent TGF-β1 activation step 
are mediated by integrins.

5 � ECM Receptors in Cardiac Myofibroblast 
Differentiation

Cardiac fibroblasts and myofibroblasts express a variety of different integrins, in-
cluding collagen receptors integrin α1β1, α2β1, α11β1, and α1β3 and the fibronec-
tin binding integrins α5β1,α8β1, αvβ1, αvβ3, and αvβ5 [159, 160]. The regulation 
of integrin expression and ligand binding is tightly linked with the ECM alterations 
taking place during fibrosis. For example, the α3 integrin subunit in cardiac fibro-
blasts interacts with type VI collagen and promotes myofibroblast differentiation 
post-myocardial infarction [161]. The absolute and relative expression of integrins 
α1, α2, and α5, all pairing with β1 integrin is differentially regulated in rat mod-
els of treadmill exercise or hypertension induced by coarctation of the abdominal 
aorta [162]. Integrin α8β1 is abundantly expressed in rat cardiac fibroblasts and 
positively modulated by angiotensin-II and TGF-β1 during cardiac myofibroblast 
activation [163]; overexpression of α8β1 integrin correlates with elevated produc-
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tion of fibronectin in the heart [164]. Similarly, the expression of integrin αvβ5 is 
upregulated in rat cardiac fibroblasts after treatment with TGF-β1 and angiotensin 
II [165]. Others have reported a critical role of β3 integrin for collagen I and fibro-
nectin accumulation in conditions of pressure overload, using β3 integrin knock-out 
mice [166]. Pathological myofibroblast activation in diabetic cardiomyopathy is 
associated with highly upregulated levels of the collagen receptor α11β1 integrin 
and pathologically glycated collagen in conditions of diabetic cardiomyopathy en-
hances both α11 integrin and α-SMA expression [167].

Whereas the role of integrins as ECM protein receptors is relatively well estab-
lished, their function as growth factor receptors and activators is only beginning to 
be understood and exploited. We will here focus on the role of integrins on latent 
TGF-β1 activation. TGF-β1-activating integrins play a fundamental role in the on-
set and progression of a variety of fibrotic diseases of which heart fibrosis is among 
the least well studied [34, 145, 168]. Whereas αvβ8 integrin mediated TGF-β1 ac-
tivation depends on proteases [34, 144], integrins αvβ6, αvβ5, and αvβ3 act inde-
pendently of proteolysis by transmitting cell contraction forces to the ECM-bound 
latent TGF-β1 complex as discussed above [149, 156, 169]. The epithelium-specific 
integrin αvβ6 is best studied in the context of TGF-β1 activation and fibrosis in lung 
and kidney; deletion or blocking of αvβ6 integrin in mice abolishes experimen-
tally induced lung and kidney fibrosis [170–174]. However, αvβ6 integrin knock-
out mice are not protected against carbon tetrachloride-induced liver fibrosis [174], 
indicating that αvβ6 does not contribute to TGF-β1 activation in certain types of 
organ fibrosis, in particular the heart which does not contain αvβ6 integrin express-
ing cells. Our lab has recently shown that integrins αvβ5 and αvβ3 are implicated in 
cardiac fibroblast-to-myofibroblast activation by activating TGF-β1. Both integrins 
are upregulated during cardiac myofibroblast activation in a porcine model of car-
diac fibrosis and correlate with the levels of α-SMA expression and myofibroblast 
differentiation in cultured cardiac fibroblasts [150]. Blocking both integrins sup-
presses the development of contractile myofibroblasts and potentially intercepts the 
vicious cycle of developing fibrosis. A major finding of this study was that αvβ5 
and αvβ3 integrin can compensate for each other’s function in activating TGF-β1 
and promoting myofibroblast differentiation. Compensation possibly explains the 
absence of a wound healing phenotype in integrin αvβ5 and αvβ3 knockout animals 
[175]. Indeed, a recent study using mouse models of lung, liver, and kidney fibrosis 
suggests that inhibition of all αv integrins, ideally in a myofibroblast-specific man-
ner, will be most effective to suppress TGF-β1 activation and fibrosis; surprisingly 
administration of pan αv integrin blockers did not seem to cause adverse reactions 
in these models [176].

Another class of ECM receptors expressed by cardiac fibroblasts are the DDRs, 
receptor tyrosine kinases that are activated upon binding to both fibrillar and non-
fibrillar collagens. The DDR binding sites on fibrillar collagens are different from 
integrin binding sites so simultaneous binding and signalling from both DDRs and 
integrins is possible [177]. Co-regulation of the expression levels of α-SMA with 
DDR1 or DDR2 in neonatal versus adult fibroblasts cultured in 3D collagen gels 
indicates a role in myofibroblast activation [71, 82]. The cytoplasmic tail of DDRs 
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bears tyrosine kinase activity and function as classical receptor tyrosine kinases that 
recruit proteins with Src homology-2 and phosphotyrosine-binding domains after 
receptor autophosphorylation [178]. Cardiac fibroblasts express both DDR1 and 
DDR2, being exclusively expressed in fibroblasts, can serve as a molecular marker 
[81, 82]. Despite their high expression, little is known about the function of DRRs 
in the normal and diseased heart.

6 � Conclusions

Not only in this myofibroblast-centric chapter, these pro-fibrotic contractile and 
ECM-producing cells are at the heart of fibrosis in virtually all organs. Over the past 
years, the view on myofibroblasts has slightly shifted - rather than considering the 
myofibroblast as a cell type, it is now increasingly regarded as an activation state 
that various different cell types can attain in response to tissue injury and excessive 
mechanical load. ‘Cell type’ or ‘phenotype’ is more than semantics; whereas cell 
type implies a final differentiation state, a phenotype is possibly reversible. Revers-
ibility is indeed one of the great challenges in fibrosis of the heart and other organs. 
Even if we will be able in future to halt the progression of fibrosis, restoration of 
the organ’s function is not automatically achieved. An increasing number of studies 
show that the chemical and mechanical conditions of the fibrotic ECM, even in the 
absence of myofibroblasts, is sufficient to instruct a pro-fibrotic behaviour of nor-
mal resident and circulating cells. In this chapter, we reviewed how targeting ECM 
components or ECM cell receptors provide possible strategies to persistently alter 
the activation of myofibroblasts independently from their origin.
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Abstract  Cardiac fibrosis interferes with the structural homogeneity of the myocar-
dium in hypertensive heart disease (HHD). Its morphologic presentations include: 
widely scattered microscopic scars which have replaced myocytes lost to necro-
sis; and a perivascular fibrosis of intramural coronary arteries. An animal model 
of aldosterone/salt treatment has been used to examine the pathogenic origins of 
myocyte necrosis and coronary vasculopathy. A common cellular/subcellular path-
way involving parathyroid hormone-mediated, intracellular Ca2+ overload-induced, 
mitochondrial-derived oxidative stress was identified. Myofibroblasts and their sec-
retome which includes de novo generation of angiotensin peptides, are responsible 
for fibrogenesis at these sites. Cardioprotection includes upstream prevention of 
myocyte loss and vascular remodeling or downstream ablation of myofibroblasts 
and ongoing fibrogenesis at these sites.

Keywords  Microscopic scars · Perivascular fibrosis · Aldosteronism · 
Myofibroblasts · Cardioprotection

1 � Introduction

Hypertensive heart disease (HHD) is a major etiologic factor contributing to the 
appearance of heart failure, a global health problem of epidemic proportions. The 
hypertrophic growth of cardiomyocytes which accompanies HHD is comparable to 
the increment in left ventricular mass found with athletic training [1]. On the other 
hand, diastolic and/or systolic function of the hypertrophied myocardium in HHD 
are each compromised and related to fibrous tissue which progressively accumulates 
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throughout the right and left heart [2]. Fibrosis, composed predominantly of stiff 
type I fibrillar collagen, not only adversely alters myocardial tissue stiffness but it 
also serves as substrate for reentrant ventricular arrhythmias [reviewed in 3].

Herein, we review the pathogenic origins to cardiac fibrosis associated with the 
HHD found in a rat model of chronic aldosteronism. We deal specifically with (i) 
the replacement fibrosis which follows cardiomyocyte necrosis and (ii) the reactive 
fibrosis of intramural coronary arteries which is the result of an immunostimula-
tory state, where inflammatory cells invade these vessels to create a vasculopathy. 
Finally, we briefly review the role of myofibroblasts in regulating these fibrous tis-
sue responses and several cardioprotective strategies aimed at the prevention of this 
adverse structural remodeling of myocardium.

2 � Hypertensive Heart Disease

2.1 � Human HHD

HHD includes left ventricular hypertrophy (LVH) which accompanies an elevation 
in systemic arteriolar vascular resistance and associated rise in cardiomyocyte sys-
tolic developed force. In time, a preclinical stage of hypertrophied myocytes gives 
way to a progressive accumulation of fibrous tissue and where fibrosis is composed 
principally of stiff fibrillar type I collagen [4]. The morphologic presentation of this 
pathologic remodeling includes widely scattered microscopic scars found throughout 
the right and left heart and perivascular fibrosis of intramural coronary arteries having 
fibrillar extensions into the contiguous interstitial space (see Fig. 1). The structural 
remodeling of coronary microcirculation in HHD has been reviewed elsewhere [5, 6].

2.2 � An Animal Model of HHD

An animal model simulating human HHD enables systematic examination of patho-
genic origins of myocardial scarring and coronary vasculopathy. Toward this end, 
we have used uninephrectomized 8-week-old male Sprague-Dawley rats having 
subcutaneous implantation of an osmotic minipump releasing aldosterone (ALDO; 
0.75 µg/h). One percent NaCl is added to drinking water provided ad libitum, which 
is further fortified with 0.4 % KCl to prevent hypokalemia and associated cardiac 
lesions [7]. We refer to this model as aldosterone/salt treatment (ALDOST), or aldo-
steronism, where elevations in circulating ALDO are inappropriate for dietary Na+ 
intake and plasma renin activity and angiotensin II are each suppressed. Over the 
course of several weeks, arterial pressure rises and is accompanied by gradual left 
ventricular hypertrophy (LVH) [8]. At week 1 of ALDOST myocardium appears 
normal by light microscopy. This preclinical stage gives way to cardiac pathol-
ogy at week 4. As seen in Fig. 2, this pathologic stage features: (i) microscopic 
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Fig. 1   Postmortem cardiac tissue in human hypertensive heart disease (HHD). Fibrosis presents 
as widely scattered microscopic scars and perivascular fibrosis of intramural coronary arteries 
with extensions into the contiguous interstitial space. A heterogeneity in cardiomyocyte size is 
also evident with hypertrophied as well as atrophied cells bordering on and within scar tissue. 
(Reprinted from [3])

 

Fig. 2   HHD in rats receiving ALDOST for 4 weeks, where microscopic scars ( left panel) and 
perivascular fibrosis ( right panel) are seen. Atrophic myocytes bordering on and within sites of 
fibrosis are identified by arrowheads. (Adapted from Kamalov G, et al. J Cardiovasc Pharmacol. 
2013;62:497–506)
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scarring, a replacement fibrosis, scattered throughout both the right and left atria 
and ventricles [9]; and (ii) a perivascular/interstitial fibrosis involving the intramu-
ral coronary arterial circulation of the right and left heart and which we consider to 
be a reactive fibrosis.

2.3 � Remodeling Independent of Hypertension

A series of studies addressed the relevance of hypertension and LVH (vis-à-vis 
aldosteronism) in contributing to cardiac fibrosis. As reviewed elsewhere [10], a 
role for hemodynamic factors in promoting cardiac fibrosis was eliminated. These 
conclusions were based on the following: ( i) fibrosis was present in the nonpres-
sure-overloaded, nonhypertrophied right atria and ventricle, as well as the pres-
sure overloaded, hypertrophied LV and atrium; ( ii) the absence of fibrosis when 
LV pressure overload was created by infrarenal aortic banding, where activation 
of circulating renin-angiotensin-aldosterone system (RAAS) was absent; and ( iii) 
the prevention of fibrosis with either a nondepressor or depressor dose of spirono-
lactone, an aldosterone receptor antagonist. Other confirmatory evidence was seen 
with an intracerebroventricular infusion of a mineralocorticoid receptor antagonist 
which prevented hypertension, but not fibrosis [11] and a cardiac-specific upregula-
tion of aldosterone synthase with increased tissue levels of ALDO not accompanied 
by cardiac fibrosis [12]. Thus, the evidence indicates the adverse structural remod-
eling of myocardium by fibrous tissue during ALDOST is independent of arterial 
hypertension and LV hypertrophy. Instead, we hypothesized a circulating factor that 
accompanies aldosteronism is responsible.

3 � Cardiac Myocyte Necrosis as Pathogenic Origin 
to Microscopic Scarring

3.1 � Prooxidant Pathway

Several cellular/subcellular pathways were identified as accounting for cardiomyo-
cyte necrosis and subsequent reparative fibrosis at 4 weeks ALDOST.

Oxidative Stress  Evidence of oxidative stress in the myocardium during chronic 
mineralocorticoidism has been reported by several laboratories [13–17]. A broad 
spectrum of interventions were used to substantiate the altered redox state. These 
included: ( i) the presence of 3-nitrotyrosine, the result of nitrosylation by peroxyni-
trite and byproduct of the reaction involving superoxide and nitric oxide; ( ii) an 
activation of the gp91phox subunit of NADPH oxidase found in inflammatory cells 
invading the injured myocardium and which contributes to superoxide genera-
tion; ( iii) upregulated redox-sensitive nuclear transcription factor (NF)-κB and a 
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proinflammatory gene cascade it regulates that includes intercellular adhesion mol-
ecule (ICAM)-1, monocyte chemoattractant protein (MCP)-1, and tumor necrosis 
factor (TNF)-alpha; and ( iv) increased tissue levels of 8-isoprostane and malondi-
aldehyde, biomarkers of lipid peroxidation. Evidence of oxidative stress in blood 
and urine was found to further support the systemic nature of an altered redox state 
during ALDOST.

Intracellular Ca2+ Overloading  A working hypothesis turned to the original con-
cept of Albrecht Fleckenstein: intracellular Ca2+ overloading of cardiac myocytes 
and their mitochondria is an integral pathophysiologic feature of stressor states [18], 
such as ALDOST. Accordingly, we monitored intracellular Ca2+ concentrations in 
the hearts of rats receiving 1 and 4 weeks ALDOST. Increased Ca2+ levels were 
found in the myocardium as early as week 1 and remained so at week 4, together 
with biomarker evidence of oxidative stress, such as increased tissue levels of 
malondialdehyde and 8-isoprostane [17, 19–21]. The underlying circulating factor 
responsible for intracellular Ca2+ overloading during ALDOST, however, remained 
to be identified.

Calcium and Magnesium Dyshomeostasis and Secondary Hyperparathyroidism 
(SHPT)  Using metabolic studies, rats receiving ALDOST had marked fecal and 
urinary excretory losses of Ca2+ and Mg2+ [19]. These urinary and fecal losses of 
Ca2+ and Mg2+ led to plasma ionized hypocalcemia and hypomagnesemia. Mediated 
by the Ca2+-sensing receptor of the parathyroid glands, hypocalcemia prompted 
increased secretion of parathyroid hormone (PTH) with resultant increased plasma 
PTH [19]. The accompanying secondary hyperparathyroidism (SHPT) was evi-
denced by a marked and progressive resorption of bone and ensuing reduction in 
bone mineral density and bone strength [22].

This led to the working hypothesis that intracellular Ca2+ overloading and induc-
tion of oxidative stress in ALDOST was PTH-mediated (see Fig. 3), a pathophysi-
ologic scenario embodying the Ca2+ paradox of SHPT as suggested by Fujita and 
Palmieri [23]. Massry and coworkers had earlier demonstrated PTH-mediated intra-
cellular Ca2+ overloading of cardiomyocytes. This included: cultured cardiac myo-
cytes incubated with PTH [24]; cells harvested from normal rats receiving a 2-week 
infusion of PTH; and rats having SHPT with chronic renal failure [25]. In each case, 
cotreatment with verapamil, a Ca2+ channel blocker, prevented the rise in intracel-
lular Ca2+. PTH-mediated intracellular Ca2+ overloading is coupled to the induction 
of oxidative stress in diverse tissues, not only cardiomyocytes. Together, Ca2+ over-
loading and oxidative stress synergistically induce opening of the inner membrane 
mitochondrial permeability transition pore (mPTP), leading to the structural and 
functional degeneration of these organelles together with their lost membrane po-
tential and ATP synthesis. Hence, a mitochondriocentric signal-transducer-effector 
pathway is considered the final common pathway to nonischemic cardiomyocyte 
necrosis [26]. The ensuing replacement fibrosis, or microscopic scarring, is an out-
come of subsequent tissue repair. Apoptotic myocyte death does not elicit inflam-
matory cell or fibroblast responses and therefore is without a morphologic footprint 
of scar tissue.
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This pathway was validated by targeted interventions and in so doing patho-
logic cardiac remodeling by scarring was prevented. They included: ( i) cotreatment 
with spironolactone (Spiro), an ALDO receptor antagonist, which attenuated the 
enhanced urinary and fecal losses of these cations to prevent hypocalcemia and 
hypomagnesemia and thereby abrogating SHPT [19]; ( ii) cotreatment with a Ca2+ 
and Mg2+-supplemented diet, fortified with vitamin D3, to prevent hypocalcemia 
and SHPT; ( iii) parathyroidectomy, performed prior to initiating ALDOST [27]; ( iv) 
cotreatment with cinacalcet, a calcimimetic that raises the threshold of the parathy-
roids’ Ca2+-sensing receptor to prevent SHPT despite ionized hypocalcemia [28]; 
( v) cotreatment with amlodipine, a Ca2+ channel blocker, to prevent intracellular 
Ca2+ overloading [20]; and finally ( vi) cotreatment with N-acetylcysteine, an anti-
oxidant [16].

Thus, the evidence supports PTH-mediated intracellular Ca2+ overloading as the 
mechanism involved in the induction of oxidative stress during aldosteronism. It 
is presumed reactive oxygen and nitrogen species overwhelm cellular antioxidant 
defenses. However, this scenario does not consider whether endogenous antioxidant 

Fig. 3   Aldosterone/salt treatment (ALDOST) is accompanied by marked increments in urinary 
and fecal excretion of Ca2+ and Mg2+ which leads to ionized hypocalcemia and hypomagnesemia 
and incremental secretion of parathyroid hormone (PTH) by the parathyroid glands. Resultant sec-
ondary hyperparathyroidism (SHPT) seeks to restore circulating levels of Ca2+ and Mg2+ through 
bone resorption and increased absorption and resorption of these cations from the gut and kid-
neys, respectively. Despite hypocalcemia, PTH promotes intracellular Ca2+ overload of cytosolic 
[Ca2+]i and mitochondrial [Ca2+]m, and therefore has been termed a Ca2+ paradox. Ca2+ overload 
invokes oxidative/nitrosative stress with opening of the mitochondrial inner membrane permeabil-
ity transition pore (mPTP) leading to structural degeneration of these organelles. Together with lost 
membrane potential and ATP synthesis cardiomyocyte necrosis follows. Subsequent tissue repair 
eventuates in fibrosis, or scarring
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defenses have been compromised and/or overwhelmed by the overproduction of 
prooxidants under the pathogenic stimuli leading to intracellular Ca2+ overloading.

3.2 � Antioxidant Pathways in Cardioprotection

Zinc Dyshomeostasis  Chronic mineralocorticoidism is also accompanied by 
increased enteral and renal losses of Zn2+ leading to the appearance of hypozinc-
emia, together with a fall in plasma Cu/Zn-superoxide dismutase (SOD) activity 
[29]. Also contributory to hypozincemia is a coordinated selective translocation of 
Zn2+ to sites of tissue injury where the upregulation of metallothionein (MT)-1, a 
Zn2+-binding protein, appears [17, 29].

To systematically address Zn2+ kinetics, as antioxidant, in our model of AL-
DOST, we used 65Zn as a radioactive tracer. We found a simultaneous fall in plasma 
65Zn and a selective accumulation of 65Zn at sites of injury, which included its trans-
locations to injured skin at week 1 that had been freshly incised to implant the mini-
pump and to the injured heart and kidneys at week 4. This pathophysiologic-driven 
intracellular Zn2+ trafficking to injured tissues was accompanied by the temporal 
upregulation of its binding protein, MT-1 [30]. Thus, rapid translocation of circulat-
ing Zn2+ to injured tissues also contributes to hypozincemia found with ALDOST, 
where increased tissue Zn2+ is essential to wound healing [31]. Hence, a synchro-
nized dyshomeostasis of Zn2+ is another integral feature of myocardial remodel-
ing in aldosteronism. It was therefore necessary to determine whether the rise in 
cardiac tissue Zn2+ involves its cardiac myocytes and mitochondria and antioxidant 
defenses.

Coupled Ca2+ and Zn2+ Dyshomeostasis  The dyshomeostasis of extra- and intracel-
lular Ca2+ and Zn2+ which accompanies ALDOST contributes to a contemporaneous 
dysequilibrium between these pro- and antioxidants. Was the dyshomeostasis of 
intracellular Ca2+ and Zn2+ intrinsically coupled in aldosteronism and was the redox 
state of cardiac myocytes and mitochondria altered? Toward this end, hearts were 
harvested from rats receiving 4 weeks ALDOST alone or cotreated with Spiro or 
Amlod. Compared to untreated, age-/sex-matched controls, we found (see Fig. 4) 
increased cardiomyocyte cytosolic free [Ca2+]i and [Zn2+]i, together with increased 
mitochondrial [Ca2+]m and [Zn2+]m, and each was prevented by Spiro and attenuated 
by Amlod cotreatment [32].

These iterations in divalent cation composition were accompanied by increased 
levels of 3-nitrotyrosine and 4-hydroxy-2-nonenal in cardiomyocytes, together with 
increased H2O2 production, malondialdehyde and oxidized glutathione in mitochon-
dria that were also coincident with the increased activities of Cu/Zn-SOD and gluta-
thione peroxidase (GSH-Px) in these cells [17, 26, 32]. Furthermore, these changes 
in intracellular Zn2+ were accompanied by the increased expression of MT-1, Zn2+ 
transporters (Zip1 and ZnT-1) and metal-responsive transcription factor (MTF)-1, 
an intracellular Zn2+ sensor. Thus, in cardiac myocytes and mitochondria from rats 
with ALDOST, an intrinsically coupled dyshomeostasis of intracellular Ca2+ and 
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Zn2+ appears that alters the redox state of these cells via induction of oxidative stress 
and generation of antioxidant defenses, respectively. These findings underscore the 
potential clinical relevance of therapeutic strategies that can uncouple these crucial 
cations and modulate them in favor of increasing [Zn2+]i and thereby augmenting 
antioxidant defenses.

Zinc and Antioxidant Defenses  In cardiac myocytes and subsarcolemmal mitochon-
dria harvested by differential centrifugation from the heart at week 4 of ALDOST, 
increased cytosolic free [Zn2+]i in cardiac myocytes and total Zn2+ concentrations 
in mitochondria were found [17]. The rise in cardiomyocyte Zn2+ was facilitated by 
the increased expression of membranous Zn2+ transporters upregulated by oxida-
tive stress (see Fig. 4). Increased cardiomyocyte [Zn2+]i serves to enhance antioxi-
dant defenses including their upregulation of MT-1 and activation of MTF-1, which 
encodes genes related to various antioxidant defenses, such as Cu/Zn-SOD, MT-1, 
and glutathione synthase [32].

The protective role of raising [Zn2+]i, as natural antagonist to Ca2+ entry, using 
supplemental ZnSO4 or a Zn2+ ionophore was next considered [33, 34]. The effi-
cacy of ZnSO4 supplementation in attenuating prooxidant adverse responses, while 
simultaneously enhancing antioxidant defenses during ALDOST, was addressed. 
ZnSO4 cotreatment prevented hypozincemia, but not ionized hypocalcemia and the 
ensuing SHPT. In this context, ZnSO4 attenuated but did not prevent microscopic 

Fig. 4   A coupled dyshomeostasis of Ca2+ and Zn2+, representing pro- and antioxidant, respec-
tively, accompanies aldosteronism. (See text for details. Adapted from Cheema Y, et al. J Cardio-
vasc Pharmacol. 2011;58:80–86)
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scarring [17]. Likewise, a Zn2+ ionophore alone (pyrrolidine dithiocarbamate, 
PDTC) [35] was associated with a rise in [Zn2+]i and a concomitant reduction in 
[Ca2+]i in cardiomyocytes. In uncoupling the intrinsically coupled equilibrium be-
tween Ca2+ and Zn2+, these interventions attenuated oxidative stress in cardiac myo-
cytes and mitochondria and attenuated subsequent necrosis with scarring. Thus, 
intracellular Ca2+ overloading serves as a prooxidant, while increased intracellular 
Zn2+ exerts an antioxidant stimulus with cardiomyocyte survival based on the in-
trinsic codependency between these two biologically antagonistic divalent cations. 
The cardioprotective properties of Zn2+ have also been found in mice with strepto-
zocin-induced diabetic cardiomyopathy and in rat models of myocardial ischemia/
reperfusion and catecholamine-induced injury following isoproterenol administra-
tion [17, 33, 34, 36, 37].

4 � An Immunostimulatory State as Pathogenic Origin 
to Perivascular Fibrosis

4.1 � The Proinflammatory Vascular Phenotype

An adaptive upregulation of adhesion molecules and chemoattractant chemokines 
appears within the endothelium of the affected coronary vasculature at week 4 AL-
DOST. They include: ICAM-1, vascular cell adhesion molecule-1, platelet-endo-
thelial cell adhesion molecule-1; MCP-1; and osteopontin [14, 16, 38–41, 42–44, 
45]. MCP-1 is integral to the homing of inflammatory cells into cardiovascular 
tissue. Within invading inflammatory cells there is evidence of an activation of a 
redox-sensitive NF-κB and increased expression of a proinflammatory mediator 
cascade that it regulates, including ICAM-1, MCP-1 and TNF-α. Also, there is an 
activation of NADPH oxidase, a source of superoxide formation [14–16, 45, 47]. 
Thus, evidence implicates oxi/nitrosative stress in promoting a proinflammatory 
vascular phenotype.

4.2  �Induction of Oxidative Stress

ALDOST reduces cytosolic free concentrations of [Mg2+]i in various immune cells, 
including lymphocytes and monocytes [48, 49]. [Mg2+]i is the biologically active 
component of this important divalent cation and, like Zn2+, it is a natural antago-
nist to Ca2+ entry. A reduction in [Mg2+]i can lead to intracellular Ca2+ loading and 
subsequent induction of oxi/nitrosative stress. Mechanisms responsible for aug-
mented intracellular Ca2+ again relate to PTH-mediated Ca2+ entry and the presence 
of SHPT. Evidence in support of Ca2+ overload in leading to an altered redox state 
with activation of immune cells included: ( i) reduced [Mg2+]i in circulating mono-
cytes and lymphocytes (peripheral blood mononuclear cells, PBMC) of rats treated 
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with ALDOST or in man having primary aldosteronism [21, 49, 50]; ( ii) elevated 
[Ca2+]i and total Ca2+ concentration of PBMC in response to ALDOST and which 
occurs prior to tissue invasion, together with increased H2O2 production by these 
PBMC [21]; ( iii) PTH regulates T-cell activation [51–54]; (iv) parathyroidectomy 
prevents Ca2+ overloading of PBMC and vascular lesions [27, 55]; ( v) upregulated 
expression of antioxidant defenses in these cells; and ( vi) prevention of Ca2+ load-
ing and oxi/nitrosative stress by co-treatment with either Spiro or an antioxidant 
[16, 21, 50]. The presence of oxi/nitrosative stress at a systemic level is evidenced 
by increased serum levels of thiobarbituric acid-reacting substances and reduced ac-
tivity of plasma α1-antiproteinase [14, 15, 50]. This early immunostimulatory state 
featuring PBMC activation is further evidenced by: B cell activation with increased 
expression of immunoglobulins; an expansion of the B cell lymphocyte subset; 
an increase in MHC class II-expressing lymphocytes; and increased expression of 
ICAM-1, integrin-α1, CC and CXC chemokine proteins and receptors, interleukin-
1β and its receptor type 2, and interferon-γ [21, 50]. Evidence of gradual autoreac-
tivity may explain the delayed appearance of vascular remodeling (e.g., first seen 
at week 4 ALDOST). The prospect that H2O2 serves as second messenger to mimic 
antigen-antigen receptor binding [56] is also raised by these findings given that 
the heart remains intact, without previous injury, prior to the appearance of these 
vascular lesions.

4.3 � Cardioprotection

In recognizing the pathogenic roles of hormone-induced, redox state-transduced ac-
tivation of immune cells in leading to the proinflammatory vascular phenotype, the 
prevention of such adverse structural remodeling could be based on these underly-
ing pathophysiologic mechanisms and where the response in arterial pressure is an 
indirect outcome to successful immunomodulation [57].

5 � Myofibroblasts and Cardiac Fibrosis

Collagen is a stable protein having a half-life of 80–120 days [58]. Usual interstitial 
fibroblasts are responsible for this gradual turnover of collagen. When active colla-
gen synthesis is invoked at sites of injury, a phenotypically transformed fibroblast-
like cell expressing α-smooth muscle actin microfilaments and termed myofibro-
blast is called into play. Its origins remain controversial. Nonetheless, myofibro-
blasts are fibrogenic, expressing fibrillar type I collagen at sites of injury and which 
are regulated in an autocrine manner (see Fig. 5) by angiotensin II, derived de novo 
from these cells [reviewed in 3]. This myofibroblast secretome includes requisites 
to angiotensin peptide formation, including angiotensin-converting enzyme, and 
expression of AT1 receptors. An AT1 receptor antagonist (e.g., losartan) prevents 
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fibrillogenesis at sites of repair, including myocyte necrosis and vasculopathy [59]. 
Paracrine actions of tissue AngII may regulate the redox state of neighboring car-
diomyocytes and where oxidative stress-induced protein degradation by redox-
sensitive ligases of the ubiquitin-proteasome system account for their atrophy [60].

6 � Summary and Conclusions

Fibrosis disrupts tissue homogeneity. Such is the case in human HHD and in the 
HHD seen in rats receiving ALDOST, where cardiac fibrosis has its pathologic ori-
gins rooted in replacing necrotic myocytes, presenting as microscopic scars, and in 
the perivascular fibrosis of intramural coronary arteries.

Fig. 5   The myofibroblast secretome includes the de novo generation of angiotensin (Ang) pep-
tides. Autocrine properties of tissue AngII regulate collagen turnover by these cells while paracrine 
signaling involves neighboring myocytes of the myofiber syncytium. (See text. Adapted from [3])
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Cellular and subcellular responses related to myocyte necrosis and coronary vas-
culopathy have a common pathophysiologic origin that includes PTH-mediated, in-
tracellular Ca2+ overloading and mitochondrial-based induction of oxidative stress. 
Cardioprotection from cardiac fibrosis in HHD can be directed at upstream events 
in preventing myocyte necrosis and immunostimulatory state with activated PBMC 
or downstream responses aimed at myofibroblast survival and secretome in regulat-
ing collagen turnover at sites of injury.
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Abstract  The cardiac valves are required for unidirectional blood flow, prevent-
ing backflow during diastole. The adult mammalian heart includes four valves: 
the aortic, pulmonary, mitral and tricuspid valves. Cardiac valves all have com-
mon features, notably a stratified structure consisting of three layers of special-
ized interstitial cells and extracellular matrix. However, the “semilunar” aortic and 
pulmonary valves and “atrioventricular” tricuspid and mitral valves have notably 
different embryonic origins. Indeed, several cell lineages, including endocardium, 
epicardium and neural crest, are valvulogenic. The endocardium, or inner endo-
thelial lining of the heart, makes major contributions to all valves by undergoing 
endothelial-to-mesenchymal transition. Neural crest and epicardium make second-
ary contributions to the semilunar and atrioventricular valves, respectively.

The embryonic origins of endocardium, and valve progenitors within, are still 
not entirely elucidated. The current paradigm stipulates that endocardium is mainly 
derived from two early embryonic fields, the first and second heart fields. Further 
delineating the origins of valve progenitors and their specification towards the valve 
lineages is essential for understanding cardiac congenital defects. Furthermore, it 
will be essential for developing therapeutic strategies ranging from pharmacologi-
cal interventions to improving valve replacement. Finally, the biology of valve pro-
genitors is highly relevant to cardiac fibrosis. Indeed, endothelial to mesenchymal 
transition of endothelium, comparable to that generating valve mesenchyme, is con-
sidered to be a major contributor to cardiac fibrosis. However, it has recently been 
shown that a more likely source of most, if not all, EndoMT derived fibroblasts in 
heart is EndoMT associated with valvulogenesis.

Keywords  Endocardium · Endothelial-mesenchymal transition · Heart · Mouse 
embryo · Valvulogenesis
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1 � Introduction

The heart is the first organ to develop in the embryo. Its function of ensuring that 
blood is distributed to and from other developing organ systems is essential and re-
quires increasing efficiency as the embryo grows. This efficiency is achieved when 
cardiac valves develop within the contracting myocardium, preventing backflow as 
blood is pumped by the myocardium’s contractions. Oxygenated blood is pumped 
from the lungs into the left ventricle through the mitral valve, and from the left 
ventricle through the aortic valve. Deoxygenated blood enters the right ventricle 
through the tricuspid valve, and is pumped back to the lungs through the pulmonary 
valve. Valves are stratified structures that consist of up to three extracellular-rich 
leaflets organized within a fibrous ring, and are firmly anchored to the myocardium. 
The semilunar aortic and pulmonary valves present a number of differences with the 
atrioventricular tricuspid and mitral valves. Notably, in terms of structure, the atrio-
ventricular valves are linked to papillary muscles by chordae tendinae, a structural 
adaptation that prevents prolapsing.

These well characterized structural and positional differences are in contrast with 
the more elusive origins of the valve progenitors, as well as the morphogenic and 
biomechanical cues that guide their specification. Indeed, it is currently believed 
that several early lineages include valve progenitors, and the timing of the specifi-
cation of these valve progenitors and relative contributions of different lineages is 
still an area of intense investigation. Furthermore, although much has been revealed 
on signaling pathways involved in valvulogenesis, much remains to be elucidated, 
notably in terms of epigenetics or biomechanics (shear stress).

Valves form between the 5th and 8th week of human fetal life, and between 
E9.5 and E14.5 in mouse. Up to a third of cardiac congenital diseases are charac-
terized by valve malformations [1]. Valves are under intense use, opening more 
than 2.5 billion times in the life of an adult person. They remodel throughout life, 
adapting to wear-and-tear, myocardial growth/remodeling and changes in cardiac 
hemodynamic load. Hence pathological conditions affecting the myocardium lead 
to adverse remodeling of the valves. Such abnormalities are present in up to 13 % of 
patients who are 75 years or older [1, 2].

Current therapeutic approaches rely heavily on the replacement of defective 
valves with mechanical or bioprosthetic valves. Although this has greatly improved 
the outcome of heart disease for many patients, there are many limitations to this 
approach. Notably, in the case of congenital malformations in children, replacement 
valves cannot adapt to the growing myocardium, requiring further interventions. 
Furthermore, in adults, long term complications can develop linked to limited dura-
blility and thrombogenicity of prostheses.

Hence, the improvement of valve replacement requires these issues to be ad-
dressed by using engineered materials with enhanced hemodynamics, mechani-
cal integrity and thromboresistance. Furthermore, cell therapy could also provide 
a means of giving more functionally integrated replacement valves. Indeed, more 
in-depth knowledge of the development and characteristics of valve lineages could 
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enable the generating of various human valve cell-types and pave the way for cell 
therapy.

Valvulogenesis is initiated in the atrio-ventricular canal (AVC) and outflow tract 
(OFT). These regions become defined when the heart tube elongates and loops, form-
ing the primary ventricle and atrium. Endocardium plays a primary role in early 
valvulogenesis in both the AVC and OFT. Endocardial cells are separated from the 
myocardium by a layer of extracellular matrix (ECM) known as cardiac jelly, which 
is  composed of hyaluronan and chondroitin sulfates [3, 4]. Within the AVC and OFT, 
the myocardium secretes larger amounts of ECM, leading to the formation of “cush-
ions”. In response to signals including BMP2 and TGFβ, endocardial cells lining the 
cushions undergo an endothelial-to-mesenchymal transition (EMT), whereby they 
delaminate whilst acquiring mesenchymal properties and migrate into the jelly. The 
cushions become rapidly populated with valve mesenchymal cells characterized by 
the expression of genes such as Sox9, Sox5, Sox17, Tbx20 and Msxs [4].

Although the endocardium is the major lineage at the origin of valvulogenesis, 
other lineages have been shown to be essential for normal development of the OFT 
and AVC valves. Neural crest, a prominent migratory cell population that emerges 
from the neural tube, makes significant contributions to the valves forming in the 
OFT. Epicardium also plays a major role in development of the AVC valves. Epi-
cardium is the protective epithelial layer that covers the heart, and undergoes EMT 
to give rise to cardiac fibroblasts, pericytes, coronary smooth muscle and possibly 
a subset of endothelial cells and myocytes. Interestingly, epicardium also makes 
major contributions to the AVC valves, notably generating mesenchyme in the an-
nulus fibrosis and leaflets.

Here we focus on the development of the heterogeneous lineages that contain 
valve progenitors, as well as the fates of these cells within the maturing valves. 
Much remains to be determined concerning how and when these subsets of valve 
progenitors become specified, a point that will be discussed at the end of this section.

2 � Early Cardiogenesis and Valve Progenitor Specification

2.1 � Overview of Cardiac Development and Key Concepts

Cardiogenesis involves the mobilization of multiple progenitor populations at 
distinct stages that contribute to specific cardiac compartments. According to the 
current model, two main populations of progenitors give rise to cardiac myocytes 
[5]. During gastrulation, a mesodermal cardiac progenitor population, known as 
the first heart field, emerges from the anterior part of the primitive streak. These 
cells migrate to the splanchnic mesoderm to form the cardiac crescent. The crescent 
then fuses at the midline forming a tube-like-structure which elongates on both the 
arterial and venous poles via the addition of progenitor cells originating from the 
secondary heart field. The latter lies medially and posteriorly to the crescent and is 



112 M. Pucéat and T. Moore-Morris

characterized by the expression of the transcription factor Isl1 [6]. At this point the 
heart consists of an outer myocardial layer and an inner endocardial layer (Fig. 1). 
The latter is formed by de novo vasculogenesis of cells within the cardiac crescent 
and in the second heart field [7–9]. This process can be recapitulated in vitro using 
human pluripotent stem cells i.e embryonic (HUES) or induced stem cells (iPS), 
from which both myocardial and endocardial cells can be derived [10, 11].

In order to acquire its definitive form, the heart tube must first undergo rightward 
looping, whereby the posterior region moves to the anterior allowing segmentation 
into atrium, an atrioventricular canal, a ventricle and an outflow tract. Intense prolif-
eration of myocardial cells associated with the ventricle and atrium, but not AVC, re-
sults in “ballooning” and initial chamber formation [12]. Subsequently, valve forma-
tion (valvulogenesis) and septation take place, generating the four cardiac chambers.

2.2 � Endocardium Formation

Endocardium forms the inner epithelial lining of the heart, and plays major functions 
in the development of not only the valves, but also of the formation of the septa, con-
duction system and trabecular myocardium [13]. In terms of evolution, the develop-
ment of valves coincides with the separation of cardiac chambers in vertebrates [14, 
15]. Although much is known about the development of endocardium, whether the 
valve progenitors within this lineage i.e. endocardial cells that undergo EMT, repre-
sent a distinct population in terms of their embryonic origin is not currently known.

The endocardium develops forming a continuum with the dorsal aorta anteriorly 
and the cardinal veins posteriorly. Early endocardium is positive for endothelial 
markers PECAM1, Flk1 and VE-cadherin. However, the origin of endocardial cells 
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is different from other vascular components, although the origin of all endocar-
dial cells has is not completely understood. Early studies using retroviral tracing in 
chicken and quail embryos have suggested that endocardial and myocardial cells 
segregate early from a common progenitor in the cardiac field prior to gastrulation 
[16]. Indeed, retroviral single cell tracking by Mikawa has shown that a population 
of cells derives from a specific region of the primitive streak migrates to bilateral 
heart regions, generating either myocardium or endocardium, but not both [17].

Using single-cell tracking in zebrafish, Lee et  al. [18] determined that endo-
cardial progenitors were restricted to a specific area of the cardiac field, but could 
give rise to endothelium, including endocardial cells. This was in agreement with 
a previous study in chick where a subset of cardiac progenitors was found to co-
expressed endothelial (QH-1) and myocardial markers (N-cadherin), suggesting 
they could give rise to both the myocardial and endocardial lineages [19]. This 
view has been backed by various studies in mouse, notably showing that these pro-
genitors included a Flk1+ population [20]. Flk1 has been shown to be expressed by 
endocardium and myocardium as early as E8.5 in mouse heart (Flk1 Lacz reporter) 
[21]. Genetic lineage tracing in mouse suggests that common myocardial/endocar-
dial progenitors exist relatively late in development, at the cardiac crescent stage, 
notably being labeled by Nkx2.5-Cre [22] and Isl1-Cre [6] lineage-tracing. Inter-
estingly, an Nkx2.5 response element was identified in the Ets-related protein 71 
(Etsrp71), that targets genes required for endothelial/endocardial cell specification 
of cardiac progenitor cells [23].

Studies performed in vitro have put forward the possibility that multipotent car-
diac progenitors, notably Flk1+ or Isl+ cells derived from ESCs give rise to myo-
cardium, endothelial (potentially endocardial) and smooth muscle exist [24, 25]. 
Interestingly, Wnt and BMP signaling that is shown to induce myocardial enrich-
ment in embryoid bodies also promotes the formation of cells with endocardial 
characteristics, notably the expression of an Nfatc-nuc –LacZ reporter [20].

Fate mapping and cell tracking within quail embryos suggests that some endo-
cardial cells are derived from non-cardiogenic progenitors situated in the second 
heart field. However, evidence that endocardium represents a distinct lineage from 
endothelium comes from studies of zebrafish mutants Cloche [26] and Faust, and 
hence likely derives from a distinct progenitor pool than other endothelium.

Overall, these studies, looking at expression of precursor markers such as Flk1, 
or constitutive Cre genetic labeling systems, present limitations. Notably, some of 
the markers/cre drivers used may not be specific to one lineage throughout cardiac 
development. Conflicting results, such as the lack of a consensus on the timing of 
specification of the endocardial progenitors i.e. the existence of early versus late 
common progenitor for myocardium and endocardium, could be reconciled in the 
case endocardium is derived from multiple progenitor populations in distinct waves, 
including a primary wave from vasculogenesis in the first heart field, and subsequent 
contribtutions from second heart field and possibly other lineages. Future studies 
could employ approaches such as retrospective clonal analysis, used to provide solid 
evidence for the presence of two distinct cardiac progenitor populations contributing 
to specific aspects of the developing heart [5, 27, 28]. Such methods, although time 



114 M. Pucéat and T. Moore-Morris

consuming, could provide novel insight into the development of the endocardial 
lineage. Finally, although controversies have arisen over the extent of the heteroge-
neity of endocardium, it currently seems likely that endocardial cells share a similar 
heterogeneous origin to that of the other major early cardiac lineage, the myocytes.

Hence, the embryonic origins of endocardial cells have not been fully elucidated. 
Key questions remain, including whether distinct developmental origins confers 
EMT competence to endocardium within the OFT and AVC.

2.3 � Epicardium

Epicardium is the protective outer epithelial layer of the heart. In humans, the epi-
cardium is multi-layered and has a sub-epicardial adipose tissue layer, whereas it 
is formed by a single layer in mouse (and chick). Impaired epicardial development 
leads to defects in valve development, cardiac myocyte proliferation and alignment 
as well as conduction system defects.

Epicardial development begins at E9.5 in mouse heart, with the emergence of 
the pro-epicardium at the venous pole of the heart, a “cauliflower-like” structure 
(Fig. 2). From E9.5 onwards, pro-epicardial cells begin to migrate and form a sheath 
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covering the heart, the epicardium. Early studies by Mikawa [29, 30] using cell-
tagging of the propepicardium in avian embryos, show that epicardial cells give rise 
to independent lineages of coronary smooth muscle and fibroblasts. Subsequent 
studies using chicken-quail chimeras showed a contribution of epicardial-derived 
cells (EPDCs) to the AVC cushions and valves, demonstrating that, similarly to 
endocardium and neural crest, the proepicardium contained valve progenitors [31]. 
More recent studies using genetic lineage tracing in mouse have provided further 
details on this contribution from epicardium to the AVC valve leaflets. Interestingly, 
epicardially-derived mesenchyme has been shown to invest the mural aspects of the 
AVC valves [32] (Fig. 3). It is probable that this preferential contribution results 
from the relative proximity of the mural leaflets to the epicardium.

2.4 � Neural Crest

The neural crest is a heterogeneous population of cells that originates from the dor-
sal aspect of the neural tube. These cells arise all along the neural axis and undergo 
EMT, generating cells that migrate to various locations undergoing ectodermal and 
mesodermal fates (Fig. 2). These include neurons, glial cells, melanocytes and, at 
the cephalic level, mesenchymal cells [33].

The cardiac neural crest, a specific subpopulation, plays a key role in morpho-
genesis of the outflow region of the heart. Initially, understanding the contribution 
of neural crest to various structures was performed in avian embryos. In particular, 
neural crest contribution to outflow tract morphogenesis has been well characterized. 
Removal of a specific portion of the dorsal neural tube between the first and third 
occipital somites results in a single outflow vessel, or persistent truncus arteriosus, as 
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well as other defects of the pharyngeal arch arteries [34]. Fate mapping, using quail-
chick chimeras, showed that neural crest cells first migrated ventrally, covering the 
caudal pharyngeal arch ateries, and subsequently projected into the aortic sac where 
they form the aorticopulmonary septum, required for the separation of pulmonary and 
aortic structues [34, 35]. More recently, genetic lineage tracing in mouse models has 
confirmed that cardiac neural crest cells first populate the aorticopulmonary septum 
and conotruncal cushions before septation and contribute to remodeling [36]. This 
study also demonstrated that very few neural crest derivatives were present in mature 
semilunar valves, suggesting that the requirement for this cell population is transient.

3 � Valve Maturation

The mature SL, tricuspid and mitral valve cusps are complex stratified structures 
with three layers, each containing composed of specific extracellular matrix (Fig. 4). 
Notably, the ventricularis (SL)/atrialis (AV) layer is particularly rich in elastin, the 
intermediate spongiosa rich in proteoglycans and the fibrosa rich in collagen [4]. 
This constitution provides specific biomechanical properties to the different lay-
ers directly in contact with blood flow (ventricularis/atrialis) or providing support. 
Chordae tendinae provide extra support to the mitral and tricuspid valves, although 
less prominent equivalent structures also provide support to the SL valves [37].

Valvulogenesis begins in the lumen of the atrio-ventricular canal (AVC) and 
proximal outflow tract (OFT), where local tissue swellings, termed endocardial 
cushions, are formed by the accumulation of abundant extracellular matrix in be-
tween the endocardium and myocardium. The development of the various leaflets 
is better characterized in the AVC compared with the OFT. The mural leaflets of the 
tricuspid and mitral valves i.e. those associated with the ventricular free wall, are 
generated by the protrusion of atrioventricular myocardium [38, 39]. Myocytes, lost 
by apoptosis are progressively replaced by mesenchyme that initially forms at the 
surface. The septal and aortic leaflets of the tricuspid and mitral valves are derived 
from the inferior and superior AVC cushions, and this is also reportedly the case for 
the chordinae tendinae [39].
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Epithelial to mesenchymal transition, a biological process by which a cell loses 
its epithelial characteristics and acquires mesenchymal markers and morphology 
[40, 41], is a key event in early valvulogenesis. EMT of endocardial endothelial 
valve prospective cells (VECs) is restricted to the cushions, and is brought on by 
signaling from the underlying myocardium. Key signaling pathways include BMP2 
and 4, TGFβ and vascular endothelial growth factor (VEGF) [42]. TGFβs are key 
modulators of EMT and signaling depends on downstream smads. Notch signaling 
is required for cells to undergo EMT, and deficient notch signaling results in a lack 
of EMT [43]. Mechanical forces also play a key role in regulating cushion forma-
tion and valve maturation [8]. EMT of VECs gives rise to distinct cell lineages 
required for valve formation and maturation, including fibroblasts, chondrocytes 
and more tendinous cells [7, 45].

Other non-endocardial derived cells also contribute to cushion formation. The 
OFT cushions are specifically populated by mesenchymal cells originating from 
the neural crest [39]. As the cushions undergo remodeling, epicardium-derived cells 
(EPDCs) also contribute to the maturing leaflets [32]. EPDCs arise from epithelial-
to-mesenchymal transition (EMT) of the epicardium, part of the protective epithe-
lial sheet, or mesothelium, which covers the internal organs. As the valves remodel, 
more mesenchymal cells are recruited from the hematopoietic lineages [45]. The 
atrium and ventricle undergo septation in order to form the four cardiac chambers 
and the AVC divides into left and right ventricular inlets. The OFT separates into 
left and right ventricular outlets, that are connected to the aorta and pulmonary 
trunk, respectively. In addition, the AVC endocardial cushions develop into atrio-
ventricular (mitral and tricuspid) valves, whereas the OFT endocardial cushions 
give rise to semilunar (aortic and pulmonic) valves.

4 � Valvulopathies, Cardiac Fibrosis and Aortic Stenosis

Cardiac valves are affected in 30 % of cardiac congenital diseases and later in life 
in ageing people. 2 % of elderly people feature aortic valve undergoing fibrosis and 
further calcification. Several pathologies often associated with ageing lead to valve 
fibrosis and calcification. These include hypertension, diabetes, and hypercholes-
terolemia. The process of calcific aortic stenosis has been the focus of research for 
more than 60 years [46]. In calcifying valves, the cups slowly thicken and feature 
fibrosis with a remodeling of the extracellular matrix and ultimately calcification. 
The mechanical consequence of this pathological process is an increase in valve 
stiffness and thus a loss in elasticity, which impairs the opening/closing cycle of 
the valve. The severity of adverse effect can be correlated with the degree of valve 
calcification.

Valve fibrosis and calcification are linked to myocardial fibrosis. Indeed the loss 
in valve elasticity imposes an overload to the myocardium that tries to maintain 
cardiac output. This leads to ventricular hypertrophy as an adaptative phenomenon 
and then to a decompensation of the myocardium and ventricular fibrosis;
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The molecular and cellular mechanisms of valve fibrosis have been also exten-
sively investigated for a few decades. However, both the cells at the origin of fibro-
sis and/or calcification and the signaling pathways remain incompletely understood. 
This is somehow reminiscent of the lack of information as to the same processes 
that occur during development.

While a subset of endothelial cells that might be specifically competent for acti-
vation and subsequent osteogenesis do undergo de novo EMT [47, 48], resident val-
vular interstitial cells (VIC) can also be activated and transformed into myofibro-
blasts [49] giving rise to osteogenic cells (Fig. 5). The first steps of VIC activation 
involves an inflammatory response and lipid deposition as suggested by an increase 
in C-reactive protein in patients with aortic stenosis [50]. The inflammatory cells 
likely participate in the remodeling of the extracellular matrix of the valve leaflet. 
This process is very similar to what has been observed in atherosclerosis.

Besides this local cell activation, circulating hematopoietic cells have been pro-
posed to contribute to some osteogenic progenitors [51]. Circulating endothelial 
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progenitor cells expressing both endothelial (CD34, KDR) and osteogenic (osteo-
calcin) markers have been recently found in human calcifying valve [52]. The ques-
tions that arise are that of the origin of the progenitors and the signaling pathways 
that stimulate them. Again the same signaling components active during embryo-
genesis contribute to the mobilization of progenitor cells. BMP2 and BMP4, se-
creted by endothelial cells under shear stress [53] and in turn the smad pathway 
is one of the major morphogens that induces EMT of endocardial cells and a key 
component of valve calcification.

TGFβ is one of the primary agonist to induce fibrosis in many pathological situ-
ations including skin wound healing, liver fibrosis, kidney fibrosis, myocardial fi-
brosis and an activator of smads.

However TGFβ [54] released together with TNFα and IL1β [56] by T cells infil-
trating the endothelium during the inflammatory process does not play a prominent 
role in valvular fibrosis and calcification. In vitro studies have shown that VICs chal-
lenged by TGFβ undergo calcification [48, 56]. FGF2 has been shown to counteract 
TGFβ mediated VIC conversion into myofibroblast [57]. This TGFβ-mediated ef-
fect depends on stiffness of the substrate or of the matrix [58, 59]. TGFβ, released 
by endothelial cells under shear stress, acting through both its canonical signalling 
pathway in leukocytes and through both canonical and non-canonical signalling 
in aortic valves of Reversa mice (hypercholesterolemic Ldlr−/−Apob+/+/Mttpfl/fl/Mx-
1Cre+/+ ) fed on a western diet, promotes valve calcification. Wnt/beta catenin sig-
naling is also activated in the process of valve calcification [60].

Wnt signaling might be specifically activated by lipid deposition; indeed intra-
nuclear β-catenin has been observed in hypercholesterolemic mice featuring valve 
calcification [61]. Wnt is specifically important to drive differentiation of myofibro-
blasts. Finally, other pathways such as the proinflammatory pathway NFκb and the 
Runx2/Notch pathways both mediate the calcification process [62, 63].

5 � Conclusions

During embryogenesis, the cell lineages at the origin of the cellular components of 
the valves are still not very well known. This lack of information can also be found 
in adult as to the cell types that contribute to valve fibrosis and calcification. The 
same signaling pathways (BMP, TGFβ, Wnt, NFκb…) promote EMT in the AVC 
and OFT for the formation of cardiac cushions as well as they induce de novo EMT 
and activate progenitor cells in the adult valve undergoing fibrosis and calcification. 
Thus developmental biology studies should help in a better understanding of valve 
disease and should pave the way towards therapeutic approaches. The absence of 
fibrosis and calcification of the mitral valve in contrast to the aortic valve is still 
questionable. This could be related to a mechanical issue, the aortic valve being sub-
mitted to greater stress than the mitral valve. Another and non-mutually exclusive 
hypothesis could be a different cellular participation and in turn extracellular matrix 
composition in both valves as it could be anticipated from different embryological 
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origins of cells that either early contribute or migrate into each valve. That further 
points to the requirement of more lineage tracing studies in the mouse embryo.

Fibrosis is a general phenomenon observed in many diseases. Aortic fibrosis and 
myocardial fibrosis are interrelated phenomenon. Any therapeutic approach against 
valve fibrosis should thus help in reducing myocardial fibrosis. The embryonic 
origin, the activation process and the cellular physiology and function of valvular 
fibroblasts are key phenomenon that require to be fully understood in order to de-
velop anti-fibrotic and calcification therapies.

Great progress has been accomplished in the last decades to better understand 
valve biology and function. There is still much to investigate to get a clear under-
standing of valve formation and diseases.
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Abstract  Cardiac fibroblasts synthesize and remodel the extracellular matrix (ECM) 
of the heart and are key players in the development of cardiac fibrosis. They are 
closely associated with cardiac development, function and disease. Cardiac fibroblasts 
exist as three distinct phenotypes: a non-contractile fibroblast, an intermediate pheno-
type called a protomyofibroblast, and a contractile myofibroblast. During embryonic 
development, cardiac fibroblasts are derived mainly from the proepicardium and the 
cardiac endothelium via the process of epithelial/endothelial to mesenchymal transi-
tion (EMT and EndMT). In the adult heart, fibroblasts were previously thought to 
be a homogeneous cell population and to be derived mainly from the proliferation 
of resident fibroblasts. However, recent evidence suggests that in diseases such as 
cardiac fibrosis, activated fibroblasts or myofibroblasts can be derived from multiple 
sources from the close proximity of the wound area such as from epithelial and endo-
thelial cells via EMT and EndMT, and from circulating bone marrow progenitor cells 
or from fibrocytes and pericytes. Due to persistent pathological stimuli, the resulting 
uncontrolled proliferation of fibroblast and their phenoconversion to myofibroblast 
can lead to ECM remodeling and fibrosis which is associated with various clinically 
important conditions such as hypertension, atherosclerosis, ischemia, dilated cardio-
myopathies, valvular diseases, arrhythmias and heart failure. At present there is no 
effective therapy for cardiac fibrosis or fibroblast associated pathologies; thus mak-
ing it a necessity to have a better understanding of the sources of fibroblasts and the 
underlying mechanisms that lead to their formation in order to limit aberrant fibro-
blast and myofibroblast generation during pathological conditions.
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1 � Introduction

Fibroblasts are metabolically active cells that are found in most tissues of the body. 
They are critical for regulating both the composition and the turnover of the extra-
cellular matrix (ECM) components, fluid volume and pressure, and tissue repair [1]. 
During wound healing, fibroblasts are vital to the precise control of the inflamma-
tory response. Various inflammatory cytokines and growth factors promote the re-
cruitment of fibroblasts to the wounded area. Activated fibroblasts (myofibroblasts) 
contribute to the wound healing process by producing ECM proteins and respond-
ing to and synthesizing cytokines, chemokines, and other inflammatory mediators 
[2–4]. These cells express myosin and smooth muscle actin, thus they provide a 
contractile force, which decreases the lesion size. Consequently dysregulation of 
the wound healing process leads to aberrant fibroblast recruitment and function. 
Abnormal remodeling of ECM due to excessive or inadequate secretion of matrix 
components alters organ architecture, impairs function and ultimately leads to organ 
failure [5–7].

By cell number, fibroblasts constitute the largest cell population in the heart 
[8]. Cardiac fibroblasts are multi-functional and play crucial roles in both cardiac 
development and in normal adult physiology [9]. They are crucial for maintaining 
the structural, biochemical, mechanical and electrophysiological properties of the 
myocardium. Their primary function is ECM remodeling (synthesis and degrada-
tion), which provides a 3D scaffold for myocytes and non-myocytes in the heart. 
Furthermore, they direct cardiomyocyte growth, cardiac vessel formation and main-
tain electrophysiological properties to ensure proper cardiac form and function [1, 
8–11].

Historically, cardiac fibroblasts were considered to be a homogeneous cell popu-
lation. However, recently it has been revealed that cardiac fibroblasts are instead 
a complex heterogeneous population of cells having diverse origins and functions 
[12, 13]. In the normal heart, fibroblast numbers are largely maintained or increased 
by the proliferation of resident fibroblasts. But during pathological conditions, fi-
broblast number can be dramatically increased from various sources such as: (1) 
proliferation of resident myocardial fibroblasts, (2) recruitment and differentiation 
of circulating bone marrow progenitor cells, or (3) by the phenotypic conversion 
of endothelial and epithelial cells into fibroblasts and myofibroblasts (Fig. 1); [13]. 
Therefore in disease conditions, their aberrant proliferation, activation and recruit-
ment leads to ECM remodeling, tissue fibrosis, myocardial stiffening and dysfunc-
tion and thus eventually leads to heart failure [14, 15]. Currently there are no ef-
fective therapies that specifically address pathologies associated with fibroblast 
dysfunction. Hence, a better understanding of their origin, sources and function is 
the prerequisite to develop an effective therapeutic strategy.
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2 � Phenotypes

Fibroblasts typically exhibit three distinct phenotypes: a non-contractile fibroblast, 
an intermediate phenotype called a protomyofibroblast [16], and a contractile myo-
fibroblast.

Characteristics of these different cellular phenotypes are described below.

2.1 � Fibroblasts

Fibroblasts are generally flat, spindle-shaped cells which may have multiple projec-
tions. They populate all of the connective tissues in the body [9, 17]. Although they 
were considered to be a homogeneous cell population; it is now apparent that these 
fibroblasts can arise from multiple origins and fibroblasts from different tissues 

Fig. 1   Diverse sources of cardiac fibroblasts during disease progression. During pathological 
conditions, a dramatic increase in fibroblast number can be derived from various sources such 
as proliferation of resident fibroblasts, mesenchymal transition of epithelial ( EMT)/endothelial 
( EndMT) cells; and recruitment and differentiation of circulating bone marrow progenitor cells, 
monocytes, fibrocytes and perivascular cells. These fibroblasts can further phenoconvert into a 
super mature activated myofibroblast that actively synthesizes extracellular matrix proteins and 
forms stress fibers. EMT epithelial to mesenchymal transition, EndMT endothelial to mesenchy-
mal transition
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exhibit differential properties and functions [9]. Among the various cell types in 
the myocardium, the cardiac fibroblasts are distinguished by their lack of a base-
ment membrane [9]. Although the heart is comprised of various cell types includ-
ing cardiomyocytes, cardiac fibroblasts, endothelial cells, smooth muscle cells and 
pericytes; cardiac fibroblasts represent the largest population in the heart by cell 
number [8]. They account for approximately two-thirds of the total cell population, 
whereas cardiomyocytes comprise about two-thirds of the total volume due to their 
larger size. However, this ratio may vary from species to species [8].

2.2 � Protomyofibroblasts

Fibroblasts can differentiate into an intermediate phenotype called protomyofibro-
blasts under stress conditions. Protomyofibroblasts are characterized by the synthe-
sis of stress fibres connected to cytoplasmic actins that form fibronexus adhesion 
complexes under mechanical stress. They also express the ED-A splice variant of 
fibronectin to form a special organization of cellular fibronectin at the cell surface. 
These cells are capable of generating contractile force [16].

Mechanical tension is crucial for the induction of contractile force by a proto-
myofibroblast. However, the exact mechanism behind protomyofibroblast forma-
tion in vivo is not well understood. In vitro studies have shown that fibroblasts 
extracted from a range of organs and tissues and plated on plastic tissue-culture 
dishes spontaneously undergo protomyofibroblast phenoconversion. These cells 
gain the ability to rapidly synthesize stress fibres, focal adhesion molecules and 
fibronectins- characteristic of a protomyofibroblast phenotype [16]. It is thought 
that during the tissue repair process, fibroblasts rapidly move to the site of injury 
and produce a collagen and fibronectin rich ECM [16]. These fibroblasts acquire 
the ability to form stress fibres and focal adhesions. When wound closure is com-
pleted, fibroblasts occupying the granulation tissue in the scar become mechani-
cally stressed due to the tractional force generated by various collagen fibres and 
stress fibres. Moreover, these fibroblasts also alter the processing of fibronectin 
splice variants and re-express those of earlier developmental stages. In addition to 
mechanical tension, growth factors can also play a significant role in this pheno-
conversion in early developmental stages and during wound healing in the adult. 
For example, alveolar protomyofibroblasts were absent in platelet-derived growth 
factor (PDGF)-null mice suggesting that PDGF plays a key role in the generation of 
protomyofibroblasts [18].

2.3 � Myofibroblasts

Protomyofibroblasts further phenoconvert into myofibroblasts in the presence of 
persistent mechanical stress [16]. It is thought that the protomyofibroblast is an in-
termediate continuous form when a fibroblast is transitioning into a myofibroblast. 
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During this transition, a protomyofibroblast switches its phenotype from being pro-
liferative and migratory to a hypoproliferative, less migratory and synthetic phase 
of super mature myofibroblast phenotype [19, 20]. Expression of α-smooth muscle 
actin (α-SMA), formation of more complex and organized stress fibres and fibron-
exus adhesion complexes or super mature focal adhesion molecules are all charac-
teristic features of myofibroblasts [16, 19, 20]. Soluble factors including hormones, 
such as angiotensin II, endothelin I and pro-fibrotic cytokines such as transform-
ing growth factor-β (TGF-β), connective tissue growth factor (CCN2/CTGF) and 
PDGF can induce the generation of myofibroblasts [16, 21]. Among these factors, 
TGF-β is considered to be the critical driver of myofibroblast phenoconversion. 
Although TGF-β acts as an anti-proliferative factor in most cells, it can induce fi-
broblasts to proliferate and produce ECM during normal tissue repair [22]. TGF-β 
is also known to elevate ED-A fibronectin expression levels [22]. Both of these 
effects under stress condition are critical for inducing the phenoconversion from 
protomyofibroblasts into mature myofibroblasts. TGF-β potentially induces colla-
gen synthesis by fibroblastic cells and increases the levels of plasminogen activator 
inhibitor-1 (PAI-1) and α-SMA expression. It also reduces matrix metalloprotein-
ase (MMP) activity by activating the production of their inhibitors and ultimately 
stimulates myofibroblasts to induce rapid ECM turnover and restoration of injured 
tissue during the healing process [16, 23]. TGF-β is secreted during tissue injury 
from a variety of cell sources such as white blood cells, particularly macrophages; 
platelets and parenchymal cells. TGF-β can also be produced and secreted by fi-
broblasts to function in an autocrine manner; making it another important mode for 
activation and maintenance of myofibroblast when the external inflammatory signal 
is lost. Damaged epithelial cells are also known to produce and secret TGF-β, and 
thereby contribute to myofibroblast generation in a paracrine fashion [19]. Blocking 
the interaction of ED-A fibronectin with the cell surface leads to the attenuation of 
TGF-β mediated myofibroblast phenoconversion. Moreover it has been shown that 
when mechanical tension is lost, the myofibroblast phenotype fails to persist even 
in the presence of TGF-β and ED-A fibronectin. Inhibiting TGF-β signalling under 
mechanical stress condition prevents myofibroblast formation [24]. Therefore, all 
of these factors are crucial for the generation of myfibroblast from fibroblast but 
further investigations are required to discern their possible interplay and underlying 
mechanisms.

3 � Origin of Cardiac Fibroblasts During Development

Fibroblasts play a crucial role during heart development. Depending on the stage 
of development, their point of origin can vary greatly. During embryogenesis, fi-
broblasts are considered to be of mesenchymal origin and participate in the forma-
tion of the heart. The proepicardial organ and the epithelial–mesenchymal transition 
(EMT) during cardiac valve formation are considered to be the two principal sourc-
es of the cardiac fibroblast population [17]. However, developing bone marrow 
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and their circulating progenitors, neural crest cells and differentiation from vascular 
walls can also give rise to fibroblasts during embryonic development [8]. Moreover, 
it has also been reported that fibroblasts can arise from mesoangioblasts. These are 
multipotent progenitor cells that differentiate into either vascular endothelial cells 
or mesodermal fibroblasts. These progenitors originate from the bone marrow he-
matopoietic stem cells [17].

Cardiac interstitial and annulus fibroblasts are thought to be derived from the 
embryonic proepicardial mesenchymal cells [11]. The proepicardial cells cover the 
surface of the embryonic heart and form the epicardium [25]. In the developing 
heart, the epicardium is the principal source of cardiac progenitor cells. These pro-
genitor cells give rise to two cell types: (1) coronary vascular smooth muscle cells 
(cVSMCs) and (2) cardiac fibroblasts. These cells contribute to coronary vascula-
ture, cardiac wall, subendocardium, the atrioventricular (AV) cushions and valves, 
and the fibrous skeleton of the heart [8, 25, 26]. The presence of growth factors, 
including PDGF, fibroblast growth factor (FGF), and TGF-β, stimulates the epi-
cardium to undergo EMT and form epicardium-derived cells (EPDC). These cells 
subsequently differentiate into a fibroblast phenotype to form the fibrous heart skel-
eton. Using chicken-quail chimera, quail derived EPDCs were found in the suben-
docardium, myocardium, and AV cushions. These EPDCs at the fibrous annulus 
region were found to be positive for procollagen-I indicating a cardiac fibroblast 
lineage and thus revealed their role in the formation of the fibrous heart skeleton. 
Adventitial fibroblasts were also found to be derived from the epicardium [27]. 
The Tallquist group has shown the role of a E-box binding basic helix-loop-helix 
(bHLH) transcription factor, Tcf21, in epicardial cell fate determination and car-
diac fibroblast development. Using a tamoxifen-inducible Cre expressed from the 
Tcf21 locus, they showed that Tcf21-expressing epicardial cells are largely fated to 
become the cardiac fibroblast lineage specific via EMT. Moreover, Tcf21 knockout 
mice lacked cardiac fibroblasts, and fate mapping study showed attenuation of epi-
cardial EMT [28].

Cardiac endothelium may also give rise to valvular fibroblasts which are also 
known as valvular interstitial cells (VICs) [29]. Endothelial cells detach to form the 
cardiac cushion and undergo endothelial to mesenchymal transition (EndMT) that 
is stimulated by various cytokines including TGF-β, PDGF and Wnt. These mes-
enchymal cells enter the cardiac jelly and acquire a fibroblast phenotype. Various 
signaling pathways and genes such as vascular endothelial growth factor (VEGF), 
nuclear factor of activated T-cells, cytoplasmic 1 (NFATc1), Notch, Wnt/β-catenin, 
bone morphogenetic protein (BMP)/TGF-β, ErbB, and neurofibromatosis 1 (NF1)/
Ras play important and selective roles in regulating endothelial cell proliferation and 
differentiation during valve development and maturation [30]. VEGF levels need to 
be strictly controlled during normal heart development as increased VEGF expres-
sion can inhibit EndMT [31]. Tissue explants studies have revealed that hypoxia 
prevents cardiac cushion EndMT by inducing a 10-fold increase in VEGF levels. 
This finding indicates the possibility that fetal hypoxia may lead to congenital heart 
defects in the cardiac valves and interatrial septum [32]. Cushion endothelial cells 
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exposed to hyperglycemic conditions during developmental stages had persistent 
CD31 expression and were unable to correctly initiate the EndMT program [30, 33]. 
On the other hand cardiac cushions derived from mice lacking CD31 were able to 
undergo EndMT, even in hyperglycemic conditions [30, 33]. Studies have also indi-
cated that NFATc1 is down-regulated during endocardial EndMT and that NFATc1-
expressing cells do not undergo EndMT [34]. Notch signalling is essential for regu-
lation of endocardial cushion EndMT. In Notch1−/− mice, cardiac cushions were 
found to be hypoplastic suggesting that the endocardium failed to undergo EndMT 
[35]. Moreover, disruption of Notch signaling particularly diminished TGF-β2 ex-
pression in the heart. In agreement with this result, the expression levels of Snail, a  
mesenchymal transcription factor, was found to be significantly decreased in the ab-
sence of Notch signaling. This finding suggests that Notch signaling may increase 
the expression of TGF-β2 in the heart; and TGF-β2 eventually promotes EndMT 
in the endocardium [35]. Using a homozygous adenomatous polyposis coli (APC) 
truncation mutant, nuclear β-catenin was detected throughout the heart indicating 
that a large population of endocardial cells are able to undergo EndMT [30, 36]. 
Studies have also indicated that Wnt/β-catenin signaling may play a crucial role in 
valve development by regulating EndMT. β-catenin can activate the expression of 
genes required for the mesenchymal transition program. It is speculated that upon 
CD31 repression, β-catenin levels in the cytosol increase and trigger proliferation 
of cells undergoing EndMT; thus suggesting that β-catenin may activate the EndMT 
program which generates the fibroblast population in the cardiac jelly [30]. Using 
a BMP-2 deficient chick model, mesenchymal cells were shown to fail to invade 
through a collagen lattice. Similarly by using mouse AV explants, BMP-2 treatment 
was found to be sufficient to induce EndMT in the myocardium. Additionally, AV 
endothelial explants were found to synthesize and secret TGF-β2 in an autocrine 
mechanism upon BMP-2 treatment [30].

Thus during embryonic developmental stages, cardiac fibroblasts can be derived 
from a number of sources, especially from proepicardium and cardiac endothelium. 
However fate mapping studies largely depend on the susceptibility of Cre-depen-
dent reporter and on the efficiency of Cre recombinase, which may represent a 
limitation of the current findings. Moreover, the lack of specific fibroblast markers 
makes it challenging to trace their origin. Refining existing fate mapping strategies 
and identifying appropriate marker genes will enhance our knowledge of cardiac 
fibroblast heterogeneity during development.

4 � Sources of Fibroblast Generation in Cardiac Pathology

In disease, fibroblasts are recruited to the injured area from different sources. Fi-
broblast generation from nearby sources such as epithelial and endothelial cells via 
mesenchymal transition (EMT and EndMT), or from fibrocytes, pericytes or from 
circulating bone marrow progenitor cells is thought to be an effective means to 
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enable the rapid recruitment of fibroblasts to the injured area since recruitment from 
more distant sites would require migration, activation, and proliferation of these 
cells (Fig. 1). For instance, during wound healing in epithelial rich areas such as the 
skin, EMT is a vital process for fibroblast recruitment [13]. Recently there has been 
increasing evidence suggesting the heterogeneity of cell sources for the fibroblast 
population found in the damaged heart.

5 � Resident Fibroblasts

Previously, it was generally thought that activated fibroblasts or myofibroblasts in 
fibrotic hearts are derived mainly from the proliferation of existing fibroblasts in the 
heart called resident fibroblasts [13]. This hypothesis is supported by the fact that 
cardiac fibroblasts are highly responsive to circulating cues in the surrounding mi-
croenvironment that can influence their proliferation and recruitment to the site of 
pathological inflammation [9]. Initial studies in a pressure-overload mouse model 
showed that inhibition of TGF-β receptor decreased collagen synthesis and deposi-
tion; and inhibited the proliferation and activation of myofibroblasts that resulted 
in dilated myopathy and dysfunction [37]. During replacement fibrosis in the heart, 
such stimuli trigger resident fibroblasts to synthesize extracellular matrix compo-
nents at the site of injury to heal the damaged area [9, 37, 38]. However, increasing 
evidence suggests that during reactive interstitial fibrosis proliferating pro-fibrotic 
cells not only originate from the resident fibroblast population, but also are rapidly 
recruited from multiple nearby sources to enhance cardiac healing [9, 39, 40].

6 � Epithelial to Mesenchymal Transition (EMT)

EMT includes a cascade of events through which epithelial cells lose cell-cell con-
tact, cell polarity and acquire migratory and invasive properties and differentiate 
into mesenchymal cells (Fig. 2) [41]. The structural integrity of epithelial cells are 
maintained by cell-cell contacts that involve tight junctions, cadherin junctions 
linked to the actin cytoskeleton, gap junctions to allow direct intercellular com-
munication, desmosomes which are attached to the intermediate filaments and in-
tegrin mediated interaction between cell and matrix. During EMT, epithelial cells 
lose their structural integrity and cell-ECM interactions are modified and migrate 
into the surrounding tissue. The cellular cytoskeleton is rearranged to enable these 
cells to invade the surrounding three-dimensional matrix [24]. This process requires 
a cascade of mesenchymal transcriptional factors to be activated in order to trigger 
and maintain the mesenchymal features. Mesenchymal cells are spindle-shaped, 
lack polarity, cell-cell junctions and interaction to basal lamina. Mesenchymal cells 
remodel the ECM by synthesizing and secreting ECM components. Epithelial cells 
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characteristically express E-cadherin, in contrast, mesenchymal cells express N-
cadherin, fibronectin and vimentin [24]. Consequently, the lack of E-cadherin ex-
pression is a signature of EMT. EMT transcription factors such as SNAI1/Snail 
1, SNAI2/Snail 2 (Slug), Zeb1, Zeb2 (SIP1), E47 and KLF8 function by repress-
ing transcription of E-cadherin directly. These transcription factors can bind to the 
promoter region of E-cadherin and repress its expression. Others such as Twist, 
Goosecoid, E2.2 (TCF4), homeobox protein SIX1 and FOXC2 have been shown 
to repress E-cadherin indirectly [39, 42–44]. These transcription factors also in-
hibit the expression of other junctional molecules such as claudins and desmosomes 
to initiate EMT. Conversely factors such as grainyhead-like protein 2 homologue 
(GRHL2), E74-like factor 3 (ELF3) and E74-like factor 5 (ELF5) are down-regu-
lated in EMT and can drive a reverse process termed mesenchymal-epithelial transi-
tion (MET) upon over-expression in mesenchymal cells [44, 45].

Signaling pathways that trigger and control EMT are- TGF-β, FGF, epidermal 
growth factor (EGF), hepatocyte growth factor (HGF), Wnt/beta-catenin, Notch 
and hypoxia. In the first phase of EMT, Ras-MAPK pathway up-regulates Snail 
and Slug expression which leads to desmosomal disruption, cell spreading, and 

Fig. 2   Epithelial to mesenchymal transition ( EMT) in the epicardium. During the first phase of 
EMT, the expression of transcriptional regulators such as- SNAI1/Snail 1, SNAI2/Snail 2 (Slug), 
Zeb1 and Zeb2 are up-regulated in epicardial epithelial cells. Their expression leads to the attenu-
ation of E-cadherin, β-catenin, Desmoplakin, Muc-1, Syndecan-1 and Cytokeratin-18 expression; 
and thus results in the loss of cell-cell contact. During the second phase of EMT, characteristic 
mesenchymal proteins and growth factors are synthesized such as FSP1, TGF-β, FGF-1,-2,-8, 
MMP-2, MMP-9, Vimentin, α-SMA, Fibronectin, Collagen type I and Collagen type III. In total, 
these changes lead to a loss of cell polarity, degradation of ECM and acquisition of a spindle 
shaped morphology and migratory phenotype that is characteristic of a cardiac fibroblast
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breakage of cell-cell contact, thus initiating the primary essential phase of the EMT 
program [46, 47]. The second phase involves attainment of cell motility, decreased 
cytokeratin production, and expression of vimentin [46, 47]. Snail and Slug can 
also repress p63, a transcription factor which is essential for the development of 
the epithelial cell lining and maintenance of their structural integrity. Disruption of 
p63 expression inhibits cell-cell contacts and induces migration in cancer cells [42, 
48, 49]. Previously it was reported that Zeb2 down-regulates E-cadherin expression 
by binding to its promoter. In the epithelial Madin-Darby canine kidney (MDCK) 
cell line, down-regulation of E-cadherin expression resulted in disrupted cell-cell 
contact and acquisition of migratory and invasive properties [50]. Recently, it has 
been shown that Zeb2 is further linked to promoting fibroblast to myofibroblast 
phenoconversion. Zeb2 expression level has been found to be higher in first passage 
cardiac myofibroblasts indicating its potential role in the phenoconversion process 
during cardiac injury and fibrotic condition [51]. Ectopic expression of Ski, a nega-
tive regulator of TGF-β1 signaling, has been shown to repress Zeb2 expression [51].

Among different signalling pathways, the TGF-β pathway is considered to be 
one of the major drivers of EMT. It activates expression of EMT transcription 
factors such as Snail and Zeb to mediate EMT during cardiac development and 
pathological conditions such as cancer and fibrosis [43, 48]. The p53 tumor sup-
pressor represses EMT by increasing transcription of certain microRNAs—such 
as miR-200 and miR-34 that block Zeb and Snail protein synthesis, and maintains 
the epithelial structural integrity [52]. The Wnt signaling pathway has also been 
reported to control EMT during gastrulation, heart valve development and cancer 
pathogenesis. Activation of the Wnt pathway induces Snail expression which in turn 
up-regulates vimentin expression [26, 30].

EMT is a crucial process for the development of many tissues and organs, and 
for various developmental processes such as gastrulation, neural crest development, 
cardiac valve formation, palate and muscle formation. EMT has also been impli-
cated in pathologies such as wound healing, organ fibrosis and cancer metastasis 
[53]. EMT is a key process in the production of activated fibroblasts in different 
organs including the heart, lung, liver, and kidney [47]. The process of EMT has 
been extensively studied recently and suggests that the epicardial cells can con-
tribute to the fibroblast population by undergoing an EMT [11, 54]. Epithelial cells 
can differentiate into fibroblasts and promote lung fibrosis in mice by making up 
the majority of the emerging population of fibroblasts in the fibrotic lesion. This 
suggests that EMT could be a major source of fibroblasts in pathological conditions 
[55]. Studies showed that alveolar epithelial cells (AECs) can undergo EMT both 
ex vivo and in vivo. It indicates that these cells are may be the progenitors for fibro-
blasts and contribute to the emerging fibroblast population [55]. Moreover, lineage-
tracing and bone marrow transplant studies in mice showed that in kidney fibrosis 
approximately 12 % of fibroblasts were found to arise from the bone marrow and 
30 % comes from tubular epithelial cells via EMT. Another study has shown that 
in kidney fibrosis approximately 35 % of fibroblasts were derived from endothe-
lial cells via EndMT [48]. However, the extent of contribution of EMT derived 
fibroblasts in case of injury is yet unknown. It is speculated that the percentage of 
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fibroblasts coming from distinct sources may vary significantly depending on the 
factors such as the phase of fibrosis, the organ, and the model being used. Moreover, 
some studies on kidney, liver and lung fibrosis models failed to show the role of 
EMT in myofibroblast generation [56–58]. This indicates that apart from becoming 
a mature myofibroblast, EMT may give rise to a range of mesenchymal phenotypes 
as a strategy to initiate wound healing and promote cell survival in response to in-
jury. More detailed information on EMT and its role in fibrosis has been described 
in Kalluri and Neilson [47].

7 � EMT Derived Fibroblasts in Cardiac Diseases

Although in normal adult heart epicardial cells do not actively undergo EMT, in 
vivo studies of myocardial injuries have shown that epicardium-specific genes ex-
pressed during development are re-activated in response to injury [59]. Initially 
this reactivation is global, but eventually it is confined to the injury area, indicat-
ing a role of epicardium in healing cardiac insults (Fig.  2). Subsequently, these 
epicardial cells undergoing EMT proliferate and migrate into the sub-epicardium 
and form a thick epicardial cap consisting of epicardial derived cells (EPDCs). For 
instance, using a Wt1CreERT2 mouse model, it was previously shown that epicardial 
cells did not undergo EMT in normal adult heart. However during cardiac inju-
ry, adult mouse epicardium was found to secrete paracrine factors [54, 60]. After 
myocardial infarction (MI), fetal epicardial genes were shown to be reactivated 
and led epicardial cells to proliferate and initiated EMT to form a thick layer of 
mesenchymal cells to protect from myocardial injury [54, 61]. Using a tamoxifen 
inducible Wt1CreERT2;Rosa26mTmG mouse model, epicardial cells were selec-
tively labelled with mGFP to visualize cell fate after cardiac injury. Experimental 
MI was performed by left arterial ligation. mGFP labelled EPDCs in the infarct 
region were found to be spindle shaped and expressed myofibroblast and fibroblast 
markers [54]. In contrast to the human heart, zebrafish hearts regenerate and repair 
by epicardial activation, proliferation and by undergoing EMT after cardiac injury. 
In zebrafish, blocking FGF and PDGF signaling prevented epicardial marker ex-
pression and inhibited epicardial EMT during cardiac injury repair [26]. In vitro 
studies have shown that PDGF activates stress fiber production and triggers EMT 
in epicardial cells. Using an explant model, recombinant PDGF-BB treatment in-
duced cell migration and a fibroblast-like phenotype in an epicardial monolayer 
from sham operated zebrafish [62]. Using RT-PCR, the expression of EMT markers 
Snail and Twist genes was found to be up-regulated as well which indicates that 
fibroblasts can arise from epicardial cells during heart regeneration. The expression 
patterns of Snail2 and Twist1b were found to be increased at the site of injury by 
in situ hybridization [62]. The role of Wt1-lineage specific cells in healing of the 
infarct area were analyzed in a mouse model of MI. The epicardial layer over the 
ischemic area was found to be disrupted immediately after the injury but began to 
regenerate within 3 days of MI. In the regenerated epicardium, the fetal epicardial 
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genes (Wt1, Tbx18, Raldh) were transiently re-activated and induced epicardial 
proliferation. Within 2 weeks post-MI, Wt1-lineage positive subepicardial mesen-
chymal cells were observed. These cells replaced the cardiomyocytes lost and con-
tributed to the fibroblasts, myofibroblast and the coronary endothelium, and later 
also contributed to the cardiomyocyte population. In epicardium adjacent to the site 
of injury, the EMT marker Snail1 and the myofibroblast marker α-SMA were ex-
pressed and mesenchyme populated the subepicardial space [59]. Using tamoxifin 
inducible Wt1CreERT2 mice, another study showed that cells derived from adult 
epicardium after MI differentiated into myofibroblast/fibroblast and smooth muscle 
lineages and mainly populated a perivascular niche in the thickened epicardium 
[26]. Moreover, Wnt1 and Notch signalling pathways have been found to regulate 
the activation of epicardial EMT and contribute to fibrosis repair in a mouse model 
of MI and ventricular pressure overload [63].

Therefore, reactivated epicardium and EMT plays a pivotal role in the repair 
process of injured heart by contributing to the fibroblast pool. However, constitu-
tive reactivation of EMT leads to chronic remodeling of the heart. Thus, blocking 
the reactivation of this evolutionarily conserved pathway may represent a novel 
approach to combat fibrosis.

8 � Endothelial to Mesenchymal Transition (EndMT)

Studies have shown that vascular endothelial cells can also phenoconvert and ac-
quire a fibroblast-like phenotype upon stimulation with pro-fibrotic signals such as 
TGF-β1 or hypoxia, a process called endothelial to mesenchymal transition (End-
MT) [64, 65]. These mesenchymal cells leave the microvascular bed and mature 
to become interstitial fibroblasts. EndMT may have two possible roles in cardiac 
fibrosis by both giving rise to the fibroblast population and also by decreasing mi-
crovasculature density [12]. However, under normal physiological conditions the 
contribution of this process to form the resident fibroblast population was not found 
to be significant [12]. This indicates that only after pathological damage or injury 
cardiac fibroblasts are generated from endothelial cells. Recently, Zeisberg et al. 
showed for the first time that adult cardiac endothelial cells can undergo EndMT. 
A fate mapping study using endothelial-specific reporter gene Tie1 has shown that 
between 27–30 % of all fibroblasts were derived from endothelial origin via End-
MT in a pressure overload–induced cardiac fibrosis model [12]. Similarly, another 
group observed that in the hearts of diabetic wild-type mice, 15–20 % of fibro-
blasts co-expressed both the endothelial marker CD31 and the fibroblast specific 
marker S100A4/FSP1, whereas CD31/S100A4 double positive cells were only 
rarely detected in the diabetic ET-1f/f;Tie2-Cre mice hearts. This result indicates 
that endothelial cell derived ET-1 plays a crucial role in regulating EndMT. How-
ever, CD31/S100A4 double labeling, as well as the presence of CD31/α-SMA and 
CD31/vimentin cells, only allows for the characterization of the intermediate stage 
of EndMT [66]. Thus, these observations may under-represent the actual number of 



137Diverse Cellular Origins of Cardiac Fibroblasts

fibroblasts that are of endothelial origin since in the later stages of diabetes mellitus, 
EndMT-derived fibroblasts may migrate to the surrounding area and lose expres-
sion of endothelial markers [66]. Likewise in EMT, TGF-β is considered to be a ma-
jor signaling pathway that stimulates EndMT in cardiac injury. Recombinant BMP7 
has been shown to inhibit TGF-β function in endothelial cells and thus inhibit End-
MT and reduce cardiac fibrosis in aortic banding models [12]. Although TGF-β has 
been previously shown to induce PAI-1 expression, another study demonstrated that 
PAI-1can block TGF-β signaling in the normal heart and PAI-1 mutants showed 
activated TGF-β signaling with a corresponding increase in fibroblast population 
and developed cardiac fibrosis [23, 67, 68]. Further investigation showed increased 
TGF-β mediated mesenchymal marker expression in PAI-1 null endothelial cells 
suggesting that these cells are more likely to undergo EndMT. However, this study 
did not show any direct evidence of EndMT through lineage tracing experiments 
[67]. Canonical Wnt signaling was also implicated in the EndMT-mediated cardiac 
fibrosis following MI. Using a TOPGAL Wnt reporter mouse, canonical Wnt sig-
naling was shown to be increased in the evolving infarct scar and this activity was 
mainly confined to endothelial and α-SMA-expressing cells. Genetic lineage trac-
ing experiments showed that approximately 40 % of these cells arose from endothe-
lial precursors. Moreover, activation of canonical Wnt signaling triggered morpho-
logical and molecular changes to induce a mesenchymal phenotype. Other studies 
have also reported activation of Wnt expression in the epicardium and in fibroblasts 
after ischemic myocardial injury [26, 69].

Although recent studies have achieved remarkable success in giving insights into 
cardiac fibroblast generation from endothelial origin, understanding how these cells 
are differentiated exclusively during pathological conditions needs to be further 
investigated.

9 � Bone Marrow-Derived (BMD) Progenitor Cells

Bone marrow-derived progenitor cells are another important source of fibroblasts 
in the diseased heart (Fig.  1). It was initially speculated by the Yano group that 
cardiac myofibroblasts can arise from bone marrow (BM) during pathological con-
dition, since bone marrow-derived (BMD) cells have been found to contribute to 
both fibroblast and myofibroblast populations in other organs such as the kidney, 
lung, liver, stomach, small and large intestines and cancerous tumours [70]. Later 
on GFP labelled bone marrow transplant studies showed the presence of GFP posi-
tive fibroblasts and especially myofibroblasts in the scar and the nearby remnant 
area after myocardial injury [71]. A similar study showed that 57 % of the myofi-
broblasts were of bone marrow origin at day 7 post-MI, which decreased to 32 % 
on day 21 post-MI [72]. This finding raised the debate whether these cells may be 
simply contributing to the inflammatory response following injury. A significant 
population of these cells are actually playing role as a specific type of inflamma-
tory cell during acute healing phase and are not contributing to the formation of the 
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chronic lesion. Similar results were obtained using two different mice models- BM 
transgenic EGFP reporter, or BM cells expressing two reporter genes: luciferase 
and β-galactosidase under the control of collagen I (α2 chain) gene promoter. After 
inducing MI by permanent coronary artery ligation technique, α-SMA and collagen 
I positive myofibroblasts were found to be increased significantly at the site of in-
jury until day 14 and persisted afterwards. A significant number of EGFP-positive 
BMD cells were observed during the first week post-MI, however the number grad-
ually declined after day 28. Around 21 % of the BMD cells in the infarct area were 
found to be myofibroblasts. The highest number of BMD myofibroblasts (EGFP 
and α-SMA double positive) was found on day 7 post-MI. These cells constituted 
24 % of all myofibroblasts present in the scar. These BMD myofibroblasts actively 
synthesized collagen I and were confined to the site of injury [73]. Using a trans-
genic Mst1 mouse model, bone marrow-derived cells were shown to contribute to 
about 17 % of all fibroblasts present in the failing heart [74]. In aortic banded mouse 
model, bone marrow transplantation experiments showed that 13.4 % FSP positive 
fibroblasts and 21.1 % α-SMA positive myofibroblasts in the heart were bone mar-
row derived [12]. These findings suggest that BMD cells may play an important role 
in myofibroblast generation and can accelerate healing after MI.

10 � Monocytes

Monocytes are also considered to be a novel source of pathology-associated fibro-
blasts (Fig. 1). Using a mouse model of fibrotic ischemia/reperfusion cardiomyopa-
thy (I/RC), it has been demonstrated that 3 % of all non-myocytes in the I/RC heart 
expressed monocytic markers- CD45, CD11b, CD35 and myofibroblast markers 
S100A4, αSMA [75]. Moreover the inhibition of monocyte recruitment by injecting 
CL2MDP liposomes after cryoinjury, dramatically decreased fibroblast number in 
the infarct area and attenuated myocardial remodeling [76]. CL2MDP liposomes 
are termed as ‘suicide’ liposomes that encapsulate clodronate molecules. These li-
posomes are engulfed by macrophages via endocytosis and then fuse with lyso-
somes. Phospholipase in the lysosome disrupt the liposomes and causes release of 
clodronate into the cytoplasm which eventually leads to apoptosis [77]. The above 
mentioned findings indirectly suggest that monocytes could be a pivotal source for 
fibroblast and myofibroblast generation and recruitment during injury.

11 � Fibrocytes

Fibrocytes are blood-borne mesenchymal progenitor cells that have unique charac-
teristics of expressing cell surface markers of leukocytes, hematopoietic progenitor 
cells as well as of fibroblasts such as CD11b, CD13, CD34, CD45RO, MHC class 
II, CD86, collagen I and vimentin. During wound healing circulating fibrocytes 
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rapidly enter the injury site which indicates their potential critical role in the repair 
process [78]. Data suggests that they are an important source of fibroblasts dur-
ing pathological conditions (Fig. 1) [79, 80]. They are of hematopoietic origin and 
exhibit leukocyte-like characteristics [81]. One study showed that 10 % of all cells 
within the scar area of nephrotic wound were spindle-shaped and positive for pro-
collagen and CD34 markers. In the presence of profibrotic cytokines such as TGF-β 
or endothelin-1 in vitro, fibrocytes can produce fibroblast and myofibroblast mark-
ers (fibronectin, collagen and α-SMA) and differentiate into myofibroblasts [79]. In 
a wound healing model, profibrotic cytokines- IL-4 and IL-13 have also been found 
to promote fibrocyte differentiation into myofibroblast. On the other hand, the anti-
fibrotic cytokine, IFN-γ, inhibits fibrocyte differentiation [80]. In a rabbit athero-
sclerotic model, CD34-positive cells were also found to be positive for α-SMA [82].

12 � Perivascular Cells

Perivascular cells of the cardiac vessels may present another source of fibroblasts 
following injury (Fig. 1). In a dermal scarring model, pericytes were shown to phe-
noconvert into fibroblast-like cells and contributed in collagen production [83]. In 
vitro studies have also shown that retinal pericytes acquire a functionally active fi-
broblast-like phenotype [84]. Fate mapping studies have demonstrated that CD73+ 
pericytes can serve as a potential source of fibroblasts during kidney fibrosis [56]. 
Moreover during lung fibrosis, activated fibroblasts or myofibroblasts have been 
found to arise from perivascular and peribronchial areas [85]. However, due to lack 
of pericyte and fibroblast specific markers and difficulty in designing specific fate 
mapping techniques, it is currently difficult to conclude on the significance of the 
pericyte’s contribution to cardiac fibrosis.

13 � Benefits of Understanding the Sources of Fibroblasts

Fibroblasts are intimately involved in cardiac development, maintenance, and dis-
ease. They are often implicated as being the major contributors to cardiac fibrosis. 
Their unique features make them attractive cellular targets for reducing pathologi-
cal remodeling. Although cardiac fibrosis and fibroblast-associated pathologies are 
among the largest groups of diseases, at present there are no effective therapies 
available. Activated cardiac fibroblasts (myofibroblasts) contribute to fibrosis by 
chronic ECM remodeling and the development of scar tissue which subsequently 
results in myocardial stiffening, cardiac dysfunction and eventually to heart failure 
[14, 15]. Thus, an improved therapeutic option would be to restrict their genera-
tion or recruitment from other sources. Both EndMT/EMT play key roles in vari-
ous chronic cardiovascular diseases such as heart failure, pulmonary hypertension, 
ischemia, hypertrophy and other chronic vascular diseases. Therefore, blocking 
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fibroblast generation from these sources could be a highly effective therapeutic 
strategy since there is significant evidence showing that EMT and EndMT are spe-
cifically linked to various cardiomyopathies. Furthermore, these processes are not 
activated in the normal adult heart. For instance, treatment with BMP-7 has been 
shown to inhibit EndMT and thus prevents cardiac fibrosis in experimental mice 
without affecting the normal homeostasis of the adult heart [12]. Since both EndMT 
and EMT are key processes in the early development of the heart, understanding the 
mechanisms behind generation of fibroblast in the adult heart may provide a better 
insight into developing novel therapeutic approaches [11, 12, 54, 86]. Moreover, 
studying the mechanisms of fibroblast generation from other sources such as bone-
marrow progenitor cells, fibrocytes, monocytes and perivascular cells can also aid 
in identifying effective new drug targets. Recent studies also implicated importance 
of fibroblasts in the formation and maintenance of blood vessels which opens up 
a new avenue for cardiac therapies. Fibroblasts are prominent modifiers of cancer 
progression and invasion. Like organ fibrosis, these fibroblasts within the tumour 
stroma stay persistently active. They acquire an activated phenotype as seen dur-
ing wound healing [87]. These phenoconverted fibroblasts at the site of the tumour 
are referred to as peritumoral or reactive stromal fibroblasts, or tumour-associated 
fibroblasts that contribute to cancer progression [87]. Moreover, dysregulation of 
fibroblast and myofibroblast function and differentiation leads to diseases such 
as emphysema, asthma, interstitial and chronic obstructive pulmonary diseases in 
lung; rheumatoid arthritis and osteoarthritis in bones and joints; scleroderma, hy-
pertrophic scars, lipodermatosclerosis in skin; and diseases in other organs includ-
ing fibrosis related to kidney, liver, eye, nervous system and brain etc [88]. Most 
importantly, fibrosis in the heart due to uncontrolled proliferation of fibroblasts and 
their phenoconversion to myofibroblasts is closely associated with clinically im-
portant conditions such as hypertension, atherosclerosis, ischemia, dilated cardio-
myopathies, valvular diseases, arrhythmias and heart failure; thus making it a major 
health problem worldwide [89]. Hence, a better understanding of their origin and 
underlying mechanisms will aid in developing successful therapies for improving 
patient outcome in all aspects of diseases linked to fibroblast dysregulation.
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Abstract  “Cardiovascular disease (CVD) is a growing epidemic and the leading 
cause of mortality worldwide. More than one in three Americans are living with some 
form of CVD. Despite the vast diversity of CVD forms, many disease states are asso-
ciated with maladaptive remodeling of the myocardial interstitium. Elevated fibrillar 
collagen expression is considered to be the primary contributor to altered cardiac 
function based on its adverse influence on electrical signal transduction, myocardial 
stiffness, and cardiac dysfunction. Amongst the various mechanisms responsible for 
the production of collagen fibres, transforming growth factor-β1 (TGF-β1) has been 
identified as a critical mediator of the fibrotic response in the injured myocardium. 
Herein we describe a potential role for the TGF-β1 negative regulators Ski/Sno, and 
the TGF-β1 transcriptional regulators YAP/TAZ in cardiac fibroblast and myofibro-
blast phenotype and function through modulation of TGF-β1 signaling.”

Keywords  TGF-β1 · Ski/Sno · YAP/TAZ · Fibroblast · Fibrosis

Cardiovascular disease (CVD) is a growing epidemic and the leading cause of mor-
tality worldwide [1, 2]. More than one in three Americans are living with some form 
of CVD [3]. Despite the vast diversity of CVD, many disease states are associated 
with maladaptive remodeling of the myocardial interstitium [4]. Elevated fibrillar 
collagen expression is considered to be the primary contributor to altered cardiac 
function based on its adverse influence on electrical signal transduction, myocardial 
stiffness, and cardiac dysfunction [5, 6]. Amongst the various mechanisms respon-
sible for the production of collagen fibres, transforming growth factor-β1 (TGF-β1) 
has been identified as a critical mediator of the fibrotic response in the injured myo-
cardium. Herein we describe a potential role for the TGF-β1 negative regulators 
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Ski/Sno, and the TGF-β1 transcriptional regulators YAP/TAZ in cardiac fibroblast 
and myofibroblast phenotype and function through modulation of TGF-β1 signaling.

1 � TGF-β Signaling

The TGF-β superfamily of genes and their repressors are phylogenetically ancient 
and are evolutionarily conserved [7, 8]. While the majority of cytokines are pro-
duced as biologically-active molecules, TGF-β ligands (TGF-β1/2/3) are synthesized 
and secreted in a latent form that requires extracellular activation, dimerization, 
and receptor binding to initiate an intracellular signaling cascade. TGF-β1 signals 
through a pair of membrane-bound serine/threonine kinase receptors (TβR-II and 
TβR-I),which activate intracellular Smad proteins that are able to translocate to the 
nucleus and influence gene expression [9]. Cardiac fibroblasts secrete TGF-β1 into 
their surrounding environment, where it is incorporated into the extracellular matrix 
(ECM) in its inactive form by the TGF-β1-binding protein (LTBP-1) and latency-
associated peptide (LAP) (Fig.  1) [10]. Release of TGF-β1 from this inhibitory 

Fig. 1   Canonical TGF-β Signaling and regulation by Ski/Sno TGF-β1, transforming growth 
factor-β 1; LAP, latency-associated peptide; LTBP-1, latent transforming growth factor β-binding 
protein 1; α-SMA α-smooth muscle actin, I-Smad7 inhibitory Smad 7, Co-Smad4 co-mediator 
Smad 4, P phosphorylated, SnoN Ski-related novel protein N
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complex can occur through a variety of mechanisms including proteolytic cleav-
age, oxidative stress, low pH, and mechanical stress [9, 11–13]. Ultimately, the 
effects of TGF-β1 depend on numerous factors including cell type, cross-talk with 
other signaling pathways (e.g. Hippo, Wnt/β-catenin), stage of pathogenesis, and 
the microenvironment [14, 15]. These factors illustrate the pleiotropic nature of the 
pathway and the requirement for strict regulation of signal transduction downstream 
from the ligand-receptor interaction.

2 � TGF-β1 and Mechanical Stress

The involvement TGF-β1 in the pathogenesis of cardiac fibrosis has been well-
characterized [16–18]. Most notably, in the infarcted myocardium TGF-β1 signal-
ing results in a phenoconversion event where relatively inactive resident fibroblasts 
become hyper-synthetic/secretory, contractile myofibroblasts characterized by 
marked expression of proteins including alpha-smooth muscle actin (α-SMA) [19], 
embryonic smooth muscle myosin (SMemb), and extracellular domain-A (ED-A) 
fibronectin [20].

The entire complement of factors involved in the induction of TGF-β-responsive 
gene expression during cardiac remodeling has yet to be fully described; however 
recent studies have demonstrated that cardiac fibrosis is the result of a mechanosen-
sory response by fibroblasts that is related to substrate stiffness [21]. Mechanisti-
cally, it is thought that distinctive membrane-bound integrins (ανβ5 and ανβ3) on 
mesenchymal cells (such as cardiac fibroblasts) are responsible for TGF-β1 activa-
tion [15]. Recent work conducted by Hinz and colleagues have shown that release 
of TGF-β1 from the matrix bound latency complex is initiated by mechanical stress, 
whereby cytoskeletal contractions are transmitted to the ECM via integrins [15]. 
This finding not only provides an elegant biomechanical link between TGF-β1 and 
cardiac fibrosis, but further implicates chronic stressors, such as hypertension, to 
the myocardium with heart failure.

3 � The Ski/Sno Superfamily

In canonical TGF-β1 signaling, Smad proteins act in a cascade of serial phosphory-
lation events that either promote (i.e. via Smad2/3 and Smad4) or inhibit (i.e. via 
Smad7) signal transduction [12]. Ski and the Ski-related novel gene (Sno) encode 
structurally and functionally similar proteins that negatively regulate TGF-β1 sig-
naling. While Sno is expressed as several isoforms in human cells (SnoN, SnoN2, 
SnoA, and SnoI) that arise due to alternative gene splicing, Ski mRNA has not been 
shown to be spliced and exists in a singular form [22, 23].

Ski and Sno have been shown to contain a highly-conserved region of homology at 
the N-terminus [24] that consists of a unique Dachshund Homology Domain (DHD) 
and a structural motif similar to a SAND (derived from Sp100, AIRE-1, NucP41/75, 
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DEAF-1) domain. The Ski/Sno DHD does not appear to bind directly to DNA despite 
its similarity to the winged-helix class of DNA-binding domains [25] but may be 
required for protein-protein interactions with co-factors including C184M, Nuclear 
hormone Co-Repressor (N-CoR), and Ski-interacting protein (Skip) [26, 27].

SAND domains are generally associated with DNA-binding and transcriptional 
repression, but Ski/Sno proteins use the structure’s I-loop to interact with the Smad 
L3 loop, rather than with genomic DNA [28]. The effect of Ski/Sno binding to 
Smad4 essentially leads to the dissociation of the functional Smad2/3-Smad4 het-
erocomplex, thus repressing TGF-β1 signaling at the nuclear level. Furthermore, the 
Ski/Sno SAND-like domain has been implicated in binding to other transcription 
factors, such as the tumor suppressor retinoblastoma (Rb) [29], which may provide 
a link to Ski’s involvement in TGF-β-dependent cell-cycle arrest.

The combined properties of the Ski/Sno DHD and SAND domains allow these 
proteins to interact with nuclear co-factors that suppress transcription of TGF-β1-
responsive genes in addition to Smad proteins. SAND-Smad interactions within the 
nucleus has been reported to be coupled with the disruption of the Smad complex, 
along with the physical blocking of p300 and CREB-binding protein (p300/CBP), 
both of which are co-activators to Smad3 [30]. This initial contact promotes the 
formation of a transcriptional-silencing complex where Ski/Sno recruits N-CoR via 
its DHD, which then associates with chromatin-modifying proteins such as his-
tone deacetylase (HDAC), methyl-CpG binding protein 2 (MeCP2), mSin3A and/
or homeodomain-interacting protein kinase 2 (HIPK2) [31]. While several protein-
protein interactions have been identified for Ski, other members of the Ski/Sno su-
perfamily such as Fussel-15 and Fussel-18 are known to bind Smad2 and Smad3 in 
a similar fashion however their expression has been limited to neuronal tissues [32].

In contrast to the N-terminus, the C-terminal region of Ski/Sno is much less 
conserved. A small region near the C-terminus has been associated with homo- and 
heterodimerization of Ski and SnoN [33] and variability in the degree of TGF-β1 
repression. Heterodimers of Ski and SnoN possess greater oncogenic potential and 
are more thermodynamically stable than homodimers of either protein [34]. Al-
though the dimerization of Ski/Sno proteins plays some role in the efficacy of the 
co-repression, the overall importance of the event has yet to be fully characterized.

4 � TGF-β Regulation of Ski/Sno

While both Ski and SnoN are affected by TGF-β1 post-translationally, the expres-
sion of SnoN is directly modified by TGF-β1 signaling whereas Ski is not. The ex-
pression of Smad-mediated ubiquitination regulatory factor 2 (Smurf2) is induced 
shortly after stimulation by TGF-β1 which subsequently labels Smad2, Ski, and 
SnoN for degradation via ubiquitination [35–37]. The effect is two-fold for nuclear 
SnoN, whose interaction with Smad2 enhances the ability for Smurf2 to recruit 
the ubiquitin-dependent proteasome [38]. In addition, a marked increase in SnoN 
approximately 2h after TGF-β1 stimulation results from the binding of a Smad2/
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Smad4 complex to a TGF-β-responsive element (or Smad binding element) in the 
SnoN promoter [39]. Thus SnoN expression is  a component of negative feedback 
in TGF-β1 signaling. While the significance of the bi-phasic nature of Smurf2 in 
fibrotic heart tissue has yet to be determined, it has been linked to fibroblast trans-
formation in human cancer cells [39].

5 � Ski/Sno Regulation of TGF-β1 Signaling

Ski and Sno are capable of regulating TGF-β signaling through the disruption of 
Smad signaling at both the cytoplasmic and nuclear levels [40, 41]. As the study of 
Ski/Sno proteins was initially conducted in cancer and immortalized cells, the belief 
that these proteins acted solely as nuclear signaling moieties was established [22, 
42]. Subsequent studies demonstrated that the sub-cellular distribution of Ski and 
SnoN depends on a variety of factors, including cell type and cytokine environment 
both within and surrounding the cell [40, 43]. It has become evident that the distri-
bution of sub-cellular components may underpin prominent pathogenetic changes 
within the progression of cardiac fibrosis.

Under normal physiological conditions, SnoN is primarily localized to the cy-
toplasm [40]. This is in stark contrast to transformed cells where SnoN is uniquely 
nuclear. Accumulation of nuclear SnoN increases dramatically upon altered cellu-
lar state including cell cycle arrest, differentiation, and phenotypic adaptation [40]. 
While nuclear SnoN is subject to TGF-β-induced proteosomal degradation, cytoplas-
mic SnoN is far more resistant to this mode of removal and functions to prevent 
the nuclear translocation of Smad2/3-Smad4 heterotrimers, essentially repressing 
the TGF-β1 signaling cascade. Experiments with a truncated variant of SnoN indi-
cated impaired proteosomal removal of the variant, which in turn, abrogated TGF-
β-induced cell cycle arrest and was associated with increased cell proliferation and 
eventual transformation [44]. While these observations have not yet been verified in 
myocardial cells, the argument that, based on its main function as a repressor protein 
of TGF-β1 signaling, modulation of SnoN distribution in fibroblast cells of healing 
myocardial infarcts could influence myofibroblast trans-differentiation and ultimately 
the progression of matrix dysfunction, chronic wound healing, and eventual fibrosis.

In contrast to SnoN, the intracellular distribution of Ski and its post-translational 
modifications eg, phosphorylation and ubiquitination, are better understood. We 
suggest that Ski activation may play a complex role in post-myocardial infarction 
(MI) wound healing. In this context, it has been shown that cytosolic Ski negatively 
regulates TGF-β1 signaling [45]. Furthermore, a recent in vitro study in primary rat 
cardiac fibroblasts indicates that acute TGF-β1 stimulation induces a marked shut-
tling of Ski into the nucleus [46]. The same study showed that cytosolic levels of 
Ski are significantly increased in post-MI cardiac tissue, in vivo. Thus a decrease 
in nuclear Ski could be responsible for unimpeded TGF-β1 signaling, resulting in 
improper wound healing of the heart post-MI. While nuclear Ski has a molecular 
weight of 95 kDa, the cytosolic isoform has a molecular weight of 105 kDa, sug-
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gesting that an undefined post-translational modification had occurred [46]. Previ-
ous investigations showed that Ski accumulates in the cytoplasm of epithelial cells 
when proteasomal activity is inhibited [47]. While Ski is known to be phosphory-
lated [48], the significant variation in molecular weight leads us to suggest that 
ubiquitination and proteasome activity may provide an alternative modality for con-
trol of function. Further elucidation of the physiological significance of Ski and its 
undefined isoforms in the healthy and post-MI heart, as well as its role(s) in wound 
healing is of major interest and significance.

6 � Implications of Ski/Sno Function in the Pathology 
of Cardiac Fibrosis

Preliminary investigations into the role of Ski in the regulation of the cardiac myo-
fibroblast phenotype have shown that Ski overexpression promotes the reversal or 
“dialing back” of the myofibroblast phenotype to a fibroblast-like state in vitro [46]. 
Parallel in vivo analyses using a rat model of myocardial infarction (MI) also re-
vealed the up-regulation of cytosolic Ski with a corresponding decrease in nuclear 
localization in the peri-infarct region of myocardium surrounding the infarct scar, as 
well as in myofibroblasts in the scar. With this in mind, the regulatory mechanisms 
underlying Ski/Sno signaling in fibroblast and myofibroblast cells are likely of con-
siderable importance with respect to cardiac fibrosis.

As Ski/Sno proteins have been implicated in the induction and progression of 
cardiac fibrosis, it is of interest to investigate potential downstream targets with an 
emphasis on controlling the fibroblast phenotype in damaged or fibrosing myocar-
dium. While the full complement of Ski-targeted proteins has been only partially 
described, those identified thus far have been associated with development, dif-
ferentiation, and transcriptional regulation. For example, the Zeb2 E-box binding 
protein which regulates the expression of Mesenchyme homeobox 2 (Meox2 or 
Gax) is a downstream target of Ski signaling [49, 50]. While Meox2 was originally 
associated with muscle development, recent analyses provided by Cunnington et al. 
revealed that Ski-mediated repression of Zeb2 in cardiac fibroblasts up-regulates 
the expression of Meox2 [49, 51]. In addition, rat ventricular myofibroblasts over-
expressing Meox2 showed increased proliferation. However down-regulation of 
nuclear Meox2 corresponds to significantly decreased expression of myofibroblast 
markers. It was also observed that the expression of Zeb2 is markedly increased in 
cardiac myofibroblasts and that this expression is down-regulated subsequent to 
overexpression of Ski [49]. Thus, the differential expression of Meox2 and Zeb2, 
mediated by Ski is a viable mechanism by which myofibroblast phenoconversion 
occurs. Subsequent findings have shown that the sub-cellular localization of Zeb2 
and Meox2 also varies between the fibroblast and myofibroblast phenotypes. In 
the quiescent fibroblast phenotype, Meox2 appears to be confined to the nucle-
us, whereas in activated myofibroblasts, Meox2 is distributed throughout the cy-
toplasm. Conversely, it was found that Zeb2 is more concentrated in the nucleus 
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of myofibroblasts, presenting an interesting dichotomy of sub-cellular localization 
with respect to Ski, which is mainly cytoplasmic in the post-MI myofibroblast [46]. 
It was suggested that nuclear Ski maintains elevated levels of Meox2 to sustain fi-
broblast quiescence. Additional elucidation of this putative mechanism would bring 
a greater understanding to the mechanisms underlying myofibroblast phenoconver-
sion. Further study into the downstream effects of Ski/Sno and related proteins in 
cardiac fibroblasts is also warranted. However, studies to address the regulatory 
factors controlling the expression of Ski and SnoN also merits attention to better 
elucidate their activity in both the healthy and pathological state.

As the effects of intracellular TGF-β1 signaling are diverse, cross-talk with other 
signaling pathways are not uncommon. One particular Smad-independent TGF-β1 
response involving the p38 mitogen-activated protein kinase (p38 or p38 MAPK) 
pathway is of interest as its activation, which results in cell cycle arrest, has been 
linked to the dysregulation of Ski [52]. Work carried out by Li et al. demonstrated 
that the decreased levels of Ski in vascular smooth muscle cells (VSMCs) after 
injury to rat arteries was correlated with significant VSMC proliferation [52]. Us-
ing in vivo gene therapy to up-regulate Ski expression after injury, the degree of 
VSMC propagation was markedly decreased. It was found that Smad3 phosphory-
lation, normally indicative of TGF-β1 signaling, was decreased and was coupled 
with evidence that p38 signaling was activated. While these observations explain 
the inhibitory effects of Ski, they are not sufficient to elaborate as to how Ski levels 
are down-regulated in injured vascular tissue. Subsequent investigations found that 
Ski gene expression is negatively regulated by microRNA-21 (miR-21) in VSMCs 
[53]. A putative miR-21 recognition sequence was identified at the 3ʹ-UTR of the 
Ski mRNA transcript in rats. Furthermore, it was found that an increase in miR-
21 transcripts stimulated VMSC proliferation and inhibited p38-p21-p27 signaling 
resulting in a complete reversal of the effects of Ski up-regulation. Prior to these 
findings, miR-21 had already been identified as a key contributor to the onset of 
myocardial disease by inducing MAPK signaling in cardiac fibroblasts, thus pro-
moting interstitial fibrosis [54, 55]. Despite these findings, the precise mechanism 
by which miR-21 induces a pro-fibrotic state remains unclear. Although confirma-
tion of miR-21 regulation of Ski in cardiac fibroblasts is still required, it presents an 
appealing target for fine-tuning Ski expression. Indeed, miR-21 has already piqued 
the interest of the pharmaceutical industry as a potential target for kidney fibrosis; 
several others (i.e.: miR-15 family and miR-29) have also been noted for their pu-
tative value in treatment of cardiac remodeling [56]. Future examinations of Ski/
Sno proteins in cardiac fibroblasts and myofibroblasts should include analyses of 
relevant miRNA expression to broaden the therapeutic arsenal with which effective 
treatment for cardiac fibrosis could be formulated.

Evidently, the Ski/Sno superfamily is of paramount importance to the manage-
ment of cellular responses to multiple factors. The complex, environment-specific 
nature of Ski/Sno functionality presents an interesting paradigm when consider-
ing Ski/Sno proteins as potential therapeutic targets for TGF-β1-induced fibrosis. 
Therefore, the modulation and sub-levels of control of Ski/Sno activity, along with 
crosstalk to other signaling pathways, are of principal interest when the targeted 
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down-regulation of TGF-β1 in myofibroblasts is the ultimate goal of future treat-
ment, and perhaps prevention, of cardiac fibrosis.

7 � The Hippo Pathway

Another pathway that has been identified to regulate TGF-β1 signaling through non-
canonical mechanisms is the recently identified Hippo pathway. The Hippo signal-
ing pathway was originally discovered as a central regulator of organ size and tumor 
development in Drosophila melanogaster ( D. melanogaster) [30, 57–61]. Its role 
has since grown in scope to include stem cell function, development, and disease 
including cancer and fibrotic diseases. In the early 2000’s a search for modulators 
of tissue overgrowth lead to the identification of a core kinase cascade responsible 
for regulating tissue size during development [58, 60, 62–64]. This pathway, later 
coined the Hippo pathway, was comprised of the Hippo and Warts kinase, the adap-
tor proteins Salvador and Mob, the transcription factor Scalloped, and the transcrip-
tional regulator Yorkie. Activation of Salvador and Mob by Hippo lead to Warts 
phosphorylation of Yorkie and Yorkie’s exclusion from the nucleus [57, 61, 65]. 
Within the nucleus Yorkie promotes cell proliferation and inhibits apoptosis through 
its association with the transcription factor Scalloped [61, 65].

As the Hippo pathway became well known for its role in regulating fruit fly 
development, studies into other organisms found Hippo signaling to be highly 
conserved within eukaryotes. The core components of mammalian Hippo signal-
ing include mammalian sterile 20-like (Mst1/2), salvador-like homolog (Sav1), 
large tumor suppressor (Lats1/2), MOBs, TEA-domain family member (TEAD), 
and Yes-associated protein/transcriptional co-activator with a PDZ-binding domain 
(YAP/TAZ) which are the orthologs to Hippo, Salvador, Warts, Mats, Scalloped, 
and Yorkie in D. melanogaster respectively [64, 66]. YAP and TAZ are paralogs that 
share approximately 45 % identity and are functionally similar. Structurally, both 
contain a C-terminal PDZ-binding motif, an N-terminal TEAD binding domain, 
and a WW-domain (two tryptophan residues separated by 20–23 amino acids) that 
recognizes a PPXY (proline, proline, any, tyrosine) motif in proteins which regulate 
their sub-cellular localization and activity levels [64, 67, 68]. In this discussion we 
will consider YAP and TAZ as one (YAP/TAZ) due to their regulational and func-
tional similarities, except where otherwise stated.

In the mammalian Hippo signaling pathway, phosphorylation of Mst1/2 recruits 
and binds Sav1 [69, 70]. This complex then phosphorylates Lats1/2 which in turn 
binds to MOB1 and induces its auto-phosphorylation. Finally Lats1/2 phosphory-
lates YAP/TAZ and prevents their nuclear translocation and/or targets nuclear YAP/
TAZ for nuclear exportation through association with 14-3-3 protein chaperons 
[68]. Ultimately, phosphorylation of YAP and TAZ results in cytoplasmic retention 
and inhibition of proliferative and survival signals (Fig. 2) [70]. When de-phosphor-
ylated, YAP is found within the nucleus where it interacts with TEAD transcription 
factors to regulate the transcription of genes that control tissue growth, and cell 
survival [64, 71, 72]. Activation of the canonical Hippo pathway in mammals is 
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not well understood; however, FAT4 and CD44 cell surface receptors have been 
demonstrated to regulate the core components of Hippo signaling through some yet 
to be determined factors [67]. In addition to canonical signaling, YAP/TAZ can be 
activated through a variety of other stimuli including G-protein coupled receptors 
[73], cell-to-cell contact [74], cell polarity[64, 75], adhesion and junction proteins 
[71], and mechanical stress [76–78].

8 � YAP/TAZ and Mechanical Stress

As discussed above, activation of the myofibroblast phenotype can be induced 
by mechanical stress [13, 15, 21, 79]. In cell culture, 2-dimensional plating of fi-
broblastic cells onto plastic, a relatively stiff substrate, biomechanically activates 

Fig. 2   Canonical Mammalian Hippo Signaling. Mst1/2 macrophage stimulating 1 or 2, Sav1 
Salvador homolog 1, Lats1/2 large tumor suppressor kinase 1 or 2, Mob Mps one binder, YAP 
Yes-associated protein, TAZ Transcriptional co-activator with PDZ binding motif, TEAD transcrip-
tional enhancer factor domain family member, 14-3-3 14-3-3 proteins, P phosphorylated

 



156 M. R. Zeglinski et al.

their phenoconversion from the fibroblast to the myofibroblast phenotype. Con-
versely, those cells cultured onto relatively soft or compressible silicon substrates 
(5-kPa compressibility), which is comparable to the “soft” physiological stiffness 
of 3-dimensional matrices in vivo, retain their quiescent phenotype [13, 21, 79]. 
Recent studies have provided evidence that extracellular matrix stiffness can regu-
late YAP/TAZ sub-cellular localization and transcriptional activity independent of 
upstream Hippo components [76–78, 80]. A study by Dupont et al. used a bioinfor-
matics approach to identify which signaling pathways were activated when cells 
were under mechanical stress [76]. They found that the YAP/TAZ transcriptional 
regulators were relatively over-represented in those cells under mechanical stress. 
Their functional studies demonstrated that mammary epithelial cells (MECs) grown 
on fibronectin-coated acrylamide hydrogels ranging in Young’s modulus (a measure 
of elasticity) from 0.7 to 40 kPa demonstrated a near linear range of YAP activa-
tion levels. Cells grown on stiff (40 kPa) hydrogels, representative of scar tissue, 
had an activity level similar to that of MECs grown on hard plastic [76], whereas 
MECs grown on soft (0.7 kPa) hydrogels, representing physiologically healthy tis-
sue, inhibited YAP/TAZ activation to levels that were comparable to that of siRNA 
knockdown studies.

As the Hippo cascade is an inhibitor of YAP/TAZ function, the “gold standard” 
for measuring the activity level of the Hippo pathway has been to identify the sub-
cellular localization of YAP/TAZ. Further evidence that mechanical stress can influ-
ence YAP/TAZ activity came from immunofluorescent studies. Those cells grown 
on stiff substrates had strong nuclear localization of YAP/TAZ, whereas those cul-
tured on soft substrates had YAP/TAZ primarily localized to the cytoplasm [76]. 
To demonstrate a biologically relevant aspect of this phenomenon, mesenchymal 
stem cells (MSC) were cultured on soft (cytoplasmic YAP) and stiff (nuclear YAP) 
matrices as MSCs are capable of differentiating into different cell linages depend-
ing on their environment. MSCs cultured on stiff substrates undergo osteogenic 
differentiation,which could be prevented through inhibition (by phosphorylation) of 
YAP and TAZ. Conversely, MSCs cultured on soft substrates undergo adipogenesis 
[76]. These phenoconversion events were found to be independent of the upstream 
Hippo signaling cascade as knockdown of Lats1/2 (an inhibitory kinase for YAP/
TAZ) in osteoblast differentiated MSCs could not rescue the phenotype [76].

How is it that the stiffness of the ECM is capable of influencing intracellular 
signaling pathways? Transduction of these mechanical cues is mediated through 
the cytoskeleton. Formation of stress fibers is characteristic of the myofibroblast 
phenotype. Both F-actin and Rho (regulators of the cytoskeleton and stress fiber 
formation) appear to play important roles in the regulation of YAP/TAZ [74, 76, 77, 
80–84]. Treatment of NIH-3T3 cells with anti-actin drugs resulted in a reduction 
in the amount of stress fiber formation along with cytoplasmic retention of YAP 
[74]. To demonstrate that F-actin was the specific cytoskeletal element required for 
YAP regulation, microtubules were disrupted with the drug nocodazole. Despite 
microtubule disorganization, there was no difference in YAP sub-cellular localiza-
tion between nocodazole-treated and untreated controls [74]. These experiments 
are supported by a similar study conducted in D. melanogaster where cytochalasin 
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D, an F-actin destabilizing drug, reduced the activity level of Yorkie (the D. me-
lanogaster homolog of YAP) [80]. To determine that F-actin was the cytoskeletal 
regulator of Yorkie activity, treatment with the myosin inhibitors blebbistatin, ML-
7, and Y27623 resulted in a phenotype similar to that which was seen with the anti-
actin drugs in NIH-3T3 cells, which included reduced stress fiber formation and 
increased cytoplasmic YAP.

It is clear that the extracellular environment that a cell is surrounded by in three 
dimensions plays a significant role in modulating its phenotype and function. Trans-
duction of extracellular mechanical forces to the cell plays a critical role in deter-
mining the cells response to that environment. In addition to activation TGF-β1 
(discussed in detail above), mechanical stress can induce the activation and nuclear 
accumulation of YAP/TAZ leading to cell proliferation, differentiation, and surviv-
al. To date, the role that YAP/TAZ play within the cardiac fibroblast is unknown, 
however it is likely that YAP/TAZ play a significant role in regulating the myofibro-
blast phenotype, particularly during chronic wound healing.

9 � Cross-Talk Between the Hippo and TGF-β Pathways

Both TGF-β/Smad and YAP/TAZ/Hippo signaling have been shown to play impor-
tant roles in regulating cell phenotype and function. Recently, Hippo signaling has 
been demonstrated to play a significant role in regulating Smad-mediated TGF-β1 
signaling [64, 75, 84]. Both YAP and TAZ have been shown to play a role in dictat-
ing Smad complex sub-cellular localization and activation levels [75, 85]. In a 2008 
study by Varelas et al. TAZ was found to bind to Smad2/4 and Smad3/4 complexes 
following TGF-β1 treatment in Mv1Lu cells [85]. To lend a functional aspect to 
their findings, they used a reporter system and found that TGF-β1 responsive Smad 
reporters were significantly inhibited in TAZ knockout cells, indicating that TAZ 
may be a critical factor in Smad-mediated gene transcription at the level of the gene 
promoter [85]. Additionally, their studies found that TAZ was a critical factor for 
Smad2 nuclear accumulation in human embryonic stem cells (hESC). Upon TGF-β1 
stimulation, Smad2 was primarily nuclear, however when TAZ expression was lost, 
Smad2 was redistributed amongst the entire cell despite TGF-β1 stimulation [85]. 
These studies have since been duplicated in HepG2, Cos7, and NIH-3T3 cells dem-
onstrating the broad range of Hippo/TGF-β interaction in a variety of cell types. 
Interestingly, over-expression of TAZ leads to its accumulation in the cytoplasm 
which prevented Smad nuclear localization. Thus, sub-cellular localization of TAZ 
has a direct impact on TGF-β/Smad dependent signaling.

As YAP and TAZ are functionally similar, a 2011 study by Varelas et al. dem-
onstrated YAP was also able to directly interact with Smads and regulate TGF-β1 
mediated gene signaling [75]. In addition to their previous study, the Varelas group 
demonstrated that cell density plays a major role in YAP/Smad localization and 
function. At low cell densities YAP and Smad-complexes co-localized to the nu-
cleus, whereas at high densities YAP and Smad-complexes were exclusively co-
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localized to the cytoplasm [71, 74, 75]. In addition, they also showed that polar-
ized epithelial cells displayed cytoplasmic YAP which restricted R-Smad/Co-Smad 
nuclear localization [75]. Epithelial cells that had lost their polarization display 
increased YAP/Smad nuclear localization and an increased sensitivity to TGF-β1 
stimulation. The effects of YAP/TAZ on Smad signaling were found to be regu-
lated by upstream members of the Hippo pathway, specifically Mst1/2 and Lats1/2. 
Single and/or double knockout of either Mst1/2 or Lats1/2 resulted in an increase 
of YAP/TAZ nuclear accumulation, Smad2/3 nuclear accumulation and induction 
of TGF-β1 regulated genes [75, 85]. While studies aimed at describing a specific 
role for YAP/TAZ in the regulation of TGF-β1 in health and disease are relatively 
few, the potential for these proteins to play a significant role in the pathogenicity of 
numerous diseases, including cardiac fibrosis, is significant due to the major role 
that TGF-β/Smad signaling plays in the myofibroblast.

10 � The Effects of YAP in the Heart

Several studies have described a significant role for YAP/TAZ in the developing 
and diseased heart [64, 86–90]. Specifically, YAP/TAZ has been shown to have 
a major influence on cardiomyocyte proliferation and survival [87–92]. During 
mouse embryogenesis, conditional knockout of YAP in vivo is embryonically lethal 
by day 10.5 (E10.5) due to myocardial hypoplasia and contractile deficiency as a 
result of reduced cardiomyocyte proliferation [90]. Additionally, conditional knock-
out of Sav-1 at E9.5 showed a significant reduction in phospho-YAP levels but no 
change in total YAP levels. Unlike YAP conditional knockouts, Sav1 conditional 
knockout animals survived to term but died soon after due to cardiomegaly [90]. 
Over-expression of YAP has been shown to stimulate myocyte proliferation and 
increased heart size (cardiomegaly) [86, 89, 90]. Transgenic mice over-expressing 
YAP displayed a thicker myocardium and an increased heart weight/tibia length 
ratio [90]. Following injury, such as MI, forced expression of constitutively active 
YAP (YAPCon+) by changing Serine112 to an Alanine (S112A) to prevent Lats1/2 
phosphorylation of YAP promoted cardiac regeneration by inducing cardiomyocyte 
proliferation, thereby reducing scar size, and improving cardiac function [86, 89]. 
Some studies have shown that transgenic mice with YAPCon+ had complete cardiac 
regeneration after injury with little to no scaring [90]. Deletion of upstream regula-
tors of YAP, such as Sav1, Mst1/2 or Lats2 (which regulate the phosphorylation 
and inhibition of YAP by sequestering it in the cytoplasm), lead to a phenotype that 
was phenotypically equivalent to YAPCon+ [87]. Conversely, cardiomyocyte specific 
knockdown of YAP in post-natal mice hearts demonstrated gross cardiac deficien-
cies as deletion suppressed myocyte proliferation during development [86, 92]. 
Post-natal mice demonstrated functional deficits by 6 weeks and significant wall 
thinning with dilated cardiomyopathy as early as 9 weeks which worsened with age 
and resulted in cardiac fibrosis and lethal heart failure [90].
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A role for YAP/TAZ signaling in cardiac fibroblasts has yet to be described. As 
YAP/TAZ induces cell proliferation and survival, we suggest a role for YAP/TAZ in 
promoting the myofibroblast phenotype in the stressed/damaged heart. Following 
cardiac injury, such as MI, cardiac fibroblasts undergo a phenoconversion to be-
come hyper-synthetic cardiac myofibroblasts. Acutely, their presence is beneficial 
as they secrete collagen fibres which form scar tissue to provide tensile and struc-
tural strength to the injured myocardium. When scar formation is near completion, 
the majority of cells undergo apoptosis and are removed by macrophages. However, 
myofibroblasts have been shown to persist within the infarcted region for years fol-
lowing the initial injury, continually producing scar tissue. Chronic and excessive 
deposition of scar tissue will lead to go global cardiac stiffening and ultimately 
result in heart failure. We suggest that the chronic deposition of scar tissue provides 
a niche to the myofibroblast that allows for constitutive activation of nuclear YAP/
TAZ, which supresses genes associated with cell death and promotes those associ-
ated with survival and proliferation. This may be a novel mechanism by which 
myofibroblasts are able to “escape” the normal wound healing response and induce 
pathological remodeling of the myocardium. While this theory merits exploration, 
the therapeutic potential of targeting YAP/TAZ and the Hippo pathway in cardiac 
disease is an attractive target for pharmaceuticals for those patients suffering from 
heart failure.

11 � Synopsis

Regulation of TGF-β1 signaling is complex and involves a variety of factors, some 
of which may have yet to be discovered. TGF-β1 signaling has been demonstrated 
to play a significant role in the pathogenesis of numerous fibrotic diseases including 
MI. In the healthy heart, TGF-β1 signaling is the sum of stimulatory (R-Smad, YAP/
TAZ) and inhibitory (I-Smad7, Ski/Sno, YAP/TAZ) factors. During disease, this 
balance is lost and the scale is tipped and promotes the synthesis and secretion of 
fibrillar collagens. Two pairs of structurally and functionally similar proteins have 
recently been identified to play a role in TGF-β1 regulation of the myocardium. 
Although Ski/Sno have been shown to inhibit TGF-β1 signaling through disruption 
of Smad complexes, YAP/TAZ has been demonstrate to either promote or inhibit 
Smad signaling depending on its phosphorylation status.

Our group has recently described a role for Ski in cardiac myofibroblasts, dem-
onstrating its ability to revert the myofibroblast to a proto-myofibroblast phenotype 
through its ability to disrupt Smad signaling [46]. Unlike Ski, YAP/TAZ has yet to 
be characterized in playing a role in the cardiac myofibroblast during myocardial 
remodeling. It has, however, been shown to play a significant role in regulating 
cardiomyocyte proliferation and survival, thus it is likely that YAP/TAZ play an 
important role in regulating the fibrotic response, possibly through fibroblast-to-
myofibroblast phenoconversion. We believe that Ski/Sno and YAP/TAZ are in a 
steady balance in the healthy heart which is lost following cardiac injury and pro-



160 M. R. Zeglinski et al.

motes a fibrotic environment (Fig. 3). While this hypothesis requires exploration, it 
provides an attractive means to regulate the myofibroblast phenotype and function.
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Abstract  The mechanisms of gene regulation in cardiac hypertrophy and fibrosis 
are important in understanding the regulation of pathological gene expression in 
the heart. Cardiac hypertrophy is characterized by enlargement of the heart as a 
result of an increase in cardiomyocyte size and also enhanced fibrosis due primarily 
to phenotypic conversion of fibroblasts to myofibroblasts. Also, atherosclerosis, a 
disease characterized by formation of plaque within the arterial wall, and resteno-
sis, which is the process of arterial wall healing in response to vascular injury, are 
highly affected by vascular remodelling. Vascular smooth muscle cells thus play 
a key role in vascular remodelling, as they modulate their phenotype in response 
to vascular injury and are a significant source of extracellular matrix components 
of the vessel wall. In view of the profound effects of both the fibroblast to myofi-
broblast conversion and also the role of vascular smooth muscle cells in vascular 
remodelling, we review the activation of the smooth muscle actin gene in these con-
texts to examine the common and non-overlapping molecular circuitry underlying 
these cellular processes in the cardiovascular system.

Keywords  Vascular smooth muscle cell · Arterial wall · MEF2 · TGFβ · Myocardin

Cardiac hypertrophy is characterized by the enlargement of the heart as a result of 
an increase in cardiomyocyte size and enhanced fibrosis due primarily to phenotyp-
ic conversion of fibroblasts to myofibroblasts. This is typically a result of increased 
biomechanical stress. There are two types of cardiac hypertrophy: physiological 
hypertrophy and pathological hypertrophy [1]. The former occurs during normal 
growth and development, and also in response to exercise and pregnancy, whereas 
the latter occurs typically due to loss of cardiomyocytes following myocardial in-
farction or as a result of arterial hypertension. Physiological hypertrophy is not 
associated with adverse cardiac function, fibrosis or heart failure, whereas patho-
logical hypertrophy results in congestive heart failure, arrhythmia and mortality 
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[2]. It should be noted that cardiac hypertrophy can also have a genetic basis due to 
mutations in contractile proteins of the cardiac muscle sarcomere, such as β-myosin 
heavy chain, myosin light chain, troponin, actin, myosin binding protein C and 
α-tropomyosin [3]. However, most of the studies reviewed here are based on hyper-
trophic adaptations to hypertension or experimental model systems that mimic it.

During pathological hypertrophy in the adult, there is an up-regulation of genes 
normally associated with embryonic and fetal development concurrently with a 
down-regulation of adult myocardial genes. There are various alterations in cardiac 
gene expression which result in both apoptosis and fibrosis [4]. This phenomenon 
is termed ‘fetal gene activation’ and involves increased expression of β-MHC, atrial 
natriuretic factor, SM22, smooth muscle and skeletal muscle α-actin. Furthermore, 
cardiomyocytes decrease their overall oxidative capacity and rely on anaerobic glu-
cose metabolism; it appears that physiological hypertrophy plays an adaptive role to 
increased cardiac wall stress. Conversely, pathological hypertrophy will ultimately 
result in congestive heart failure [5].

The mechanisms of gene regulation in cardiac hypertrophy are important to un-
derstands the regulation of pathological gene expression in the heart. For example, 
forced expression of activated calcineurin induces hypertrophy, fetal gene activa-
tion and heart failure in the transgenic mouse [1]. CaMKs phosphorylate class IIa 
HDACs to relieve their repressive effects on transcription, and forced expression 
of CaMKIV in the heart also induces hypertrophy, concomitanly with increased 
expression of ANF and down-regulation of α-MHC [6]. CAMKII is also an impor-
tant factor in cardiac excitation-contraction coupling in response to β-adrenergic 
signalling [7], but also plays an important role in pathological cardiac remodelling 
in response to endothelin-1 [8]. Interestingly, CaMKII targets HDAC4 specifically, 
to promote fetal gene activation following α-adrenergic agonist treatment [9]. Mice 
deficient in CaMKIIδ are protected from pathological hypertrophy and fetal gene 
activation [10], however targeted deletion of HDAC5 and HDAC9 results in cardiac 
hypertrophy and increased pressure overload resulting in cardiac remodelling and 
increased fetal gene activation [11].

Cardiac remodelling, a phenomenon which occurs in response to heamodynamic 
load and/or injury, is characterized by a physical alteration in the hearts’ dimension, 
mass or shape, and there are several molecular pathways which regulate cardiac 
remodelling. There are several agonists of cardiac remodelling, including Angioten-
sin II (AngII), Endothelin-1 (ET-1) and α-adrenergic stimulation [12]. Many studies 
have shown that these agonists that activate Gq-coupled receptors target specific 
downstream targets such as PKC and PKD1, which are important for the nuclear 
export of HDAC5 in cardiomyocytes [13]. Reduced expression of PKD1 prevents 
agonist-induced hypertrophy in cardiomyocytes, whereas conditional deletion of 
PKD1 in mice shows improved cardiac function and reduced hypertrophy [14].

1 � Atherosclerosis and Restenosis

Atherosclerosis is a disease that is characterized by the formation of a plaque (also 
termed atheroma), within the arterial intima and media. Following the formation of 
the atheroma, the lumen will eventually narrow to cause ischemia. Disruption of 
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the atheroma results in thrombus formation, which is the leading cause of angina, 
myocardial infarction and even cerebral infarction in the brain [15].

Atherogenesis is a process that occurs in response to chronic injury such as shear 
stress or oxidative stress. Examples of sources of endothelial injury are free radicals 
produced from cigarette smoking, hypertension, diabetes mellitus, oxidized LDL 
and elevated homocysteine [15]. Free radicals and reactive oxygen species not only 
contribute to intimal injury, but also neutralize the protective effects of nitric oxide 
produced by the endothelium on the vasculature [16]. Injury to the intima results 
in changes to the endothelium’s capacity to regulate its adhesiveness and perme-
ability to various circulating factors. Importantly, upon injury, the endothelium will 
increase its production of vasoconstrictors (such as Ang-II and ET-1), which re-
sult in activation of cytokines and growth factors and subsequent internalization of 
oxidized LDL within the vessel wall. Internalization of LDL within the vessel wall 
stimulates conversion of macrophages into foam cells, which form the initial lesion 
during atherogenesis. Secretion of cytokines, chemokines and growth factors at the 
arterial lesion result in an inflammatory response which promotes proliferation and 
migration of vascular smooth muscle cells from the media to the lesion within the 
vessel wall [15].

As the VSMCs are being activated and migrate towards the site of lesion for-
mation, the formation of the atherosclerotic plaque continues, while the VSMCs 
form a fibrous cap over the lesion. At this stage, the lesion is considered as an ad-
vanced plaque, which will continue to develop as a result of increase proliferation 
of VSMCs, macrophages and T-cells. As the plaque grows larger, degradation of 
the fibrous cap is promoted by secretion of MMPs from the activated macrophages, 
resulting in instability of the plaque, and subsequent hemorrhage and rupture of the 
plaque [15] (Fig. 1).

Angiotensin II is a factor that plays a major role in not only formation of the 
plaque, but also its instability and rupture. Under oxidative stress conditions, 
Ang-II promotes vasoconstriction, inflammation and vessel remodelling. Vessel 

Fig. 1   Summary of atherogenesis: macrophages are recruited to consume oxidezed LDL and 
become foam cells within the arterial wall. Platelets adhere to the dysfunctional endothelium to 
release growth factors, causing VSMCs to alter their phenotype and proliferate and migrate to the 
site of plaque formation
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constriction is a result of angiotensin stimulating the release of endothelin-1 and 
noradrenaline, and also stimulates expression of monocyte chemoattractant protein 
1 (MCP-1) and tumor necrosis factor (TNFα). Angiotensin also activates NADH, 
which in turn promotes vascular oxidative stress, and induces expression of various 
growth factors, including PDGF, bFGF and IFG-1, which contribute to the vascular 
inflammatory response [16].

Restenosis is the process of the arterial wall healing in response to mechanical 
injury. It is comprised of two stages: neointimal hyperplasia and vessel remod-
elling. Neointimal hyperplasia is a result of platelet aggregation and inflamma-
tory cell infiltration as a result of release of cytokines and growth factors which 
stimulate recruitment of activated VSMCs to the site of injury. The resulting 
neointima is comprised of synthetic VSMCs, extracellular matrix components 
and macrophages. As a result of vessel remodelling, production of extracellular 
matrix components increases, and VSMCs at the site of neointimal formation ex-
hibit down-regulated expression of SM-MHC isoforms post-injury, but unaltered 
expression of SMα-actin. Interestingly, 6 months post arterial injury, expression of 
SM-MHC is recovered [17].

2 � Role of VSMCs in Atherosclerosis

The role of vascular smooth muscle cells (VSMCs) has been shown to be a key 
component of development, as they are the major source of extracellular matrix 
components of vessel walls [18]. During development, VSMCs will both prolifer-
ate and differentiate to form components of the vasculature. In development, the 
proliferative phenotype of VSMCs (synthetic phenotype) refers to migration and 
proliferation of these cells to specific sites to form the vasculature. On the other 
hand, differentiated VSMCs (contractile phenotype) line vessel walls to regulate 
blood flow. The earliest VSMC differentiation marker is smooth muscle α-actin 
(SMαA), whose expression can be detected as early as smooth muscle precursors 
are recruited into the vessel wall. Following SMαA induction, other smooth muscle-
marker genes are sequentially induced: SM22, calponin, SM-MHC I, and finally 
SM-MHC II [18].

Post-natally, VSMCs modulate their phenotype in response to various extracel-
lular signals, and, unlike striated muscle, do not terminally differentiate. This phe-
notypic modulation and expression of either the synthetic or contractile phenotypes 
is not mutually exclusive. Differentiated VSMCs in mature vessels express matrix 
components and proliferate at low levels. However, following vascular injury, con-
tractile VSMCs down-regulate muscle-specific differentiation genes and increase 
proliferation, to contribute to the vascular regenerative response and promote ves-
sel healing [19]. This phenotypic modulation, from contractile to proliferative, is 
key to maintaining the integrity of the vascular system, but also plays an important 
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role in many vascular diseases, such as atherosclerosis and restenosis following 
angioplasty [20].

VSMCs lie in the media of vessels, and are considered mature contractile cells 
that regulate the integrity of the vasculature, and also blood flow. In areas of turbu-
lent flow, as well as arterial bifurcations, where differences in pressure exist, there 
is a higher chance of developing atherosclerotic lesions [21]. Under shear stress 
or mechanical strain, VSMCs in these areas modify their phenotype as a result of 
atherogenic stimuli (fibronectin, collagen, PDGF and reactive oxygen species), to a 
synthetic one. VSMCs residing in the media will migrate into the developing lesion. 
The synthetic phenotype is characterized by increased DNA synthesis and expres-
sion of cell-cycle markers and a decreased expression of smooth muscle marker 
genes such as SM-MHC and SMα-actin. There is also a morphological change to 
the cells, whereby myofilaments are replaced with rough endoplasmic reticulum 
and golgi, as well as a change in the cell shape from a more elongated shape to a 
rounder one [20] (Fig. 2).

Activated VSMCs contribute to plaque formation and size, not only by migrating 
to the site of injury, but also by affecting lipid uptake through LDL receptors, by 
contributing to inflammatory cytokine production and by altering the production of 
extracellular matrix components [21].

Fig. 2   Schematic representation of the phenotypic switch of vascular smooth muscle cells between 
a quiescent/contractile and a proliferative/synthetic state
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3 � Transcriptional Regulation of Smooth Muscle 
Phenotype Conversions

There are several transcription factors as well as transcriptional co-regulators that 
have been shown to regulate the smooth muscle phenotype. GATA-6, a transcrip-
tion factor of zinc finger motif DNA-binding domain proteins, has been shown to 
play a key role in regulating SMC-specific promoters. In quiescent (or contractile) 
smooth muscle cells, GATA-6 is expressed, however in response to injury, it is 
down-regulated [22]. GATA-6 has been shown to be a key player in the induction 
of the differentiated smooth muscle phenotype; upregulation promotes withdrawal 
from the cell cycle. In a vascular injury model, the phenotypic switch of VSMCs 
into the de-differentiated or synthetic phenotype is associated with a downregula-
tion of GATA6 [23].

The smooth muscle myosin heavy chain promoter has been shown to be regulat-
ed by GATA6 through specific regulatory elements [24]. Apart from GATA6, there 
are various transcription factors that function in a combinatorial manner to regulate 
transcription of smooth muscle specific genes, and thus the quiescent, differentiated 
phenotype. It has been shown that GATA6, SRF and TAAT binding sites in the pro-
moter regions of smooth muscle-specific genes act in concert to promote transcrip-
tion [25]. For example, myocardin, a potent co-activator of SRF in both cardiac and 
smooth muscle cells functions through its interaction with SRF, which binds to cis 
elements termed CArG boxes, which are found in the promoters of muscle specific 
genes. Interestingly, CArG boxes are also found in the promoters of serum induc-
ible genes, which regulate proliferation. Thus it is evident how smooth muscle cells 
can fluctuate between a proliferated and differentiated state, as a result of which 
co-activators are regulating SRF on the CArG boxes of various genes. Therefore, 
binding of myocardin to SRF on muscle-specific promoters induces transcriptional 
activation and a differentiated phenotype [26].

4 � Fibrosis

A key factor in the majority of heart disease is the presence of fibrosis, an excess 
production of extracellular matrix proteins which alters the structure, shape of the 
heart. These changes to the heart, brought on by cardiovascular injury, have severe 
effects on ventricular contractility, valvular function and electrical conduction of 
the heart [27].

One of the key factors that has been implicated in fibrosis is TGFβ1. Although 
TGFβ1 is known to promote collagen production, little is known about the mecha-
nism by which it induces fibrosis. Studies have shown that TGFβ1 inhibition can 
attenuate fibrosis in the heart. Interestingly, genetic studies on TGFβ1 gene poly-
morphism and dysregulation have been shown them to be factors in having a pre-
disposition to heart disease. Therefore pharmacologic or targeted gene therapies are 
potentially important therapeutic approaches to treating fibrosis [28].
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To understand fibrosis, it is important to understand the structure and compo-
sition of the heart. The heart is not an organ that is comprised solely of muscle 
cells. In fact, in the heart, the number of fibroblast cells actually outnumbers that 
of cardiac myocytes. It is primarily the fibroblasts in the heart that give rise to the 
extracellular matrix and allows for fibrosis in the myocardium [28]. The connec-
tive and elastic tissue in the heart is important for the maintenance of structure and 
architecture of various components of the heart. However, fibrotic tissue in excess 
will give rise to cardiac pathologies. Increased levels of collagen within the myo-
cardium have an effect on ventricular elasticity [29]. Stiffening of the ventricle will 
then have an effect on myocyte contraction and relaxation, resulting in aberrant 
ventricular filling and thus increased pressure [30]. Presence of fibrotic tissues also 
has a detrimental effect on systolic function, due to increased collagen concentra-
tion in the myocardium. Although extracellular matrix proteins usually function as a 
repair mechanism, in fibrotic conditions where there is a reduction of muscle tissue, 
the outcome is poor ventricular contraction and reduced cardiac output. The fibrotic 
heart is not able to produce adequate pressures for systemic perfusion, as a result of 
increased collagen concentration and changes in ventricular geometry [31]. Overall, 
the presence and upregulation of fibrotic proteins results in a change in ventricular 
size and shape, which negatively influences heart function.

5 � Fibroblast to Myofibroblast Transition

Fibroblasts are spindle shaped cells that reside in the majority of tissues and or-
gans of the body that are associated with extracellular matrix molecules. They are 
characterized by expression of vimentin and absence of expression of desmin and 
SMα-actin. Activated fibroblasts are associated with synthesis and secretion of 
ECM molecules such as collagens, proteoglycans and fibronectin. Fibroblast cells 
originate from the mesenchyme and portray a diverse phenotypic variability such 
as non-contractile fibroblast, protomyofibroblast and contractile myofibroblast. 
Myofibroblasts are distinguished from fibroblasts by their expression of SMα-
actin in stress fibres and various ECM proteins. Although myofibroblasts express 
SMα-actin, they can be distinguished from actual smooth muscle cells by their lack 
of desmin and smooth muscle myosin expression (Fig.  3). The origin of myofi-
broblasts is uncertain. They may arise from transdifferentiation of fibroblasts and 
smooth muscle cells, however, whether the populations of myofibroblasts derived 
from fibroblasts or smooth muscle cells form distinct or similar populations is un-
known. Whether or not fibroblasts can differentiate into smooth muscle cells or vice 
versa also remains unclear, however it is possible that fibroblasts can differentiate 
into myofibroblast-like cells, whose protein expression pattern resembles that of 
smooth muscle cells [32, 33].

Recent studies have shown that following fibrosis or injury, the recruited fibro-
blasts or myofibroblasts may arise from different sources. Such sources could be de-
differentiated epithelial cells by epithelial-mesenchymal transition (EMT), bone mar-
row derived mesenchymal stem cells or tissue derived mesenchymal stem cells [34].
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Following tissue injury, such as myocardial infarction, the balance between col-
lagen synthesis and degradation is regulated by myofibroblasts. The origin of these 
cells is mainly from cardiac fibroblasts and have the ability to respond to various 
mechanical, paracrine and autocrine factors. In response to mechanical stretch or 
pro-inflammatory cytokines, myofibroblasts increase synthesis and deposition of 
ECM proteins to replace necrotic myocardial tissue; this process results in scar 
formation [35]. Myofibroblasts play a key role in the formation of stress fibres, 
expression of smooth muscle genes and collagen synthesis and deposition. Normal 
myofibroblast function involves stabilizing the infarcted area and promotes scar 
tussue formation and contraction. However, abnormal amounts of myofibroblasts 
as a result of persistent signal elevation can result in abnormal myocardial stiffness 
and impairment of ventricular function due to the excessive fibrotic deposition [36].

6 � Molecular Regulation of the Smooth Muscle Actin Gene 
in Phenotype Conversion

In normal arteries, VSMCs regulate vascular tone, and are quiescent, expressing high 
levels of contractile, smooth muscle-specific genes. Upon arterial injury, VSMCs 
lose expression of the contractile genes and proliferate. This is termed phenotypic 

Fig. 3   Schematic representation of the basic characteristics of fibroblast to myofibroblast 
transition
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modulation [37]. Fully differentiated smooth muscle cells upregulate genes encod-
ing proteins that are involved in smooth muscle contraction, such as α-actin, myosin 
heavy chain, myosin light chain, caldesmon, vinculin, calponin, SM22 and meta-
vinculin. However, many of these genes are also expressed in other cell types; for 
example, myosin light chain, caldesmon, vinculin and metavinculin smooth muscle 
isoforms are products of alternatively spliced genes that are expressed in a variety 
of cell types. The most abundant of the smooth muscle-specific genes is smooth 
muscle α-actin, which is exclusively expressed in smooth muscle, and smooth mus-
cle-related cells in normal adults. Although it is expressed transiently in cardiac and 
skeletal muscle during development, and also in myofibroblasts in tumors, wounds, 
and in proliferating smooth muscle cells in atherosclerotic lesions. Thus, because of 
its essential nature in VSMCs, the transcriptional regulation of the smooth muscle 
α-actin gene locus has become a paradigm for understanding the molecular regula-
tion of differentiation and phenotypic conversions in smooth muscle cells [38].

The smooth muscle α-actin gene proximal promoter region contains several con-
served regulatory elements that are essential in its regulation. One such element 
is the CArG box (CC[A/T6]GG), which was first identified as the serum response 
element (SRE) in the promoter region of the immediate early gene c-fos. It was first 
identified as playing a role in inducing promoter activity in response to growth fac-
tor stimulation. The CArG box is a consensus binding site for the serum response 
factor (SRF), which binds to DNA as a homodimer to promote transcription of a 
variety of genes, including smooth muscle-specific genes. Although it is ubiqui-
tously expressed, SRF is essential in the control of the smooth muscle α-actin pro-
moter. Interestingly, it has been shown to regulate two opposing events: activation 
of muscle-specific genes to promote differentiation, and activation of immediate 
early genes to promote proliferation [39].

The key to SRF-dependent regulation of smooth muscle-specific gene expres-
sion was found to be through the co-factor myocardin, which has been shown to be 
essential for smooth muscle cell differentiation. Myocardin transactivates multiple 
smooth muscle genes in a CArG dependent manner, but interestingly fails to acti-
vate c-fos, in the same manner, indicating that its role in differentiation is dependent 
on SRF. Unlike SRF, Myocardin is not ubiquitously expressed, and its expression is 
restricted to cardiac and smooth muscle tissue, it is evident that it plays a key role in 
the regulation of smooth muscle phenotypic regulation. Furthermore, studies have 
shown that activation of smooth muscle specific genes through myocardin occurs 
as a result of the interaction of myocardin and SRF, and not due to direct binding of 
myocardin to the promoter region of these genes [39]. Furthermore, the transcrip-
tion factor Myocyte Enhancer Factor 2 (MEF2), has been shown to play a critical 
role in the phenotypic modulation of smooth muscle cells, and like SRF, regulates 
both immediate early genes and smooth muscle marker genes. Calcium signalling 
has been implicated in the control of this phenotypic switching by controlling two 
distinct signalling pathways. It has been shown that induction of immediate-early 
genes occurs via de-repression of MEF2 from HDAC4 in a calcium/calmodulin-
dependent manner [19], whereas the induction of smooth muscle specific genes 
occurs via a MEF2-dependent RhoA/ROCK dependent signalling pathway. MEF2 
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has been shown to be genetically upstream of myocardin, and recent studies have 
documented that the RhoA/ROCK pathway is functioning through MEF2 and myo-
cardin to regulate calcium sensitivity in smooth muscle cells. This pathway involves 
the de-repression of MEF2 from PP1, the catalytic subunit of myosin light chain 
phosphatase which regulates contraction in smooth muscle cells, by the PP1 inhibi-
tor CPI-17 (PKC-potentiated protein phosphatase inhibitor of 17 kDa). Activation 
of the RhoA/ROCK pathway induces phosphorylation of CPI-17, which physically 
interacts with PP1 to relieve its repressive effects on MEF2, thus inducing expres-
sion of myocardin, resulting in its interaction with SRF and concomitant upregula-
tion of smooth muscle marker genes, including smooth muscle α-actin (Fig. 4) [40].

Recent studies have also implicated transforming growth factor β(TGFβ) in 
the phenotypic transition of smooth muscle cells. Little is known about the exact 
mechanism by which TGFβ functions to potently up-regulate smooth muscle spe-
cific genes, however studies have shown that in neural crest cells and fibroblasts, 
TGFβ induces smooth muscle α-actin, as well as other smooth-muscle specific 
genes, potentially through canonical Smad signalling, and the RhoA/ROCK 
pathway [41, 42].

Therefore, it is important to identify the mechanisms regulating the fibroblast 
to myofibroblast transition so as to control aberrant activation and cardiac patholo-
gies associated with excessive myofibroblast activity. Studies have demonstrated 
the hormone relaxin is produced in the heart to stimulate mouse neonatal cardio-
myocyte growth. Interestingly relaxin has been shown to inhibit TGFβ1-induced 
fibroblast to myofibroblast transition; this was indicated by a downregulation of 

Fig. 4   Summary of the regulation of myocardin/SRF smooth muscle marker gene expression 
through a RhoA/ROCK-MEF2-CPI-17-dependent mechanism [40]
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smooth muscle α-actin and type I collagen expression. It was found that the Notch-1 
signalling pathway is involved in this pathway, and inhibition of Notch-1 poten-
tiated TGFβ1 induced myofibroblast differentiation and abrogated the inhibitory 
effects of relaxin. Thus Notch appears to also play an important role by downregu-
lating TGFβ-dependent fibroblast to myofibroblast transitions, providing another 
potential therapeutic target [43, 44].

7 � Concluding Remarks

Cardiovascular disease is one of the leading causes of death worldwide. A charac-
teristic of patients presenting with hypertension and heart failure is cardiac fibrosis, 
due to constant activation of the tissue repair program and persistent activation of 
fibroblast migration to the site of injury. Initially, this mechanism serves to synthe-
size new extracellular matrix, however prolonged activation results in excess scar 
tissue formation leading to fibrosis. Although the mechanisms underlying fibro-
sis are being characterized, there is still much to learn concerning the underlying 
molecular etiology of fibrosis in order to allow advances in therapeutic interven-
tions. Basic studies have implicated a complex milieu of hormones and signalling 
pathways that contribute to the control of gene expression and ultimately the fibrot-
ic phenotype. One important challenge for cardiovascular disease will be to develop 
novel therapeutic approaches aimed at these molecular pathways.
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Abstract  Cardiac fibrosis ensues from a mismatch between extracellular matrix pro-
duction and degradation, resulting in increased and excessive deposition of matrix 
components including fibrillar collagen types I and III. Increased collagen synthesis 
and cross-linking strengthens the myocardium but also increases wall stiffness and 
thereby negatively impact both diastolic (filling) and systolic (contractile) function. 
Myocardial fibrosis occurs secondary to a host of cardiovascular diseases, includ-
ing hypertension, coronary artery disease with or without myocardial infarction, 
myocarditis of various origins, systemic fibrotic diseases (sclerosis), and congenital 
heart defects (including dilated and hypertrophic cardiomyopathies) (Chaturvedi et 
al., Circulation 121(8):979–988, 2010). Fibrosis is a significant contributor to the 
pathogenesis of heart failure (HF), which causes the majority of hospitalizations in 
patients over 65, and thus represents a considerable but largely ignored clinical con-
cern (Biernacka and Frangogiannis, Aging Dis 2(2):158–173, 2011).

While fibrosis has long been recognized as a common sequela to numerous car-
diovascular diseases, until recently diagnosis without biopsy was challenging, and 
thus the incidence and prevalence of cardiac fibrosis have been difficult to accu-
rately assess. Even more challenging has been the clinical management of cardiac 
fibrosis, which has largely been limited to the treatment of co-morbidities and re-
mains elusive. Here we review the presentation, diagnosis and treatment of cardiac 
fibrosis. The potential for future treatments and therapies is also examined, includ-
ing how research into fibrotic diseases in other tissues may provide promising new 
avenues of pursuit for ameliorating fibrosis in cardiac patients.
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1 � Clinical Presentation of Cardiac Fibrosis

Heart failure frequently occurs secondary to myocardial infarction or chronic arte-
rial hypertension, both of which typically present with clinically significant cardiac 
fibrosis. In hypertension, increased afterload and stress on the myocardium leads 
to hypertrophy of the left ventricle (LV) in an attempt to compensate for increased 
hemodynamic demand. Myocyte hypertrophy and progressive fibrosis lead to dys-
function of the LV, eventually resulting in heart failure and the development of 
cardiac arrhythmias which increase the risk of sudden cardiac death [3]. Mainte-
nance of fibrosis and progression to heart failure is further augmented by activation 
of neurohormonal and cytokine pathways in response to increased cardiac stress 
and injury. Multiple mechanisms thus converge to induce significant changes in 
cardiomyocytes and interstitial fibroblasts that worsen the degree of LV remodel-
ing and myocardial rigidity. These structural and functional changes at the cellular, 
tissue, and organ levels are the catalyst for the inevitable decline in cardiac output 
and diastolic function that leads to the inability of the heart to sufficiently meet the 
body’s demands.

Excess collagen production is mediated primarily by an activated fibroblast 
called the myofibroblast. Activation of myofibroblasts, which may also be derived 
from non-fibroblast sources, occurs in response to a variety of local and systemic 
pro-fibrotic factors [4]. The key players in cardiac fibrosis include injury-induced 
growth factors like transforming growth factor-β (TGF-β), connective tissue growth 
factor (CTGF), and platelet-derived growth factor (PDGF), neurohormonal agents 
such as the renin-angiotensin-aldosterone system (RAAS), proteins related to vas-
cular damage such as endothelin-1, and hemodynamic factors (pressure and volume 
overload) which alter the physical forces acting upon and throughout the myocar-
dium [5–9]. The interplay of these and other factors in driving the fibrotic process 
is complex and dependent upon the relative degree of activation of these various 
pathways, etiology of fibrosis, the presence and severity of disease in other organs, 
and patient genetics.

In general cardiac fibrosis typically presents in two forms, although the precise 
nomenclature of these forms is subject to some debate [10, 11]. Reactive fibrosis 
occurs as an adaptive response to increased cardiac stress (via pressure or volume 
overload) characterized by cardiomyocyte hypertrophy. Spreading from perivas-
cular spaces, reactive fibrosis presents as a diffuse deposition of excess collagen 
throughout the myocardium [12]. With increased dilatation, reactive fibrosis may 
eventually lead to the second form of fibrosis, replacement fibrosis, which is asso-
ciated with cardiomyocyte loss. In myocardial infarction, a post-injury inflamma-
tory phase induces expression of wound healing genes that initiate the infarct scar 
formation process. Replacement fibrosis occurs post-myocardial infarct directly 
succeeding the inflammatory phase and can completely bypass reactive fibrosis 
[13]. The presentation of the fibrotic lesion also differs, depending upon the type 
of fibrosis present. Macroscopic scars may arise from replacement and reactive 
fibrosis, are often more pronounced over the atrial-ventricular septum, may range 
from small patches to large transmural scars, and are often readily visible using 
non-invasive imaging techniques [14]. It is noteworthy that, for reasons that remain 
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unclear, fibrosis distal to the initial infarcted region frequently follows the initial 
healing phase in otherwise apparently healthy areas of the myocardium.

The most common primary disease associated with the development of cardiac 
fibrosis and related heart failure is hypertensive heart disease, which affects over 
1 billion people worldwide [15]. Approximately one quarter of cases of heart failure 
can be directly attributed to hypertension, and it precedes heart failure in 90 % of pa-
tients [16, 17]. In fact, hypertension alone accounts for the majority of cardiovascular 
events in the elderly [18]. Hypertensive heart disease is associated with an increase in 
the collagen volume fraction (CVF) of the myocardium [19]. While occurring most 
commonly with left ventricular hypertrophy, fibrosis may be associated with a vari-
ety of cardiovascular diseases. For example, familial mutation of a cardiac muscle 
sarcomere gene results in congenital hypertrophic cardiomyopathy (HCM), which 
affects about 1 in 500 North Americans [10]. The hallmark histological features of 
HCM include myocyte hypertrophy, fibrosis and small-vessel disease. Though the 
type of fibrosis manifested varies between individuals, the degree of fibrosis is asso-
ciated with small vessel disease, cardiac mass, age, septal thickness, and progression 
to end-stage heart failure or sudden cardiac death [20, 21]. An unusually strong cor-
relation is observed between small vessel disease and myocardial scarring.

2 � Diagnosing Cardiac Fibrosis

A number of obstacles hinder the diagnosis and treatment of cardiac fibrosis. For 
example, its symptoms bear a strong similarity to those of constrictive pericarditis, 
and fibrosis may present atypically in women, the obese, and the elderly. Addi-
tionally, in reactive fibrosis, the distribution of fibrotic tissue is often diffuse and 
requires invasive techniques for proper characterization. Prior to the advent of 
full-body MRI scans, detecting the presence of cardiac fibrosis was strictly limited 
to histological examination of post-mortem patient biopsies for collagen content. 
In response to this dilemma, Burwell et al. noted a list of common characteristics 
which could aid in categorizing cardiac fibrosis. These included elevated venous 
pressure, congestive hepatomegaly, peritoneal and peripheral edema, cardiomegaly, 
and poor response to heart failure treatments (digitalis, diuretics, and low-salt diet) 
[22]. They also employed fluoroscopy, a live X-ray imaging technique that posed 
significant risk of carcinogenesis to both the physician and the patient, to assess 
changes in cardiac function. Today, clinicians utilize both functional and structural 
characteristics to assess fibrosis-related cardiac dysfunction. Upon presenting with 
symptoms of heart failure, routine testing is used to determine the underlying etiol-
ogy, including blood tests for serum levels of cardiovascular disease biomarkers, 
and echocardiography for assessment of heart function [23]. Common functional 
abnormalities observed in patients with cardiac fibrosis include reductions in cardi-
ac output, ejection fraction, and coronary flow, as well as conduction abnormalities 
detected by echocardiogram [1]. Due to the increased stiffness of the myocardium, 
about 50 % of patients will retain systolic function and a normal ejection fraction, 
yet will display diastolic (filling) dysfunction and reduced net cardiac output [24].
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The subjective, error-prone and highly invasive use of histological assessment of 
cardiac biopsies from living patients has resulted in the development of less inva-
sive, more sensitive and more accurate methods for identifying and quantifying car-
diac fibrosis [25]. At present, late-enhancement magnetic resonance imaging (MRI) 
is the gold standard for assessing fibrotic lesions, often in conjunction with blood 
work for key cardiac protein and enzyme levels (discussed below). Unlike biopsies, 
MRI is non-invasive and possesses high spatial and temporal resolution, enhanced 
by the infusion of tissue contrast agents into the bloodstream which are then taken 
up into the tissue but not absorbed by cells. Due to paramagnetism, these chelated 
metal ions (e.g. gadolinium) reduce the T1 relaxation time of nearby protons and in-
crease the rate of stimulated emission, resulting in a higher contrast image [26]. The 
use of T1 mapping techniques, such as modified Look-Locker inversion recovery 
(MOLLI), is a relatively recent advancement in MRI technology [27, 28]. Late gado-
linium enhancement (LGE) is useful in marking chronic myocardial injury due to the 
expansion of fibrotic interstitium by increased collagen deposition, which results in 
increased gadolinium concentration in affected areas [29]. The degree of LGE can 
be correlated with the degree of fibrotic tissue in the heart. The presence of multiple 
right ventricular wall aneurysms, non-vascular distribution of contrast agent (i.e. in-
terstitial enhancement), and absence of an increase in enhancement in a T2-weighted 
signal are indicators of fibrotic lesions [26, 30]. These properties make LGE-MRI a 
useful tool for quantifying ischemic and non-ischemic fibrosis, though its application 
is limited in that it cannot be used to visualize diffuse, microscopic lesions [30, 31]. In 
addition to gadolinium, imaging research has generated nanoparticle-enhanced MRI 
probes that are targeted specifically for angiotensin II-converting enzyme (ACE) 
overexpression or fibrillar collagen [32–34]. Collagen-avid peptides show increased 
sensitivity, reducing the amount of probe required for visualization of interstitial col-
lagen, but have not yet made the leap from animal model to the clinic [35].

In addition to MRI, a number of other molecular imaging techniques have been 
proposed as potential tools in assessment of interstitial collagen deposition. Such ap-
proaches show promise for molecular imaging in conditions of diffuse fibrosis, and 
are relatively fast, sensitive, and inexpensive [36]. Compared to LGE-MRI, imaging 
techniques such as single photon emission computed tomography and photon emis-
sion tomography have increased sensitivity to enhancement agents (in the nanomo-
lar range), though their spatial resolution is limited [35]. Near-infrared fluorescence 
imaging is another emerging visualization technique with increased sensitivity due 
to reduced tissue absorption and scattering [37]. However, its use is presently lim-
ited to detecting tumours close to the skin surface, and improvements in this modal-
ity are required for its use in deeper tissues such as the heart [36].

3 � Biomarkers of Cardiac Fibrosis

Examination of fibrotic biomarkers in the serum is an emerging focus of current 
cardiovascular research, and has the potential to provide an additional level of 
confidence in diagnosing and assessing the severity of cardiac fibrosis. Candidate 
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Table 1   Diagnostic serum biomarkers for indications of cardiac fibrosis.
Biomarker Indication
Pro-collagen type I C-terminal peptide (PICP) Synthesis of type I collagen
Pro-collagen type III N-terminal peptide (PINP) Synthesis of type III collagen
Collagen type I C-terminal telopeptide (ICTP) Degradation of type I collagen
Galectin-3 Myocardial fibrosis
Syndecan-1 Myocardial fibrosis and remodeling
High sensitivity cardiac troponin T (hs-cTnT) Myocardial fibrosis
Brain natriuretic peptide (BNP) Myocardial remodeling, fibrosis in some 

cases
Matrix metalloproteinase 9 (MMP) Correlation with prolidase activity

biomarkers include indicators of matrix synthesis and degradation (collagen pro-
peptides and telopeptides, matrix metalloproteinases (MMPs) and tissue inhibitors 
of MMPs (TIMPs)), as well as relevant ratios indicative of the fibrotic process (col-
lagen type I:III, MMP:TIMP) (Table 1). Serum levels of the collagen metabolism 
marker pro-collagen type I C-terminal peptide (PICP) were positively correlated 
with the degree of fibrotic tissue (assessed histologically) in hypertensive heart dis-
ease [38, 39]. The N-terminal peptide of pro-collagen III (PIIINP) is a marker of 
type III collagen synthesis, and is significantly increased in the serum of patients 
with HF, hypertrophic and dilated cardiomyopathy [40]. The serum level of type I 
collagen telopeptide (ICTP) can be used as a marker of collagen degradation, and 
may be useful as a therapeutic index for treatment. PICP and PIIINP, or a combina-
tion, are the most commonly-used markers for identifying collagen products in se-
rum [40]. Abnormal serum levels of MMP2, MMP9 and TIMP1 have been reported 
in heart failure populations, including hypertrophic and dilated cardiomyopathy 
[41, 42]. MMP9 serum levels are positively correlated with the activity of prolidase, 
a key regulatory enzyme in metabolism of the collagen component hydroxyproline 
[42]. Other potential biomarkers include matricellular proteins (e.g. syndecan-1), 
pro-fibrotic inflammatory mediators such as galectin-3, natriuretic peptides such 
as brain natriuretic peptide, high-sensitivity cardiac troponin T, and neurohormonal 
RAAS peptides, which have been correlated with clinical endpoints [43–46].

To date there is no single biomarker that directly correlates with the degree of 
myocardial fibrosis, and the usefulness of serum marker quantification relies on 
determining the most representative combination of markers. Additionally, corre-
lations between collagen products or proteases are often not observed in circulat-
ing blood samples, thus requiring relatively invasive transcardiac blood sampling 
[47]. The clinical efficacy of these measures is also dependent upon their ability to 
identify at-risk patients, their association with clinical endpoints, and their ability 
to consistently predict responses to treatment [48–50]. The development of non-
invasive assessment methods such as imaging and biomarkers will permit larger 
clinical trials for assessing the efficacy of treatments for cardiac fibrosis.
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4 � Current Treatments

Cardiac fibrosis is not typically the direct target of patient treatment regimens. 
Rather, treatment strategies are aimed at alleviating symptoms associated with the 
underlying pathology such as chronic hypertension and heart failure, and improving 
the quality of life of the patient (Table 2). For this reason, most drugs indicated for 
the treatment of heart failure accompanied by fibrosis involve reducing the burden 
on the heart by decreasing cardiac workload. Early treatment strategies for fibrosis-
related heart failure, secondary to hypertension or hypertrophy, were limited to the 
positive inotrope digitalis, diuretics, and decreased dietary salt intake [22]. Current 
treatment approaches focus on diuresis (primarily via targeting of RAAS), vasodila-
tion, and negative inotropic agents such as beta blockers. However, due in part to 
the inability of these treatments to reduce or reverse cardiac fibrosis and diastolic 
dysfunction, heart failure frequently worsens to the point that transplant is the only 
option for patient survival. Hence, many emerging avenues of research are focused 
on not only attenuating, but actively reversing cardiac remodeling and myocardial 
fibrosis, which in combination with treatments targeting the primary disease, hold 
promise in returning the failing heart to a functional state.

4.1  �Targeting the Renin-Angiotensin-Aldosterone System

One of the major advances in cardiovascular medicine in the last 50 years was the 
development of drugs targeting the renin-angiotensin-aldosterone system, a criti-
cal mediator of blood volume, arterial pressure, and cardiovascular function [51]. 
Inappropriate activation of RAAS not only contributes to hypertension and cardiac 
hypertrophy, but also cardiac fibrosis. Although the exact mechanisms by which 
RAAS stimulates fibrosis of the heart are still under scrutiny, it is likely that these 
hormones act by creating a highly pro-fibrotic environment via increased inflam-
mation, oxidative stress, and cell death. Activation of RAAS is triggered by various 
factors, including sympathetic nervous system stimulation, baroreflex, decreased 
sodium delivery to the distal tubule of the kidney, and renal artery hypotension [51]. 
By reducing systemic blood pressure, RAAS-targeting drugs attenuate the volume 
and pressure burdens placed on the heart, preventing further hypertrophy and slow-
ing the progression of fibrosis. In addition, some RAAS components may have di-
rect pro-fibrotic actions that can be inhibited with the use of targeted agents, further 
augmenting their anti-fibrotic potential.

4.1.1 � Angiotensin-Converting Enzyme Inhibitors

Angiotensin-converting enzyme (ACE) inhibitors are one of the drug classes of 
choice in delaying the progression to heart failure in patients with LV pressure and 
volume overload. In two different rat models of hypertension, captopril prevented 
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the induction of type I collagen gene expression, and in deoxycorticosterone ac-
etate (DOCA)-salt rats, reduced perivascular and interstitial fibrosis, resulting in 
decreased LV stiffness [52, 53]. In a transverse aortic constriction (TAC) model of 
pressure overload, captopril reduced interstitial collagen (relative to myocyte num-
ber) to sham control levels [54]. Nephrectomy-induced LV hypertrophy in male rats 
was regressed with captopril treatment, as was fibrosis [55]. In a mouse model of 
chronic viral myocarditis, captopril significantly reduced CVF from ~ 14 to 9.4 % 
[56]. Conversely, captopril was unable to effectively prevent fibrosis in rat models 
of hypertrophy induced by isoproterenol, N-nitro-L-arginine methyl ester or hyper-
aldosteronism [57–59]. Thus captopril may be useful for altering cardiac fibrosis 
only in specific situations.

More promising is the modest regression of fibrosis in hypertensive heart disease 
patients by related ACE inhibitors such as lisinopril, which was effective at reduc-
ing fibrosis in the absence of reductions in blood pressure or LV hypertrophy, sug-
gesting a potential direct effect on fibroblast function [3]. Endomyocardial biopsy 
samples from these patients showed a decrease in CVF from 6.9 to 6.3 %, as well 
as reduced hydroxyproline concentration (a major component of collagen). These 
changes were accompanied by an improvement in diastolic function. Lisinopril was 
also shown to attenuate fibrosis in rat models of hypertension and aortic stenosis 
[60–62]. Enalapril regressed fibrosis in rats with chronic renal failure (CVF reduced 
from 2.6 to 1.6 %), spontaneous hypertension (59 % reduction in replacement fibro-
sis), chronic hypoxia-induced right ventricular hypertrophy (myocardial hydroxy-
proline reduced by 26 %) and atrial fibrillation-induced HF (CVF reduced from 
11.2 to 8.3 %) [63–66]. A modest reduction in cardiac fibrosis (assessed by echo-
cardiography) was observed with enalapril treatment in hypertensive patients with 
LV hypertrophy [67]. Enalapril was unable to reduce fibrosis in calcific aortic valve 
disease, and its effect on myocardial fibrosis was not examined in patients with LV 
dysfunction or aortic stenosis [68–70]. The efficacy of ACE inhibitors is counterbal-
anced by the potential of a patient to develop ‘aldosterone escape’, in which ACE 
inhibition is insufficient to reliably repress the release of downstream aldosterone 
[71]. In many cases, there is conflicting evidence of the effect of ACE inhibitors on 
cardiac fibrosis, and their effects are often dependent upon dual therapy, of which 
some combinations have shown increased risk of adverse events [72, 73].

4.1.2 � Angiotensin II Receptor Antagonists

Another class of drugs used in the treatment of hypertension and related complica-
tions are the AT1 receptor blockers/antagonists (ARBs). ARBs directly induce vaso-
dilation, reduce secretion of vasopressin, and decrease the downstream production 
and secretion of aldosterone. ARBs have also been shown to interfere with the pro-
gression of fibrosis. For example, after 12 months of treatment, losartan decreased 
CVF from 5.7 to 3.7 %, an effect associated with a reduction in myocardial stiffness 
in patients with hypertensive heart disease independent of changes in blood pressure 
or LV mass [74]. Similarly, losartan decreased late gadolinium enhancement by 23 % 
(compared to a 31 % increase with placebo) in a small group of 20 patients with non-
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obstructive hypertrophic cardiomyopathy, and was also found to reduce myocardial 
fibrosis (assessed by echocardiography) in hypertensive patients with type 2 diabetes 
and LV hypertrophy [75, 76]. In a trial of patients with end-stage renal disease, losar-
tan significantly reduced serum PICP levels after 6 months [77]. In post-MI patients, 
losartan was also found to reduce PIIINP serum levels and improve LV function, 
in combination with the ACE inhibitor perindopril [78]. The anti-fibrotic action of 
losartan may be due at least in part to its inhibition of type I collagen synthesis [79]. 
Candesartan has also been shown to be effective in reducing myocardial fibrosis in 
a clinical trial of hypertensive patients with LV hypertrophy, as assessed by echocar-
diography [67]. In patients with atrial fibrillation, candesartan reduced serum PIIINP 
levels after 24 months, though the relationship with fibrosis in this setting is unclear 
[80]. Irbesartan, which has dual actions of AT1 receptor blockade and peroxisome 
proliferator-activated receptor-γ (PPARγ) activation, has been shown to be useful in 
reducing fibrosis in transgenic mice over-expressing AngII. In these mice, irbesartan 
decreased CVF, reduced expression of TGF-β, CTGF, and collagens, and reduced 
phosphorylation of the growth factor pathway mediator extracellular signal-related 
kinase (ERK) [81]. Since irbesartan also increases PPARγ expression, these recep-
tors may be involved in preventing the progression of fibrosis. This is further sup-
ported by the observation that fenofibrate, an agonist of the related PPARα, also 
decreased fibrosis in hypertensive rat models [82–85]. Of the ARBs currently in use, 
losartan shows the greatest potential for the directed treatment of cardiac fibrosis.

4.1.3 � Aldosterone Antagonists or Anti-mineralocorticoids

Targeting the effects of aldosterone has proven to be effective in improving LV 
function. Initial studies by Weber et al. showed that chronic infusion of aldosterone 
augmented myocardial fibrosis, and fibrosis is evident in hyperaldosteronism [86, 
87]. Tissue-specific activation of aldosterone has been observed in the infarcted 
myocardium, and a positive feedback loop appears to exist between aldosterone and 
ACE-mediated AngII production [88].

Aldosterone antagonists are diuretic drugs whose mechanism of action involves 
blockade of aldosterone binding to its mineralocorticoid receptors in the kidney, and 
thus are also called anti-mineralocorticoids or MRAs. As with ACE inhibitors and 
ARBs, MRAs are commonly used in the treatment of chronic heart failure to reduce 
peripheral and peritoneal edema as well as cardiac workload. In patients with heart 
failure or myocardial infarction (MI), spironolactone was found to reduce serum 
levels of PIIINP and improve LV ejection fraction [89–92]. Similarly, PICP levels 
were reduced with spironolactone treatment in stroke survivors after only one month 
and in patients with metabolic syndrome after 6 months [93, 94]. Both PIIINP and 
PICP levels were reduced by spironolactone after 6 months in obese patients with 
impaired LV function [95]. In subclinical diabetic cardiomyopathy, spironolactone 
did not produce significant changes in serum levels of PIIINP or PICP, though LV 
function was improved [96]. Spironolactone drastically reduced mortality in NYHA 
class II to III heart failure, while concomitantly increasing nitric oxide bioavailability, 
which may contribute to its anti-fibrotic effects [97]. A recent in vitro experiment 
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demonstrated a direct anti-fibrotic effect of spironolactone in rat cardiac fibroblasts 
[98]. Spironolactone ameliorated increased levels of hydroxyproline, lysyl oxidase 
(LOX), CTGF, and microRNA-21 stimulated by AngII treatment in these cells. How-
ever, spironolactone was incapable of preventing LOX- or Ras homolog gene family 
member A (RhoA)-induced up-regulation of CTGF expression, suggesting that this 
drug plays a pathway-specific role in preventing cardiac fibrosis [98]. Canrenone, an 
active metabolite of spironolactone, was shown to reduce perivascular and intersti-
tial collagen (by 47 and 34 %, respectively) in a rat post-MI heart failure model at a 
high dose (28 mg/kg/day), but had no effect when administered at a low dose (8 mg/
kg/day) [99]. Further research into the mechanisms of spironolactone and canrenone 
will identify differences in their molecular targets. In aldosterone/salt-induced hyper-
tensive rats, the related MRA, eplerenone, negated the development of perivascular 
fibrotic lesions [100].

Overall, MRAs circumvent the problem of aldosterone escape observed in some 
cases of ACE inhibition and ARB therapy, and greatly improve morbidity and mortal-
ity in advanced cases of heart failure. Spironolactone and canrenone represent poten-
tially useful tools in directed treatment of cardiac fibrosis. Clinical trials examining 
the use of MRAs in combination with other promising RAAS-targeting agents would 
provide further insight into the potential of these drugs in treating cardiac fibrosis.

4.1.4 � Direct Renin Inhibitors

A more recent approach in treating HF and associated conditions such as fibrosis 
is the direct targeting of renin, the rate-limiting enzyme in RAAS activation. The 
direct renin inhibitor (DRI) aliskerin was found to attenuate collagen deposition by 
over 40 % in a non-hypertrophic mouse model of fibrosis, even at levels that were 
suboptimal for blood pressure reduction, and reduced expression of collagen type 
I in cultured fibroblasts [101]. Aliskerin was also able to rescue the phenotype of 
transgenic tissue renin (Ren2) over-expressing mice by reducing hypertrophy and 
myocardial fibrosis [102]. However, in a rat DOCA-salt model of hypertension, 
aliskerin failed to reduce CVF [103].

Evidence presented by some of the aforementioned studies suggests that there 
may be some additional effects of certain ACE inhibitors and ARBs that act indepen-
dently of blood pressure to reduce, and even regress, the progression of myocardial 
fibrosis. However, the mechanisms of action by which these effects are achieved 
have yet to be determined and will require further study on a molecular level, as 
current mechanistic knowledge is largely limited to vascular effects. Dual therapy 
of RAAS-targeting drugs is also a common trend in treatment, with over 200,000 
patients in the USA treated with dual blockade, the majority of which include an 
ACE inhibitor and an ARB [104]. However, due to the variety of diuretic and 
vasodilatory effects of these drugs, the risks of this type of therapy may in some 
cases outweigh the potential anti-fibrotic benefits due to increased incidence of 
hyperkalemia, hypotension, and renal failure compared to monotherapy [105].
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4.2 � Diuretics

Despite increased extracellular fluid volume accompanying heart failure, inap-
propriate RAAS activation results in increased tubular reabsorption of sodium and 
water, causing hypertension and edema [106]. Different classes of diuretics exist 
which form the basis of pharmacological treatment for decreasing edema in heart 
failure [23, 106]. In vivo studies have provided evidence of anti-fibrotic actions of 
diuretics independent of their blood pressure-lowering effects [23].

The loop diuretic torasemide has been shown to reduce fibrosis in both myo-
cardial biopsies from heart failure patients (NYHA class II to IV) as well as in rat 
models of HF [107–109]. In a small clinical trial of 36 patients with NYHA class II 
to IV congestive heart failure, torasemide, but not furosemide, was able to reduce 
CVF by nearly 50 % (from 8.0 to 4.5 %) and reduce serum PICP after 8 months 
[107]. These results were substantiated by the much larger Torasemide (Prolonged 
Release) on Myocardial Fibrosis in Patients With Heart Failure (TORAFIC) study, 
which demonstrated a significant decrease in serum PICP levels in 77 patients with 
mild (NYHA class II) HF—an effect not observed with furosemide [110]. These 
studies highlight torasemide, which is already used clinically in HF management, 
as an attractive novel therapeutic agent for cardiac fibrosis.

4.3  �The Sympathetic Nervous System

Chronic activation of the sympathetic nervous system causes significant alterations 
in cardiac function and structure, and is implicated in a number of cardiovascular 
diseases. Inappropriate sympathetic activation in heart failure is evidenced by in-
creased sympathetic outflow, increased levels of plasma norepinephrine (NE) and 
NE spillover from activated cardiorenal sympathetic nerve terminals to the circula-
tion [111, 112]. In addition to its vasopressor effects through α1 and α2 adrenergic 
receptors, NE induces increased synthesis of fibrillar collagens I and III in both rat 
hearts and in primary cardiac fibroblasts, and acts synergistically with TGF-β via the 
mitogen-activated protein kinase (MAPK) pathway to induce expression of ECM re-
modeling genes (including collagen I, fibronectin, and plasminogen activator-inhibi-
tor 1) [113, 114]. Further evidence of the role of sympathetic activation in fibrosis is 
provided by the observation that sympathectomy of both spontaneously hypertensive 
rats and rats with pressure induced overload prevents LV hypertrophy and fibrosis 
[115, 116]. However, blocking sympathetic activation does not consistently prevent 
fibrosis, and may in fact promote its progression through unknown mechanisms.

4.3.1 � Beta-Adrenergic Blockade

In addition to tachycardia and cardiac inotropy, chronic sympathetic activation in 
HF acts in a positive feedback loop with RAAS to worsen the progression of hyper-
trophy and fibrosis [117]. The release of renin is stimulated through a β1-receptor-
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mediated mechanism, and β receptor activation has been shown to increase angio-
tensin II release in mesenteric arteries [118, 119]. Consequently, AngII facilitates 
the natriuretic effects of renal sympathetic nerves [120]. Sympathetic activation also 
augments RAAS indirectly via modulation of other peptide mediators, including en-
dothelin-1, atrial natriuretic peptide (which exerts anti-fibrotic effects), and adreno-
medullin [121–124].

Three generations of beta blockers are used clinically. First generation beta 
blockers such as propranolol are non-selective and poorly tolerated, and thus are 
rarely used currently in treating HF [125]. The majority of animal studies with pro-
pranolol have failed to demonstrate any anti-fibrotic effects [52, 126, 127]. Second 
generation beta blockers are selective for β1 receptors, and are well tolerated [128, 
129]. Metoprolol is a second generation beta blocker that has been shown to have 
varying effects in animal models of cardiac remodeling and was unable to inhibit 
the expression of pro-fibrotic genes in cultured fibroblasts [130–139]. Third genera-
tion beta blockers such as carvedilol and bucindolol are non-selective but have addi-
tional properties (including vasodilation) that increase their efficacy and tolerability 
in hypertension-related fibrosis [140]. Carvedilol is the preferred beta-blocker for 
patients with chronic HF, and evidence suggests it may have anti-fibrotic properties 
[141, 142]. Numerous animal models of post-MI remodeling, hypertension, dilated 
cardiomyopathy, and LV hypertrophy have demonstrated reductions in myocardial 
fibrosis with carvedilol treatment [133, 137, 139, 143–147]. In pressure-overloaded 
rats, carvedilol reduced myocardial expression of fibronectin and fibrillar collagens, 
as well as reduced the proliferation of fibroblasts cultured from these hearts [139]. 
In fibroblasts from the hearts of post-MI rats, carvedilol was again found to reduce 
fibrillar collagen expression via Smad3 inhibition, and also reduced α-smooth muscle 
actin (α-SMA) expression, while up-regulating microRNA-29b [148]. In human car-
diac fibroblasts, carvedilol, but not metoprolol or propranolol, decreased stimulation 
of platelet-derived growth factor (PDGF) receptors by recombinant PDGF-BB [149]. 
In addition, carvedilol is able to block L-type calcium channel activation and prevent 
endothelin-1 and PDGF-induced proliferation in vascular smooth muscle cells [150, 
151].

The divergent effects of some beta blockers on cardiac fibrosis may be due to their 
ability to act as ‘biased ligands.’ In addition to blocking activation of β-adrenergic 
receptors, beta blockers are also capable of inducing responses through G-protein-
independent and β-arrestin-dependent pathways that may contribute to cardiac fi-
brosis [152]. Thus, the majority of evidence does not support beta blockade for the 
directed treatment of cardiac fibrosis, and its use may obscure the efficacy of other 
HF treatments [153]. However, the evidence of beneficial effects with carvedilol is 
considerable, and it appears to amplify the anti-fibrotic effects of dual therapy with 
RAAS-targeting agents [137, 154–157]. Carvedilol may thus indeed be useful in 
treating cardiac fibrosis, especially as part of dual therapy.

4.3.2 � Alpha-Adrenergic Blockade

Studies examining the role of α1-adrenergic receptors in fibrosis are restricted to 
animal models which have produced conflicting results. In transgenic ABKO mice 
lacking the cardiac α1-adrenergic receptor, TAC-induced hypertrophy resulted in an 



Current and Future Strategies for the Diagnosis and Treatment of Cardiac Fibrosis 193

approximately 3-fold increase in LV interstitial collagen (26 %) compared to wildtype 
controls (7–10 %), as well as an increased number of fibroblasts [158]. However, the 
degree of perivascular and right ventricular fibrosis was not significantly different in 
the ABKO TAC and wild type TAC mice. Conversely, mice over-expressing cardiac 
α1 receptors showed an increase in cardiac mRNA levels of pro-fibrotic factors 
thrombospondin-1, tenascin C and CTGF, though TGF-β levels remained unchanged 
[159]. The α1 receptor antagonist doxazosin was found to reduce cardiac collagen 
deposition in TAC-induced pressure overload, and reduced aortic collagen synthesis 
in spontaneously hypertensive rats [116, 160]. Obviously, further research is needed 
to better define the effect of α-adrenergic activity on cardiac fibrosis.

4.4 � Calcium Channel Blockers

Calcium channel blockers (CCBs) are commonly used in the treatment of hyper-
tension, acting mainly as vasodilators to reduce systemic blood pressure. Recent 
evidence suggests they may also be effective in reducing myocardial fibrosis. Be-
yond their well-demonstrated roles in cardiomyocytes and vascular smooth muscle 
cells, calcium channels also appear to regulate critical fibroblast functions, in-
cluding AngII-induced proliferation [161]. The L-type CCB amlodipine has been 
found to modestly reduce CVF (by ~ 3 %) in the LV of hypertensive rat models, 
and CVF was also reduced by amlodipine in hamsters with dilated cardiomyopathy 
[162–164]. In animal MI models, reduction of scar collagen by amlodipine was 
limited to pre-treatment with the drug prior to induction of MI. Treatment post-
MI actually increased CVF, perivascular fibrosis, scar length, and wall thickness 
[165–168]. In rats treated with amlodipine post-MI, there was decreased myofi-
broblast apoptosis, concomitant with a decrease in activation of the pro-apoptotic 
B-cell lymphoma-2 (Bcl-2) family member, Bcl-2-associated death promoter (Bad) 
[168]. Clinically, amlodipine has been unsuccessful in reducing cardiac fibrosis or 
type I collagen metabolism in patients with hypertension and LV hypertrophy [74]. 
Patients with mild to moderate hypertension showed no changes in serum levels of 
PICP, PINP, or aldosterone with amlodipine treatment [169]. Similarly, in hyper-
tensive patients with type 2 diabetes and LV hypertrophy, amlodipine was unable 
to reduce myocardial fibrosis (assessed by echocardiography) [76, 170]. However, 
although amlodipine is ineffective as a monotherapy, it has shown promising results 
for treating LV hypertrophy and fibrosis in combination with ACE inhibitors and 
statins [171–176]. Other L-type CCBs have also demonstrated anti-fibrotic effects 
[177]. Administration of nifedipine in Dahl salt-sensitive hypertensive rats reduced 
cardiac collagen I:III mRNA ratio, MMP2 activity, as well as interstitial and peri-
vascular fibrosis by almost 50 %, even in the absence of blood pressure reduction 
[178]. Similarly, in a rat model of renal hypertension, nifedipine reduced CVF in the 
LV (from 12.3 to 5.6 %) and right ventricle (from 20.6 to 10.4 %) [179]. Similar re-
sults were achieved in other studies with animal models of hypertension [180–183]. 
Studies with non-selective CCBs are limited to animal models of MI and pres-
sure overload-induced hypertrophy, but of these, mibefradil has shown potential in 
terms of cardiac CVF and hydroxyproline reduction [74, 165, 184–186]. However, 
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mibefradil was removed from the market in 1998 due to potentially harmful interac-
tions with other drugs.

The anti-fibrotic potential of CCBs in animal models of hypertension and MI 
may be due to a direct effect of these drugs on myocardial fibroblast and myo-
fibroblast activities. Examination of tissue sections from the ventricles of AngII/
aldosterone-infused hypertensive rats showed a decrease in α-SMA with mibefradil 
treatment [74]. Similarly, nifedipine reduced cardiac fibroblast proliferation and 
conversion to the myofibroblast phenotype in AngII-treated cells [187]. In this set-
ting, nifedipine also decreased the production of reactive oxygen species and pre-
vented induction of fibronectin and CTGF expression. The anti-fibrotic effects of 
nifedipine in cardiac fibroblasts may be a result of inhibited activation of the pro-
fibrotic pathway mediators ERK1/2 and c-Jun N-terminal kinase (JNK). In com-
bination with olmesartan, nifedipine inhibited MMP9 activation in diabetic mice 
with hypoxia-induced LV remodeling [188]. Additionally, nifedipine was found to 
activate PPARγ in cultured vascular smooth muscle cells [182]. Hence, nifedipine 
likely inhibits fibrosis by regulating various pathways in fibroblasts and other cell 
types. Overall, nifedipine represents an attractive strategy for the treatment of car-
diac fibrosis. In addition to calcium channels, non-selective transient receptor po-
tential channels (TRPCs) have been recently implicated in fibroblast-driven cardiac 
fibrosis, though no TRPC blocking drugs currently exist [189].

4.5  �Statins

Statins are inhibitors of HMG-CoA reductase, and are used to lower serum cho-
lesterol in patients at risk for cardiovascular disease. However, recent evidence 
suggests a pleiotropic role of statins, including anti-fibrotic effects. Statins have 
been demonstrated to inhibit AngII-mediated reactive oxygen species (ROS) pro-
duction and inhibition of atrial myofibroblast proliferation in vitro (via reduction of 
RhoA activation) [190, 191]. In an Ang-II-transgenic mouse model of organ failure, 
cerivastatin was able to inhibit increased deposition of fibrotic markers such as 
collagen and fibronectin, alongside reductions in blood pressure and hypertrophy 
[192]. Similarly, cerivastatin reduced van Gieson staining for myocardial fibrosis 
by ~ 67 % in Dahl salt-sensitive rats fed a high-salt diet, attenuated increases in 
pro-inflammatory interleukins, and decreased both cardiac hypertrophy and cardio-
myocyte apoptosis [193]. In spontaneously hypertensive rats, both simvastatin and 
pravastatin prevented the induction of reactive fibrosis, as assessed by ventricular 
collagen staining [194]. Simvastatin also reduced perivascular fibrosis and cardio-
myocyte apoptosis in rats heterozygous for adrenomedullin (an anti-fibrotic peptide 
hormone) treated with AngII and a high-salt diet [195]. In a mouse model of meta-
bolic syndrome, a 3 month treatment with rosuvastatin significantly reduced CVF 
to wild-type levels, but produced no significant changes in cardiomyocyte hyper-
trophy. Rosuvastatin treatment was also associated with decreased fibrotic markers 
in cultured fibroblasts, including TGF-β1, α-SMA, pro-collagen type I, and LOX 
[196]. Additionally, a recent study in a rat model of post-MI heart failure showed 
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that atorvastatin reduced ventricular fibrosis as well as expression of type I and III 
collagen mRNA. Interestingly, this study found that although MMP-2 levels were 
unchanged between untreated and atorvastatin-treated rats, post-MI fibrosis was as-
sociated with a significant decrease in MMP-2/TIMP-2 ratio, which was attenuated 
with atorvastatin [197].

In vitro treatment with atorvastatin and pravastatin demonstrated that statins 
are capable of reducing AngII- or TGF-β-induced cardiac fibroblast proliferation, 
collagen production, CTGF expression, and both canonical (Smad-mediated) and 
non-canonical (MAPK pathway-mediated) TGF-β1 signaling [198–200]. Thus, it 
appears that statins have an inhibitory effect on cardiac fibrosis via direct regulation 
of cardiac fibroblast function.

4.6  �Inhibition of Transforming Growth Factor-β

The induction of TGF-β expression is a cardinal feature of injury and fibrosis in 
a variety of tissues, including the heart, lungs, kidneys, and pancreas [201–207]. 
TGF-β normally exists in a matrix-bound, latent form, and is activated in response 
to cardiac injury through the activity of extracellular proteases, ROS produc-
tion, and mechanical disruption of the matrix itself, likely through direct activa-
tion of cell-matrix adhesion signaling molecules such as integrins [208–215]. An 
overwhelming body of evidence has shown that TGF-β is a critical mediator of 
cardiac fibrosis through various mediators such as CTGF, and induces activation, 
proliferation, motility, pro-fibrotic gene expression and survival of fibroblasts and 
myofibroblasts [216–218]. Due to its prolific effects in driving the fibrotic process, 
many drug companies have synthesized inhibitors of TGF-β as novel treatments for 
cardiac fibrosis and nearly every component in its pathway has been identified as 
a potential target. The approaches utilized include anti-ligand antisense oligonucle-
otides and RNA, ligand-competitive peptides (ligand traps), and antibodies target-
ing ligand, receptor, or associated proteins. Models of cardiac fibrosis in post-MI 
rats have shown promise for the inhibition of TGF-β receptor types I and II, which 
are efficient in preventing cardiac hypertrophy, dysfunction, and the development 
of fibrosis by reducing myofibroblast accumulation and collagen synthesis [219–
221]. However, while some TGFβ ligand-inhibiting antibodies have shown safety 
and efficacy in systemic sclerosis and fibrosis of other organs, to date there have 
been no clinical trials testing direct TGF-β inhibition specifically in cardiac fibrosis. 
In addition, some currently available drugs used in treating heart failure and fibrosis 
have also been found to inhibit TGF-β signaling, such as the ARBs losartan and 
candesartan, as well as pirfenidone, which has recently been approved for treatment 
of idiopathic pulmonary fibrosis in Europe [222]. Conversely some common drugs, 
such as aspirin, may increase serum levels of TGF-β and contribute to the progres-
sion of fibrosis in these diseases [223].

Targeting such a pleiotropic pathway may ultimately result in a higher risk to 
benefit ratio than is feasible for using such drugs in clinical therapy of cardiac fi-
brosis, but there may still be potential for drugs targeting more specific downstream 
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mediators of TGF-β and other pro-fibrotic pathways. For example, the p38 MAPK 
inhibitor RWJ-67657 ameliorated post-MI fibrosis by repressing expression of fi-
brillar collagens and the myofibroblast marker α-SMA in cultured fibroblasts [224]. 
Imanitib mesylate, a specific receptor tyrosine kinase (RTK) inhibitor that is impli-
cated in inhibition of PDGF and TGF-β pathways, reduced perivascular and intersti-
tial fibrosis, collagen I and III mRNA, and PDGF receptor β activation in spontane-
ously hypertensive rats [225]. On the other hand, the RTK inhibitor PF-04254644, 
which specifically targets the hepatocyte growth factor receptor pathway, was found 
to increase myocardial fibrosis and dysfunction with repeated dosing [226]. Rho 
kinase inhibition by fasudil reduces interstitial fibrosis in mouse models of pres-
sure overload (TAC) and MI via inhibition of the TGF-β1-TAK (TGF-β-activated 
kinase) pathway [227]. Fasudil was also able to attenuate fibrosis in an excessive 
endurance exercise-induced rat model of cardiac hypertrophy, concomitant with im-
provements in LV function [228].

In addition to TGF-β, other growth factors such as CTGF and PDGF have been 
proposed as potential targets for anti-fibrotic drugs [8, 9, 229–232]. Although these 
may be less pleiotropic than TGF-β, large gaps remain in our understanding of the 
full spectrum of their effects in the heart and other organs, thus the potential exis-
tence of significant, adverse off-target effects cannot be ignored.

4.7 � Anti-inflammatory Agents

The inflammatory response is a common phenomenon in cardiac injury, and has 
been shown to contribute to fibrogenesis. However, the inflammatory phase of car-
diac injury post-MI, which is characterized by cardiomyocyte necrosis, leukocyte 
infiltration, and the release of pro-inflammatory cytokines and chemokines, pre-
cedes the initial healing phase that eventually progresses to a fibrotic state. None-
theless, the anti-allergic pharmacological agent tranilast has been demonstrated to 
reduce hydroxyproline content in rat models of renal hypertension and diabetic 
cardiomyopathy [233, 234]. In a canine model of atrial fibrosis, tranilast signifi-
cantly reduced atrial expression of TIMP-1 and TGF-β1, and decreased fibrotic 
tissue area to 1.4 % compared to 9.3 % in untreated animals [235]. Pirfenidone is 
a small molecule drug which is highly promising for the treatment of idiopathic 
pulmonary fibrosis (IPF), and is the first drug licensed for its treatment [236, 237]. 
Both in vivo (TAC-induced pressure overload) and in vitro (rat cardiac fibroblast) 
studies with pirfenidone indicate that it reduced fibrosis via reduction of NLRP3 
(Nod-like receptor pyrin domain containing 3) inflammasome activation, which is 
implicated in the development of fibrosis [238, 239]. These results indicate a direct 
anti-inflammatory effect of pirfenidone in the reduction of myocardial fibrosis sec-
ondary to pressure overload.
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5 � Future Directions

The treatment strategies for cardiac fibrosis and related heart failure are presently 
aimed at treating the underlying causes (i.e. hypertension and hypertrophy), and 
there currently exist no effective methods for eliminating or reversing the remod-
eling process in the cardiac extracellular matrix, although RAAS-targeting drugs 
(specifically lisinopril and losartan) show promise by mechanisms that remain 
poorlydefined. Currently, patients with heart failure concomitant with cardiac fi-
brosis will be scheduled to receive heart transplants, for which they must wait sev-
eral months. A heart transplant is a highly invasive and risky procedure, especially 
considering the demographic of these patients. In addition, despite the availability 
of effective anti-hypertensive drugs used in heart failure patients with LV hypertro-
phy, many patients still have uncontrolled high blood pressure which is refractory to 
treatment. Controlling the underlying condition, in addition to inhibiting or revers-
ing the fibrotic process, is the ultimate goal for research and clinical development in 
the treatment of cardiac fibrosis in heart failure. In this regard, a number of current 
avenues of research are showing promise for the development of novel, targeted an-
ti-fibrotics in a variety of tissues, and which may be effective in the heart (Table 3). 
It should be noted that the research directions described here do not comprise an 
exhaustive list; due to space limitations, factors and pathways for which only single 
studies currently exist have been excluded, but this does not diminish their potential 
consideration for anti-fibrotic therapeutic development in future.

5.1 � Endothelin-1

Endothelin-1 (ET-1) is a highly potent and long-lasting vasoconstrictor up-regulat-
ed in a variety of cardiovascular diseases. In addition to the heart, ET-1 is up-reg-
ulated in other fibrotic tissues including the lung and kidney [240, 241]. Increased 
levels of ET-1 are also seen in response to tissue damage, hypoxia, and induction 
of pro-fibrotic TGF-β and AngII. ET-1 is a highly pro-fibrotic agent, enhancing 
collagen expression in myocardial fibroblasts and smooth muscle cells, and induc-
ing myofibroblast phenoconversion from resident fibroblasts, bone marrow-derived 
monocytes, vascular pericytes, as well as epithelial and endothelial mesenchymal 
transition [242–254]. In addition to promoting the myofibroblast phenotype, ET-1 
has also been shown to increase myofibroblast resistance to apoptosis in the setting 
of post-MI scarring [255]. Molecular studies indicate that ET-1 mediates fibrosis by 
altering the expression and activity of genes involved in cell adhesion and by in-
creasing expression of connective tissue growth factor (CTGF) and TGF-β1 [256]. 
However, although endothelin antagonism in animal models of hypertension and 
MI initially showed promise in reducing cardiac fibrosis, in HF patients ET-1 recep-
tor blockers of various types have failed to alter LV remodelling [257, 258].
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5.2 � MicroRNAs

MicroRNAs (miRs) are small, non-coding RNAs that regulate post-transcriptional 
gene expression. Several miRs have been identified as regulators of proteins in-
volved in myocardial fibrosis, often targeting multiple players in a given pathway 
[259–262]. Inhibition of miRs is accomplished by the use of antagomiRs—comple-
mentary oligonucleotides that block micro-RNA binding to its target transcripts. 
The temporal and spatial specificity gene regulation by miRs has made these mol-
ecules an attractive new target for the development of fibrotic therapies. However, 
the modality by which these miRs are delivered is a critical factor in drug devel-
opment, as tiny LNA (locked nucleic acid) inhibitors are quickly cleared by the 
kidney, and miR networks likely have compensatory mechanisms in the case of 
miR-specific knockout animals that may confound results [263].

The majority of miRs implicated in fibrogenesis are usually down-regulated in 
disease, suggesting that they act as physiological repressors of pro-fibrotic genes. 
In the heart, miR-21 is expressed mainly by cardiac fibroblasts and its expression 
is augmented in fibrosis. In transgenic mice over-expressing the β1-adrenergic re-
ceptor, treatment with an antagomiR against miR-21 prevented the development 
of fibrosis. It was determined that miR-21 augments the ERK/MAPK pathway in 
these mice via inhibition of mRNA translation of the Sprouty1 mRNA, whose prod-
uct is an inhibitor of this pro-fibrotic pathway [264]. The miR-29 family members 
have been validated as direct repressors of fibrotic genes such as collagens via in 
vitro luciferase assays. Increased miR-29b expression induced repression of fibril-
lar collagens and α-SMA in post-MI rat cardiac fibroblasts [148]. Systemic an-
tagomiR-29b infusion has been shown to increase expression of fibrillar collagens 
type I and III, as well as the matrix proteins fibrillin-1 and elastin-1 [265]. Loss of 
miR-29b has been associated with the development of fibrosis in the heart, lungs, 
and kidneys via a Smad3-dependent mechanism of TGF-β signaling [266–268]. 
In AngII-induced hypertension in mice, knockdown of miR-29b enhanced, while 
over-expression inhibited, cardiac fibrosis [266]. Over-expression of miR-29b was 
associated with ~ 50 % reduction in CVF, as well as decreased mRNA and protein 
levels of α-SMA and type I collagen compared to wild-type controls.

Antagonism of other miRs, including miR-24, -132, and -214, has been shown 
to reduce cardiac fibrosis following MI or TAC, whereas over-expression of miRs 
101, 206, and miR-1 was found to decrease fibrosis post-insult. The role of other 
cardiac microRNAs such as miR-24 remains unclear due to conflicting results in 
knockdown and over-expression studies [269].

5.3 � Targeting the Extracellular Matrix

A highly attractive prospect in reducing or reversing cardiac fibrosis is targeting 
of the myofibroblast phenotype. Since mechanical strain and tissue stiffness are 
key physical factors mediating the appearance of the myofibroblast in the stressed 
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myocardium, it has been proposed that altering the activity of matrix-degrading 
enzymes may aid in regressing the myofibroblast phenotype in fibrosis [218, 270]. 
It is also possible that by reducing the rigidity of the cardiac matrix, blood flow may 
be improved, allowing the influx of molecules that would further the regression of 
fibrotic lesions and improve cardiomyocyte survival. Identifying direct modulators 
of myofibroblast genes like α-SMA, the ED-A splice variant of fibronectin, vimen-
tin, and the embryonic form of smooth muscle myosin heavy chain (SMemb), as 
well as fibrillar collagens type I and III, will allow for the development of highly 
specific drug targets [4, 271–275]. One such putative target is the pro-fibrotic tran-
scription factor scleraxis, which directly transactivates the promoter of collagen Iα2 
[276, 277]. Matrix disorganization and excess collagen deposition resulting from 
dysregulation of this protein in other tissues supports the potential for an important 
role for scleraxis in mediating the fibrotic process [278–281].

6 � Summary

The secret to ameliorating cardiac fibrosis may perhaps lie in the treatment of fibro-
sis of other organs in the body. Although there exists a great deal of tissue heteroge-
neity in terms of cell phenotype and pathophysiology of fibrosis, there is evidence 
to suggest that similar mechanisms may underlie the pathology in multiple organ 
systems. Common features of fibrogenesis in various tissue types include epithelial 
responses to injury (release of pro-inflammatory cytokines and chemokines such as 
interleukins 13 and 17), increased TGF-β signaling, and the central and requisite 
role of the myofibroblast [282]. The second messenger cyclic AMP has demon-
strated anti-fibrotic effects in various tissues, and its increased expression has been 
directly correlated with preventing the phenoconversion of fibroblasts to myofibro-
blasts [283–285]. Thus, it is possible that treatments for one disease may be applica-
ble to other tissues, such as the aforementioned pirfenidone. When selecting targets 
for therapy of any disease, researchers must also consider the potential effects it 
may have on other organs and body systems. An important area that is lacking in our 
current animal models that likely inhibits translation to humans is the comparison of 
gender differences—an issue that is brought to the forefront when considering the 
efficacy of female sex hormones in preventing disease. For example, the estrogen 
receptor-β (ER-β) agonist, 17β-estradiol, attenuated AngII-induced hypertrophy 
and fibrosis, an effect which was abrogated in ER-β knockout mice [286].

Although some of the current treatments for hypertension, hypertrophy, and heart 
failure have been shown to ameliorate the progression of fibrosis, there still remains 
no actual therapy directed specifically at interfering with the cellular and molecular 
mechanisms responsible for cardiac fibrosis. Drugs that have been shown to provide 
beneficial effects in reducing fibrosis in other organs, such as pirfenidone, are now 
on the radar. However the mechanisms of action of most of these pharmacological 
agents remain unknown and the true extent of their effects on the heart and other 
organs remains to be determined. Additionally, the salutary effects on fibrosis have 
been relatively modest to date, and an ideal drug target should result in reversal of 



201Current and Future Strategies for the Diagnosis and Treatment of Cardiac Fibrosis

the condition rather than simply slowing its progression. The increasing number of 
elderly patients and incidence of heart disease calls for a targeted and highly effica-
cious treatment for cardiac fibrosis. Some candidates for drug targets that appear to 
be specific to the fibrotic process are making their way down the pipeline, including 
microRNAs and direct transcriptional regulators such as scleraxis, and the devel-
opment of more sensitive and explicit biomarkers and imaging techniques will be 
invaluable for the assessment of novel therapeutic strategies. As noted by Friedman 
et al., we are finally “nearing the starting line” in developing effective treatments 
for fibrosis—but the future looks promising indeed [282].
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Abstract  The extracellular matrix (ECM) serves a number of functions in every 
tissue including the myocardium. While the function of ECM as a structural scaf-
fold is well established, it has become increasingly recognized that it plays a num-
ber of additional functions including providing a reservoir for growth factors and 
cytokines allowing their rapid release and activation in response to environmental 
cues. In addition, components of the ECM are critical in the interstitial transport of 
numerous molecules and drugs. Therefore, impaired integrity of the ECM would 
influence multiple aspects of an organ’s structural and function. In the myocardium, 
the primary component of the ECM network structure is the fibrillar collagens I 
and III. Multiple steps and various enzymes are involved from collagen mRNA 
synthesis to collagen fibre formation. Alterations in each step can impact collagen 
fibre production resulting in an uncoupling between collagen mRNA and protein 
levels. In this chapter, we will provide an overview of the mechanisms involved 
in myocardial fibrosis, the disease-dependent nature and consequence of different 
types of fibrosis, clinical biomarkers of collagen turnover, and potential therapeutic 
approaches in managing myocardial fibrosis.

Keywords  Extracellular matrix · Replacement fibrosis · Reactive fibrosis · 
TGFβ1 · Matrix metalloproteinases · Tissue inhibitor of metalloproteinases

1 � Introduction

Prevalence of cardiovascular diseases and the associated morbidities and mortalities 
continue to rise. It is projected that in North America, the medical cost of cardio-
vascular disorders will triple by 2030 [1, 2]. Heart function is the result of a com-
plex interaction between the cardiomyocytes and non-cardiomyocytes mediated by 
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the extracellular matrix (ECM), a network that connects the different components 
within the myocardium. The main component of the ECM network structure are 
collagens (type I and type III), which are produced as pro-collagens and undergo 
a number of processing steps before collagen fibrils and collagen fibres are de-
posited in the interstitium. A defect in any of these steps can lead to adverse ECM 
remodeling.

Regardless of the initiating cause, heart failure (HF) is associated with impaired 
ECM composition and integrity. Excess accumulation of ECM proteins, also known 
as fibrosis, has been clearly linked to myocardial stiffness, diastolic and systolic 
dysfunction [3]. Meanwhile, excess degradation of the ECM can also negatively 
impact myocardial compliance, cardiac structure and function, with adverse out-
comes [4–9]. Therefore, intact ECM structural and integrity is required for optimal 
cardiac function.

2 � Myocardial Extracellular Matrix (ECM)

Myocardial ECM is comprised of structural proteins that form the fibrillar structure 
of the matrix (mainly collagen type I and III), the basement membrane that forms an 
interface between the cardiomyocytes and the interstitial space, and non-structural 
proteins such as proteoglycans. ECM serves a number of functions in the heart, it 
provides a structural scaffold for different cell types and the vasculature within the 
myocardium, ensures optimal cardiac architecture, and transmits single myocyte 
contractility to whole heart pumping function for effective systolic and diastolic 
functions of the heart [8]. In a healthy heart, the cell-ECM connection is maintained 
by integrins which allows for transmission of signals across the cell membrane. The 
ECM can also serve as a reservoir for a number of growth factors and cytokines that 
remain bound to proteoglycans, the non-structural component of the ECM, and are 
released in response to a cellular or signaling cue, whereby their activity is tightly 
regulated beyond their mRNA and protein synthesis [10].

ECM undergoes continuous turnover whereby the existing ECM proteins are 
degraded by multiple proteinases, and replaced by newly synthesized proteins. In 
heart disease, adverse ECM remodeling results in excess deposition of ECM pro-
teins leads to fibrosis, or aberrant degradation and compromised integrity of the 
ECM network structure. Myocardial fibrosis often occurs in response to increased 
afterload (e.g. pressure overload, aortic stenosis) and increases stiffness of the myo-
cardium which can lead to diastolic dysfunction. Inversely, volume overload leads 
to disruption of the ECM network, ventricular dilation and systolic dysfunction 
mainly due to cardiomyocyte slippage and loss of cell-ECM connections. More-
over, it is not uncommon for both types of adverse ECM remodeling to take place 
within the same heart resulting in a complex systolic and diastolic dysfunction. Car-
diac fibroblasts (cFB) are the primary source of ECM proteins [11, 12]. In response 
to appropriate stimuli, cFBs can differentiate into the more mobile and contractile 
myofibroblasts (myoFBs) with a greater synthetic ability to produce ECM proteins 
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[12, 13]. In addition, other cell types such as inflammatory cells and endothelial 
cells can undergo transformation and become myofibroblasts [12]. Collagen type I 
and III are the primary fibrillar collagen that comprise the ECM network structure 
in the heart and alterations in their synthesis and degradation can markedly impact 
the overall ECM structure.

3 � Different Types of Myocardial Fibrosis and Impact on 
Cardiac Function

Heart failure is a complex progressive syndrome that can be initiated by a number 
of heart diseases such as hypertensive, valvular defect, viral myocarditis, ischemic 
or dilated cardiomyopathies [14, 15], among which ischemic and hypertensive heart 
disease account for the main two contributing factors to HF [15]. A common char-
acteristic among these heart diseases is fibrosis, excess ECM accumulation in the 
myocardium [12, 16]. However, the underlying molecular mechanism and the func-
tional consequences can be different depending on the type of disease. For instance, 
after acute MI, necrotic cardiomyocytes are replaced by fibrillar collagen through 
the process of ‘reparative’ fibrosis, preserving the integrity of the myocardium by 
formation of the scar or infarct. The degradation products of the original ECM in the 
infarcted myocardium serve as chemoattractants that trigger infiltration of inflam-
matory cells to the site of injury [17]. These inflammatory cells release a number of 
cytokines as well as MMPs, while a subpopulation of the infiltrated cells transform 
into myofibroblasts [18–20] that produce collagen and other ECM proteins, thereby 
playing a critical role in formation of scar (infarction) to replace the necrotic myo-
cardium [21]. However, unlike the prototypical wound healing response in static 
tissue interfaces such as skin, prolonged collagen degradation induced by expanded 
population of myofibroblasts can result in expansion of the infarct tissue leading 
to LV dilation, worsened systolic dysfunction and eventually HF. The ECM in the 
myocardium remote to the infarct zone also undergoes mainly in response to neu-
rohormonal stimuli triggered by the ischemic injury [22]. After the scar is formed 
at the injured sites, myofibroblasts are supposed to return to a quiescent phenotype. 
However, if myofibroblast dispersion via apoptotic cell death fails to occur, the 
‘reparative’ fibrosis becomes ‘active’ fibrosis, in which myofibroblasts contribute 
to perpetual matrix formation through their ongoing production of signalling mol-
ecules that promote fibrogenesis in an autocrine manner [23]. Therefore, the initial 
fibrotic response following myocardial infarction is a healing process and its inter-
ruption will lead to cardiac rupture with devastating outcomes.

Myocardial ECM remodeling following pressure overload, as in hypertensive 
heart disease, is often a reactive process where interstitial and perivascular fibrosis 
occurs in the absence of myocyte necrosis. This process is driven predominantly 
by neurohormonal stimuli. The role of Ang II, aldosterone, salt loading and ne-
phrectomy have been extensively investigated on collagen deposition in hyperten-
sive and pressure overloaded cardiomyopathy [24–27]. All major components of 
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the renin-angiotensin-system (RAS) exhibit profibrotic activity, and angiotensin 
converting enzyme inhibitor (ACEi) [28] and angiotensin receptor blockers (AEBs) 
[29] have proven to have beneficial effects in heart disease patients. Among the 
components of the RAS system, Ang II is a major contributor to myocardial hyper-
trophy, fibrosis and remodeling in hypertensive heart disease [30]. In severe cases 
of hypertensive cardiomyopathy, myocyte necrosis can occur due to catecholamine 
or Ang II-mediated toxicity resulting in a combination of reparative and reactive 
fibrosis in the myocardium [30, 31].

Heterogeneous remodeling of the ECM can also occur in the diseased myocar-
dium where fibrotic lesions and disrupted ECM are found in the same heart. While 
fibrosis increases myocardial stiffness and impairs relaxation, degradation of the 
ECM network results in systolic dysfunction. Myocardial fibrosis leads to diastolic 
dysfunction, abnormal left ventricular (LV) filling, reduced LV compliance, and 
increased diastolic pressure. This may occur in patients with normal LV ejection 
fraction (EF) and can eventually lead to heart failure with preserved EF (HFpEF) 
[32]. The hospital re-admission rates of patients with HFpEF are similar to those 
with HF and reduced EF (HFrEF), and worsening of diastolic dysfunction has been 
shown to be an independent predictor of mortality [33]. However, different thera-
peutic approaches are required for each type of HF, and therefore, understanding the 
molecular mechanisms underlying myocardial fibrosis and the associated diastolic 
dysfunction is critical in developing effective therapies. Consistently, a thorough 
assessment of collagen turnover and factors that disturb this balance in HF in animal 
models can translate into significant contributions to the advancement of clinical 
care of HF patients.

4 � Collagen Synthesis, Assembly and Deposition 
and Related Biomarkers in the Heart

Collagens make up 2–4 % of a healthy human body [34]. Based on their structure, 
collagen molecules are divided into two main classes: fibril forming collagens (I, II, 
III, V, XI) and non-fibril forming collagens including collagen IV and VI which are 
expressed in the heart [35, 36]. The fibril forming collagens have long continuous 
triple helix structures while non-fibril forming collagens are more heterogeneous 
and further classified based on molecular and supramolecular structures [37, 38]. 
Fibrillar collagen type I and type III are the predominant components of the fibrillar 
structure of myocardial ECM. Collagen type I provides the myocardium with ten-
sile strength, while collagen type III accounts for distensibility of the myocardium 
[4]. Myocardial collagen network exists at three levels: endomysium, epimysium 
and perimysium. The endomysial collagen surrounds individual muscle fiber, epi-
mysial collagen surrounds a group of muscle fibers and the perimysium consists of 
thick, spiral shaped collagen bundles which connect the epimysial and the endo-
mysial networks [34, 39].
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Following injury to heart muscle, myocardium undergoes remodelling and fibro-
blasts (and other cells types) transdifferentiate into myofibroblasts [40]. Myofibro-
blasts are activated fibroblasts and are the principle cells involved in production of 
ECM proteins and fibrosis [41]. The proliferation, migration and fibrillar collagen 
synthesis and secretion capacity of myofibroblasts are closely regulated by mechan-
ical stretch [42, 43], ischemic myocardial injury [44, 45], autocrine or paracrine 
effects of neurohormonal factors, vasoactive peptides (e.g. Ang II), growth factors 
(e.g. TGF-β1, CTGF and PDGF), angiogenic factor (e.g. VEGF), transcriptional 
factors (e.g. Smad proteins), circulating hormones (e.g., aldosterone), and proin-
flammatory cytokines (e.g., TNF-α and interleukin-1, - 6 and 13) [23, 46–48]. These 
factors cause an imbalance in ECM turnover resulting in excessive deposition or 
aberrant degradation of ECM proteins.

Transforming growth factor-β (TGFβ) is a multifunctional cytokine that has been 
shown to be a potent mediator of myofibroblast transformation and collagen pro-
duction. Among the three isoforms of TGFβ (TGFβ1, TGFβ2, and TGFβ3), TGFβ1 
is most strongly linked to fibrosis in the myocardium. All TGFβ isoforms are tran-
scribed with the latency-associated pro-protein (LAP). LAP is cleaved intracellular-
ly but stays non-covalently associated with TGFβ, forming the small latent complex 
(SLC). SLC is secreted as the large latent complex (LLC) bound to LTBP (Latent 
TGFβ-Binding Protein) via a disulphide bond. After secretion, TGFβ is sequestered 
in the ECM through covalent binding to LTBPs which is a member of the fibrillin 
superfamily comprising the microfibrils. TGFβ activation requires the release of 
the 25 kDa homodimer from the latent complex through proteolytic cleavage of 
LTBP from ECM and subsequent release of TGFβ from LAP. This can be mediated 
by MMPs such as MMP2, MMP9 or MT1-MMP [49, 50] or through the integrin-
mediated processes [51]. The integrin-mediated TGFβ activation is most relevant in 
response to mechanical stress such as in cardiac pressure-overload. In a rat model of 
myocardial infarction, increased expression of integrin-α3 enhanced its interaction 
with collagen VI and contributed to fibroblast transdifferentiation, collagen produc-
tion and accumulation [42]. Therefore, MMPs can also contribute to synthesis of 
matrix proteins, and as such the traditional dogma on the role of MMPs only as 
matrix-degrading enzymes is no longer valid.

This step is required for release of TGFβ ligand and its binding to its receptors 
(TGFRI/II) and activation of the downstream pathways (Fig. 1). Other proteases 
such as plasmin and bone morphogenetic protein-1 (BMP-1) have also been shown 
to cleave the LTBP-ECM bond, but only inhibition of MMPs prevented release of 
TGFβ homodimer from LAP [52]. Upon binding of the active TGFβ to its recep-
tor, TGFβRII, it dimerizes with and phosphorylates TGFβRI, inducing intracellular 
signaling. The main TGFβ-mediated signaling pathways are the canonical Smad 
pathway, and the non-canonical MAPK pathways (ERK, JNK and p38) [53, 54] 
(Fig. 1). In canonical TGFβ signaling, the TGFβRI/II complex serine phosphory-
lates Smad2/3, which then form a heteromeric complex with Smad4, translocate 
into the nucleus and regulate transcription of target genes including collagen, elastin 
and -MMPs [55]. TGFβ also induces expression of inhibitory Smad6 and Smad7 
which prevent activation of Smad2/3 thereby acting as an autoinhibitory feedback 
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Fig. 1   Molecular pathway for TGFβ activation and its downstream signaling pathways. TGFβ 
dimer (25 kDa) is secreted from VSMC non-covalently associated with the latency-associated pep-
tide ( LAP), and bound to LTBP (Latent TGFβ Binding Protein). This complex is called the Large 
Latent Complex ( LLC) which binds to components of ECM (fibronectin). LTBP can be proteolyti-
cally cleaved, small latency complex (TGFβ + LAP) is released, and subsequently TGFβ dimer is 
dissociated from LAP and binds to its receptor (TGFβRI/II) activating the downstream pathways. 
Phosphorylation of Smad2/3 mediates their association with Smad4 and their nuclear translocation 
and induction of a number of genes, mainly ECM proteins, elastin and collagen. In parallel, MAPK 
pathways (ERK, JNK and p38) can also be activated triggering synthesis of cytokines and MMPs
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mechanism [56]. In non-canonical TGFβ signaling, upon binding of TGFβ, TGFβ 
RI is tyrosine phosphorylated, allowing it to recruit and directly phosphorylate 
SchcA proteins on tyrosine and serine, leading to phosphorylation of ERK MAP 
kinase [53]. This pathway is activated upon excess TGFβ bioavailability, and would 
account for the Smad-independent functions of TGFβ as well as inhibiting the Smad 
pathway [57]. TGFβ1 has been strongly linked to fibrosis since it is upregulated in 
the LV of patients with idiopathic hypertrophic cardiomyopathy [58], dilated car-
diomyopathy [59], as well as in animal models of myocardial infarction [60, 61], 
pressure overload [50, 62].

Collagens are produced as triple helix pro-collagens consisting of three α-chains 
with the characteristic Gly-X-Y repeat sequence [63] and are secreted to the extra-
cellular compartment for post-translational modifications. Multiple intracellular and 
extracellular steps are required for completion of collagen deposition in the intersti-
tium after it is synthesized. Pro-collagen-α is produced in the ribosome of cFB and 
is imported to the endoplasmic reticulum (ER) where it undergoes hydroxylation 
of proline and lysine residues, N- and O- linked glycosylation, trimerization, disul-
phide bonding, isomerization and finally folding of the triple helix structure [38]. In 
the ER, stability of the triple helix collagen molecule is maintained by a chaperone 
molecular, Hsp47 [64]. The soluble pro-collagen triple helix is then transported to 
the Golgi apparatus and packed inside secretory COPII vesicles, and then secreted 
from the fibroblasts into the interstitial space [65]. Recently, the ubiquitin ligases 
CUL3-KLHL12 were identified as regulators of large COPII coat formation which 
is essential to accommodate the large size of the collagen triple helix prior to their 
secretion from the cFB [65]. In the extracellular space, the pro-collagen requires 
enzymatic removal of the N- and C-propeptides. The N- propeptide can be cleaved 
by a disintegrin and metalloproteinase with a thrombospondin motif (ADAMTS)-2, 
− 3, − 14, while removal of the C-propeptide can be mediated by BMP1 [35, 37], 
whose activity is enhanced by procollagen C-endopeptidase enhancer (PCPE 1 and 
2) and the secreted frizzled-related protein (sFRP2) [66–69]. PCPE 1 and 2 show 
highest expression levels in the myocardium and can increase the efficiency of C-
propeptidases by up to 20 folds [5, 68]. Metalloproteases meprin α and meprin β 
have been shown to function as both C- and N-propeptide proteinases [70]. The C-
terminal and N-terminal propeptides of type I procollagen (PICP, PINP), and those 
of type III procollagen (PIIICP and PIIINP) are released during biosynthesis of 
these collagen fibrils in a stoichiometric manner, and are considered as biomarkers 
of collagen synthesis [12] discussed later in this chapter.

Following the removal of the C- and N-propeptides, lysyl hydroxylase (PLOD1) 
and lysyl oxidase (LOX) mediate hydroxylation and oxidative deamination of col-
lagens, leading to cross-linking and stabilization of collagen fibres [71, 72]. Further 
post-translational regulation of collagen fibres is mediated by matricellular proteins, 
the non-structural ECM molecules that can mediate collagen stabilization and ac-
cumulation in the interstitium [73]. Among the matricellular proteins, SPARC (Se-
creted protein, acidic and rich in cysteine) and Osteopontin (OPN) have been linked 
to cardiac fibrosis [5, 73]. In normal physiology, SPARC regulates pro-collagen-α 
processing and interact with fibroblast cell surface, alters collagen formation in 
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cardiac interstitium without altering the baseline systolic functions or blood pres-
sure [74]. OPN similarly stabilizes collagen fibres, however OPN-null mice have 
increased heart rate, lower blood pressure and enhanced arterial compliance [75], 
suggesting that OPN may play additional roles in the cardiovascular system. Dele-
tion of SPARC or OPN resulted in increased rate of LV rupture following myo-
cardial infarction (MI) [76–78], indicating the critical role of these matricellular 
proteins in assembly of collagen fibres in generation of supportive matrix in healing 
the post-MI scar. On the other hand, following cardiac pressure overload, lack of 
OPN or SPARC led to attenuation of myocardial fibrosis, absence of myocardial 
hypertrophy and reduced diastolic stiffness [79, 80]. These studies clearly demon-
strate the differential impact of replacement fibrosis post-MI versus reactive fibro-
sis following mechanical stress in the heart and important role of post-translational 
modification of collagen in these processes.

5 � Collagen Degradation and Related Biomarkers 
in Heart Disease

ECM is a dynamic entity which undergoes constant turnover. In health, the ECM 
structural proteins, mainly collagens are degraded by Zn2+ -dependant proteases, 
matrix metalloproteinases (MMPs). To date, 28 MMPs have been identified and 
classified based on the substrate(s) that they were initially identified to process, 
although now it is well established that the function of MMPs is not limited to these 
substrates but each MMP can target multiple ECM and non-ECM proteins [81, 82]. 
The MMPs that have been shown to be involved in heart disease include collage-
nases MMP1, MMP13, and MMP8; gelatinases MMP2 and MMP9; stromelysins/
matrilysins, MMP3 and MMP7; and the membrane type MMP, MT1-MMP [79, 
83, 84]. Recently, MMP28 has been reported to be produced by macrophages and 
to contribute to post-MI remodeling [85]. MMPs can be produced by various cell 
types including cFBs, cardiomyocytes and inflammatory cells [8, 17].

MMPs are synthesized as inactive zymogens (pro-MMPs) and are activated by 
removal of the amino terminal pro-peptide domain and exposure of their catalytic 
domain. Once activated, activity of MMPs is regulated by their physiological inhib-
itors, the tissue inhibitor of metalloproteinases, TIMPs [8], which non-covalently 
bind to activated MMPs in 1:1 stoichiometric complexes and reversibly inhibit their 
proteolytic function. Other physiological inhibitors of MMPs have also been identi-
fied, such as alpha 2-macroglobulin and RECK (Reversion-inducing-cysteine-rich 
protein with kazal motifs) [86]. However, α2-macroglobulin can only block MMP 
activity in plasma and liquid compartments with minimal inhibitory function in the 
tissue [87], while baseline expression of RECK in the heart is minimal [88] and its 
role in cardiac function has not yet been identified. Therefore, TIMPs are consid-
ered the dominant MMP inhibitors in the myocardium.

MMP-mediated degradation of ECM proteins is a part of ECM turnover. Howev-
er, aberrant activity MMPs in heart disease can result in excess degradation of colla-
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gen fibres leading to compromised integrity of the ECM network structure. During 
ECM turnover, collagen fibres are degraded and the telopeptides in the C- and/or N-
terminal of type I collagen (CITP, NITP) and type III collagen (CIIITP and NIIITP) 
are cleaved (Fig. 2), which have been proposed to serve as biomarkers for collagen 
degradation in disease [89] as discussed later in this chapter. While MMP inhibition 
initially appeared to be an attractive therapy for heart disease patients [90], studies 
on MMP-deficient mice has shown that inhibiting MMPs will not invariably result 
in beneficial effects [85, 91, 92] suggesting their potential beneficial role in cardiac 
response to disease and that additional considerations need to be given in targeting 
MMPs in heart disease [44].

6 � Clinical Markers of Collagen Synthesis  
and Degradation, and Their Prognostic Significance

Fibrillar collagen type I and III are the predominant components of cardiac ECM. 
These collagens are synthesized, transported in large COPII vesicles and secreted 
into the interstitial space as procollagens, which are then processed into mature 
collagen molecules upon cleavage of their propeptides by procollagen C- and N-
proteinases (PCP and PNP, respectively), resulting in spontaneous assembly of col-
lagen fibrils [5, 70, 93, 94]. The C-terminal and N-terminal propeptides of type I 
(PICP, PINP) and type III procollagens (PIIICP and PIIINP) are released during 
biosynthesis of these collagen fibrils in a stoichiometric manner, and hence have 
been considered as biomarkers of collagen synthesis [12]. During ECM turnover, 
degradation of collagen fibres, by MMPs or other proteases, results in cleavage and 
release of telopeptides from the C- or N-terminal of collagen type I (CITP, NITP) 
and type III (CIIITP and NIIITP) in the plasma (Fig. 2). As such, these telopeptides 
have been considered as biomarkers of collagen degradation [89].

Different reports have been made with respect to the use of plasma biomarkers 
for collagen turnover (synthesis and degradation) as a marker of LV remodeling 
and function in hypertensive patients. Reduced serum CITP, a marker of collagen 
type I degradation, was first reported to explain collagen deposition and fibrosis in 
hypertensive patients [95], but a later study showed increased CITP and PICP in hy-
pertensive patients with LV fibrosis and diastolic dysfunction indicating enhanced 
collagen turnover in hypertensive patients [96]. A direct correlation was reported 
between serum PICP and collagen volume fraction in hypertensive patients using 
endomyocardial biopsies, as PICP levels were higher in patients with severe fibrosis 
compared to those with less severe fibrosis [97]. Similarly, serum levels of PINP, a 
marker of collagen synthesis, correlated with diastolic dysfunction in hypertensive 
patients [98]. These studies collectively suggest that serum markers of collagen 
synthesis (PICP or PINP) could serve as biomarkers for fibrosis in hypertensive 
patients. In patients with congestive heart failure, high serum levels of PIIINP and 
PICP, markers of collagen synthesis, were associated with poor outcome [99]. High 
plasma PICP and CITP levels were found in atrial fibrillation patients, however, 
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persistent atrial fibrillation patients had high plasma PICP (synthesis), but not CITP 
(degradation) levels, suggesting that the degree of collagen type I synthesis and 
degradation may depend on the severity of fibrillation [100]. High PICP levels were 
also found in patients with repaired tetralogy of Fallot which could reflect RV fi-
brosis and link to adverse markers of clinical outcomes [101]. Although plasma 
CITP and PIIINP levels were associated with heart failure and LV dysfunction in 
aortic stenosis patients [102], they were found to be unreliable surrogate measures 
of myocardial fibrosis which did not affect the results of surgery or long-term sur-
vival [103].

In patients with coronary artery disease but no myocardial infarction, serum lev-
els of PIIINP but not PINP correlated well with the number of diseased vessels 
and severity of coronary artery disease [104]. In acute MI patients, elevated serum 
PIIINP levels during the first few days post-MI were also associated with suppressed 
LV function, increased LV volume over 1-year follow up [105], poor overall prog-
nosis and survival [106]. Early post-MI serum PIIINP levels have been suggested 
to serve as a marker of long term LV remodeling and prognosis. However, a more 

Fig. 2   Procollagen structure, cleaveage sites and enzymes mediating procollagen processing. Pro-
collagen is comprised of two alpha-1 chains and one alpha-2 chain intertwined into a triple helix. 
Pro-peptide domain at the carboxy- and amino-terminals are cleaved by specific endopeptidases 
resulting in formation of mature collagen. When collagen is degraded, during physiological turn-
over or pathological adverse remodeling, telopeptides (from the amino- or carboxy-terminals) are 
cleaved and released into the plasma. ADAM-TS a distingetrin and metalloproteinase with a throm-
bospondin domain; BMP-1 Bone morphogenic protein-1; PCPE  procollagen C-endopeptidase 
enhancer. Modified from Fan et al. [12]
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recent study reported that CITP, compared to PINP, PIIINP and TIMP1, served as 
the most suitable prognostic tool in patients with acute and chronic MI [107].

In using plasma biomarkers for ECM remodeling in patients with heart disease, 
it is important to keep in mind that collagen type I is the most abundant collagen 
in human body and is ubiquitously expressed in almost all organs and tissues. Al-
though collagen type III shows a relatively more tissue-specific expression pattern, 
it is also highly expressed in the skin, lungs and the vasculature. In addition, once 
released into the plasma, the collagen propeptides and telopeptides can be cleared 
from circulation over time. Therefore, depending on the disease stage, these pro-
teins may or may not be detectable in the plasma. These factors could likely explain 
the discrepancies in some of the reported studies.

7 � Management of Cardiac Fibrosis

Cardiac fibrosis is not an undesired event in all cases. For instance, cardiac fibrosis 
post-MI plays a critical role in maintaining the integrity of the cardiac structure and 
prevents the infarcted heart from rupture. Adenoviral overexpression of SPARC in 
WT mice increased collagen deposition and improved maturation without alteration 
of the infarct size, and further prevented cardiac dilation and dysfunction post-MI 
[73, 76]. Therefore, management of fibrosis could include inducing normal fibrosis 
in specific conditions, as long as it is tightly regulated for the required duration.

However, when uncontrolled deposition of ECM structural proteins replace the 
functioning myocardium, or interrupt the connection and interaction between the 
cardiomyocytes, this leads to cardiac dysfunction and to heart failure if not man-
aged. A number of potential therapies have been developed specifically targeting 
the pathogenesis of fibrosis. According to the mechanisms of cardiac fibrosis, four 
potential strategies have aimed to target fibrosis by interrupting collagen production 
and processing at the source cell, procollagen transportation and processing, and 
cross-linking and stabilization. (1) Inhibiting formation of myofibroblasts. TGFβ1 
induces endothelial cells to undergo endothelial-mesenchymal transition (EndMT) 
and formation of myofibroblasts, whereas BMP-7 preserves the endothelial pheno-
type [108]. Systemic administration of recombinant human BMP-7 reduced EndMT 
and the progression of cardiac fibrosis in mouse models of pressure overload and 
chronic allograft rejection [108]. Targeting TGFβ1 has also been shown to be an 
effective strategy to control reactive fibrosis [16, 50]. Many elements of the innate 
and adaptive immune response participate in the differentiation and activation of 
fibroblasts [16] which could also serve as potential targets in limiting the population 
of myofibroblasts. (2) Suppression of procollagen transportation to the interstitium. 
Blocking CUL3 expression or its activity would reduce collagen secretion and its 
subsequent deposition in the interstitial space, thereby neutralizing an increase in 
collagen mRNA synthesis. Consistently, agonists of CUL3-KLHL12 were used to 
induce fibrosis in recessive syndromes such as cranio-lenticulo-sutural dysplasia in 
order to preserve intact structures [65]. (3) Interruption of procollagen processing. 
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Activity of BMP-1, a procollagen peptidase, can be specifically increased by PCPE-
1 and PCPE-2 leading to enhanced collagen fibre formation and deposition [5, 69, 
93]. Inhibiting the action of PCPEs could serve as a potential therapeutic approach 
against excess fibrogenesis [93]. (4) Inhibiting collagen cross-linking and stabiliza-
tion. Inhibition of PLOD, LOX and their related enzymes would interrupt the cross-
linking of collagen, rendering them more susceptible to degradation. An inhibitory 
monoclonal antibody against LOX-like-2 (LOXL2), an enzyme that catalyzes the 
cross-linking of collagen, reduced fibrosis and is being explored as a treatment for 
cardiac fibrosis in patients [16, 109]. SPARC binds to and stabilizes collagen fibres, 
and its suppression results in collagen association with fibroblast cell surface which 
is sensitive to degradation by collagenases [6, 73]. Stem cell transplantation has 
also been considered as a potential therapy for cardiac fibrosis which likely targets 
a number of the steps discussed above [110]. Cardiac fibrosis is often character-
ized by the activation of multiple profibrotic pathways, so a multipronged approach 
would be necessary to slow or stop the progression of fibrosis. However, a major 
obstacle slowing the development of antifibrotic drugs is the lack of disease-spe-
cific biomarkers which can be used to identify patients who might benefit from 
a specific therapy [16]. Several molecules involved in collagen synthesis and as-
sembly, such as TGFβ1, CUL3, KLHL12, BMP-1, BMP-7, PCPE, PLOD1, LOX 
and LOXL2, which could be screened together with clinical fibrotic markers as 
discussed previously to decipher the mechanisms of cardiac fibrosis which would 
lead to an effective and specific therapy.

8 � Conclusions

Cardiac fibrosis, deposition of ECM structural proteins in the myocardium, is not 
always an undesired process. In case of myocardial necrosis (e.g. MI), fibrosis is 
essential in preserving cardiac structure and preventing rupture of the myocardium. 
Therefore, attempts to prevent myocardial fibrosis should be limited to cases such 
as hypertensive cardiomyopathies where reactive fibrosis replaces existing cardio-
myocytes. In addition, it is important to note that a number of steps are involved 
from the mRNA synthesis of collagens until collagen fibres are formed and depos-
ited in the interstitium. Therefore, in assessing myocardial fibrosis, or in exploring 
the underlying mechanism of fibrosis, multitude of factors should be considered. 
While serum biomarkers of collagen synthesis and degradation could provide useful 
information about ECM turnover, it is critical to note that collagens type I and type 
III are present in many organs and tissues in the body, and as such change in the 
plasma levels could reflect information about other organs. Therefore, development 
of a biomarker to detect a protein specific to cardiac ECM will be highly valuable as 
a cardiac specific biomarker for myocardial fibrosis and ECM turnover.
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Abstract  The substantial involvement of matrix metalloproteinase-9 (MMP-9) in 
adverse cardiac extracellular matrix (ECM) remodeling makes it one of the most 
widely investigated MMPs. MMP-9 functions primarily by directly degrading and 
activating ECM structural and non-structural molecules to regulate cardiac tissue 
remodeling. This activity is opposed under physiological conditions by a set of 
endogenous inhibitors known as tissue inhibitors of metalloproteinases (TIMPS). 
Following myocardial infarction (MI), this constraint is diminished and MMP-9 
tissue and plasma levels acutely increase concomitant with a decline in cardiac 
function. MMP-9 loss-of-function experiments in multiple animal models of MI 
demonstrate an overall beneficial effect and emphasize the importance of MMP-9 
inhibition as a therapeutic intervention. This chapter summarizes MMP-9 structure, 
transcriptional regulation, post-translational modification, and downstream ECM 
substrates. We also explore the overall important role of MMP-9 in adverse car-
diac remodeling post-MI and its potential utility as a pathophysiological biomarker. 
Finally, we highlight MMP-9 endogenous and pharmacological inhibitors and the 
challenges that must be overcome to achieve clinical translation. This is a compre-
hensive review of MMP-9, from its biochemical structure to its potential role in 
clinical trials, and can serve as an introduction to young researchers who just joined 
this research area.
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1 � Introduction

The extracellular matrix (ECM) was historically perceived as a structural entity 
providing mechanical support, protection, and a signaling platform for intercellular 
interaction and communication [1]. Major ECM roles change under physiological 
or pathophysiological conditions, reflecting growth, wound healing, and fibrosis 
[2, 3]. Cardiac ECM components (e.g. collagens, elastin, fibronectin, laminin, and 
proteoglycans) are synthesized and maintained mainly by fibroblasts, the most nu-
merous cell type in the myocardium [4–6]. The ECM scaffold, outlined by colla-
gen fibers, supports the bulky cardiomyocyte cells and offers a sturdy, yet resilient 
framework for the left ventricle to accommodate a wide variation in chamber size 
or wall stress, while preventing cardiomyocytes from overstretching and synchro-
nizing myocardial contraction and relaxation during each cardiac cycle [1]. As a 
dynamic structure, the ECM also serves as a storage depot for growth factors and 
matricellular peptides that influence cardiac development, homeostasis, and remod-
eling [3, 7, 8].

The matrix metalloproteinases (MMPs) are a key family of enzymes that regulate 
ECM turnover. MMPs are a family of 25 members (22 in human), which combined 
can cleave all structural elements of the ECM as well as non-ECM substrates [9]. 
MMP-9 is one of the most widely studied endopeptidases due to its key role in car-
diac remodeling in cardiovascular diseases such as hypertension, atherosclerosis, 
myocardial infarction (MI), and heart failure [10]. MMP-9 is expressed by a wide 
range of cardiac and non-cardiac cells including cardiomyocytes, fibroblasts, vas-
cular smooth muscle cells, endothelial cells, and innate immune cells. The focus of 
this chapter will be the evaluation of MMP-9 roles in cardiac remodeling post-MI.

2 � Regulation of Transcription and mRNA

The MMP-9 gene is a 2335 bp consisting of 13 exons sequence located on human 
chromosome 20q11.2. MMP-9 is translated into a 707 amino acid protein [11]. The 
MMP-9 promoter contains several cis-elements that contribute to the regulation 
of gene expression by interacting with different trans-activators including activa-
tor protein-1 (AP-1), nuclear factor-κB (NF-κB), polyomavirus enhancer A-binding 
protein-3 (PEA-3), specificity protein 1 (Sp-1), and the β-catenin/Tcf-4 complex 
[12, 13]. Multiple growth factors (e.g. transforming growth factor-beta (TGF-β)) and 
cytokines (e.g. interleukin-1 beta (IL-1β) and tumor necrosis factor-alpha (TNF-α)) 
regulate the expression, nuclear translocation and binding of these transcription fac-
tors to the MMP-9 promoter to control MMP-9 expression [10]. Transcriptional 
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regulation is also affected by polymorphisms in the promoter region of the MMP-
9 gene. For instance, promoters with increased CA di-nucleotide repeats near the 
AP-1 binding site are associated with higher transcriptional activity [14]. In context 
of acute MI, patients had a significantly higher incidence of the-1562  C > T single 
nucleotide polymorphism (SNP) in the MMP-9 promoter compared to their control 
group. Higher levels of plasma MMP-9 were reported in the SNP patient group then 
in the group without [15].

Regulation of transcription is also mediated by transcription factor expression, 
promoter sequence integrity and accessibility, as well as epigenetic modifications 
[16]. The latter includes DNA methylation and alterations in chromatin structure. 
Genetic and pharmacologic studies demonstrate a negative relationship between 
MMP-9 promoter methylation and MMP-9 mRNA and protein expression [17]. 
MMP-9 expression is reduced by histone deacetylase recruitment to the MMP-9 
promoter due to deacetylated chromatin remodeling and subsequent reduced DNA 
accessibility [18].

MMP-9 transcription often requires a coordinated effort by more than one tran-
scription factor. Essential MMP-9 transcription factors such as NF-κB and AP-1 
possess binding sites to the promoter region and coordinate MMP-9 upregulation 
in response to a number of stimuli, such as interleukins, reactive oxygen species, 
angiotensin II, and the glycoprotein, osteopontin [10, 14, 19–24]. Similarly, bind-
ing sites for SP-1 and PEA3 transcriptional factors both cooperates with the Ap-1 
binding site to achieve a maximum level of transcriptional activation [25]. More 
recently, miRNAs have also been implicated in the up-regulation of MMP-9 expres-
sion [26, 27].

In contrast to genetic up-regulation, induction of MMP-9 transcriptional activity 
can be counterbalanced by many factors to decrease gene expression. Proteins that 
interfere with transcription factors binding and promoter activation, including kis-
speptin, reversion-inducing-cysteine-rich protein with kazal motifs (RECK), early 
growth response protein 1 (EGR-1), CDK5 regulatory subunit associated protein 3 
(LZAP), ataxin1 (ATXN1), and SP2 transcription factor/Kruppel-like factor 6 (SP2/
KLF6) complex have all been shown to suppress MMP-9 expression [14].

3 � MMP-9 Structure

Based on in vitro substrate specificity, MMPs are loosely divided into five groups: 
collagenases, stomelysins, matrilysins, gelatinases, and membrane type metallopro-
teinases [9, 10, 28]. Most MMPs are synthesized and released extracellularly as 
zymogens, where further processing by tissue and plasma proteinase generates fully 
active enzyme [29]. MMP-9 was first termed 92 kDa gelatinase (gelatinase B) due 
to its ability to degrade gelatin [30]. MMP-9 possesses four distinct domains: (1) 
10 kDa NH2-terminal pro-domain, (2) catalytic domain, (3) linker domain, and (4) 
hemopexin-like domain (Fig. 1).
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3.1 � Pro-, Active, and Inactive MMP-9

In humans, proMMP-9 is 92 kDa and the active form is 88 kDa. In mice, proMMP-9 
is 105 kDa and the active form is 88 kDa [28]. MMP-9 activity is mediated by a ~ 170 
amino acid catalytic domain, which binds two zinc ions and five calcium ions [31]. 
When one of the two catalytic zinc ions is structurally associated with the cysteine 

Fig. 1   Positive feedback loop of MMP-9 expression and synthesis. ( 1) ProMMP-9 is co-trans-
lationally N-glycosylated at the pro- and catalytic domains. Enzymatic activity is limited by the 
cysteine switch between C99 of the pro-domain and zinc ion of the catalytic domain. ( 2) Fol-
lowing synthesis, MMP-9 is processed through the Golgi complex where it acquires its tertiary 
structure characterized by seven disulfide bridges and heavy linker domain O-glycosylation. ( 3) 
In response to stress such as MI, MMP-9 can be activated by either intracellular components such 
as S-nitrosylation or released and extracellularly activated by other components such as MMPs, 
kallikrein, plasmin, and urokinase-type plasminogen activator. Extracellular components activate 
MMP-9 by disrupting the cysteine switch and releasing the pro-domain. ( 4) Upon activation, 
MMP-9 proteolytically processes a wide range of substrates, including multiple pro-inflammatory 
cytokines such as TNF-α, IL-1β, and IL-8, which bind and activate their receptors. ( 5) Recep-
tors activation triggers an intracellular signaling cascade that recruits multiples trans-activators to 
which MMP-9 possess binding sites at the promoter region. This feeds back to stimulate further 
MMP-9 expression. Abbreviations: AP-1 activator protein-1, ETs E-26 transcription factors, IL-1β 
interleukin-1 beta, IL-8 interleukin-8, NF-κB nuclear factor-κB, NOS nitric oxide synthase, PEA-3 
polyomavirus enhancer A-binding protein-3, SAF-1 serum amyloid A-activating factor-1, Sp-1 
specificity protein 1, TIMP-1 tissue inhibitor of metalloproteinases-1, and TNF-α tumor necrosis 
factor alpha
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switch (cys99) of the NH2-terminal 80 amino acid pro-domain, the enzyme is held 
in its inactive zymogenic form [31]. The fully active enzymatic form is released by 
cleavage of the propeptide by tissue kallilkrein, plasminogen activator, and certain 
MMPs including MMP-1, MMP-2, MMP-3, and MMP-7. However, MMP-9 pos-
sesses enzymatic activity even in the presence of its pro-domain [32].Using in situ 
zymography, Bannikov et al. showed that proMMP-9 of human placental tissue is 
enzymatically active with the presence of its NH2-terminal propeptide. The enzyme 
activity, however, is 10 fold lower than the proteolytically activated enzyme. Activi-
ty of proMMP-9 is further increased 600-fold higher when bound to a substrate than 
when free in solution [32]. This suggests that upon substrate binding, proMMP-9 
acquires certain conformational changes that activate its catalytic domain, albeit to 
a lesser extent than the proteolytically processed enzyme.

In addition to the cysteine switch, the catalytic domain contains three repeats 
of fibronectin-type II domain (~ 58 amino acids) essential for binding gelatin and 
conserved among gelatinase MMP members (MMP-2 and MMP-9) [33, 34]. The 
C-terminal hemopexin-like domain consists of 210 amino acids and is linked to the 
catalytic domain via an elongated proline-rich 64 amino acid linker domain known 
as O-glycosylated (OG) domain [35, 36]. The OG domain increases MMP-9 acces-
sibility to large gelatinous substrates. It also controls enzyme flexibility by allowing 
inter- and intra-domain conformational changes post substrate binding, a feature 
important for both substrate cleavage and unwinding [37–39].

The hemopexin-like domain plays an important role in modulating MMP-9 func-
tion. Structurally, this domain has four blades and one disulfide bridge that drive 
its interaction with substrates and binding to cell surface receptors. It also provides 
the optimum conformational positioning for full MMP-9 catalytic activity, which 
makes it an allosteric site for the endogenous inhibitors TIMPs (Fig. 1) [40].

4 � Post-translational Modifications

During synthesis and processing, MMP-9 acquires numerous post-translational 
modifications resulting in structural and functional variation (Fig.  1). Disulfide 
bond formation between MMP-9 cysteine residues is the most well-known modifi-
cation. The MMP-9 translated sequence possesses 19 cysteine residues, two of them 
located in the signal peptide [41]. The latter is cleaved during translation, leaving 
only 17 cysteine residues within the pro-MMP-9 form [42]. Fourteen of these resi-
dues contribute to the formation of seven disulfide inter-domain bridges that define 
and fix the folded structure. Six of these disulfide bonds are located within the 
fibronectin-type II repeats of the catalytic domain and are important for pro-MMP-9 
secretion [43]. The remaining bond interconnects blade IV to blade I within the he-
mopexin domain [44]. Of the three residual cysteines, Cys99 of the pro-peptide do-
main interacts with the zinc ion of the catalytic domain and forms a switch that lim-
its the enzyme activity. Post-translationally, this switch is subjected to interaction 
with nitric oxide and subsequent S-nitrosylation, resulting in full enzyme activation 
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[45]. The remaining Cys468 and Cys674 are located within the O-glycosylated and 
hemopexin domains, respectively. It is postulated that these residues are involved in 
intermolecular interaction and formation of MMP-9 multimers [46].

O- and N-Glycosylation are other potent forms of MMP-9 post-translational 
modifications with high impact on the enzyme catalytic efficiency and oligomeriza-
tion, as well as intra- and interdomain flexibility. Asn38 of the propeptide domain 
and Asn120 of the catalytic domains are co-translationally N-glycosylated by oli-
gosaccharyl transferase [47, 48]. O-glycosylation on the other hand, occurs heavily 
in the OG domain (over 14 potential sites) and during later post-translational stages 
in the Golgi apparatus [48].

Although most studies focus on the most abundant monomer form, MMP-9 is 
also found in oligomeric, complexed and truncated forms that are worth investigat-
ing. Oligomerization of MMP-9 monomers is assumed to be mediated essentially 
via O-glycans of the OG domain with potential contribution of Cys468 and Cys674 
amino acids [46]. Most known heteromeric postranslational complexes involve 
MMP-9 covalent and/or non-covalent association with neutrophil gelatinase-asso-
ciated lipocalin (NGAL) and/or TIMP-1 [49, 50]. Notably mouse MMP-9 lacks the 
Cys at amino acid 87 that binds NGAL. Chondroitin sulfate proteoglycan (CSPG) is 
shown to interact with MMP-9 forming a high molecular weight (~ 300 kDa) com-
plex produced and secreted by macrophage cell-line THP-1 and postulated to have 
an important physiological function [51–54]. Truncated forms of MMP-9 are also 
produced by different proteases, including MMP-3, kallikrein-related peptidase 7 
and meperin-α. Some forms lack both the aminoterminal propeptide and the car-
boxyterminal hemopexin domain, while others lack the carboxyterminal domains 
only [55–58]. In both cases, the resulting structures could not dimerize with TIMP-
1, escaping its inhibitory effect, and may consequently play an important role in 
mediating the pathophysiological effects of MMP-9.

5 � MMP-9 and Adverse Cardiac Remodeling Post-MI

In response to MI injury or stress, the cardiac ECM responds in a manner that is 
acutely appropriate, but often proves detrimental to the heart. By definition, ad-
verse cardiac remodeling is the progressive series of histopathological events in 
the left ventricle that ultimately impairs cardiac structure and performance and can 
lead to heart failure [59]. These structural changes are mediated by two overlap-
ping processes: inflammation and ECM scar formation [60, 61]. Elevated MMP-9 
activity is conducive to pathophysiological immune response and fibrotic pathway 
stimulation, thereby exacerbating disease progression (Table  1). In both compo-
nents, MMP-9 is the middle-man responsive factor connecting what is an appropri-
ate reparative or reactive action to the initial assault to a detrimental dysregulated 
reaction.
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5.1 � In Cardiac Inflammation

Following an MI, MMP-9 levels increase substantially [62, 63]. This increase is 
mediated by activated neutrophil degranulation, which stores pre-formed MMP-9 
in gelatinase granules [64–66]. MMP-9 then proteolytically processes and activates 
several immune chemotactic molecules including CXCL5, CXCl6 and CXCL8 
which attracts in a feed forward mechanism more MMP-9 producers into the in-
jured area, such as macrophages and lymphocytes [67]. This pro-inflammatory en-
vironment is further enhanced by the ability of MMP-9 to cleave and activate potent 
inflammatory cytokines such as IL1-β, IL-8 and TNF-α [68, 69], which stimulate 
pro-inflammatory transcription factors in immune and cardiac cells, namely, NF-
B, PEA3, AP-1, Sp-1, serum amyloid A-activating factor-1, and E-26 transcription 
factors. MMP-9 possesses several response elements to these transcription factors 
[70–77]. This creates a positive feedback loop [78], which explains the early and 
persistent elevation of MMP-9 levels in response to inflammatory stress (Fig. 1). 
However, the major sources of sustained production of MMP-9 shifts from innate 
immune cells in the inflammatory phase to fibroblasts during the reparative remod-
eling phase [60]. Although inflammation is initially critical for adequate cardiac re-
pair and adaptation to stress, sustained inflammation can lead to unresolved wound 
healing [61, 79–86].

5.2 � In Cardiac Fibrosis

Cardiac remodeling entails prominent alterations in the ECM [87]. In normal adult 
hearts, ECM turnover is minimal and highly regulated. Diseased hearts, however, 
are characterized by robust ECM remodeling of either an increase in collagen de-
position or degradation depending upon the diseased state [88]. Following an MI, 
ECM remodeling is biphasic. In the early stages, ECM is infiltrated by immune 
cells and degraded to clear debris and necrotic tissue [81]. In the later phase, fibro-
blasts infiltrate and proliferate and initiate scar formation mainly via collagen de-
position [4], where collagen type I deposition dominates [89]. MMP-9 is critically 
involved in both collagen deposition and degradation.

5.3 � In Post Myocardial Infarction

At the onset of MI, the ischemic environment, cell death, and the production of 
danger-associated molecular pattern molecules (DAMPs) elicit an immediate innate 
immune response [61, 81, 90]. Neutrophil and macrophage infiltration dominates in 
the inflammatory phase (0–7 days) and constitute the primary source of sustained 
MMP-9 production [60, 90], where ECM degradation, phagocytosis and elimi-
nation of necrotic tissue and cellular debris occur. Both inflammation and ECM 

 



Matrix Metalloproteinase 9 (MMP-9)� 245

degradation allow fibroblast migration and infiltration into the injured environment 
where they proliferate and initiate remodeling [4]. In the subsequent reparative 
phase, fibroblasts become the main source of MMP-9 production and control col-
lagen synthesis and ECM deposition to produce a mature scar. Although, collagen 
type III deposition is observed as early as two days post-MI, mature scar forma-
tion is predominantly formed by collagen I [89] (Fig. 2). The transition from pro-
inflammatory and pro-ECM degradation phase to reparative pro-ECM synthesis 
phase is associated with pathways that turn off inflammation and promote repairing 
machinery [3, 61].

Fig. 2   MMP-9 plasma levels and LV gene expression time course post MI. MMP-9 plasma levels 
( blue line) peaked around 3 days post-MI followed by a significant decrease by days 5–7, where 
levels afterwards were maintained through day 14 post-MI. MMP-9 gene expression levels in the 
LV ( red line) peaked around 2 days post-MI followed by a significant decrease by days 5–7, where 
levels afterwards were maintained through day 14 post-MI. In the early phase post-MI, inflamma-
tion dominates and neutrophils constitute the primary source of MMP-9. In the intermediate phase, 
inflammation and repairing mechanisms overlap and macrophages become the major source of 
MMP-9. In the late phase inflammation resolve and repairing and scar formation dominate. At this 
stage, fibroblasts constitute a source of MMP-9 production
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MMP-9 levels are increased and maintained during both the inflammatory and 
reparative phases. Notably, this biphasic profile of MMP-9 levels correlates with 
an early pro-inflammatory detrimental effect and a late beneficial pro-repairing and 
preservation of LV function effect [91]. Several studies show the beneficial effect of 
MMP-9 deletion early post-MI (Table 2). Ducharme et al. showed that MMP-9 de-
letion in the mouse reduces the pro-inflammatory response post-MI and attenuates 
LV enlargement and collagen deposition [92]. Lindsey et al. documented an overall 
improvement in LV remodeling mainly due to the stimulation of neovascularization 
in a mouse MI model of permanent occlusion with targeted MMP-9 deletion [93]. 
Others have reported the beneficial impact of MMP-9 deletion on post-MI cardiac 
rupture [94, 95]. Similar findings were also obtained by use of MMP-9 pharma-
cological inhibitors [96–99] or via indirect MMP-9 attenuation [100]. Lauer et al. 
reported the beneficial effect of compound 21, an angiotensin II type 2 receptor 
agonist, on cardiac function and remodeling in later stages post MI [100], mainly 
via MMP-9 attenuation. The impact of direct and indirect pharmacological inhibi-
tion of MMP-9 is detailed in the MMP-9 inhibitors paragraph.

Table 2   A selection of studies linking MMP-9 to post-MI cardiac remodeling
Animal model Post-MI remodeling findings Reference
MMP-9 null mice Reduced ↑ in LV dimensions 

compared to WT
↓ LV rupture [92, 94]
↑ neovascularization

↑ ES pressure ↓ septal wall thick-
ness (compensatory 
hypertrophy)

↑ dP/Dtmax

↓ collagen accumulation in 
infarct

↑ infarct-to septal wall 
thickness (less infarct 
thinning)

Overexpression 
of MMP-9 in 
macrophages

MMP-9 overexpression 
did not affect macrophage 
infiltration or neutrophil 
numbers in the infarct region

↑ ejection fraction 
(improved function)

[142]

↓ inflammation
↓ M1 activation markers
↓ ECM synthesis and 
fibrosis

Reduced ↑in end systolic 
volume

Aging C57Bl/6 WT 
mice

↑ MMP-9 activity and LV 
remodeling

↑ LV rupture in middle 
aged mice

[143]

WT mice with 
MMP-9 promoter 
fused to gelatinase 
B/LacZ promoter

Selective MMP-9 spatiotem-
poral induction

↑ MMP-9 promoter induc-
tion at day 3 and peaks at 
day 7

[144]

MMP-9 promoter activity 
was highest at the border 
between the infarct and 
remote regions
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6 � MMP-9 Bioactive ECM Substrates

The interstitial matrix and basement membrane constituting the ECM are composed 
of a variety of highly organized structural proteins like fibronectin, laminin, fibril-
lin, and various types of collagen, as well as a diversity of non-structural cell-cell 
and cell-matrix regulatory matricellular proteins including tenascin, thrombospon-
din, decorin and others [6–8]. Many of these molecules constitute major bioactive 
substrates to MMP-9 and play important roles in cardiac remodeling [101]. Laminin 
levels for instance, are increased early post-MI during the ECM degradation phase 
and have an important role in modulating macrophage infiltration and decreasing 
cardiac rupture [102]. MMP-9-mediated laminin cleavage makes this positive effect 
inversely proportional to MMP-9 levels [103]. MMP-9-generated fibronectin frag-
ments act as chemotactic molecules for many cell types involved in the infarct heal-
ing process [101, 104]. Type IV and XVIII collagen components of the basement 
membrane are cleaved by MMP-9 into active anti-angiogenic tumstatin and end-
ostatin respectively [105, 106]. In addition, plasminogen, a matrix bound protein, 
is cleaved by MMP-9 to generate an NH2 terminal fragment known as angiostatin 
and shown to inhibit endothelial cells proliferation and subsequently, angiogenesis 
[107]. The marked generation of anti-angiogenic fragments by MMP-9 is postu-
lated to be one of the main reasons behind the progressive maladaptive transition to 
heart failure and likely explains why MMP-9 deletion increases post-MI neovavas-
cularization [93, 107].

Galectin-3, a carbohydrate-binding protein, is a powerful participant in ECM 
cell-cell and cell-matrix adhesion due to the capacity to bind to glycosylated ECM 
components, such as laminin, fibronectin, and tenascin [108, 109]. It possesses a 
collagen-like domain highly prone to cleavage by MMP-9 [110]. Galectin-3 release 
along with high MMP-9 activity is highly associated with inflammation, fibrosis 
and adverse cardiac remodeling making it a powerful biomarker for poor remodel-
ing prognosis [111]. Thrombospondin-1 is also upregulated post MI but, unlike Ga-
lectin-3, acts to preserve LV function mainly by reducing MMP-9 activity, favoring 
matrix preservation, and stimulating angiogenesis [8, 112]. Tenascin-C is a marker 
of active remodeling and plays an important role during the proliferative phase of 
the healing infarct [8, 101, 113]. Higher plasma levels of tenascin-C are associated 
with poor survival outcome in heart failure patients [114]. Decorin is a collagen-
associated proteoglycan that serves as a depot for the anti-inflammatory cytokine, 
TGF-β [115]. Once cleaved, decorin releases TGF-β, which is further processed by 
MMP-9 to generate its active form [115]. Last but not least, osteopontin, a phos-
phorylated acidic glycoprotein is markedly increased post cardiac injury and plays 
an important role in regulating collagen assembly and deposition [8]. In summary, 
MMP-9 bioactive ECM substrates possess both detrimental and beneficial effects, 
further highlighting the Janus-like role of MMP-9 in cardiac remodeling and the 
importance of spatiotemporal considerations in targeting MMP-9 therapeutically. 
Recent proteomics studies of the diseased cardiac ECM reveal many potential new 
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substrates for MMP-9 with unknown pathophysiological activity [101, 116]. An un-
derstanding of these potential bioactive candidates may provide insight into achiev-
ing better and more efficient therapeutic outcomes.

7 � A Pathophysiological Biomarker

Heart failure management can be broadly classified into two approaches: decelerat-
ing disease progression and relieving comorbid symptoms. There is no treatment 
that reverses heart failure and approximately 50 % of patients with heart failure 
die within 5 years of diagnosis [117]. This emphasizes the need to stop or slow 
the progression to heart failure [118]. Several plasma or serum proteins have been 
categorized as disease biomarkers due to their powerful correlation with screening, 
diagnosis, prognosis, disease recurrence, or therapeutic monitoring [119, 120]. A 
better understanding of these molecules is shifting treatment for heart failure pre-
vention or management toward effective personalized medicine. The goal would 
be that, instead of bundling a group of patients under one treatment protocol, based 
on their biomarkers profile one could categorize them as low, intermediate or high-
risk groups and treat them accordingly. ECM remodeling occurs at very early stag-
es of heart disease and persists throughout progression, making ECM markers a 
potentially powerful tool for disease assessment. MMP-9’s spatial and temporal 
characteristics place it at the top of the list of the most prominent new biomarkers 
candidates for cardiac remodeling [60]. In the pre-clinical and clinical settings, in-
creasing MMP-9 levels highly correlate with adverse cardiac remodeling and poor 
prognostic profile (Table 1) [60]. For example, higher levels of MMP-9 early post-
MI associate with a substantial higher risk of LV rupture [95]. This adverse effect 
is either related to a direct action of MMP-9 on the ECM (i.e, degradation or via 
activation of bioactive matricellular proteins). In conclusion, there is a strong ratio-
nale supporting the usage of MMP-9 levels alone or in combination with other bio-
markers to assess, characterize, and better treat cardiac remodeling diseases [60].

8 � MMP-9 Inhibitors

Tight regulation of MMP-9 is crucial to maintain its normal physiological function. 
The temporal MMP-9 activity pattern makes it difficult to discern between its ben-
eficial and detrimental pathophysiological effect during disease progression [91]. 
Nevertheless, there is general consensus that higher MMP-9 levels are associated 
with adverse cardiac remodeling and often poor survival outcome [60]. The util-
ity of inhibiting MMP-9 is supported by the significant positive effects observed 
post-MI in MMP-9 null mice. Here, we present a summary of endogenous MMP-9 
inhibitors as well as a selective list of the most prominent specific and non-specific 
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MMP-9 inhibitors shown to be efficacious pre-clinically in managing cardiac re-
modeling post-MI. Their proven effectiveness in animal studies makes them strong 
candidates for clinical trials.

8.1 � Endogenous MMP-9 Inhibitors

Excessive and continuous MMP-9 activity is limited and balanced by a set of endog-
enous inhibitors in both the circulation with α2-macroglobulin and in tissues with 
RECK and TIMPs. TIMPs have four members (TIMP 1–4) of size 20–30 kDa, all 
known to inhibit interstitial MMP-9 activity [121]. The N-terminal of both TIMP-1 
and TIMP-2 inhibit MMP-9 by directly interacting with its catalytic domain. The 
C-terminal domain of TIMP-1 can form a tight complex with the hemopexin do-
main of pro-MMP-9 in the Golgi apparatus post-translationally and before secre-
tion [122, 123]. Similarly, TIMP-3 is shown to directly interact with pro-MMP-9’s 
hemopexin domain [124].

All TIMPs are highly involved in MI progression and their absence is proven 
detrimental to cardiac remodeling. TIMP-1 knockout mice have larger post-MI LV 
volumes [125]. Likewise, absence of TIMP-2, TIMP-3 and TIMP-4 leads to greater 
infarct expansion and worsened LV dysfunction and increased mortality due to high 
risk of cardiac rupture [126–128]. All these effects are reversed with MMP inhibi-
tion, emphasizing the importance of TIMP-MMP balance in reducing MI-induced 
cardiac dysfunction. However, although using TIMPs as a potential therapy could 
be promising, their therapeutic effectiveness is limited by their multifunctional 
properties and their widespread inhibition of all MMPs. Therefore, more selective 
MMP-9 inhibitors need to be developed.

8.2 � Pharmacological MMP-9 Inhibitors

Many MMP pharmacological inhibitors have recently emerged as potential thera-
peutic candidates for inflammatory and cardiovascular diseases [129–131]. Tetra-
cycline and their chemically modified derivatives are most widely used to target 
MMP-9 due to their ability to inhibit the enzyme and lower its levels [132, 133]. 
More selective MMP-9 inhibitors such as REGA-3G12, SB-3CT and salvianolic 
acid have also surfaced as promising drugs [134–136].

MMP-9 is also targeted by many drugs that are prominently used in cardiovas-
cular diseases management. For instance, ACE inhibitors decrease MMP-9 activity 
in hamster MI model by directly binding to the enzyme active site [137]. In heart 
failure dogs, MMP-9 activity decreased in response to the aldosterone receptor 
blocker, eplerenone [138]. Propanolol and Carvedilol also exert inhibitory effect 
by reducing the enzyme levels as seen in rat MI model and patients with idiopathic 
cardiomyopathy respectively [139, 140].
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8.3 � MMP-9 Inhibition in Translational Medicine

Although promising, inhibiting MMP-9 activity is yet to reach its maturity as a 
primary beneficial therapeutic strategy in clinical settings of cardiovascular dis-
ease management. Two major problems support this limitation. First, MMP-9 is a 
member of a wide range of enzymes that share structural similarities but exert dif-
ferent functions. In this context, usage of non-selective or less selective inhibitors 
increases the risk of adverse effects, which could outweigh the predicted therapeutic 
outcome. Furthermore, selective MMP-9 targeting is still challenging at the mo-
ment and warrants further investigation. Understanding the full spectrum of MMP-
9 substrates will help to better define inhibition strategies. Second, MMP-9 spatio-
temporal characteristics and beneficial versus detrimental contradictory effect, limit 
the therapeutic intervention to a specific set of circumstances and disease conditions 
that are yet to be elucidated.

9 � Conclusion and Future Directions

A significant amount of evidence supports a substantial role for MMP-9 in adverse 
cardiac ECM remodeling. MMP-9 expression and plasma levels are acutely in-
creased in response to cardiac injury, which correlates with adverse cardiac effects 
and poor survival outcomes, making MMP-9 a potentially powerful biomarker. 
MMP-9 acts mostly as an intermediary protein that proteolytically processes cru-
cial ECM bioactive molecules involved in cardiac matrix remodeling to activate or 
inactivate them. Although it is generally known for its extracellular activity, recent 
studies have shed light on interesting intracellular roles for MMP-9 [141]. Explor-
ing this novel activity may provide better insight into unexplained or uncharted 
effects of MMP-9 and raise the possibility of new intracellular targeted therapies. 
In addition to the better studied monomeric form, post-translational modifications 
of MMP-9 result in oligomeric, complexed and truncated forms with undefined 
function that warrant further investigation. Also, a better understanding of MMP-9 
spatiotemporal characteristics during disease progression is crucial to devise thera-
peutic strategies that boost beneficial over detrimental outcomes. To accomplish 
the goal of targeting MMP-9 therapeutically, several key questions await resolu-
tion: (1) can MMP-9 changes allow us to phenotype post-MI patients in a more 
precise and specific way; (2) can we sort out different sets of patients that may 
undergo post-MI remodeling by different selective mechanisms; and (3) how much 
of ECM remodeling is cause and how much is consequence? Targeting MMP-9 in 
a judicious manner to achieve constructive repair of the infarcted heart is challeng-
ing, but given the recent progress made in MMP-9 research, this goal is now within 
sight.
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Abstract  In several diseases involving the heart such as pressure overload, diabetic 
cardiomyopathy or myocardial infarction, fibrosis is a common disorder of myocar-
dial extracellular matrix structure and function. The clinical significance of fibrosis 
is that accumulation of disorganized fibrillar collagen in the cardiac interstitium can 
inhibit diastolic and systolic function. Fibrosis is mediated by several different cel-
lular and extracellular processes including disruptions of fibroblast differentiation, 
perturbations of post-translational processing and assembly of matrix molecules, 
and inappropriately organized matrix degradation by proteases and intracellular 
digestion. The enlargement of transformed fibroblast and myofibroblast populations 
in the diseased cardiac interstitium plays a critical role in the disorganized matrix 
remodeling that occurs after pressure overload or diabetes because these cells do 
not process and remodel interstitial collagen in a physiological fashion. New data 
that have examined the regulation of pro-collagen processing by molecules such as 
pro-collagen C-endopeptidase enhancer and modulation of collagen assembly by 
the secreted protein acidic and rich in cysteine, have suggested novel therapeutic 
targets for ameliorating cardiac fibrosis. Further, studies of transmembrane matrix 
metalloproteinases, such as MT-1, indicate the remarkable breadth of function and 
complexity of the matrix proteolytic family since MT-1 can break down the matrix 
and is also important in mediating collagen degradation by phagocytosis. Our grow-
ing recognition that the myocardial matrix is highly dynamic and comprises a wide 
range of matricellular and non-structural proteins and proteases in addition to well-
defined structural proteins, suggests new approaches for myocardial fibrosis in a 
spectrum of cardiac diseases.
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1 � Introduction and Clinical Considerations

Several cardiac diseases feature prominent alterations of the structure and function 
of the cardiac interstitium, which is seen after myocardial infarction, reperfusion 
injury, diabetes, dilated cardiomyopathy and in the responses to prolonged pres-
sure overload associated with chronic hypertension. Here we will consider the cell 
phenotypes and alterations in collagen processing and digestion that are particularly 
relevant to hypertension and diabetes.

In the hypertensive patient, left ventricular hypertrophy manifests as disorga-
nized extracellular matrix structure, increased collagen deposition, and the forma-
tion of pro-fibrotic cells in the cardiac interstitium (Fig. 1). These features of car-
diac fibrosis markedly reduce cardiac function and increase the risk of heart failure 
and sudden death. In hypertensive patients, increased mechanical forces generated 
by cardiac muscle are thought to be critically important for the adverse cardiac re-
modeling of the ventricular wall.

While considerable progress has been made in understanding the development 
of cardiac fibrosis in response to humoral cues, little is known about how the me-
chanical forces associated with hypertension promote the fibrotic response and how 
collagen processing may contribute to fibrosis of the interstitium and alteration of 
normal cardiac function. Notably, hypertension is a major public health burden and 
is one of the leading medical diagnoses for adults in Western countries. For ex-
ample, approximately 7.5 million Canadians (total population 33 million) currently 
suffer from hypertension. More than 50 % of cardiovascular diseases, including 6 in 
10 strokes and 13 % of premature deaths, are linked to hypertension. These medical 
conditions cost the Canadian healthcare system over $ 7 billion/year and $ 13 bil-
lion/year in lost productivity, which is considerable for a country with a relatively 
small population.

In the context of hypertension, current therapies are aimed primarily at reducing 
blood pressure; but these approaches so far have been less effective in treating heart 
failure and myocardial fibrosis. New therapeutic approaches for cardiac fibrosis 
may need to consider the roles of fibroblasts and activated myofibroblasts in the 
pathological remodeling of the cardiac extracellular matrix and how inappropriate 
processing of prominent matrix molecules such as collagen may provide new thera-
peutic targets for reversal of fibrosis [1].

Diabetic cardiomyopathy, a specific condition of some individuals afflicted with 
diabetes, can be defined as the alterations induced by diabetes mellitus in cardiac 
structure and function in the absence of ischemic heart disease, hypertension or 
other co-morbidities [2]. Left ventricular hypertrophy, perivascular and interstitial 
fibrosis are fundamental histopathological features in the hearts of patients with 
diabetic cardiomyopathy, regardless of the presence or absence of ischemic heart 
disease [3–6]. Detailed studies of chamber compliance in diabetic patients with 
either impaired or preserved systolic function and heart failure, but normal renal 
function, demonstrate increased myocyte stiffness and interstitial fibrosis as po-
tential mediators of cardiac stiffness [7]. Reduced chamber compliance leads to 
diastolic dysfunction, for which diabetics are particularly prone [8]. Indeed, current 
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non-invasive assessments of cardiac function by echocardiography have demon-
strated that ~ 30–50 % of hospitalizations for heart failure occur in patients with 
preserved left ventricular systolic function but with diastolic dysfunction of the left 
ventricle (“heart failure with preserved ejection fraction” [9, 10]). Recent studies 
documenting the syndrome of heart failure with preserved ejection fraction demon-
strate similar morbidity and mortality as subjects with systolic heart failure [9, 10]. 
Since diastolic dysfunction is an important cause of symptomatic heart failure [11], 
it is notable that in diabetic cardiomyopathy that there is adverse accumulation and 

Fig. 1   Relationship between cardiac development and fibrotic events. During development, car-
diac function increases and there is minimal fibrosis in the cardiac interstitium. During the devel-
opment of fibrosis as a result of pressure overload or in diabetes, myofibroblasts appear and there 
is the formation of a collagen-rich, fibrotic matrix, which contributes to reduced cardiac output
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structural remodeling of the cardiac fibrillar collagen matrix [7]. Despite these find-
ings there are no evidence-based therapies to target diabetes-induced cardiac fi-
brosis, and treatment remains empirical [12]. Accordingly, it would seem that an 
improved understanding of pathophysiological processes in the cardiac matrix of 
the diabetic heart, including the metabolism and processing of prominent cardiac 
matrix molecules, is needed to develop new therapeutic strategies for clinical man-
agement of fibrosis.

2 � Functional Importance of Cardiac Extracellular Matrix

The cardiac interstitium is composed of non-myocytic cells and a structural protein 
network that plays a dominant role in governing the architecture and mechanical 
behavior of the myocardium [13–15]. The cardiac extracellular matrix (ECM) is 
composed predominantly of collagen fibers and a variety of other ECM proteins 
including fibronectin, laminin, tenascin and a spectrum of matricellular molecules 
like osteopontin. Cardiac muscle contains about 6-fold more collagen than skeletal 
muscle. Collagen is by far the most abundant protein of mammals [16] and in the 
cardiac interstitium its physical and biological properties exert powerful effects on 
cellular and mechanical processes that affect cardiac function. Indeed, differences 
in the resting tension relationships in cardiac and skeletal muscle may result largely 
from differences in the connective tissue matrix [17]. The fibrillar elements form 
a stress-tolerant network that facilitates the distribution of forces generated in the 
heart and provide for appropriate alignment of cardiac myocytes [18].

The long-term performance of cardiac muscle is regulated by a complex but 
poorly understood group of feedback mechanisms in which mechanical loading 
controls the organization of myofibrils, the size of muscle fibers, the expression 
of muscle-specific genes and the synthesis and secretion of a wide variety of ECM 
products and trophic factors [19]. This phenomenon is tightly regulated during 
growth or adaptive responses. Increases of muscle mass occur because of hypertro-
phic enlargement of terminally differentiated cardiomyocytes, increased numbers 
of fibroblasts and increased ECM volume [20].

3 � Responses of the Cardiac Extracellular Matrix in 
Disease

When afterload is increased in hypertension, the adult heart adapts by hypertrophy 
(Fig. 1). This compensatory response in adult hearts is associated with up to a 6-fold 
increase of type I and III collagens [21, 22] and an increase of the ratio of type III/I 
collagens [18]. Contemporaneous with increased collagen synthesis is reduced col-
lagen degradation, possibly mediated by reduced collagenolytic activity [23]. There 
is a large, multi-member family of matrix metalloproteinases (Fig.  2), some of 



265Collagen Processing and its Role in Fibrosis

which are capable of degrading fibrillar collagen molecules in the adult heart. The 
collagenolytic activity of these molecules is tightly regulated in time and space and 
recent evidence indicates that extracellular collagenolysis may be strongly comple-
mented by an intracellular degradation pathway (Fig. 3), which is important for the 
appropriate organization of the normal interstitium (see below).

Increased deposition of disorganized collagen in the interstitium is an important 
component of pathological hypertrophy since it may account for abnormal myo-
cardial stiffness [24]. Over the long-term, this adaptive response can contribute to 

Fig. 2   Matrix Metalloproteinases: a family of zinc-dependent endopeptidases with a wide spec-
trum of ECM substrate specificity. Diagram to illustrate the structural organization and main mem-
bers of the proteins that comprise the matrix metallproteinases
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impairment of cardiac function and heart failure [25]. Thus the regulatory mecha-
nisms that are related to the fibrous tissue response in various cardiovascular dis-
eases (e.g. hypertensive heart disease, dilated cardiomyopathy, post-myocardial in-
farction, aortic stenosis) are of primary clinical interest [13]. In diabetes, there may 
also be over-production of collagen [26], which can also contribute to diastolic dys-
function [27] and the formation of a disorganized matrix (Fig. 4). In the context of 

α β

Fig. 3   Collagen Remodelling by Phagocytosis. Schematic diagram to show the main steps in 
temporal sequence by which fibroblasts remodel collagen by internalization and the critical role of 
the cytoskeleton in mediating these processes
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the fibrous tissue response in diabetic cardiomyopathy, these alterations are of pri-
mary clinical interest in the pathogenesis of the disease [28]. Alterations in collagen 
cross-linking attributable to diabetic metabolites have been shown to have a marked 
negative impact on cardiac function [29]. Consistent with these observations, in-
creased serum levels of advanced glycation end products are associated with greatly 
reduced left ventricular diastolic function in patients with type 1 diabetes [30]. Dia-
betes, which is known to be an important risk factor for cardiac hypertrophy [31], 
increases the stiffness of the ECM, contributes to reduced cardiac compliance [32] 
and alters electro-mechanical connectivity in the myocardium [33]. Currently we do 

a

b

Fig. 4   Morphological analysis of extracellular matrix in streptozotocin-induced diabetes in mice. 
a. Picrosirius red stained paraffin sections of ventricles from mice treated with vehicle or strep-
tozotocin (STZ) to induce diabetes. Mice were killed 8 weeks after STZ. Sections are representa-
tive of 5 different mice from each group. Note that interstitial collagen staining after STZ is not 
detectable in a11 integrin null mice treated with STZ but is readily seen in WT-STZ mice. b. 
Uranyl acetate-stained electron microscopy sections of ventricles from mice treated with vehicle 
or streptozotocin (STZ) to induce diabetes. Mice were killed 8  weeks after STZ. Sections are 
representative of 5 different mice from each group. Note that myocyte structure is similar in all 
groups but in discrete areas of WT-STZ group, there was abundant interstitial collagen, consistent 
with the picrosirius red staining
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not understand the relative importance of glycated collagen cross-linking versus the 
synthesis of disorganized collagen by pro-fibrotic myofibroblasts, in contributing to 
diastolic dysfunction. An improved understanding of how post-translational colla-
gen processing in diabetes and how fibroblasts mediate inappropriate remodeling of 
myocardial collagen could lead to improved prevention and identification of treat-
ments that interfere with fibrosis. Such an approach has been suggested in animal 
models using drugs that break advanced glycation end-product-induced cross-links, 
thereby enhancing cardiac function [34]. Taken together, these data indicate that 
inappropriate post-translational modifications of collagen and collagen processing 
may be important determinants of cardiac health.

4 � Cardiac Fibroblasts and Myofibroblasts in Response to 
Hypertension and Diabetes

While cardiac myocytes comprise the largest volume fraction of the adult heart, 
they represent < 25 % of cell number [35]. By far the most abundant non-myocyte 
cell in the myocardium is the fibroblast (30–50 % of cell number) [36]. Fibroblasts 
are the principal cell type involved in the synthesis and remodeling of the ECM and 
therefore play a central role in cardiac responses to hypertension [37]. The conver-
sion of the fibroblast to the myofibroblast is a critical step since myofibroblasts 
elaborate a poorly organized collagen matrix that impairs diastolic function [38]. 
The cardiac fibroblast also plays other, crucial roles in hypertensive responses: (1) 
cardiac hypertrophy induces expression of angiotensin II receptors in fibroblasts 
[21]; (2) angiotensin II stimulates fibroblast proliferation [39]; (3) angiotensin II 
stimulates the autocrine production of transforming growth factor-beta (a pro-fi-
brotic cytokine) in adult cardiac fibroblasts [40, 41]; (4) angiotensin II promotes the 
expression of trophic factors that act on myocytes [42]; (5) angiotensin II strongly 
increases integrin-mediated contractility [43].

When cardiac fibroblasts convert to myofibroblasts in hypertensive conditions, 
myofibroblasts further contribute to cardiac dysfunction as a result of conduction 
disturbances [44–47]. Collectively these findings indicate that cardiac fibroblasts 
and myofibroblasts are of central importance in elaborating and remodeling the 
ECM [48] in cardiac responses to hypertension. What it is not well understood 
now is how different fibroblast phenotypes remodel and process interstitial colla-
gen in health compared with hypertensive disease or diabetes. But the opportunity 
to alter pathological remodeling to effect reversal of fibrosis, possibly by targeting 
molecules that affect collagen processing [49–51] could open up novel therapeutic 
approaches. Indeed, the role of matricellular proteins like the secreted protein acidic 
and rich in cysteine (SPARC) in collagen processing has recently been implicated in 
cardiac fibrosis [49] and suggests that matricellular molecules may provide produc-
tive research opportunities for future anti-fibrotic drugs.

Another prominent example of matricellular molecules that influence cardiac 
fibrosis and myofibroblast formation is osteopontin, a multifunctional protein that 
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is strongly expressed in healing wounds and fibrotic lesions, both of which are 
characterized by the formation of myofibroblasts. We found that osteopontin is 
required for the differentiation and activity of myofibroblasts formed in response 
to the pro-fibrotic cytokine transforming growth factor-β1 [52]. Despite these en-
couraging findings, currently we do not understand how pathologically processed 
matrix molecules like collagen and osteopontin contribute to the alterations of the 
fibroblast phenotypes that are evidently important in pressure overload-induced 
cardiac fibrosis [53] but the reciprocal nature of matrix signaling and its impact on 
cell differentiation processes [54] suggests that this could be fertile area for clinical 
investigation.

5 � Conversion of Fibroblasts to Pro-Fibrotic 
Myofibroblasts

In normal wound healing, myofibroblasts expressing type I and type III collagens, 
SMA and the ED-A fibronectin splice isoform transiently form in response to TGF-β 
and to cell-generated mechanical tension [55, 56]. These contractile cells help to 
close open wounds and, 4–7 days after wounding, they usually disappear by apop-
tosis [57]. However, in many pathological situations including the conversion of 
fibroblasts to myofibroblast in cardiac fibrosis, myofibroblasts persist and continue 
to synthesize and remodel the ECM, resulting in the formation of a disorganized 
interstitium [58]. While some of the cytokines that drive fibrosis are known (e.g. 
TGF-β, endothelin-1, CCN2 [59]), it is not known how the altered matrix in fibrosis 
is involved in myofibroblast formation and in the persistence of myofibroblast in 
the hypertensive or diabetic heart.

As noted above, a central feature of cardiac fibrosis and reduced diastolic func-
tion in hypertension is the conversion of the fibroblast to the myofibroblast [38, 
53, 60]. But what is not currently understood is how the matrix and in particular 
processing of collagen, may contribute to myofibroblast formation. A number of 
in vitro and in vivo studies have suggested critical roles for specific types of cell-
ECM adhesions [61, 62] and increased mechanical stiffness of the ECM [56] in 
determining myofibroblast formation. Myofibroblasts are critical for the formation 
of disorganized collagen matrix in the myocardium in hypertension [53] and after 
myocardial infarction [58] and it is conceivable that inappropriately processed ma-
trix collagen molecules that are elaborated by myofibroblasts may enable these cells 
to persist long after the initial pro-fibrotic stimulus is removed. Therefore identifi-
cation of post-translational modifications in collagen that may enable pathological 
prolongation of myofibroblast in fibrotic lesions may suggest new avenues for treat-
ment of critical cell populations that contribute to fibrosis.
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6 � Remodeling of Collagen

Degradation of collagen, which occurs during growth and development and in re-
sponse to functional demands in adult connective tissues, is begun within the peri-
cellular environment of fibroblasts and other cells that reside in the matrix. There 
is little currently known about the role of pericellular collagen remodelling in the 
adult heart but in view of the important role that the pericellular matrix plays in 
cardiac remodelling, this would seem to be a potentially productive research field. 
The pericellular matrix is an important conductor of information transfer to the cell 
and is replete with dynamic interchange of biologically active molecules, growth 
factors, and cytokines that regulate cell function. When cells bind collagen and 
other extracellular matrix components, they also affect the structural integrity of the 
matrix. Accordingly, homeostasis of the pericellular cardiac matrix is likely a key 
factor in modulating both fibroblastic and myocytic responses in cardiac function.

Physiological remodeling of the cardiac matrix is critically dependent on the 
time-appropriate degradation of existing collagen matrices. While a great deal of 
work has been devoted to understanding the role of matrix metalloproteinases in the 
extracellular degradation pathway of collagen, many elements of collagen turnover 
in the cardiac interstitium are not well defined. Recent developments in optical 
imaging and the development of assays to assess collagen turnover in situ have 
identified cell types and molecules that are critical in this process in skin [63]; 
conceivably, these processes may be important in the cardiac interstitium as well. 
Madsen and colleagues injected collagen into the dermis of mice and the exogenous 
collagen was rapidly phagocytosed and then degraded in lysosomes. They found 
that collagen phagocytosis was mediated by receptor-mediated uptake by M2-like 
macrophages and fibroblasts [63]. These new approaches support a long-standing 
interest in the phagocytosis of collagen as an important mechanism for regulat-
ing the structure and function of the extracellular matrix [64]. Consideration of the 
phagocytic pathway of collagen degradation and how post-translational modifica-
tions to collagen in this process are considered below.

7 � Collagen Degradation by Phagocytosis

Collagen receptor-dependent phagocytosis uniquely engages markedly different 
cortical structures and membrane protrusions than phagocytosis that is initiated 
by complement or immunoglobulin receptors [65]. In contrast to “professional” 
phagocytic cells such as macrophages in which cells first extend processes and then 
bind their targets [66], the initial, rate-limiting step in collagen phagocytosis by 
fibroblasts is controlled by cell adhesion to collagen, which in turn is dependent on 
β1 integrin activation (Fig. 5) [67, 68]. The small GTPase Rap1 and NMMIIA [67] 
are important components of this activation step. Electron microscopic analysis of 
fibroblast-mediated remodeling of collagen in vivo show that following adhesion to 
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collagen, actin-rich pseudopods are formed, which pull and reshape collagen fibrils 
[69]. In vitro studies have indicated that these critical steps in collagen phagocytosis 
are dependent on NMMII [70] and on actin filaments. Accordingly, the actin cyto-
skeleton, in concert with attachment to integrins (which is mediated by actin bind-
ing proteins), provides a dynamic system [71] that enables fibroblasts to interact 
dynamically and reciprocally with extracellular matrix proteins like collagen and 
underscores the importance of the cytoskeleton in controlling collagen remodeling.

a

b

c

d

e

Fig. 5   Sequential steps in collagen degradation by the phagocytic pathway
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Removal of collagen is necessary for the reorganization of collagen fibers as 
tissues grow. In contrast, in mature tissues, existing collagen fibers are replaced by 
new fibers that are frequently aligned according to altered tensional forces. In phys-
iological remodeling fibroblasts are responsible for, and control both the forma-
tion and degradation of the collagen fibers, which are very resistant to proteolytic 
fragmentation. Degradation of collagen can occur through either extracellular or 
intracellular pathways [64]. Extracellular degradation of collagen fibers is mediated 
by matrix metalloproteinases (MMPs) that include MMP-1, MMP-13, and MMP-
14 (MT1-MMP), some of the few extracellular proteases capable of degrading na-
tive collagen [72]. These enzymes cleave iso-leucine-glycine and leucine-glycine 
bonds in the helical region of collagen type I collagen. As a result, 3/4- and 1/4 
collagen fragments are produced, which unfold at physiological temperature and 
pH. Although the kinetics of collagen cleavage are relatively slow because of the 
challenges in obtaining access to scissile bonds [73], in cooperation with gelatinases 
that cleave denatured 3/4- and 1/4-fragments, collagenolytic matrix metalloprotein-
ases can efficiently degrade the pericellular collagenous matrix [72]. Notably, the 
degradation of collagen in extracellular environments is often associated with de-
velopmental processes, when then there is rapid growth of tissues. These develop-
mental processes involve, for example, the secretion and activation of pro-enzymes 
and the inhibition of activated enzymes by tissue inhibitors of metalloproteinases 
[74]. In remodeling adult tissues, collagen degradation occurs primarily via a large-
ly underappreciated intracellular pathway in which fragments of collagen fibers are 
engulfed by fibroblasts [64].

8 � Matrix Metalloproteinases and Processing in Collagen 
Phagocytosis

It is thought that in remodeling adult tissues, degradation of collagen occurs primar-
ily through a phagocytic pathway. However, although various steps in the phago-
cytic pathway have been characterized, the enzyme that is required to initially 
fragment collagen fibrils for subsequent phagocytosis is not completely defined. In 
work undertaken by Jaro Sodek and co-workers, with the use of confocal micros-
copy, transmission electron microscopy, and biochemical assays, it was found that 
human fibroblasts initiated degradation of collagen because of the collagenolytic 
activity of the membrane-bound metalloproteinase MT1-MMP [75]. Degradation 
of natural and reconstituted collagen substrates correlated with the expression of 
MT1-MMP, which was restricted to sites of collagen cleavage at the surface of 
the cells. Collagen cleavage was also observed inside of cells. The degradation of 
collagen was blocked with the use of small interfering RNA treatment specific for 
MT1-MMP. Notably, the gelatinolytic activity of MMP-2 was not needed for col-
lagen phagocytosis. Taken together, these studies showed a critical role of catalyti-
cally active MT1-MMP for enabling collagen fibril degradation by the phagocytic 
pathways [75].
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Arising from these earlier studies, post-translational modifications of collagen 
that occur in diabetes may be important for mediating the pro-fibrotic changes that 
occur in the diabetic heart, particularly because modifications to collagen structure 
can affect cell binding to collagen, the first step in collagen degradation by phago-
cytosis [76]. Notably, in diabetes, glycation-induced modifications of critical amino 
acids in collagen binding are an important process by which post-translational mod-
ifications to collagen affect collagen remodeling by phagocytosis [77]. Treatment 
with aminoguanidine, a nucleophilic hydrazine compound that blocks the forma-
tion of glucose-derived collagen cross-links by derivatizing methylglyoxal, a potent 
glucose metabolite, prevents glycation-induced inhibition of collagen binding and 
enables normal collagen phagocytosis to occur [78]. To identify the possible mecha-
nisms involved in inhibition of collagen adhesion, the structural changes caused 
by methylglyoxal were examined, in particular the cross-linking of lysine residues 
and modifications of arginine residues of collagen that are mediated by methylg-
lyoxal. In particular, the sequence in collagen that mediates binding through integ-
rins (glycine-phenylalanine-hydroxyproline-glycine-glutamic acid-arginine), is the 
principal fibrillar collagen binding site for the α2β1 integrin in fibrillar collagens I 
and II and therefore appears to be important for the initial binding step of collagen 
phagocytosis. Notably, triple helical collagen peptides (36 amino acids) that con-
tain the α2β1 integrin binding site of type I collagen were used for more detailed 
molecular analysis of the interference of cell binding that is mediated by collagen 
glycation. By mass spectrometry, it was found that arginine residues in the collagen 
binding sequence were modified by methylglyoxal, indicating that modification of 
arginine residues within the critical α2β1 integrin binding site of collagen may al-
ter binding to cells and as a result, the initial step of collagen phagocytosis. From 
the standpoint of cardiac matrix biology and diabetes, these findings indicate that 
methylglyoxal-induced modification of arginine residues in the α2β1 integrin bind-
ing region of type I collagen molecules strongly inhibits collagen binding that is re-
quired for phagocytosis of collagen fibers. Since phagocytosis is an important step 
for collagen degradation and remodeling in mature cardiac tissues, this inhibition 
could be an important post-translational modification in collagen that is involved in 
the fibrotic processes in the diabetic cardiac matrix.

9 � Future Prospects

The fibrotic cardiac interstitium is a challenge both to the research scientist and to 
the practicing clinician. Fibrosis is an accumulation of disorganized fibrillar col-
lagen in the cardiac interstitium that can have an important and seemingly irre-
versible effect on cardiac function. Here we have considered the role of collagen 
phagocytosis in maintenance of connective tissue homeostasis and in particular, 
how post-translational modifications in diabetes can affect the regulation of this 
process. Because there are very limited data on how internalization and intracellular 
processing of collagen contribute to fibrosis, it would seem that these are fruitful 
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areas for examining how perturbations of post-translational processing and diges-
tion of collagen may contribute to the functional disorders in hypertension and dia-
betes-associated cardiac disease. We have emphasized above the role of the the en-
largement of transformed fibroblast and myofibroblast populations in the diseased 
cardiac interstitium and how they may contribute to the disorganized matrix remod-
eling observed in pressure overload or diabetes. These cells do not seem to process 
or remodel interstitial collagen in a physiological manner. The dynamic nature of 
the myocardial matrix and the poorly understood nature of how matricellular and 
non-structural proteins and proteases contribute to fibrosis, suggest many different 
opportunities to address cardiac fibrosis and inappropriate collagen processing in 
new and exciting ways.
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Abstract  The cardiac extracellular matrix (ECM) is the dynamic interstitial scaf-
folding environment that plays an important role in optimal cardiac function. The 
strength of the cardiac ECM is known to confer significant protection against myo-
cardial rupture, and the elasticity supports cardiomyocyte contractile function. Upon 
haemodynamic or ischemic stress, ECM remodeling occurs and is now well estab-
lished to play a role in the progression of heart disease. Increased turnover of ECM 
is promoted when resident fibroblasts differentiate into the active myofibroblast 
phenotype. Although ECM remodeling can be initially beneficial under some cir-
cumstances, prolonged and extensive fibrosis is typically associated with decreased 
contractility, diastolic dysfunction and poor clinical outcome. In this chapter we 
review the structure and function of the cardiac ECM from development to various 
pathological states. We will also discuss the role of fibroblasts and the activation 
of myofibroblasts as well as highlight new findings in the study of reverse cardiac 
remodelling following unloading of the left ventricle.

Keywords  Fibrosis · Cardiac remodeling · Cardiac fibroblast · Ischemia · Pressure 
overload · Volume overload · Myocardial infarction

1 � Structure and Function of the Extracellular Matrix

The cardiac extracellular matrix (ECM) is the highly organized interstitial network 
of structural proteins that form a scaffold to anchor and tether adjacent cardiac myo-
cytes [1–3]. In the normal heart, the ECM undergoes slow turnover and remains 
largely quiescent. In the pathology of cardiovascular disease, the cardiac ECM un-
dergoes important changes; such as to provide vital stress bearing support during 
overload, and to reinforce areas weakened by myocyte apoptosis and necrosis in 
order to maintain myocardial integrity and prevent rupture in ischemic heart disease 
[4, 5]. The dynamic re-organization of the cardiac ECM following myocardial stress 
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or injury is commonly accepted as an early support mechanism to counteract tissue 
overload and injury, but when left unchecked excessive remodelling of the ECM 
leads to deleterious matrix accumulation termed cardiac fibrosis. This is associated 
with myocardial stiffness, diminished cardiac compliance, and poor clinical out-
comes, especially in the later stages of heart failure [3, 6, 7].

The cardiac ECM is separated into three layers: the outer layer, the epimysium, 
surrounds the myocardium and lies below the endothelial layer of the epi- and endo-
cardium. The perimysium is a sheath of connective tissue consisting of tendon-like 
extensions of the epimysium. The perimysium aggregates myocytes into muscle 
fibres, bears shearing forces during contraction and relaxation, and minimizes the 
dissipation of force generated by cardiomyocytes. The endomysium surrounds and 
connects neighbouring myocytes and the intramuscular vasculature [1]. It is pro-
posed that myocardial forces are transmitted through the endomysial ECM to the 
internal cytoskeleton of individual myocytes via ECM-integrin interactions at the 
cell surface [8, 9]. All three layers of the ECM are composed mostly of collagen 
type I which has a tensile strength greater than that of steel [1], and allows for the 
mechanical co-ordination of forces generated by the myocytes. The ECM also con-
tributes to LV expansion during diastole as coiled fibres release potential energy 
stored through compression in systole [10]. With a half-life of approximately 80–
120 days in the healthy myocardium, the ECM undergoes a slow rate of turnover 
at approximately 0.6 % per day [1, 11]. The cardiac ECM is composed primarily of 
fibrillar collagens: collagen type I (~ 85 %), type III (~ 10 %), and type IV (~ 5 %), 
although the endomysial and perimysial layers also have significant amounts of 
elastin, allowing more flexibility during each cardiac cycle [2, 3, 11].

2 � Cardiac Fibroblasts and Myofibroblasts

Cardiac ECM regulation is principally conducted by cardiac fibroblasts (CFs) which 
constitute 60–70 % of the total cellular population of the myocardium [11–13]. CFs 
play a central role in myocardial organization beginning in the developing heart, the 
earliest organ to form in the incipient embryo, and later in life during the pathogene-
sis of heart disease. Developmentally, CFs are derived from a migratory cell popula-
tion that originate in the proepicardial organ. These cells then migrate and infiltrate 
throughout the forming embryonic heart while responding to a number of growth 
factors including fibroblast growth factors (FGFs), transforming growth factors 
(TGFs) and platelet derived growth factors (PDGFs), to undergo epithelial-to-mes-
enchymal transition (EMT) and then differentiation into CFs [14] (Fig. 1). There 
is also evidence that endocardial cells may undergo endocardial-to-mesenchymal 
transition (EndMT) to form CFs resident in atrioventricular valve leaflets [15]. 
Embryonic CFs throughout the developing heart are responsible for constructing 
a comprehensive three-dimensional myocardial matrix framework, and for stimu-
lating cardiomyocyte (CM) growth and proliferation during ventricular compac-
tion until birth [16, 17]. In fact, embryonic CF expression of fibronectin, collagen, 
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and heparin-binding EGF-like growth factor was shown to induce CM proliferation 
through β1-integrin signalling, while adult CF instead induced CM hypertrophy 
[17]. These findings implicate CFs as facilitators of the well-established post-natal 
shift in cardiac growth from embryonic hyperplasia to adult hypertrophy [17].

As the final step in the developmental maturation process, CFs play a principal 
role in the compensatory mechanism sustaining heart function against the substan-
tial increase in systolic pressure following birth through modification of the ECM 
to efficiently distribute mechanical stress to the ventricles undergoing severe hyper-
trophy [14]. This period occurs for a short time after birth, after which mature CFs 
lie in a more quiescent state in the normal heart. While the mature CF population 
throughout the adult heart is considered heterogeneous, exhibiting different char-
acteristics based on chamber (atria vs ventricle [18]), and region (infarct vs remote 
region [19]), they nevertheless collectively contribute to regulation of basal ECM 
turnover, maintain signalling interactions with cardiomyocytes (CM) and retain 
their migratory ability to elicit a response to stressors [20, 21].

Throughout development and in the mature heart the constant close proximity of 
CMs and CFs facilitates bi-directional paracrine and direct cell-cell cross-talk that 
plays a central role in regulating the structural, mechanical and electrical profile 
of the heart under both normal and stressed conditions [22]. CFs express several 
important endocrine factors and are now appreciated as key players contributing 
to the cardiac-secretome [13]. In vitro co-culture of CFs and CM have shown that 
CM contractile capacity [21] or natriuretic peptide expression [20] are altered fol-
lowing exposure to CFs. Currently, endocrine factors (transforming growth factor-β 
(TGFβ), fibroblast growth factor-2 (FGF-2), interleukin-6 and -33), ECM proteins 

Fig. 1   Schematic summary of various inputs mediating the activation of cardiac fibroblasts to 
myofibroblasts
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(collagen I and III) and direct cell-cell interactions (gap junctions) are all estab-
lished as important players in fibroblast-myocyte crosstalk [23].

The importance of CF-CM cross-talk in vivo was demonstrated in an elegant 
study by Takeda et  al. [24]. Kruppel-like factor-5 (Klf5), a crucial transcription 
factor for normal embryonic development, is a significant player in the adaptive 
response to cardiovascular remodelling [25]. Haplosufficiency of Klf5 in CF was 
shown to minimize fibrosis and hypertrophy in response to moderate PO, whereas 
Klf5 deletion in CM had no effect. Moreover, following severe overload, CF spe-
cific Klf5 deletion severely accentuated adverse remodeling. When transcriptional 
activation of Klf5 was enhanced in CF, this conferred cardiac protection through 
induction of CM hypertrophy via insulin-like growth factor-1 (IGF-1) activity [24]. 
These data suggest that CFs, independent of their actions on the ECM, are important 
paracrine players in the adaptive response to pressure overload.

In the progression of heart disease, CFs become active, and along with other 
precursor cells, differentiate into myofibroblasts (myoCF) [2, 13, 14, 24, 26–28]. 
These fibroblast-smooth muscle hybrid cells become a key source of cardio-active 
agents, and develop contractile apparatus to aid in preventing LV rupture upon the 
loss of cardiomyocytes to apoptosis or necrosis [28–30]. It has been proposed that 
oxidative stress-induced cardiomyocyte necrosis is a mechanism preceding and 
stimulating myoCF differentiation [2, 31]. The current understanding is that myoCF 
progenitor cells include not only fibroblasts but also endothelial or epithelial cells 
(following EndMT and EMT, respectively), smooth muscle cells and bone-marrow 
derived cells (e.g. fibrocytes, monocytes) [26, 30]. Owing to the diversity of pa-
rental cell lineages, myoCF differentiation is a complex process that varies by cell 
type and stimulus, although AngII, TGFβ and mechanical force are three well estab-
lished mechanisms to induce increased myoCF expression in the heart [30].

AngII is significantly upregulated in many cases of heart disease, functions 
through GPCR signalling, and stimulates ERK and p38 signalling [32] and PARP-
1 activity [33]. Inhibition of p38 attenuates AngII induced myoCF differentiation 
[34], while AngII stimulation induces TGFβ and Collagen I expression from CFs 
[35, 36]. TGFβ is a primary and potent mediator of myoCF differentiation that is 
upregulated and secreted into the ECM by mesenchymal cells, macrophages, mono-
cytes, and resident CFs [30]. TGFβ signalling is mediated by the TGFβ receptors 
TBFβRI/RII which initiate SMAD2/3 phosphorylation which, upon activation, 
complexes with SMAD4. TGFβ-SMAD2/3 signalling leads to myoCF differentia-
tion, and αSMA, Collagen I, Collagen VI, and MMP expression. TGFβ also initi-
ates myoCF differentiation through p38 signalling via TGFβ/RII [30]. Mechanical 
stretch can induce angiotensinogen or TGFβ expression and increase p38 phos-
phorylation [37–40]. When retained in the ECM, TGFβ1 forms a complex with 
latent TGFβ binding proteins and fibrillin. In the progression of myocardial fibrosis, 
αSMA mediated myoCF contraction of the increasingly rigid ECM liberates TGFβ 
from this intracellular pool of signalling proteins, inducing a positive feedback 
loop which further stimulates myoCF differentiation, and secretion of the ECM and 
myoCF derived cytokines [30].
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In summary, the impact of myoCFs occurs via secreting numerous factors in-
volved in cardiac remodelling: TNFα, IL-1β, IL-6, TGFβ, Ang II, ET-1, the NFF 
(ANP, and BNP), and VEGF [2, 13, 14, 27, 28]. Activation of CFs and subsequent 
upregulation of the myoCF secretome is largely accepted as an early adaptive event 
to maintain homeostatic cardiac function; however, prolonged presence of myoCF 
and chronic deposition of collagen in the ECM is considered a detrimental, mal-
adaptive mechanism leading to poor clinical outcomes [27].

3 � Collagen Synthesis and Regulation

The collagen family comprises over 18 distinct isoforms of collagen with diverse 
physical characteristics whose relative abundance varies from tissue to tissue [41]. 
Interstitial collagen consists of 3 polypeptide α-chains, composed of large helical 
domains, which contain a high proportion of hydroxyproline [41]. Collagen type I 
(Collagen I) and collage type III (Collagen III) are the major structural components 
in the cardiac extracellular matrix [1]. Collagen I and III are secreted by CFs and 
myoCFs as pro-collagen precursors, with N-terminal and C-terminal propeptides 
that are cleaved leaving short non-helical regions at either end suitable for inter-
molecular crosslinks [42]. Pro-collagen molecules are released into the extracelluar 
space where the enzyme lysyl oxidase mediates covalent crosslinking of collagen 
molecules into rigid, mature fibrils [43].

Approximately 2–4 % of the myocardium is collagen in the normal adult heart, 
but because collagen has a high tensile strength, small changes in collagen con-
centration can impact the structural properties of the heart [44]. While Collagen I 
accounts for approximately 85 % of all collagen in the myocardium [3], the much 
less rigid Collagen III comprises the majority of the remaining collagen content and 
helps confer elasticity to the myocardium. There are numerous methods to quantify 
the relative ratio of collagen isoforms within the heart (quantitative PCR, Western 
blot, ELISA, Masson’s trichrome staining). However, two of the most exemplary 
techniques to accurately image the structure of the collagen matrix are (i) picrosirius 
red staining coupled with polarized light microscopy (picrosirius red detects the 
high hydroxyproline content in collagen, while polarized light microscopy permits 
the distinction of Collagen I and Collagen III with high precision [45]), and (ii) 
direct imaging using scanning electron microscopy (SEM). In SEM micrographs, 
Collagen I appears thick and rigid, while Collagen III appears much finer, and is 
present in significant quantity in the healthy myocardium [5]. It is believed that 
changes in the relative ratios of Collagen I:Collagen III, as well as alterations in the 
organization and cross-linking of the collagen matrix, influence myocardial compli-
ance. Specifically, late-stage LV remodelling in pressure overload (PO) hypertrophy 
is associated with elevated Collagen I which promotes myocardial stiffness, result-
ing in impaired contractile function [3, 5]. Numerous pathologies including diabetic 
cardiomyopathy and aortic valve stenosis are associated with increased LV fibrosis, 
decreased LV compliance, and cardiac dysfunction. Microscopic imaging analysis 
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of dilated (idiopathic) cardiomyopathic hearts showed a significant increase in Col-
lagen I:Collagen III ratio compared to normal samples, localized to the endomysial 
layer surrounding the cardiomyocyte fibrils [46, 47]. Similarly, Collagen I expres-
sion [48] is significantly increased in patients with essential hypertension.

In addition to Collagen I and Collagen III, the ECM hosts a number of non-fibril-
lar collagens such as collagen IV, V, and VI, as well as other structural proteins such 
as laminin, fibrillin, and elastin (Table 1) that form the in situ adhesion substrate 
for cardiomyocytes and cardiac fibroblasts [41, 49]. Cellular behavior is in part 
dictated by the relative ratio of these structural proteins in the substrate: Collagen I 
and III increase CF proliferation and migration, Collagen VI increases myoCF dif-
ferentiation and decreases migration, Collagen V imparts anti-proliferative effects 
on smooth muscle cells [50], Collagen IV induces smooth muscle cell differen-
tiation [49], and the highly distensible fibre elastin influences smooth muscle cell 
proliferation and phenotype [51]. It is hypothesized that the increased expression of 
the basement membrane collagens (Collagen IV, V) serves to slow the migration of 
several cell types, and to aid in maintaining structural integrity in the post-ischemic 
heart [49].

Cardiac fibrosis occurs with high incidence in arrhythmic myopathies [28]. Re-
cent data has recognized the importance of non-myocyte reorganization in the pa-
thology of electrophysiological remodelling leading to cardiac arrhythmias [28]. 
Although CFs are typically considered non-excitable cells, they in fact have a de-
polarized resting membrane potential albeit lower than that of neighbouring CMs, 
implying that CFs then may affect stimulus spread by inducing a minor impedance 
as they convey electrical signals between CMs [28]. Unfortunately, CF heterogene-
ity across different areas of the heart makes definitive conclusions regarding the 
participation of CFs in electrical signalling elusive [28]. However, expansion of the 
collagen matrix following PO and myocardial infarction (MI) has been shown to 
play a detrimental role in myocardial electrical coupling [52]. Various patterns of 
fibrosis (compact, patchy, interstitial, diffuse) have differential impacts on the prop-
agation of electrical signals between myocytes. Patchy or severe fibrosis, where 
myocytes are separated by a cellular regions of collagen, poses the greatest risk for 
arrhythmias, as electrical propagation is forced to take a circuitous route through 
the tissue slowing conduction velocities [52]. Fibrosis also promotes uncoordinated 

Table 1   Structural proteins in the ECM. Adapted from [41, 49, 51]
Structural protein Location Role
Collagen I Interstitium Structural
Collagen III Interstitium Structural
Collagen IV Basement membrane Cell attachment, substrate filter
Collagen V Interstitium Structural, substrate filter
Collagen VI Interstitium Structural
Laminin Basement membrane Cell attachment
Elastin Interstitium, connective tissue Elastic recoil and resilience
Fibrillin Interstitium, connective tissue Elastic recoil and resiience
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triggers originating in aberrant myocytes, which then propagate to and depolarize 
the few neighbouring myocytes leading to fibrillation [52].

Clearly, the collagen ECM plays a significant, initially adaptive and subsequent-
ly detrimental role in the diseased myocardium. In the next section, regulation of 
the ECM will be discussed.

4 � Matrix Metalloproteinases and Tissue Inhibitors of 
MMPs

The rate of ECM turnover in the normal heart is mediated by the concerted ef-
fects of (i) matrix metalloproteinases (MMPs) which have the ability to degrade 
structural proteins, (ii) tissue inhibitors of metalloproteinases (TIMPs) and (iii) the 
continual expression of structural proteins principally by cardiac fibroblasts, with 
smaller contributions from cardiac myocytes and other cell types (Table 2) [3].

The expression of MMP isoforms is upregulated in response to both acute and 
chronic stresses such as MI and hypertension [53, 54]. Patients suffering from dilat-
ed cardiomyopathy were shown to have increased ventricular MMP-2 and MMP-9 
activity [55], while spontaneously hypertensive rats with heart failure were found to 
have elevated MMP-2 activity when compared against normotensive controls [56]. 
By contrast mice lacking MMP-2 or MMP-9 showed a decrease in MI-induced left 
ventricular hypertrophy [57, 58], while exogenous MMP-2 treatment was found 
to dilate and decrease the cardiac tensile strength of ventricular preparations from 
spontaneously hypertensive rats [59].

Table 2   ECM substrates of MMPs, and activity change with LVH or CHF. (Adapted from [11])
Enzyme Alternate name ECM substrate Δ in LVH Δ in CHF
MMP1 Collagenase-1 Collagens (I, II, III, VII, VIII, 

& X), gelatin, proteoglycan 
link protein

– ↑

MMP2 Gelatinase A Collagens (I, IV, V, VII, X & 
XIV), gelatin, elastin, fibronec-
tin, laminin

↑ ↑↑

MMP8 Collagenase-2 Collagens (I, II, III, V, VII, 
VIII, & X), gelatin, aggrecan

– –

MMP9 Gelatinase B Collagens (IV, V, VII, X, & 
XIV), gelatin, aggrecan, elas-
tin, fibronectin

↑ ↑↑

MMP14 MT1-MMP Collagens (I, II and III), casein, 
elastin, fibronectin, gelatin, 
laminin, proteoglycans

– ↑

LVH LV hypertrophy, defined as increased LVPWd with normal EF, CHF congestive heart failure
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MMPs are under transcriptional regulation by a number of factors, although two 
major cis-acting elements are found in the majority of the MMP promoters: poly-
oma enhancer A binding protein-3 (PEA-3) which interacts with the Ets family of 
transcription factors, and activator protein-1 (AP-1) which interacts with the Fos 
and Jun family of transcription factors [5]. The MMP-2 promoter, however, lacks 
both of these elements possibly indicating more selective regulation of expression 
of the MMP-2 protein, although MMP-2 expression may be increased in the failing 
heart after MI [60].

To protect the cell from unregulated damage, MMP’s are typically synthesized 
as inactive zymogens, and must undergo post-translational modification to become 
proteolytically active [53]. Membrane type-1 MMP (MT1-MMP, also called MMP-
14) is a zinc dependent MMP that plays an important role in peri-cellular ECM 
digestion leading to cell migration and tissue invasion [61]. MT1-MMP is itself syn-
thesized as a pro-peptide, activated through removal of the inhibitory pro-domain 
in a two-step degradation/cleavage mechanism mediated by the protease furin [62]. 
Mature, membrane bound MT1-MMP’s activity may be regulated through control 
of its trafficking, internalization and degradation via ubiquitination [63]. In addi-
tion to direct regulation of the peri-cellular ECM, MT1-MMP activity facilitates 
activation of MMP-2 and MMP-13 leading to processing of collagen substrates 
(e.g. collagen IV) that MT1-MMP is incapable of degrading [61] (Table 2). Cell sur-
face activation of MMP2 requires the homo-dimerization of MT1-MMP which then 
binds an MMP-2/TIMP-2 complex leading to cleavage of the MMP-2 pro-domain 
and the liberation of active MMP2 [64, 65]. In obesity and diabetes, adiponectin and 
leptin may be important regulators of cardiac ECM. Adiponectin stimulates MT1-
MMP cell surface localization, MMP-2 activation and cardiac fibroblast migration 
through the phosphorylation of AMPK [66]. Leptin also has been shown to increase 
MMP2 activity, and cell surface expression of MT1-MMP, and also to stimulate 
Collagen-I secretion [67]. Upstream activators of MMP expression include many of 
the common cytokines involved in the inflammatory response, cardiac dysfunction 
and metabolic disorders: TNF-α, IL-1β, ET-1, oxidative stress, sympathetic activa-
tion, TGF-β and mechanical stretch [68]. Accordingly, MMP activity is upregulated 
in many pathological conditions including diabetic cardiomyopathy, PO, volume 
overload (VO) and also in animal models such as the spontaneously hypertensive 
rat (SHR) [11].

The regulatory function of TIMPs is primarily via acting as endogenous inhibi-
tors of MMPs [5, 69, 70]. However, as described above, TIMP2 is also involved in 
the cleavage and activation of MMP-2 by MT1-MMP at the cell surface [5]. Nev-
ertheless, it is generally believed that an increase in TIMP expression may serve 
to limit MMP activity and induce collagen accumulation in the myocardium. Ac-
cordingly, in the SHR model TIMP-4 expression is increased in compensated LVH, 
while the progression of CHF is characterized by an increase in MMP-2 activity and 
TIMP4 expression is decreased [11]. Similarly, TIMP expression is reduced in end-
stage DCM which is associated with increased ECM degradation and LV dilation 
[11]. Indeed, evidence suggests that TIMP2 and 4 may have opposing roles in heart 
failure. TIMP2 was found to have a much higher specificity than the other TIMPs 
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for MMP-2 and play a role in its activation [64], while TIMP-4 has a broad general 
affinity as an inhibitor for various MMPs [71], suggesting that increased TIMP-
2 expression may facilitate increased MMP-2 activation, while increased TIMP-4 
may lead to an increase in fibrosis.

An intracellular role for MMPs may be of underappreciated significance as it has 
been shown that active forms of intracellular MMP-2 and MMP-9 have been found 
in cardiomyocytes of patients with dilated cardiomyopathy which may lead to deg-
radative loss of sarcomeres and impaired contractile function [60].

5 � Cardiac Remodelling Following Myocardial Infarction

Necrosis and apoptosis of cardiac myocytes due to nutrient deprivation following 
an MI quickly initiates a reparative cascade to support and maintain ventricular 
wall integrity and prevent myocardial rupture. This process is characterized by the 
infiltration of inflammatory cells and fibroblasts, as well as the initiation of angio-
genesis to supply nutrients to the newly forming infarct scar [72]. The infarct scar 
matures 6–8 weeks post MI and is generally considered a relatively inert expanse of 
collagen populated principally by the contractile myoCFs which may persist in the 
myocardium for many years [73]. However, cardiac fibrosis in the post-MI myo-
cardium is now appreciated as an ongoing, dynamic restructuring not limited to 
the initial site of MI, termed ‘reactive fibrosis’, which has a significant impact on 
cardiac function and long term prognosis [74, 75].

Chronic upregulation of ECM secretion is considered maladaptive so, with re-
spect to dermal wound healing, myofibroblasts do not persist in the healing scar 
but are instead stimulated to undergo apoptosis to allow for ECM degradation, scar 
regression, and tissue regeneration [74]. By contrast, in the myocardium, cardio-
myocytes are considered terminally differentiated and, outside of small numbers 
[76, 77], are incapable of repopulating the heart to restore contractile function. Per-
sistent mechanical stress in the infarct scar is thought to inhibit fibroblast apoptosis 
in the heart, such that interventions to reduce stress promote myoCF apoptosis [78]. 
It has also been proposed that reduction of substrate rigidity may induce myoCF de-
differentiation into more quiescent CFs [79]. Furthermore, CF apoptosis is known 
to be regulated by Fas/Fas ligand interaction following MI [80], while TGF-β sig-
nalling can in some circumstances mediate reversion of myoCF to CF [81].

Indeed, collagen upregulation has also been found in the non-infarcted/remote 
myocardium [72]. In contrast to the activities of MMPs in the overloaded myocar-
dium in which cardiac remodelling supports the myocytes to mitigate diastolic or 
systolic stress, ECM accumulation following MI is a necessary reparative mecha-
nism replacing lost myocytes and preventing LV rupture. This in turn necessitates 
an acute switch of ECM regulation towards the rapid accumulation of collagen, 
of which collagen type I and type III are the predominant collagen isoforms in the 
infarct scar [72]. Indeed, a wide range of studies have demonstrated that attenuation 
of MMP activity confers cardiac protection following MI in mice [5]. Numerous 
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genetically modified mouse models have been employed to tease out the role of 
the various MMPs and TIMPs in the restructuring of the myocardium post-MI. 
MMP-7 deletion in mice subjected to MI for 7 days significantly improved survival 
despite similar indices of infarct scar size, and LV dilation between MMP7-KO 
and WT mice [82]. However, the absence of MMP-7 mediated degradation of the 
gap junction protein connexin-43 in MMP7-KO mice which significantly improved 
myocardial conduction velocity compared to WT mice and protected against the 
development of arrhythmias [82]. Similarly, post-MI survival is improved and LV 
rupture reduced in MMP2-KO mice as well as in WT mice administered an MMP2 
selective inhibitor, despite similar levels of LV dilation and infarct size between 
groups [57]. Interestingly, macrophage infiltration was slower in mice with reduced 
MMP2 activity [57]. Clearly, attenuating ECM degradation through reduction of 
MMP activity promotes survival and confers secondary beneficial effects in the 
myocardium. Accordingly, overexpression of the MMP2 activator MT1-MMP is 
associated with increased fibrosis, decreased ejection fraction, and lower survival 
[83].

Modification of TIMP expression also affects post-MI cardiac structure. TIMP-
1, − 2, and − 3 deficiency were independently shown to increase LV dilation, while 
TIMP-4 KO exhibit increased LV rupture following MI [26]. It has been proposed 
that TIMP-1, - 2, and - 3 affect overall cardiac structure following MI, while TIMP-
4 functions primarily in the infarct zone [26].

6 � Cardiac Remodelling, Pressure, and Volume Overload

PO and VO exhibit distinct hypertrophic remodeling patterns. PO is commonly as-
sociated with increased LV wall thickness, decreased chamber size, and significant 
accumulation of matrix proteins, especially the rigid collagen I isoform, which is 
associated with increased myocardial stiffness [5]. Comparatively, VO hypertrophy 
is associated with a decreased expression of the ECM and dissolution of existing 
collagen by the matrix metalloproteinases [5] (Fig. 2).

Changes in collagen-I and -III levels are the principle features of ECM remod-
eling following the induction of PO [5]. Procollagen-III mRNA is elevated in the 
acute phase following the induction of PO using minimally invasive transverse aor-
tic banding (MTAB) surgery, while accumulation of fibrillar collagen occurs at a 
later timepoint, perhaps due to the decreased rate of collagen degradation. [84]. 
Pressure overload in MMP2-KO mice results in reduced myocardial hypertrophy 
and fibrosis, and also reduced heart weight [85]. MMP-9 deletion however only 
induced partial resolution of hypertrophy and fibrosis following MTAB [86]. Re-
cently, TIMP2-KO mice were shown to exhibit greater LV dilation and dysfunction 
due to increased stabilization of collagen fibres following the induction of pressure 
overload [87]. TIMP3-KO mice subjected to MTAB display increased LV remodel-
ing and dysfunction, and also severe fibrosis [88, 89].



289Mechanisms of Cardiac Fibrosis and Heart Failure

The temporal onset of fibrosis and cardiac hypertrophy are closely linked, and 
there is growing appreciation of the direct role the ECM plays in activating pro-
hypertrophic signalling. ECM-integrin interaction may play a crucial role in trans-
ducing hemodynamic/mechanical load into biochemical events through ‘outside-
in’ cascades: mechanical stress first exerts force upon the cardiomyocytes and the 
ECM which then stresses the focal adhesion complex and the integrins embedded 
in the cell membrane, thereby initiating intracellular signalling events such as ac-
tivation of the pro-hypertrophic Ras-Raf-ERK1/2 pathway [6, 9]. The α3β1 inte-
grin heterodimer expressed in cardiomyocytes can bind numerous ECM ligands 
including collagen I, fibronectin, and laminin, and indeed the integrin subunits α1, 
α5, β1 and β3 are upregulated and/or activated by hypertrophy and PO [8, 29, 90, 
91]. VO however is associated with a progressive decrease in integrin expression 
[92]. Clearly, mechanisms mediating cardiac hypertrophy and cardiac fibrosis are 
intertwined in the overloaded myocardium. In the following section the effects of 
ventricular unloading on the remodelled/hypertrophic heart will be discussed.

Fig. 2   Characteristics of heart failure with comparison of pressure overload ( PO) and volume 
overload ( VO)
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7 � Cardiac Fibrosis in Reverse Remodelling

While remodelling events induced by excessive haemodynamic load support the 
myocardium to preserve function, numerous in vivo studies have demonstrated that 
when cardiac remodelling is inhibited through genetic modification or pharmaco-
logical treatment, normal cardiac geometry and function are retained even when 
subjected to increased myocardial load. Echocardiography based findings from the 
Framingham Heart Study identified left ventricular hypertrophy (LVH) as a signifi-
cant risk factor for cardiovascular morbidity and death, even after normalization for 
other significant risk factors such as blood pressure, cigarette use and cholesterol 
profile [93]. This suggested that although hypertrophy and ECM remodeling are 
viewed as initially beneficial, these changes may in fact be playing a permissive 
role in the progression towards heart failure. Accordingly, anti-hypertensive thera-
pies (beta-blockers, ACE inhibitors and angiotensin II receptor antagonists) have 
been enormously successful in delaying the onset of maladaptive remodelling. In 
severe cases of congestive heart failure, patients have benefitted from aggressive 
surgical techniques such as valve replacement and left ventricular assist device im-
plantation, both of which directly alleviate LV PO [94, 95]. Indeed, accumulating 
clinical and experimental evidence has demonstrated restoration of cardiac function 
and regression of LV remodelling following LV unloading, a process now com-
monly termed reverse remodelling [96, 97].

There has been significant recent interest in developing in vivo models mim-
icking unloading of the left ventricle. Particularly, LV unloading of PO induced 
by MTAB in rodents through surgical removal of the aortic band (debanding), has 
been shown to initiate reverse hypertrophic remodelling, restoration of normal car-
diac function [98–100], activation of a unique gene expression profile [101] and 
increased autophagic flux [102]. However, if debanding surgery is performed after 
the heart enters decompensated failure, an inability of the heart to recover was noted 
[103]. Other novel LV unloading methods have yielded similar findings. Hetero-
topic transplantation was shown to elicit atrophic remodelling of the rat heart [104]. 
The injection of mesenchymal stem cells was shown to significantly improve hemo-
dynamic performance, reverse LV remodelling and improve exercise tolerance fol-
lowing aortic banding [105], while increasing EF and capillary density in a model 
of doxorubicin-induced heart failure [106].

Detailed examination of the ECM following LV unloading presents a valuable 
opportunity to understand the dynamic potential of the myocardial collagen net-
work in greater detail as there is little opportunity for accrued fibrosis to rescind in 
models of heart disease. Visualization of interstitial collagen through picrosirius red 
staining of heart sections showed a clear reduction in fibrosis following debanding, 
although collagen levels remained elevated compared to sham-treated mice [100]. 
Temporal evaluation of the principle collagen isoforms in the recovering myocar-
dium showed an early (3 day) increase in collagen I, followed by an increase in 
collagen III and VIII 7 days after debanding [107]. LV unloading also increased 
MMP2 and TIMP1 gene expression [107]. These data suggest that the cardiac ECM 
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is a dynamically regulated structure which can undergo bidirectional remodeling to 
fulfill the mechanical requirements of the heart. Specific factors initiating reverse 
remodeling, and the role of myoCFs in this process remain to be fully elucidated.

8 � Regulation of the ECM in Diabetes and the Metabolic 
Syndrome

Diabetic patients are known to have a two to four fold higher chance of developing 
heart disease, while approximately 65 % of diabetes related deaths are due to CVD 
[108, 109]. Obesity is also a significant risk factor for the development of heart dis-
ease and the onset of cardiac remodeling [110]. Hyperglycaemia, hyperinsulinemia 
and dyslipidemia are all known to exert direct and potent effects on cardiac function 
and structure, although it is elevated glucose levels that are believed to be primarily 
responsible for changes in the structure of the ECM. Hypertension is also closely 
associated with diabetes and obesity in the definition of the metabolic syndrome, 
and is known to induce a switch in cardiac energy substrate to glucose [111]. Hyper-
glycaemia is poorly handled by mitochondria in the heart, leading to increased ROS 
production, activation of poly (ADP-ribose) polymerase-1 (PARP-1), and the apop-
tosis cascade [112]. PARP-1 activity itself suppresses GAPDH activity, resulting 
in multiple pathways leading to cellular damage: advanced glycation end product 
(AGE) accumulation, the polyol pathway, protein kinase C activation and overac-
tivity of the hexosamine pathway [113]. AGE accumulation in the myocardium is 
closely associated with collagen cross-linking, and HG induced oxidative stress 
also leads to increased collagen deposition [114, 115], myocardial fibrosis [116] and 
diastolic stiffness [117, 118]. Ultimately, the diabetic heart exhibits severe cardiac 
dysfunction [119] and widespread cellular necrosis [120], while cardiac fibroblasts 
undergo phenotypic change to directly mediate fibrosis [117].

Angiotensin II, a strong marker of cardiac dysfunction and member of the renin-
angiotensin-aldosterone system (RAAS), is closely associated with many features 
of diabetic cardiomyopathy [121]. Angiotensin receptor density is increased in the 
diabetic heart [119] and was shown to induce insulin resistance, and stimulate the 
switch in cardiac substrate utilization through increased PDK expression [122]. Im-
portantly, activation of the local RAAS in diabetic cardiomyopathy may induce 
oxidative damage, cardiomyocyte apoptosis, and cardiac fibrosis [120]. However, 
cardiomyocyte derived IGF-I can downregulate local AngII expression and cardio-
myocyte apoptosis [121]. Therapeutically, it has been shown that AngII stimulated 
cardiac hypertrophy and fibrosis was attenuated by pioglitazone, a PPARγ targeting 
anti-diabetic therapy that has been extensively used in DBCM patients [123].
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9 � Conclusions

The extracellular matrix is now accepted as a major player in the progression of 
heart disease. As detailed in this chapter, the ECM is a dynamic environment com-
posed of structural proteins, a vasculature and numerous cell types. The characteris-
tics of chronic (PO) and acute (MI) cardiovascular stressors vary widely in nature, 
and so the myocardium must be able to robustly adapt in order to maintain cardiac 
function. The ECM is a principal player in this adaptive response and significant re-
search has uncovered many of the underlying cellular and molecular players. Newer 
data proposes that changes to the collagen ECM are not finite and that upon resolu-
tion of stress the cardiac ECM can regress, limiting myocardial fibrosis and further 
promoting optimal cardiac function.
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Mathematical Simulations of Sphingosine-1-
Phosphate Actions on Mammalian Ventricular 
Myofibroblasts and Myocytes

K. A. MacCannell, L. Chilton, G. L. Smith and W. R. Giles

Abstract  Mathematical modeling has been used to explore the consequences of 
the actions of sphingosine-1-phosphate (S-1-P) within the ventricular myocardium. 
Electrophysiological data obtained from rabbit cultured myofibroblasts [1] provided 
the basis for formulation of our model of electrotonic coupling between ventricular 
myocytes and fibroblasts [2]. Specifically, our in silico fibroblast/myocyte hybrid 
model was modified to account for the electrophysiological properties that are char-
acteristic of the myofibroblast (the wound healing phenotype of the fibroblast). In 
addition, equations describing an S-1-P-induced current that can be activated in the 
myofibroblast were added.

The sets of simulations that constitute this paper demonstrate that S-1-P can 
cause a significant depolarization of the resting membrane potential in both the 
myofibroblast and myocyte. When the myocyte to fibroblast coupling ratio is 1:1, 
this concentration-dependent effect is due to ligand-gated current in the myofibro-
blast depolarizing the myocyte through heterotypic connexin-mediated intercellular 
junctions. In addition to changing the resting potential in the myocyte, the S-1-P 
induced current resulted in significant changes in action potential waveform.

A second set of simulations was done for the purpose of exploring the effects of 
S-1-P on myocytes that have some of the main electrophysiological properties of 
those from the failing heart. In these computations, the ten Tusscher model of the 
human ventricular myocyte was modified by reducing parameters as follows: cell 
capacitance, inward rectifier K + current, delayed-rectifier K + currents (IKs and IKr), 
and transient outward K + current. In combination, these changes (each of which 
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is associated with heart failure), resulted in prolongation of action potential du-
ration. Simulations of electrotonic coupling between this model ‘failing’ myocyte 
and myofibroblasts demonstrated that the resting potential and APD in the failing 
myocyte is more susceptible to modulation by electrotonic influences from S-1-P-
stimulated myofibroblasts when a ‘failing’ electrophysiological phenotype in the 
ventricular myocyte is introduced.

In summary, our simulations draw attention to important effects of S-1-P on the 
ventricular myocardium even when this paracrine substance acts only on the fibro-
blast cell population. These cell-specific S-1-P effects alter the myocyte action po-
tential via electrotonic coupling. It is apparent that myofibroblasts can have signifi-
cant effects on myocyte action potentials; and that these effects would be expected 
to be more pronounced in the presence of ligand-gated effects on the myofibroblast. 
The general setting that we have attempted to replicate with this first order model 
has some similarities to acute or sterile inflammation in the myocardium wherein 
S-1-P concentrations in the interstitium are relatively high.

Keywords  Sphingosine-1-phosphate · Electrotonic coupling · Myocyte · Fibroblast   ·  
Myofibroblast · Mathematical simulations

1 � Introduction

Sphingosine-1-phosphate (S-1-P) is a naturally occurring sphingolipid. It may be 
produced locally, and can act as an autocrine/paracrine factor. However, S-1-P is 
also stored in high concentrations in platelets [3]. S-1-P is known to have both 
extracellular and intracellular signaling roles, including regulation of cell prolifera-
tion, differentiation, survival and motility in a number of different tissues. These 
responses are initiated following binding of S-1-P to the so-called EDG family of 
surface membrane receptors. This ligand/receptor interaction can activate a number 
of different ion channels, in some cases this effect is mediated through well charac-
terized G protein-dependent mechanisms [4].

In the heart, S-1-P can influence fundamental aspects of myofibroblast physiol-
ogy e.g., wound healing and cell migration [3, 4]. Cardiac myofibroblasts are the 
wound-healing phenotype of native fibroblasts as is described in detail elsewhere 
in this series of papers. Myofibroblasts are consistently detected in relatively large 
numbers in the infarct zone soon after a myocardial infarct [5], perhaps as a result 
of an acute inflammatory response within the injured myocardium.

The main objective of the present theoretical study was to develop a novel ap-
proach for defining cell specific functional electrophysiological effects of S-1-P in 
the mammalian myocardium. This chapter illustrates some of the ways in which 
mathematical modeling can contribute integrative capabilities and conceptual in-
sights regarding this complex response within a heterogeneous syncytium: the 
mammalian ventricular myocardium. Where possible, our mathematical approaches 
have been guided by our own experimental work in which the electrophysiological 
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effects of S-1-P were studied. A published mathematical model of the action po-
tential in the human ventricular myocyte [6] was chosen since we have previously 
utilized it in conjunction with our model of the mammalian ventricular fibroblast/
myofibroblast [2].

Our experimental work has provided three new insights into the mechanisms of 
action of S-1-P in the rabbit ventricle. First, S-1-P, when applied to myofibroblasts 
at nanomolar concentrations, can activate an approximately linear ligand-gated cur-
rent having a reversal potential near − 20 mV. Second, S-1-P, at nanomolar levels 
has no effect on ventricular myocyte electrophysiology as baseline [1]. Third, S-
1-P application (short term superfusion) onto a co-culture preparation resulted in 
a reversible loss of excitability, and in some cases a significant depolarization of 
the myocyte resting potential in these myocyte/myofibroblast co-cultures. These 
electrophysiological effects were absent when the gap junction blocker heptanol 
was applied previously [1]. In combination, these findings were the basis for the 
prediction that changes in ventricular electrophysiology may arise through indirect 
(or electrotonic) modulation of myocyte excitability or action potential waveform. 
In fact, direct tests of this hypothesis remain a significant technical challenge since 
the required double and simultaneous microelectrode impalements of an identified 
myocyte/myofibroblast are required. However, evaluation of the plausible conse-
quences of this cell-to-cell communication can be approached by developing a suit-
able mathematical model.

It is now well established that there exists electrotonic coupling between cardiac 
myocyte and fibroblasts or myofibroblasts. In the important first studies, Kohl et al. 
(1994) simultaneously recorded action potentials in myocytes and related electro-
tonic changes in membrane potential in fibroblasts in rat atrial preparations in vi-
tro [7]. Later, the Kohl group provided further evidence (based on fluorescent dye 
transfer) for functional coupling between rabbit sinoatrial node myocytes and fibro-
blasts [8]. They also demonstrated expression of connexins in the scarred regions 
resulting from myocardial infarction of sheep hearts [9]. In co-cultures of neonatal 
cardiac myocytes and fibroblasts, electrotonic changes in membrane potential be-
tween myocytes and fibroblasts have been studied in detail [10–14]. Somewhat 
similar findings have been presented from adult rabbit myocyte and fibroblasts 
preparations in co-culture [15].

In contrast to this evidence for electrotonic coupling between cardiac myocytes 
and fibroblasts, or myofibroblasts, there is little information concerning how such 
coupling may alter the electrophysiological responses in either of these two cell 
types. In both the neonatal and the adult cardiac syncytium, electrotonic coupling 
is very complex in part because it depends upon many factors, including intercel-
lular resistance, relative numbers of myocytes vs. fibroblasts and the heterogeneous 
prevalent paracrine and autocrine environment. In addition, it is likely that the func-
tional details of this new modality within cardiac electrophysiology is altered sig-
nificantly when the patterns of ion channel expression and/or their densities change  
in the myocyte. In fact, such changes are known to occur in heart failure [34]. In 
this setting, the capacitance of the myocyte is also reduced substantially due to the 
‘loss’ of significant amounts of the transverse tubule system [16]. In addition and 



302 K. A. MacCannell et al.

simultaneously, the density of the expression of a number of different K + channels 
decreases substantially. Specifically, the inward rectifier K+ (Iks), delayed rectifiers 
(Iks and Ikr) and transient outward K + current densities (Ito) are all reduced [17–22]. 
It is apparent that these changes will result in the failing myocyte having a higher 
input impedance/resistance, and a reduced repolarization reserve, thus rendering it 
more susceptible to electrotonic influences.

In principle, mathematical models can provide a means to characterize complex 
cell-cell interactions. We [2] and others [7, 23, 24–26] have developed models of 
the electrophysiological behaviour of cardiac myocytes coupled with fibroblasts. 
Using this approach, we have illustrated how coupling of a adult human myocyte 
to one or more fibroblasts (having basal K + currents) may alter the myocyte ac-
tion potential waveform [2], while also resulting in significant electrotonic changes 
in membrane potential in the fibroblast. Subsequent reports of similar simulations 
have documented these findings [23, 24, 26]. In the sets of computations which 
form the basis of this paper we have modified; (i) the ten Tusscher model of the 
human ventricular action potential, and (ii) our previously published mathematical 
model of the ventricular fibroblast/myofibroblast so that sets of simulations could 
begin to evaluate:

1.	 if the intrinsic biophysical/electrophysiological properties of the myofibroblast, 
compared to the fibroblast, represents  an important difference as judged by sim-
ulated cell-to-cell electrotonic interactions;

2.	 whether a S-1-P ligand-gated current in myofibroblasts can significiantly change 
well known electrophysiological characteristics of the  ventricular myocyte to 
which it is electrotonically coupled;

3.	 the consequences of reducing myocyte capacitance and also the K + currents, IK1, 
IKS, IKr, and Ito, as a first attempt to mimic known electrophysiological changes 
the conditions in the failing heart);

4.	 the effects of activating the S-1-P-gated current in myofibroblasts coupled to 
ventricular myocytes in which these selected electrophysiological changes that 
are known to occur in the failing ventricle have been incorporated.

In this chapter, the main features of these sets of computations are presented. Our 
results are discussed with respect to the utility of such first order mathematical 
models for study of multidisciplinary problems in cardiac electrophysiology and 
pathophysiology, including electrophysiological abnormalities associated with the 
syndrome often descried as ‘heart failure’.

2 � Model Development

We have previously applied the ten Tusscher model of the human ventricular epicar-
dial action potential [6] to study the effects of coupling between ventricular myo-
cytes and cardiac fibroblasts [2]. In this Chapter this approach was utilized again as 
a basis for in silico Simulation of co-cultured myofibroblast-myocyte interactions.
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2.1 � Mathematical Model Abbreviations

IS−1−P	 S-1-P-induced Myofibroblast Current
gS−1−P	 S-1-P-induced Myofibroblast Conductance
EmMyoFb 	 Myofibroblast Membrane Potential
CmMyoFb 	 Myofibroblast Membrane Capacitance
Igap	 Gap Junction Current
Ggap	 Gap Junction Conductance
EmMyo 	 Myocyte Membrane Potential
t 	 Time
Inet	 Net Current
IKv	 Time- and Voltage-dependent K + Current (in the myocyte and 

myofibroblasts)
IK1	 Inwardly Rectifying K + Current (in the myocyte and myofibroblasts)
INaK	 Na+/K + Electrogenic Pump Current

2.2 � Myocyte Equations

The ventricular myocyte was modeled as described previously [2]. However, when 
a heart failure setting was considered, the parent ten Tusscher model was modified 
to (1) mimic the loss of IK1, IKS, IKr and IKto observed in myocytes of the failing 
heart, (2) mimic the lower capacitance associated with detubulation observed in 
myocytes of the failing heart, and (3) include coupling with a given number of 
ventricular myofibroblasts. Myocyte capacitance was set at 183 pF under control 
conditions, and decreased to 80 pF in the myocyte from the failing heart. Myocyte 
currents, resting potential and action potentials were simulated as described previ-
ously [2, 6].

2.3 � Myofibroblast Equations

Our previously published model [2] was used as a basis for simulating the currents 
recorded in ventricular myofibroblasts. Myofibroblasts exhibit somewhat similar 
K + currents, that is Ito, KV and IK1 currents to those in fibroblasts from the same 
[1, 27]. However, myofibroblasts have a much larger capacitance than fibroblasts 
(average capacitance in rabbit ventricular myofibroblasts, 21 pF, [1] vs. 6.3 pF in 
rat ventricular fibroblasts, [27]. Our experiment have revealed an S-1-P-induced 
current in rabbit ventricular myofibroblasts [1] it was introduced into the myofibro-
blast model. A number of key features of this ligand-gated conductance in the mam-
malian myofibroblast have not been characterized completely. For the purposes of 
this mathematical model, a linear S-1-P current was added to the myofibroblast. Its 
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reversal potential was set at − 30 mV. Thus this current can be described by the fol-
lowing expression:

� (1)

Where gS−1−P is the linear conductance for this S-1-P current. We have assumed that 
IS−1−P magnitude is directly related to S-1-P concentration. Our experimental data 
describing the current-concentration relationship [1] was normalized and fitted to a 
sigmoid equation of the form:

�

(2)

Where gmax is the maximum steady-state conductance of this current in the presence 
of S-1-P and has been evaluated to be 1.182 nS/pF. The reversal potential ER was 
calculated to be − 18.33 mV. The value [S-1-P] represents the variable concentration 
of S-1-P. A three-parameter regression was performed to determine the values of the 
constants a, b and c.

2.4 � Electrotonic Coupling

Each myofibroblast was coupled through a linear fixed resistance to a single myo-
cyte. This coupling conductance was varied between 0.3 and 3 nS, as specified in 
Results. Coupling conductance was assumed to be constant, that is it did not vary as 
a function of either time or voltage. Accordingly the current through the gap junc-
tion (Igap) was the product of the gap junction conductance (ggap), and the net driving 
force through the gap junction:

�
(3)

as was described previously for coupling of myocytes and fibroblasts [2].

2.5 � Myofibroblast Membrane Potential

Myofibroblast membrane potential (EmMyoFb) is given by the expression:

�
(4)
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Where

� (5)

We defined Igap to be opposite in direction, but identical in magnitude to that calcu-
lated in the myocyte. This signifies that an outward current through the gap junction 
in the myocyte was equivalent to an inward current of identical magnitude in the 
myofibroblast; and vice-versa. The function ( ),mMyoFbI E t  was given by the expres-
sion:

�
(6)

2.6  �In silico Syncytium

In this study, one isolated ventricular myocyte was directly coupled to 3 homo-
geneous myofibroblasts through a fixed coupling resistance. This heterogeneous 
group of cells was stimulated at 1  Hz. At a selected time (t = 3.5  s), the S-1-P-
induced conductance was increased. Thus S-1-P conductance was varied from 0 to 
500 pS, in an attempt to simulate this ligand gated conductance in myofibroblast. 
In each simulation, at time t = 75 s, S-1-P conductance was set to 0 pS, to mimic the 
washout of S-1-P.

3 � Results

3.1  �Baseline Simulations of the Effects of S-1-P

In the challenged/injured myocardium, or during inflammation, fibroblasts differ-
entiate into the wound healing phenotype. These cells are denoted myofibroblasts 
[5, 28]. In the adult rat heart, ventricular myofibroblasts express both background or 
time-independent and time- and voltage-dependent K + currents that are very similar 
to those in fibroblasts [27]. However, the transformation from fibroblast to myofi-
broblast results in an approximate 2-–3-fold increase in cell capacitance.

In this study, our main objective was to utilize mathematical modeling to gain 
further insights into the electrotonic effects of cell-to-cell coupling among ven-
tricular myocytes and myofibroblasts. With this information, we can explore the 
consequences of S-1-P-induced currents in the myofibroblast on the ventricular 
substrate/syncytium. A diagram of the equivalent circuit which forms the basis for 
our mathematical modeling is shown in Fig. 1. Panel A illustrates the interacting cir-
cuit elements; and Panel B shows the principal components of the equivalent circuit 
for each cell type and for the connexin-mediated intercellular resistance.

In the initial set of simulations, a control epicardial human ventricular myocyte 
(as formulated in the ten Tusscher model) was coupled through a fixed intercellular 

( ),net mMyoFb gapI I E t I= −

( ) 1 1,mMyoFb K Kv NaK S PI E t I I I I − −= + + +
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conductance (3 nS) to a selected number of ventricular myofibroblasts (1 to 5 in 
progressively increasing numbers) in each successive simulation.

As shown in Fig. 2a, electrotonic coupling of 1 (solid blue line), 3 (dashed blue 
line) and 5 (dotted blue line) myofibroblasts to a single ventricular myocyte reduced 

Fig. 1   Diagram (Panel a) and equivalent circuit (Panel b) of the chosen myocyte/myofilament 
intercellular coupling paradigm, consisting of an epicardial human ventricular myocyte and a fixed 
number of ventricular myofibroblasts. Panel A shows two myocytes coupled to two myofibro-
blasts. Panel B depicts the main elements of the equivalent circuit for a single myocyte (Myo) and 
one myofibroblast (CFb) communicating through a linear resistance corresponding to a connexin. 
Two of the time- and voltage-dependent conductances (Na + and K+) in the ten Tusscher model of 
the human ventricular myocyte action potential are shown. The myofibroblast component shows 
that a number of K + selective conductances have been identified in these cells and illustrates the 
finding that S-1-P activates a ligand gated current in the myofibroblast only. See text for further 
details

 



307Mathematical Simulations of Sphingosine-1-Phosphate …

Fig. 2   The superimposed action potential waveforms from a human epicardial ventricular cardiac 
myocyte demonstrate the effects on action potential morphology of electrotonic coupling with 
ventricular myofibroblasts. In each trace shown in Panel A, a fixed number (0, 1, 3 or 5) of myofi-
broblasts was coupled to a myocyte through a coupling conductance of 3 nS. The action potential 
waveform was activated by a depolarizing current (1.9 nA for 3 ms). The superimposed action 
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APD relative to the APD in the uncoupled myocyte at baseline (black line). At 
1 Hz the APD90 was 285 ± 1 ms in the uncoupled myocyte, and this value decreased 
to 245 ± 1 ms when this myocyte was coupled to one myofibroblast. Subsequent 
simulations in which the same control ventricular myocyte was coupled to either 
3 or 5 myofibroblasts further reduced APD90 to 192 ± 1 ms and 163 ± 1 ms, respec-
tively. Panel B of Fig. 2 summarizes the output of sets of computations that were 
done to illustrate the effects of altering intercellular conductance while holding the 
myocyte/myofibroblast ratio constant at 1:3. Under control conditions, APD90 was 
285 ± 1 ms (black line). Note that progressively increasing the coupling conduc-
tance from 0.3 (solid blue line) to 3 nS (dashed blue line) in discrete steps caused 
significant reductions in APD90: 253 ± 1 ms (at 0.3 nS) and 192 ± 1 ms (at 3 nS), with 
accompanying progressive changes in action potential morphology.

The simulations in Fig. 2 were done under conditions in which the myofibro-
blast was assumed to express only three different types of ion transfer mechanisms: 
K + conductances, a background Na + current, and a Na+/K + ATPase electrogenic cur-
rent. This is in accordance with our original model of the adult mammalian ven-
tricular fibroblast [2]. A primary goal of the present work was to simulate the effects 
of the ligand-gated conductance that is activated by S-1-P. This paracrine substance 
is present in relatively high concentrations during an immune response and dur-
ing acute inflammation [29, 30]. Our previous electrophysiological studies showed 
that S-1-P can induce a quasi-linear current in rabbit ventricular myofibroblasts at 
concentrations that are much too low to directly affect rabbit ventricular myocytes 
[1]. This quasi-linear current has a reversal potential between − 35 and − 40 mV. 
Panel A of Fig. 3 shows the steady-state current voltage relationship which depicts 
the original model (black). The blue line shows the S-1-P-induced current in a ven-
tricular fibroblast. Note that S-1-P activates a substantial inward current at mem-
brane potentials negative to − 40 mV. In addition, the positive or outward current is 
approximately doubled. Panel B of Fig. 3 shows the effect of these S-1-P-induced 
currents in a myofibroblast, illustrated as an isochronal I-V relationship obtained 
at a 250 ms time point (i.e., during repolarization) in the ten Tusscher model of 
the human ventricular action potential. The black trace shows the I-V curve gener-
ated by the currents that are present only in the myocyte. The blue curve illustrates 
the marked changes in net current that result from electrotonic coupling (3 nS) of 
3 myofibroblasts in which both the background K + conductances and the S-1-P-
induced current are active.

Inspection of Fig.  3b leads to the prediction that electrotonic interactions 
between S-1-P-activated myofibroblasts and human ventricular myocytes may 
cause a significant depolarization of the resting potential in the ventricular myo-
cyte. This extent of depolarization would markedly alter myocyte excitability. 

potentials in Panel B demonstrate the effects of altering intercellular conductance while utilizing 
a fixed number of myofibroblasts (3) coupled to a single myocyte. Three different intercellular 
conductances (0, 0.3 or 3 nS) were evaluated. Note that alteration of either the number of myofi-
broblasts or the intercellular conductance (within the range that is relevant to the known micro-
anatomy) can result in significant changes in action potential waveform ( height and duration)
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Fig. 3   Evaluation of the effects of S-1-P on selected membrane currents in ventricular myofi-
broblasts (Panel A) and myocytes (Panel B), assuming an intercellular conductance of 3 nS. The 
two steady-state I-V curves in Panel A show the control background I-V relation ( black) together 
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These possibilities were evaluated in the simulations shown in Fig.  4. Panel A 
shows 14 action potentials elicited at 1 Hz in the presence and absence of electro-
tonic coupling (3 nS), where it is also assumed that S-1-P activates the ligand-gated 
conductance in each of the three coupled myofibroblasts. Note that when S-1-P is 
present, the diastolic potential depolarizes significantly and action potential dura-
tion (as judged by the contour of final repolarization) shortens. The sigmoidal trace 
in Fig.  4b shows the dose response relationship of this S-1-P-induced effect on 
the myocyte resting potential. It is interesting that even very small concentrations 
of S-1-P activate the myofibroblast as originally shown in our experimental work 
[1]. In contrast, our results and those of others consistently demonstrate that much 
higher concentrations are needed to cause direct effects on the myocyte itself [31, 
32]. Thus S-1-P may have its most significant electrophysiological effects in the 
human ventricle by acting in a selective, that is, cell selective manner.

This pattern of in silico results is consistent with the effects of S-1-P observed 
when studying myocytes and myofibroblasts in co-culture. Here, S-1-P caused a 
reversible diastolic depolarization [1]. The experimentally-determined effect of 
the S-1-P-induced current in the myofibroblast was concentration-dependent, with 
maximal effect produced by approximately 100 nM concentrations [1]. The simula-
tions in Figs. 3 and 4 suggest that while electrotonic coupling of a single myocytes 
to 3 myofibroblasts with a coupling conductance of 3 nS may result in a reversible 
diastolic depolarization in the presence of e.g., 1–10 nM S-1-P, the large IK1 of the 
healthy ventricular myocyte prevents this depolarization from being great enough 
to inactivate Na + channels and block myocyte excitability.

3.2  �Simulations of Heart Failure in Ventricular Myocytes

The second part of this study was done to address the fact that S-1-P has its actions 
predominantly in the compromised, as opposed to healthy ventricular myocardium. 
As an initial approach, a decision was made to attempt to alter the in silico substrate 
(the ventricular myocyte) so that its electrophysiological responses approximated 
the main features of the electrophysiological remodeling which occurs during heart 
failure. This remodeling has been a topic of a number of comprehensive electro-
physiological studies in a variety of mammalian preparations. It is now known that 
many, if not all, of the repolarizing K + currents which are expressed in ventricular 
myocytes are reduced in heart failure, and that myocyte capacitance is also de-
creased, mainly due to a progressive loss of the transverse tubule system [17, 22]. 
Although other, and very significant changes in transmembrane currents have been 
described [33, 34] in heart failure models; these changes in K + currents and cell 

with the I-V relation for the S-1-P-induced current in each of the 3 myofibroblasts. In Panel B, an 
isochronal I-V curve obtained at 250 ms is shown ( black trace). The blue trace demonstrates the 
effect of the S-1-P-induced current (shown in Panel A) on this isochronal background I-V curve for 
the myocyte. The marked and nonlinear changes in the currents shown in Panel B are responsible 
for the changes in action potential morphology and resting potential in the following figures
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Fig. 4   Mathematical simulations of the changes in resting potential in a ‘coupled’ ventricular 
myocyte due to S-1-P (20  nM) acting only on the ventricular myofibroblasts. One ventricular 
myocyte was electrotonically coupled to 3 myofibroblasts through a junctional conductance of 
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capacitance were made as an initial approach in this project. Specifically, we mod-
eled the effects of reduced capacitance and of progressive reduction of IK1, IKS, IKr 
and Ito in the ten Tusscher model of human epicardial ventricular myocyte [6]. The 
resulting changes on action potential morphology are shown in Fig.  5, Panel A. 
In these simulations myocyte capacitance was first reduced from baseline values 
(180 pF) to 80 pF. This resulted in a small increase in action potential duration. The 
additional 4 superimposed action potential waveforms demonstrate the progressive, 
but nonlinear, effects of simultaneously reducing each of the K + currents, IK1, IKS, 
IKr and Ito by 20, 50, 70, and then 90 %. Note that action potential duration is length-
ened markedly and also that the initial repolarization phase or notch of the action 
potential disappears. Given the role of IK1, IKS, and IKr in late repolarization (during 
phase 3) of the ventricular action potential [33, 35, 36], the reduction in APD90 and 
depolarization of myocyte RMP with progressive K + channel block were entirely 
predictable consequences.

The superimposed isochronal current I-V relationships in Fig. 5B provide further 
insight into the consequences of these changes in time- and voltage dependent and 
background K + currents. Specifically, this Figure shows the effects of progressive 
reductions in the selected K + currents plotted as an isochronal I-V relationship at 
250 ms in an 80 pF ‘failing’ ventricular myocyte. The control I-V is shown in black. 
Reducing IK1, IKS, IKr and Ito by 20 % (solid blue line), 50 % (dashed blue line), 70 % 
(dotted blue line) and 90 % (dash + dotted blue line) resulted in a progressive loss 
of the outward limb of the I-V curve. As a consequence, the net current at this point 
in time (which would correspond to the repolarization of the action potential) is 
reduced and may even become a net inward current (due mainly to the remaining, 
slowly inactivating L-type Ca2 + current). We note also that in combination these 
changes have the consequence that the in silico heart failure myocyte has an in-
creased resistance during much of the action potential duty cycle. For this reason, 
the failing ventricular myocyte would be expected to be more susceptible to elec-
trotonic influences from within the syncytium (see Discussion). This prediction is 
tested in the simulations which are shown in Figs. 6–8.

The isochronal I-V relationships (at 250 ms) in Fig. 6 illustrate two important 
aspects of our findings. In these simulations, at the myocyte level, heart failure was 
simulated by reducing capacitance to 80 pF, and setting the magnitude of IK1, IKS, IKr 
and Ito to 50 % of their control or baseline values. In addition, each failing myocyte 
was coupled to three myofibroblasts through a conductance of 3 nS. As was done 

3 nS. In panel A ( left), the effect of electrotonic coupling to myofibroblasts having only baseline 
currents is shown. Note that this model output is modified significantly by addition of 20 nM 
S-1-P: there is a small depolarization (to approx.–78 mV) but this does not significantly reduce 
myocyte excitability and action potential generation. The right side of this panel demonstrates a 
return to control conditions after the S-1-P-induced conductance was turned off. Panel B shows 
the changes in resting potential caused by three selected concentrations of S-1-P, (again based on 
previously published experimental data). In these simulations, the in silico model consisted of 1 
myocyte coupled to 3 myofibroblasts through a conductance of 3 nS. Note that in all cases, addi-
tion of S-1-P resulted in significant depolarization of the myocyte due to electrotonic effects of the 
S-1-P-induced current activated only in the myofibroblasts
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Fig. 5   Mathematical model of a human ventricular action potential waveform under conditions 
that are typical of a myocyte in the failing myocardium (Panel a). Each of the superimposed action 
potentials was computed based on the modifications of the ten Tusscher model of the epicardial 
ventricular myocyte. Specifically, the myocyte capacitance was reduced from 183 pF ( blue) to 
80 pF ( red) consistent with the loss of T-tubules in the failing myocyte. Additional action potential 
waveforms demonstrate changes when the K + conductances IK1, IKS, IKr and Ito were decreased in 
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in the computations shown in Figs. 3 and 4, S-1-P-induced current was activated 
by ‘application’ of 20 nM S-1-P. In Fig. 6, the black I-V relationship represents the 
isochronal data in the absence of S-1-P. The I-V relationship shown in blue depicts 
the S-1-P (or ligand-gated) current that is superimposed on the base line ‘failing 
heart’ electrophysiological parameters. Note that S-1-P tends to depolarize the ven-
tricular myocyte (based on the significant additional inward current at all membrane 
potentials negative to − 20 mV) and to shorten action potential duration (due to the 
additional outward current positive to − 20 mV).

Figure 7 (in which the layout is analogous to Fig. 4) illustrates the effect of S-
1-P on the resting potential in the ‘failing’ ventricular myocyte. Note that in this in 
silico experiment in which action potentials were elicited at 1 Hz, S-1-P produced a 
marked (approx. 30 mV) depolarization of the resting potential, and also a tendency 
for an after-depolarization. Panel B of Fig. 7 shows the concentration-effect rela-
tionships for S-1-P-induced changes in the myocyte resting potential under control 

a step-wise fashion by 20, 50, 70, and finally 90 %. Note that these changes in K + currents altered 
the early repolarization ( notch), and significantly prolonged the action potential duration (APD) in 
the failing myocyte. The superimposed isochronal I-V relationships (250 ms) in Panel B illustrate 
the combined effects of the progressive reductions in IK1, IKS, IKr and Ito. These computations, cell 
capacitance was reduced to (80 pF)

Fig. 6   Mathematical simulations that illustrate the effects of electrotonic coupling among 3 myo-
fibroblasts and 1 ‘failing’ myocyte in the absence ( black) and in the presence ( blue) of 20 nM 
S-1-P. Note that addition of the S-1-P-induced current results in significant curvilinear changes 
in the net current. These changes would be expected to result in a shortened action potential and 
depolarized resting potential (see text for further explanation)
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Fig. 7   Simulations of the effects of coupling a ‘failing’ ventricular myocyte to 3 myofibroblasts 
through a gap junction conductance of 3 nS in response to a 1 Hz stimulus. In Panel A ( left), action 
potentials from the failing myocyte (80 pF; IK1, IKS, IKr and Ito reduced by 50 %) coupled with 3 
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conditions (black), following 50 % reduction of the selected K + currents (dark blue) 
and following 90 % reduction of these currents (light blue). As expected, there is a 
progressive depolarization of the resting potential due to the reduction in IK1; and 
the response to S-1-P results in a depolarization to a more depolarized ‘resting’ 
potential.

As shown in Fig. 7, when a single heart failure myocyte was paced at 3 Hz, and 
then coupled with 3 myofibroblasts through a conductance of 3 nS, 20 nM S-1-P-
induced an effect on myocyte excitability that was more pronounced than in the 
same paradigm when a healthy myocyte was the S-1-P target (compare Fig. 7 A 
with Fig. 4 A).

The final set of computations was done to illustrate the consequences of these 
changes on action potential morphology. As shown in Fig. 8 coupling a ventricular 
myocyte from a failing heart, in which IK1, IKS, IKr and Ito were reduced by 50 % and 
in addition cell capacitance was reduced to 80 pF, to three myofibroblasts and then 
activating the 20 nM S-1-P-induced current changed the myocyte action potential 
waveform dramatically. In Fig. 8a, the two superimposed action potential wave-
forms illustrate the differences resulting from the failing myocyte assumptions. The 
action potential shown in blue was computed on the basis of the ten Tusscher model 
baselilne conditions, with myocyte capacitance decreased from approximately 180–
80 pF. The superimposed action potential shown in black illustrates the changes 
resulting from the reduction in K + currents by 50 %. This change in action potential 
duration is similar to that shown in one of the traces in Fig. 5a.

In Fig. 8b, the effect of coupling a human ventricular myocyte in which capaci-
tance is 80 pF and IK1, IKS, IKr and Ito were decreased by 50 % to three myofibro-
blasts at 0.3 nS conductance is shown. In this Panel, the starting condition in which 
only basal currents are active in the myofibroblasts is shown in blue. The action 
potential waveform shown in black exhibits significant lengthening as expected 
from the reduced net outward K + currents which underlie our model of the ‘failing’ 
myocyte. These simulations further reinforce the very significant effect of coupling 
a failing myocyte with myofibroblasts, in the setting of inflammation, where S-1-P 
concentrations are likely to be in the high nM range.

The two superimposed action potential waveforms in Panel C of Fig. 8 illustrate 
the effects of 20  nM S-1-P ‘applied’ in the setting of ‘heart failure’. The action 
potential waveform for the failing myocyte is shown in black; addition of S-1-P 
results in a small decrease in plateau height, a depolarization of the resting potential 
and a significant shortening of the entire repolarization phase of the action potential. 
Each of these effects are expected, based upon the interacting S-1-P or ligand-gated 
currents and intrinsic time- and voltage-dependent currents shown in Fig. 6.

myofibroblasts. At the 4.5 s time-point, the S-1-P-sensitive current was activated in the myofibro-
blasts (middle, ‘20 nM S-1-P’). This caused the resting membrane potential in the failing myocyte 
to depolarize. The 3 traces in Panel B illustrate this S-1-P-induced depolarization of the resting 
potential in the failing myocyte. The lower trace ( black) shows the effect of coupling a failing 
(80 pF) myocyte, assuming baseline expression levels of all K + currents. The middle and upper 
curves in dark and light blue respectively illustrate the effects on resting membrane potential of 
20 nM S-1-P when myocyte IK1, IKS, IKr and IKto currents were reduced by 50 % ( continuous blue) 
and then by 90 % ( interrupted blue). This pattern of results is expected from the net current change 
illustrated in Fig. 6 (see text for further explanation)
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Fig. 8   Mathematical simulations illustrating the effects of electrotonic interactions between a fixed 
number of myofibroblasts (3) and one ‘failing’ ventricular myocyte in the absence (Panels a and b) 
and in the presence (Panel c) of S-1-P. In Panel A, the effects on action potential waveform of reducing 
IK1, IKS, IKr and IKto in a failing (80 pF) myocyte are shown. The two superimposed action potentials 
illustrate the starting condition, a failing myocyte ( black trace); and the lengthened action potential 
( shown in blue) from a failing myocyte in which the K+ conductances have been reduced by 50 %. 
In Panel b, the action potential from a failing myocyte (80 pF, IK1, IKS, IKr and Ito reduced by 50 %) 
is shown in blue; together with the action potential computed after this myocyte was coupled with 3 
myofibroblasts at a coupling conductance of 0.3 nS ( red trace). In Panel c, the effects of S-1-P are 
shown. The action potential waveform shown in blue is the same as the one shown in Panel B above. 
Note that activation of the S-1-P - induced current causes a small depolarization and shortens the action 
potential in this in silico failing ventricular substrate ( dashed red trace). See text for further details
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4 � Discussion

The combination of previously published mathematical models for the human 
ventricular myocyte action potential and ventricular fibroblast electrophysiology 
provided the basis for addressing the main goal of this study. Since the principal 
biological compound of interest was sphingosine-1-phosphate (S-1-P), a ligand that 
is present in relatively high concentrations (approximately 0.1 µM) in the setting of 
inflammation, it was considered necessary to also attempt to simulate some electro-
physiological properties of the compromised or failing ventricular myocardium. We 
therefore modified our mathematical model of the fibroblast so that it could repre-
sent same of the electrophysiological/biophysical features of the ventricular myofi-
broblast. In addition, the known changes during heart failure in ventricular myocyte 
capacitance and K + current expression were included by introducing appropriate 
decreases in these parameters. We recognize that the resulting hybrid first order 
model remains incomplete. Nevertheless, some salient and potentially functionally 
important features of S-1-P actions in the mammalian ventricular myocardium were 
able to be replicated, visualized and integrated. Perhaps the most significant in-
sights are the following:

1.	 Although very low concentrations of S-1-P affect only the myofibroblast, the 
existing electrotonic coupling between the myofibroblast and myocyte cell pop-
ulations in both the healthy and the failing ventricular myocardium can result in 
significant changes in action potential morphology and in small, but important 
changes in the resting membrane potential.

2.	 The consequences of S-1-P binding to Edge receptor(s) and then activating ion 
channels in the myofibroblast are very straightforward, the resulting changes 
in action potential waveform are complex. That is, S-1-P activates an approxi-
mately linear non-specific cation conductance that has a reversal potential near 
− 30 mV. This ligand-gated conductance appears to scale in a monotonic fash-
ion as a function of ligand concentrations in the 0.1 to 50 nanomolar range. 
However, this conductance does not result in the expected depolarization of the 
myofibroblast because the electrotonic influence of the much larger myocyte is 
dominant. Thus, the apparent simplicity and hence predictability of the S-1-P 
action in the myofibroblast is attenuated dramatically when the indirect S-1-P-
mediated effects are observed or recorded in the myocyte. The main reason for 
this is that the marked changes in complex impedance in the myocyte, brought 
about by the inwardly rectifying K + conductances, IK1 and IKr, serve to attenuate 
the otherwise straightforward properties of the current generator which is the 
S-1-P-sensitive channels in the myofibroblast population.

3.	 The principles that have been revealed and are summarized above and illustrated 
in Figs. 7 through 9, lead directly to some additional functional insights. The 
known properties of the failing myocardium, reduced cell capacitance due to 
progressive loss of the anatomical transverse tubule system, and commensurate 
(in fact, perhaps for this reason) reductions in both background and time- and 
voltage-dependent conductances, result in this population of myocytes exhibit-
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ing a significantly altered impedance, or membrane resistance profile. Since the 
dominant characteristic is the expected increase in membrane resistance; a priori 
it would be expected that the S-1-P-induced current source in the subjacent myo-
fibroblast population is more effective. Our computations illustrate patterns of 
results consistent with these starting principles and assertions. More definitive 
insights would require independent experimental verification of the possibility 
that S-1-P production or actions are heterogeneous. These data would also need 
to be complemented with information concerning the possibility that intercel-
lular resistance may be altered in either of the predominant settings known to 
give rise to increased S-1-P liberation: acute inflammation and/or a significant 
ischaemic insult; e.g., in the setting of what may be referred to as heart failure or 
infarction scaring.

Inspection of the sets of computational findings that we have been produced identi-
fies at least one other phenomenon of significant interest. It is noteworthy that per-
haps the most important consequence of electrotonic interactions between myofi-
broblasts and fibroblasts is the consistent and significant depolarization of the myo-
fibroblast which is phase locked with each ventricular action potential. In both the 
fibroblast population and in myofibroblasts, this depolarization is large enough that 
it would be expected to significantly modulate excitation-secretion coupling in the 
myofibroblast. The paracrine actions of S-1-P therefore need to be considered in the 
context of interactive, perhaps closed loop control mechanisms. It is very likely that 
the indirect actions of S-1-P on the ventricular myocyte action potential feed back to 
alter myofibroblast electrophysiological responses, including but not limited to sig-
nificant components of known regulated excitation-secretion coupling mechanisms.

A final consideration that arises from this computational work concerns the ways 
in which a heterogeneous cell population, the ventricular myocardium, interacts/
communicates on a cell-by-cell basis in both health and disease. It has been known 
for 30 years that the inward rectification of the predominant K + conductances in 
most cardiac myocytes, in smooth muscle cells, in both endothelial cells and peri-
cytes, and in bone cells, effectively results in an ideal current generator. That is, 
even very small depolarizations from the resting potential result in marked increas-
es in the resistance of these cells and this increased resistance results in what is often 
termed a lengthened ‘space constant’. In a simplistic way, our computational work 
reveals a cautionary note which should be applied to this classical electrophysi-
ological principle in the context of the cardiac syncytium or the endothelium. If it is 
the case that a ligand-gated current (induced by S-1-P) can effectively shunt the in-
trinsic properties of an inwardly rectifying background K + conductance, then the ef-
fective ‘point spread function’ of such a paracrine compound may be quite complex. 
With available electrophysiological techniques this complexity, may be difficult to 
reveal convincingly. In practice, this would require at least three independent elec-
trophysiological measurements from identified myocytes and myofibroblasts in the 
same preparation. This is sufficiently difficult to make it likely that obtaining a reli-
able experimental data set will not be successful. The most plausible alternate ap-
proach, obtaining this data using voltage-sensitive dye methods, is also challenging  
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since consistent, reliable recordings from two different cell types in the same syncy-
tium are difficult; and since in the mammalian myocardium, motion artifacts remain 
a limiting technical factor in recording and accurate interpretation of electrotonic 
changes in membrane potential, or the expected small changes in action potential 
waveform. These considerations provide a basis for continuing to develop tools and 
platforms which allow mathematical simulations of some aspects of physiological 
and pathophysiological phenomena in the heart. It is although that this approach 
will be useful to provide the type of straight-forward, and semiquantitative, output 
which is the basis of this paper, more conclusive work must always arise from and 
be verified by directly relevant experimental data.
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Extracellular Matrix and Cardiac Disease: 
Surgical and Scientific Perspectives

Holly E. M. Mewhort and Paul W. M. Fedak

Abstract  Scientists and surgeons can each benefit from a clear understanding of 
cardiac ECM and its’ influence on cardiac structure and function in both health 
and disease. This chapter highlights key concepts with respect to the influence of 
cardiac ECM in traditional surgical repairs and introduces emerging “biosurgical” 
strategies designed to leverage ECM biology and further enhance innovative surgi-
cal repairs to optimize cardiac performance.

Keywords  Surgical repair · ECM architecture · Aortic disease · Valvular disease

1 � Introduction

The primary role of the cardiac surgeon is to restore structure and improve func-
tion by reshaping and remodeling the heart. Cardiac structure and function has cus-
tomarily been appreciated only in the context of its contractile muscle cells, the 
cardiomyocytes. The extracellular matrix (ECM), or interstitium, was recognized 
only for its supportive structural role in the heart and vasculature. Increasingly, cli-
nicians now appreciate that ECM deficiencies and alterations are both a cause and 
consequence of cardiac disease. In parallel, scientists are beginning to recognize the 
critical regulatory role that ECM plays in providing a dynamic microenvironment 
for heart cells. ECM regulates critical cellular behaviors in response to tissue injury 
and plays an important role in both cardiac health and disease. Importantly, it is now 
accepted that ECM can be surgically modified to restore heart function. Scientists 
and surgeons can each benefit from a clear understanding of cardiac ECM and its’ 
influence on cardiac structure and function in both health and disease. This chapter 
highlights key concepts with respect to the influence of cardiac ECM in traditional 
surgical repairs and introduces emerging “biosurgical” strategies designed to le-
verage ECM biology and further enhance innovative surgical repairs to optimize 
cardiac performance.
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2 � The ECM of the Heart

2.1  �The Fibrous Skeleton

All surgical repairs that remedy damage from pathologic disease processes are per-
formed on the structural foundation of the fibrous skeleton. The fibrous skeleton 
is pivotal to cardiac function and therefore of great importance to the success of 
surgical procedures. The cardiac fibrous skeleton incorporates the extracellular ma-
trix of the myocardium, perivascular matrix, chordae tendineae and cardiac valves 
(Fig. 1). It is composed of a complex and dynamic balance of fibrillar collagen, 
elastin, microfibrillar proteins, proteoglycans, laminin and fibronectin. Fibrillar 
collagen, the dominant protein in cardiac ECM, provides tensile strength to the 
3-dimensional scaffold that houses the contractile components of the organ. Evi-
dence suggests that collagen composition (quantity, quality and type) significantly 
influences ventricular size, shape and function [1–3]. Collagens type I and III are 
the most abundant subtypes found in cardiac ECM. By comparison type I collagen 
is mature and heavily cross-linked giving it greater tensile strength then immature, 
less cross-linked type III collagen, which demonstrates greater elasticity. The pro-
portion of type I to type III collagen depends on the rate of collagen turnover, which 
is tightly regulated. In essence, the fibrous skeleton is the macrorepresentation of 
the continuity and connection of these extracellular matrix components throughout 
the heart (Fig. 1). The fibrous skeleton provides the framework for the cardiac tis-
sues to assemble into a functional and complex dynamic mechanical organ.

2.2 � ECM Architecture and Cardiac Function

ECM architecture influences cell and muscle fiber orientation and in so doing, 
regulates tissue function. The ECM of the myocardium can be classified into three 
components: the epimysium, perimysium and endomysium (Fig.  1). The epimy-
sium surrounds cardiomyocyte bundles and forms a structural continuum with the 
fibrous skeleton of the heart connecting its passive structural and active functional 
components. The perimysium surrounds and interconnects bundles of cardiomyo-
cytes, dictating their specific orientation. The endomysium surrounds individual 
cardiomyocytes within each bundle. The epimysium and perimysium are rich in 
fibrillar collagen and thought to dictate the shape and distensibility of the cardiac 
chambers, while the endomysium is composed of a combination of collagen and 
elastin, thought to influence individual cell organization and attachment.

In the healthy heart the precise 3-dimensional pattern by which fibrillar colla-
gen networks of the perimysium are connected results in amplification of the 15 % 
linear shortening of each individual myocyte to produce a coordinated contraction 
of the left ventricle such that it ejects upwards of 60 % of its blood volume un-
der normal conditions [4]. Spinale and co-workers showed that disruption of this 
ECM network can decrease systolic performance without alterations in myocyte 
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contractility [5], demonstrating the significance by which the ECM contributes to 
the contractile function of the heart. Precise muscle fiber orientation also mitigates 
excessive stretch in diastole and contributes to elastic recoil in systole, enhancing 
the efficiency of myocardial contraction [6]. These relationships are important to 
respect when developing novel treatments for patients with heart failure.

Fig. 1   The fibrous skeleton of the heart is depicted. The top panel highlights what is traditionally 
thought of as the fibrous skeleton. The middle panel highlights the continuity between traditional 
components of the fibrous skeleton such as the aortic valve and chordae tendoneae and the extra-
cellular matrix components of the left ventricle and aortic wall that connect structure and func-
tionality. The bottom panel highlights the epimysial, perimysial and endomysial levels of ECM 
organization within the left ventricular myocardium responsible for the translation of individual 
cellular contractions into organized LV ejection
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2.3 � ECM as a Dynamic Microenvironment

In addition to serving as a physical scaffold that provides tensile strength and sup-
port to tissue; the ECM serves as a framework for the precise organization of cells, 
determines the passive physical properties of tissue, and contributes a dynamic mi-
croenvironment that regulates cell proliferation, signaling, behavior and survival 
[7–11]. For example, the spatial and temporal expression of matrix components and 
cell-ECM adhesion proteins has been proven vital to normal organ development 
[7, 12]. In pressure overload states, the loss of myocyte-ECM attachment results 
in myocyte apoptosis marking the early stages of cardiac decompensation and sys-
tolic heart failure [13]. Key to all of these processes is the precise composition of 
the ECM is maintained by the cardiac fibroblast. Under steady-state conditions, 
cardiac fibroblasts are responsible for collagen turnover, and secrete a number of 
growth factors and cell signaling molecules that dictate cell behavior and survival. 
In response to injury, normally quiescent cardiac fibroblasts undergo a phenotypic 
conversion into their activated myofibroblast state. When activated, myofibroblasts 
alter the homeostatic balance to increase ECM deposition, leading to scar forma-
tion and eventual tissue healing. However, if myofibroblasts remain chronically 
activated, as they do in several disease states such as after myocardial infarction, 
they drive fibrosis resulting in a variety of pathologies that can require surgical 
management.

3 � Role of the ECM in Cardiac Disease and Dysfunction

3.1 � ECM Dysregulation and Cardiac Dysfunction

Just as the amount, type, stability, turnover and organization of the ECM plays a 
crucial role in cardiac health and function, ECM dysregulation can be observed in 
several cardiac disease states, and are responsible for cardiac dysfunction. Acute 
perturbations in ECM homeostasis can be adaptive, as is the case immediately fol-
lowing myocardial infarction (MI). Following ischemic insult, activated cardiac 
myofibroblasts increase ECM turnover promoting clearance of necrotic tissue and 
the formation of scar. Any delay in the clearance of necrotic tissue results in delayed 
healing [14] and prevents scar formation. Patients that fail to develop adequate 
scar tissue within the infarcted myocardium are at risk of developing mechanical 
complications of MI, such as free wall rupture, ischemic VSD or papillary muscle 
rupture and ischemic mitral regurgitation, because the structural integrity of the 
regional myocardium is lost. Mechanical complications of MI are often lethal and 
require emergent surgical correction when recognized.

Though acute changes in ECM turnover are in some situations adaptive, chronic 
perturbations in ECM homeostasis of a variety of etiologies inevitably result in 
fibrosis and subsequent heart failure. For example, regardless of etiology, degrada-
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tion and disruption of cardiac ECM architecture is common to all patients with end 
stage heart failure (ESHF; Fig. 2) [15]. Evidence from animal models of ESHF sug-
gests that the degradation and disruption of the cardiac ECM observed is the direct 
result of aberrant ECM homeostasis [16, 17].

In pressure overload situations, such as chronic hypertension, severe aortic ste-
nosis (AS), or hypertrophic obstructive cardiomyopathy (HOCM) there is a gradual 
accumulation of excess myocardial collagen [18]. We have demonstrated that in 
patients with HOCM this is also likely the result of aberrant ECM homeostasis [19] 
favoring a net increase in collagen deposition as opposed to degradation. Aber-

Fig. 2   Left ventricular geometry and ECM quality and composition in a normal heart (a) and the 
changes in LV geometry and ECM quality and composition that occur following ischemic injury 
(b), chronic pressure overload states (c) and chronic volume overload states (d; which also define 
ESHF)
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rant ECM homeostasis and subsequent collagen accumulation results in decreased 
chamber compliance, complimenting the concentric hypertrophy that occurs in re-
sponse to pressure overload. Following ischemic injury, an acute increase in colla-
gen is initially adaptive. However, in many patients, the acute increase in collagen 
is followed by a chronic diffuse increase in myocardial collagen remote to the site 
of injury as a response to a compensatory increase in workload within the remain-
ing healthy myocardium. In diabetic patients, diffuse fibrosis can be observed in the 
absence of pressure overload or ischemic injury [20]. Both situations may be the 
result of sustained fibroblast activation independent of mechanical stimuli.

In volume overload situations, such as severe aortic or mitral regurgitation, col-
lagen accumulation is not initially observed, however an increase in the proportion 
of type III collagen has been observed [2]. The increased elasticity of type III colla-
gen may be responsible for the LV dilatation seen in response to pressure overload. 
Progressive ventricular dilatation, a hallmark of heart failure, may also be mediated 
through ongoing ECM degradation by MMP activity [4, 21]. Though not observed 
initially, an increase in collagen accumulation seen in patients with dilated car-
diomyopathy and ESHF [4], suggests collagen accumulation may define the final 
stages of cardiac dysfunction resulting from volume overload.

3.2 � ECM and Aortic Disease

ECM dysregulation also plays a role in aneurysmal diseases of the aorta, which 
commonly require surgical management. Much of our knowledge about the role of 
the ECM in thoracic aortic aneurysm formation stems from the phenotypic char-
acteristics of patients with genetically inherited defects in ECM components, such 
as those with Marfan’s, Ehlers-Danlos, and Loeys-Dietz syndrome. Patients with 
Marfan’s syndrome possess a mutation in the fibrillin-1 gene [22] that results in 
poor elastin filament alignment and lamellar unit disorganization resulting in aortic 
wall instability [23] that leads to an increased risk of aortic dissection and aneurysm 
formation [24]. Over 70 different mutation of the COL3A1 gene have bee identi-
fied in contribution to Ehlers-Danlos syndrome type IV. The genetic defect leads to 
dysfunctional type III collagen formation leaving patients at risk of aortic dilatation 
and dissection [25]. Patients with Loeys-Dietz syndrome possess a mutation of the 
gene that encodes a component of TGF-β-receptors, resulting in aberrant TGF-β 
signaling, a growth factor that significantly impacts ECM homeostasis by mediat-
ing cardiac fibroblast phenotype [26].

Though the specific genetic defect that effects patients with congenitally bicus-
pid aortic valves (BAV) has not been identified, ECM integrity has been implicated 
as a causal factor in the increased risk of ascending aortic dissection and thoracic 
aneurysm formation displayed by these patients. Robicsek and colleagues studied 
flow dynamics through BAVs vs. tricuspid aortic valves (TAVs) modeling their po-
tential consequences on aortic wall structure concluding that aberrant flow dynam-
ics resulting from BAV geometry was the likely cause of the ascending aortic dila-
tation more frequently observed in patients with BAVs [27]. We have shown that 
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the distinct regional wall shear stress patterns measured by 4-dimensional magnetic 
resonance imaging are generated by the three different aortic valve cusp fusion 
patterns, and further, these distinct patterns are associated with the expression of 
specific BAV related aortopathies [28]. However evidence also exists to suggest 
that the increased incidence of ascending aortic dilatation and dissection is due to 
inherent abnormalities in the structural integrity of the aorta [29–31]. Hahn and 
colleagues demonstrated that patients with BAVs displayed a higher incidence of 
aortic root enlargement irrespective of age or abnormal valve hemodynamics [30]. 
Keane and colleagues demonstrated that patients with BAVs consistently display 
larger ascending aortic dimension that patients with TAVs irrespective of defects 
in valve related hemodynamics [29]. Yasuda and colleagues demonstrated that pa-
tients with BAVs experienced ascending aortic dilatation irrespective of whether 
or not aberrant valve hemodynamics were corrected by aortic valve replacement 
[31]. We demonstrated that the vasculature of BAV patients has prominent ECM 
dysregulation, including deficient fibrillin-1 and increased matrix metalloprotease 
(MMP) activity, possibly contributing to disruption of the aortic wall and aneurysm 
formation [32]. These data suggest that the increased incidence of aortic pathology 
displayed by patients with BAVs is related to an inherent structural defect of the 
aortic wall likely related to abnormalities of ECM homeostasis. It is possible that 
both inherited structural abnormalities of the aortic ECM in combination with aber-
rant flow dynamics due to valve cusp fusion contribute to aortic dilatation and a 
propensity to dissection.

Emerging research suggests that ECM dysregulation may be central to progres-
sive aortic dilatation. An improved understanding of the mechanisms involved in 
BAV aortopathy is needed as there is a wide variability in surgical approaches to 
this disorder despite established guidelines [33]. Some of this variability appears 
to be secondary to beliefs about the mechanisms and causes of BAV aortopathy 
that may profoundly influence surgical practices. An improved understanding of 
the impact of ECM dysregulation may help identify patients at risk and guide sur-
gical intervention. We are examining changes in ECM structure, composition and 
regulation in regional areas of the aortic wall subjected to high shear stress forces 
resulting from aberrant flow dynamics through BAVs as compared to normal areas 
and aortas of tricuspid aortic valve patients. This research may clarify controversies 
in the BAV literature with regards to whether aortic pathology is a result of aberrant 
flow dynamics and/or a genetically inherited aortopathy (Fig. 3), and lead to the 
establishment of more appropriate clinical guidelines identifying patients at risk and 
in need of surgical intervention.

Aortic dilatation related to ECM dysregulation and cardiac myofibroblast activ-
ity also occurs in patients without known congenital or inherited disorders. Vascular 
smooth muscle cells and aortic fibroblasts have been shown to respond to a number 
of environmental factors and acquired conditions contributing to the development 
of abdominal aortic aneurysm formation, including cigarette smoke, chronic ob-
structive pulmonary disease, hypertension, atherosclerosis and elevated body mass 
[34]. Elevated levels of MMPs responsible for the enzymatic degradation of ECM 
in response to oxidative stress have also been implicated in both thoracic aortic 
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aneurysm formation and dissection [35]. Recognition of the impact of these modifi-
able risk factors on ECM homeostasis may aid in the identification of new thera-
peutic targets and alter how we approach thoracic aortic diseases with respect to 
surgical approaches.

3.3 � ECM and Valvular Heart Disease

Pathologic alterations in ECM composition and homeostasis also contributes to val-
vular diseases of the heart, particularly valvular insufficiencies. Genetic deficien-
cies in components of the ECM, such as Marfan’s, Ehlers-Danlos, and Loeys-Dietz 
syndrome, result in remodeling and subsequent dilatation of the aortic root. Dilation 
of the sinotubular junction retracts the aortic valve cusps and reduces coaptation 
resulting in aortic valve insufficiency (Fig. 3).

Mitral regurgitation (MR) can also be a consequence of pathologic ECM com-
position and dysregulation. The functional anatomy of the mitral valve involves 
all components of the fibrous skeleton of the heart including the ECM of the left 
ventricle, the subvalvular apparatus (including the papillary muscles, and chordae 
tendineae), the mitral annulus, the mitral valve leaflets, and the ECM of the left 
atrium [36] (Fig. 1). MR can be classified according to pathologic changes observed 
in the functional anatomy (Carpentier’s classification of MR) of the mitral valve; all 
of which are related to pathologic changes in the underlying ECM. MR occurs in the 

Fig. 3   Aortic root dilatation resulting in aortic valve insufficiency ( small arrow). In patients with 
BAV disease aberrant flow patterns cause regional increases in aortic wall sheer stress ( large 
arrow). Changes to the aortic wall ECM, specifically fragmentation of the elastic lamina, can be 
found in these regions ( left) when compared to regions that are not exposed to aberrant wall shear 
stress ( right)
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setting of normal leaflet motion (Carpentier’s type I) when the mitral valve annulus 
dilates, pulling the leaflets apart and preventing complete coaptation (Fig. 4). The 
intertrigonal distance, a component of the mitral valve annulus belonging to the fi-
brous skeleton of the heart, was previously thought to be fixed, such that all annular 
dilatation observed in type I MR was thought to be the result of changes in the mus-
cular component of the posterior mitral valve annulus [37]. However, the incidence 
of recurrent MR following successful mitral annuloplasty with an incomplete ring 
or flexible band that excluded the fibrous component of the mitral annulus from the 
repair has demonstrated that the intertrigonal distance is not fixed [36]. Perturba-
tions in ECM composition and organization within the fibrous component of the 
mitral valve annulus can occur, resulting in annular dilatation and an increase in 
the intertrigonal distance [38]. This example highlights that cardiac surgeons have 

Fig. 4   Dilatation of the fibrous portion of the mitral valve annulus resulting in an increase in the 
intertrigonal distance previously thought to be fixed ( arrows; top panel). Preservation of the mitral 
subvalvular apparatus (furrowing of the mitral valve leaflets to the mitral annulus and valve sew-
ing ring) during mitral valve replacement surgery ( bottom panel)
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observed and documented alterations in the cardiac ECM that result in pathology. 
Surgeons then used such knowledge to develop novel surgical therapies to target 
these changes resulting in stable and predictable repairs.

MR can also occur as a result of abnormal mitral leaflet motion. Thickening 
and redundancy of the mitral valve leaflet(s) and elongation of even rupture of the 
chordae tendineae, which occurs with myxomatous disease, leads to prolapse of the 
mitral leaflet into the left atrium or in some cases a flail leaflet the moves freely into 
the left atrium (Carpentier’s type II) preventing coaptation of the leaflets resulting 
in MR. The specific cellular and molecular mechanisms involved in the pathophysi-
ology of myxomatous disease are incompletely understood. However, Rabkin and 
colleagues have demonstrated that myxomatous disease is likely the consequence 
of excessive ECM degradation [39], which has been further supported by Caira and 
colleagues [40]. Perturbations in ECM composition and homeostasis has been im-
plicated in the weakening of the chordae leading to elongation or rupture [41]. Fur-
ther, papillary muscle rupture secondary to MI is well known to reflect inadequate 
scar tissue formation following MI, as previously discussed.

Abnormal mitral leaflet motion can also occur as a result of restriction of the 
mitral valve leaflet(s) resulting from subvalvular fibrosis, typically caused by rheu-
matic disease (Carpentier’s type IIIa), or papillary muscle displacement as a result 
of posterior-lateral ischemia (Carpentier’s type IIIb). In both cases alterations in 
ECM composition and homeostasis are responsible for the fibrotic changes that 
contribute to type III MR. Though the etiology of pulmonary and tricuspid insuf-
ficiency is not as well characterized, they can also likely be explained by underlying 
changes in ECM composition and dysregulation of ECM homeostasis.

4 � ECM and Surgical Treatment of Heart Disease

An understanding of the role of the ECM in cardiac function and how changes in 
ECM composition and homeostasis result in cardiac pathology can be leveraged 
toward development of surgical strategies to treat cardiac pathology exacerbated 
by ECM dysregulation. A surgical approach can be employed to treat several of the 
aforementioned cardiovascular pathologies, effecting changes in the ECM of heart 
and its subsequent function at the macro level of the fibrous skeleton down to the 
micro level of cells (fibroblasts) and molecules (MMPs, TIMPs, collagens). In the 
following paragraphs, we outline a number of key examples of how knowledge of 
ECM and cardiac function has influenced surgical strategies to treat cardiac pathol-
ogy with cardiac surgery.
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4.1  �Reconstruction of the Fibrous Skeleton of the Heart

The fibrous skeleton can become destabilized by infection or congenital anomalies 
requiring highly complex surgical reconstruction procedures [42]. Disruption of the 
fibrous skeleton presents a significant challenge to the cardiac surgeon and mortal-
ity and morbidity is often high. Such reconstructions are typically performed us-
ing biologically inactive scaffolds such as glutaraldehyde-fixed bovine pericardium 
[43] or synthetic materials to reconstruct the biologically active fibrous skeleton of 
the heart. We believe these strategies have limited effects on promoting adaptive 
tissue remodeling but they remain the gold standard for contemporary surgical prac-
tice. As our knowledge of the ECM and its biologically active components expands, 
the use of novel biomaterials comprised of dynamic biologic endogenous ECM or 
its bioactive components will likely be used for more effective future repairs.

4.2 � ECM and Mitral Valve Repair

The evolution of mitral valve annuloplasty is an example of how surgical interven-
tion has contributed to our knowledge of the role of ECM in cardiovascular patho-
physiology (Fig. 4). Mitral valve annuloplasty is a surgical approach that targets the 
pathology of the cardiac ECM. Restrictive mitral annuloplasty, a technique origi-
nally popularized by Bolling and colleagues [44], and later optimized by Miller and 
colleagues [45], was designed to surgically correct mitral annular dilatation. Late 
failure, characterized by the development of recurrent MR, resulting from the use 
of incomplete annuloplasty rings or flexible bands occurs because the repair did 
not address the entire ECM of the valve [36]. The intertrigonal distance (which is 
derived from the underlying ECM structure) is not “fixed” as once believed. The 
assumption that the intertrigonal distance was fixed is based on the traditional belief 
that the fibrous skeleton and its ECM is a passive structural support system and it is 
not a biologically active entity that itself can be remodeled. Subsequently, we have 
learned that the fibrous component of the mitral valve annulus can remodel and 
dilate, and that fixing the septal-lateral dimension with a rigid ring may prevent fur-
ther dilatation of the intertrigonal fibrous component of the mitral annulus decreas-
ing the incidence of recurrent MR and improving surgical outcomes [46]. These 
observations support the importance of understanding and respecting the dynamic 
nature of the ECM when developing surgical approaches to cardiac pathologies.

4.3 � ECM and Mitral Valve Replacement

The importance of preserving components of the fibrous skeleton of the heart at the 
time of surgery and resultant effects on cardiac function was appreciated in early 
surgical interventions for the mitral valve. The significance of the subvalvular ap-
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paratus was first appreciated in the 1960s by C. Walton Lillehei, who suggested 
that preservation of the subvalvular apparatus at the time of mitral valve surgery 
would enhance functional recovery of the LV and preserve both chamber shape 
and size [37]. However, this practice was not adopted until the 1980’s after Tirone 
David demonstrated that removal of the mitral chordeae at the time of mitral valve 
replacement in patients with chronic MR results in dilatation and dysfunction of the 
LV [47]. Today it is a standard of care and routine practice to preserve the mitral 
valve apparatus at the time of mitral valve replacement whenever feasible (Fig. 4). 
This surgical approach shows an appreciation that the components of the fibrous 
skeleton of the heart are not limited to the mitral valve leaflets and annulus, but 
extend to the subvalvular apparatus and the ECM surrounding the cardiac myocytes 
of the left ventricle.

4.4  �Surgical Repair of the ECM at the Cellular  
and Molecular Level

Surgical interventions on the heart can greatly influence the ECM at the cellular 
and molecular levels. Reverse structural remodeling of the heart after surgical re-
pairs such as aortic valve replacement (AVR) for severe AS or left ventricular assist 
device (LVAD) therapy for ESHF have been associated with restoration of ECM 
components and maintenance of ECM homeostasis.

Regression of left ventricular hypertrophy following AVR for AS is well doc-
umented [48] and presents an example how surgical interventions can influence 
ECM remodeling at the cellular level. Reductions in the transvalvular gradient re-
sulting from AVR, whether a porcine or bovine tissue prosthesis [49], mechanical 
prosthesis, stented or stentless prosthesis [48], pulmonary valve (in the case of the 
Ross procedure) [50], or transcatheter aortic valve replacement [51] is performed, 
alters Renin-Angiotensin-Aldosterone System (RAAS) gene expression and favor-
ably alters ECM homeostasis to reverse LV remodeling and myocardial fibrosis 
[52] (Fig. 5).

Mechanical unloading of the left ventricle with use of ventricular assist devices 
can also elicit changes at the cellular level with respect to ECM composition and 
recovery of heart size and function (Fig. 5). Patients with idiopathic dilated car-
diomyopathy treated for cardiogenic shock with LVAD implantation demonstrated 
functional recovery secondary to ventricular unloading and the device was success-
fully explanted [53]. The idea that ESHF could be reversed is exciting and efforts to 
understand the underlying mechanism are important. Accumulating evidence sug-
gests that changes in ECM architecture and homeostasis may contribute to reverse 
structural cardiac remodeling. Several studies have documented alterations in total 
myocardial collagen concentration and composition in response to LVAD therapy 
[53–58]. In addition, ECM regulation is significantly impacted by LVAD unloading 
including changes in MMPs, tissue inhibitors of MMPs [59], and disintegrin metal-
loproteinases [19].



335

5 � Using ECM Therapeutically to Restore Heart Function

Recognizing the role of ECM in cardiac structure and function, an exciting prospect is 
the use of ECM and its components as a therapy itself. ECM plays an important role in 
dynamic cell signaling by proving a microenvironment for adjacent cells and tissues. 
ECM is increasingly implicated as a key regulator of endogenous repair mechanisms, 
including stem cells and regeneration of cardiac muscle. We believe that the proper-
ties of biologic ECM on endogenous repair can be leveraged to develop novel “bio-
surgical” strategies to improve cardiac structure and function. Using ECM as a tar-
geted surgical therapy may provide surgeons with new tools to improve current repair 
strategies and perhaps even innovate novel therapies leading to cardiac regeneration 
and restoration of function in clinical scenarios previously intractable. An exciting 
and important proof-of-concept was shown by Taylor and colleagues who added stem 
cells to a cardiac ECM skeleton and were capable of restoring cardiac function [60] 
(Fig. 6). These data provide proof that cardiac ECM provides the needed signals and 
regenerative capacity to restore organ function if successfully repopulated with ap-
propriate cells. The ECM may be capable of inducing profound effects on endogenous 
repair and cardiac restoration in the setting of disease.

Fig. 5   Changes to LV geometry and ECM architecture that occur as a result of aortic valve steno-
sis ( top left) reversed by aortic valve replacement ( top right). Changes to LV geometry and ECM 
architecture that occur in ESHF ( bottom left) reversed by LVAD therapy ( bottom right)
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5.1 � Leveraging Cellular Therapies to Restore ECM Homeostasis

The importance of restoring ECM architecture and homeostasis has been appreciat-
ed as it was identified as one of the key mechanisms underlying the benefits of cell-
based therapies [61]. Muscle cells injected into the failing heart have consistently 
demonstrated benefit with regards to limiting LV dilatation and improving cardiac 
function [62–64]. Menasche and colleagues demonstrated that skeletal myoblasts 
are capable of contraction after implantation into ischemic heart tissue [65]. Mc-
Murray and colleagues demonstrated that cultured fetal and neonatal rat cardio-
myocytes injected into the subcutaneous connective tissue of adult rat hindlimbs 
spontaneously form contractile cardiac-like muscle tissue [66]. In addition, several 
studies have demonstrated that transplanted cells integrate and communicate with 
host heart cells [8, 9, 67, 68]. These data suggest that cell-based therapies may result 
in functional improvement through an active process whereby the engrafted cells 
replace lost contractile elements and contract synchronously with the host myocar-
dium. However, no study has demonstrated sustained presence of transplanted cells 
beyond the initials weeks following injection, even though the beneficial effects are 
sustained months after therapy. Some cell types have no regenerative capacity but 
still provide benefits on cardiac remodeling after injury [21]. This prompted our 
group to question if cell-based therapies benefit cardiac structure and function by 
influencing ECM [21]. We have shown that functional improvements observed with 
cell therapy are at least in part, due to a paracrine effect exerted by the engrafted 
cells on the ECM [1, 69].

As myocardial matrix disruption can decrease systolic performance without al-
tering myocyte contractility [5], cell-based therapies may improve cardiac function 

Fig. 6   (From left to right) an explanted rat heart 1 that has been completely decellularized leaving 
only the ECM fibrous skeleton of the heart intact 2 which serves as a scaffold for cellular repopu-
lation using a cocktail of stem cells 3 to create de novo functional myocardial tissue capable of 
organized myocardial contraction 4
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without contributing themselves to contractile function, but instead restoring defi-
cient interstitial matrix component in the failing heart. Several studies demonstrate 
that without physical adhesion to components of the ECM, cells will not proliferate, 
grow, or survive [7, 10, 11, 70]. Thus, in order to survive within the injured myocar-
dium where matrix elements are deficient, engrafted cells must be able to compen-
sate by secreting and incorporating new matrix elements to preserve cell survival in 
an autocrine fashion. These autocrine factors are likely to influence adjacent host 
myocardium in a paracrine fashion promoting native cell proliferation, growth and 
survival. We have demonstrated that smooth muscle cell transplantation, which has 
no capability to improve cardiac contraction directly, improves cardiac function by 
attenuating ECM degradation and restoring ECM architecture through paracrine 
mechanisms [21]. We have also demonstrated that vascular smooth muscle cells 
injected into rat hearts following MI improved ECM homeostasis and prevented 
maladaptive LV remodeling by attenuating myofibroblast activation through para-
crine mechanisms involving fibroblast growth factor-2 (FGF-2) and tissue inhibitor 
of matrix metalloprotease-2 [62]. These data suggest that the mechanisms driving 
the improvement in cardiac function observed as a result of cell-based therapies are 
more likely paracrine in nature, influencing ECM homeostasis and restoring ECM 
architecture.

Evidence also indicates that cell-based therapies may also influence cardiac 
remodeling and heart function by stimulating angiogenesis through the release 
of paracrine factors such as vascular endothelial growth factor and FGF-2 [62]. 
The implanted cells themselves may also be capable of incorporating into newly 
forming blood vessels. Though angiogenesis is unlikely to result in myogenesis, 
increased perfusion may salvage hibernating myocardium, restore reversibly dam-
aged cells and more importantly contribute to the repair of damaged ECM, facilitat-
ing donor cell incorporation, cell-cell communication, and structural support and 
tissue functionality.

5.2 � Using ECM to Enhance Cardiac Tissue Engineering

Cell therapy for cardiovascular disease has had only a modest benefit in clinical 
applications. This blunted response has promoted efforts to create engineered func-
tional tissue constructs or even engineered functional organs to improve results. 
The ECM may be a critical tool for successful tissue engineering. Cell seeded de-
cellularized biologic ECM constructs have also been explored for tissue replace-
ment post-MI in small animal models demonstrating that the use of decellularized 
biologic ECM seeded with human mesenchymal stromal cells improves cardiac 
function when the infarcted myocardium is replaced with the tissue engineered con-
struct [71]. Early tissue engineering strategies utilized synthetic scaffolds, such as 
polyglycolic acid scaffolds [72] or ε-caprolactactone-co-L-lactide reinforced with 
knitted poly-L-lactide fabric [73], onto which the desired cell types can be seeded 
to create a functional construct. The later construct demonstrated improvement in 
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cardiac function post-MI when the synthetic scaffold was seeded with vascular 
smooth muscle cells [73]. However, synthetic scaffolds lack ECM components we 
know are vital to cell communication, function and survival and in many cases elicit 
a detrimental immune response.

Reconstituted matrix components, such as collagen or gelatin based constructs, 
have been created into which targeted cell types can be seeded. For example, 
Akhyari and colleagues created beating cardiac tissue constructs by seeding human 
cardiac myocytes onto a gelatin scaffold [74]. Such substrates offer several advan-
tages over synthetic constructs. They are biodegradable and capable of resorption 
after implantation by host MMPs and subsequently incorporated into the native 
tissue [75]. They can also be molded into a variety of shapes and sizes mimicking 
the tissue characteristics of the organ system they are designed to replace. From a 
surgical perspective however, these materials are challenging to work with, as they 
lack the tensile strength to withstand hemodynamic pressures with little to no hemo-
static capabilities. Though biologic in nature, they still lack the many components 
that comprise a healthy balanced ECM environment capable of regulating cell and 
tissue function.

Decellularized biologic ECM offers several advantages over synthetic or gelatin 
based constructs. From a surgical perspective, decellularized biologic ECM dem-
onstrates excellent tensile strength and hemostatic potential, and has been used for 
numerous cardiac surgical applications. Some of these include patch material for 
the repair of congenital abnormalities [76]. The use of decellularized biologic ECM 
constructs alone may also prove to be of benefit, mobilizing native cell populations 
driving in vivo cell seeding and tissue generation.

5.3 � Using ECM Itself as a Novel Biosurgical Therapy

Given that dysregulation of the cardiac ECM alone can result in systolic dysfunc-
tion in the absence of decreased myocyte contractility [5], and the profound effect 
ECM homeostasis can have on cell behavior, survival, endogenous repair and tissue 
remodeling [7, 10, 11, 70], we believe that targeting ECM dysregulation by surgi-
cally introducing healthy biologic ECM may prove to be an effective therapeutic 
strategy. The application of biologic ECM constructs containing a healthy milieu of 
growth factors, cytokines and matricellular proteins may restore ECM homeostasis 
preserving ECM architecture and promoting cell proliferation, growth and survival 
in an otherwise dysregulated environment. To that end, we have demonstrated that 
epicardial implantation of a healthy biologic ECM construct, known as SIS-ECM 
(CorMatrix ECM, CorMatrix Cardiovascular Inc.), following MI restores tissue ar-
chitecture within the infarcted myocardium, preventing LV dilatation, and improv-
ing myocardial contractility (Fig. 7) [77]. Further, we demonstrated that enhancing 
biologic SIS-ECM with paracrine factors known to have a positive influence on 
matrix remodeling and angiogenesis offered additional functional benefits. These 
data provide important evidence that ECM itself can be an effective therapy to re-
store cardiac function after injury.
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Fig. 7   Epicardial and myocardial damage resulting from ischemic injury and replacement with 
collagen-rich scar ( top panel). Epicardial infarct repair with healthy biologic SIS-ECM improves 
myocardial functional recovery possibly by stimulating epithelial-mesenchymal transition, facili-
tating the release of paracrine factors, such as FGF-2 and VEGF, restoring ECM homeostasis, and 
stimulating vasculogenesis ( bottom panel)

 

Extracellular Matrix and Cardiac Disease: Surgical and Scientific Perspectives



340 H. E. M. Mewhort and P. W. M. Fedak

Porcine small intestinal submucosal extracellular matrix (SIS-ECM) can be ex-
tracted with retention of its native 3-D collagen architecture and adjacent matricel-
lular proteins [78–80]. For example, SIS-ECM has been shown to retain endog-
enous FGF-2 in addition to VEGF, glycosaminoglycans, fibronectin, laminin, and 
other key ECM-based matricellular signaling biopeptides [78, 79, 81]. By employ-
ing specific methods of ECM extraction and processing to retain its native bioactive 
properties, SIS-ECM may facilitate adaptive and functional tissue formation when 
in contact with host cells after transplantation. SIS-ECM has been shown to sup-
port cell growth and promote tissue regeneration for diverse clinical applications 
[79]. Importantly, SIS-ECM is completely biodegradable with bioinductive conse-
quences attributable to the release of ECM constituent molecules upon degradation 
[82]. Despite its non-cross-linked and xenogenic nature, in vivo studies suggest a 
good immune tolerance of SIS-ECM [83, 84]. Badylak and co-workers repaired the 
ventricular free wall of animals with SIS-ECM and noted adaptive tissue formation 
[85]. SIS-ECM is increasingly being used in clinical practice by surgeons for repair 
of intracardiac defects with good outcomes [86, 87].

Based on our work to date, we believe there are a number of putative mecha-
nisms (Fig. 7). It is well established that ECM plays a critical role in endogenous 
repair mechanisms after ischemic injury, particularly in the epicardial compartment 
[88–90]. ECM influences injured myocardium through both direct and indirect 
pathways. Indirectly, through its biomechanical properties, ECM provides a lat-
eral boundary (passive scaffold) to facilitate cellular mechanotransduction. Altered 
myocardial strain has been implicated in progression of maladaptive post-MI cardi-
ac remodeling [91, 92]. It is possible that the biomechanical properties of the fixed 
ECM patch over the infarct area may have a passive effect by regional myocardial 
restraint that decreases myocardial strain. Reducing regional myocardial strain by 
passive myocardial restraint has been shown to provide significant benefits on post-
MI remodeling [93–100].

Through more direct and active mechanisms, ECM presents a dynamic micro-
environment for local cells by way of growth factors, matricellular proteins, and 
cell-ECM receptors. Increasingly, ECM is recognized as an essential player in en-
dogenous tissue repair and cell regeneration mechanisms [101, 102]. Interestingly, 
a number of key stem cell niches are located in the epicardium [89]. Activation 
of endogenous epicardial-based repair mechanisms by epicardial infarct repair 
with SIS-ECM is thus an intriguing possibility. Epithelial-mesenchymal transition 
(EMT) of epicardial cells is believed to occur in response to ischemic injury and 
acts to enhance myocardial repair [87, 88, 90]. Artificial stimulation of EMT has 
been shown to improve post-MI cardiac remodeling [103–105], not unlike the re-
sults of our epicardial infarct repair technique. In addition, epicardial thickening in 
response to ischemic injury has been shown to act as a source of paracrine factors 
which condition the underlying myocardium for repair [104]. Importantly, FGF-2 
has been implicated as a key paracrine factor in these epicardial repair mechanisms 
[89]. We believe that restoration of the damaged epicardium after ischemic injury 
with biologic ECM induces active endogenous repair mechanisms toward ECM 
homeostasis (by MMP/TIMP regulation and inhibition of myofibroblast activation), 
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and activation of epicardial EMT promoting angiogenesis and vasculogenesis. The 
molecular and cellular effects of epicardial infarct repair with SIS-ECM should be 
further defined. Future studies will be required to address the mechanisms of benefit 
underlying epicardial infarct repair and further optimize the innovation for effective 
clinical translation.

6 � Conclusion

This chapter has established that cardiac ECM contributes to the structure of the 
heart and in so doing, influences both myocardial tissue and cardiac function. Surgi-
cal strategies to effectively restore cardiac structure and function are optimal when 
they respect the underlying role of the ECM. This chapter also highlights cardiac 
ECM as a dynamic microenvironment that regulates tissue remodeling and repair in 
the face of injury. An emerging concept is that ECM itself can be leveraged to en-
hance cardiac repair. Future innovations in “biosurgical” approaches by cardiac sur-
geons with ECM-based platforms may improve outcomes and facilitate enhanced 
solutions to difficult cardiac diseases.
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The Role of Neurohumoral Activation 
in Cardiac Fibrosis and Heart Failure

Nirmal Parajuli, Tharmarajan Ramprasath, Pavel Zhabyeyev,  
Vaibhav B. Patel and Gavin Y. Oudit

Abstract  Heart failure is an emerging epidemic with an enormous economic bur-
den and a high morbidity and mortality, thereby characterizing a public health 
problem. Heart failure is the most frequent cause of hospitalization in persons 65 
years of age or older and heart failure continues to impose a substantial healthcare 
burden, despite recent treatment advances. From both an economical and clinical 
perspective, there is clearly an urgent need for advanced therapeutic strategies for 
heart failure. The key pathophysiological process that ultimately leads to chronic 
heart failure is cardiac remodeling, including cardiac fibrosis, in response to chronic 
injury. Cardiac fibrosis contributes to both the mechanical failure and the electrical 
disturbances in the failing heart. Several lines of experimental and clinical evidence 
implicate a key role for the neurohumoral activation in the pathophysiology of a 
number of cardiovascular diseases, such as myocardial infarction, hypertension, 
and heart failure. In this chapter, we will focus on the role of neurohumoral activa-
tion in cardiac fibrosis and heart failure. We will also review the pathophysiology 
of cardiac fibrosis and the development in therapies for heart failure utilizing the 
major neurohumoral systems.

Keywords  Heart failure · Myocardial fibrosis · Natriuretic peptide · Sympathetic 
nervous system · Vasopressin · Rennin-angiotensin system 

1 � Introduction

Heart failure (HF) is a global epidemic that affects 14 M Europeans, 6 M in the US 
and over half a million Canadians and is the most common cause for hospitalization 
in elderly patients [1, 2]. There were 750,000 new cases of HF in North America in 
2011 [2]. After diagnosis, the 1-year mortality is 25–40 %. More than 50 % of the 
cost associated with HF is hospitalization, resulting in total spending over $35B in 
the US and $4B in Canada and total costs are projected to double in the next 10–20 
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years. From both an economical and clinical perspective, there is clearly an unmet 
need for better therapies for these disorders. However, there is a paucity of novel 
therapies entering clinical trials [3, 4].

The CONSENSUS investigations enrolled patients with New York Heart As-
sociation (NYHA) class IV symptoms (at rest) that persisted despite contemporary 
optimal medical therapy. The trial was terminated early, after 253 patients had been 
randomized and an average follow-up of 188 days. One hundred and ninety-four 
patients were followed for 6 months (6-month mortality was the pre-defined end-
point) and 102 for 12 months. Six-month mortality in the enalapril group was 26 % 
compared with 44 % in the placebo group, giving a relative risk-reduction of 40 % 
[5]. At 1 year these proportions were 36 and 52 %, the placebo group mortality high-
lighting the dreadful prognosis in patients with severely symptomatic heart failure 
before the advent of modern disease-modifying therapies [6]. These seminal results 
were followed by multiple other clinical studies and trials examining the pharma-
cological antagonism of multiple other arms of the neurohumoral pathways and the 
resultant impact on heart failure [6]. In this book chapter, we will describe the role 
of the renin-angiotensin system (RAS), natriuretic peptide system (NPS), sympa-
thetic nervous system (SNS), and vasopressin (ADH) in the progression of cardiac 
fibrosis and heart failure.

2 � Molecular Pathogenesis of Cardiac Fibrosis and Heart 
Failure

The most common cause of heart failure is coronary artery disease, with hyperten-
sion also playing a major pathophysiological role. Occlusion of the coronary arter-
ies leads to myocardial infarction (MI), which triggers major pathophysiological 
processes such as necrosis of an area of the myocardium, pathological remodeling 
(cardiac hypertrophy, cell death and fibrosis) and cardiac dysfunction [7, 8]. One of 
the most common histological features of the failing heart is myocardial fibrosis. 
Replacement fibrosis, often present in the terminal stages of heart failure, has been 
confirmed by histopathological autopsy studies. Pathophysiological mechanisms 
that lead to this fibrosis are various, with some being acute, as in MI and others be-
ing progressive and potentially reversible, as in hypertensive cardiomyopathy [9].

After myocardial injury, multiple neurohumoral factors and cytokines drive 
changes in cardiomyocytes and fibroblasts that collectively called as cardiac remod-
eling. When cardiomyocytes are subjected to neurohumoral stimulation, it causes 
cardiac hypertrophy which is one of the main ways in which cardiomyocytes re-
spond to mechanical and neurohumoral stimuli [10, 11]. Two key neurohumoral 
systems activated in HF are the renin-angiotensin system (RAS) and sympathetic 
nervous system (SNS). In addition to causing further myocardial injury, these sys-
temic responses have detrimental effects on many other tissues and account for 
clinical features of the HF syndrome. Interruption of these two key processes is the 
basis of much of the effective treatment of HF [8, 12]. The renin-angiotensin system 
(RAS) exists not only in the circulation where it is driven by renal renin, but also 
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locally activated in many tissues and cells [13]. The RAS is often activated in hu-
man subjects and animal models with metabolic syndrome as well. Activation of the 
RAS and the subsequent generation of angiotensin (Ang) II are important mediators 
of myocardial fibrosis, pathological hypertrophy, and heart failure. Pathological hy-
pertrophy and increased myocardial interstitial fibrosis contribute to increased ven-
tricular wall stiffness, thereby impairing cardiac diastolic function, and represent an 
important risk factor for heart failure in experimental models and patients [14, 15]. 
Thus, the prevention and reversal of cardiac fibrosis are essential in the manage-
ment of patients with heart failure. Understanding the regulation and pathophysiol-
ogy of fibrosis is important to further our understanding and to enhance therapeutic 
strategies aimed at reducing cardiac fibrosis.

2.1 � Renin-Angiotensin system

The renin-angiotensin system (RAS) is a peptide-based system that has been rec-
ognized for decades as a principal determinant of arterial blood pressure, fluid and 
electrolyte balance and as a mediator of adverse myocardial remodeling. Angioten-
sin converting enzyme (ACE) plays a key role in the production of Ang II and in 
catabolism of bradykinin, peptides involved in the modulation of vascular tone and 
in the proliferation of smooth muscle cells. In the heart, Ang II is also produced by 
another enzyme, named chymase [16]. Chymase, a human mast cell protease, has 
been observed to play role in the regulation of blood pressure via its Ang II form-
ing activity. Chymase contributes to the regulation of blood pressure and plasma 
volume via aldosterone-regulated sodium excretion, sympathetic nervous system 
activity, and is involved in such diverse effects as proliferation, differentiation, re-
generation, and apoptosis [17]. The classical view of the RAS focuses on the pro-
cessing of angiotensinogen, the single obligate precursor to the active peptide Ang 
II and the interactions of Ang II with its receptors, primarily the Ang II type 1 recep-
tor (AT1R). The contemporary view of the RAS is increasingly complex, involving 
a balance between multiple processing pathways for angiotensin generation and 
degradation [18] (Fig. 1a).

The multiple actions of Ang II are mediated via specific, highly complex in-
tracellular signaling pathways that are stimulated following an initial binding of 
the peptide to its cell-surface receptors. The major actions of Ang II are mediated 
by two subtypes of G protein-coupled receptors, the AT1 and AT2 receptors [17]. 
Angiotensin-converting enzyme 2 (ACE2), a monocarboxypeptidase, cleaves one 
amino acid from either Ang I or Ang II, decreasing Ang II levels and increasing the 
level of Ang 1–7, which possesses vasodilator properties. Thus, the balance between 
ACE and ACE2 is an important factor controlling Ang II levels. Even though ACE 
is the primary enzyme leading to Ang II generation, in the heart the majority of Ang 
II is generated by chymase [19] (Fig. 1a). Renin is known to be a rate limiting fac-
tor for Ang II formation, and is a major determinant of tissue Ang II concentrations 
[20]. Renin is also present in many cardiovascular relevant organs (heart, kidneys, 
blood vessels, lungs, and brain) and exerts important actions in maintaining cardio-
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Fig. 1   RAS fibrotic and RAS antifibrotic pathways. a Angiotensinogen synthesized by liver, is 
converted into Ang I (1–10) which is again converted into either Ang II, by the action of ACE or 
Ang (1–9) by ACE2. Later, Ang (1–9) is converted into Ang (1–7) by ACE and Ang (1–8) is con-
verted into Ang (1–7) by ACE2. Alternatively, Ang I (1–10) is directly converted into Ang (1–7) 
by PEP or NEP. By the action of ACE, the Ang (1–9) is converted into Ang (1–7). The Ang (1–7) 
which is a ligand for the Mas receptor, that participates in vasodilation, cardiac anti-hypertrophy 
and anti-inflammatory pathways. Ang II which is a ligand for the AT1 receptor participates in 
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vascular homeostasis. Altered expression and function of this enzyme is associated 
with cardiac and vascular disorders [21].

Aldosterone is another important family member of the RAS, is synthesized 
from cholesterol in the zona glomerulosa (ZG) of the adrenal cortex by a series 
of locus- and orientation-specific enzymatic reactions. A number of recent studies 
show that (i) aldosterone has marked effects in a wide range of non-epithelial tis-
sues (eg. heart), (ii) it can be synthesized and regulated in a number of extra-adrenal 
tissues and (iii) it may act through alternative receptors in epithelial and nonepithe-
lial tissue in a rapid non-genomic manner which is independent of gene transcrip-
tion and translation [22]. Like Ang II, aldosterone activates NADPH oxidases in 
rat VSMCs. Moreover, aldosterone increases expression of the NADPH oxidase 
subunit p22phox in human monocytes and promotes apoptosis in human renal proxi-
mal tubular cells. Ang II stimulates collagen production and degradation, resulting 
in net accumulation of interstitial collagen in cardiovascular tissues. Similarly, al-
dosterone may induce fibrosis by increasing collagen deposition [23] (Fig. 1a). Ang 
II acts on vascular smooth muscle cells to cause vasoconstriction and on the adre-
nal ZG to stimulate aldosterone production. The adrenal response to Ang II occurs 
within minutes, a time course that implies that no new protein synthesis is required. 
This acute Ang II-mediated release of aldosterone may involve in rapid synthesis 
[24]. Systemic administration of aldosterone increases oxidative stress in heart, vas-
culature and kidney, along with an increase in macrophage NADPH oxidase [25]. 
Aldosterone, increases tissue ACE activity and upregulates angiotensin receptors. 
This suggests the potential for a vicious cycle in which Ang II, through the AT1 re-
ceptor, stimulates the production of aldosterone, which, in turn, leads to an increase 
in tissue ACE activity, an additional increase in Ang II, and, therefore, an additional 
elevation in aldosterone levels [26]. Increased deposition of basement membrane 
collagen is a hallmark of the remodeling process, and it results in an increase in 
cardiac tissue stiffness which predisposes the patient to an increased risk of ad-
verse cardiac events [27]. In humans, myocardial hypertrophy due to hemodynamic 
overload is characterized by increased deposition of extracellular matrix (ECM) 
constituents, proliferation of cardiac fibroblasts, and hypertrophic growth of cardiac 
myocytes [28]. In situations such as hypertension or chronic MI, heart responds 
to increased afterload by initiating adaptive remodeling processes. These include 
cardiomyocyte hypertrophy, fibrosis, ECM deposition and alterations of cardiac 
gene expression. Although these structural alterations represent the heart’s efforts 
to maintain systolic function, they are deleterious over time and ultimately result in 
progressive heart failure. On the molecular level, cardiac remodeling is mediated 
by activation of several neurohumoral systems including the RAS, TGF-β1 and the 
β-adrenergic system [28]. The features of myocardial fibrosis are associated with 

vasoconstriction, inflammation and cardiac hypertrophy pathways. The Ang II also triggers the 
synthesis of aldosterone by adrenal cortex. b When Ang II interacts with its receptor AT1R, it 
increases the oxidative stress myocardial tissue through the activation of NAD(P)H oxidase. This 
oxidative stress further activates the pathological signaling (eg. phosphorylation of JNK, p38, 
ERK 1/2) which leads to accumulation of collagen and myocardial fibrosis
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hypertension and cardiac hypertrophy. Circulating Ang II and aldosterone are in-
volved in the increase in fibrosis and resultant heterogeneity in tissue structure. The 
progressive interstitial fibrosis and perivascular fibrosis contribute to an increase 
in cardiac muscle stiffness and development of diastolic dysfunction. Many studies 
have demonstrated important roles of Ang II in the development of cardiomyocyte 
hypertrophy and cardiac fibrosis and modulation of cardiac fibroblast growth and 
collagen synthesis in humans as well as in animal models [29].

2.2  �RAS-Mediated Redox Signaling in Heart Failure

Ang II mediates many of its cellular actions by stimulating the formation of reactive 
oxygen species (ROS), which play important roles in modulating inflammatory re-
actions. Evidences suggest that increased oxidative stress plays a pathological role 
in cardiovascular disease, including atherosclerosis, hypertension, and heart failure 
[30]. NADPH oxidase is a major source of reactive oxygen species (ROS) in vascu-
lar and cardiac tissues, and Ang II stimulates NADPH oxidase. It has been postulated 
that the increase in ROS is an important mechanism by which Ang II contributes to 
the pathogenesis of vascular disease, and perhaps cardiac remodeling [31]. Growing 
evidence highlights oxidative stress as an important mechanism for this maladapta-
tion. Although ROS generation is a normal component of oxidative phosphoryla-
tion and plays a role in normal redox control of physiological signaling pathways 
[32], generation of excessive amount of ROS leads to oxidative stress that cannot 
be adequately countered by intrinsic antioxidant systems [33, 34]. Superoxide an-
ion (O2

−.) can further combine with nitric oxide (NO), forming reactive compounds 
such as peroxynitrite, generating nitroso-redox imbalance. Altogether, Ang II affects 
vascular remodeling, ECM deposition with the possible role of oxidative stress [30]. 
The experiment conducted by Briones et al. (2009) showed that Ang II increased the 
expression of collagen type I, NF-κB, and AP-1 and decreased the expression and 
activity of matrix metalloproteinase in Wistar rats. Ang II-mediated collagen type 
I synthesis in cardiac fibroblasts was attenuated by the supplementation of statins. 
Moreover, downregulation of Ang II-induced NADPH oxidase subunit and Nox1 
expression was also observed by the statin treatment which showed the role played 
by Ang-II in the induction of oxidative stress–induced vascular fibrosis (Fig. 1a). 
The importance of NADPH oxidase in processes associated with Ang II–mediated 
hypertension and cardiac hypertrophy has also been demonstrated in Ang II–infused 
animal models. Inhibition of NADPH oxidase activity with apocynin or gp91ds-tat, 
a chimeric peptide inhibitor that interferes with assembly of vascular NAD(P)H oxi-
dase components, attenuates blood pressure increase, regresses cardiac and vascular 
remodeling, and improves endothelial function in Ang II-infused rodents [35–37].
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2.3  �Pro-hypertrophic and Pro-fibrotic Effects of RAS Signaling

Ang II, the main effector hormone of the RAS, modulates cardiac remodeling 
by causing myocyte hypertrophy and myocardial fibrosis. Myocardial intersti-
tial changes, characterized by increases in total fibrillar collagen (types I and III), 
changes in the ratio of types I/III collagen, and alterations in collagen cross-linking 
may adversely affect cardiac diastolic and systolic function. Various models of car-
diac remodeling and failure have demonstrated that Ang II is a powerful mediator 
of myocardial fibrosis. Several in vitro studies have shown that Ang II increases 
collagen production by cultured cardiac fibroblasts [38]. In addition to these earlier 
studies, demonstrating a direct effect of Ang II on cardiac fibroblast function, re-
cent data also indicate an indirect effect of Ang II on cardiac fibroblasts mediated 
through cardiomyocytes [31]. Ang II mediates cardiac or renal fibrosis by binding 
and activating AT1 receptors [39]. This induces the production of reactive species 
and increases the oxidative stress in myocardial tissue through the activation of 
NAD(P)H oxidase. This oxidative stress further activates the pathological signaling 
(eg. phosphorylation of JNK, p38, ERK 1/2 etc.) which leads to the accumulation 
of collagen and fibrosis (Fig. 1b).

2.4  �RAS Inhibitors for Cardiac Disease Management

With consideration of the significant role of RAS in cardiovascular disease, inter-
rupting the RAS has become a leading therapeutic strategy for the alleviation of 
cardiac complications. However, a wide variety of potential renin inhibitors have 
been developed, due to low potency, poor bioavailability, and short duration of ac-
tion after oral administration in humans, these compounds are not clinically used 
[40]. The ACE inhibitors (ACEI; eg. enalapril, ramipril, etc.) are used to lower Ang 
II, elevate levels of bradykinin, and reduce cardiovascular disease risk in high-risk 
individuals, resulting in increased survival and prevention of MI, strokes and HF. 
These inhibitors are also suggested for the prevention of diabetes mellitus, dementia, 
and atrial fibrillation [41, 42]. Similarly, angiotensin receptor blockers (ARBs, eg. 
telmisartan, valsartan, etc.) are also well established cornerstones  in the prevention 
and treatment of hypertension and cardiovascular disease, alone or in combination 
with ARBs, as demonstrated by numerous clinical trials and worldwide clinical prac-
tice [43]. Aldosterone receptor antagonists, in addition to background ACE inhibitor 
and β-blocker therapy, have been found to be beneficial across all severities of sys-
tolic heart failure [44]. As the chymase inhibitors, unlike ACE inhibitors and ARBs, 
only play a small role in the regulation of the systemic RAS [45] and the possible 
applications of chymase inhibitors to prevent cardiovascular diseases are also poorly 
studied.
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2.4.1 � Angiotensin Converting Enzyme Inhibitors

ACE inhibitors have an established role as the first-line treatment for a number of 
cardiovascular and renal diseases. Their role in the management of hypertension is 
proven, and they have been shown to reduce mortality associated with HF. Further-
more, ACE inhibitors have been shown to reduce the rate of stroke, MI, and death in 
high-risk individuals without known HF [46]. The reports from the Heart Outcomes 
Prevention Evaluation (HOPE) and the European Trial on Reduction of Cardiac 
Events with Perindopril in Stable Coronary Artery Disease (EUROPA), state that 
patients with coronary or other vascular disease or with diabetes and another cardio-
vascular risk factors had reduced rates of death from cardiovascular causes or acute 
MI when they are assigned to ACE inhibitors [47].

2.4.2 � Angiotensin II Receptor Antagonist

ARBs are used as a first-choice anti-hypertensive for the prevention of hypertension 
induced multiple organ injury. As ARBs are selective for the AT1 receptors they 
attenuate the deleterious effects of Ang II. The American College of Cardiology/
American Heart Association (ACC/AHA) recommend ARBs as an alternative to an 
ACEI for those have clinical signs of HF and acute MI. Similarly, the Heart Failure 
Society of America (HFSA) also recommends using ARBs as an alternative to an 
ACEI in ACEI intolerant and tolerant patients with HF with or without MI [48].

3 � Natriuretic Peptides (NP)

The natriuretic peptide (NP) family a neurohormonal system localized in the heart, 
brain and other organs. Different cardiovascular diseases like chronic heart failure, 
systemic hypertension, coronary artery disease, endothelial dysfunction and others 
are responsible for increased NPS secretion [49]. The natriuretic peptide family in 
mammals consists of three homologous peptides: atrial natriuretic peptide (ANP), 
brain natriuretic peptide (BNP), and C-type natriuretic peptide (CNP) with unique 
physiological and biochemical properties [50–52]. These peptides share 17-amino-
acid peptide ring with a cysteine bridge that is well preserved and binds to the 
specific receptors (Fig. 2b)[51, 52]. ANP is synthesized and secreted from the atria 
and BNP from the ventricles [50, 51, 53]. The released ANP and BNP primarily 
from the heart circulate as hormones in various tissues to induce vasodilation, na-
triuresis, and diuresis [54–56]. CNP is from endothelial cells that are synthesized in 
myocardial tissue to protect against cardiac remodeling. These neurohormones are 
involved in the long-term regulation of sodium and water balance, blood volume 
and arterial pressure [49, 57]. The major consequences of natriuretic peptide actions 
are the vasodilator effects and renal effects leading to natriuresis and diuresis [58]. 
Natriuretic peptides increases venous compliance and decreases central venous 
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Fig. 2   Multisystem interaction and signaling in the natriuretic peptide system. a Interac-
tion of the heart, kidney, vasculature and brain with the natriuretic peptide system. ANP A-type 
natriuretic peptide; BNP B-type natriuretic peptide; CNP C-type natriuretic peptide. b Signaling 
mediated by natriuretic peptide receptor A, natriuretic peptide receptor B and natriuretic peptide 
receptor C (NPR-A, NPR-B, NPR-C). NPR-A binds ANP and BNP, but not for CNP. NPR-B has 
weaker affinities for ANP and BNP, as it mainly acts as a receptor for CNP. NPR-A and NPR-B 
contain a transmembraine domain linked to an intracellular kinase-like domain linked to particu-
late guanylyl cyclase. NPs causes a conformational change to the guanylyl cyclase domain and 
allow GTP dephosphorylation to cGMP. NPR-C is not cGMP-linked, binds to all NPs with equal 
affinity, and works as a clearance receptor
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pressure which ultimately reduce cardiac output by decreasing ventricular preload 
[54, 59]. Natriuretic peptides (i) decrease systemic vascular resistance and systemic 
arterial pressure by dilating arteries and (ii) increase glomerular filtration rate and 
filtration fraction in the kidneys. These effects ultimately cause increased sodium 
excretion (natriuresis) and increased fluid excretion (diuresis) [55, 56]. Natriuretic 
peptides also decrease renin release and decrease the circulating levels of Ang II and 
aldosterone [60, 61]. Thus, the natriuretic peptides control the homeostatic balance 
of blood volume, arterial pressure, central venous pressure, pulmonary capillary 
wedge pressure, and cardiac output [58, 62, 63] (Fig. 2a).

3.1  �Atrial Natriuretic Peptide (ANP)

Atrial natriuretic peptide (ANP) is mainly produced by the cardiac ventricles in 
prenatal development, and in the atria of adult hearts. In adults, ANP, a 28-amino 
acid peptide, is mainly produced from atrial myocytes and in small fraction from 
the ventricles [64]. The ANP gene is located on human chromosome 1p36.2 and is 
released as a 151-amino-acid pre-propeptide precursor. After this, the precursor is 
spliced to a 126-amino-acid propeptide ( proANP), localized in membrane bound 
secretary granules in the atria and released into the blood stream [50]. This ANP 
has vasodilatory, natriuretic, diuretic, and/or kaliuretic properties. Upon release, the 
propeptide is cleaved at specific sites by a transmembrane serine protease corin into 
a 28-amino acid C-terminal active form (ANP 99-126) and a 98-amino-acid N-ter-
minal inactive form (proANP 1-98). Active peptides consisting of amino acids 1–30 
(proANP 1-30; long-acting natriuretic peptide), amino acids 31–67 (proANP 31-67; 
vessel dilator), and amino acids 79–98 (proANP 79-98; kaliuretic peptide) are pro-
teolytically cleaved from the N-terminus proANP 1-98 by proteases [50, 63–65].

Despite the short half-life of ANP, this peptide has potent direct and indirect 
physiological effects like natriuresis, diuresis, vasodilation, vasorelaxation, and 
negative inotropy. Further ANP increases venous capacity and reduces sympa-
thetic tone in peripheral vasculature, and suppresses the RAS [65–67]. ANP also 
inhibit the cardiac fibroblasts growth and the collagen deposition to reduce the 
adverse cardiac remodeling. Further, ANP arrests cell cycle of cardiac myocyte 
during development and reduces the hypertrophic response in pathological condi-
tions [65, 67].

3.2  �B-type Natriuretic Peptide (BNP)

B-type natriuretic peptide was initially isolated from porcine brain tissue. How-
ever, the highest expression was found in cardiac ventricles [52, 56, 63, 68]. Like 
ANP, BNP also has a 17 peptide ring structure. BNP is initially synthesized as a 
preprohormone of 134 residues containing a signal sequence that is cleaved to yield 
a 108-amino-acid prohormone (proBNP). In humans, the BNP gene locus is on 
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chromosome 1p36.2. BNP is comprised of a biologically active C-terminal frag-
ment the mature form of 32 amino acids (BNP 77-108) and an inactive 76 amino 
acids as N-terminal fragment [63, 65]. It is very similar to ANP for overall function, 
but it differs only with the mode of synthesis and secretion. The ventricular BNP 
production is transcriptionally regulated by cardiac wall stretch resulting from vol-
ume overload. In contrast to the regulated release of ANP, BNP is secreted into the 
circulation along a constitutive pathway. In the atria, ANP is expressed and stored 
in granules and in the ventricle; BNP is produced and constitutively released. BNP 
mRNA levels increase with chronic blood volume overload and cause hemody-
namic effects similar to ANP. BNP has been shown to inhibit collagen secretion by 
fibroblasts, thereby limiting cardiac remodeling [54, 59, 68].

3.3  �C-type Natriuretic Peptide (CNP)

C-type natriuretic peptide, or CNP, was also initially discovered in porcine brain, 
however, it was later determined to be mainly produced in the vascular endothe-
lium. In humans CNP is a 22-amino acid peptide, which has gene locus on chro-
mosome 2. Like ANP and BNP, CNP is made up of a 17 amino-acid peptide ring 
structure which is essential for its biological activity [63, 65]. This peptide does 
not have a C-terminal extension. CNP peptides and its receptors have a much wid-
er distribution and primarily localized in cytokine-exposed endothelial cells and 
chondrocytes. CNP is the most conserved NP. Two mature forms of peptides are 
produced by cleaving a 103-amino acid prohomone (proCNP 1-103) that is derived 
from a 126-amino acid preproCNP. CNP is usually cleaved into either a 22 or 53 
amino acid peptides as biologically active fragments. CNP-53 (CNP 51-103) pre-
dominates in tissues, whereas CNP-22 (CPN 82-103) is found mainly in plasma and 
cerebrospinal fluid. Similar to ANP and BNP, CNP is a powerful vasorelaxant of 
vascular smooth muscle; however, it causes only mild diuresis and natriuresis [50, 
51, 61]. Despite low levels, CNP acts to control fluid movement across capillar-
ies, CNP also plays a critical role in normal skeletal development and regulate the 
growth of bone and cartilage. Further, CNP has been reported to be an antifibrotic 
and antihypertrophic agent in cardiac dysfunction [56, 68].

3.4 � NP Receptors

The circulating NPs interact with different NP receptors (NPRs); NPR-A, NPR-B 
and NPR-C (Fig.  2b). These three natriuretic peptide binding proteins contain a 
relatively large extracellular ligand binding domain and a single membrane-span-
ning region. The natriuretic peptide receptors A and B contain an equally large in-
tracellular domain consisting of a kinase homology domain, dimerization domain, 
and carboxyl-terminal guanylyl cyclase domain [50, 64]. Thus, NPR-A and NPR-
B signal by catalyzing the synthesis of the intracellular signaling molecule cyclic 
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3′-5′-guanosine monophosphate (cGMP) and activates cGMP-dependent protein ki-
nase (PKG) and resulting in GTP-dependent phosphorylation. This phosphorylation 
initiates an intracellular signaling cascade that catalyzes a range of cardioprotective 
effects like vascular smooth muscle relaxation and increased blood flow [50, 64]. 
Unlike other NPRs, NPR-C contains an intracellular domain that lacks the guanylyl 
cyclase activity [51].

3.4.1 � Natriuretic Peptide Receptor-A (NPR-A)

NPR-A is the principal receptor of ANP and BNP. The receptor has extracellu-
lar domain that contains three intracellular disulfide bonds, five N-linked glyco-
sylation sites and exists as a homodimer or homotetramer in its native state with 
ligand-independent oligomerization [50, 51, 64]. NPs binds with NPR-A in the or-
der of affinities as follows: ANP > BNP > CNP. The human NPR-A gene is located 
on chromosome 1q21–22. NPR-A is expressed in kidney, lung, adipose, adrenal, 
brain, heart, testis, and vascular smooth muscle tissue. Binding of NPs to this recep-
tor activates cGMP signaling that increases vasodilatation, diuresis and natriuresis 
and decrease levels of renin and aldosterone, cell proliferation as well as cardiac 
fibrosis [50, 51, 64]. At physiological levels of ANP, BNP and CNP, NPR-A is acti-
vated by ANP and BNP but not by CNP.

3.4.2 � Natriuretic Peptide Receptor-B (NPR-B)

NPR-B is the principal receptor of CNP. The receptor has a similar structure to 
NPR-A, and location of glycosylation sites, and intramolecular disulfide bonds. In 
rats, the NPR-B’s extracellular and intracellular regions are identical to NPR-A. 
NPR-B binds NPs in the following order: CNP > ANP > BNP [50, 51, 64]. Similar to 
NPR-A, upon activation NPR-B dimerizes into a homodimer complex. The human 
NPR-B gene is located on chromosome 9p12–21 and the murine version, Npr2, is 
located on chromosome 4. NPR-B is expressed in bone, brain, fibroblasts, heart, 
kidney, liver, lung, uterine, and vascular smooth muscle tissue [50, 64]. Similarly 
to NPR-A activation of NPR-B by CNP activates cGMP signaling that leads to 
increase in vasodilatation and long bone growth as well as decrease in cell prolif-
eration [49].

3.4.3 � Natriuretic Peptide Receptor-C (NPR-C)

NPR-C has a large extracellular ligand binding domain like of NPR-A and NPR-
B, a single membrane-spanning region with 37 intracellular amino acids [50, 51, 
53]. The main function of NPR-C is to clear out circulating natriuretic peptides by 
receptor-mediated internalization and degradation. The human NPR-C gene is lo-
cated on chromosome 5p13–14 [50, 51]. NPR-C is the most abundantly expressed 
receptor, and is normally found within close proximity to NPR-A and NPR-B [59].
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3.5 � Role of NPs in Cardiac Remodeling

ANP, BNP, and CNP natriuretic peptides are important in the integrated control of 
renal and cardiovascular function. Initially, the mRNA transcripts were reported for 
three receptors in rat and human heart, indicating a potential role for the involve-
ment cardiac function [69]. In general, plasma natriuretic peptides are increased in 
patients with cardiac hypertrophy and systolic and diastolic dysfunctions. Several 
signaling pathways serve as agonists or antagonists to hypertrophic growth of car-
diac myocytes. ANP is known to inhibit a variety of hypertrophic cellular signaling 
through the stimulation of NPR-A and the downstream production of cGMP leading 
to activation of PKG (protein kinase type I). In vitro studies have shown that ANP 
exerts its direct inhibitory effect on growth, at least partly through the induction of 
MAPK phosphatase-1, a dual serine/threonine and tyrosine phosphatase that spe-
cifically inactivates MAPK family members such as ERKs, JNK, and p38MAPKs 
which are involved in cell proliferation and hypertrophy [52].

Accumulating observations suggest that BNP may play important roles in ven-
tricular remodeling. However, the precise functional significance of BNP is not yet 
understood. Thus, to understand its role in ventricular remodeling, Tamura et  al. 
(2000) generated Nppb−/− (natriuretic peptide precursor B) mice by gene targeting 
and analyzed their phenotypes [70]. No signs of systemic hypertension and ven-
tricular hypertrophy were noted in Nppb−/− mice, in response to ventricular pres-
sure overload. However, focal fibrotic lesions were increased in size and number in 
Nppb−/− mice, whereas no focal fibrotic changes were found in wild-type littermates 
( Nppb+/+ mice). This study established the BNP as a cardiomyocyte-derived anti-
fibrotic factor in vivo and provided an evidence for its role as a local regulator of 
ventricular remodeling [70]. On the other hand, the NPR-A system plays a primary 
role in moderating cardiac hypertrophy in vivo independently of its effects on blood 
pressure regulation. Knowles et al. (2001) compared the response of Npr1+/+ and 
Npr1−/− mice to a pressure overload induced by transverse aortic constriction (TAC). 
The result showed that Npr1−/− mice resulted in a 15-fold increase in atrial natriuretic 
peptide (ANP) expression, a 55 % increase in left ventricular weight/body weight 
(LV/BW), dilatation of the LV, and significant decline in cardiac function [71]. Fi-
nally, these results suggest that the NPRA system has direct antihypertrophic actions 
in the heart independent of its role in blood pressure control. TGF-β is a well-known 
factor which is associated with profibrotic processes in heart failure. Thus, an asso-
ciation study was conducted between TGF-β and BNP to understand whether BNP 
could inhibit TGF-β–induced fibrotic effects on primary human cardiac fibroblasts. 
BNP treatment resulted in a remarkable reduction in TGF-β effects. These findings 
demonstrated that BNP has a direct effect on cardiac fibroblasts to inhibit fibrotic 
responses via extracellular signal-related kinase signaling [71].

Nesiritide is a recombinant form of human BNP being used in the acute treat-
ment of congestive heart failure of systolic dysfunction. The St Vincent’s Screen-
ing to Prevent Heart Failure (STOP-HF) randomized trial showed that BNP-based 
screening and collaborative care reduced the combined rates of left ventricular sys-
tolic dysfunction, diastolic dysfunction, and HF as well as emergency hospitaliza-
tions for major adverse cardiovascular events among patients at risk of HF [72]. 
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However, the Acute Study of Clinical Effectiveness of nesiritide and Decompensated 
Heart Failure (ASCEND-HF) trial showed nesiritide did not reduce the rate of re-
current heart failure hospitalization and did not affect 30-day all-cause mortality or 
worsening renal function [73].

BNP functions as an antifibrotic factor in the heart to prevent cardiac remodeling in 
pathological conditions. BNP plays a key role in the processes of extracellular matrix 
remodeling and wound-healing during the early phase after acute myocardial infarc-
tion [68]. The beneficial action of endogenous cardiac natriuretic peptides was also 
suggested against acute heart failure and attenuation of chronic cardiac remodeling 
after MI, by the activation of guanylyl cyclase-A. It was also reported that natri-
uretic peptides exerted beneficial effects by inhibition of the RAS. Knockout (KO) 
and wild-type (WT) mice lacking the natriuretic peptide receptor guanylyl cyclase-
A were subjected to left coronary artery ligation. The enhanced myocardial fibrosis 
was observed in the KO mice and was virtually absent in infarcted double-KO mice 
which lack guanylyl cyclase-A and angiotensin II type 1a receptors. The higher lev-
els of cardiac expression of ANP and BNP mRNA observed in KO mice early after 
MI. Taken together, these results indicate that KO mice have a diminished capacity 
to compensate for acute heart failure after MI that proves the critical role of natri-
uretic peptides in cardiac remodeling [62].

4 � Sympathetic Nervous System

The Sympathetic Nervous System (SNS) evolved to enable fight-or-flight organis-
mal response to a challenge. Such response requires enhanced cardiac performance. 
This enhancement is achieved through (i) increase in heart rate (positive chronot-
ropy), (ii) increase in myocardial contractility (positive inotropy), (iii) acceleration 
of myocardial relaxation (positive lusitropy), and (iv) selective vasoconstriction 
(decrease in vessel diameter); e.g., decrease in venous capacitance and constric-
tion of cutaneous vessels. Unlike many other organs, sympathetic and parasympa-
thetic innervations of cardiovascular system are uneven. In the heart, atria receive 
both parasympathetic and sympathetic input whereas ventricles have predominantly 
sympathetic innervation. Similarly to ventricles, vasculature receives predominant-
ly sympathetic innervation. Thus, the cardiovascular system is primarily regulated 
by the degree of sympathetic tone rather than by the balance between parasympa-
thetic and sympathetic tones [74, 75].

Activation of SNS in the cardiovascular system results in the release of catechol-
amine norepinephrine (noradrenaline), which acts on adrenergic receptors (αAR 
and βAR) located on cell membrane. These receptors bind not only norepinephrine 
(noradrenalin), but also its analog, epinephrine (adrenaline), which is released from 
adrenal gland and represents about 80 % of total catecholamine release under nor-
mal conditions [76]. Therefore, it is justifiable to view adrenal gland and classi-
cal sympathetic nervous system as a combined adrenergic nervous system or ANS 
(Fig. 3a) [77].
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Fig. 3   Catecholamines and their interaction with alpha and beta-adrenergic receptors. a 
Combined action of sympathetic nervous system ( SNS) and adrenal gland on the heart (see text 
for details). AChR, acetylcholine receptor; Aldo, aldosterone; AR, adrenergic receptor; AT1R, 
angiotensin receptor 1; Gi/o, inhibitory or other G protein; Gs, stimulatory G protein; GRK2, 
G-protein-coupled receptor kinase type 2; MR, mineralocorticoid receptor; NE, norepinephrine; 
Epi, epinephrine; NET, norepinephrine transporter. b Adrenergic receptor signaling in myocytes 
(see text for details). AR, adrenergic receptor; DAG, 2-Diacylglycerol; IP3, inositol-[1, 4, 5]-tri-
sphosphate; LTCC, L-type calcium channel; PIP2, phosphatidylinositol (4,5)-bisphosphate; PKA, 
protein kinase A; PKC, protein kinase C; PLB, phospholamban; PLC, phospholipase C; RyR2, 
ryanodine receptor type 2; SERCA, sarcoplasmic/endoplasmic reticulum Ca2+ -ATPase; TRPV, 
transient receptor potential vanilloid channel.
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4.1  �Adrenergic Receptors and Physiological Signaling.

The adrenergic receptors are G-protein coupled receptors and divided in three types 
with nine sub-types, as follows: α1AR (α1A, α1B, α1D), α2AR (α2A, α2B, α2C), and 
βAR (β1, β2, β3) [77, 78]. In the human heart, βARs are the most numerous and 
comprise around 80 % of all ARs. Expression of β subtypes is also uneven; e.g., β1 
accounts for 75–80 % of βARs, β2 accounts for 15–20 %, and β3 is only about 2–3 % 
[79, 80]. β1AR and β2AR associate primarily with Gs and upon agonist stimulation 
activate adenylate cyclase (AC), which produces 3′,5′-monophosphate (cAMP), 
which, in turn, activates cAMP-dependent protein kinase A (PKA) (Fig. 3b). PKA 
phosphorylates multiple targets: (i) L-type Ca2+ channels (LTCC) promoting Ca2+ 
influx, (ii) ryanodine receptors (RYR2) enhancing Ca2+ release, (iii) phospholam-
ban (PLB) which dis-inhibits sarcoplasmic reticulum Ca2+-ATPase (SERCA) en-
hancing Ca+ reuptake into sarcoplasmic reticulum and (iv) troponin I and myosin-
binding protein C reducing Ca2+ sensitivity of myofilaments facilitating relaxation. 
Altogether, these changes result in enhanced contractility and relaxation (Fig. 3b). 
β2AR can also couple to Gi in which case activation of β2AR will inhibit AC and 
lower cAMP levels [77, 81].

α1ARs are located predominantly in smooth muscle cells of vessels and their 
cardiac role is disputed. In smooth muscle cells [82], the α1ARs couple to the Gq/11 
protein and activate phospholipase C-β (PLC-β) (Fig. 3b). PLC-β produces inosi-
tol-[1, 4, 5]-trisphosphate (IP3) and 2-diacylglycerol (DAG) from the cell mem-
brane component, phospholipid phosphatidylinositol (4,5)-bisphosphate (PIP2). IP3 
releases Ca2+ from intracellular stores (sarcoplasmic or endoplamic reticulum) by 
binding to IP3 receptor channels in the membrane of the intracellular stores. At the 
same time, DAG activates PKC and transient receptor potential channels (TRPV), 
which promote Ca2+ influx (Fig.  3b). Increased intracellular Ca2+ concentration 
([Ca2+]

i) due to increased Ca2+ release and Ca2+ influx leads to increased contraction 
(vasoconstriction). Increased PKC activity coupled with elevated intracellular Ca2+ 
results in hypertrophy.

α2ARs exhibit mostly vasodilatory effect. α2AARs and α2CARs are presynaptic 
inhibitory autoreceptors that inhibit norepinephrine release from sympathetic nerve 
terminals. These receptors also expressed in adrenal gland. Similarly to nerve ter-
minals, activation of these receptors in the adrenal gland inhibits catecholamine 
release [83]. Deletion of both of these α2ARs results in cardiac hypertrophy and 
HF due to chronically enhanced norepinephrine and epinephrine release from nerve 
terminals and adrenal gland [84, 85]. α2BARs are present in some vascular smooth 
muscle cells, and their activation can cause vasoconstriction of some vascular beds. 
However, overall action of α2ARs is vasodilation and lowering of blood pressure 
[86, 87].

The effect of AR on epinephrine secretion and norepinephrine release is medi-
ated by (i) G-protein-coupled receptor kinases (GRKs), (ii) angiotensin II (AngII), 
(iii) aldosterone, and (iv) acetylcholine (Fig. 3a). GRKs inhibit AR signaling by 
posphorylating ARs. GRK-phosphorylated ARs bind β-arrestins which uncouple G-



363

proteins from AR receptors and silence its signaling [88, 89]. There are seven GRKs 
(GRK1-7), but GRK2 and GRK5 are of particular physiological importance since 
they are ubiquitous, regulate majority of GPCRs, and have high expression levels 
in cardiac and neuronal tissue [90, 91]. AngII stimulates the release and inhibits 
the reuptake of norepinephrine at SNS nerve terminals (Fig. 3a) [92]. Similarly to 
AngII, aldosterone (Aldo) reduces norepinephrine reuptake at nerve terminals con-
tributing to elevated levels of norepineprine in HF [93, 94]. Finally, activation of 
the nicotinic cholinergic receptors (ACh) on chromaffin cells of the adrenal gland 
promotes epinephrine release [95].

4.2 � AR Polymorphism

Polymorphism of β1ARs is the-most-studied of all AR polymorphisms. In humans, 
β1ARs exhibit polymorphism at two positions (Ser49Gly and Arg389Gly). Arg389 
β1AR hearts have significantly enhanced AC/PKA activity in comparison to Gly389 
β1AR hearts [95]. Similarly, mouse hearts with Arg389 exhibit higher contractil-
ity than Gly389 hearts, but higher deterioration and more prominent fibrosis by 9 
month age [96]. This polymorphism in combination with 3 genetic polymorphisms 
of the β-subunit of G-protein (GNB3) is a predictor of the success of implantable 
cardioverter-defibrillator shock therapies in HF patients [97]. Gly49 β1AR vari-
ant has increased agonist-dependent downregulation of receptor compare to Ser49 
β1AR [98] and confers improved survival in the absence of β-blocker and tends to 
improve response to β-blocker treatment [98–100]. However, some studies have 
found no difference between polymorphisms in cardiac outcomes [101–103].

β2ARs have three non-synonymous polymorphisms: Gly16Arg, Gln27Glu, and 
Thr164Ile. Gly16Arg and Gln27Glu have enhanced agonist-promoted downregula-
tion of the receptor, and Thr164Ile produces impaired receptor-G-protein coupling 
leading to reduced adenylate-cyclase-mediated signaling [81, 104]. α2CAR human 
gene contains another important polymorphism, 4-amino-acid deletion (Δ322–325) 
that produces increased norepinephrine release from cardiac sympathetic nerve ter-
minals [105]. This deletion in conjunction with the Arg389Gly (β1AR) polymor-
phism was used to stratify patients by the clinical response to the β-blocker bucin-
dolol into very favorable, favorable, and unfavorable response genotypes [106].

4.3  �Pathophysiological Signaling of AR

In heart failure, norepinephrine and epinephrine levels as well as their turnovers 
are significantly higher than in healthy subjects [107]. For example, in untreated 
HF patients under maximal exercise conditions, cardiac norepinephrine spillover 
can be up to 50-fold higher than in healthy individuals [108]. These changes may 
be also accompanied by higher Ang II levels that lead to Ang II-dependent release 
of catecholamines. This additional release may further aggravate hemodynamic and 
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left ventricular remodeling [109, 110]. Elevated levels of catecholamines lead to 
desensitization of heart to their stimulatory effects and chronically elevated norepi-
nephrine release from the heart (increased norepinephrine spillover) due to stimula-
tion of presynaptic β2AR (Fig. 3a). These changes are accompanied by changes in 
receptor stoichiometry and altered signaling. The number of functional β1AR is re-
duced resulting in a reduction of β1:β2 ratio from 75:20 % to 50:50 % in the failing 
heart [111, 112]. β2AR signaling loses compartmentalization and resembles cAMP-
dependent signaling similar to β1AR [113]. Moreover, the expected inhibitory ac-
tion of α2ARs is markedly blunted, increasing norepinephrine spillover observed 
in chronic HF [114] (Fig.  3a). Dysfunction of α2AR during HF may arise from 
increases in expression and activity of inhibitory GRK2 in peripheral sympathetic 
nerve terminals (Fig. 3a) contributing to the enhanced norepinephrine release and 
spillover [115, 116].

Another source of elevated levels of catecholamines is dysregulation of their 
release from adrenal gland. Many of the receptors in chromaffin cells are similar to 
cardiac AR in nerve endings. α2ARs inhibit secretion and β2ARs enhance it (Fig. 3a) 
[84, 85, 87, 95]. Elevated GRK2 expression and activity has been shown in the 
heart during HF [117, 118], in some vascular beds in hypertension, [119] and in the 
adrenal gland during HF [120]. Adrenal GRK2 upregulation can be responsible for 
adrenal α2AR dysfunction in chronic HF. GRK2 upregulation results in a loss of the 
inhibitory by these receptors, and subsequent chronically elevated catecholamine 
secretion (Fig. 3a) [120–124]. Moreover, specific inhibition of GRK2 via adeno-
viral-mediated adrenal gene delivery produces a significant reduction in levels of 
circulating catecholamine restoring both adrenal and cardiac function in HF [120]. 
Additionally, GRK2 knockout mice, which lack adrenal GRK2 expression from 
birth, display reduced circulating catecholamines in response to myocardial infarc-
tion and have preserved cardiac function and morphology [121].

4.4 � Therapeutics in Heart Failure

Currently, pharmacological approach is a prevalent treatment of HF. Below we 
briefly discuss AR blockers and agonist as HF therapeutic agents as well as non-
pharmacological approach (exercise training).

4.4.1 � β-Blockers

Β-blockers can be classified into four types: (i) nonsubtype-selective competi-
tive blockers (propranolol, nadolol, timolol); (ii) higher affinity for the β1AR than 
for the β2AR (atenolol, metoprolol, bisoprolol); (iii) subtype-selective (celiprolol, 
nebivolol) and (iv) subtype-nonselective (bucindolol, carvedilol, labetalol) that 
can also block α1ARs causing peripheral vasodilation. Both subtype-selective and 
subtype-nonselective blockers have negative chronotropic and inotropic effects. 
β1AR-selective blockers have a lesser effect on the β2AR and thus have less risk 
of peripheral vasoconstriction [125]. These blockers may also have less impaired 
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exercise performance because of lesser inhibition of β2AR, which is responsible for 
increased skeletal muscle blood flow during exercise. Finally, some β-blockers (pin-
dolol, alprenolol, and oxprenolol) have intrinsic sympathomimetic activity, have a 
high propensity for arrhythmias, and thus should not be used for chronic HF treat-
ment [126]. Chronic β-blocker therapy reverses left ventricular remodeling, reduces 
risk of hospitalization, improves survival, reduces risk of arrhythmias, improves 
coronary blood flow, and protects the heart against cardiotoxic overstimulation by 
the catecholamines. All of these effects decrease oxygen and energy demands of the 
heart and increase its oxygen and energy supply, thereby improving cardiac function 
and performance [77]. However, β-blockers approved for chronic HF should not be 
used for acute HF because they cause the acute decrease in cardiac output [127].

4.4.2 � Alpha-Adrenergic Blockers

Alpha1-blockers have produced poor results and are considered to be inappropriate 
for treating HF. Prazosin had worse outcomes than the combined vasodilator thera-
py of hydralazine and isosorbide dinitrate (BiDil)[128]. Possibly, because prazosin 
can increase catecholamine levels in a feedback manner, it overrides any potential 
benefit from α1AR inhibition-induced vasodilation [129]. In addition to that, the 
doxazosin arm in the antihypertensive and lipid-lowering treatment to prevent heart 
attack trial (ALLHAT) was terminated prematurely because of higher HF incidence 
[130].

4.4.3 � Alpha2-Adrenergic Agonists

Activation of α2ARs inhibits norepinephine release. Clonidine (a centrally acting 
α2AR agonist) significantly reduces cardiac and renal sympathetic tones in HF pa-
tients without clinical deterioration [131]. However, the drug has not been evaluated 
by large clinical trials. Moxonidine (an α2AR and imidazoline receptors agonist 
[132] produces marked decrease in plasma norepinephrine [133]; however, it failed 
in clinical trials because it increased HF related mortality [134]. One of the expla-
nations might be α2AR desensitization and downregulation that accompanies HF 
[114], which limits efficacy of α2AR agonists.

4.4.4 � Exercise Training

Although exercise intolerance is a major symptom of chronic HF, exercise training 
has been shown to improve hemodynamics and muscle function as well as reduce 
sympathetic tone resulting in lower all-cause and cardiovascular mortalities [135, 
136] The postulated explanations are improvements in arterial and chemoreflex 
controls, significant decrease in SNS outflow, increase in peripheral blood flow, 
and decrease in circulating proinflammatory cytokines [137]. Experiments in HF 
models demonstrated that exercise training improves cardiac βAR signaling and 
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function, improves cardiac contractility and function, and restores normal SNS ac-
tivity and circulating catecholamine levels [120, 138, 139].

5 � Arginine Vasopressin (ADH)

Heart failure is commonly manifested as a syndrome of salt and water retention. 
One of the very common complications associated with HF, as well as with its 
treatment, is the development of hyponatremia. Hyponatremia, which is charac-
terized by serum sodium concentration [Na+] < 134 mmol/L, occurs in more than 
20 % of patients with HF and is an independent predictor of poor outcomes [140]. 
Hyponatremia in patients with HF is intimately associated with injudicious use of 
diuretic agents and can limit the use of diuretic therapy [141]. The development 
of hyponatremia in patients with HF is secondary to both neurohormonal and re-
nal mechanisms that are operative in patients with impaired cardiac function [140, 
142]. Essential to this process is the activation of the sympathetic nervous system, 
the renin–angiotensin–aldosterone axis, and arginine vasopressin (AVP) [143]. The 
use of RAS antagonists/inhibitors and SNS inhibitor has significantly improved 
clinical outcomes in HF. However, though excessive secretion of AVP has the po-
tential for deleterious effects on various physiologic processes in HF, the possible 
benefits of blocking vasopressin in patients with heart failure remains unclear. 
Recently, the development of specific vasopressin receptor antagonists (aquaretic 
agents) has led to the potential therapeutic strategy, which is to reduce the volume 
overload that accompanies HF by directly antagonizing excessive activation of an-
tidiuretic action of AVP. Concomitant with the use of these agents is the ability to 
treat hyponatremia associated with HF through the selective increase in renal free 
water excretion [144]. This section reviews the role of AVP as it relates to CHF and 
we will focus on the role of AVP in the HF and potential benefits of AVP antagonists 
as new therapeutic targets.

5.1 � Physiology of Arginine Vasopressin

AVP, also known as antidiuretic hormone, is a nonapeptide secreted from the pos-
terior pituitary gland. AVP is a nine amino acid peptide synthesized by neurosecre-
tory cells located predominantly in the supraoptic and paraventricular hypothalamic 
nuclei. These neurons have axons terminating in the neural lobe of the posterior 
pituitary (neurohypophysis) that release vasopressin and oxytocin [145–147]. Va-
sopressin is produced in response to two broad classes of stimuli, namely, osmotic 
and non-osmotic. Osmoreceptors, also known as osmostats, are located in a small, 
discreet area of the hypothalamus just anterior to the third ventricle. Osmorecep-
tors are very sensitive to changes in plasma osmolality (± 1–2 %). There is a close 
correlation between plasma osmolality and plasma AVP levels, osmoreceptors can 
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either stimulate or inhibit vasopressin release from the hypothalamus via sensing 
very small changes in serum osmolality [148]. The osmotic threshold is also modu-
lated by nonosmotic stimuli such as changes in the blood volume and/or pressure. 
The effects of changes in blood volume, cardiac output, and blood pressure on AVP 
secretion are mediated through the high- (located in aortic arch, carotid sinus) and 
low-pressure (located in left atrial) baroreceptors. Baroreceptors sense falls in blood 
pressure and directly stimulate neurones located in the supraoptic and paraventric-
ular nuclei of the hypothalamus and that leads to the production of vasopressin 
[148]. Once the baroreceptors are stimulated, AVP production increases in loga-
rithmic fashion and therefore, levels of AVP released in response to hypovolemia 
(non-osmotic release of AVP) are markedly higher than those achieved by osmotic 
stimulation.[149] Importantly, in physiologic conditions, the effects of changes in 
plasma osmolality generally take priority over volume in controlling AVP release, 
while in pathophysiologic conditions, the non-osmotic release of AVP might super-
sede the effect of osmolality on the AVP release [150]. Therefore, in patients with 
HF, the non-osmotic release of AVP is common [151].

Arginine vasopressin has three distinct receptor subtypes: V1a, V2, V3 (previously 
known as V1b). From cardiovascular perspective, the most important receptors are 
V1a and V2. V1a receptors are located on the cardiac myocytes [152, 153] as well as 
vascular smooth muscle cells [154, 155], and hence can be considered as the cardio-
vascular AVP receptors, with effects on the maintenance and regulation of vascular 
tone and possibly myocardial function (Fig. 4). These are Gq-protein coupled recep-
tors, which increases intracellular Ca2+ levels via the inositol triphosphate pathway 
(Fig. 4). The V1a receptor has been shown to mediate increased protein synthesis in 
cardiomyocytes, including the contractile proteins, suggesting a possible role in car-
diac hypertrophy and remodeling leading to the HF [152, 156, 157]. Stimulation of 
V1a receptors in the smooth muscle cells leads in increased vascular smooth muscle 
cell contraction resulting in increased systemic vascular resistance, increased im-
pedance to ventricular emptying (increased afterload) and thereby adversely affects 
the ventricular function which contributes to the progression of HF [158, 159]. V2 
receptors are located on the basolateral cells of the renal collecting duct. V2 recep-
tors are Gs-protein coupled receptors and the intracellular effects of this receptor 
subtype are mediated by the adenylate cyclase signaling pathway (Fig. 4). Binding 
of AVP to the V2 receptors stimulates de novo synthesis and “shuttling” of aqua-
porin 2 water channels (AQP-2) from cytoplasmic vesicles to the luminal surface 
of the renal collecting duct cells, where they are inserted into the cell membrane 
and facilitate water transport across the collecting duct cells [160]. The net result 
is return of water to the circulation, dilution of the plasma volume, and production 
of concentrated, low-volume urine [161]. This effect may contribute to the vol-
ume expansion that exacerbates diastolic wall stress in HF, another mechanism that 
may contribute to ventricular remodeling and dysfunction [158, 161]. However, in 
the absence/deficiency of AVP mediated V2 receptor activation, the collecting duct 
remains impermeable to water leading to production of the large-volume urine.
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Fig. 4   Physiology of arginine vasopressin and its role in heart failure. Physiological actions 
of arginine vasopressin (AVP) are mediated via the activation of V1a and V2 receptors, leading 
to increased inotropic effects, increased systemic resistance-induced afterload and increased free 
water retention-induced preload. Elevated circulating AVP levels sustain the ventricular dysfunc-
tion via these effects. a Arginine vasopressin effects in the myocardial cells and vascular smooth 
muscle cells are mediated via V1a receptor activation, which act through the Gq-protein coupled 
receptors activation-induced increase in intracellular Ca2+ levels. b A separate phosphorylation 
cascade occurs via diacylglycerol (DAG) and protein kinase C (PKC), which effects into vascular 
smooth muscle (VSMC) contraction and myocardial cell hypertrophy. Effects of AVP in the renal 
tubule are mediated via V2 receptor activation, which act thorugh Gs protein-coupled receptors 
resulting in the cAMP formation induced-protein kinase A activation. This pathway increases the 
exocytosis, and inhibits endocytosis, of aquaporin water channel-containing vesicles (AQMCV), 
resulting in increases in aquaporin 2 (AQ2) channel formation and apical membrane insertion, 
which leads to increased free water retention
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5.2 � Role of AVP in Heart Failure

Blood pressures, intracardiac pressures, adrenergic central nervous stimuli and an-
giotensin II are the dominant non-osmotic factors which regulate AVP release. As 
discussed before, under normal physiological conditions these non-osmotic factors 
do not play a dominant role in the regulation of AVP release. However, in the patho-
physiological condition, there appears to be a shift in regulation toward relatively 
greater influence of the non-osmotic mechanisms [162]. Assessment of AVP release 
after osmotic load with mannitol in the healthy controls and HF patients showed a 
greater release of AVP in the patients with HF. This implies that in the edematous 
state, the response to osmotic stimuli occurs at the lower plasma osmolality levels 
and are more pronounced [162].

Various preclinical and clinical studies have found elevated AVP levels in the 
plasma with HF. Like other cardiac neurohormones, elevated AVP levels have di-
agnostic and prognostic value in HF. In the Studies of Left Ventricular Dysfunction 
(SOLVD), plasma AVP levels were found to be significantly higher in patients with 
asymptomatic LV dysfunction in comparison to age-matched non-failing controls 
[163]. Plasma AVP levels were also significantly higher in patients with symptomat-
ic HF compared with patients having asymptomatic LV dysfunction, suggesting the 
correlation of AVP levels with the progression of HF. The Survival and Ventricular 
Enlargement (SAVE) trial also showed high vasopressin levels were associated with 
worsened 1-year cardiovascular mortality [164]. The increased plasma AVP levels 
observed in HF seems paradoxical. In HF, due to the low cardiac output, barorecep-
tors perceive the body as being volume depleted. This results in the non-osmotic 
factor induced AVP release, allowing free water reabsorption by the kidney, via V2 
receptor activation, despite an already edematous state [143]. Thus, these barore-
ceptor responses on AVP release supersede both the left atrial stretch receptors as 
well as osmoreceptors. The reason for this shifting is not completely understood 
[148]. Additionally, recent studies have also demonstrated an increase in the relative 
density of the AVP-producing neurons in the supraoptic nuclei in patients with HF. 
This likely explains the chronic stimulation of AVP production in the patients with 
HF. As discussed above, a number of mechanisms related directly to the physiologic 
effects of AVP could underlie pathophysiologic contributions to the progression of 
HF. This chronic elevation of circulating AVP levels in HF patients may have det-
rimental myocardial effects. Intravenous infusions of AVP hormone in HF patients 
have shown to increase systemic vascular resistance leading to increased afterload 
on the ventricles [165], which along with the AVP-induced myocardial hypertrophic 
effects shown in the preclinical models could be deleterious to the disease progres-
sion in the HF patients [152, 157]. Elevated circulating AVP levels might also lead 
to severe hyponatremia, which is associated with poor outcome in HF, or aggravate 
the hyponatremia associated with the use of diuretics.
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5.3 � AVP Antagonists in Heart Failure

Based on the primary role AVP in free water retention and hyponatremia, AVP re-
ceptor antagonism would seem to be a rational therapeutic approach for HF. This 
therapy would lead to “aquaresis”, a selective increase in free water excretion by 
the kidneys. AVP receptor antagonism is a novel therapeutic approach aimed at 
interfering with the unfavorable actions of AVP in HF. Early investigations of AVP 
antagonists involved the peptide analogues and were found effective in increasing 
water excretion in the preclinical models. However, in humans, they exhibited poor 
bioavailability, lacked a persistent effect, and also had partial agonistic effects, in 
addition to the antagonistic effects [166]. Currently, several AVP antagonists are at 
various stages of clinical trials for treating hyponatremia and/or HF. These agents 
differ on the basis of their degree of specificity for the V1a and V2 receptors. How-
ever, the principal question in selecting the agent of choice for therapeutics of HF 
is the selectivity of the AVP antagonist, whether it should be V1a and V2 receptors 
blocker or selective V2 receptor blocker. Nonpeptide AVP antagonists that target 
either the V2 receptor or a combination of the V2 and V1a receptors resulting in 
aquaresis are now available.

5.3.1 � V2 Receptor Antagonists

Tolvaptan, lixivaptan and satavaptan are non-peptide highly selective V2 receptor 
antagonists with the 29:1, 100:1 and 112:1 higher affinity for the binding to V2 recep-
tor compared to V1a receptor, respectively [145]. They have shown potent aquauretic 
properties in preclinical models. These antagonists have shown dose-dependent re-
sponses with increased free water clearance, less urinary loss of sodium than furose-
mide with no effect on serum creatinine [167–169]. Unlike the administration of loop 
diuretics, antagonism of V2 receptors appeared not to increase activation of the RAS. 
Tolvaptan has been well studied in the preclinical models as well as clinical trials. 
Clinical trial for tolvaptan in the patient with HF, utilizing different doses ranging 
from 30 to 90 mg/d, at both the short-term and long-term effects have shown de-
creased body weight, mainly due to the loss of fluid and retention of Na+ [168, 170]. 
The decrease in body weight was not associated with changes in heart rate, blood 
pressure, renal function, or development of hypokalemia. However, in the long-term 
follow up trial, 60 days in ACTIV in CHF to 9.9 months in EVEREST trial, there 
was no difference in the end points of all-cause mortality, cardiovascular death, or 
HF hospitalization between the groups [171]. Due to the lack of long-term mortality 
assessments, the exact role of these agents in the treatment of HF and hyponatremia 
is unclear. However, these agents have been shown to improve symptoms without an 
adverse effect profile and thus may have a role in improving quality of life.
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5.3.2 � V1a and V2 Receptor Antagonists

Conivaptan and mozavaptan are the non-peptide AVP antagonist with high affin-
ity to both, the V1a and V2 receptors. Conivaptan has shown to increase both urine 
volume and sodium concentration compared with placebo in the preclinical models 
[172]. However, both these agents can be given by oral as well as intravenous ad-
ministrations; they are only approved for intravenous injections. Conivaptan has 
been studied for short-term intravenous treatment of euvolemic and hypervolemic 
hyponatremia and has recently approved by US Food and Drug Administration for 
this indication. As these agents antagonize the myocardial as well as vascular ef-
fects of AVP, it was hypothesized that this agent would reduce afterload and further 
improve HF symptoms. The effects of conivaptan were assessed in double-blind, 
placebo-controlled, randomized, multicenter study that enrolled 84 hospitalized pa-
tients with euvolemic or hypervolemic hyponatremia. Trial data showed increased 
Na + levels with conivaptan (20 mg-loading dose; 40 or 80 mg/d infusion for 4 days) 
along with normalization in about 69 % patients post 4-days treatment. There was 
no difference in the incidence of death, side effects, and discontinuations of treat-
ment compared with placebo, however, an increased incidence of adverse effects in 
dose related infusion-site reactions was present among patients receiving conivap-
tan versus those receiving placebo [173]. Clinical studies utilizing the V1a and V2 
receptor antagonists in HF are very limited. In an early study focusing on the role 
of conivaptan in the HF patients, conivaptan showed dose-dependent fall in pul-
monary capillary wedge pressure and right atrial pressure, along with a significant 
increase in urine output. There was no change in cardiac index, systemic/pulmo-
nary vascular resistance, blood pressure, or heart rate in response to the conivaptan 
[174]. In a pilot, double-blind, multicenter trial with decompensated HF, conivaptan 
significantly increased urine output with no change in the respiratory symptoms 
[175, 176]. At this time, the role of combined V1a and V2 receptor antagonists in the 
therapy of HF remains undefined.

Currently, the therapeutic use of vasopressin antagonists has shown to safely and 
effectively reduce body weight in decompensated HF and to normalize sodium lev-
els in hyponatremic patients and needs further investigations including multicenter, 
long-term clinical trials to demonstrate their effects on outcomes such as mortality 
and hospitalizations due to HF. These clinical trials will also help answer the im-
portant clinical questions such as the indications for AVP antagonists, duration of 
therapy, and combination therapy with other drugs for HF.

6 � Conclusions

Neurohumoral activation plays a central pathogenic event in heart failure and is 
associated with adverse remodeling of the heart. Antagonism of various neurohu-
moral pathways has led to the development of successful therapies for heart failure 
such as inhibitors of the RAS and beta-blockers. However, targeting other pathways 
such as the natriuretic peptide and arginine vasopressin systems have failed to pro-
duce therapies which have improved the morbidity and mortality in heart failure 
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patients. Clearly, more research is needed to enable the discovery of new therapies 
for heart failure and the use of a personalized and tailored approach can represent 
an ideal approach as the field moves forward.
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Abstract  The mammalian heart contains numerous cell types with cardiac fibro-
blasts accounting for the majority of cells. These fibroblasts play essential roles in 
the heart including the synthesis and remodeling of the extracellular matrix (ECM), 
which is the component of the heart that includes interstitial collagens. In the set-
ting of heart disease, including heart failure (HF), abnormal fibroblast prolifera-
tion and deposition of collagens leads to adverse structural remodeling, which is a 
major contributing factor to the progression of heart disease. Structural remodeling 
of the ECM in HF can increase stiffness of the myocardium leading to impaired 
cardiac performance and also increase the occurrence of cardiac arrhythmias due to 
impaired electrical conduction. Natriuretic peptides (NPs) are a family of cardio-
protective hormones with numerous effects in the cardiovascular system. Included 
among these is the ability to prevent fibroblast proliferation and abnormal collagen 
deposition in the ECM. NPs elicit their effects by binding to three NP receptors 
denoted NPR-A, NPR-B and NPR-C. NPR-A and NPR-B are guanylyl cyclase-
linked NPRs that elicit their effects by increasing cGMP levels. NPR-C is linked to 
the activation of inhibitory G-proteins (Gi). All three NPRs are expressed in cardiac 
fibroblasts and each has been shown to play a role in the ability of NPs to protect 
against adverse structural remodeling in the heart. The purpose of this chapter is 
to provide an overview of NPs and how they affect remodeling of the ECM in HF.
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1 � Introduction

The mammalian heart contains numerous cells types, including cardiac myocytes, 
cardiac fibroblasts, vascular smooth muscle cells, endothelial cells and others. Al-
though cardiac myocytes account for the majority of the myocardial volume, car-
diac fibroblasts are the most abundant cell type in the heart [1, 2]. These fibroblasts 
play essential roles in myocardial function in the normal heart and in the setting 
of heart disease. One critical function of the cardiac fibroblast is the synthesis and 
remodeling of the extracellular matrix (ECM), which is the component of the heart 
that includes interstitial collagens, proteoglycans, and glycoproteins. These com-
ponents form a complex three dimensional network that is intricately involved in 
cardiac function. Some of the essential roles of the ECM include the formation of 
an organizational network that surrounds cellular structures, the creation of a scaf-
fold for the myocyte and nonmyocyte cell populations in the heart, distribution of 
mechanical forces through the myocardium, mechanotransduction and fluid move-
ment in the extracellular spaces.

The organization, composition and density of the ECM are highly dynamic and 
modulated under different physiological and pathophysiological conditions and this 
profoundly impacts cardiac function [1]. Collagen expression and accumulation are 
increased in the setting of heart failure (HF) in a process referred to as structural re-
modeling. As the density of the ECM affects compliance, the process of remodeling 
can be a pathological condition that leads to inappropriately enhanced fibrosis in 
the setting of HF. Specifically, this enhanced fibrosis in the diseased heart results in 
myocardial stiffness and diastolic dysfunction [3]. Enhanced fibrosis is also thought 
to increase the susceptibility to cardiac arrhythmias by slowing conduction and in-
terfering with normal electrical propagation, which can lead to electrical reentry 
[4, 5]. Although remodeling of the ECM and enhanced fibrosis are hallmarks of 
HF there is still much that is unknown in terms of how the process is initiated and 
regulated.

Natriuretic peptides (NPs) are a family of cardioprotective hormones with nu-
merous beneficial effects in the cardiovascular system [6, 7]. Although best known 
for their ability to regulate blood volume and blood pressure through effects in 
the kidneys and the vasculature, it is now known that NPs also have numerous 
additional effects. Included amongst these are potent effects on cardiac fibroblast 
function, ECM deposition and fibrosis. The purpose of this chapter is to provide an 
overview of natriuretic peptides and their role in the remodeling of the ECM that 
occurs in HF.

2 � Natriuretic Peptides

In 1981, de Bold et al. infused atrial homogenates into rats and observed rapid and 
potent diuretic and natriuretic effects [8]. This landmark study ultimately led to 
the isolation and discovery of the first NP, atrial natriuretic peptide (ANP). B-type 
natriuretic peptide (BNP) and C-type natriuretic peptide (CNP) were subsequently 
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identified and isolated from porcine brain extracts [9, 10]. BNP and CNP each ex-
hibit profound relaxant effects on smooth muscle and following their discovery 
their presence in the heart was confirmed [7, 11]. Dendroaspis natriuretic peptide 
(DNP), a fourth member of the NP family, was initially identified in the venom of 
the Green Mamba snake [12]. There is evidence that DNP may also be present in 
human plasma and this NP has been shown to elicit relaxant responses in contracted 
aortic strips [13].

All NPs are synthesized as pre-pro-hormones that undergo posttranslational pro-
cessing to form smaller, cyclical, biologically functional peptides [7]. NPs are struc-
turally related and homology is observed in conserved residues within a 17 amino 
acid sequence flanked by cysteine residues (Fig. 1). A disulphide bridge is formed 
between these cysteine residues, creating a peptide ring. Structural variation occurs 
both within the cyclical structure and the amino- and carboxy-terminal tails of the 
NPs [7].

Pro-ANP and low levels of pro-BNP are stored within granules located in atrial 
myocytes [14, 15]. The dominant stimulus for release of these NPs from granules 
is atrial stretch in association with increased intravascular volume [16]. During 
exocytosis, pro-ANP is cleaved into the biologically active ANP by the transmem-
brane cardiac serine protease corin [17, 18]. ANP expression in the heart undergoes 
changes throughout development and in cardiac disease. For example, in addition 
to being expressed in the atria, ANP is expressed in fetal and neonate ventricles as 
well as hypertrophied ventricles in adults [19, 20]. ANP expression in normal adult 
ventricular tissue is very low. Circulating ANP levels increase by 10–30 fold in 
patients with congestive HF [21–23].

Within the ventricular myocardium BNP is constitutively expressed and released 
into the circulatory system. Ventricular BNP secretion is transcriptionally regulated 
and expression significantly increases in response to load induced ventricular wall 
stretch [24–26]. Plasma levels of BNP are 200–300 fold higher in patients with 
ventricular hypertrophy or those with congestive HF and, in some cases, circulating 
BNP levels exceed ANP levels [23].

Multiple CNP molecules have been identified. Pro-CNP is cleaved by the intra-
cellular endoprotease furin to form a CNP molecule that is 53 amino acids in length 
(CNP-53) [27]. CNP-53 is located in cardiac tissue whereas a smaller 22 amino acid 
form of CNP (CNP-22) is detected in plasma [28, 29]. The enzyme responsible for 
the conversion between CNP-53 and CNP-22 remains unknown. Circulating levels 
of CNP are extremely low, approximately 1 fmol/l, and it is thought that CNP acts 
primarily as a paracrine molecule [30, 31]. As with ANP and BNP, circulating CNP 
levels are elevated in patients with congestive HF [7, 32].

NPs are rapidly cleared from the circulation via two mechanisms. First, NPs can 
be degraded by a membrane neutral endopeptidase called neprilysin, which cleaves 
peptides on the amino side of hydrophobic residues [33]. Interestingly, human BNP 
is more resistant to neprilysin hydrolysis compared to ANP [34]. The second com-
ponent of NP degradation is coupled with the termination of surface receptor-me-
diated signaling though the internalization of the peptide-receptor complex. This is 
followed by hydrolytic degradation by lysosomes and recycling of a small pool of 
receptors back to the cell membrane [7].
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3 � Natriuretic Peptide Receptors

NPs elicit their effects by binding to specific NP receptors (NPRs). There are cur-
rently three known NPRs denoted NPR-A, NPR-B and NPR-C (Fig. 2). NPR-A has 
binding affinity for ANP and BNP, while NPR-B preferentially binds CNP [7, 35]. 

Fig. 1   Structure and amino acid sequence of natriuretic peptides. ANP atrial natriuretic peptide; 
BNP B-type natriuretic peptide; CNP C-type natriuretic peptide; DNP Dendroaspis natriuretic 
peptide; cANF synthetic natriuretic peptide receptor C (NPR-C) agonist
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NPR-A and NPR-B are coupled to intracellular particulate guanylyl cyclase (GC) 
enzymes. Following activation of these NPRs, GTP is converted into the second 
messenger cyclic guanosine monophosphate (cGMP); thus, NPR-A and NPR-B 
elicit their effects via changes in cGMP levels. Several downstream signaling mol-
ecules may be modulated by cGMP signaling including a cGMP-dependent protein 
kinase (PKG), cGMP regulated phosphodiesterases (PDEs), and cyclic nucleotide-
gated ion channels [7].

NPR-C is the most abundantly expressed NPR and demonstrates similar bind-
ing affinity for all NPs [36, 37] (Fig. 2). In contrast to NPR-A and NPR-B, NPR-C 
is not directly coupled to changes in guanylyl cyclase signaling. Instead, NPR-C 
is coupled to the activation of inhibitory G-proteins (Gi) via specific ‘Gi-activator 
domains’ located within the 17 amino acid intracellular domain of the receptor [38, 
39]. Following Gi activation, adenylyl cyclase (AC) activity is inhibited in a GTP-
dependent fashion, which results in reductions in cAMP. Activation of NPR-C also 
results in the activation of the β isoform of phospholipase C (PLCβ), which con-
verts phosphatidyl inositol bisphosphate (PIP2) into inositol triphosphate (IP3) and 

Fig. 2   Natriuretic peptide receptors and their ligand binding patterns. NPR-A natriuretic peptide 
receptor A; NPR-B natriuretic peptide receptor B; NPR-C natriuretic peptide receptor C. Note 
that NPR-A and NPR-B are guanylyl cyclase-linked receptors that mediate increases in cyclic 
guanosine monophosphate ( cGMP). NPR-C has a short 37 amino acid intracellular domain that 
contains inhibitory G protein (Gi) activator sequences. As such NPR-C mediates a reduction in 
cyclic adenosine monophosphate ( cAMP) levels
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diacylglycerol (DAG). This leads to Ca2+ mobilization and protein kinase C (PKC) 
activation [36].

4 � Natriuretic Peptides and Cardiac Fibrosis

NPs have been implicated in ECM remodeling and fibrosis in the heart. Some of 
this insight has been obtained from studies of genetically altered mice in which 
the NP system has been targeted. Specifically, enhanced cardiac fibrosis can be 
observed in NPR-A, BNP and ANP knockout animals depending on experimental 
conditions. Mice with global deletion of BNP (Nppb−/−; BNP−/−) display multifocal 
fibrotic lesions in the ventricles that are not observed in age matched wild type mice 
(Fig. 3a) [40]. When BNP−/− mice were subjected to aortic constriction, the level of 
ventricular fibrosis tripled compared to BNP−/− mice that received sham operations 
[40]. BNP−/− mice also exhibit increased transforming growth factor β3 (TGFβ3) 
and angiotensin converting enzyme (ACE) expression, suggesting that these path-
ways may be involved in the enhanced fibrosis characteristic of these mice.

ANP knockout mice (Nppa−/−; ANP−/−) are both hypertensive and hypertrophic at 
baseline [41, 42]. These mice display modest increases in collagen expression and 
collagen volume relative to wildtype controls; however, ANP−/− mice do not appear 
to exhibit the same degree of fibrosis as BNP−/− mice at baseline [43–45]. Nev-
ertheless, ANP−/− mice subjected to pressure overload following transverse aortic 
constriction display profoundly worse fibrosis compared to sham operated ANP−/− 
mice, indicating that ANP is importantly involved in structural remodeling of the 
ECM in the heart, particularly in the setting of cardiac stress. This enhanced fibrotic 
response in ANP−/− mice occurred in association with increased expression of ECM 
proteins such as collagen I and III, matrix metalloproteinase 2 and tissue inhibitor 
of metalloproteinase 3 [44, 46].

Hearts from global NPR-A knockout (NPR-A−/−) mice are both fibrotic (Fig. 3b) 
and hypertrophic in association with increased collagen deposition, increased pro-
collagen I mRNA expression, and increased ANP and BNP mRNA expression in 
the ventricles [42, 47–49]. A cDNA microarray study in wild type and NPR-A−/− 
animals revealed significant alterations in gene expression patterns for genes from 
cell signaling pathways known to be involved in the development of cardiac fibro-
sis. These include, for example, fibroblast growth factor (FGF), collagens, matrix 
metalloproteinases, and multiple transcription factors including the histone deacet-
yltransferase 7a, myocyte-specific enhancer factor 2, calcineurin-nuclear factor of 
activated T cells, and GATA families [47, 50]. These observations in NPR-A−/− mice 
clearly suggest that the fibrotic phonotypes present in ANP and BNP knockout mice 
are at least partially due to a loss of NPR-A-dependent signaling. NPR-C has also 
been demonstrated to play an integral role in structural remodeling in the heart 
based on evidence that NPR-C−/− mice display enhanced fibrosis leading to atrial 
arrhythmias. Interestingly, fibrosis was restricted to the atrial myocardium in NPR-
C−/− mice, while the ventricular myocardium was unaffected [51]. Collectively, 
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these studies in genetically altered mice indicate that NPs play an essential protec-
tive role against adverse structural remodeling in the heart.

5 � Effects of Natriuretic Peptides on Cardiac Fibroblasts

Although NPs are well known to be secreted from atrial granules located within 
atrial myocytes, it is now known that NPs are also made in, and secreted from cardi-
ac fibroblasts [52, 53]. ANP and BNP mRNA can be detected in cultured fibroblasts 
from rats as young as 1 day old [54]. Furthermore, ANP and BNP proteins are read-
ily detected by radioimmunoassay in the media from cultured fibroblasts. Similarly, 
CNP mRNA was detected in cultured ventricular fibroblasts isolated from 7-week-
old rats and immunoreactive CNP was detected in the culture media [53]. Thus, NPs 
are synthesized in and secreted by cardiac fibroblasts.

In cultured neonatal rat ventricular fibroblasts, NPR-A, NPR-B, and NPR-C 
mRNAs are all expressed [55]. To determine the relative abundance of these NPRs, 
a Scatchard analysis was performed using cANF (Fig. 1), which is a selective ago-
nist for NPR-C (Fig. 2) [56]. Using this approach, it has been estimated that 80 % 
of the total NPR population is NPR-C in cultured rat and human cardiac fibroblasts 
[35, 55, 57]. Interestingly, NPR-B may be more highly expressed in ventricular 

Fig. 3   Histological images of the ventricular myocardium in BNP and NPR-A knockout mice. 
Masson’s trichrome stains from BNP+/+ and BNP−/− mice ( panel A) or NPR-A+/+ and NPR-A−/− 
mice ( panel B). Both BNP−/− and NPR-A−/− mice are characterized by ventricular fibrosis ( blue 
color), which is not seen in wildtype mice. Data in panel A reproduced with permission from 
Tamura et al. (2000). Data in panel B reproduced with permission from Oliver et al. (1997)
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fibroblasts compared to cardiomyocytes [58]. All three NPRs have also been shown 
to be present in human cardiac fibroblasts [59].

NPs have potent antiproliferative and antimitogenic effects on cardiac fibro-
blasts. Using assays of radioactive thymidine incorporation into newly synthesized 
DNA, the potent effects of NPs on DNA synthesis have been quantified. In primary 
cultures of neonatal rat cardiac fibroblasts, ANP decreased the rate of DNA synthe-
sis by approximately 40 % under basal conditions [55, 60]. Cellular proliferation 
can also be induced by a number of hormones and growth factors including angio-
tensin II (Ang II), endothelin (ET), fibroblast growth factor (FGF), or insulin-like 
growth factor I (IGF-I), and the induction of proliferation by these compounds can 
be strongly antagonized by NPs. For example, in the presence of any of the above 
mentioned compounds, co-treatment with ANP inhibited agonist induced DNA syn-
thesis [55]. In Ang II stimulated cultured adult rat cardiac fibroblasts, co-treatment 
with ANP (10−8 M) for 24 h resulted in 90 % inhibition of cellular proliferation [61]. 
Similar antimitogenic effects were also observed in cells supplemented with BNP 
or CNP where FGF stimulated DNA synthesis rates were reduced by 25 and 21 % 
respectively [55]. In primary human cardiac fibroblast cultures, co-treatment with 
BNP inhibited TGFβ induced cell proliferation by 65 % [62]. In a separate study, 
application of BNP prevented 5-bromo-2′deoxyuridine (BrdU) incorporation into a 
human cardiac fibroblast cell line in which cellular proliferation was first stimulated 
with cardiotrophin-1 (CT-1) [59].

The vasoactive peptides Ang II and ET facilitate the enhanced cardiac fibro-
blast proliferation associated with cardiac fibrosis. Ang II, which is a peptide 
hormone, can elicit effects via the Ang II type 1 (AT1) and type 2 (AT2) receptors 
[63]. Cardiac fibroblasts express both AT1 and AT2 [64, 65] and it is thought that 
AT1 mediates a number of the physiological and pathological effects of Ang II 
including fibroblast proliferation, collagen secretion, decreased collagenase ac-
tivity, PLC activation, increased cytosolic calcium, and increased PKC activity 
[64–67].

ET-1 is a peptide growth factor initially described as a potent vasoconstrictor 
synthesized by cardiomyocytes and cardiac fibroblasts in the heart [68]. In cardiac 
fibroblasts, ET-1 levels are increased following activation of AT1 [69, 70]. Interest-
ingly, ET-1 levels are also increased in patients with HF. ET-1 promotes DNA syn-
thesis following binding to the endothelin receptor ETA, which stimulates cellular 
proliferation through the activation of PKC [71, 72].

Ang II and ET-1 stimulated DNA synthesis and cellular proliferation are inhib-
ited in the presence of ANP, BNP, as well as 8-bromo-cGMP (a hydrolysis-resistant 
cGMP analogue) in culture media. The ET-1 promoter contains two regulatory ele-
ments responsible for basal transcriptional activity, a GATA element and activating 
protein-1 (AP-1) [73]. Mutation of specific sites in the proximal GATA element 
prevents the inhibitory effects of ANP on ET-1 induced DNA synthesis and cellular 
proliferation in cultured cardiac fibroblasts [60]. In this context, ANP is thought to 
function by inhibiting the ERK-dependent GATA4 phosphorylation required for 
binding to the ET-1 promoter. This in turn prevents ET-1 expression and subsequent 
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DNA synthesis and cellular proliferation. The fact that 8-bromo-cGMP elicits simi-
lar effects as ANP or BNP suggest that these NP effects are mediated by NPR-A.

6 � Effects of Natriuretic Peptides on Collagen Synthesis

The interstitial collagens making up the ECM in the heart consist primarily of fibril-
lar collagen type I and collagen type III. The balance between the types of collagen 
present and the overall organization of these molecules within the heart play an 
important role in the mechanics of cardiac function. Increased levels of collagen 
type I is associated with myocardial stiffness whereas increased collagen type III 
is associated with compliance [74]. Collagen type I is several orders of magnitude 
stronger and stiffer than muscle [75].

NPs are very effective inhibitors of collagen synthesis in cardiac fibroblasts. In 
rat ventricular fibroblasts, the effects of ANP on collagen synthesis have been de-
termined by quantifying hydroxyproline levels [57]. Treatment with TGFβ, Ang II, 
or serum results in a 1.3–3 fold increase in procollagen synthesis in cultured fibro-
blasts. The addition of ANP and zaprinast (a PDE5 inhibitor) to the culture media 
inhibited this increase [57]. In cultured canine ventricular fibroblasts, changes in 
de novo collagen synthesis were measured using [3H]proline incorporation assays. 
In these experiments collagen synthesis was reduced by BNP in a concentration 
dependent manner. The maximum response was observed in the presence of 10−6 M 
BNP whereby [3H]proline incorporation was inhibited by 29 % [52]. Furthermore, 
RT-PCR experiments performed on TFGβ-stimulated primary human cardiac fi-
broblasts demonstrate increases in collagen I mRNA levels after 6, 24, and 48 h of 
exposure [62]; however, when cells were co-treated with BNP, this increase in col-
lagen I expression was abolished. Western blots using collagen I antibodies further 
confirm these findings, whereby collagen levels increased by 3 fold in the presence 
of TFGβ and this effect was inhibited by 75 % in the presence of BNP [62].

NPs also inhibit the effects of Ang II on collagen production by cardiac fibro-
blasts. For example, in Ang II stimulated rat cardiac fibroblasts, an 80 % decrease in 
collagen synthesis was observed when cells were co-treated with ANP (10−8 M) for 
24 h [61]. Similarly, in cultured neonatal rat cardiac fibroblasts, treatment with CNP 
(10−6 M) for 24 h caused a significant decrease in Ang II stimulated [3H]proline 
incorporation [76]. This effect of CNP was blocked in the presence of Rp-8-pCPT-
cGMP, a PKG inhibitor. Together, these experiments show that NPs have important 
inhibitory effects on collagen synthesis in cardiac fibroblasts.

Most of the effects of NPs on cardiac fibroblasts have been attributed to NPR-A 
and NPR-B activation. Consistent with this, intracellular levels of cGMP are dose 
dependently increased following exposure to NPs in cultured ventricular fibroblasts 
[52, 53, 58]. These increases in cGMP levels are correlated with decreases in col-
lagen synthesis and DNA synthesis as determined by radioactive proline or thymi-
dine incorporation assays, respectively. The addition of 8-bromo-cGMP to culture 
media mimics the effects of NPs on both DNA and collagen synthesis, thus sug-
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gesting that inhibition of DNA and collagen synthesis occurs in a GC dependent 
fashion [52, 53, 55, 57, 61, 76]. Furthermore, NPR-A knockdown in cultured adult 
rat cardiac fibroblasts treated with Ang II results in a twofold increase in collagen 
I expression and a threefold increase in collagen III expression [61]. Addition of 
a synthetic cGMP analog to the media of NPR-A knockdown fibroblast cultures 
prevented these changes in collagen expression further confirming that the NPs can 
affect remodeling of the ECM via an NPR-A/cGMP pathway.

Although most studies have focused on NPR-A and NPR-B mediated effects on 
NPs, emerging evidence suggests that NPR-C also plays an important role in car-
diac fibroblast function. As mentioned above, NPR-C is clearly expressed in cardiac 
fibroblasts [55, 59]. In cultured human cardiac fibroblasts, CT-1 increases BrdU 
incorporation which is decreased in the presence of BNP [59]. Thus, BNP (which 
binds NPR-A and NPR-C) inhibits CT-1 stimulated DNA synthesis. To determine 
the contribution of NPR-A to this effect of BNP the NPR-A antagonist HS-142-1 
was added to CT-1 and BNP co-treated fibroblasts. HS-142-1 had no effect on the 
BNP mediated inhibition of fibroblast proliferation. In contrast, the NPR-C agonist 
cANF inhibited the effects of BNP on proliferation indicating a role for NPR-C in 
the modulation of cardiac fibroblast proliferation.

7 � Transforming Growth Factor β

TGFβ is critically involved in the regulation of cellular differentiation, prolifera-
tion, as well as extracellular matrix deposition and composition [77]. The TGFβ 
pathway affects fibrotic remodeling within the heart as it potently modulates car-
diac fibroblast proliferation and production of ECM proteins including collagens 
and fibronectin. TGFβ1 expression and activity is increased as a result of AT1 acti-
vation by Ang II in cultured rat cardiac fibroblasts [67]. TGFβ1 functions by bind-
ing to two cell membrane receptor kinases, TGFβRI and TGFβRII. Once activated, 
these kinases facilitate the phosphorylation of two downstream proteins, Smad2 
and Smad3 [78], which can then form a complex with Smad4. This Smad complex 
translocates to the nucleus where it activates profibrotic gene programs [77, 79, 80]. 
There is a positive correlation between TGFβ1 levels and collagen content in the 
heart. For example, TGFβ1 deficient mice have decreased levels of fibrosis whereas 
TGFβ1 levels are elevated in patients with HF exhibiting enhanced ECM remodel-
ing and fibrosis [74, 81].

In cultured human cardiac fibroblasts changes in gene expression patterns in 
TGFβ stimulated cells were determined using microarray analysis. In this study, 
it was found that TGFβ stimulation induced 394 and 501 gene expression changes 
at 24 and 48 h of treatment, respectively. When co-treated with BNP, 88 and 85 % 
of the TGFβ induced gene expression changes were abolished, including those in-
volved in fibrosis and ECM production [62].
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As discussed above, ANP acts as a negative modulator of cardiac remodeling 
and it appears that ANP functions, at least in part, by inhibiting the effects of TGFβ 
signaling in cardiac fibroblasts. This has been shown in cultured mouse cardiac fi-
broblasts pretreated with either ANP or cGMP prior to exposure to TGFβ1 for 24 h 
[82]. Pretreatment with ANP or cGMP resulted in a significant decrease in TGFβ 
induced collagen synthesis, fibroblast proliferation and pSmad3 translocation. Pre-
treatment with the PKG inhibitor KT5823 antagonized these inhibitory effects of 
ANP and cGMP. These findings indicate that ANP mediates its effects on TGFβ 
signaling and ECM remodeling via a cGMP-dependent mechanism. This study also 
shows that ANP inhibited the effect of TGFβ on collagen synthesis and fibroblast 
proliferation though the prevention of pSmad3 translocation into the nucleus [82].

8 � Matrix Metalloproteinases and Tissue Inhibitors  
of Metalloproteinases

The structure of the fibrillar collagen scaffold within the heart results from an interplay 
between collagen synthesis and degradation. Matrix metalloproteinases (MMPs) are a 
family of proteins that play an essential role in matrix degradation [74]. In the diseased 
heart, increased MMP activity results in degradation of normal collagen and the devel-
opment of interstitial deposits of poorly cross-linked collagens characteristic of those 
present in the fibrotic heart [83]. In NPR-A deficient animals, MMP2 and MMP9 pro-
tein levels are increased by 3 and 4 fold respectively in 4 week old animals and further 
increased by 22 weeks of age [49]. Furthermore, as discussed above, collagen levels 
are doubled in adult NPR-A−/− mice compared to their wild type littermates. Stimula-
tion of cultured rat cardiac fibroblasts with Ang II results in increases in MMP2 and 
MMP9 mRNA expression as well as activity [61]. These alterations are also observed 
in fibroblasts in which NPR-A is knocked down. Conversely, when fibroblasts isolated 
from wildtype mice are co-treated with Ang II and ANP, the increase in MMP2 and 
MMP9 activity and expression is abolished [61]. Together, these findings suggest that 
ANP and NPR-A oppose Ang II induced MMP2 and MMP9 synthesis.

To unravel the underlying mechanism for these observations, the effects of ANP 
on second messenger levels were evaluated in Ang II-stimulated fibroblasts. Ang II 
stimulation activates nicotinamide adenine dinucleotide phosphate (NADPH) oxi-
dase, resulting in the generation of reactive oxygen species (ROS) [84], which has 
been shown to induce cardiac fibroblast proliferation and increased fibrosis lead-
ing to the progression of end stage HF. Treatment of Ang II stimulated rat cardiac 
fibroblasts with ANP resulted in significantly decreased ROS levels as assessed by 
spectroflourometric analysis [61]. Conversely, in NPR-A knockdown experiments, 
ROS levels were further increased in the presence of Ang II relative to wildtype 
fibroblasts, but this could be abolished in the presence of 8-bromo-cGMP. Follow-
ing ROS stimulation, nuclear factor-kappa-B (NF-κB) is translocated to the nucleus 
where binding of NF-κB to DNA results in the increased expression of ECM re-
modelers including collagens and MMP1, 3, and 9 [85]. In cultured rat cardiac 
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fibroblasts treated with Ang II, nuclear translocation of NF-κβ was examined using 
confocal microscopy and an NF-κB antibody. In these studies, addition of ANP 
to the cultures inhibited NF-κB nuclear translocation and DNA binding [61]. This 
in turn would result in decreased expression of collagen type I, collagen type III, 
MMP2, and MMP9 transcripts.

Tissue inhibitors of metalloproteinases (TIMPs) are potent endogenous inhibi-
tors of MMP activity. There are four TIMP isoforms detected in the heart including 
TIMP1, TIMP2, TIMP3, and TIMP4. X-ray crystallography studies have shown 
that TIMPs bind to the active site of MMPs, thereby preventing ECM substrate 
binding and inhibition of MMP activity [86, 87]. BNP appears to exert its effects 
on ECM remodeling in part through its effects on TIMP expression levels. In left 
ventricular tissues isolated from NPR-A−/− mice, TIMP1 and TIMP2 protein lev-
els were significantly lower compared to wildtype mice [49]. In a different model, 
TIMP2 protein expression displayed a 12 % increase following 24 h of BNP treat-
ment in cultured canine ventricular cardiac fibroblasts although TIMP1 levels re-
mained unchanged [52]. Furthermore, in primary human cardiac fibroblast cultures, 
microarray analysis and RT-PCR experiments indicate that TIMP3 expression is 
increased in the presence of TGFβ [62]. The addition of BNP to these cells results 
in a downregulation of TIMP3 expression. Together, these studies suggest that NPs 
affect TIMP expression in cardiac fibroblasts; however, the mechanism by which 
NPs alter TIMP expression profiles or function remains largely unknown.

9 � Chronic Natriuretic Peptide Treatment  
in the Diseased Heart

Myocardial infarction (MI) can be surgically induced in rodents by ligating the cor-
onary artery, resulting in significant ventricular remodeling and a decline in cardiac 
function leading to HF. To study the effects of NPs in this disease model rats were 
subjected to MI and treated with a low dose (5 μg/kg/day) or a high dose (15 μg/
kg/day) of BNP for 8 weeks beginning the day after the surgeries occurred [88]. 
Echocardiographic and hemodynamic measurements indicate that BNP treatment 
improved cardiac function compared to the untreated animals. In animals treated 
with BNP, histological analysis of excised hearts showed a significant decrease in 
the amount of collagen deposited within the ventricles. Both plasma and myocar-
dium Ang II levels were significantly higher in vehicle-treated animals compared to 
those receiving BNP treatment. Furthermore, in animals treated with BNP there was 
a significant decrease in TGFβ1 and Smad2 mRNA and protein expression despite 
an increase in Ang II expression. This suggests that BNP both counteracts the harm-
ful effects of increased Ang II levels and inhibits TGFβ1/Smad2 signaling resulting 
in less detrimental ECM remodeling following MI. These beneficial effects of BNP 
were more pronounced in animals treated with 15 μg/kg/day compared to the lower 
dose of 5 μg/kg/day.
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A separate study infused CNP for 2 weeks in rats subjected to experimental MI. 
CNP (0.1 μg/kg/day) was delivered intravenously using osmotic mini-pumps start-
ing 4 days following surgery and continuing for 2 weeks [76]. In this study, CNP 
infusion significantly prevented left ventricular enlargement and reduction in car-
diac function caused by MI. Autoradiograms and qPCR experiments showed a sig-
nificant decrease in the amount of collagen I and collagen III protein and mRNA 
expression in the ventricles of CNP treated animals. Interestingly, endogenous ex-
pression of CNP mRNA initially increased four-fold on day 3 in the infarcted left 
ventricle and gradually decreased to the end of the treatment period at day 18. His-
tological analysis revealed that CNP was concentrated at the infarct and border zone 
on day 7 following MI. Thus, CNP also acts as a cardioprotective agent following 
MI.

The cardioprotective effects of CNP have also been investigated in mice chroni-
cally treated with Ang II, which is a well-established model of cardiac hypertrophy 
and fibrosis [89, 90]. In a recent study using this model, mice were treated with Ang 
II (3.2 mg/kg/day) for 2 weeks and a subset of animals were co-treated with CNP 
(0.05 μg/kg/min) also for 2 weeks [91]. As expected, Ang II treated mice showed 
clear signs of cardiac dysfunction and had increased levels fibrosis, collagen expres-
sion, and ROS production. Co-treatment with CNP resulted in a significant decrease 
in the level of interstitial fibrosis and collagen type I and III mRNA expression com-
pared to vehicle-treated animals (Fig. 4). CNP infusion completely prevented Ang 

Fig. 4   Effects of CNP on Ang II induced ventricular fibrosis in mice. a Masson’s trichrome stains 
of myocardium in saline and Ang II treated mice cotreated with CNP or vehicle. b quantification of 
interstitial fibrosis in Ang II and/or CNP treated mice. Ang II induces ventricular fibrosis, which is 
significantly attenuated by cotreatment with CNP. Data reproduced with permission from Izumiya 
et al. (2012)
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II-induced cardiac superoxide production and significantly reduced the expression 
of the NADPH oxidase subunit NOX4. Interestingly, CNP infusion also prevented 
the upregulation of ANP and BNP mRNA expression seen in the vehicle treated 
control animals. Combined, these data further support the notion that CNP acts as a 
protective agent within the heart preventing Ang II-induced cardiac remodeling and 
superoxide production.

Most recently, attention has been given to the development of designer synthetic 
NPs that may be particularly effective in the treatment of HF and its associated 
complications. One example of this is the peptide CD-NP (also known as cender-
itide), which is a chimeric peptide that combines CNP with the C-terminal tail of 
DNP [92, 93] (Fig. 5a). CD-NP is able to bind and activate all three NPRs [94]. The 
effects of CD-NP on ECM remodeling have been tested in an experimental model 
of cardiac fibrosis induced by unilateral nephrectomy in rats [95]. In this study, a 
2 week subcutaneous infusion of CD-NP significantly suppressed left ventricular 
fibrosis (Fig. 5b) and preserved systolic and diastolic function compared to vehicle 
treated rats with unilateral nephrectomy. This same report also demonstrated that 
CD-NP could increase cGMP production in cells heterologously expressing NPR-A 
and NPR-B; however, this was not confirmed specifically in cardiac fibroblasts.

A separate investigation assessed the ability to slowly release CD-NP from bio-
degradable polymeric films [96], which could have important implications for the 
therapeutic use of CD-NP in conjunction with cardiac patches. Importantly, the bio-
activity of CD-NP released from these patches was assessed by measuring the ef-
fects of released peptide on human cardiac fibroblasts. These studies demonstrate 
that the released CD-NP is able to inhibit fibroblast proliferation and suppress DNA 
synthesis in association with increased production of cGMP in these fibroblasts. 
This suggests that CD-NP may have beneficial therapeutic effects, which involve 
the prevention of ECM remodeling. Furthermore, these effects at least partially in-
volve the NPR-A and NPR-B receptors.

10 � Summary and Conclusions

When considered collectively, there is strong evidence that NPs have both potent 
antiproliferative and antifibrotic effects on cardiac fibroblasts. As such, NPs play 
an important protective role against adverse structural remodeling of the ECM in 
the normal heart and in the setting of cardiovascular disease. Despite these clear 
beneficial effects, there are several areas of ongoing investigation that will improve 
our understanding of how NPs protect against remodeling of the ECM. For ex-
ample, most of the effects of NPs on cardiac fibroblasts have been attributed to the 
GC-linked NPR-A and NPR-B receptors. Nevertheless, there is some evidence that 
NPR-C, which is highly expressed in cardiac fibroblasts, may also be involved. As 
most naturally occurring and synthetic NPs are able to bind multiple NPRs, it seems 
critical that ongoing studies consider how simultaneous activation of the GC-linked 
NPRs and NPR-C results in the overall effects of NPs on the ECM.
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Fig. 5   Structure and antifibrotic effects of the chimeric natriuretic peptide CD-NP. a Structure and 
amino acid sequence of CD-NP, which is formed by combining CNP with the C-terminal tail of 
DNP. b Picrosirius red histology images and quantification of ventricular fibrosis from control rats 
(sham + vehicle), rats subjected to unilateral nephrectomy ( UNX) to induce cardiac fibrosis, and 
rats subjected to UNX treated with CD-NP for 2 weeks. Data reproduced with permission from 
Martin et al. (2012)
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Another emerging area of investigation is related to NP effects on ion channels in 
cardiac fibroblasts. These fibroblasts express a number of potassium and transient 
receptor potential (TRP) channels [97, 98]. NPs have been shown to activate non-
selective cation currents that are likely carried by members of the TRP-C family 
of ion channels [98]. Furthermore, these same TRP-C channels have been shown 
to mediate an influx of Ca2+ into cardiac fibroblasts, which has implications for ar-
rhythmogenesis in the heart [99, 100]. It is presently unknown whether the effects 
of NPs on fibroblast ion channels and Ca2+ homeostasis are directly linked to the 
protective effects of NPs against structural remodeling; thus, this will require ongo-
ing investigation.

Finally, the recent development of chimeric NPs, such as CD-NP, and the pos-
sibility of delivering NPs via synthetic patches, highlights the exciting potential 
for the therapeutic use of NPs for the prevention of adverse structural remodeling 
and fibrosis in the heart. Continued investigation into the design of these synthetic 
NPs and the methods for their chronic delivery to patients is needed to bring this to 
fruition.

Progress in each of the above mentioned areas, in combination with the informa-
tion already known regarding the effects of NPs on remodeling of the ECM, will 
greatly impact the strong potential for the use of NPs for the prevention of adverse 
structural remodeling and fibrosis in human HF patients.
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Cardiac Tissue Engineering for the Treatment  
of Heart Failure Post-Infarction

Jacqueline S. Wendel and Dr. Robert. T. Tranquillo

Abstract  Cell-based therapy has become an attractive solution to the high inci-
dence of heart failure post-infarction. Many current approaches to cell delivery 
post-infarction result in poor cell engraftment, resulting in limited functional ben-
efits. Thus, the use of engineered tissues to deliver cells to the injured myocardium 
or replace myocardium post infarction has been a topic of increasing interest. Tissue 
engineering provides a platform for the delivery of a large number of cells to the 
injured myocardium with high retention, allowing for in vitro development of cel-
lular organization, intracellular communication and ECM deposition. This chapter 
will discuss the currently used methods to create engineered cardiac tissues, includ-
ing scaffolds, cells, and cellular conditioning. This chapter will also review the effi-
cacy of these patches in limiting left ventricular remodeling post-infarction in vivo.

Keywords  Tissue engineering · Myocardial infarction · Embryonic stem cells · 
Induced pluripotent stem cells · Endothelial cells · Bioreactor conditioning · Cyclic 
stretch · Electrical stimulation · Perfusion · Biomaterials 

1 � Introduction

Heart failure has many causes, but the most prevalent initiator is a myocardial in-
farction, in which myocardial tissue is deprived of oxygen for an extended period 
of time, usually through a blockage of one of the coronary arteries. In the ischemia 
induced by an infarction, one-quarter of the 4 billion cells in the left ventricle can 
be lost [1]. With this level of cell death, heart failure can develop as a result of the 
limited capacity of the injured myocardial tissue to recover or regenerate, leading 
to fibrosis and scar formation of the damaged myocardium, left ventricular dilation 
and thinning due to a resulting pressure and volume overload, and the inhibition of 
proper action potential propagation. Current treatments, whether they are pharma-
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ceutical or medical device-based, act merely as palliative measures and the only 
effective long term treatment to date for heart failure is to replace the damaged 
myocardium via total heart transplantation [2].

With the limited number of donors and the inherent risks of surgery and immuno-
genicity, cellular therapy has become an attractive solution to the high incidence of 
heart failure post-infarction. However, direct injection of cells into the myocardium 
has shown limited efficacy due to poor grafting efficiency [3]. Low rates of retention 
may be a product of cell loss due to inability to create focal adhesions with neighbor-
ing cells, the inflammatory response to myocardial injury, or the hypoxic environment 
of the infarct zone. Thus, the use of engineered cardiac tissues has been a topic of 
increasing interest. Tissue engineering not only provides a platform for the delivery of 
a large number of cells to the injured myocardium, it provides a means to replace dam-
aged myocardium. Tissue engineering allows for in vitro development of cellular or-
ganization, intracellular communication and ECM deposition while also isolating the 
cells from the inflammatory infarct environment when implanted in vivo (see Fig. 1).

In this chapter, we will review the currently used methods used to create engi-
neered cardiac tissues, or “cardiac patches”, and their efficacy when delivered in 
vivo. We will begin by surveying the cells, scaffold and in vitro conditioning used 
to create these patches, and then move on to how they are characterized, and finally 
their efficacy to limit left ventricular remodeling post-infarction.

Fig. 1   Construction and characterization of cardiac patches
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2 � Cells for Cardiac Tissue Engineering

2.1 � Neonatal Rat Cardiomyocytes

Until functional cardiomyocytes were able to be differentiated from human plu-
ripotent stem cell sources, primary isolates of neonatal rat cardiomyocytes were the 
standard cell source for the development of cardiac patches [4–6]. These cells have 
been well characterized in vitro and can be obtained in large numbers, making them 
a useful tool for developing cardiac patches and interrogating the effects of in vitro 
conditioning on these tissues.

2.2  �Pluripotent Stem Cell Derived Cardiomyocytes

Stem cells, whether taken from an embryo or reprogrammed from an adult cell, 
have enormous therapeutic potential due to their ability to be expanded in an un-
differentiated state, and differentiated into cells of any lineage found in the body. 
In their undifferentiated state, pluripotent stem cells cannot be transplanted into 
patients as they can form teratomas. However, as the ability to not only differenti-
ate pluripotent stem cells into functional cardiomyocytes but also in numbers large 
enough to be used therapeutically has become available, these cells have become 
the new standard cell source for creating cardiac patches.

2.2.1 � Embryonic Stem Cell Derived Cardiomyocytes

Spontaneous differentiation of embryonic stem cells (ESCs) to cardiogenic cells 
was first observed in mouse ESCs in 1981 when these cells were cultured in 3D 
aggregates, called embryoid bodies [7]. Human ESCs were first obtained from a 
blastocyst in 1998 [8], but it wasn’t shown until 2001 that they could successfully 
be differentiated into functional cardiomyocytes that exhibited contractile force 
generation and recordable action potentials [9]. Human ESC-CMs are now com-
monly used as a cell source for cardiac tissue engineering [10, 11].

2.2.2 � Induced Pluripotent Stem Cell Derived Cardiomyocytes

In 2006 it was discovered that the introduction of four transcription factors (Oct3/4, 
Sox2, c-Myc, and Klf4) into adult murine fibroblasts reprogrammed these cells into 
an embryonic state, called induced pluripotent stem cells (iPSCs) [12]. This was a 
landmark discovery, as the reprogramming of adult cells into an embryonic state not 
only alleviates the ethical concerns of using embryonic cardiomyocytes but also al-
lows for potentially autologous cell transplantation, eliminating the immunogenicity 
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obstacle of allogeneic transplantation. Human iPSCs were reported in 2007 using the 
same factors or a new combination of Oct4, NANOG, LIN28, and SOX2 [13, 14], 
and were differentiated into functional cardiomyocytes in 2009 [15]. They have been 
used in parallel with hESC-CMs for tissue engineering applications, and will likely 
become the preferred cell source for cardiac patches for the foreseeable future [10].

2.2.3 � Differentiation Methods

Initially, pluripotent stem cell derived cardiomyocytes were differentiated via the 
embryoid body method, where undifferentiated pluripotent stem cells are cultured 
in 3D aggregates on top of irradiated mouse embryonic fibroblast feeder cells and 
allowed to spontaneously differentiate into cells from all three embryonic germ lay-
ers, among them being cardiomyocytes. However, as can be expected, this method 
results in low percentages and yields of cardiomyocytes and requires purification 
steps in order to obtain high percentages of cardiomyocytes. In efforts to efficiently 
obtain high yields of cardiomyocytes from stem cell differentiation, Zhang et  al 
developed a new method in which cells are cultured between two layers of matrigel 
[16], resulting in a significant increase in differentiation efficiency to cardiomyo-
cytes. Recently, small molecule methods of reprogramming and differentiation un-
der defined conditions have been developed to eliminate the need for viral vectors 
and to increase reprogramming efficiency [17].

2.3 � Cardiac Progenitor Cells

The heart has a limited capacity to regenerate via the presence of sparsely distrib-
uted resident cardiac progenitor cells (CPCs) and cardiac side population (SP) cells 
within the myocardium, approximately one CPC for every 30,000–40,000 cells in 
the myocardium [18]. These cells have been isolated based on their expression of 
a number of cell surface markers and gene expression, including c-kit [19], Sca-1 
[20], and islet-1 [21] as well as from their migration of progenitor cells out of ex-
cised cardiac tissue when cultured in vitro [22]. Cells selected through these meth-
ods display the capacity to self-renew and differentiate into cardiomyocyte as well 
as endothelial phenotypes and can be used to create cardiac patches [11, 23].

2.4 � Non-Cardiomyocyte Cells and Co-Culture of Cells for 
Cardiac Patches

Cardiomyocytes are not the only cell type used to create engineered tissues for car-
diac repair. Non-cardiomyocyte cells are required for the creation of cardiac patches 
that utilize compacting biopolymer hydrogels, as cardiomyocytes do not contract 
collagen and fibrin hydrogels. Despite improvements in differentiation techniques, 
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pluripotent stem cell-derived CM populations are only 60–90 % pure CMs, with 
the remaining 10–40 % of cells primarily being fibroblast-like cells, though those 
cells remain poorly characterized. Neonatal rat cell isolates also contain between 
50–60 % of a heterogeneous population of non-CM cells, consisting primarily of 
fibroblasts, but also containing smooth muscle cells and endothelial cells from the 
vasculature and other interstitial cells from the myocardium [24]. The addition or 
inclusion of non-CM cells into cardiac patches has proven to be beneficial. Co-
culture of hESC and hiPSc-derived cardiomyocytes with endothelial cells with or 
without mesenchymal stromal cells has resulted in an increase in contractile force 
generation by the resulting cardiac patches [10], and the force generated per car-
diomyocyte has shown to be higher with less pure populations of hESC-CMs [25]. 
Other non-CM cells used in cardiac tissue engineering include blood outgrowth 
endothelial cells (BOECs) [26], human umbilical endothelial cells (HUVECs) [27], 
pericytes (PCs) [28], and human dermal fibroblasts (HDFs) [29]. These cells are 
used either in combination with cardiomyocytes or by themselves in engineered tis-
sues, all with the goal of rescuing the injured myocardium post-infarction.

3 � Scaffolds for Cardiac Tissue Engineering

Cardiac patches are typically formed by the in vitro seeding and culturing cells in 
3-dimensional scaffolds. The choice of scaffold influences cell survival, phenotype, 
and function through its physical and chemical properties, including stiffness, mi-
crostructure, and surface chemistry. Two general classes of scaffolds are utilized 
to create cardiac patches: prefabricated scaffolds, in which cells are seeded onto a 
pre-existing scaffold structure; and biopolymer scaffolds, in which cells are present 
during scaffold polymerization and become entrapped in a fibrous network.

3.1  �Prefabricated Scaffolds

Synthetic biodegradable, elastomeric polymers including polycaprolactone (PCL) 
[30], poly(glycerol-sebacate) (PGS) [31], and poly(lactide-co-glycolide) (PLGA) 
[32] copolymers and natural materials such as collagen I [33], alginate [34], and gel-
atin [35] are materials that have been used to create prefabricated foam or nanofiber 
scaffolds. Foam scaffolds allow for control of pore size and structure through the use 
of different material processing techniques. Highly porous scaffolds have proven 
successful in creating cardiac patches with high cell viability, but they are often 
isotropic and do not result in cellular alignment. Nanofiber scaffolds can be created 
through electrospinning [36], in which fiber diameter and orientation can be con-
trolled, mimicking organization of collagen fibers in the native myocardium. These 
scaffolds can be fabricated in advance and can incorporate surface modifications to 
enhance cell adhesion and activity, such as the conjugation of RGD peptides [23].
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3.2  �Biopolymer Scaffolds

Biopolymers are another class of scaffolds used in cardiac tissue engineering. These 
are native protein fibril networks in hydrogel form made from either collagen I or fibrin 
[5, 37, 38]. Rather than being seeded onto pre-formed scaffolds, cells are suspended in 
a gel-forming solution and fibrillogenesis occurs around the cells, entrapping them in 
a hydrated, fibrillar network. Initially, collagen and fibrin gels are extremely soft an-
disotropic. Over time, entrapped non-CM cells compact the gel, resulting in a denser 
fibril network. Eventually, the entrapped cells not only compact the gel, but begin to 
degrade the fibrils (in the case of fibrin gels) and replace them with cell-produced 
matrix. By constraining the compaction of the gel, fibrillar and cellular alignment 
can be induced in these gels. Induction of alignment allows the native architecture of 
the myocardium to be mimicked and has been shown to result in an increase in both 
contractile force generation by entrapped cardiomyocytes and the presence of gap 
junctions between cardiomyocytes [5]. Collagen and fibrin biopolymer scaffolds can 
be altered by the addition of Matrigel [10, 25, 39]. Other biopolymer scaffold materi-
als include alginate, which can be 3D printed into various geometries [23].

3.3  �Tissue-Based Scaffolds

Decellularized heart tissue has been used as a scaffold to culture cardiac cells. Heart 
tissues are decellularized by perfusion with SDS followed by Triton-X to remove 
cells while leaving most of the heart ECM content and structure intact [40]. Cells 
can then be reperfused into the heart [40], or entrapped in an ECM-hydrogel matrix 
to create cardiac patches [41].

3.4  �Scaffold-Free Tissues

Scaffold-free approaches have been used to create cardiac patches in the form of cell 
sheets [42] and cell aggregate patches [43]. Cell sheets are created by seeding cells 
onto temperature-responsive membranes, allowing them to deposit cell-produced 
ECM and form cellular connections, and releasing them from the culture surfaces 
through temperature reduction. Cell sheets can then be stacked to create thin 3D tis-
sues or layered with cell sheets of endothelial cells to facilitate rapid vascularization 
upon implantation [42]. Cell aggregate patches are prepared by culturing cells on 
a low-attachment plate placed on an orbital shaker, allowing for large numbers of 
cells to aggregate in solution and form tissues.
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4 � In vitro Cellular Conditioning

In addition to seeding cells onto or into scaffolds, external stimulation of the cells 
is often required to induce them to convert the scaffold into a functional cardiac 
tissue. This may be achieved through mechanical, electrical, or pharmacological 
stimulation.

4.1  �Mechanical Stimulation

Cardiomyocytes in the native myocardium experience cyclic mechanical stretch as 
part of the cardiac cycle. Taking inspiration from this, in vitro mechanical stimu-
lation has been widely used to stimulate alignment, hypertrophy, and maturation 
of cardiomyocytes in engineered tissues. Stimulation through cyclic stretching 
has been achieved for ring-shaped cardiac patches using two methods: looping the 
patch around one fixed post and another coupled to a motorized stretching device 
[44], or through pneumatically-controlled distension of a latex mandrel on which 
the patch is mounted [37]. In both instances, cyclic stretching resulted in over a two-
fold increase in contractile force generation.

4.2  �Electrical Stimulation

Ventricular cardiomyocytes in the heart beat under the continuous regulation of 
their electrical activity through the cardiac conduction system originating at the 
sinoatrial node. In vitro, cardiomyocytes in cardiac patches beat spontaneously, but 
often at an irregular and variable rate, and not in synchrony with cardiomyocytes in 
other regions of the patch. Electrical stimulation of cardiac patches throughout cul-
ture has resulted in increases in the maximum frequency at which these patches can 
be stimulated and elicit a contractile response synchronous with pacing, a reduction 
in the voltage threshold at which cardiomyocytes contract, increased contractile 
force and also stimulated cardiomyocyte hypertrophy [45].

4.3 � In vitro Perfusion

Due to the high metabolic demand of cardiomyocytes, diffusion limitations hamper 
the ability to make the thicker cardiac patches that are necessary to achieve clinical 
relevance. To increase oxygen and nutrient availability to cells, different methods of in 
vitro perfusion have been utilized in cardiac patches. Pulsatile perfusion of cell culture 
medium through porous pre-formed scaffolds has proven effective in increasing cell 
viability and myofibril assembly through media flow [6] and activates the ERK 1/2 
signaling pathway [46]. In biopolymer hydrogels, microchannels have been included 
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in the gel [47], and perfusable microvessels have been created within the gel to allow 
for medium flow through the gel during culture [48–50]. Though promising, this latter 
approach has yet to be combined with cardiomyocyte culture in vitro.

4.4  �Medium Supplementation

Supplementation of culture medium with pharmacological agents can also be 
used to stimulate development of cardiac patches. The addition of platelet-derived 
growth factor BB (PDGF-BB) to cultures of collagen/matrigel scaffolds containing 
neonatal rat cardiomyocytes protected cells from apoptotic death, thus increasing 
the final contractile performance of the patch [51]. Insulin and ascorbic acid have 
been used to promote matrix deposition by entrapped non-CM cells [37].

4.5 � Combination Treatments

In addition to exposing cardiac patches to one form of in vitro conditioning, combi-
nations of the above mentioned techniques have been used in combination to further 
condition tissues. Electrical stimulation has been used in concert with perfusion 
and resulted in an increase in cell elongation, enhanced expression of gap junc-
tion protein connexin-43, increase in cell number, and an increase in contractile 
performance [52, 53]. However, the combination of stretch and β-adrenergic stimu-
lation resulted in no additional benefit [53].

5 � Characterization of Cardiac Patch Function

One additional benefit of using engineered tissues to treat heart failure post-infarc-
tion is that these engineered tissues and the cells entrapped in them can be function-
ally characterized in vitro, allowing for quality control and a more thorough under-
standing of the benefits of cell transplantation. Functional performance of patches 
is primarily assessed through contractile force measurements and optical mapping 
of electrical conductivity.

5.1 � Contractile Force Measurements

Cardiac patches should, once developed, function as a piece of cardiac muscle tis-
sue and generate contractile stresses close to physiological values. Quantification 
of this contractile activity is widely used to assess the quality of a cardiac patch. 
Contractile activity can be assessed through the magnitude of patch contraction 
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both spontaneously and in response to pacing, the maximum frequency by which a 
patch can be paced and still elicit a contractile response in phase with the electrical 
stimulus, the force-frequency relationship of contractile amplitude with increasing 
pacing frequency, and the contractile response of the patch to exposure to pharma-
cological agents. Such agents include β-adgrenergic agonists, gap junction blocker 
1-Heptanol [54], or cholinergic agonist carbacol [39].

5.2 � Optical Mapping

Electrical activity of cardiac patches can be assessed through optical mapping. To 
do this, tissues are submerged in medium containing a voltage sensitive dye, such as 
Di-4ANEPPS or ANNINE-6. Tissues are then point-stimulated and the action po-
tential propagation is recorded by a high speed camera. This data can be analyzed to 
assess both conduction velocity (the rate at which action potentials propagate across 
the tissue), and action potential duration (the time it takes for a cell to re polarize to 
either 50 or 90 % of its resting potential). This data can be used to obtain the conduc-
tion velocities of action potentials across the patch, as well as the action potential 
duration. These values can then be compared to physiological values to assess the 
functional quality of the cardiac patch [55]. Additionally, calcium transients can be 
similarly imaged with a calcium sensitive dye [56].

6 � In vivo Assessments of Cardiac Patches

Although cardiac patches can be fully characterized in vitro and can be conditioned 
in vitro to obtain functional values close to that of the native myocardium, cardiac 
patches can only truly be effective if their implantation results in the restoration of 
cardiac function post-infarction. Some studies have made progress towards achiev-
ing this goal, utilizing both small and large animal models, and acute or delayed 
implantation. The timing of patch implantation is a crucial aspect of in vivo assess-
ments as a way to help determine the mechanisms by which any benefits provided 
by the patch occur. Acute transplantation is transplantation of the patch immediately 
after infarction, delivering it during the initial inflammatory phase before fibrosis 
begins to occur. Chronic, or delayed transplantation, requires a second surgery and 
applies the patch after the inflammatory phase has passed and either before or after 
mature scar formation, depending on the time of implantation.

6.1 � Rodent Models

Rodent models of myocardial infarction treatments are commonly used as the first 
initial model due to the smaller size of patch required for treatment. Acute place-
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ment of a cardiac patch using fibrin as the scaffold and syngeneic neonatal rat cardi-
ac cells, with in vitro stretch conditioning of the patch prior to implantation, resulted 
in minimal scar formation and restoration of cardiac function 4 weeks post-infarct, 
with 36 % cardiomyocyte retention [37]. A similar patch made with a collagen/
Matrigel scaffold rather than fibrin and implanted 2 weeks post-infarction limited 
further scar formation and preserved cardiac function from the time of implantation 
[4]. Transplantation of a layered neonatal rat cell sheet patch into a nude rat infarct 
model 14 days post-infarction resulted in significant improvements in cardiac func-
tion, though cell retention was minimal after 4 weeks [57]. Few studies to date have 
been published assessing the functional consequences of a human stem cell derived 
cardiac patch in an infarcted rat model. Acute transplantation into non-infarcted rats 
of scaffold-free tissue patches utilizing hESC-CMs and HUVECs resulted in rapid 
vascularization of the patches in vivo. Patches containing only an enriched CM 
population resulted in poor CM retention [58].

6.2 � Large Animal Models

The use of large animal models of myocardial infarction is a necessary step towards 
bringing cardiac patches to clinical relevance Few studies to date have been able 
to generate the large numbers of human stem cell derived cardiomyocytes required 
to create cardiac patches large enough to be implemented in large animal models. 
Human ESC-CMs in cell sheet form were transplanted into a porcine ischemia-
reperfusion model 4 weeks after ligation in a feasibility and safety study, and it 
was found that the cell sheet treatment resulted in a reduction in LV dilation and 
an improvement in cardiac function both 4 and 8 weeks post-transplantation [59].

7 � Current Deficiencies and Obstacles

Despite the many advances in cardiac tissue engineering, there remain deficiencies 
in the field and many obstacles still to be overcome. Contractile force generation 
and cellularity of cardiac patches average far below physiological values of 44 mN/
mm2 and 20–40 M cells/gram for human ventricular myocardium and 56.4 N/mm2 
rat ventricular myocardium [60]. Diffusional limitations may contribute to this, and 
may be overcome by the development of a microvascular network- withing the 
patch during its fabrication. As mentioned earlier, progress has been made, but mi-
crovascular network have yet to be created and perfused in the presence of a cardio-
myocyte-containing patch of size relevant to even a rat infarct. Other issues that will 
be addressed in the coming years are maturation mismatch of donor cells to recipi-
ent hearts. Currently used stem cell-derived cardiomyocytes are a mixture of atrial, 
ventricular, and pacemaker phenotypes, and all exhibit a fetal or neonatal pheno-
type. Immature phenotypes also have different electrophysiological, metabolic, and 
contractile properties than adult CMs. It has yet to be determined if transplantation 
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of immature cells will elicit arrhythmic events, or if cells need to be differentiated 
to maturity prior to transplantation. However, more mature cells may not survive 
transplantation with the same efficiency as less mature cells.
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Mechanisms of Cardiac Valve Failure and the 
Development of Tissue Engineered Heart Valves

Meghana R. K. Helder and Robert D. Simari 

Abstract  Calcification of the aortic valve results in valvular dysfunction and is 
an important cause of morbidity and mortality. Our understanding of the process 
of aortic valve calcification has changed from a passive wear and tear process to 
that of an actively regulated process with known molecular mediators. Prior to cal-
cification of the valve, activated valvular interstitial cells coordinate maladaptive 
extracellular matrix remodeling of the leaflets. Bioprosthetic heart valves used to 
surgically replace stenotic aortic valves have excellent hemodynamic profiles and 
are anti-thrombogenic. However, they fail due to similar mechanisms as native 
aortic valves and thus durability is a limiting factor. Mechanical prostheses neces-
sitate anticoagulation. Ideal heart valve substitutes would be non-thrombogenic, 
maintain excellent hemodynamics, but would be durable and may hold the prom-
ise of growth. The basics of tissue engineering include fabricating a scaffold onto 
which autologous cells may be incorporated. The cells then transform the scaffold 
to autologous tissue with the ability to function in its desired location in the body. 
Popular scaffolds are decellularized allografts or xenogeneic aortic valves as they 
have the complex structure of the aortic valve still intact. Recellularization with val-
vular endothelial cells has been successful but avenues for recellularizing valvular 
interstitial cells are still being pursued. Alternative methods for generating scaffolds 
include three dimensional bioprinting and electrospinning.
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1 � Native Aortic Valve Stenosis Mechanisms

Aortic valve sclerosis and stenosis affects up to 26 % of patients over the age of 65 
in the United States [1]. This process is characterized by a fibrous thickening of the 
valve cusps followed by areas of calcification as the process becomes more severe 
[2]. Much research has focused on revising the theory that aortic valve stenosis 
(AS) is a degenerative wear-and-tear process that occurs with aging, but is in-fact 
is an actively regulated process of osteoblast and osteoclast-like cells [3]. The cal-
cification process of AS has been described well, but extracellular matrix (ECM) 
remodeling likely occurs prior to and contributes to calcification of the valve [2].

The earliest initiating factor in AS is endothelial dysfunction and disruption that 
then triggers a cascade [4] attracting a multitude of inflammatory cells to the area. 
Monocytes are attracted and enter the sub endothelial layer through the disrupted 
endothelial layer with the aid of adhesion molecules [5]. Patients with AS show in-
creased levels of soluble E-selectin and cellular adhesion molecules which are mark-
ers of endothelial activation and evidence of monocyte infiltration [6]. T lympho-
cytes are also attracted to the area of injury. They become activated within the sub-
endothelium and release transforming growth factor β1 (TGF β1) and interleukin-1β 
[7]. TGF β1 has a large role in activating valvular interstitial cells (VICs) [8].

TGF β1 has been shown to regulate VICs, not only in terms of turning VICs 
into osteoblast-like cells but also in regards to ECM remodeling. When VICs are 
cultured in the presence of TGF β1, α-smooth muscle actin (α-SMA) fibers align 
and pull away from the rigid plastic surface displaying activation and myofibroblast 
type of activity. TGF β1 has also been shown to inhibit VIC proliferation and apop-
tosis, [8]. Thus, activated VICs are left to continue the pro-inflammatory milieu.

Once VICs are activated, they become myofibroblast-like and express α-SMA [9]. 
Activated VICs produce pro-inflammatory mediators and toll-like receptors, particu-
larly 2 and 4, have been shown to regulate the production of these mediators in vitro 
[10]. Pro-inflammatory matrix metalloproteinases (MMPs) remodel the ECM of the 
valve, which results in a more fibrotic valve [11]. Matrix metalloproteinase-3 has 
been found to be significantly higher in patients in AS than in patients with normal 
aortic valves. Tissue inhibitor of metalloproteinases-1 activity was also seven times 
higher in patients with AS compared to patients with normal aortic valves. Both these 
findings imply increased remodeling of the ECM that is perhaps dysregulated [12]. 
Molecular studies show a complex interplay between MMPs, tumor necrosis factor-α, 
interleukin-1β, and RANKL in regulating the process of valve fibrosis and degenera-
tion by promoting cell proliferation and remodeling [13], [14]. Once the aortic valve 
is calcified, patients typically experience symptoms of angina, fatigue, and shortness 
of breath. When symptoms are present, average survival is 2 to 3 years with a high 
risk of sudden death. Aortic valve replacement is indicated in patients with symptom-
atic aortic valve stenosis [15] and is the best chance for increased survival.

Currently available valve replacements can be classified as mechanical or bio-
prosthetic. Mechanical valves can last a lifetime, but currently require chronic an-
ticoagulation with warfarin. Bioprosthetic heart valves (BHVs) have the advantage 
of excellent hemodynamics [16] and avoidance of anticoagulation and are prefer-
able in patients over the age of 65, the majority of patients requiring an aortic valve 
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replacement [17]. Bioprosthetic valves can be autografts (Ross Procedure), al-
lografts, or xenografts. Allografts are cadaveric aortic valves that are cryopreserved. 
Xenografts are either porcine or bovine in nature and are glutaraldehyde fixed.

2 � Bioprosthetic Valve Failure Mechanisms

Twenty to thirty percent of most BHVs fail within 12 to 15 years post-implantation 
[18]. The methods of failure are still not completely understood but degradation of the 
ECM and calcification are noted. Studies show degradation of glycosaminoglycans 
and collagen in failing BHVs [19]. However, there must be some external stimuli 
that cause BHVs to deteriorate when normal aortic valves not subjected to the above 
discussed mechanisms do not just “wear out.” Glutaraldehyde maybe one of these 
inciting factors. Fixation with glutaraldehyde is conducted to protect the xenograft 
from the human immune system. However cells and ECM proteins are devitalized 
secondary to this fixation and become more phosphorus-rich structures that are sites 
for calcium infiltration and nodule formation [20]. Also the amount of cross-linking 
promoted by glutaraldehyde may determine tissue stability and calcification [21].

Even though glutaraldehyde fixation is meant to protect the BHV from immune 
detection, it may not be completely effective in accomplishing this task. The risk of 
tissue degeneration is higher in patients < 35 years of age [22] and is attributed to an 
increased immune competence in younger patients. Humoral immune components 
trigger complement-mediated destruction of BHVs. Moczar et al. found evidence 
of IgG and complement proteins on BHVs in ventricular support systems implanted 
in younger patients [23] showing that antibodies are attracted to antigens on the 
BHV. There has also been evidence of increased T cells, macrophages, and antibody 
levels in animals receiving xenogeneic valves as compared to the animals receiving 
allogeneic valves [24].

The largest stimulus for immune activation may be xenoantibodies. Eighty 
percent of xenoantibodies are against the antigen, galactose-galactose-galactose-
α-1,3-glactose β-1,4-N-acetylglucosamine (α-Gal). This antigen is added on to 
most xenogeneic proteins during post-translational modification and is prevalent 
throughout all tissues that are not from humans or non-human primates. Current 
BHVs express α-Gal antigens on the surface [25] even with glutaraldehyde fixation. 
Also patients who have had BHVs implanted show higher levels of antibodies to 
α-Gal after operation [26], again even with glutaraldehyde fixation. Thus, immune-
mediate mechanisms definitely contribute to the failure of BHVs that includes a 
combination of calcification and ECM remodeling [27].

3 � Novel Methods of Creating Bioprosthetic Heart Valves

Bioprosthetic heart valves are meant to mimic the native aortic valve. An ideal aor-
tic valve substitute would mimic the native valve completely. Current BHVs main-
tain the anti-thrombogenicity and hemodynamic profile of native aortic valves and 
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these characteristics should be incorporated. However, areas of improvement from 
current BHVs include complete prevention of immune system activation and the ca-
pacity to grow. A promising method of achieving this is through tissue engineering.

Tissue engineering in its most basic form is taking a scaffold made of a biocompat-
ible material that can be populated with the patient’s own cells and then is maintained 
or changed by those cells to achieve its intended structure and function. Each level of 
tissue engineering a valve has many options and an overview is presented here.

Decellularization of allogeneic and xenogeneic valves has been used to generate 
scaffolds for tissue engineering. Decellularization affords the use of a pre-existing 
complex scaffold that maintains native valve structure. The process of decellular-
ization rids the valve of all DNA and cellular material. This theoretically abolishes 
the need for fixation and reduces immune response [28], [29]. Decellularization 
does preserve, grossly, the integrity of the ECM and thus the strength and elasticity 
needed for the valve to function and be durable [30]. However, microscopic exami-
nation of the ECM integrity does show some differences to the native valve [31], 
but this difference may not be functionally relevant.

While it is the intent of decellularization to remove all cellular and DNA mate-
rial, ECM proteins are still left behind. The α-gal antigen, as described above, is a 
glycopeptide that is ubiquitous in porcine tissue as it is a common post-translational 
modification step in most porcine proteins. Decellularization has been found to re-
move α-gal from valves [32]. Addition of the enzyme alpha-galactosidase may also 
be used for targeted removal of the α-gal antigen [33]. Pigs in which α-gal has been 
genetically deleted have been developed and could provide tissue for bioprosthetic 
valves without this xenoantigen. These adjuncts to decellularization represent prog-
ress in removing all the immune stimuli associated with xenogeneic materials for 
BHVs and thus reduce the impetus for calcification and subsequent failure.

Several human trials of decellularized valves have already been conducted. The 
least risky avenue to introduce this approach was with the use allografts. Allografts 
are already accepted aortic valve substitutes and any decellularization process may 
improve the valve with minimal adverse effects.

The SynergraftTM by Cryolife was the first decellularized human aortic valve 
allograft available. O’Brien et al. performed the first experimental studies in sheep 
and showed promising results [34]. Elkins et  al. showed decreased staining for 
MHA class I and II proteins along with decreased panel reactive antibodies in pa-
tients implanted with decellularized pulmonary allografts [35]. The Mayo Clinic 
published our cohort of 22 patients in whom the SynergraftTM was implanted in the 
aortic position and had good short-term results [36]. Mid-term survival is promising 
as well. At a mean follow-up of 19 months, there were no aortic valve re-interven-
tions [37] and a follow-up of 52 months, there was still no need for reoperations in 
patients with SynergraftTM allografts [38].

Human pulmonary allografts reseeded with autologous peripheral mononuclear 
cells were implanted into two pediatric patients. There were no signs of valve de-
generation during 3.5 years of follow up in either child [39].

The limited supply of allografts forces us to look to xenografts for possible aortic 
valve substitutes. Xenografts were treated with the same decellularization protocol 
and four xeno-SynergraftsTM were implanted in the right ventricular outflow tract of 
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children requiring reconstruction and limited other options. The results were dismal. 
Three patients died between postoperative day 7 and 1 year. In the fourth patient, the 
graft was explanted on postoperative day 2 because of the known graft failure in the 
3rd patient [40]. In examination of the failed grafts, incomplete decellularization of 
the xenogeneic valves was evident and immune-mediated failure was likely the cul-
prit[41]. The consequences of incomplete decellularization are more dire in xenogene-
ic valves than in allogeneic valves because of the degree of immune reaction elicited.

Besides these initial clinical applications, decellularized xenograft valves have 
remained in the experimental realm. Multiple animal studies have been conducted 
that have taken decellularized aortic valves and implanted them into juvenile sheep 
either in the aortic or pulmonary position [42–46]. In all of these studies, a confluent 
endothelial cell layer has been noted at explantation with good hemodynamic func-
tion and no thromboembolic complications of note.

Even though decellularization of animal aortic valves has been the most popular 
route for creating a natural scaffold, other groups have tackled this task by creating 
novel tissue. Syedain et al. created a scaffold utilizing fibroblasts in a fibrin gel and 
then decellularizing the resulting tissue to create a decellularized tube. This tube is 
placed over a trident stent and the result is a functional valve with short term func-
tion in a sheep pulmonary artery [47]. A similar approach was taken by Dijkman et 
al., who utilized biodegradable polyglycolic mesh leaflets seeded with autologous 
bone marrow-derived mesenchymal stromal cells (MSCs) and then decellularized 
the valves. These valves avoid the risk of xenograft-specific immune responses 
because of the polymer based initial scaffolds [48]. Transcatheter implantation of 
these valves in the pulmonary position of sheep showed regurgitation and possible 
evidence of leaflet contraction [49].

Scaffolds, whether decellularized or created are meant to serve as sites for (re)
cellularization of some variety, be it in vitro prior to implantion or in-vivo, relying 
on the patient to repopulate the scaffold after implantation. Along with discussing 
the options for recellularization, cell sources and cell types used for recellulariza-
tion must also be discussed. There are two primary types of cells in a native human 
aortic valve; valvular endothelial cells (VECs) and VICs. Both serve unique func-
tions that serve to extend valve durability.

Valvular endothelial cells have several physiologic roles both in regards to the 
circulation and valve tissue. A monolayer of endothelial cells lines all surfaces in 
the body that are in contact with blood. The monolayer serves a regulatory role in 
the coagulation cascade, allowing platelet adhesion only in times of injury [50]. In 
the vasculature, beyond coagulation and the resulting thrombosis, endothelial cells 
are well known to influence the size of a blood vessel by releasing proteins such 
as nitric oxide. However, not much is known about the valvular endothelial cells 
in this regard. In-vitro studies have shown that VECs respond to vasoactive agents 
and thus may have an effect on the morphology of the valve itself [51]. Beyond 
morphologic and coagulation regulation, VECs seem to modulate VIC phenotype. 
In co-culture, VECs decrease the α-SMA expression from VICs. Thus, valvular 
endothelial cells are important to the function of the valves and do not serve just a 
protective role [52].
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In-vivo implantation of decellularized aortic valves show regrowth of a mono-
layer of endothelial cells at 5-months [43, 45]. Thus, there is proof of in-vivo 
recellularization with endothelial cells. The source of these cells may include 
neighboring endothelium or circulating sources including endothelial progenitor 
cells (EPCs). The debate of the benefits of in vitro versus in vivo endothelial recel-
lularization continues. No study to date has pinpointed the time it takes to repopu-
late a scaffold in-vivo or the origin of the endothelial cells that do repopulate the 
scaffold. Important questions remain however regarding the translation of what 
is seen in the animal model to the human patient. There is a large decrease in the 
number of EPCs in the circulation of patients with aortic stenosis [53]. Thus, the 
circulatory cells of a juvenile sheep are much different than those of an elderly 
patient with aortic stenosis.

Recellularization in-vitro allows for autologous seeding with minimally invasive 
techniques. Endothelial outgrowth cell (EOCs) have been extensively character-
ized and have great proliferative potential can be derived from venous blood with 
a single needle stick [54]. However, no studies to date have sought to compare the 
benefits of in-vitro recellularization versus in-vivo recellularization directly.

Valvular interstitial cells are typically identified as the cells that maintain the 
ECM of the valve cusp, but have many functions and forms beyond this mainte-
nance role. Most of the time, VICs in the valve cusp are quiescent and focus on 
maintaining valve structure and function. Progenitor VICs (pVICs) are found in the 
bone marrow and circulation but also some are likely residents in the valve itself 
[9]. These cells are precursors to activated VICs (aVICs), which as discussed above, 
are the progenitors of maladaptive remodeling (Fig. 1).

Fig. 1   VICs exist in different configurations within the valve. pVICs are the resident form that 
give rise to qVICs. qVICs can become activated and lead to repair and remodeling of the valve. 
qVICs can also be differentiated into obVICs which can lead to calcification of the valve. From 
Liu et al. [9], permission to reuse obtained
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Decellularized porcine aortic valves have been recellularized with VICs in-vitro 
by seeding with the aid of fibronectin. In culture, VICs seem to differentiate into 
myofibroblasts, fibroblasts, smooth muscle cells, and even endothelial cells [55]. It 
will be important to characterize the cellular structure of recellularized valves prior 
to implantation for in vivo studies. No clinically viable sources of VICs that can be 
used for in vitro recellularization have been identified to date.

For this reason, bone marrow-derived mesenchymal stromal cells (MSCs) have 
been utilized for recellularization thus far in animal studies. Bone marrow derived 
mesenchymal stem cells were injected into the decellularized porcine pulmonary 
valve and then implanted into the pulmonary position in a lamb. In this study, they 
saw complete re-endothelialization at 4 months along with very few inflammatory 
cells and ECM remodeling [56]. In vitro recellularization with MSCs for 30 days 
in static culture resulted in an endothelial layer along with the presence of smooth 
muscle cells, osteogenic and adipogenic cells in the valve itself [57]. Even though 
smooth muscle and osteogenic cell types are present at times in the native leaflet, 
they are often present in pathologic conditions. Thus, the multipotent differentiation 
potential of MSCs might be detrimental when implanted into a pathologic milieu of 
the elderly patient that already produced stenosis of their native valve.

4 � Alternative Methods of Creating Scaffolds

The natural scaffold of a decellularized xenograft or allograft still may carry the 
possibility of an inflammatory response. A synthetic biodegradable scaffold seed-
ed with autologous cells may provide a platform to create autologous implantable 
tissue, without worry of an inflammatory response. Mayer et al. were the first to 
replace a valve leaflet in a lamb with a polymer scaffold seeded with autologous 
endothelial cells and fibroblasts [58]. The same group constructed a tri-leaflet heart 
valve in much the same way which demonstrated good hemodynamic function in 
the pulmonary position in a juvenile sheep at 120 days [59]. Tri-leaflet heart valves 
scaffolds were made utilizing biodegradable Fastacryl stent material and leaflets 
were cut out of polyglycolic acid meshes [60]. These synthetic heart valves were 
then seeded with cells from human saphenous vein and collagen and glycosamino-
glycan content was seen to increase up to 3 weeks. The strength of the tissue was 
also shown to be increased in the synthetic heart valves seeded with cells compared 
to those that were not seeded with cells [61].

Other technologies have been implemented in developing a tissue-engineered 
aortic valve substitutes. These methods have yet to reach animal experimental stag-
es but are promising venues. Duan et al. have been able to utilize a 3D bioplotter 
to print an aortic valve (Fig. 2). 3D bioplotters have the ability to print materials 
based on a computer aided drafting file much in the same way as an inkjet printer 
except by introducing another dimension. The difference between a 3D printer and 
a 3D bioplotter is that cells can be printed with materials in a 3D bioplotter so that 
the recellularization step is done in conjunction with creating the scaffold. Also, the 



426 M. R. K. Helder and R. D. Simari

entire process is done in a sterile manner. Duan et al. used a combination of alginate 
and hydrogel preparations to create the scaffold and utilized VICs for the cellular 
material. The valves imprinted with VICs showed an increase in type I collagen 
after 7 days of incubation, showing that the cells are laying down their own ECM. 
These results show that 3D printing of aortic valves can be accomplished, but much 
ground must be covered before in-vivo testing can be attained [62].

Another methodology of creating a tissue engineered valve is electrospinning. 
Electrospinning is a process of using an electrical charge to draw nano or micro 
scale fibers from a specified liquid. The fibers are collected on a charged scaffold 
and the scaffold is created for the particular function. This process has been shown 
to produce a functional valve [63]. The process was modified further to produce 
a hybrid design. Two polymers were utilized to electrospin a heart valve scaffold 
that was seeded with VICs and layered with VECs. This leaflet was tested in con-
junction with fresh porcine leaflets in a bioreactor which provides a simulation of 
human pressures and flows. In bioreactor stimulation and testing, the electrospun 
leaflet opened and closed in step with native leaflets [64] (Fig. 3). Again, advances 
are necessary before in vivo experimentation with electrospun valves, but this pro-
cess has the unique advantage of being able to align cells in the ways that mimic 
the native aortic valve and being able to duplicate the microstructure of the valve.

5 � Conclusions

Many viable methods exist to create an ideal heart valve substitute that is not only 
durable but may also not require anticoagulation. Some tissue-engineering meth-
ods such as decellularization of allografts have already been implemented in clini-
cal practice and the clinical outcomes of these methodological changes are being 
evaluated. Extensive animal testing has already been conducted on decellularized 
xenogeneic scaffolds and results are encouraging. However with devastating first 
clinical trials, it is appropriate and prudent to tread carefully before reintroducing 
this technology into the clinical realms.

Fig. 2   Photograph of an 
aortic valve printed on a 
bioplotter by Duan et al. [62], 
permission to reuse obtained
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