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Fibrotic diseases cause annually more than 800,000 deaths worldwide, whereof the majority accounts for lung
and cardiac fibrosis. A pathological remodeling of the extracellular matrix either due to ageing or as a result of
an injury or disease leads to fibrotic scars. In the heart, these scars cause several cardiac dysfunctions either by
reducing the ejection fraction due to a stiffened myocardial matrix, or by impairing electric conductance, or
they can even lead to death. Today it is known that there are several different types of cardiac scars depending
on the underlying cause of fibrosis. In this review, we present an overview of what is known about cardiac fibrosis

g?r,g;gzdécm including the role of cardiac cells and extracellular matrix in this disease. We will further summarize current di-
Fibrosis agnostic tools and highlight pre-clinical or clinical therapeutic strategies to address cardiac fibrosis.
Myocardium © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
Collagen creativecommons.org/licenses/by/4.0/).
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1. Introduction

Cardiovascular disease (CVD), a class of diseases that impact the
heart or cardiovascular system, is responsible for 31% of all deaths and
remains the leading cause of mortality worldwide [1]. Ischemic heart
disease and endomyocardial fibrosis are the primary causes of end-
stage heart failure [2]. In 2012, 1 of 9 deaths in the US was due to
heart failure. According to the American Heart Association, the esti-
mated annual costs for CVD and strokes are $316.6 billion per year,
more than any other diagnostic group [2]. The estimated costs for CVD
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in Europe are 210 billion € per year [3]. There is an urgent need to de-
velop advanced diagnostic tools and improved therapies in the area of
cardiac disease and especially cardiac fibrosis.

Fibrosis is a well-recognized cause of morbidity and mortality
[1]. Fibrotic scars of the cardiac muscle most commonly occur
after myocardial infarction; however, there are various other condi-
tions promoting cardiac fibrosis such as hypertensive heart disease,
diabetic hypertrophic cardiomyopathy and idiopathic dilated car-
diomyopathy [4,5]. Despite the impressive self-healing capacity of
the human body, where small defects as a result of injury or dis-
ease can be remodeled or regenerated by the residing cells, not
all defects can properly regenerate, which is especially true for
the human heart. Cardiac fibrosis is a process of pathological extra-
cellular matrix (ECM) remodeling, leading to abnormalities in
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matrix composition and quality, as well as an impaired heart mus-
cle function [4]. Initially, ECM deposition is a protective mechanism
and can be beneficial for wound healing and tissue regeneration.
However, excessive and continuous ECM deposition, particularly
collagen type I secretion, leads to impaired tissue function [1].

2. ECM and ECM of the cardiac muscle

Tissues and organs consist of two main elements: A non-cellular
ECM component, and residing cells, which constantly synthesize or
degrade the ECM [6]. The ECM is a highly durable, mechanically stable
fiber-containing structure that serves as a scaffold for cells. Cell-ECM
interactions influence cellular behaviors such as migration, prolifera-
tion, survival and differentiation, for example via cell-surface receptors
[6-9]. Each tissue has unique mechanical and biological properties
that are defined by a complex network of collagens, elastic fibers, fi-
bronectin, laminins, various proteoglycans, glycosaminoglycans, glyco-
proteins and soluble factors [6,10]. The exact composition of the ECM
varies from tissue to tissue. The major component of the adult human
cardiac muscle is fibrilliar collagen type I (approximately 85%) and
collagen type III (approximately 11%) [11]. Collagen synthesis and
turnover is mainly regulated by cardiac fibroblasts [12]. In the heart
muscle, collagen fibers are highly important for the transmission of
contractile forces [12]. Collagen fiber diameters vary depending on
their location. A fiber diameter between 120 nm and 150 nm has
been reported for collagen fibers in the endomysium [13], the region
surrounding individual cardiomyocytes [14]. Two diameter ranges
were described for the perimysium, the region defining muscle bun-
dles, which contains collagen fibers between 1 and 3 pum and
40-50 nm in diameter [14,15]; however, these parameters signifi-
cantly change based on age or physiological condition [16]. In addition
to collagens, the cardiac muscle also contains elastic fibers, fibronectin,
proteoglycans and glycosaminoglycans [11,14]; although the ECM
composition and quality changes dramatically in aged [6] or diseased
tissues [17] (Fig. 1). Based on many studies much is known about
the composition of the cardiac muscle in health and disease; however,
there is still a lack of understanding of the molecular mechanisms that
underlay the interaction of cellular and extracellular components of
the cardiac muscle [14].

3. Cells in the cardiac muscle

The cardiac muscle is composed of various cell types.
Cardiomyocytes are commonly known as the cells of the heart; al-
though only 25-35% of all cells in the adult cardiac muscle are
cardiomyocytes [18]. During early heart development, cardiac

progenitor cells differentiate into cardiomyocytes, which then start to
proliferate [19]. Fetal heart growth is a result of cardiomyocyte prolifer-
ation; however, in an adult heart, cardiomyocyte turnover is highly lim-
ited if even existing. Shortly after birth the cells exit the cell cycle, and it
has been reported that the turnover rate in the adult heart is less than
1% a year [19].

Specific markers to identify cardiomyocytes are sarcomeric myo-
sin (MF20), cardiac troponin (cTNT) and connexin 43 (Cx43) [20].
Ventricular and atrial cardiomyocytes express the contractile pro-
teins MF20 and cTNT; however, they differ in their contractile and
electrophysiological properties [21,22]. A few genes have been iden-
tified to separate atrial and ventricular cardiomyocytes: HRT1, MLC-
2a, CX40, sarcolipin and ANF were described to be expressed in the
atrium, whereas HRT2, IRX4, MLC-2v, KCNE1 are expressed in the
ventricle [22]. Brauchle et al. used Raman microspectroscopy as a
marker-independent method to distinguish between atrial and ven-
tricular  cardiomyocytes [21]. Compared to ventricular
cadiomyocytes, atrial cardiomyocytes show an altered calcium sig-
naling due to the lack of transverse tubules [23]. Furthermore, it
has been described that sino-atrial node cells exhibit a different
morphology than atrial or ventricular cardiomyocytes [23]. These re-
ports show that cardiomyocytes are not homogeneous cell popula-
tions. Although it has been reported that the adult myocardium
additionally contains cardiac stem cells, a multipotent cell popula-
tion, which gives rise to cardiomyocytes and vascular cells when
stimulated under the right conditions [24],the presence of a true
multipotent cardiac stem cell in the adult human heart is still
under heavy scientific debate.

There is a significant number of non-myocytes present in the heart.
The non-myocyte cell population includes vascular and lymphatic en-
dothelial cells, fibroblasts, vascular smooth muscle cells, pericytes, tis-
sue macrophages and leucocytes (including myeloid cells, T cells and
B cells) [25]. It has been reported that about 64% of the non-myocyte
cell population in the mouse and 54% in the human heart are endothe-
lial cells [25]. Furthermore, about 9% and 3% leucocytes have been iden-
tified in the mouse and human heart, respectively [25]. Until today, the
exact quantity of cardiac fibroblasts in the human heart has not been ex-
amined; however, a study on adult mouse hearts confirmed that about
15% are cardiac fibroblasts. In the majority of the studies, cardiac fibro-
blasts were defined by their morphology, but there is a combination of
cellular markers such as Ddr2, CD90, PDGFRa, vimentin, Fsp1, Tcf21,
Colla1l, MEFSK4 and Postn, which have been used to identify these
cells [25,26]. Cardiac fibroblasts are responsible for (physiological and
pathological) ECM synthesis in the heart muscle and play an important
role for the structural, mechanical and electrical cardiac function
[26-28].

Fig. 1. Movat-Pentachrome staining of the adult human ventricle. (A) Healthy adult, (B) ischemic cardiomyopathic (interstitial fibrosis) and (C) dilated cardiomyopathic (diffuse fibrosis)
muscle tissue. Muscle tissue is red, proteoglycans and glycoproteins are shown in blue-green, and collagens are depicted in yellow. Scale bar equals 200 pm.
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4. Cardiac fibrosis

Cardiac fibrosis is a scarring event in the cardiac muscle that is char-
acterized by an increased collagen type [ deposition as well as cardiac fi-
broblast activation and differentiation into myofibroblasts [5]. These
pathological changes lead to an increased matrix stiffness and lead to
abnormalities in cardiac function. Three types of myocardial fibrosis
have been identified: I) reactive interstitial fibrosis, II) infiltrative inter-
stitial fibrosis and III) replacement fibrosis. Reactive interstitial fibrosis
leads to a pressure overload and cardiomyopathies due to an increased
ECM deposition without a significant loss of cardiomyocytes [5,29]. In-
filtrative interstitial fibrosis is characterized by the glycolipid build up
in different cells of the heart, which can be observed in patients with
Fabry disease, a rare genetic disease that involves dysfunctional metab-
olism of sphingolipids [5,29]. Replacement fibrosis occurs after cardiac
injury like myocardial infarction, where cardiac cells are damaged.
Here, dead cells are replaced and a predominantly collagen type I-
containing scar is formed [5,29]. The texture of fibrosis in the diseased
heart varies strongly. Histological assessment utilizing collagen type I
staining of human fibrotic hearts revealed four different types of fibrotic
structures: interstitial, compact, diffuse and patchy [30]. Interstitial fi-
brosis is mainly an accumulation of collagens between groups of cells.
Compact fibrosis is characterized by the deposition of large and dense
collagenous structures, which are completely devoid of cardiomyocytes.
Short stretches of fibrosis are typical for diffuse fibrosis, whereas patchy
fibrosis shows long collagen fiber strands in between myocardial bun-
dles [30].

4.1. Collagens in fibrosis

ECM remodeling and crosslinking occurs after injury as a result of
wound healing or in the aged heart. Both events play a crucial role in
cardiac fibrosis, which is pathologically characterized by an increased
deposition of collagens that is induced by activated cardiac fibroblasts
[30]. Additionally, an altered collagen type I to collagen type Il ratio is
attributed to cardiac fibrosis. The ratio of collagen type I to collagen
type Il varies depending on the underlying cause of fibrosis. In myocar-
dial infarction (MI) models, an upregulation of collagen type I was ob-
served [12,31], whereas the expression of type IIl collagen was
significantly increased in patients suffering from ischemic cardiomyop-
athy [12,32]. The role of collagen type VI in cardiac fibrosis is not entirely
understood; however, it has been shown that it can induce
myofibroblast transdifferentiation [12]. Interestingly, the same study
reported that the disruption of collagen type VI resulted in a reduction
of fibrosis [12].

It has been reported that the accumulation of collagens followed by a
maturation process leads to a fibrotic scar [1]. The tensile strength of
such scars increases with crosslinking density [33]. As a result, cardiac
contractility and relaxation are impacted and the cardiac function is lim-
ited [1]. Excessive collagen deposition in the heart muscle also effects
electric coupling. Scars can create conduction blocks and have therefore
been described as electrical insulators [34-36]. But is a fibrotic scar re-
ally non-conductive? Catheter ablation is a clinical intervention by
which a tightly focused lesion is induced by a local energy delivery in
order to correct atrial fibrillation by forming a scar to prevent undesired
currents to pass through. Interestingly, in many patients these scars be-
come transparent after a while, and it has been reported that there is a
possibility of trans-scar conduction [36,37]. Future studies are needed to
further the understanding of the biology and underlying molecular
mechanisms that lead to functional scars in the heart, and how the qual-
ity of cardiac ECM components and their composition impact normal
cardiac function. This knowledge will allow the development of novel

cell-free treatment strategies for the fibrotic heart such as utilizing
ECM proteins as a therapeutic agents.

4.2. The role of fibroblasts

Cardiomyocyte death after injury or due to diseases leads to an in-
flammatory response and activation of cardiac fibroblasts [12]. Under
physiological conditions, cardiac fibroblasts express no stress fibers.
After injury however, fibroblasts are activated and transdifferentiate
into stress-fiber expressing myofibroblasts [12,36]. This phenotype ex-
presses oo smooth muscle actin and develops contractile bundles
[38,39]. Changes in the mechanical and structural microenvironment
but also the increase of certain factors such as transforming growth fac-
tor 3 (TGFB) can lead to the activation of cardiac fibroblasts [40,41]. Fur-
thermore, mast cell accumulation has been observed at sites of injury
[12]. These cells degranulate and release histamine, which stimulates fi-
broblast proliferation and collagen synthesis [12]. The relative contribu-
tion of pro-fibrotic factors inducing fibroblast activation depends on the
underlying disease or injury. Activated fibroblasts have an increased
proliferation and migration capacity [42]. ECM synthesis and deposition
are further characteristics of activated myofibroblasts [43]. To date, the
role of fibroblasts in the heart has been highly underresearched. It is
known that these cells are important mediators for cardiomyocyte syn-
chronization. In contrast to cardiomyocytes however, cardiac fibroblasts
do not generate an action potential and are not excitable, although they
are capable of electric coupling amongst each other and to neighboring
cardiomyocytes [36]. In vitro, electric signal transduction of cardiac fi-
broblasts up to a distance of 300 um has been described [44]. More re-
search is needed in order to understand the role of cardiac fibroblasts
in both physiological and pathological heart development, and simply
to shed light on the biology of these cells.

5. Diagnostic tools

The current gold standard of diagnosing cardiac fibrosis is the detec-
tion and quantification of the interstitial collagen content based on an
endomyocardial biopsy [4,45]. Non-invasive techniques exist to identify
fibrotic tissue. The most common method for determining LV volume
and mass is cardiac magnetic resonance (CMR) imaging. To assess re-
placement cardiac scar fibrosis, an event that often occurs following
M, gadolinium-based contrast agents are employed, whereby the quan-
tification of the extracellular volume is performed via T1 mapping. This
method enables the characterization of the cardiac tissue composition
[29]. CMR is however an expensive method requiring considerable skills
for acquisition and analysis of the acquired images [29]. Another diag-
nostic tool is speckle tracking or integrated backscatter echocardiogra-
phy [5]. With ultrasound natural acoustic reflections, so-called
speckles, are detected, which show various characteristic patterns
throughout the myocardium [29]. Although quantitative and functional
assessment is possible [4], the method depends highly on image quality,
which unfortunately varies between operators but also patients [29]. In
order to detect perfusion defects or a metabolism perfusion mismatch,
nuclear imaging like single photon emission computed tomography
(SPECT) or positron emission tomography (PET) have been used respec-
tively [5]. In addition to imaging methods, non-invasive fibrosis detec-
tion is also possible utilizing biomarkers. Here, the ratio of matrix
metalloproteinase type 1 to tissue inhibitor of metalloproteinase type
1 (MMP-1/TIMP-1) or carboxy-terminal pro-peptide of pro-collagen
type I (PCIP) in blood is routinely used [4]. Today, all of the here men-
tioned methods and techniques are routinely employed. However,
none of them fulfills all requirements to identify myocardial fibrosis
and therefore a combination of imaging, biomarker assessment and rou-
tine histological and histochemical staining is usually needed to fully
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characterize cardiac fibrosis [29]. Accordingly, there is a dire need to de-
velop new and most importantly non-invasive methods and technolo-
gies for the assessment of fibrosis in vivo.

6. Therapies and therapeutic strategies

Although fibrotic responses include fibroblast recruitment and
activation, which potentially lead to scar formation, these events
are also crucial for normal wound repair [36,46]. Therefore, it is
necessary to understand the details of the events that lead either
to physiological or to pathological tissue remodeling in order to de-
sign new therapeutic targets or strategies. A strong focus has been
on the modification of scar properties, and encouraging the heart to
form "better" and more functional scars [36]. Currently used thera-
peutics to impact the fibrotic response in injuries are angiotensin
(AT)-converting enzyme and ATI receptor antagonist, 3-blockers,
endothelin antagonists, as well as statins [47]. In addition,
eplerenone (FDA approved since 2002) has been introduced as a
drug suppressing fibrosis formation by blocking the aldosterone
pathway [48]. There are also approaches to influence fibroblast ac-
tivation by blocking TGF3 or Smad3 signaling [49]; however, there
is a need for implementing more targeted interventions. There are
currently a number of open questions regarding what, when and
how to target fibrosis, particularly when blocking certain mediators
in a wrong phase can impact cellular responses that are mandatory
for cardiac repair [36]. Rog-Zielinska and colleagues nicely
reviewed potential targets for a therapeutic manipulation such as
cellular recruitment, scar mechanics, cardiomyocyte-fibroblast cou-
pling or targeting microRNA (mRNA)-, periostin- or caveolin-
signaling [36].

In order to induce cardiac regeneration, biomaterial-assisted
strategies attract more and more attention [50]. It can be distin-
guished between three biomaterial-based approaches for MI treat-
ment: (i) to introduce a polymeric mechanical support, (ii) the
use of an in vitro tissue-engineered cell-containing substrate, or
(iii) in situ tissue engineering by delivering active molecules [51].
In order to provide ventricle stability, hydrogels [50] and also poly-
meric meshes [51] were applied to serve as a mechanical support
leading to improved or preserved cardiac function. Another
biomaterial-based approach is the classical tissue engineering set
up, where cells are seeded onto biomaterial scaffolds prior to im-
plantation. Such cell-containing scaffolds can significantly improve
cell survival and enable cell immobilization at the site of injury
[50]. Wang et al. employed a thermo-responsive hydrogel with
immobilized brown adipose tissue-derived stem cells and demon-
strated enhanced cell survival as well as cardiomyocyte differentia-
tion [52]. The third approach of using biomaterials for MI treatment
is the immobilization of functional molecules. By encapsulating
proteins, growth factors or small molecules in a synthetic or natu-
ral biomaterial scaffold, both, structural support and biochemical
information can be provided [53-55]. Furthermore, mRNA encapsu-
lation is a promising approach as recently demonstrated in a study,
where mRNA-29B was delivered in a collagen type I hydrogel. With
this approach, the natural balance of collagen type [: collagen type
III ratio was restored [56]. Recently, Lakshamnan and Maulik com-
prehensively reviewed biomaterial strategies for cardiac repair
and cardiac tissue engineering, which was mostly focused on prom-
ising preclinical concepts using electrospinning to generate fiber-
containing scaffolds or applying injectable hydrogels [15]. There is
also a currently ongoing clinical trial (NCT02305602) for
the investigation of the impact of a porcine decellularized myocar-
dial matrix hydrogel on the infarcted myocardium [57]. Addition-
ally, a phase I trial using autologous stem-cell sheets as a therapy
to treat cardiomyopathy showed promising results regarding safety
and functional recovery [58].

Another therapeutic strategy is the application of growth factors
and cytokines such as VEGF, IGF-1, HGF, NRG-1, EGF, FGF, and, as al-
ready described, TGF( to induce cardiac repair [24]. With this ap-
proach, residing cells in the heart can be targeted and cell
processes like survival, migration, proliferation and differentiation
can be impacted [24]. Korf-Klingebiel et al. identified myeloide-
derived growth factor (MYDGF) as a protecting and repairing pro-
tein, which is secreted by macrophages and monocytes after MI
[59]. In in vivo Ml studies, a significant reduction in scar size was ob-
served after recombinant MYDGF treatment [59]. Furthermore, it has
also been suggested to intervene in collagen synthesis by inhibiting
pro-collagen N-and C-proteinases enhancer (PCPE) [4]. Other studies
demonstrated that the glycoprotein endoglin is upregulated in heart
failure. Targeting endoglin to control myocardial fibrosis may be also
a promising approach [60].

The application of stem cells has been pursued as another possi-
bility of treating cardiac fibrosis and heart failure. Various phase I
and II clinical trials were performed in the last years injecting adult
stem cells such as mesenchymal stem cells, cardiac-derived (stem)
cells or bone marrow-derived cells [61], but also pluripotent stem
cell-derived cells [62]. However, there is a lack of significant benefit
by using these cells, presumably due to discrepancies in reporting,
variations in trial methods or questionable end points [61]. The mod-
est success of stem cell strategies are according to Mohsin et al. a con-
sequence of poor survival, marginal proliferation and limited
engraftment [63]. In addition, it has been demonstrated that the
age of cells plays a crucial role in performance [63]. So far, there is
no evidence that injected stem cells differentiate towards fully func-
tional cardiomyocytes. Current studies suggest that the partly bene-
ficial effect is a result of secreted paracrine factors, which activate
endogenous pathways [61]. According to these findings the question
arises, why not to choose the more cost-effective alternative and di-
rectly apply these paracrine factors in order to treat the damaged
heart or reduce fibrosis. For that, it is necessary to further investigate
which factors exactly trigger healing processes.

7. Conclusion

Physiological ECM remodeling after injury is a natural and important
process of tissue regeneration. In contrast, pathological remodeling in-
cluding fibrotic collagen production leads to non-functional scars and
an impaired tissue function. Although it is known that different kinds
of cardiac fibrosis exist, events that lead to the onset of fibrosis and
the process of cardiac scar formation are still not entirely understood.
Deciphering the biology that underlies these events will enable the de-
sign of new, safe and effective treatment strategies. In addition, there is
also a need of improving diagnostic tools in order to enable early, reli-
able and non-invasive fibrosis detection, which will allow to improve
the patients’ quality of life.

Acknowledgements

The authors are grateful for the financial support by the Medical Fac-
ulty of the Eberhard Karls University Tiibingen, the NMI Reutlingen, the
Deutsche Forschungsgemeinschaft (SCHE 701/14-1), and the Ministry
of Science, Research and the Arts of Baden-Wiirttemberg (33-729.55-
3/214).

References

[1] LA. Murtha, M. Schuliga, N.S. Mabotuwana, S.A. Hardy, D.W. Waters, ].K. Burgess,
D.A. Knight, AJ. Boyle, The processes and mechanisms of cardiac and pulmonary fi-
brosis, Front. Physiol. 8 (2017).

[2] D.Mozaffarian, E.J. Benjamin, A.S. Go, D.K. Arnett, MJ. Blaha, M. Cushman, S.R. Das, S.
de Ferranti, J.-P. Després, H.J. Fullerton, V.J. Howard, M.D. Huffman, C.R. Isasi, M.C.
Jiménez, S.E. Judd, B.M. Kissela, ].H. Lichtman, L.D. Lisabeth, S. Liu, RH. Mackey, D.
Magid, D.K. McGuire, E.R. Mohler, C.S. Moy, P. Muntner, M.E. Mussolino, K. Nasir,
R.W. Neumar, G. Nichol, L. Palaniappan, D.K. Pandey, M.]. Reeves, CJ. Rodriguez,


http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0005
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0005
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0005
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0010
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0010
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0010
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0010
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0010

3

[4

[5

[6

17

[8

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]
[31]
[32]

[33]

S. Hinderer, K. Schenke-Layland / Advanced Drug Delivery Reviews 146 (2019) 77-82 81

W. Rosamond, P.D. Sorlie, J. Stein, A. Towfighi, T.N. Turan, S.S. Virani, D. Woo, RW.
Yeh, M.B. Turner, Heart disease and stroke statistics—2016 update, Rep. Am. Heart
Assoc. 133 (2016) e38-e360.

E. Wilkins, L. Wilson, K. Wickramasinghe, P. Bhatnagar, J. Leal, R. Luengo-Fernandez,
R. Burns, M. Rayner, N. Townsend, European Cardiovascular Disease Statistics 2017,
European Heart Network, 2017.

C. Jellis, J. Martin, J. Narula, T.H. Marwick, Assessment of nonischemic myocardial fi-
brosis, J. Am. Col. Cardiol. 56 (2010) 89-97.

M. Disertori, M. Maseé, F. Ravelli, Myocardial fibrosis predicts ventricular tachyar-
rhythmias, Trends Cardiovasc. Med. 27 (2017) 363-372.

C. Frantz, KM. Stewart, V.M. Weaver, The extracellular matrix at a glance, J. Cell Sci.
123 (2010) 4195-4200.

R.P. Mecham, Overview of extracellular matrix, Curr. Protoc. Cell Biol. 57 (2001)
(10.11.11 -10.11.16).

S. Hinderer, S.L. Layland, K. Schenke-Layland, ECM and ECM-like materials — bioma-
terials for applications in regenerative medicine and cancer therapy, Adv. Drug
Deliv. Rev. 97 (2015) 260-269.

S.W. Han, ]. Roman, Fibronectin induces cell proliferation and inhibits apoptosis in
human bronchial epithelial cells: pro-oncogenic effects mediated by PI3-kinase
and NF-kB, Oncogene 25 (2006) 4341.

L. Schaefer, R.M. Schaefer, Proteoglycans: from structural compounds to signaling
molecules, Cell Tissue Res. 339 (2010) 237-246.

R.I. Bashey, A. Martinez-Hernandez, S.A. Jimenez, Isolation, characterization, and lo-
calization of cardiac collagen type VI. Associations with other extracellular matrix
components, Circ. Res. 70 (1992) 1006-1017.

P. Kong, P. Christia, N.G. Frangogiannis, The pathogenesis of cardiac fibrosis, Cell.
Mol. Life Sci. 71 (2014) 549-574.

G.A. Holzapfel, RW. Ogden, Constitutive modelling of passive myocardium: a struc-
turally based framework for material characterization, Philos. Trans. Math. Phys.
Eng. Sci. 367 (2009) 3445-3475.

N.G. Frangogiannis, The extracellular matrix in myocardial injury, repair, and re-
modeling, J. Clin. Invest. 127 (2017) 1600-1612.

R. Lakshmanan, N. Maulik, Development of next generation cardiovascular thera-
peutics through bio-assisted nanotechnology, J. Biomed. Mater. Res. Appl. Biomater.
106 (5) (2018) 2072-2083.

P. Panwar, G.S. Butler, A. Jamroz, P. Azizi, CM. Overall, D. Bromme, Aging-associated
modifications of collagen affect its degradation by matrix metalloproteinases, Ma-
trix Biol. 65 (2018) 30-44.

L. Louzao-Martinez, A. Vink, M. Harakalova, F.W. Asselbergs, M.C. Verhaar, C. Cheng,
Characteristic adaptations of the extracellular matrix in dilated cardiomyopathy, Int.
J. Cardiol. 220 (2016) 634-646.

A. Nag, Study of non-muscle cells of the adult mammalian heart: a fine structural
analysis and distribution, Cytobios 28 (1980) 41-61.

F.X. Galdos, Y. Guo, S.L. Paige, N.J. VanDusen, S.M. Wu, W.T. Py, Cardiac regeneration
lessons from development, Circ. Res. 120 (2017) 941-959.

N. Shen, A. Knopf, C. Westendorf, U. Kraushaar, J. Riedl, H. Bauer, S. P6schel, S.L.
Layland, M. Holeiter, S. Knolle, E. Brauchle, A. Nsair, S. Hinderer, K. Schenke-
Layland, Steps toward maturation of embryonic stem cell-derived cardiomyocytes
by defined physical signals, Stem Cell Rep. 9 (2017) 122-135.

E. Brauchle, A. Knopf, H. Bauer, N. Shen, S. Linder, Michael G. Monaghan, K.
Ellwanger, Shannon L. Layland, Sara Y. Brucker, A. Nsair, K. Schenke-Layland, Non-
invasive chamber-specific identification of cardiomyocytes in differentiating plurip-
otent stem cells, Stem Cell Rep. 6 (2016) 188-199.

S.Y. Ng, CK. Wong, S.Y. Tsang, Differential gene expressions in atrial and ventricular
myocytes: insights into the road of applying embryonic stem cell-derived
cardiomyocytes for future therapies, Am. J. Physiol. Cell Physiol. 299 (2010)
C1234-C1249.

M.D. Bootman, I. Smyrnias, R. Thul, S. Coombes, H.L. Roderick, Atrial cardiomyocyte
calcium signalling, Biochim. Biophys. Acta 1813 (2011) 922-934.

F.C. Lewis, S.D. Kumar, G.M. Ellison-Hughes, Non-invasive strategies for stimulating
endogenous repair and regenerative mechanisms in the damaged heart, Pharmacol.
Res. 127 (2018) 33-40.

AR. Pinto, A. Ilinykh, M.J. Ivey, J.T. Kuwabara, M.L. D'Antoni, R. Debuque, A.
Chandran, L. Wang, K. Arora, N.A. Rosenthal, M.D. Tallquist, Revisiting cardiac cellu-
lar composition, Circ. Res. 118 (2016) 400-409.

S.A. Doppler, C. Carvalho, H. Lahm, M.-A. Deutsch, M. DreBen, N. Puluca, R. Lange, M.
Krane, Cardiac fibroblasts: more than mechanical support, J. Thoracic Dis. 9 (2017)
S36-S51.

C.A. Souders, S.L.K. Bowers, T.A. Baudino, Cardiac fibroblast, Renaiss. Cell 105 (2009)
1164-1176.

E.M. Zeisberg, R. Kalluri, Origins of cardiac fibroblasts, Circ. Res. 107 (2010)
1304-1312.

M.P.M. Graham-Brown, A.S. Patel, DJ. Stensel, D.S. March, A.-M. Marsh, J. McAdam,
G.P. McCann, J.O. Burton, Imaging of myocardial fibrosis in patients with end-stage
renal disease: current limitations and future possibilities, Biomed. Res. Int. 2017
(2017) 1-14.

S. de Jong, T.A.B. van Veen, HV.M. van Rijen, ].M.T. de Bakker, Fibrosis and cardiac
arrhythmias, ]. Cardiovasc. Pharmacol. 57 (2011) 630-638.

D. Mukherjee, S. Sen, Alteration of cardiac collagen phenotypes in ypertensive hy-
pertrophy: role of blood pressure, J. Mol. Cell. Cardiol. 25 (1993) 185-196.

D. Mukherjee, S. Sen, Alteration of collagen phenotypes in ischemic cardiomyopa-
thy, J. Clin. Invest. 88 (1991) 1141-1146.

E. Brauchle, J. Kasoer, R. Daum, N. Schierbaum, C. Falk, A. Krischniak, T.E.
Schiffer, K. Schenke-Layland, Biomechanical and biomolecular characterization

[34]

of extracellular matrix structures i human colon carcinomas, Matrix Biol. 68-69
(2018) 180-193.

K. Soejima, W.G. Stevenson, W.H. Maisel, J.L. Sapp, L.M. Epstein, Electrically unexcit-
able scar mapping based on pacing threshold for identification of the reentry circuit
isthmus, feasibility for guiding ventricular tachycardia ablation, Circulation 106
(2002) 1678-1683.

[35] J.M.de Bakker, FJ. van Capelle, M. Janse, S. Tasseron, ].T. Vermeulen, N. de Jonge, ] R.

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Lahpor, Slow conduction in the infarcted human heart. 'Zigzag' course of activation,
Circulation 88 (1993) 915-926.

E.A. Rog-Zielinska, R.A. Norris, P. Kohl, R. Markwald, The living scar - cardiac fibro-
blasts and the injured heart, Trend Mol. Med. 22 (2016) 99-114.

C. Pratola, E. Baldo, P. Notarstefano, T. Toselli, R. Ferrari, Radiofrequency abla-
tion of atrial fibrillation - is the persistence of all intraprocedural targets nec-
essary for long-term maintenance of sinus rhythm? Circulation 117 (2008)
136-143.

P. Camelliti, G.P. Devlin, K.G. Matthews, P. Kohl, CR. Green, Spatially and temporally
distinct expression of fibroblast connexins after sheep ventricular infarction,
Cardiovasc. Res. 62 (2004) 415-425.

B. Hinz, Formation and function of the myofibroblast during tissue repair, J. Invest.
Dermatol. 127 (2007) 526-537.

B. Hinz, G. Gabbiani, Mechanisms of force generation and transmission by
myofibroblasts, Curr. Opin. Biotechnol. 14 (2003) 538-546.

A. Desmouliére, A. Geinoz, F. Gabbiani, G. Gabbiani, Transforming growth factor-
beta 1 induces alpha-smooth muscle actin expression in granulation tissue
myofibroblasts and in quiescent and growing cultured fibroblasts, J. Cell Biol. 122
(1993) 103-111.

T. Moore-Morris, N. Guimardes-Camboa, 1. Banerjee, A.C. Zambon, T. Kisseleva, A.
Velayoudon, W.B. Stallcup, Y. Gu, N.D. Dalton, M. Cedenilla, R. Gomez-Amaro, B.
Zhou, D.A. Brenner, K.L. Peterson, J. Chen, S.M. Evans, Resident fibroblast lineages
mediate pressure overload-induced cardiac fibrosis, J. Clin. Invest. 124 (2014)
2921-2934.

C. Vasquez, N. Benamer, G.E. Morley, The cardiac fibroblast: functional and electro-
physiological considerations in healthy and diseased hearts, J. Cardiovasc.
Pharmacol. 57 (2011) 380-388.

G. Gaudesius, M. Miragoli, S.P. Thomas, S. Rohr, Coupling of cardiac electrical activity
over extended distances by fibroblasts of cardiac origin, Circ. Res. 93 (2003)
421-428.

R. Martos, J. Baugh, M. Ledwidge, C. O'Loughlin, C. Conlon, A. Patle, S.C. Donnelly, K.
McDonald, Diastolic heart failure - evidence of increased myocardial collagen turn-
over linked to diastolic dysfunction, Circulation 115 (2007) 888-895.

F. Groeber, M. Holeiter, M. Hampel, S. Hinderer, K. Schenke-Layland, Skin tissue en-
gineering - in vivo and in vitro applications, Adv. Drug Deliv. Rev. 63 (2011)
352-366.

G. Ertl, S. Frantz, Healing after myocardial infarction, Cardiovasc. Res. 66 (2005)
22-32.

J. Neefs, NNW.E. van den Berg, . Limpens, W.R. Berger, S.M. Boekholdt, P.
Sanders, J.R. de Groot, Aldosterone pathway blockade to prevent atrial fibrilla-
tion: a systematic review and meta-analysis, Int. ]J. Cardiol. 231 (2017)
155-161.

M. Bujak, N.G. Frangogiannis, The role of TGF-3 signaling in myocardial infarction
and cardiac remodeling, Cardiovasc. Res. 74 (2007) 184-195.

S. Hinderer, E. Brauchle, K. Schenke-Layland, Generation and assessment of func-
tional biomaterial scaffolds for applications in cardiovascular tissue engineering
and regenerative medicine, Adv. Healthc. Mater. 4 (2015) 2326-2341.

K.L. Christman, RJ. Lee, Biomaterials for the treatment of myocardial infarction, J.
Am. Col. Cardiol. 48 (2006) 907-913.

H. Wang, J. Shi, Y. Wang, Y. Yin, L. Wang, ]. Liu, Z. Liu, C. Duan, P. Zhu, C. Wang,
Promotion of cardiac differentiation of brown adipose derived stem cells by chi-
tosan hydrogel for repair after myocardial infarction, Biomaterials 35 (2014)
3986-3998.

S. Hinderer, M. Schesny, A. Bayrak, B. Ibold, M. Hampel, T. Walles, U.A. Stock, M.
Seifert, K. Schenke-Layland, Engineering of fibrillar decorin matrices for a tissue-
engineered trachea, Biomaterials 33 (2012) 5259-5266.

S. Hinderer, ]. Seifert, M. Votteler, N. Shen, J. Rheinlaender, T.E. Schdffer, K. Schenke-
Layland, Engineering of a bio-functionalized hybrid off-the-shelf heart valve, Bioma-
terials 35 (2014) 2130-2139.

G. Piccirillo, B. Bochicchio, A. Pepe, K. Schenke-Layland, S. Hinderer, Electrospun
poly-I-lactide scaffold for the controlled and targeted delivery of a synthetically ob-
tained Diclofenac prodrug to treat actinic keratosis, Acta Biomater. 52 (2017)
187-196.

M. Monaghan, S. Browne, K. Schenke-Layland, A. Pandit, A collagen-based scaffold
delivering exogenous microRNA-29B to modulate extracellular matrix remodeling,
Mol. Ther. 22 (2014) 786-796.

R.M. Wang, K.L. Christman, Decellularized myocardial matrix hydrogels: in basic re-
search and preclinical studies, Adv. Drug Deliv. Rev. 96 (2015) 77-82.

S. Miyagawa, K. Domae, Y. Yoshikawa, S. Fukushima, T. Nakamura, A. Saito, Y. Sakata,
S. Hamada, K. Toda, K. Pak, M. Takeuchi, Y. Sawa, Phase I clinical trial of autologous
stem cell-sheet transplantation therapy for treating cardiomyopathy, J. Am. Heart
Assoc. 6 (2017).

M. Korf-Klingebiel, M.R. Reboll, S. Klede, T. Brod, A. Pich, F. Polten, L.C. Napp, J.
Bauersachs, A. Ganser, E. Brinkmann, I. Reimann, T. Kempf, HW. Niessen, J.
Mizrahi, H.-J. Schonfeld, A. Iglesias, M. Bobadilla, Y. Wang, K.C. Wollert, Myeloid-
derived growth factor (C190rf10) mediates cardiac repair following myocardial in-
farction, Nat. Med. 21 (2015) 140-149.


http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0010
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0010
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0010
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0015
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0015
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0015
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0020
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0020
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0025
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0025
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0030
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0030
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0035
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0035
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0040
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0040
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0040
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0045
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0045
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0045
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0050
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0050
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0055
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0055
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0055
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0060
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0060
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0065
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0065
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0065
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0070
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0070
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0075
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0075
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0075
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0080
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0080
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0080
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0085
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0085
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0085
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0090
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0090
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0095
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0095
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0100
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0100
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0100
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0100
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0105
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0105
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0105
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0105
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0110
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0110
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0110
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0110
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0115
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0115
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0120
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0120
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0120
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0125
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0125
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0125
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0130
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0130
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0130
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0135
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0135
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0140
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0140
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0145
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0145
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0145
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0145
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0150
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0150
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0155
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0155
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0160
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0160
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0165
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0165
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0165
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0165
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0170
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0170
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0170
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0170
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0175
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0175
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0175
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0180
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0180
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0185
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0185
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0185
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0185
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0190
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0190
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0190
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0195
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0195
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0200
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0200
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0205
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0205
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0205
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0205
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0210
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0210
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0210
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0210
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0210
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0215
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0215
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0215
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0220
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0220
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0220
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0225
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0225
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0225
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0230
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0230
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0230
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0235
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0235
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0240
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0240
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0240
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0240
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0245
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0245
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0250
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0250
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0250
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0255
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0255
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0260
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0260
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0260
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0260
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0265
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0265
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0265
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0270
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0270
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0270
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0275
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0275
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0275
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0275
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0280
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0280
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0280
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0285
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0285
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0290
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0290
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0290
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0290
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0295
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0295
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0295
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0295
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0295

82 S. Hinderer, K. Schenke-Layland / Advanced Drug Delivery Reviews 146 (2019) 77-82

[60] K.-G. Shyu, The role of endoglin in myocardial fibrosis, Acta Cardiol. Sin. 33 (2017) [62] R.S. Thies, C.E. Murry, The advancement of human pluripotent stem cell-derived
461-467. therapies into the clinic, Development 142 (2015) 3077-3084.
[61] P.K.Nguyen,].Rhee, ].C. Wu, Adult stem cell therapy and heart failure, 2000 to 2016: [63] S.Mohsin, S. Siddigi, B. Collins, M.A. Sussman, Empowering adult stem cells for myo-

a systematic review, JAMA Cardiol. 1 (2016) 831-841. cardial regeneration, Circ. Res. 109 (2011) 1415-1428.


http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0300
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0300
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0305
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0305
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0310
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0310
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0315
http://refhub.elsevier.com/S0169-409X(19)30061-4/rf0315

	Cardiac fibrosis – A short review of causes and therapeutic strategies
	1. Introduction
	2. ECM and ECM of the cardiac muscle
	3. Cells in the cardiac muscle
	4. Cardiac fibrosis
	4.1. Collagens in fibrosis
	4.2. The role of fibroblasts

	5. Diagnostic tools
	6. Therapies and therapeutic strategies
	7. Conclusion
	Acknowledgements
	References


