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ORIGINAL RESEARCH

Multiscale Analysis of Extracellular Matrix 
Remodeling in the Failing Heart
Ana Rubina Perestrelo, Ana Catarina Silva, Jorge Oliver-De La Cruz , Fabiana Martino, Vladimír Horváth, Guido Caluori ,  
Ondřej Polanský, Vladimír Vinarský, Giulia Azzato, Giuseppe de Marco, Víta Žampachová, Petr Skládal, Stefania Pagliari,  
Alberto Rainer , Perpétua Pinto-do-Ó , Alessio Caravella, Kamila Koci, Diana S. Nascimento , Giancarlo Forte

RATIONALE: Cardiac ECM (extracellular matrix) comprises a dynamic molecular network providing structural support to heart 
tissue function. Understanding the impact of ECM remodeling on cardiac cells during heart failure (HF) is essential to 
prevent adverse ventricular remodeling and restore organ functionality in affected patients.

OBJECTIVES: We aimed to (1) identify consistent modifications to cardiac ECM structure and mechanics that contribute to HF 
and (2) determine the underlying molecular mechanisms.

METHODS AND RESULTS: We first performed decellularization of human and murine ECM (decellularized ECM) and then analyzed 
the pathological changes occurring in decellularized ECM during HF by atomic force microscopy, 2-photon microscopy, high-
resolution 3-dimensional image analysis, and computational fluid dynamics simulation. We then performed molecular and 
functional assays in patient-derived cardiac fibroblasts based on YAP (yes-associated protein)-transcriptional enhanced 
associate domain (TEAD) mechanosensing activity and collagen contraction assays. The analysis of HF decellularized ECM 
resulting from ischemic or dilated cardiomyopathy, as well as from mouse infarcted tissue, identified a common pattern 
of modifications in their 3-dimensional topography. As compared with healthy heart, HF ECM exhibited aligned, flat, and 
compact fiber bundles, with reduced elasticity and organizational complexity. At the molecular level, RNA sequencing of 
HF cardiac fibroblasts highlighted the overrepresentation of dysregulated genes involved in ECM organization, or being 
connected to TGFβ1 (transforming growth factor β1), interleukin-1, TNF-α, and BDNF signaling pathways. Functional tests 
performed on HF cardiac fibroblasts pointed at mechanosensor YAP as a key player in ECM remodeling in the diseased 
heart via transcriptional activation of focal adhesion assembly. Finally, in vitro experiments clarified pathological cardiac ECM 
prevents cell homing, thus providing further hints to identify a possible window of action for cell therapy in cardiac diseases.

CONCLUSIONS: Our multiparametric approach has highlighted repercussions of ECM remodeling on cell homing, cardiac 
fibroblast activation, and focal adhesion protein expression via hyperactivated YAP signaling during HF.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Heart diseases present with varied cause, symptoms, 
and progression, but they all result in the reduced 
pumping efficiency of the organ. This occurs because 

of cardiomyocyte death and replacement of healthy heart 

tissue with noncompliant, akinetic scar-like tissue, in a 
process-dubbed ECM (extracellular matrix) remodel-
ing.1 Although cardiac fibroblast (CF) activation and ECM 
remodeling prevent the initial rupture of the ventricular 
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wall, they eventually fuel a feed-forward profibrotic mech-
anism through which cardiac function is progressively 
impaired, ultimately resulting in heart failure (HF).2 The 
knowledge of in-depth ECM composition, arrangement, 
and remodeling and its effect on cardiac cell function dur-
ing heart disease is limited.3 Thus, quantifying the compo-
sition, structure, and turnover of the ECM will be helpful 
to overcome the suboptimal translational models of ECM 
remodeling and possibly develop new therapeutics for dis-
ease treatment (ie, ECM-targeted antifibrotic drugs).

The heart exhibits extraordinary 3-dimensional (3D) 
complexity and comprises highly specialized contractile 
cells. Mimicking the geometry and function of native 
heart tissue to fabricate artificial substitutes to be used 

as clinically relevant in vitro disease models or constructs 
to be implanted in vivo is a major challenge.

Decellularization describes a process by which the cells 
are removed from the tissue, leaving behind the intact ECM 
scaffold. Recent decellularization protocols have provided a 
toolbox to visualize the 3D organization, mechanical prop-
erties, and chemical complexity of the cardiac ECM4 and 
its remodeling during cardiac pathologies.5 Such studies 
on ECM pathological remodeling have mostly focused on 
characterizing the changes in ECM biochemical composi-
tion. In this case, tissue decellularization is typically followed 
by lyophilization and digestion, resulting in loss of the native 
3D geometric information.6 Cardiac ECM remodeling has 
been thoroughly investigated in rodent models through this 
approach; here, collagen deposition, fibronectin turnover, 
and laminin reduction, as well as impaired ECM compliance 
have been described.7

Despite these advances, how activated CFs contribute 
to modify ECM structure and stiffness in patients remains 
largely unknown. Recent studies by our group and others 
disclosed that the mechanosensitive YAP (yes-associated 
protein) is activated after myocardial infarction (MI) in 
mice.8,9 Interestingly, we recently discovered that YAP is 
activated by 3D ECM organization10 and acts as the main 
regulator of cell-matrix interactions by contributing to focal 
adhesion protein assembly.11 YAP transcriptional activity has 
also been implicated in cancer ECM remodeling,12 but its 
potential role in HF-associated ECM turnover is unknown.

Here, we combined recent advances in ECM decel-
lularization protocols with multimodality imaging and 
functional studies to define key physical features in 
patient-derived HF ECM, and to identify the effects of 
altered ECM architecture on CFs in vitro. We investigated 
the effect of HF-associated ECM remodeling on CF 
gene expression and propose a role for YAP mechano-
sensor in pathological ECM remodeling in heart disease.

Nonstandard Abbreviations and Acronyms

α-SMA α-smooth muscle actin
CF cardiac fibroblast
CFD computational fluid dynamics
CTGF connective tissue growth factor
DCM dilated cardiomyopathy
dECM decellularized ECM
ECM extracellular matrix
HF heart failure
IHD ischemic heart disease
MI myocardial infarction
SHG second harmonic generation
TEAD  transcriptional enhanced associate 

domain
TGFβ1 transforming growth factor β 1
YAP yes-associated protein

Novelty and Significance

What Is Known?
• Remodeling of the ECM (extracellular matrix) parallels 

and exacerbates the impact of cardiac diseases.
• Pathological remodeling of the ECM is associated with 

a switch in its protein composition.

What New Information Does This Article  
Contribute?
• This study identifies reproducible modifications to ECM 

structure and mechanics that contribute to heart failure.
• These modifications are sufficient to induce cardiac 

fibroblast activation and affect cell homing per se.
• Cardiac fibroblast activation is mediated by the mecha-

nosensing protein YAP (yes-associated protein), which 
eventually exacerbates ECM remodeling.

For the first time, a multiscale and multiparametric 
strategy based on human heart tissue decellularization, 
atomic force, 2-photon microscopy, and computational 
fluid dynamics simulation was used to define a com-
mon pattern of modifications in ECM 3-dimensional 
structure and mechanical properties. These changes 
were found to be consistent and reproducible in car-
diac pathologies with different cause. We demonstrate 
that mechanical cues arising from pathological ECM 
are sufficient to activate the YAP mechanosensitive 
protein in cardiac fibroblast cell lines generated from 
patients. In turn, the activation of YAP takes part in 
the remodeling of the ECM itself, thereby forming a 
positive loop.
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METHODS
Data Availability
All data and materials have been made publicly available (Table).

Patient-Derived Heart Tissue Collection
Human healthy and diseased heart left ventricle apexes were 
obtained from cadaveric donors of nontransplantable hearts 
(N=4), routine surveillance endomyocardial biopsies (N=3) 
post-transplantation, and from cardiac patients diagnosed with 
dilated cardiomyopathy (DCM, N=18) or ischemic heart disease 
(IHD, N=12) that underwent ventricular assist device implanta-
tion or transplantation (see patient details in Online Table I). 
All experiments were performed in accordance with the ethical 
standards of the Centre of Cardiovascular and Transplantation 
Surgery and approved by the Ethics Committee of St. Anne’s 
University Hospital, Brno, Czech Republic.

MI Mouse Model
MI was experimentally induced by ligating the left anterior 
descending coronary artery in C57BL/6 adult mice (9–10 
weeks), as previously described.13 Mice hearts cohort was com-
posed of 4 days post-MI (acute MI, N=7), 21 days post-MI 
(chronic MI, N=7), sham-operated (no ligation of the coronary 
artery, 4- and 21-days post-surgery, N=6), and nonoperated 
(N=4) controls (Online Figure IB). All animal experiments 
were approved by the local Ethics Committees. See the Data 
Supplement for details.

Cardiac Tissue Decellularization and 
Characterization
Decellularized ECMs (dECMs) were generated from human and 
murine specimens as previously described,14,15 with minor modi-
fications (Data Supplement). Human heart tissues were received 

at our facility by an operator, who was not informed about the 
nature of the sample. The analysis was independently performed 
by 2 blind operators. The apical region of the left ventricle 
was analyzed across the myocardium thickness. See the Data 
Supplement for details on biochemical (total collagen quantifica-
tion and mass spectrometry), structural (multiphoton microscopy), 
topographical (scanning electron microscopy), and mechanical 
(atomic force microscopy) characterization of dECMs.

Image Analysis
The dECM structure was investigated using a computational 
fluid dynamics (CFD) approach to precisely characterize the 
geometric properties and spatial orientation of its fibers. See 
the Data Supplement for CFD modeling and simulation set up 
and Online Table III for image rendering, analysis, and quanti-
fication details.

Human Cardiac Fibroblast Derivation and 
Culture
Patient-derived primary CFs (N=6) were isolated by explant 
outgrowth on pregelatinized plates and sorted for a Thy1 
(CD90)-positive and PECAM-1 (CD31)-negative population. 
Transcriptional enhanced associate domain (TEAD) reporter 
and YAP overexpression stable CF lines, gene and protein 
expression profiling (RNA sequencing, quantitative real-time 
PCR, Western Blotting, mass spectrometry), TGFβ1 (trans-
forming growth factor β 1) stimulation, 3D cultures, and col-
lagen contraction assays are detailed in the Data Supplement.

Please refer to the Major Resources Table in the Data 
Supplement for additional details.

RESULTS
Reduced Organ Function During HF 
Correlates With a Derangement in Myocardium 
Microstructure
The remodeling of ECM structure during the progression 
of cardiac diseases determines dramatic changes in its 
biochemical composition, topography, and mechanophysi-
cal properties.16 With the aim of investigating HF ECM 
organization and microstructure, we grouped patients 
with HF according to their medical history (DCM, IHD) 
and recruited patients based on ejection fraction <40% 
and New York Heart Association Functional Classification 
Class III to IV (Figure 1A, Online Table I). Most patients 
(90%) were male, aged 30 to 68 years, with ejection frac-
tion <20%, permanent arrhythmias, and cardiac decom-
pensation, indicative of advanced HF (Online Table I).

Histological analysis of the explanted DCM and IHD 
hearts stained with Masson’s trichrome confirmed micro-
structure derangement and increased collagen con-
tent—well-established markers of late cardiac disease17 
(Figure 1B). DCM and IHD hearts, however, exhibited 
different histological features (Online Figure IA): IHD 
hearts displayed characteristic scattered scar-like foci 
consistent with the interstitial fibrosis and calcifications, 

Table. RNA-Seq Data Availability

Description

Gene Expression 
Omnibus (GEO) 
repository

CTL CFs—CFs from healthy donor rep1 GSM4705298

CTL CFs—CFs from healthy donor rep2 GSM4705299

CTL CFs—CFs from healthy donor rep3 GSM4705300

DCMA CFs—CFs from DCM patient A rep1 GSM4705301

DCMA CFs—CFs from DCM patient A rep2 GSM4705302

DCMA CFs—CFs from DCM patient A rep3 GSM4705303

DCMB CFs—CFs from DCM patient B rep1 GSM4705304

DCMB CFs—CFs from DCM patient B rep2 GSM4705305

DCMB CFs—CFs from DCM patient B rep3 GSM4705306

CTL CFs YAP 8SA—CFs from healthy donor overex-
pressing YAP rep1

GSM4705307

CTL CFs YAP 8SA—CFs from healthy donor overex-
pressing YAP rep2

GSM4705308

CTL CFs YAP 8SA—CFs from healthy donor overex-
pressing YAP rep3

GSM4705309

CF indicates cardiac fibroblast; DCM, dilated cardiomyopathy; and YAP, yes-
associated protein.
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although DCM hearts presented with a characteristic dif-
fuse fibrosis. We also analyzed murine heart tissues after 
inducing acute and chronic MI, a model of IHD. These 
tissues exhibited deranged features similar to human 

diseased hearts (Figure 1C) and were thus used as a 
reference throughout the study.

A significant 2.5-fold increase in fibrotic area in 
IHD compared with healthy hearts was confirmed as 

Figure 1. Deranged tissue microstructure underlies heart failure.
A, Ejection fraction evaluation in the patients enrolled in the study. Healthy (CTL, N=6), dilated cardiomyopathy (DCM, N=18), and ischemic 
heart disease (IHD, N=12); Kruskal-Wallis followed by Dunn tests. B, Representative Masson’s trichrome staining of CTL, DCM, and IHD heart 
specimens. C, Masson’s trichrome staining of murine heart specimens obtained after acute and chronic myocardial infarction (MI). CTL=sham-
operated. D, Histopathologic evaluation of Masson’s trichrome staining by the % collagen (blue) and muscle (red) staining on the total tissue area. 
CTL (N=4), DCM (N=4), IHD (N=3); Kruskal-Wallis followed by Dunn tests. E and F, Representative confocal microscopy images of CTL, DCM, 
and IHD heart specimens stained for the indicated cardiac and ECM (extracellular matrix) proteins. F-actin (green), nuclei (blue). Scale bar=50 
and 10 µm, respectively. G, Absolute quantification of collagen composition in CTL, DCM, and IHD human hearts. CTL (N=3; n=2), DCM (N=6; 
n=2), IHD (N=6; n=2); Kruskal-Wallis followed by Dunn tests. H and I, Representative images of CTL, acute and chronic MI murine hearts stained 
for the indicated cardiac and ECM proteins. Scale bar=10 µm. Boxplots represent median±min/max and barplots represent mean±SD.
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a percentage of the collagen-positive surface area 
in human hearts (Figure 1D, Online Figure IA). Immu-
nohistochemical staining for α-sarcomeric actinin and 
connexin-43 was then used to identify sarcomeric 
and homologous cell-cell electromechanical coupling, 
respectively. This analysis confirmed the loss of con-
tractile cardiomyocytes in both IHD and DCM hearts, 
which exhibited tissue disorganization and decompaction 
(Figure 1E). We corroborated the impairment in tissue 
integrity by analyzing structural ECM proteins—collagen 
I (fibril-forming collagen), collagen IV (network-forming 
collagen), laminin, and fibronectin—in DCM and IHD tis-
sue cross-sections. Here, we found the muscle fiber hon-
eycomb geometry typical of healthy heart tissues was 
deranged in pathological heart and showed increased 
ECM structural protein deposition and distribution (Fig-
ure 1F), as also demonstrated in MI mice.7 Finally, we 
quantified total collagen in healthy and diseased human 
hearts by hydroxyproline method and found that both 
DCM and IHD tissues displayed an increase in collagen 
composition (2.4-fold and 3.6-fold, respectively), com-
pared with healthy controls. The increase was only sig-
nificant in IHD (Figure 1G). We confirmed the loss of 
tissue integrity (Figure 1H) and ECM protein rearrange-
ment (Figure 1I) in acute and chronic MI murine heart 
tissue (Online Figure IB).

These results demonstrate that reduced cardiac func-
tion in human HF is mirrored at the microscale by the 
derangement of tissue functional architecture and rear-
rangement of ECM structural proteins.

Decellularization Confirms ECM Microstructure 
and Biochemical Changes During Heart 
Disease
To highlight specific modifications in cardiac ECM micro-
structure during HF, we decellularized DCM and IHD 
patient cardiac samples, adapting a protocol described 
in fetal and adult murine hearts.14,15 Masson’s trichrome 
staining of dECMs confirmed the histological derange-
ments observed in DCM and IHD ECM tissue geometry 
were preserved after decellularization (Figure 2A). Col-
lagen I, IV, laminin, and fibronectin staining in dECMs 
showed structural disorganization and accumulation con-
sistent with that observed in nondecellularized ECM (Fig-
ure 2B). Similarly, collagen composition also increased in 
DCM and IHD dECMs by ≈2-fold compared with healthy 
hearts (Figure 2C), mirroring the trend found in nonde-
cellularized ECMs (Figure 1G). Finally, mass spectrom-
etry analysis of ECM-associated proteins corroborated 
a marked shift in ECM composition in both pathological 
samples compared with healthy dECMs, with increased 
collagen, glycoprotein, and proteoglycan content (Fig-
ure 2D). In particular, DCM dECMs showed increased 
fibrinogen, fibrin, and collagen I, IV, and VI content, while 
IHD dECMs had enhanced TGFβ1, most of the Lamins, 

Hspg2, Collagen I, IV, and VI, Tgm2, and Cilp. While our 
mass spectrometry results on DCM dECM confirm and 
extend previous findings,18 IHD data align with the ECM 
alterations reported in murine models of ischemia,7 and in 
our chronic MI mouse dECM samples (Figure 2E).

Altogether, these results indicate that cardiac ECM 
decellularization is a suitable approach to investigate 
changes in cardiac ECM microstructure and biochemis-
try during HF.

ECM Organizational Complexity and Elasticity 
Is Reduced in HF
After confirming that decellularization allows for a com-
prehensive description of specific biochemical and struc-
tural changes in human HF, we focused on detailed 
pathological features in decellularized cardiac ECM.

Surface topography analysis performed by scanning 
electron microscopy revealed healthy human dECM dis-
played a characteristic structure defined by wavy fiber 
bundles. In DCM, however, surface topography was 
mildly disrupted or disconnected, while in IHD the struc-
ture was severely remodeled with a flat and compact 
appearance (Figure 3A). We also detected the loss of 
perimysial-like fibers and their replacement by a compact 
structure comprising straight fibers in human HF dECMs 
(Figure 3A). Image analysis of pathological dECM sur-
face topography revealed an increase in structural 
coherence (between 6- and 18-fold) with acquisition of 
a dominant fiber direction (between 1.3- and 4-fold; Fig-
ure 3B). These features were also detected in chronic 
murine MI (Figure 3C and 3D).

We next used 2-photon microscopy to resolve the 3D 
arrangement of collagen fibers within dECMs by exploit-
ing the second harmonic generation (SHG) phenomenon. 
Upon 3D reconstruction, DCM displayed a disintegrated 
collagen mesh that contrasted with IHD dECM, which 
rather showed a compact and stratified fiber distribu-
tion (Figure 3E, Online Movies I through III). Also, the 
derangement of the highly interconnected fibers of the 
healthy dECM led to matrix complexity loss, as shown 
by a clear reduction in SHG signal in both pathological 
dECMs, which was only significant in DCM (Figure 3F). 
As the remodeled ECM is characterized by fiber rear-
rangement, we reasoned this change might interfere with 
its elastic properties.

We thus used atomic force microscopy to locally 
measure the elasticity of healthy and diseased human 
dECMs: we found DCM and IHD dECMs to have a signif-
icantly lower (3-fold) Young’s modulus than the healthy 
dECMs (Figure 3G), indicative of reduced elasticity and 
lower resistance to deformation. The analysis of a non-
contractile scar in chronic MI in rodents, which has been 
associated with stiffening of the left ventricle7 correlated 
with an increased signal of SHG (Figure 3H and 3I; 
Online Movie IV).
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Overall, we found that pathological ECM encom-
passes a severe rearrangement of collagen fibers, loss 
of ECM structural complexity and organization, eventu-
ally leading to reduced ECM elasticity.

ECM Remodeling During HF Impairs Cell 
Homing
Alongside the elastic and structural roles, ECM also pro-
vides homing to cardiac cells and guidance to circulating 
cell populations. Recent attempts to improve deteriorat-
ing heart function by implanting healthy cells with con-
tractile potential have generated unsatisfactory results.19 
These outcomes have been ascribed to the hostile 
microenvironment of the diseased ECM preventing cells 
from homing and engrafting,20–22 through debated mech-
anisms.21,23 Here, we asked whether the rearrangement 

of ECM nanofibers observed in diseased heart tissues 
affected cell homing.

We developed a 3D CFD simulation to estimate the dif-
fusion of a fluid through the dECMs, starting from SHG 
images. The surface tortuosity tensor readout describes 
the accessibility of the ECM and represents a precise 
characterization of the geometric properties and spatial 
orientation of dECM fibers in human HF. The workflow 
adopted is shown in Online Figure II. We evaluated the 
porosity, anisotropy (directional dependence), and con-
nectivity of SHG structures using a recently developed 
method that considers connectivity factors as the inverse 
of the tortuosity.24 Representative color-coded images of 
concentration profiles from which the surface tortuosity 
tensor was evaluated showed that, while the concentration 
profile of diffusive surface tortuosity was relatively uniform 
in healthy dECM, an emergence of a prevalent 3D fiber 

Figure 2. ECM (extracellular matrix) decellularization as a tool to analyze biochemical and structural ECM changes in human 
cardiac pathologies.
A, Representative Masson’s trichrome staining of decellularized ECMs (dECMs) derived from healthy (CTL), dilated cardiomyopathy (DCM), 
and ischemic heart disease (IHD) human hearts (top) and CTL (sham-operated), acute and chronic infarcted (myocardial infarction [MI]) murine 
hearts (bottom). Scale bar=200 µm. B, Representative confocal microscopy images of the indicated ECM proteins in dECM obtained from CTL, 
DCM, and IHD patients. Scale bar=10 µm. C, Quantification of total collagen in dECMs obtained from CTL, DCM, and IHD human specimens. 
CTL (N=3; n=2), DCM (N=6; n=3), IHD (N=6; n=3); Kruskal-Wallis followed by Dunn’s tests. Boxplots represent median±min/max. D, Heatmap 
representation of MS analysis of dECM from CTL, DCM, and IHD human specimens. CTL (n=3), DCM (n=3), IHD (n=6). E, Representative 
confocal images of the indicated ECM structural components in dECM obtained from CTL, acute and chronic MI mouse hearts. Scale bar=10 µm. 
See MS data analysis in the Data Supplement. TGFβ1 indicates transforming growth factor β 1.
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orientation (represented in eigen values) and tortuosity 
could be found in both DCM and IHD dECMs, being more 
pronounced in the latter condition (Figure 4A). These data 
mean the degree of collagen alignment in HF ECM tends 
to increase, indicating adverse collagen remodeling or scar 
development. Indeed, 3D segmentation followed by CFD 

simulations identified a 25-fold reduction in DCM speci-
men internal porosity. The decrease was not significant in 
IHD, possibly due to sample heterogeneity (Figure 4B). 
This analysis provided evidence that the enrichment in 
fibers with a dominant direction led to an increment in over-
all anisotropy (Figure 4C). These deviations in myocardial 

Figure 3. Decellularized ECMs (dECMs) from failing hearts show reduced ECM (extracellular matrix) complexity and elasticity.
A, Representative images of dECM surface topography in healthy (CTL), dilated cardiomyopathy (DCM), and ischemic heart disease (IHD) human 
hearts mapped by scanning electron microscopy (SEM). B, Quantification of surface microstructure coherence (left) and fiber orientation (right) 
of the indicated dECMs (N=3; n=2); Kruskal-Wallis followed by Dunn’s tests. C, Representative images of dECM surface topography in CTL 
(sham-operated), acute or chronic infarcted (myocardial infarction [MI]) murine hearts. D, Quantification of dECM fiber coherence (left) and fiber 
orientation (right) in dECMs obtained from CTL, acute, and chronic MI. CTL (N=3; n=6); acute, chronic MI (N=3; n=4). Kruskal-Wallis followed 
by Dunn tests. E, Three-dimensional (3D) reconstruction of CTL, DCM, and IHD human hearts produced by second harmonic generation (SHG) 
using 2-photon microscopy. F, Quantification of the SHG signal produced by healthy and pathological human dECMs. CTL (N=2; n=3), DCM, IHD 
(N=5; n=3); Kruskal-Wallis followed by Dunn tests. G, Quantification of the elasticity (Young’s Modulus) of human healthy and pathological dECM 
by atomic force microscopy. CTL (N=2; n=5), DCM (N=5; n=6), IHD (N=5; n=8); Kruskal-Wallis followed by Dunn tests. H, Representative 3D 
images of CTL and chronic MI murine dECMs produced by 2-photon microscopy. I, Quantification of the SHG signal produced by murine dECMs 
(N=3; n=3). Mann-Whitney U test. Boxplots represent median±min/max and barplots represent mean±SD. A.u. indicates arbitrary units.
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fiber anisotropy are credited of promoting changes in heart 
polarity that compromise electrical conduction.25,26 Finally, 
we calculated the interconnected porosity of dECMs as an 
inverse function of tortuosity/anisotropy and observed a 

tendency toward reduced interconnected porosity in path-
ological dECMs (10% reduction, Figure 4D). This result is 
consistent with lower transport of both nutrients and meta-
bolic products in pathological hearts.

Figure 4. ECM (extracellular matrix) remodeling in heart failure reduces interconnected porosity and impairs cell homing.
A, Representative color-coded images of concentration profiles of diffusive surface tortuosity obtained by 3-dimensional (3D) computational 
fluid dynamics simulation of healthy (CTL), dilated cardiomyopathy (DCM), and ischemic heart disease (IHD) decellularized ECMs (dECMs). B–D, 
Boxplot representation of porosity, anisotropy, and connectivity in CTL, DCM, and IHD human dECMs. CTL (N=3; n=2), DCM, IHD (N=4; n=2); 
Kruskall-Wallis test followed by Dunn tests. E, Representative 3D images obtained by 2-photon microscopy of human cardiac fibroblasts (CFs) 
cultured for 7 d within mouse CTL, acute or chronic infarcted (myocardial infarction [MI]) dECMs. dECM is stained with laminin (red), and cells are 
stained with calcein-AM live dye (green). F, Quantification of the total CFs population colonizing CTL, acute MI or chronic MI dECMs. Boxplots 
represent median±min/max. G, Layer-by-layer quantification of CFs colonization, and distribution in CTL (green), acute MI (blue), or chronic MI 
(red) dECMs. N=4; Kruskall-Wallis test followed by Dunn tests. 
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To determine the consequences of reduced intercon-
nected porosity and enhanced anisotropy on cell-ECM 
interaction, we cultured human CFs for 7 days on dECMs 
obtained from sham-operated, acute, and chronic MI 
murine hearts.23,27 We predicted that this approach would 
help us isolate the contribution of the remodeled car-
diac ECM on cell repulsion in the absence of immune 
response at early and late phases post-MI.

One week after seeding, we tracked the cells in the 
dECMs by incubating them with live dye Calcein-AM, 
while decorating for Laminin expression to visualize dECM 
structure (Figure 4E). Cell quantification within the dECMs 
indicated that CFs preferentially homed to the sham-oper-
ated dECMs, while a lower number (2-fold) of cells were 
found in acute and chronic MI (Figure 4F). Layer-by-layer 
analysis of cell distribution confirmed CFs failed to pen-
etrate the inner core of the matrices derived from ischemic 
hearts (Figure 4G; Online Movies V through VII).

Altogether, these results suggest the reduced internal 
porosity and connectivity associated with cardiac ECM 
pathological remodeling has a detrimental effect on cell 
homing to the pathological tissue.

DCM Patient-Derived CFs Display Higher 
Susceptibility to Be Activated By Remodeled 
ECM
Pathological ECM remodeling in the heart is governed by 
CFs acquiring the contractile myofibroblast phenotype. 
This process can be followed by the expression of α-SMA 
(α-smooth muscle actin).2,28 In DCM heart, CFs displayed 
higher basal levels of α-SMA as compared with healthy 
tissue (Figure 5A). We, thus, isolated primary CFs from 
healthy and DCM tissues, which showed a homogeneous 
derangement in ECM structure. After selecting CD90+/
CD31− cells, we imaged vimentin-positive cells (Online 
Figure IIIA) and confirmed their fibroblastic features by 
using brightfield and scanning electron microscopy (Fig-
ure 5B). Next, we searched for genes being differentially 
regulated in DCM as compared with healthy CFs by 
means of RNA sequencing (Figure 5B; Online Table IV), 
as a means to explain how cardiac fibroblasts orches-
trate cardiac ECM remodeling. The analysis highlighted 
the regulation of 2396 genes in 2 distinct DCM patients 
(Figure 5C), which encode for specific collagen isoforms 
(COL4A1, COL5A2, COL10A1), molecules involved 
in ECM composition (AGRN, CCBE1, HAS1, LAMA4, 
VEGFA) and ECM homeostasis (ADAM12, BMP2, 
TIMP2). Among the genes whose expression underlies 
pathological ECM remodeling, we also found increased 
expression of master regulators of tissue inflammation 
and disease progression (IL6, IL33, C3, INHBA, TNC, 
FGF2, NAMPT), as well as adhesion molecules and ECM 
receptors (GJA1, ITGA11, ITGB3, TUBA4A; Figure 5D).

To overcome patient variability, we tracked the com-
mon regulated genes among 2 DCM patient CFs (DCMA, 

DCMB) that shared a common molecular annotation 
for ECM organization, which was associated with the 
regulation of known pathophysiological pathways such 
as TGFβ1, interleukin-1, TNF-alpha, and BDNF signal-
ing (Figure 5E; Online Tables V and VI). Selected genes 
found regulated in RNA-seq were validated by RT-qPCR 
analysis (Online Figure IIIB). Although confirming the 
involvement of these signaling axes would need further 
experiments, these results indicate potential known and 
novel players in ECM remodeling.

Next, we confirmed that DCM CFs expressed higher 
levels of α-SMA than CTL in vitro (Figure 5F) and fur-
ther stimulated them with TGFβ1, a central mediator of 
fibrosis, to test whether cells from healthy or pathological 
heart would be susceptible to fibrogenic stimuli. When 
stimulated, CFs from patients with DCM were more 
prone to accumulate α-SMA than healthy CFs (Fig-
ure 5G; Online Figure IIIC).

The mechanical and biochemical modifications associ-
ated with the cardiac ECM remodeling determine a feed-
forward positive loop, which sustains CFs activation and 
differentiation to foster ventricular repair.2,28 We asked 
whether the sustained activation of CFs found within 
the DCM environment was the result of the changes 
occurring in the biochemistry or in the microstructure of 
remodeling ECM. Therefore, we used healthy and path-
ological (DCM) dECM either to prepare 2-dimensional 
coating or as 3D scaffolds for CTL CFs culture. FACS 
analysis showed CFs were indeed induced to express 
α-SMA when cultured on DCM coating, while a stron-
ger effect was obtained when cells were grown onto 3D 
DCM matrices. These results suggested the rearrange-
ment of the 3D structure of cardiac ECM plays a major 
role in CFs activation (Figure 5H).

Next, we searched for dysregulated proteins in DCM 
CFs that might help us highlight their response to ECM 
remodeling and also explain their role in cardiac ECM 
derangement. We, therefore, performed mass spectrom-
etry analysis of DCM and CTL CFs protein composition. 
Bioinformatic analyses identified numerous proteins 
being consistently dysregulated in 3 different DCM 
patients, which belonged mainly to the focal adhesion 
compartment (Figure 5I and 5J, Online Figure IIID). We 
hence quantified focal adhesion number in CTL and DCM 
CFs and confirmed pathological cells displayed a signifi-
cantly higher number of vinculin-rich spikes (Figure 5K).

These results suggest the derangement in DCM ECM 
induces a sustained activation of CFs.

YAP Activation in CFs Sustains ECM 
Remodeling During HF
Our group previously demonstrated that focal adhesion 
assembly is under the control of YAP transcriptional 
activity.11 The protein is sensitive to cell-cell contact29 and 
activated by ECM-generated mechanical signals.9,30,31 
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Figure 5. Human dilated cardiomyopathy (DCM) cardiac fibroblasts (CFs) express elevated levels of ECM (extracellular matrix) 
remodeling-associated molecules.
A, Representative confocal microscopy images depicting α-SMA (α-smooth muscle actin, red) expression in CTL and DCM heart tissues. 
B, Brightfield (BF) and scanning electron microscopy (SEM) images of CFs cultured from healthy (CTL) and DCM hearts. C, Volcano plot 
representation of the genes significantly regulated in DCM CFs (N=2) as compared with the same cells extracted from healthy (Continued )
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Moreover, in adult heart, YAP is found exclusively 
expressed in CFs and endothelial cells, albeit being reac-
tivated in cardiomyocytes after MI in mice8,9 and in DCM 
and IHD in humans.32 We, in fact, detected increased lev-
els of YAP RNA in DCM heart tissue by RT-qPCR (Fig-
ure 6A) and confirmed the reexpression of the protein in 
both DCM CFs and cardiomyocytes in vivo by confocal 
microscopy (Figure 6B; Online Figure IVA).

To study YAP regulation in pathological heart, we gen-
erated mechanoreporter healthy and DCM CFs in which 
mCherry expression was under the control of YAP-TEAD 
transcriptional function10 and detected a significantly 
higher reporter activity in DCM cells (1.3-fold; Figure 6C). 
This activity was confirmed by staining known YAP-TEAD 
target CTGF (connective tissue growth factor), being 
more expressed in DCM cells (Online Figure IVB).

We cultured healthy and DCM mechanoreporter CFs 
at low or high density and found YAP transcriptional activ-
ity to be repressed by cell-cell interactions (Figure 6D). 
Moreover, we seeded mechanoreporter cell lines on 
BiogelX-RGD or methacrylated gelatin substrates with 
controlled physiological stiffnesses and clarified YAP 
shuttling to the nucleus and YAP-TEAD transcriptional 
activity were indeed reinforced by substrate stiffening 
in both healthy and pathological cells (Figure 6E, Online 
Figure IVB).

Next, as 3D ECM features proved to be powerful in 
determining CFs maturation, we cultured the healthy 
mechanoreporter line on 2-dimensional and 3D DCM 
and CTL dECMs and found pathological matrix induced a 
significant enhancement (70%) in YAP-TEAD transcrip-
tional activity (Figure 6F). These results indicated YAP-
mediated mechanosensitive axis in CFs was responsive 
to modifications in cardiac ECM structure.

The interplay between Hippo and TGFβ1 signaling 
pathways is associated to the pathophysiology of fibro-
sis.33 We thus stimulated healthy and DCM CFs with the 
same concentration of TGFβ1 able to induce α-SMA 
accumulation and found an increase in the expression of 
YAP gene. CTGF gene levels also tended to increase but 
were only significant in healthy CFs (Figure 6G).

Increased contractility is a characteristic of activated 
fibroblasts that can be measured by collagen contraction 

assay, a classic tool in the field of mechanobiology to 
study ECM cell-induced deformation. Therefore, we set 
up a contraction functional assay whereby we embedded 
healthy and DCM CFs in a collagen gel and quantified 
the ability of the cells to shrink the hydrogel by reshap-
ing the collagen fibers. We found DCM CFs had signifi-
cantly higher contractile activity compared with healthy 
CFs (Figure 6H). To investigate whether this increased 
contractility could be ascribed to the enhanced YAP–
TEAD transcriptional activity, we generated CFs cell lines 
overexpressing the constitutively active nuclear form of 
YAP (YAP-8SA). YAP-8SA-overexpressing healthy CFs 
displayed increased ability to contract the collagen gels, 
while DCM CFs, which already displayed enhanced YAP 
activity, seemed to reach a plateau in their contraction 
capacity (Figure 6H). To confirm this result, we treated 
DCM and healthy CFs with YAP–TEAD complex inhibitor, 
verteporfin, and detected a reduced ability of DCM CFs 
to contract the collagen gel (Figure 6H).

Consistent with these results, RNA-seq analysis of 
common genes upregulated in YAP over-expressing 
and DCM CFs showed an overall rise in ECM organiza-
tion annotation (COL5A2, CTGF, FGF2, FBN1, LAMA2, 
TGFB2) and membrane-ECM interactions (ITGB1, 
ITGA11) when compared with healthy CFs (Figure 6I, 
Online Figure IVC and IVD, Online Table VII). Remarkably, 
among the genes upregulated in YAP-overexpressing 
CFs, we found ACTA2, the gene encoding for α-SMA 
(Online Figure IVC).

These results indicate that pathological ECM remod-
eling during DCM could be because of YAP–TEAD 
hyperactivation in CFs.

DISCUSSION
Among the crucial challenges in cardiac tissue engineer-
ing is mimicking the structural complexity of ECM-cell 
interactions found in native tissue, as well as understand-
ing how such complexity is perturbed with the onset of 
ischemic and chronic pathologies.34 Cardiac remodeling 
entails the modification of ventricle 3D architecture as 
a result of myofibroblast activation and the consequent 
deposition of de novo synthesized noncompliant ECM.35 

Figure 5 Continued. (CTL) heart as obtained by RNA-sequencing analysis. D, Heatmap representation of the top 60 differentially regulated genes 
in DCM and CTL CFs. E, Venn diagram representation of the differentially regulated genes from the patients with DCM—DCMA (green) and DCMB 
(blue)—and their common network of biological processes and pathophysiological pathways, obtained from Cytoscape software and ENRICHR database. 
F, Representative confocal microscopy images depicting α-SMA (red) expression in CTL and DCM CFs tissues. F-actin is stained with FITC-Phalloidin 
(green) and nuclei are counterstained with DAPI (4′,6-diamidino-2-phenylindole) (blue). G, FACS quantification (left) and representative confocal image 
(right) of α-SMA expression in CTL and DCM CFs treated or not with TGFβ (transforming growth factor β) for 72 h. N=3; ANOVA followed by Tukey 
test. H, FACS quantification of α-SMA expression in CTL CFs cultured for 48 h on (2-dimensional) or within (3-dimensional) decellularized ECM (dECM) 
generated from CTL and DCM heart tissues. N=3; ANOVA followed by Tukey test. I, Barplot representation of proteome profiling of the regulated 
proteins in DCM as compared with CTL CFs in mass spectrometry. J, Enrichment map of the regulated gene ontology cellular components in DCM 
compared with CTL CFs. Node size and font are proportional to the number of proteins identified in any given node; node color reflects the adjusted P 
value (Fisher exact test); the width of the edge is proportional to the overlap in proteins between connected categories; N=3. K, Representative confocal 
images and relative quantification of vinculin-rich (VCL, green) focal adhesions in CTL and DCM CFs. Nuclei are counterstained with DAPI (blue). CTL 
(N=6); DCM (N=5), Mann-Whitney U test. Boxplots represent median±min/max and barplots represent mean±SD. BDNF indicates brain derived 
neurotrophic factor; CTL, control; DAPI, 4′,6-diamidino-2-phenylindole; DCMA, DCM patient A; FA, focal adhesion; FACS, flow assisted cell sorting; F-act, 
F-actin; PECAM-1, platelet endothelial cell adhesion molecule 1; and RT-qPCR, reverse transcription quantitative polymerase chain reaction.
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Such remodeling presents as increased interstitial fibrosis 
and deranged geometric organization and integrity, result-
ing in conduction disturbances and reduced ejection frac-
tion that eventually lead to HF.35 While the biochemical 
changes associated with new ECM deposition have been 

extensively described in animal models,36 the basis and 
impact of structural changes because of collagen assem-
bly and alignment in human HF are poorly described.34

In this study, we combined scanning electron micros-
copy, atomic force microscopy and 3D 2-photon 

Figure 6. YAP (yes-associated protein) activation in dilated cardiomyopathy (DCM) cardiac fibroblasts (CFs) sustains ECM 
(extracellular matrix) remodeling during heart failure.
YAP RNA expression (A) and protein localization (B) in healthy (CTL) and dilated cardiomyopathy (DCM) hearts. CTL (N=3), DCM (N=7); 
Mann-Whitney U test. YAP (red), F-actin (green), nuclei (blue). C, Representative confocal image of YAP-transcriptional enhanced associate 
domain (TEAD) mechanoreporter lines obtained from DCM and CTL CFs and respective reporter activity. N=4; t test. D, Representative confocal 
image of the YAP-TEAD mechanoreporter line obtained from DCM CFs cultured under sparse and dense conditions (left) and the corresponding 
YAP-TEAD reporter activity (right). N=3; t test with Welch correction. E, Representative confocal images (left) and relative barplot representation 
(right) of YAP-TEAD reporter activity in CTL and DCM YAP-TEAD mechanoreporter cell lines cultured on BiogelX-RGD substrates with the 
indicated substrate stiffness. N=5. t test. F, Quantification of YAP-TEAD reporter activity in CTL CFs cultured for 48 h in 2-dimensional (2D) 
or 3-dimensional (3D) decellularized ECM (dECM) from CTL and DCM patients. N=3; ANOVA followed by Tukey test. G, RNA expression of 
YAP and CTGF in CTL and DCM CFs treated or not with TGFβ (transforming growth factor β) for 72 h; N=4; Kruskal Wallis followed by Dunn 
tests. H, Line graph representation of the ability of DCM and CTL CFs transfected or not with YAP-8SA plasmid, treated or not with 2 µmol/L of 
verteporfin (VRTP) to deform collagen at the indicated time points. The data are represented as the percentage of the original area of the pad 
that has been contracted by the cells. N=4; Kruskall-Wallis followed by Dunn test. P value refer to DCM vs CTL and DCM+VRTP vs DCM. I, Venn 
diagram representation of the genes found significantly regulated in both DCM CFs and in CTL-YAP-8SA compared with CTL, and respective 
barplot representation of common enriched gene ontology biological processes and pathways. Details of RNA sequencing data processing and 
statistics are shown in the Data Supplement. Boxplots represent median±min/max and barplots represent mean±SD.
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microscopy imaging, with the aim of characterizing the 
alterations occurring in human cardiac ECM biophysical 
properties at end-stage HF. The samples were obtained 
from patients diagnosed with DCM or IHD and eligible 
for left ventricular assist device implantation or organ 
transplantation; the myocardium was treated by a decel-
lularization protocol14 that allowed preserving ECM geom-
etry, mechanical properties, and biochemical features. By 
keeping into consideration that microscale assays might 
not fully extrapolate to the macroscale ECM heterogene-
ity of HF, we focused on the myocardium at the apical 
region of the left ventricle, which is affected by many car-
diac dysfunctions, being detrimental for heart contractility, 
and a region of interest for noninvasive diagnosis. This 
strategy led us to highlight how ECM pathological remod-
eling is associated with a loss of complexity and helical 
structures, likely because of the deposition of aligned and 
compact fiber bundles displaying reduced local elasticity.

Although fibrotic conditions have been reported to 
increase bulk tissue stiffness,26,36 here we analyzed the 
effective ECM rigidity after decellularization and by mul-
timapping strategy to avoid region-specific biases and 
overcome sample heterogeneity. Therefore, different 
from well-established models of ischemia in which the 
scar region is measured, here we show that HF dECM 
softens and loses compliance in the absence of the cel-
lular fraction or cellular forces contribution.

Next, we used 3D SHG high-resolution images of 
human heart dECMs as templates to feed an ad hoc 
designed CFD algorithm that computed the diffusion of a 
fluid through the matrices to generate a surface diffusive 
tortuosity tensor.24 SHG is suited to monitor modifications 
to collagen network in vitro and in vivo. Indeed, research-
ers anticipated the use of noninvasive SHG coupled to 
magnetic resonance elastography as a strategy to follow-
up vascularization or cardiac fibrosis and eventually lead 
to personalized treatments.34,37,38 Our study shows a cor-
relation between SHG signal and atomic force micros-
copy elastography and found a prevalent fiber orientation 
(increased anisotropy) in DCM and IHD dECMs, as com-
pared with the more uniform and almost isotropic diffusive 
tortuosity of healthy dECMs. These anatomic differences 
contributed to reduce the interconnected porosity and 
make it a hostile environment, sufficient to hamper cell 
homing, in the absence of the immune response.

Altogether, we provide a comprehensive cardiac ECM 
atlas on the composition and structure of HF ECM tem-
plates, whose translational significance can be reflected 
into the following: (1) the identification of novel mark-
ers of cardiac dysfunction based on fine alterations of 
the cardiac ECM and (2) the definition of a rationale for 
the design of more effective antifibrotic cardiac regen-
erative strategies leading to personalized medicine. This 
includes the possibility of testing in vitro the downstream 
effects of ECM turnover, to address issues related to 
vascularization and attenuation of fibrosis, to study 

cardiomyocyte proliferation, CFs activation, and reactiva-
tion of innate immune mechanisms.

CFs and ECM integrity exist in a dynamic equilibrium, 
which is based on a feed-forward loop and altered dur-
ing the progression of cardiac pathology. As CFs are key 
players in ECM remodeling1,2 and fibrotic DCM is poorly 
understood,39 we next obtained CFs lines from patients 
with DCM and performed genome-wide expression 
profiling and mass spectrometry to identify consistent 
changes in their gene and protein expression. We rea-
soned it would be possible by this means to correlate CFs 
phenotype with their ability to remodel cardiac ECM. The 
analysis led us to highlight that pathological CFs display 
altered expression of focal adhesion proteins and ECM-
related genes. Indeed, functional analysis confirmed 
DCM cells more efficiently contract and deform collagen 
fibers than control cells and identified Hippo downstream 
effector YAP as a potent mediator of ECM pathologi-
cal remodeling. YAP mechanosensitive protein, which is 
found reactivated in mouse MI9 and in human DCM,32 has 
been already associated with ECM remodeling29–31 and 
connected to the acquisition of myofibroblast contractile 
phenotype.13 Indeed, by generating CFs reporter cell lines 
of YAP transcriptional activity through TEAD, we showed 
DCM cells have sustained YAP expression and transcrip-
tional activity and are more susceptible to differentiate 
into myofibroblasts. Consistently, YAP ectopic expression 
in healthy CFs leads them to the acquisition of a superior 
ability to contract ECM collagen fibers.

Additionally, we demonstrate the effectiveness of 3D 
ECM architecture in inducing CFs activation, regardless 
of biochemical cues. In extension to the axis of deteriora-
tion in HF (eg, inflammation, devascularization, demuscu-
larization), our data suggest a crosstalk between TGFß1 
and Hippo pathways, involving ECM and CFs. Together 
with the evidence that pathological CFs display hyperac-
tive YAP–TEAD transcriptional axis, our data describe a 
feed-forward positive loop guided by YAP which sustains 
CFs activation and differentiation.

In conclusion, our results provide a comprehensive, 
high-resolution map of the modifications occurring in the 
collagen network organization during pathological car-
diac ECM remodeling. We show that underlying this reor-
ganization, the mechano-regulated YAP is activated in 
CFs to rearrange the ECM in a profibrotic feed-forward 
loop. These data, obtained from murine and human heart 
specimens, combine findings from medical records with 
in-depth multiparametric research outputs and functional 
assays, thus offering valuable preclinical information to 
future development of antifibrotic drugs and ultimate 
heart regenerative medicine approaches.
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