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� No effective pharmacological treatment

exists for cardiac fibrosis caused by

absence of relevant preclinical

translational models.

� This study demonstrates the

development of an ex vivo flow system,

which allows induction of cardiac fibrosis

in intact adult mouse hearts.

� The extent of fibrosis is dependent on the

level of mechanical stress.

� Inhibition of fibrosis by the SB431542

compound demonstrates that the model

can be used as a preclinical test model for

new therapeutic agents.
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ABBR EV I A T I ON S

AND ACRONYMS

ALK5 = activin receptor-like

kinase 5 (also known as TGF-b

type I receptor)

cTnI = cardiac troponin I

ECM = extracellular matrix

EndoMT = endothelial-to-

mesenchymal transformation

EYFP = enhanced yellow

fluorescent protein

GAG = glycosaminoglycan

GFP = green fluorescent

protein

MMP2 = matrix

metalloproteinase-2

MTCS = Miniature Tissue

Culture System

PCNA = proliferating cell

nuclear antigen

pp38MAPK = phospho-p38

mitogen-activated protein

kinase

pSMAD2/3 = phospho-

SMAD2/3

SMA = smooth muscle

TGF = transforming growth

factor

TUNEL = terminal

deoxynucleotidyl transferase

dUTP nick end labelling

Wt1 = Wilms’ tumor-1
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SUMMARY
Fibrosis is a characteristic of many cardiac diseases for which no effective treatment exists. We have developed

an ex vivo flow system, which allows induction of cardiac fibrosis in intact adult mouse hearts. Lineage-tracing

studies indicated that the collagen-producing myofibroblasts originated from the resident fibroblasts. The

extent of fibrosis was flow rate dependent, and pharmacological inhibition of the transforming growth factor

beta signaling pathway prevented fibrosis. Therefore, in this powerful system, the cellular and molecular

mechanisms underlying cardiac fibrosis can be studied. In addition, new targets can be tested on organ level for

their ability to inhibit fibrosis. (JACC Basic Transl Sci 2024;9:1005–1022) © 2024 The Authors. Published by

Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
F ibrosis is a common pathophysiolog-
ical process of multiple cardiac
diseases including hypertension,

myocardial infarction, and nonischemic car-
diomyopathy. It leads to myocardial stiffness
and loss of contractility, which eventually
will lead to life-threatening heart failure.
More than 5% of the population older than
65 years harbors heart failure for which heart
transplantation is the only treatment.
Fibrosis is also a feature of the aging heart,
which undergoes structural and functional
changes rendering the heart more suscepti-
ble to heart diseases. Developing new strate-
gies to control fibrosis is therefore crucial to
treat many cardiac diseases.1

Cardiac fibrosis is characterized by the

excessive expansion of cardiac fibroblasts and the
accumulation of extracellular matrix (ECM) compo-
nents, in particular collagens I and III, in the
myocardium of the heart.2 The activated fibroblast
(myofibroblast) of the heart is considered responsible
for the production and is triggered by mechanical and
biochemical stimuli from the environment. Under-
standing the regulation of myofibroblast behavior is
crucial to interfere with the fibrotic process in the
heart.

The transforming growth factor (TGF)-b signaling
pathway is considered as the central molecular player
steering fibrosis.3,4 The TGF-b pathway is activated by
binding of TGF-b to a complex of the TGF-b type II
and I receptor (ALK5), which results in SMAD-
dependent and -independent regulation of gene
expression.5 SMAD-dependent TGF-b signaling is
initiated by phosphorylation of the intracellular
signal transducer and transcriptional modulators
SMAD2 and SMAD3 (pSMAD2/3) by the activated ALK5
kinase. pSMAD2/3, after complex formation with
SMAD4, translocates to the nucleus to regulate the
activation or repression of target gene expression.4
The TGF-b SMAD-independent signaling pathway in-
cludes the extracellular signal-related kinase and p38
mitogen-activated protein kinase (p38MAPK), which
have also been implicated in the regulation of cardiac
fibrosis.5,6 Although the TGF-b pathway is an attrac-
tive therapeutic target for treating cardiac fibrosis,
the pleiotropic and context-dependent actions of
TGF-b, which can be both protective and detrimental;
the complexity of its signaling cascades; and the
multistep process of cardiac fibrosis greatly compli-
cate the therapeutic translation.7,8 To better under-
stand the cell-specific actions of TGF-b and other
fibrosis-related factors in vivo, effective fibrosis
models are required.

In vitro experiments in which fibroblasts are
cultured in 2 dimensions provide great experimental
control but lack the complexity of the 3-dimensional
(3D) architecture of the heart with a delicate inter-
play between biochemical and mechanical signals
steering cell behavior. Currently, more advanced 3D
culture models for the study of cardiac fibrosis are
generated, where multiple cardiac cell types are pre-
sent in a 3D configuration.9 Although the level of
significance in comparison with 2-dimensional cell
cultures is greater, the required maturation state of
the cardiac cells and their organization, interaction,
and embedding in the surrounding ECM do not equal
the native complexity of the myocardium. Further,
these 3D setups represent a microenvironment, which
provides test settings for applications like toxicity
screens and cellular response, but does not facilitate
disease modeling on an organ level.

Several in vivo mouse models to study cardiac
processes exist where cardiac fibrosis is induced by
volume and/or pressure overload generated by ge-
netic alteration,10 by pharmacological stimulation,11

or surgically by constriction of ascending aorta or
pulmonary constriction.12 Further, myocardial
ischemia-associated cardiac fibrosis is induced by
ligation of coronary arteries,13 and dilated

http://creativecommons.org/licenses/by-nc-nd/4.0/
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cardiomyopathy-related cardiac fibrosis is induced by
genetic alteration.14 Whereas the myocardial infarc-
tion that is induced by ligation of the coronary ar-
teries results in acute local fibrotic scarring, pressure/
volume overload and dilated cardiomyopathy-related
fibrosis are more chronic diffuse fibrosis. Although
in vivo mouse experiments provide the best native
(patho)physiological conditions and are crucial for
obtaining insights in the pathophysiology of cardiac
diseases and test new therapeutic strategies,15 their
utilization still suffers from important shortcomings.
The surgical procedures are technically challenging,
the follow-up can take months, and especially the
lack of controllability of conditions and therefore,
establishing consistent reproducible conditions can
hamper the analysis. In addition, the testing of new
therapeutics in in vivo mouse models is often
hampered by the unfamiliarity with the optimal de-
livery method, administration route, dose, and fre-
quency of administration of a specific therapeutic.16

The aim of this study was therefore to establish a
controllable ex vivo culture model for whole mouse
heart in which cardiac fibrosis can be induced and
manipulated. Therefore, we have adapted the Mini-
ature Tissue Culture System (MTCS), which has been
used in previous studies to study valvular heart dis-
ease.17-20 We found that fibrosis takes place in the
whole mouse heart after prolonged ex vivo culture
with differential characteristics in the ventricular and
atrial myocardium and subepicardium. Fibrosis was
determined by increased population of myofibro-
blasts and increased expression of collagen and other
fibrosis-associated ECM components. We show that
the extent of fibrosis can be modulated by changing
mechanical and biochemical signals, and that the
fibrotic process is TGF-b-dependent, demonstrating
that with this model, the mechanisms underlying
cardiac fibrosis can studied and potential new targets
can be identified and tested.

METHODS

ANIMALS. All animal experiments were performed in
2- to 15-month-old mice with a mixed genetic back-
ground (B6;129) according to protocols approved by
the animal welfare committee of the Leiden Univer-
sity Medical Center and conform to the guidelines
from Directive 2010/63/EU of the European Parlia-
ment on the protection of animals used for scienti-
fic purposes.

To trace the fate of endothelium-derived cells,
macrophages, and epicardium-derived cells, the
VE-cadherin-CreERT2 mouse21 crossed with the
B6.129(Cg)-Gt(ROSA)26-Sortm4(ACTB-tdTomato,–EGFP)Luo/J
reporter mouse (R26-mT/mG mouse), the LysM-
Cre*Rosa26Sortm1 enhanced yellow fluorescent
(EYFP) mice,22-24 and the Wilms’ tumor-1 (Wt1)-
CreERT2 mouse crossed with the R26-mT/mG mouse
were used, respectively. To detect the EYFP and
enhanced green fluorescent protein (GFP) expression,
immunofluorescent staining was performed for GFP.

EX VIVO CULTURE OF WHOLE MOUSE HEARTS.

Mouse hearts were cultured in the MTCS as previ-
ously described.17,19,20 In short and with the following
modifications: mice were anesthetized with 4% iso-
flurane and the hearts were in situ perfused with salt
solutions, removed, and transferred to the perfusion
chambers. For each heart, the inflow needle of the
perfusion chamber was inserted into the aorta and
ligated with a suture. Flow (500-1,500 mL/min) was
introduced using a pump, and medium (Dulbecco’s
Modified Eagle Medium, Life Technologies, 31966047;
supplemented with 10% fetal bovine serum, anti-
biotic/antimycotic [100 units of penicillin, 100 mg of
streptomycin, and 0.25 mg of amphotericin B/ml;
Invitrogen], and insulin-transferrin-selenium [10 mg/
mL insulin, 5.5 mg/mL transferrin, 6.7 ng/mL sele-
nium; Fisher Scientific]) was directed from the
reservoir through the air bubble trap and into the
perfusion chamber where it flowed through the aorta
toward the closed aortic valve into the coronary cir-
culation (Supplemental Figure 1). The medium exited
the heart via the right atrium and recirculated to the
reservoir. The medium was replaced every 3 to 4 days.
The ALK5-kinase inhibitor SB431542 (5 mmol/L,
Tocris Bioscience) and TGF-b3 (1 ng/mL, R&D) were
added to inhibit or stimulate the TGF-b-signaling
pathway, respectively. 4OH-tamoxifen (1 mmol/L,
Sigma) was added to the medium at the start of the
culture to induce recombination when using the VE-
cadherin-CreERT2 or Wt1-CreERT2 mouse hearts. The
hearts were cultured for up to 2 weeks followed by
fixation overnight with 4% PFA/PBS.

HISTOLOGY. Histology was performed as previously
described.17,25 In short, fixed mouse hearts were
dehydrated through a graded series of ethanol,
cleared in xylene, embedded in paraffin, and
sectioned at 6 mm. The sections were deparaffinized
and hydrated before subsequent staining. Sections
were stained with picro-Sirius Red (Sigma) to visu-
alize collagen fibers using polarized cell microscopy26

and alcian blue (Klinipath) to visualize glycosamino-
glycans (GAGs), and counterstained with nuclear-fast

https://doi.org/10.1016/j.jacbts.2024.04.007
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red (Sigma). For immunofluorescent staining, the
slices were boiled for 8 or 35 minutes in Antigen
Retrieval Buffer (10 mmol/L Tris [pH9]/1 mmol/L
EDTA/0.05% Tween-20) using a pressure cooker. Af-
ter blocking with 1% BSA in 0.1% Tween-PBS, sections
were incubated overnight with the primary anti-
bodies directed against platelet endothelial cell
adhesion molecule (PECAM-1) (R&D, AF3628;
1:1,000), proliferating cell nuclear antigen (PCNA)
(Sigma, P8825; 1:1,000), smooth muscle actin-alpha
(a-SMA, Sigma; A2547; 1:20,000), collagen I (South-
ernBiotech, 1310-01; 1:200), GFP (Abcam, ab13970,
1:1,000), collagen III (SouthernBiotech, 1330-01;
1:200), phospho-p38 mitogen-activated protein ki-
nase (pp38MAPK) (Cell Signaling, #4631; 1:100), peri-
ostin (Santa Cruz, SC398631; 1:100), versican B
(Chemicon, AB1033; 1:100), fibronectin (Sigma,
F3648; 1:200), cardiac troponin-I (cTnI) (HyTest,
4T21/2; 1:1,000), matrix metalloproteinase 2 (MMP2)
(Invitrogen, #436000; 1:200), vimentin (Cell
Signaling, #5741; 1:200), mannose receptor (CD206,
Abcam; ab64693; 1:300), F4/80 (Invitrogen, 14-4801-
82; 1:100), MAC3 (CD107b, BD Biosciences, #550292;
1:200), CD68 (Santa Cruz, SC20060; 1:100), and sar-
comeric myofilaments (MF20, Developmental Studies
Hybridoma Bank, University of Iowa) followed by
incubation with Alexa-conjugated secondary anti-
bodies (Molecular Probes). Staining for pSMAD2/3 and
Wt1 was performed as previously described.13,27

Slides are mounted using 4’,6-diamidino-2-
phenylindole (DAPI) containing ProlongGold Anti-
fade reagent (Thermo Fisher). Terminal deoxy-
nucleotidyl transferase dUTP nick end labelling
(TUNEL) (in situ cell death detection kit; Roche
Applied Science) staining was performed according to
the manufacturer’s guidelines. All slides were scan-
ned with the Pannoramic 250 slide scanner (version
1.23, 3DHISTECH Ltd) and analyzed using Caseviewer
(version 2.4, 3DHISTECH Ltd). Polarized light micro-
scopy was performed to visualize collagen fibers on
the Sirus Red-stained sections.

QUANTIFICATIONS. Quantifications were performed
using Caseviewer (version 2.4, 3DHISTECH Ltd)
and ImageJ.

To determine the cellular composition in non-
cultured and ex vivo-cultured hearts, the numbers of
DAPI-positive endothelial cells and cardiomyocytes
cells were quantified in a specific region of the right
ventricle using the endothelial cell marker PECAM-1
and myocardial cell marker cTnI. The relative
contribution of endothelial cells, cardiomyocytes,
and remainder cells to the total number of DAPI-
positive cells was calculated.
To determine the extent of the initiation of fibrosis
at specific locations in the heart, the periarterial
fibrosis, ie, the a-SMA-positive area surrounding the
coronary arteries; the epimyocardial fibrosis, ie, the
a-SMA-positive area in the myocardium adjacent to
the epicardium; and the endocardial fibroelastosis-
like fibrosis, ie, the a-SMA-positive area lining the
left ventricular lumen were scored. For the peri-
arterial and epimyocardial fibrosis, a score ranging
from 0 to 4 was given, with a score of 0 indicating no
a-SMA-positive cells and the scores 1 to 4 indicating
an increasing a-SMA-positive area. For the endocar-
dial fibroelastosis-like fibrosis, a score ranging from
0 to 2 was given with a score 0 indicating no a-SMA-
positive cells, a score 1 indicating a-SMA-positive
cells neighboring part of the left ventricular lumen,
and a score 2 indicating a-SMA-positive cells sur-
rounding the whole left ventricular lumen. Examples
of these scores can be found in Supplemental
Figure 2.

For the quantifications, hearts were used in the age
range of 2 to 15 months because no significant corre-
lation was found between age and the extent of
fibrosis as determined by a-SMA expression (see
Supplemental Appendix).

STATISTICS. Statistical analysis was performed using
GraphPad Prism version 9.5.1 for Windows (GraphPad
Software). Differences were analyzed as indicated in
each legend using analysis of variance (ANOVA) with
Tukey’s or �Sidák’s correction, or Kruskal-Wallis, if the
normality test (Shapiro-Wilk normality test) failed,
with Dunn’s correction for multiple groups. Data are
reported as the mean � SEM. A P value <0.05 was
considered statistically significant.

RESULTS

CELL REMODELING IN EX VIVO CULTURED HEARTS.

To develop an ex vivo model for cardiac fibrosis, we
adapted the MTCS17-20 to allow perfusion of the cor-
onary circulation (for details see Methods section).
Wild type mouse hearts were cultured in the MTCS for
increasing times and analyzed by histology for the
presence of remodeling in the atrial and ventricular
myocardium. Noncultured hearts displayed a-SMA
expression predominantly in the smooth muscle cells
of the coronary arteries (Figure 1A). Low expression of
the intermediate filament marker vimentin was
observed in nonmyocardial cells (Figure 1B), and the
endothelial cell-marker PECAM-1 visualized the cap-
illaries throughout the myocardium, the inner lining
of the coronary arteries, and the endocardium
(Figure 1C). The myocardial marker cTnI showed ho-
mogeneous expression throughout the myocardium

https://doi.org/10.1016/j.jacbts.2024.04.007
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FIGURE 1 Cell Dynamics in Ex Vivo Cultured Hearts

Continued on the next page
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(Figure 1D). After 7 days of culture, an increased
number of a-SMA-positive interstitial cells (ie, myo-
fibroblasts) was found in the ventricular myocardium
(Figures 1A and 1F), but virtually none were found in
the atrial myocardium (Figures 1A and 1F). The sub-
epicardium was thickened in parts of ventricles and
atria (Figure 1A), and expression of a-SMA in the
ventricular or atrial subepicardium was present in a
relative low number of hearts (Figure 1E). Increased
vimentin expression was observed in nonmyocardial
cells of the myocardium and subepicardium of ven-
tricles and atria (Figures 1B and 1G). Vascular remod-
eling was observed in the ventricular myocardium
after 1 week of culture, whereas decreased PECAM-1
expression was observed in subset of endothelial
cells in the atrial myocardium (Figure 1C). The ven-
tricular myocardium displayed loss of its integrity,
whereas this was not observed in the atrium
(Figure 1D). Different subsets of ventricular car-
diomyocytes were observed that displayed an atro-
phic phenotype, contained vacuoles, expressed the
cell death marker TUNEL, or expressed a-SMA
(Supplemental Figure 3). After 2 weeks of culture, the
subepicardium was overall thicker and displayed
a-SMA expression in most cultured hearts over-
lapping with vimentin expression (Figures 1A and 1E).
Detailed comparison of the differential timing of
a-SMA and vimentin expression in the subepicardium
of ex vivo cultured hearts is shown in Supplemental
Figure 4. Further remodeling of the vasculature and
loss of myocardial integrity were observed after
2 weeks (Figures 1C and 1D).

To get insight into the changes in cellular compo-
sition of ex vivo-cultured hearts, the relative contri-
butions of cardiomyocytes, endothelial cells, and the
remainder cells, presumably fibroblasts, were deter-
mined in the ventricular and atrial myocardium.
1 Continued

ntative pictures of noncultured mouse hearts and hearts cultured for 1 or 2 w

1 (C), and cardiac troponin-I (D). Boxed areas in A are shown at higher magnifi
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ting cell nuclear antigen (PCNA)- and terminal deoxynucleotidyl transferase
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Quantification of the number of nuclei in combination
with specific cell markers demonstrated that from
day 3 of culture the relative contribution of car-
diomyocytes in the ventricular myocardium
decreased, with only minimal viable cardiomyocytes
being present at day 7 (Figure 1H). The percentage of
endothelial cells slightly increased, whereas the
contribution of (myo)fibroblasts increased (Figure 1H).
In contrast, the relative contributions of the cell types
in the atrial myocardium remained constant up until
5 days of culture; after this, a slight decrease was
observed for the relative contributions of the car-
diomyocytes and endothelial cells after 7 days of
culture, whereas the contribution of (myo)fibroblasts
slightly increased (Figure 1H). Quantification of PCNA-
and TUNEL-positive nuclei observed in the (myo)
fibroblast and endothelial cell population indicated
that these 2 cell populations proliferated in the ven-
tricular myocardium, whereas they undergo cell
death in the atrial myocardium (Figures 1I to 1K).
PCNA-positive cells were observed in subepicardium
of both the ventricle and atrium (Figures 1L and 1M).

The loss of myocardial cells, vascular reorganiza-
tion, and the increase and activation of myofibro-
blasts indicate active cellular remodeling processes
similar to those observed during the initiation of
cardiac fibrosis.

MATRIX REMODELING IN EX VIVO CULTURED

HEARTS. To study the dynamics of collagen fiber
distribution in the ex vivo cultured hearts, polarized
light microscopy was performed on Sirius Red stained
sections to visualize the collagen fibers. Noncultured
hearts displayed collagen fibers in the subepicardium
and intermyocardial space of the ventricles and atria,
surrounding the larger vessels in the ventricles and
parts of the subendocardium (Figures 2A to 2D). The
eeks stained for a-smooth muscle actin (SMA) (A), vimentin (B),

cation in a’, a’’ ,b’, b’’, c’, c’’. (E) Graphs depicting the percentage of

culture for 0, 7, or 14 days. (F and G) Graphs depicting the relative

or atrial myocardium of hearts cultured for 0, 7, or 14 days. (H)
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counterstain in all pictures. Data are presented as means � SEM.

ltiple comparisons test was performed for graphs (F [ventricle] and
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FIGURE 2 Collagen Fiber Dynamics in Ex Vivo Cultured Hearts

Representative polarized light microscopy pictures of collagen fibers in the noncultured mouse hearts (A to D) and hearts cultured for 1 week (E and F) or

2 weeks (I to L). Boxed areas in A to L are shown at higher magnification in A’ to L’, A”, B”, E”, F”, I”, J”, A’”, E”’, and I’”. DAPI is used as counterstain. Green:

thin collagen fibers; orange thick collagen fibers. (M) Representative pictures of noncultured mouse hearts and hearts cultured for 1 or 2 weeks stained for

MMP-2. Scale bar A to L: 100 mm; M: 20 mm. C. artery ¼ coronary artery; other abbreviations as in Figure 1.
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FIGURE 3 Extracellular Matrix Dynamics in Ex Vivo Cultured Hearts

Representative pictures of the right ventricle, right atrium, and coronary arteries in noncultured mouse hearts and hearts cultured for 1 or 2 weeks stained for collagen I,

collagen III (A), alcian blue, periostin, versican B, and fibronectin (B). DAPI is used as counterstain in all fluorescent pictures. Scalebar: 20 mm. Abbreviations as in Figure 1.
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fibers in the subepicardium of the right ventricle and
atrium were overall more pronounced then in the left
ventricle and atrium (Figures 2A to 2D). After 7 days of
culture, the collagen fibers in the ventricular
myocardium were fragmented (Figures 2E” and 2F”),
but not in the atrial myocardium. The fibers were
observed in higher intensity in the subepicardium on
the border between the subepicardium and myocar-
dium of both ventricles and atria (Figures 2E’ to 2H’).
Collagen fibers were disrupted but overall slightly
increased in expression surrounding the coronary
arteries (Figure 2E”’). After 2 weeks of culture,
collagen fibers were observed in the expanded layer
of the subepicardium in both ventricles and atria
(Figures 2I’ to 2L’), as well as the ventricular wall
(Figures 2I’, 2I”, 2J’, and 2J”). These observations
suggest the degradation and the subsequent forma-
tion of collagen fibers in the ventricular myocardium.

Collagen fiber dynamics is regulated by both its
production and degradation. Expression of the
collagen-degrading MMP-2 was absent at the start of
the culture (Figure 2M, noncultured), but was present
in the myocardium and (sub)epicardium after 1 week,
and to a lesser extent after 2 weeks of culture
(Figure 2M). The presence of MMP-2 indicates that the
initial degradation of collagen fibers is achieved by
protease activity.

Collagen I and III protein expression, as visualized
by antibody staining, was present in the intercellular
spaces of the myocardium, at the border between the
epicardium and myocardium, and surrounding the
coronary arteries of the noncultured heart (Figure 3A,
Supplemental Figure 5A). After 1 week of culture,
collagen I was up-regulated in the ventricular
myocardium (Figures 3A, 4A, and 4B, Supplemental
Figure 5A), in the thicker subepicardium of the
ventricle, and to a lesser extent, in the subepicardium
of the atrium (Figures 3A, Supplemental Figure 5A),
whereas collagen III protein expression remained at
the border between the epicardium and the myocar-
dium (Figure 3A, Supplemental Figure 5A). After
2 weeks of culture, collagen I expression increased
further, whereas only a minimal up-regulation of
collagen III was observed (Figure 3A). Little change in
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FIGURE 4 Collagen-Expressing Cells in the Myocardium and Subepicardium of Ex Vivo Cultured Hearts

(A) Costaining of collagen I, a-SMA, and PECAM-1 in the ventricular myocardium of a mouse heart cultured ex vivo for 1 week. a-SMA-expressing cells (white arrows)

display cytoplasmic collagen expression. Endothelial cells (green arrows) and cardiomyocytes (cm) do not show cytoplasmic collagen expression. (B) Costaining of

collagen I and a-SMA in subepicardial region of a mouse heart cultured ex vivo for 1 week displaying collagen I-positive/a-SMA-negative cells in the epicardial layer.

DAPI is used as counterstain in all pictures. Scale bar: 20 mm. Abbreviations as in Figure 1.
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collagen I and III protein expression was observed
surrounding the vessels (Figure 3A). Up-regulation of
collagen and the increase of the myofibroblast popu-
lation are hallmarks for the process of fibrosis. To
further validate this observation, we examined the
expression of molecules associated with cardiac
fibrosis. GAGs, including hyaluronic acid, the matri-
cellular glycoprotein periostin, the proteoglycan
versican, and the glycoprotein fibronectin, are up-
regulated during cardiac fibrosis.28-30 In 1 week,
cultured mouse hearts, GAGs, visualized by Alcian
Blue staining, periostin, versican, and fibronectin,
were up-regulated in the ventricular myocardium,
surrounding the coronary arteries and in the sub-
epicardium of both ventricles and atria (Figure 3B,
Supplemental Figure 5B). Whereas this up-regulation
was further increased for GAGs, versican, and fibro-
nectin after 2 weeks of culture, periostin expression
was diminished (Figure 3B, Supplemental Figure 5B).

Together these observations suggest active
remodeling associated with cardiac fibrosis including
degradation and synthesis of ECM components.
ORIGIN OF MYOFIBROBLASTS IN THE EX VIVO

CULTURED HEARTS. To determine which cell type
was responsible for the increased collagen expres-
sion, labelling studies were performed using anti-
bodies directed against a-SMA, PECAM-1, and
collagen I. In the ventricular wall of ex vivo cultured
hearts, cytoplasmic collagen I staining was observed
in a-SMA-positive cells and not PECAM-1-positive
cells or cardiomyocytes (Figure 4A), suggesting that
the a-SMA-positive interstitial cells were the main
producers of collagen. In the subepicardium of some
hearts, the cytoplasmic collagen was present in
a-SMA-negative cells, indicating that a-SMA expres-
sion is not required for collagen produc-
tion (Figure 4A).

Possible origins for the myofibroblasts in the
ex vivo cultured are endothelial cells by the process
of endothelial-to-mesenchymal transformation
(EndoMT), epicardial cells by the process of
epithelial-to-mesenchymal transformation, and sub-
sequent migration of subepicardial cells in the
myocardium, resident macrophages, and/or resident
fibroblasts.31,32 To determine the origin of myofibro-
blasts in the ex vivo cultured hearts, lineage studies
were performed using cell type-specific Cre-mouse
models and reporter mouse models (Supplemental
Figure 6).

To determine whether EndoMT contributed to
myofibroblast formation, inducible Ve-cadherin-
CreERT2 mice21 were crossed with the mTmG re-
porter mice (Supplemental Figure 6). Labeling of the
endothelial cells is achieved by exposure of the hearts
to tamoxifen. Culturing these hearts with tamoxifen
added at the start of the culture resulted in labelling
of 90% of the endothelial cells demonstrating high
labeling efficiency (Supplemental Figure 7A). All GFP
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FIGURE 5 Origin of Myofibroblasts in the Myocardium of Ex Vivo Cultured Hearts

Continued on the next page
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expression was found in PECAM-1 positive cells after
7 days of culture (n ¼ 5) (Figure 5A, Supplemental
Figure 8), indicating that EndoMT did not contribute
to the myofibroblast population ex vivo.

To determine whether epicardial cells contribute to
myofibroblasts, first, Wt1 expression studies were
performed to determine whether the epicardium be-
comes activated during the ex vivo culture of the
heart. Increased expression of Wt1 was observed in
the epicardium, which became thicker at specific
parts associated with areas of fibrosis, and in the
endothelial cells of the heart (Supplemental Figure 9)
as reportered earlier in fibrotic mouse hearts.13 As
shown in the previous text, endothelial cells do not
contribute to myofibroblasts; therefore, insight into
the contribution of epicardium-derived cells to myo-
fibroblasts in the ex vivo cultured hearts can be ob-
tained by performing lineage tracing of Wt1-positive
cells using the inducible Wt1-CreERT2 mice crossed
with the mTmG reporter mice (Supplemental
Figure 6). Culturing these hearts with tamoxifen at
the start of the culture to induce labeling of the Wt1-
expressing cells resulted in GFP expression in 73% of
the epicardial layer (n ¼ 4) (Figure 5B, Supplemental
Figure 7) and in a part of the endothelial cells of the
heart (Figure 5B). GFP expression was not observed in
myofibroblasts (n ¼ 4) (Figure 5C). Sporadic GFP
expression was observed in PECAM-1-negative cells
residing in the myocardium (not shown). These ob-
servations indicate a minimal contribution, if any, of
epicardial cells to the myofibroblasts in the ex vivo
cultured hearts.

To determine a contribution of the resident mac-
rophages to the myofibroblasts in the ex vivo cultured
hearts, the LysM-Cre/EYFP reporter mice were used
to label the resident macrophages with YFP
(Supplemental Figure 6).22-24 Cross-reactivity of the
GFP antibody with YFP allowed visualization of these
cells. In noncultured hearts, GFP expression was
observed in numerous interstitial cells that stain
positive for the macrophage markers CD206, F4/80,
and MAC3 (Supplemental Figures 7D to 7G), indi-
cating efficient labeling of the resident macrophages.
Further, some cardiomyocytes in the interventricular
septum and left myocardial wall were found positive
FIGURE 5 Continued

Representative pictures of a-SMA and green fluorescent protein (GFP) c

expression of the reporter in the VeCadh-CreERT2/mTmG (A), Wilms’ tu

yellow fluorescent protein (EYFP) (D) mice. All GFP-positive cells in the

not for a-SMA (arrows in A). GFP-positive cells in themyocardial layer ofW

PECAM-1 positive (arrows in B and C). GFP staining in LysM-Cre/EYFP mou

is used as counterstain in all pictures. Scale bar: 10 mm. Abbreviations as
as reported earlier24 (Supplemental Figure 7C). After
7 days of culture, the number of GFP-positive cells
overall increased, and GFP expression was observed
in both macrophages, as identified by CD68 expres-
sion (Supplemental Figure 7H), and cardiomyocytes
(Supplemental Figure 7I). No GFP-/a-SMA-positive
cells were found, indicating that the resident macro-
phages did not contribute to the increase in the
myofibroblast population (n ¼ 6) (Figure 5D,
Supplemental Figure 8).

Together, our observations suggest that the myo-
fibroblasts present in the ex vivo cultured heart are
likely derived from resident proliferating fibroblasts.

MECHANICAL REGULATION OF CARDIAC FIBROSIS.

Mechanical stress is considered an important
inducer/regulator of fibrosis.33 Shear stress, pres-
sure, and (pulsatile) stretch can induce intracellular
pathway modifications leading to altered behavior
or phenotype of endothelial cells, fibroblasts, and
cardiomyocytes favoring fibrosis. To determine
whether mechanical alterations can lead to cellular
modification, increasing flow rates were applied and
the extent of vimentin, as a measure of cardiac cell
activation, and a-SMA, as a measure for myofibro-
blast formation, were determined after 1 week of
culture. Increasing flow rate resulted in relatively
more hearts expressing a-SMA in the ventricular
subepicardium (Figure 6A), and more a-SMA and
vimentin expression in the ventricular myocardium
(Figures 6B and 6C), indicating that increased me-
chanical stress results in cellular modifications
associated with cardiac fibrosis. These modifications
upon increased mechanical stress were not observed
in the atria (Figures 6A to 6C). The distribution of
myofibroblast in the ventricular wall was not homo-
geneous but was concentrated in specific locations.
They were observed in the myocardium surrounding
the coronary arteries, ie, periarterial fibrosis
(Figures 6D and 6F); in the outer myocardial part of the
right and left ventricular wall underneath the epicar-
dial layer, ie, epimyocardial fibrosis (Figures 6E and
6F); and surrounding the left ventricular lumen, ie,
endocardial fibroelastosis-like fibrosis (Figure 6G).
Multiple locations of fibrosis were found in one heart
ostaining with or without PECAM-1 costaining. GFP represents the

mor-1 (Wt1)-CreERT2/mTmG (B and C), and LysM-Cre/enhanced

VeCadh-CreERT2/mTmG mouse hearts are positive for PECAM-1 and

t1-CreERT2/mTmGmouse hearts are not a-SMA-positive, butmostly

se hearts does not overlap with a-SMA staining (arrows in D). DAPI

in Figure 1.
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FIGURE 6 Mechanical Regulation of Fibrosis in Ex Vivo Cultured Hearts

(A) Graphs depicting the percentage of hearts with a-SMA expression in the subepicardium of the ventricle and atrium after culture for 7 days with a flow rate of 0.5,

1.0, and 1.5 mL/min. (B and C) Graphs depicting the relative a-SMA-positive area (B) and the relative vimentin-positive area (C) in the ventricular or atrial myocardium

of hearts cultured for 7 days with a flow rate of 0.5, 1.0, and 1.5 mL/min. Representative pictures of a-SMA staining on hearts cultured for 7 days indicating the locations

of the periarterial fibrosis (PF) (D and F), the epimyocardial fibrosis (EM) (E and F), and endocardial fibroelastosis-like fibrosis (EFF) (G). (H to J) Graphs depicting the

quantification of the PF (H), EM (I), and EFF (J) in hearts cultured ex vivo at different flow rates. DAPI is used as counterstain in all pictures. Data are presented as

mean � SEM. To evaluate significant differences, 1-way analysis of variance followed by Tukey’s multiple comparisons test was performed for graphs (B [ventricle]

and C). Kruskal-Wallis test followed by Dunn’s multiple comparisons test was performed for graphs (B [atrium] and H to J). *P < 0.05, **P < 0.01. Scale bar D to F:

200 mm; G: 100 mm. Abbreviations as in Figure 1.
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(Figure 6F). Because different parts of the ventricular
myocardium might be differently sensitive to me-
chanical stress, the a-SMA expression, as a measure of
myofibroblast activation, was scored in each of
these locations in hearts cultured with increasing flow
rates, as described in the Methods section, with ex-
amples in Supplemental Figure 2. Applying this
approach demonstrated that myofibroblast activation
in the identified locations was increased when the
hearts were cultured with higher flow rates (Figures 6H
to 6J). Therefore, the increase in myofibroblast acti-
vation in the ventricular myocardium upon increased
mechanical stress is not restricted to a spe-
cific location.

https://doi.org/10.1016/j.jacbts.2024.04.007


FIGURE 7 Molecular Regulation of Fibrosis in Ex Vivo Cultured Hearts

Continued on the next page
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MOLECULAR REGULATION OF CARDIAC FIBROSIS.

TGF-b is an important player in the cellular alter-
ations and ECM remodeling in cardiac fibrosis and
exerts its effect via SMAD-dependent and -indepen-
dent signaling pathways.5 To determine whether both
pathways are activated in ex vivo cultured hearts, the
expression of pSMAD2/3 and phospho-p38MAPK
(pp38MAPK) was determined, downstream signaling
molecules of the SMAD-dependent and -independent
TGF-b pathways, respectively. In noncultured hearts,
low nuclear pSMAD2/3 expression was observed
throughout the heart, whereas pp38MAPK was not
expressed (Supplemental Figure 10). In ex vivo
cultured hearts, pSMAD2/3 and pp38MAPK were up-
regulated, specifically in areas of vimentin expres-
sion in the myocardium and subepicardium
(Figure 7A). To gain more insight in the role of TGF-b
in the remodeling observed in the ex vivo cultured
hearts, the ALK5 kinase inhibitor SB431542 was used
to inhibit the TGF-b signaling pathway, while TGF-b
was added to the culture to activate the TGF-b
signaling pathway. a-SMA expression was completely
inhibited in the subepicardium and myocardium of
SB-treated hearts (Figures 7B, 7F, and 7G,
Supplemental Figure 11B), and was only present in
vascular smooth muscle cells. On the other hand, the
impact of TGF-b signaling inhibition on expression of
pSMAD2/3, pp38MAPK, and the other examined
fibrotic markers was different between hearts as well
as in different regions of the hearts (as indicated by
SB1 and SB2 in Figure 7). pSMAD2/3 and pp38MAPK
expression was overall inhibited (SB1 in Figure 7A and
Supplemental Figure 11A), but clearly present in other
parts (SB2 and SB in Figure 7A and Supplemental
Figure 11A). Vimentin expression was inhibited in
parts of the ventricular myocardium (SB1 in Figures 7B
and 7H and Supplemental Figure 11B) and appeared
more intense in other parts (SB2 and SB in Figure 7B
and Supplemental Figure 11B). Similarly, vascular
remodeling was inhibited in parts of ventricular
FIGURE 7 Continued

Representative pictures of the right ventricle and the right atrium of hear

of SB431542 (SB, SB1, SB2) or transforming growth factor-beta (TGF-b)

activated protein kinase (pp38MAPK), (B) a-SMA and vimentin, (C) PEC

periostin, versican B, and fibronectin. (F) Graphs depicting the percenta

ventricle and atrium after culture for 7 days under standard conditions (

depicting the relative a-SMA-positive area (G) and the relative vimentin

cultured for 7 days under standard conditions (�), in the presence of SB4

pictures. Data are presented as means � SEM. To evaluate significant d

comparisons test was performed for graphs (G and H). Kruskal-Wallis tes

graph (G [atrium]). *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar: 20
myocardium (SB1 in Figure 7C, Supplemental
Figure 11C), although PECAM-1 expression was pre-
sent between the subepicardium and ventricular
myocardium, and more intense in other parts (SB2 in
Figure 7C). The endocardial cell layer in the atrium
appeared more intact (Figure 7C). The expression of
cTnI was low to absent in most parts of the heart
(Figure 7C, Supplemental Figure 11C). In some regions
of the SB cultured hearts, the expression of ECM
components collagen I and III was restored and
organized as observed in noncultured hearts (SB1 in
Figure 7D and Supplemental Figure 11D), whereas
GAGs, periostin, versican, and fibronectin were
inhibited in the presence of SB (SB1 in Figure 7E and
Supplemental Figure 11E). Addition of TGF-b to the
culture did not result in a clear increase of pp38MAPK
and pSMAD2/3 (Figure 7A, Supplemental Figure 11A).
Whereas the number of hearts with a-SMA in the
subepicardium increased upon TGF-b addition
(Figure 7F), total a-SMA did not increase in the
ventricle or the atrium (Figures 7B and 7G,
Supplemental Figure 11B). In addition, a slight in-
crease in the expression of ECM components like
GAGs and versican was observed (Figure 7E,
Supplemental Figure 11E). These observations show
that in the ex vivo cultured hearts, TGF-b is an
important player in the formation of fibrosis and that
fibrosis in the ex vivo cultured hearts can be molec-
ularly modulated.

DISCUSSION

In this study, we have established a novel ex vivo
fibrosis model for intact mouse hearts. Fibrosis could
be induced in initially healthy hearts of wild type
mice that were perfused through their coronary cir-
culation. Upon extended culture, an increase in
myofibroblasts, a decrease in viable cardiomyocytes,
and up-regulation of fibrosis-associated ECM com-
ponents were observed. We found that the
ts cultured for 7 days under standard conditions (�), in the presence

for (A) phospho-SMAD2/3 (pSMAD2/3) and phospho-p38 mitogen-

AM-1 and cTnI, (D) collagen I and collagen III, and (E) Alcian blue,

ge of hearts with a-SMA expression in the subepicardium of the

�), in the presence of SB431542 (SB) or TGF-b. (G and H) Graphs

-positive area (H) in the ventricular or atrial myocardium of hearts

31542 (SB) or TGF-b. DAPI was used as counterstain in all fluorescent

ifferences, 1-way analysis of variance followed by Tukey’s multiple

t followed by Dunn’s multiple comparisons test was performed for

mm. Abbreviations as in Figure 1.
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myofibroblasts likely originated from resident fibro-
blasts and demonstrated that the extent of fibrosis is
dependent on the level of mechanical stress and the
activation of the TGF-b signaling pathway.

Fibrosis is a complex multistep process that in-
volves the degradation of existing ECM and the pro-
duction, secretion, and maturation of new ECM.34 We
observed fragmented collagen fibers and expression
of MMP2 after 1 week of culture, indicating active
degradation of collagen fibers, but also the produc-
tion of collagen protein by (myo)fibroblasts in the
myocardium and subepicardium. In addition, we
observed increased expression of GAGs, fibronectin,
periostin, and versican, ie, ECM components associ-
ated with fibrosis for local mechanical support. After
2 weeks of culture, new collagen fibers had formed.
These fibers resembled more diffuse, interstitial
fibrosis rather than scar formation, indicating that
reactive fibrosis, stimulated by maladaptive
signaling, is the leading fibrotic process. In myocar-
dial fibrosis, the collagen I/III ratio determines the
mechanical properties of the myocardium because
collagen I fibers are stiffer and collagen III fibers are
more compliant. A decreased collagen I/III ratio is
associated with ischemic heart disease, whereas a
higher ratio is more associated with hypertensive
hearts.35,36 We observed a clear increase in collagen I
expression compared with collagen III expression,
which is in line with the reactive type of fibrosis
observed in our ex vivo model.

Cellular modifications were also observed in the
ex vivo cultured hearts, including myofibroblast dif-
ferentiation, vascular remodeling, and loss of
myocardial cells. The myofibroblast is considered
responsible for the increased production of ECM
components leading to fibrosis and is characterized
by a-SMA.37 ECM-production in cardiac pathological
conditions however is not necessarily dependent of
myofibroblast activation,38 as we have also shown in
our model where we have observed cytoplasmic
collagen expression in subepicardial a-SMA-negative
fibroblasts. Myofibroblast activation is suggested to
consist of 2 stages, with the initial activation being
the differentiation of the fibroblast into so-called
proto-myofibroblast induced by mechanical tension
or profibrotic factors like TGF-b.37,39,40 Stress fibers
are formed but a-SMA is not expressed, whereas
markers like periostin and vimentin41,42 might be
present. The second stage is the differentiation of the
proto-myofibroblast into the a-SMA-expressing myo-
fibroblast by sustained or increased mechanical ten-
sion and exposure to profibrotic factors. After 1 week
of culture, we observed many a-SMA-positive inter-
stitial cells in the ventricular myocardium with
cytoplasmic collagen expression, indicating the dif-
ferentiation of fibroblasts into myofibroblast with
matrix-synthetic phenotype. In addition, we
observed vimentinþ/periostinþ/a-SMA� cells in the
subepicardium of ex vivo cultured hearts with cyto-
plasmic collagen expression suggesting the formation
of proto-myofibroblasts. After 2 weeks of culture, an
increased presence of a-SMA was observed in the
subepicardial cells, indicating that the 2 stages of
myofibroblast activation manifested in the ex vivo
culture system.

The myofibroblasts in the ventricular myocardium
were in tight contact with endothelial cells that up-
regulated PECAM-1 expression, showed increased
proliferation, and became part of an altered vascular
network. We observed myocardial cell death in the
ex vivo cultured mouse heart, which resulted in less
viable cardiomyocytes after 7 days of culture in the
ventricular myocardium. In addition, we observed
small detached cardiomyocytes indicative for atro-
phy. Cardiomyocytes with vacuoles were found,
mostly located at the border of fibrotic area, which is
reminiscent of the cardiomyocytes in the border zone
after myocardial infarction in vivo43 and described as
perinuclear sarcomere depletion.44 Furthermore,
coexpression of a-SMA and the myocardial marker
cTnI was observed in a subset of cells indicating the
presence of dedifferentiation.44 Reduced car-
diomyocyte viability and changes of myocardial
phenotype are features of cardiac fibrosis in vivo.45,46

The origin of myofibroblasts in the fibrotic heart
has been shown to be primarily the resident fibro-
blasts and not the endothelial, epicardial, or immune
cells in both the infarction- and pressure overload-
induced cardiac fibrosis mouse models.47,48 We have
performed lineage tracing using cell type specific cre-
mouse models and found that the myofibroblasts in
the ventricular myocardium were not derived from
endothelial cells, epicardial cells, or macrophages.
These observations suggest that the myofibroblasts
present in the ex vivo cultured heart are derived from
resident proliferating fibroblasts similar to that
observed in the in vivo models of cardiac fibrosis.
Lineage tracing studies specific for resident fibro-
blasts should, however, be performed to confirm this.

The stimuli that led to the active fibrotic remod-
eling in the ex vivo cultured hearts can be multiple
and of both a mechanical and biochemical nature. We
exposed the ex vivo cultured heart to an altered he-
modynamic and molecular environment, which might
have affected cellular behavior leading to the initia-
tion of the fibrotic process. Increasing the flow rate in
the ex vivo cultured hearts resulted in more myofi-
broblast activation, whereas blocking the TGF-b
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signaling pathway resulted in complete inhibition of
myofibroblast activation, indicating that both me-
chanical and molecular factors are involved in the
remodeling process. Regional differences were,
however, observed in the remodeling of the heart.
Myofibroblast differentiation in the ventricles was
concentrated around the vessels, in the sub-
epicardium, and in the myocardium neighboring the
subepicardium. In the atria, myofibroblast differen-
tiation was mostly observed in the subepicardium
after culture for 2 weeks or upon addition of TGF-b.
Whereas the fibroblasts and PECAM-1þ cells prolif-
erated in the ventricular myocardium, they under-
went cell death in the atria. In the ventricular
myocardium, cardiomyocytes mostly lost viability
and obtained various phenotypes, whereas in the
atria, the cardiomyocytes maintained their viability
and integrity. Upon treatment with the compound
SB431542, myofibroblast formation was completely
inhibited throughout the heart. Parts of the heart
even resembled the noncultured hearts, indicating
inhibition of overall remodeling. In other parts,
however, the remodeling was still present or even
intensified, demonstrating that fibrosis is a multi-
factorial process that is the result of a delicate
interplay between biochemical and mechanical sig-
nals steering cell behavior. Because the heart is a
highly heterogenous organ with unique composi-
tions of different cell types and ECM components
exposed to their specific set of biochemical factors
and mechanical stresses, it is crucial to consider
these context-dependent mechanisms in the study
of cardiac fibrosis. Whole heart-culture as the MTCS
does allow a more accurate modeling of cardiac
fibrosis under various controlled states and
conditions.

Currently, no effective pharmacological treatment
for cardiac fibrosis exists, and biomarkers for assess-
ment of cardiac fibrosis are mostly inconclusive or do
not correlate with extent of cardiac fibrosis.49 Devel-
opment of new drugs for cardiac fibrosis has been
hampered by the mostly unsuccessful validation of
the in vivo efficacy of potential treatments.49 A better
selection of drug candidates can be achieved by the
improvement of preclinical screening methodologies,
where potential candidates and targets can be
assessed for their therapeutic potential. The
ex vivo culture of the whole heart might provide such
a modality because fibrosis can be induced in a
controllable, reproducible, and consistent manner
and fibrotic aspects can easily be monitored. Further,
the closed circulation allows the accumulation of
fibrosis-related secretions in the perfusion fluid,
potentiating the search for specific biomarkers.
STUDY LIMITATIONS. The hearts were perfused with
medium and not with blood. This likely resulted in an
absent or altered inflammatory response, including
the removal of dead cardiomyocytes and the promo-
tion of fibrosis. Interestingly, fibrosis still takes place
in the absence of blood and this setting allows to
investigate the endogenous response of the heart
under specific conditions. Furthermore, blood cells
can be added back to the system to study their role in
the remodeling process of the heart.

The hearts were not beating the largest part of the
culture; therefore, the cardiac cells were not exposed
to cyclic stretch but rather to a continuous stretch
condition. This continuous stretch might have
contributed to the activation of fibroblasts into myo-
fibroblast.50 Pulsatile flow can, however, be intro-
duced to create cyclic stretch of the cardiac cells
allowing to study its effect on the formation of
fibrosis.

The ex vivo culture of the hearts were limited to
2 weeks, in comparison with lifelong follow-up pos-
sibility in in vivo models. One week of ex vivo culture,
however, already presented clear readouts for aspects
of cardiac fibrosis like expansion and activation of fi-
broblasts and the up-regulation of fibrosis-associated
ECM components, and therefore, provides the op-
portunity for short-term experimental studies
assessing the initial stages of cardiac fibrosis.

CONCLUSIONS

With the MTCS, we can now control and study cardiac
fibrosis in whole mouse hearts. This provides the
possibility to elucidate the molecular mechanisms
underlying fibrosis in a whole heart setting and
contribute in the search for new treatments targeting
fibrosis.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Fibrosis

is a common pathophysiological process of multiple

cardiac diseases, which can lead to life-threatening heart

failure. No effective treatment exists because of the lack

of suitable test systems. Our new ex vivo culture model

allows the induction of fibrosis in intact whole mouse

hearts and provides a preclinical test system for new

targets for the treatment of fibrosis on organ level.

TRANSLATIONAL OUTLOOK: Although the ex vivo

model provides a preclinical test system that approaches

the in vivo situation in much greater extent than most

in vitro models because of its much greater complexity,

systemic influences on the formation of fibrosis are not

taken into account. In addition, multiple pathways might

lead to the formation of fibrosis, which might require

different approaches for its modulation. Further studies

are needed to incorporate the potential systemic influ-

ences and to test the potential different molecular

pathways underlying different types of fibrosis. Our new

model provides the opportunity to get more insight in

these important issues regarding the regulation of

fibrosis.
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