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Global fibroblast activation 
throughout the left ventricle but 
localized fibrosis after myocardial 
infarction
Chandan K. Nagaraju1, Eef Dries1, Natasa Popovic2, Abhishek A. Singh1, Peter Haemers1,  
H. Llewelyn Roderick1, Piet Claus2, Karin R. Sipido1 & Ronald B. Driesen1

Fibroblast (Fb) differentiation and interstitial fibrosis contribute to cardiac remodeling and loss of 
function after myocardial infarction (MI). We investigated regional presence and regulation of fibrosis 
in a pig MI model. In vivo analysis of regional function and perfusion defined three regions: the scar, 
the myocardium adjacent to the scar (MIadjacent, reduced function, reduced perfusion reserve), and 
the remote myocardium (MIremote, minimal functional deficit, maintained perfusion). Interstitial and 
perivascular fibrosis, and increase of collagen type I, was only observed in the MIadjacent. Fb activated 
protein-alpha (FAP-α) was enriched in MIadjacent compared to MIremote. TGF-β1, which triggers Fb 
differentiation, was upregulated in both MIadjacent and MIremote, whereas lysyl oxidase, a regulator of 
collagen cross-linking, and the proteoglycans decorin and biglycan were only increased in the MIadjacent. 
Fb isolated and cultured for 4 days had myoFb characteristics with little difference between MIremote 
and MIadjacent, although RNA sequencing revealed differences in gene expression profiles. Fbs from all 
regions maintained proliferative capacity, and induced contraction of 3-D collagen matrices but scar 
myoFb was more effective. These data suggest that after MI, signaling through TGF-β1, possibly related 
to increased mechanical load, drives Fb activation throughout the left ventricle while regional signaling 
determines further maturation and extracellular matrix remodeling after MI.

Fibroblasts (Fb) belong to the most abundant cell type in the heart next to myocytes and endothelial cells1. They 
are an integral part of the heart and contribute to the cardiac structure and function during development, normal 
function and cardiac dysfunction2–4. Fb have different developmental origin with phenotype variability though 
most are derived from pro-epicardium5. Fb derived from a healthy ventricle can be distinguished from their 
atrial counterparts at a structural and transcriptome level6. In the healthy myocardium, Fb are quiescent, lack 
contractile stress fibers7 and have a major role in synthesis and organization of the extracellular matrix (ECM)8, 9. 
Fb are sensitive to mechanical and chemical alterations, which develop during the progression of heart disease10. 
Several systemic and local factors such as angiotensin II and transforming growth factor β1 (TGF- β1) trigger the 
phenotypical transition of resident Fb11, 12. Initially, Fb differentiate to proto-myofibroblasts defined as an inter-
mediate phenotype containing stress fibers lacking α-smooth muscle actin (α-SMA)7. Further differentiation 
into myofibroblasts (MyoFb) is associated with the development of a mature α-SMA stress fiber network. At this 
stage, MyoFb have acquired the capacity to remodel the ECM by exerting high intracellular force via activated 
integrins13 and cadherin receptor proteins14. In addition, they produce high levels of pro-collagen fibrils, which 
after secretion are cross-linked by lysyl oxidase (LOX) into mature collagen fibers15, 16. Persistent activation and 
differentiation of Fb drives further maturation of the compact scar tissue. After myocardial infarction (MI), the 
scar replaces lost cardiac myocytes and will aid in preserving the structural and functional integrity of the left 
ventricle (LV)17, 18. Unlike dermal scar, which is acellular, cardiac scars are composed of living MyoFb embedded 
in cross-linked collagen19. These MyoFb can eventually achieve a senescent state in which they persist in the scar 
for years20. However, in the non-infarcted myocardium, differentiated Fb contribute to reactive fibrosis, which 
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can classified as either interstitial, diffuse, patchy or perivascular fibrosis21. Interstitial fibrosis will alter myocar-
dial compliance promote hypertrophy and diastolic dysfunction22, 23. Apart from ventricular dilation, fibrosis 
also promotes slippage of cardiac myocytes24, 25. The origin and signaling pathways that direct MyoFb to the 
injury site after MI are not fully unraveled26, 27. Most recent data indicate that in pressure overload MyoFb arise 
from activation of resident Fb28. MyoFb can also result from endothelial to mesenchymal transition of resident 
endothelial cells29, 30.

Region-specific fibroblast phenotypes in the scar tissue and in non-infarcted myocardium and their functional 
role during post-MI remodeling are less studied. Rodents, the most used animal model, typically have a large MI 
with profound reduction of LV function and activation of circulating hormones that influence global remodeling. 
In the pig model of ischemic cardiomyopathy, previously developed in our laboratory, MI induced by severe 
coronary stenosis, impacts on LV function, reducing ejection fraction (EF) from 60% to 40% without however 
frank heart failure31, 32. Based on in vivo magnetic resonance imaging (MRI) of structure, function and perfusion, 
we can distinguish three regions: the scar without contraction and severely limited perfusion (i), the myocar-
dium adjacent (MIadjacent) to the scar with reduced function and reduced perfusion reserve (ii), and the remote 
myocardium (MIremote) with minimal functional deficit and maintained perfusion (iii). Wall stress is increased 
throughout the LV32. In the present study, we investigate whether Fb differentiation and function is differentially 
regulated in these regions and how this impacts on fibrosis. We isolated Fb from different LV regions in MI and 
SHAM animals and studied their phenotypical and functional characteristics in short term (4 days) culture since 
in vitro culture of Fb for an extended period leads to artificial alterations in their properties33. Concomitantly, we 
analyzed interstitial fibrosis in matched tissue samples and compared activation of signaling pathways.

Results
Interstitial and perivascular fibrosis in the adjacent myocardium.  Scar tissue is mainly composed of 
collagen, with predominant type I fibers and some type III (Fig. 1A, top panels); collagen is organized into highly 
cross-linked fibers that extend into the neighboring border zone (Supplemental Fig. 1A,B). In MIadjacent, there is a 
3-fold increase in interstitial fibrosis compared with SHAM (Fig. 1A, middle panels). The increase in interstitial 
fibrosis is predominantly accumulation of collagen type I fibers (yellow-red color) without apparent changes in col-
lagen type III (green color). Ultra-structural evaluation by transmission electron microscopy suggests the presence 
of cross-linked collagen type I fibers enveloping the sarcolemma of the cardiac myocytes (Supplemental Fig.1D).  
In contrast, the MIremote has no interstitial fibrosis, no change in collagen type I and III distribution and absence 
of cross-linked collagen fibers (Fig. 1A (lower panels); Supplemental Fig. 1F); the data are comparable to the 
matched region in SHAM. Quantification of interstitial fibrosis is shown in Fig. 1B. mRNA levels confirmed 
the histological observations showing a 3-fold increase of collagen type I in MIadjacent when compared to SHAM 
(Fig. 1C), whereas collagen type III in MI revealed no differences (Fig. 1C).

Concomitantly with interstitial fibrosis, there is on average a 2-fold increase in perivascular fibrosis around 
arterioles in MIadjacent as compared to SHAM (Fig. 2A,B). Moreover, the perivascular area in the MIadjacent has 
on average a 5-fold increase in collagen type I, whereas collagen type III remains unchanged (Fig. 2A,B). The 
MIremote has no increase of perivascular fibrosis compared to SHAM and shows no changes in collagen type I and 
III (Fig. 2A,B).

Fibroblast activation protein α (FAP-α), which is involved in extracellular matrix remodelling and cell migra-
tion34 has gained much interest as a specific marker of activated mature fibroblasts35. FAP can be identified in situ 
in sections of MIadjacent and to a lesser extent in MIremote (Fig. 3A); protein expression is significantly higher in the 
MIadjacent but not in MIremote compared to matched regions in SHAM (Fig. 3B).

Stiffness of the adjacent and remote myocardium.  Stiffening of the myocardium is related to an increased 
concentration of collagen type I36. Since collagen type I distribution is highly increased in the scar and moderately 
increased in MIadjacent, we analyzed regional passive mechanical properties of the LV myocardium. Supplemental Fig. 2A  
shows an example of tissue connected to the Biotester for biaxial stretching. Subjection of the tissues to a maximal load 
of 20 kPa induces a similar increase in compliance in the MIadjacent and MIremote compared to the matched regions in 
SHAM; as anticipated, scar tissue has a significant reduction in compliance (Supplemental Fig. 2B).

Properties of fibroblasts isolated from different regions.  Fibroblast phenotypes isolated and cultured 
for 4 days (no passaging) from three regions of MI were compared to those from matched regions in SHAM 
(Fig. 4A). Fb from the scar are mainly MyoFb with F-actin stress fibers (75 ± 5% compared to 19 ± 3% in SHAM; 
Fig. 4B) decorated with α-SMA (68 ± 7% vs. 13 ± 4% in SHAM; Fig. 4C). A significant fraction of the Fb popula-
tion of MIadjacent (60 ± 9% vs. 19 ± 3% in SHAM) and MIremote (54 ± 7% vs. 25 ± 3% in SHAM) likewise has F-actin 
stress fibers (Fig. 4B). However, there is no consistent presence of α-SMA with variability in the different samples 
of MIadjacent and MIremote (Fig. 4C). These MyoFb without α-SMA incorporation present thus as proto-MyoFb7. 
Both Fb from MIadjacent and MIremote exhibit a significant increase in cell size compared to SHAM (Fig. 4D). Cell 
cultures did not reach full confluence at the time of fixation. Counting of cell numbers at day 4 shows varia-
bility of cultures but on average there are no marked differences in cell density between the different groups 
(Supplemental Fig. 3) indicating cell density or contact inhibition are unlikely to influence potential differences 
in the fibroblast phenotype.

Differentiated fibroblasts maintain their proliferative state but with variable contractile poten-
tial.  Fb differentiation is associated with maturation of the stress fiber network and the progression into a 
senescent state12, 37. We have previously classified Fb differentiation based on the presence of a stress fiber network 
and their proliferative capacity i.e. undifferentiated proliferative Fb without stress fibers, differentiated prolif-
erative myofibroblasts (p-MyoFb) and terminal differentiated non-proliferative myofibroblasts (non-p-MyoFb) 
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with a well-developed stress fiber network12. These three phenotypes display distinct structural and functional 
characteristics here used as reference for the identification of the Fb phenotypes. MyoFb isolated from the scar 
continue to proliferate (Fig. 5A) after 3 days in culture, confirmed by the high number of cells positive for the pro-
liferation marker Ki-67 (Fig. 5B, Supplemental Fig. 4). These MyoFb are therefore defined as proliferative MyoFb 
(p-MyoFb). Differentiated Fb from the MIadjacent and MIremote also maintain proliferation capacity (Fig. 5A) and 
Ki67 positivity (Fig. 5B, Supplemental Fig. 4) after 3 days in culture. These cell populations contain fractions of 
proto-MyoFb and p-MyoFb.
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Figure 1.  Interstitial fibrosis in different regions of the LV. (A) Representative images of Sirius red stained 
sections and polarized light microscopy from the adjacent, remote and scar tissue of SHAM and MI. (B) Analysis 
of interstitial fibrosis, and in polarized light collagen type I (red-yellow) and collagen type III (green) in SHAM 
and MI. Scale bars represent 50 µm. (C) Collagen type I and III mRNA expression in the adjacent and remote 
myocardium of SHAM and MI. (**p < 0.01: ***p < 0.001) (2-way ANOVA with Bonferroni post hoc test).
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We further evaluated contraction of 3-dimensional collagen matrices (3-DCMs) by fibroblastic cells 
(Fig. 5C,D) which is directly proportional to the degree of Fb differentiation38. Scar derived p-MyoFb markedly 
reduce gel diameter by 56% compared to Fb from the matched SHAM region. 3-DCMs containing Fb from 
MIadjacent achieve a 34% reduction in gel diameter compared to 3-DCM of SHAM. 3-DCMs embedded with Fb 
derived from MIremote induce a reduction of the gel diameter by 33% compared to 3-DCMs of the matched SHAM 
region.

A B

Collagen type I

Collagen type III

SHAM adjacent

MI adjacent

SHAM remote

MI remote

Perivascular fibrosisSirius Red Polarized light 

S h a m M I
0 .0

0 .5

1 .0

1 .5

ra
ti

o
fi

b
ro

ti
c

a
re

a
(p

ix
e

ls
)/

lu
m

in
a

l
a

re
a

(p
ix

e
ls

**

S h a m M I
0

2

4

6

8

s
u

rf
a

c
e

a
re

a
(%

)

**

S h a m M I
0

2

4

6

8

1 0

s
u

rf
a

c
e

a
re

a
(%

)

A d ja cen t

R em o te

Figure 2.  Perivascular fibrosis in the adjacent myocardium. (A) Representative images of Sirius red stained 
arterioles from the adjacent and remote myocardium of SHAM and MI acquired via light and polarization 
microscopy. (B) Quantification of perivascular fibrosis and collagen isoforms within the perivascular area. Scale 
bars represent 20 µm. (**p < 0.01) (2-way ANOVA with Bonferroni post hoc test).
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Transcriptome analysis of the fibroblast phenotypes.  We performed RNA sequencing on cultured Fb 
from the scar, from MIadjacent, from MIremote and from the anterior region in SHAM (matching with MIadjacent), to 
identify region-specific transcriptional regulation. Comparison between all regions revealed a differential expres-
sion of a total of 1096 genes. We classified these genes into nine clusters (Supplemental Fig. 5A, Supplemental 
Table 1). When compared to SHAMadjacent, the genes related to Fb differentiation and matrix remodeling such 
as periostin (POSTN), TGF-β1, MMP-1 and TIMP-1 were significantly expressed in Fb from all regions of MI. 
Further analysis shows limited differences between MIadjacent and MIremote (Supplemental Fig. 5B) but a significant 
number of differentially expressed genes between Fb of scar and MIadjacent (n = 43) and an even greater number 
between Fb of scar and MIremote (n = 51) (Supplemental Fig. 5C,D). Fb from scar show an elevated expression 
of genes involved in ECM remodeling, such as periostin, matrix metalloproteinase enzymes (MMP-15, MMP-
17), when compared to Fb of MIadjacent or MIremote (Supplemental Fig. 5C,D). Inflammatory cytokines such as 
interleukin-33 (IL-33), chemokine ligand 4 (CCl-4) are also found to be upregulated in scar Fb. A limited but 
significant number of genes such as for periostin, fibrillin and HtrA serine peptidase 3 are differentially regulated 
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Figure 3.  Myofibroblasts in situ in the adjacent myocardium. (A) Immunofluorescence staining of Fibroblast 
Activation Protein α, FAP-α, (red), α-actinin (green) and DAPI (blue) in SHAM and MI tissue sections. 
Scale bars represent 30 µm. (B) Western blotting of FAP-α (88-kDa) in tissue from the adjacent and remote 
myocardium of SHAM and MI. (*p < 0.05: **p < 0.01). (2-way ANOVA with Bonferroni post hoc test).
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between Fb of MIadjacent and MIremote. Taken together, the cultured Fb phenotypes indicate that Fb from MIadjacent 
and MIremote are activated towards a MyoFb phenotype with limited differences between the regions in these in 
vitro conditions. We thus further examined in tissue samples local signals for this activation and the differences 
between MIadjacent and MIremote in situ in the heart.

TGF-β1 activation in the adjacent and remote myocardium in situ.  We determined the protein 
expression of TGF-β1, since it plays an important role in the pathogenesis of cardiac remodeling and fibrosis39. 

SHAM MI SHAM MI

A

Scar

B
Cells with α-SMA stress fibersCells with F-actin stress fibers

C

Fibroblast cell size
D

S h a m M I
0

5 0

1 0 0

1 5 0

p
e

rc
e

n
ta

g
e

**
*
***
**

S h a m M I
0

2 0

4 0

6 0

8 0

1 0 0
p

e
rc

e
n

ta
g

e

*
**

S h a m M I
6 0

8 0

1 0 0

1 2 0

1 4 0

s
u

rf
a

c
e

a
re

a
(µ

m
²)

A d ja ce n t F b

R em o te Fb

S c a r F b

***
***

***
***

F-
ac

tin
α-

SM
A

egre
m

SHAM MI
Adjacent myocardium

SHAM MI
Remote myocardium

Scar
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and remote myocardium. (*p < 0.05: **p < 0.01: *** < 0.001). (1-way ANOVA with Bonferroni post hoc test).
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Protein expression of TGF-β1 is significantly increased in tissue lysates of MIadjacent (1.8 fold increase) and MIremote 
(2.1 fold increase) compared to matched regions in SHAM (Fig. 6A). Western blot results are supported by the 
cytokine measurement in which similar increases in TGF-β1 concentration are observed in MIadjacent and MIremote 
compared to SHAM (Fig. 6B). We further quantified the amount of TGF- β1 released by cultured Fb. This data 
show a marked secretion of TGF-β1 by the scar derived Fb compared to Fb from the matched SHAM regions 
(Fig. 6C). A tendency for increased TGF-β1 secretion is noted by Fb from the MIadjacent.

Regional expression and activation of lysyl oxidase.  LOX plays a pivotal role in collagen 
cross-linking15. We determined LOX protein expression and activity in tissue lysates and compared those to 
matched regions in SHAM. Increased expression of the uncleaved intracellular LOX pro-enzyme is observed 
in the MIadjacent (1.4 fold increase) but not in MIremote, when compared to matched regions in SHAM (Fig. 6D). 
Concomitantly, a significant upregulation of LOX activity, which measures extra-cellular LOX is only detected 
within MI adjacent (1.5 fold increase; Fig. 6E). Whether the Fb are a source of LOX is hard to measure in the tissue 
samples. However, LOX activity in cultured Fb from matched samples is increased only in p-MyoFb from the scar, 
whereas LOX activity is similar between cells from MIadjacent and MIremote and Fb from matched regions in SHAM 
(Fig. 6F). Activation of LOX requires a conformational change triggered by either osteopontin (OPN)40 and/or 
periostin41. RNA sequencing reveals a significant upregulation of periostin mRNA expression in p-MyoFb from 
the scar but not in MIadjacent or MIremote. We analyzed the protein expression of periostin and OPN in tissue lysates 
but no differences were observed in MIadjacent or in MIremote (Fig. 7A,B).

Differential production of cytokines in the adjacent and remote myocardium.  ECM remod-
eling after MI is associated with differential expression of cytokines and growth factors. We performed a 
porcine Quantibody protein array on tissue lysates in which different cytokines were quantified simultane-
ously (Fig. 7C–E). Elevated levels of inflammatory cytokines such as interleukin 1β (IL1β) and interferon 
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Figure 5.  Proliferative and contractile properties of fibroblasts from the adjacent and remote myocardium.  
(A) Proliferation capacity of Fb, expressed as cell number after 3 days in culture with 5000 cells seeded at d0. 
(B) Percentage of Fb positive for Ki-67 marker. (C) Representative images of 3-DCM contraction by fibroblastic 
cells. (D) Analysis of the collagen gel diameter after 3 days in culture. (*p < 0.05: **p < 0.01: *** < 0.001). (1-
way ANOVA with Bonferroni post hoc test).
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γ (IFNγ) are found in the MIadjacent and MIremote regions.Decorin, a small leucine-rich proteoglycan, which 
plays an important role in collagen fibrillogenesis, is significantly upregulated in MIadjacent. In addition, we 
evaluated mRNA expression of biglycan, another small leucine-riche proteoglycan similar to decorin, show-
ing increased expression in MIadjacent (Fig. 7F).

Discussion
In the pig with MI and replacement fibrosis in the scar, interstitial and perivascular fibrosis are also present, in the 
MIadjacent but not in the MIremote. However, Fb isolated from both regions show similar differentiation towards the 
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Figure 6.  TGF-β1 and LOX expression during post-MI remodeling. (A) Protein expression by Western blotting 
of TGF-β1. (B) TGF-β1 concentration measured in cytokine array. (C) TGF-β1 secretion by cultured Fb cells 
derived from SHAM and MI. (D) LOX expression in tissue from the adjacent and remote myocardium of 
SHAM and MI. (E) LOX activity in tissue, (F) Lox activity in cultured Fb cells derived from SHAM and MI. 
*p < 0.05, **p < 0.01. (*p < 0.05: **p < 0.01: *** < 0.001). (2-way ANOVA with Bonferroni post hoc test for 
6A, B, D, E;1-way ANOVA with Bonferroni post hoc test for 6 C, F)
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MyoFb phenotype. MyoFb from the scar have a more pronounced differentiation and contractile phenotype. In 
MIadjacent, collagen cross-linking can be seen and may be driven by local LOX.

Fibroblast activation throughout the LV.  In agreement with other studies20, we find that Fb derived 
from scar tissue are MyoFb with a well-developed F-actin and α-SMA stress fiber network, and with the capacity 
to contract the ECM. Although it was reported in the mouse that MI induces senescence in Fb in the infarct and 
border zone42, here we found that MyoFb from the scar maintained their proliferation capacity. This is likely due 
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Figure 7.  Cytokines in the adjacent and remote myocardium of SHAM and MI. (A,B) Cytokines assessed  
with Western blotting for osteopontin and periostin in tissue from the adjacent and remote myocardium.  
(C–E) Assessment in cytokine array of secretion of decorin (C), interleukin 1β (D), interferon-γ (E). (F) mRNA 
expression of biglycan (*p < 0.05: **p < 0.01). (2-way ANOVA with Bonferroni post hoc test).
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to the ongoing proliferative phase of the scar tissue, which requires active synthesis of ECM proteins43. Scar and 
replacement fibrosis are thus the result of a specific differentiated MyoFb population.

FAP-α staining in situ suggests that MyoFb differentiation is present in MIadjacent but is less pronounced in the 
MIremote. Yet, Fb isolated from both regions and cultured for 4 days were not substantially different: both had char-
acteristics of proliferative MyoFb with the potential to contract collagen matrices but to a lesser extent than scar 
MyoFb. These data therefore suggest that even if there is little evidence for fibrosis or strong presence of MyoFb in 
situ in the MIremote, Fb in these regions are primed and activated. Such activation may result from the mechanical 
load that is increased in both the MIadjacent and MIremote compared to SHAM32. Mechano-signal transduction is 
propagated by integrins located at focal adhesions of Fb, where they aid in the release of latent TGF-β1 from the 
matrix, which in turn promotes Fb differentiation7. In support of this, blocking of integrin αvβ3 and αvβ5 has 
recently been shown to suppress Fb differentiation13. Analysis of TGF-β1 protein expression at the cellular and 
tissue level indeed confirmed a marked increase in both non-infarcted regions, which suggests that global Fb dif-
ferentiation is driven by TGF-β1 associated signaling pathways. The role of downstream signaling from TGF-beta 
in cardiac Fb differentiation has previously been shown in rat cardiac Fb12 where inhibition of TGF-β1R kinase 
can convert the MyoFb phenotype towards that of a non-differentiated Fb and this is also the case in the pig heart 
(ongoing work).

Of note, transcriptome analysis could detect differences in gene expression between Fb from MIadjacent and 
MIremote but this did not reflect in a substantial difference in phenotype.

Region-specific fibrosis.  In the scar, replacement fibrosis is associated with high levels of collagen type 
I and III fibers deposited by p-MyoFb. The scar derived p-MyoFb secrete high levels of TGF-β1 resulting in a 
self-perpetuating process of Fb differentiation and extracellular matrix remodeling. Despite evidence for global 
Fb activation, significant interstitial and perivascular fibrosis is seen only in MIadjacent and not in MIremote. This 
suggests that a more mature MyoFb phenotype is present in MIadjacent and that there are local cues that are lost 
when Fb are isolated and cultured. Of note, there are data which show that interstitial fibrosis is not directly linked 
to an increased number of α-SMA positive MyoFb, as reported in a model of pressure-overload28. This is further 
substantiated by a recent study in which FAP-α positive Fb secrete collagen independent of α-SMA expression35. 
Expression of FAP-α has been designated as a more reliable marker for mature MyoFb differentiation. This is in 
line with the present data for in situ staining and Western blot showing increased FAP-α expression in MIadjacent 
but not in MIremote regions, concomitant with fibrosis in MIadjacent only. When compared to the rat model of acute 
MI from Tillmanns et al., FAPα expression levels are rather moderate35. A possible explanation is the more grad-
ual development and smaller infarct size in our model as well as a reduction in the pro-inflammatory state at 
the time-point of measurement. Notably, levels of TGF- β1, IL-1β and IFNγ are all elevated in both the MIadjacent 
and MIremote regions indicating a pro-inflammatory environment for MyoFb activation44, 45 suggesting that the 
activation of collagen secretion in the MIadjacent requires additional signals. The proximity of the scar could lead 
to diffusion of signals and/or more pronounced local activation that promotes this local fibrosis in MIadjacent. This 
local signaling superimposes on a MyoFb phenotype that when studied ex vivo is not very different between 
MIadjacent and MIremote.

It should be emphasized that the MIadjacent is not inter-digitating with scar tissue and that the observed intersti-
tial and perivascular fibrosis is not replacement fibrosis. However, in the pig with severe left anterior descending 
(LAD) stenosis, this adjacent region has reduced perfusion reserve and Fb from the MIadjacent may experience 
oxidative stress, which can lead to perivascular fibrosis46. Indeed, when Fb are exposed to reactive oxygen species 
in culture, they increase the production of ECM proteins and the secretion of collagen47.

Although wall stress is increased throughout the LV compared to SHAM, close to the infarct dynamic effects 
because of tethering to the non-contractile scar may increase the mechanical load on the MIadjacent. In a recent 
study using cellular hypertrophy and T-tubule remodeling as a read-out, Frisk and colleagues argued for such 
increased local stress, though differences were small48.

Local molecular activation of the copper dependent amine oxidase LOX, which is also secreted by MyoFb17, 49  
promotes collagen cross-linking, ultimately leading to a stiffer scar, which is resistant to MMPs50. p-MyoFb from 
scar tissue demonstrate a high capacity to activate LOX and thus to promote cross-linked collagen. The mod-
erate increase in interstitial fibrosis and highly cross-linked collagen type I in the MIadjacent could be related to 
the region-specific increase in LOX concentration and enzymatic activity within the tissue. LOX is activated via 
increased synthesis of matricellular proteins such as osteopontin and periostin40, 41. Both are not changed in the 
MIadjacent but the proteins could be below detection levels. Of note, in cultured Fb from the scar and MIadjacent RNA 
sequencing indicates an increase in periostin expression. Furthermore, biglycan and decorin levels are higher in 
the MIadjacent and could support the assembly of the ECM and the stabilization of collagen fibrillogenesis. The role 
of decorin has previously been studied in a chronic model of myocardial infarction showing increased concen-
trations within the scar, border zone and the remaining viable myocardium after 8 weeks post-MI51. Similarly, 
biglycan is associated with elevated cardiac fibrosis and displays similar functional characteristics as decorin52, 53.  
Beyond local production by the MyoFb as a result of oxidative stress and mechanical load, it is also possible that 
the source of these proteoglycans is the more mature MyoFb population in the scar with diffusion into the adja-
cent myocardium.

It is conceivable that some of the signals are transient and peak before the 6 weeks. To detect early activation of 
collagen cross-linking, we also evaluated osteopontin protein expression at 2 weeks of MI but found no evidence 
for increased levels (data not shown).

Limitations.  Our study provides a cross-sectional view in a large animal model; while this allows a regional 
analysis combining samples from the same animal for different parameters, interventions targeting mechanisms 
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are difficult. Intrinsically, the study of Fb without affecting the in vivo phenotype is challenging. Access in situ is 
difficult and without culturing the number of cells that is recovered is limited.

We focused on the Fb phenotype and collagen deposition, though it is possible that differences in matrix 
remodeling by MMPs and tissue inhibitors of metalloproteinase (TIMPs) is different in the regions. Several ques-
tions related to the regional molecular mechanisms remain to be investigated and may require more in depth 
cell-specific signatures and more complex studies in multicellular preparations.

Conclusions and perspectives.  After MI, Fb are activated throughout the LV, presumably through TGF-β1 
in response to increased wall stress and/or inflammation. Additional regional specific signaling leads to intersti-
tial fibrosis via collagen cross-linking in MIadjacent. Local LOX activity could be stimulated by higher mechanical 
load imposed by tethering to the infarct or signals could diffuse from the scar. Identifying specific signaling cues 
to maintain the mature state of MyoFb phenotype in the scar tissue may open new perspectives in targeting the 
MyoFb reversibility in interstitial fibrosis without damaging existing scar tissue.

Material and Methods
Pig model of ischemic cardiomyopathy.  All experiments were performed in accordance with the 
European Directive 2010/63/EU. The animal experimental protocol was approved by the Ethical Committee for 
Animal Experiments of the KU Leuven, Belgium, with permit numbers P10139 and P14176.

Domestic pigs (weight between 20–25 kg, n = 11) were implanted with a copper-coated stent into the LAD 
coronary artery, which leads to a severe coronary stenosis and MI as described before32. The same procedure 
was repeated without stent implantation to generate SHAM animals (n = 7). 6 weeks after stent implantation, 
global and regional left ventricular functions were assessed by 3T MRI (TRIO-tim, Siemens, Erlangen, Germany). 
MRI analysis showed a decrease in ejection fraction (EF), end-diastolic (EDV) and end-systolic volume (ESV) 
in MI animals (Supplemental Fig. 6A). The presence and extent of MI was determined from delayed enhance-
ment images. The global end-diastolic and end-systolic wall stress were significantly higher in these MI animals 
(Supplemental Fig. 6B). Previously, we documented that adenosine infusion resulted in a reduction in perfusion 
reserve in the infarct and adjacent myocardium of MI animals, whereas baseline perfusion was reduced only in 
the infarct region; dobutamine stress challenge showed a reduction in wall thickening in the adjacent and to a 
lesser extent in the remote myocardium compared to SHAM animals32.

Tissue samples, fibroblast isolation and culture.  6 weeks after stent implantation, animals were sac-
rificed and heart tissue was obtained for tissue sampling and cell isolation. Animals were pre-anesthetized with 
tiletamine/zolazepam (8 mg/kg IM, Virbac, Leuven, Belgium) and xylazine (2.5 mg/kg IM, VMD, Arendonk, 
Belgium) and sacrificed with an overdose of pentobarbital (100 mg/kg IV, Ceva, Brussels, Belgium). Tissues sam-
ples were taken from 3 LV regions (Supplemental Fig. 6C) i.e. (i) the scar tissue, (ii) the anterior myocardium 
perfused by the LAD coronary artery adjacent to the infarction (MIadjacent) and (iii) the posterior myocardium 
perfused by the left circumflex coronary artery (LCX) remote from the infarction (MIremote). In SHAM animals, 
samples were taken from matched regions. A number of samples were fixed in 4% paraformaldehyde (PFA) and 
stored for later processing for histological analysis. Tissue samples for Fb isolation were processed immediately. 
A biopsy of approximately 750–1000 mg was cut into small pieces using a surgical blade followed by washing 
in Tyrode’s solution (in mmol/L: NaCl 137, KCl 5.4, MgCl2 0.5, CaCl2 1.8, Na-HEPES 11.8, and glucose 10; pH 
7.4) for 10 minutes. Tissue digestion was performed in 20 ml of nominally Ca2+-free Tyrode’s solution contain-
ing 28 mg (0.229 U/mg) of collagenase-A (Roche, 10103586001) and 7 mg protease XIV (Sigma P5147), during 
20 minutes followed by a second digestion step in 30 ml of nominally Ca2+-free Tyrode’s solution containing 
28 mg (0.229 U/mg) of collagenase-A without protease for 30 minutes. The digested tissue was minced and the 
obtained cell suspension was filtered to remove cell debris (200 µm mesh size). The cell suspension containing Fb 
and cardiac myocytes was centrifuged and the cell pellet was plated onto a 6-well plate (Corning). Since cardiac 
myocytes couldn’t attach to the culture plate, these cells were removed by a washing step. Cells were cultured with 
DMEM (Thermofisher, DMEM 22320-030) supplemented with 10% fetal bovine serum (Gibco, Invitrogen), and 
1% of penicillin/streptomycin (Invitrogen) solution for 4 days.

Immunofluorescence staining of cells and tissue for evaluation of Fb differentiation.  At day 4 
of culture, Fb were fixed for 20 minutes in 1% PFA diluted in Phosphate-buffered saline (PBS). Cells were dou-
ble stained for F-actin stress fibers using Rhodamin-Phalloidin (A12380, Invitrogen, Molecular Probes) and for 
α-SMA stress fibers (A2547, Sigma). Fluorescent images were collected with an Axiocam HrC camera mounted 
on a Zeiss Axioplan microscope and data was recorded using the Axiovision software program. Subsequently, cell 
size was measured in ten randomly chosen images for each sample. Fb differentiation was evaluated by counting 
the number of cells positive for either F-actin or α-SMA stress fibers. In order to evaluate the proliferation capac-
ity, 24-well culture plates (Corning) were seeded with 5000 Fb cells per well. After 3 days in culture, number of 
cells was counted in a Bürker counting chamber. Also, cell proliferation was assessed by labeling Fb cells after 4 
days in culture with Ki-67 antibody (ab15580, Abcam) and percentage of Ki-67 positive cells was calculated by 
normalizing it to total the number of DAPI positive nucleus.

To examine Fb differentiation in situ, cryo-sections of tissue samples taken at the time of sacrifice were fixed 
and permeabilized and then non-specific sites blocked with goat serum. Subsequently, the sections were incu-
bated overnight with primary antibodies against FAP-α (orb97039, Biorbyt) and alpha-actinin (A5044, Sigma). 
The next day, sections were washed with PBS and incubated with secondary antibodies (A32723, Alexa 488 con-
jugated goat anti-mouse, A10042, Alexa 568 conjugated donkey anti-rabbit, Invitrogen). The tissue sections were 
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finally embedded with Prolong Gold Antifade reagent containing DAPI (ThermoFisher Scientific). Morphometry 
was performed using ImageJ analysis software (National Institutes of Health, http://rsb.info.nih.gov/ij/).

Myofibroblast contractile properties.  To evaluate the functional capacity to contract 3-DCM, 
50.000 Fb at day 4 of culture from SHAM or MI were mixed in rat tail collagen type I (1.5 mg/ml) (Corning) 
and Dulbecco’s Modified Eagle Medium (Sigma, cat. no. D2429). The collagen mixture was transferred to 
24-well plates (Corning) coated with 1% BSA. After polymerization for 1 hour at 37 °C, DMEM without FBS 
was added to the culture well releasing the collagen gel from the culture plate. Floating collagen gels were 
maintained in culture for 3 days. Gels were scanned at day 3 and contraction was evaluated using ImageJ by 
measuring the diameter of the gels.

Illumina high-throughput sequencing and gene expression analysis.  Total RNA of Fb cell samples 
was isolated and purified using the RNeasy mini kit according to the manufacturer’s instructions (Qiagen). RNA 
concentration and integrity was determined using the Nanodrop ND-1000 (Nanodrop technologies) and the 
Bioanalyser 2100 (Agilent). Stranded mRNA libraries were prepared according to manufacturer’s instructions 
(TrueSeq, Illumina). The prepared libraries were sequenced on a HiSeq. 2500 platform. The 50 BP tags were 
mapped to the reference pig genome Sscrofa 10.2 using the RNA-Seq by Expectation Maximization (RSEM)54 
pipeline with Spliced Transcripts Alignment to a Reference (STAR)55 as an aligner. The read counts and FPKM 
values were given as input to the Trinity package56 for identification of differentially expressed genes. The molec-
ular signature database57, 58 was used for the identification of significantly enriched gene ontology terms related to 
biological processes. The differentially expressed genes were identified by comparing the expression in different 
tissues to SHAM. All RNA-seq data will be publicly available for download from the Gene Expression Omnibus 
on publication (GSE98504).

Quantification of fibrosis in situ.  Samples fixed in 4% paraformaldehyde in PBS were processed and 
embedded in paraffin. Consequently, 8 µm thick sections were deparaffinized, rehydrated and stained for colla-
gen using the PicroSirius red staining kit (PolySciences). After staining, sections were mounted in DPX. Images 
were acquired using the Zeiss Axioplan microscope with the Axiocam HrC camera. Polarization microscopy was 
performed on the Sirius red stained sections to visualize collagen type I and III based on the birefringence prop-
erties of collagen. The total amount of fibrosis and collagen type I and III were quantified using the Axiovision 
software analysis program.

Electron microscopy.  LV samples were fixed in 3% glutaraldehyde (Sigma) with 0.1 M KH2PO4, pH 7.4 
and post-fixed for 1 hour with 2% OsO4 in 0.1 M sodium cacodylate. Samples were dehydrated in graded series 
of ethanol and embedded in Epoxy resin (Science Services, München, Germany). Ultra-thin sections of epoxy 
resin blocks (2 µm) were counterstained with uranyl acetate and lead citrate prior to examination in a JEOL 2100 
electron microscope (JEOL, Zaventem, Belgium).

Immunoblotting for protein expression.  After sacrifice, LV tissue samples were collected and imme-
diately cryo-preserved in liquid nitrogen and stored at −80 °C. Total protein lysates were prepared as described 
before59. Equal amounts of proteins were separated on a 4–12% Bis-Tri gradient gel (Invitrogen) and trans-
ferred onto polyvinylidene difluoride membrane (Millipore). The membrane was blocked with Odyssey block-
ing buffer (Li-cor) and probed for lysyl oxidase (LOX), (sc-373995 Santa Cruz), Periostin (ab79946, Abcam), 
TGF-β1 (ab92486, Abcam), Osteopontin (ab8448, Abcam), Fibroblast activation protein-α (orb97039, Biorbyt) 
and GAPDH (sc-25778, Santa Cruz). Immunofluorescence detection was performed with matching secondary 
antibodies (Li-cor 800CW or Alexa Fluor 680, ThermoFisher Scientific) using an Infrared imaging system (Li-cor, 
CLx).

Quantitative RT-PCR.  RNA was isolated from the tissue, by lysing the small tissue pieces using lysing 
matrix tubes in (MP Biomedicals) in TRIzol (Ambion Thermo Scientific), followed by phenol-chloroform total 
RNA isolation (according manufacturer’s instructions). RNA was quantified using the Nanodrop™ 2000c spec-
trophotometer (Thermo Scientific) and 500 ng of RNA was used for cDNA synthesis with Superscript II (Thermo 
Scientific). The final cDNA reaction was diluted 1:20 in molecular biology grade water (Thermo Scientific). 
qRT-PCR was performed on a 7500 Fast Real-Time PCR machine using the SYBRGreen master mix (Applied 
Biosystems, Belgium). The relative gene expression was calculated by comparing cycle times for target PCR 
using the following equation: relative gene expression = 2 – (ΔCtsample − ΔCtcontrol).Values are normalized to 
housekeeping gene RPL-32 expression levels. Primer sequences for collagen type I, collagen type III, biglycan and 
RPL-32 can be found in Supplemental Table 2.

Lysyl oxidase activity.  LOX activity was fluorometrically measured in total protein lysates from tissue and 
cell culture samples using the LOX activity assay (AAT Bioquest) according to the manufacturer’s instructions. 
Measurement was performed using the FlexStation 2 microplate reader (Molecular Devices).

Cytokine quantification.  Cytokine concentration was measured in tissue lysates using the Quantibody 
Porcine Cytokine Array 1 and 3 (RayBiotech) according to the manufacturer’s instructions. Fluorescence detec-
tion of cytokines was performed on a GenePix 4000B Microarray scanner. Only cytokines with robust signals 
above the detection limit of the assay were included in the analysis. ELISA was performed to quantify the secre-
tion of TGF-β1 by fibroblasts in conditioned media after 4 days in culture according to manufacturer’s instruc-
tions (R&D systems MB100B). The concentration was then normalized to the number of cells in culture.

http://rsb.info.nih.gov/ij/
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Statistics.  Statistical analysis was performed using one-way ANOVA or two-way ANOVA with Bonferroni 
correction. For analysis of images and molecular readouts, the operator was blinded to the data type by coding of 
samples. All data are expressed as mean ± SEM.
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