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Abstract | Myofibroblasts have characteristics of fibroblasts and smooth muscle cells: they produce 
extracellular matrix and are able to contract. In so doing, they can contribute to tissue replacement and 
interstitial fibrosis following cardiac injury. The scar formed after myocardial injury is no longer considered to 
be passive tissue; it is an active playground where myofibroblasts play a role in collagen turnover and scar 
contraction. Maintaining the extracellular matrix in the scar is essential and can prevent dilatation of the 
infarct area leading to heart failure. On the other hand, extracellular matrix deposition at sites remote from  
the infarct area can lead to cardiac stiffness, an inevitable process of myocardial remodeling that occurs in the  
aftermath of myocardial infarction and constitutes the basis of the development of heart failure. Defining 
molecular targets on myofibroblasts in conjunction with establishing the feasibility of molecular imaging of 
these cells might facilitate the early detection and treatment of patients who are at risk of developing heart 
failure after myocardial infarction.
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Introduction
The myocardium is a highly organized structure that 
contains several cell types, such as cardiomyocytes, fibro-
blasts and endothelial cells, and vascular and neuronal 
networks. Interspersed between these elements, the inter-
stitium comprises a complex extracellular matrix (ECM) 
of structural, adhesive and matricellular proteins and 
cell-surface receptors (integrins) within a hydrated proteo-
glycan and glycosaminoglycan-rich milieu.1 The collagen 
proteins found in the myocardium include types I, III, IV, 
V and VI, with structural type I collagen being the most  
predominant (>70%).2

The balance between the synthesis and degradation of 
collagen during cardiac remodeling determines its turn-
over, and, in the post-injury state, this process is regulated 
predominantly by myofibroblasts. Mainly differentiated 
from fibroblasts, these cells express contractile proteins and 
exhibit migratory, proliferative and secretory properties.3,4 
They respond to mechanical stretch, autocrine and para-
crine factors generated within the myocardium (for example, 
vasoactive peptides, such as angiotensin II, and growth 
factors, such as transforming growth factor-β [TGF-β]) and 
hormones derived from the circulation (for example, aldo-
sterone). In addition, a number of studies showed that myo-
fibroblasts are responsive to pro inflammatory cyto kines (for 
example, tumor necrosis factor [TNF], inter leukin [IL]-1, 
IL-6 and TGF-α) secreted by inflammatory cells, such as 
macrophages, T cells and mast cells.4,5 The response of 
myofibroblasts to the afore mentioned factors involves 
changes in their rates of proliferation and migration, and 

modifications in their capacity to synthesize and secrete col-
lagen precursors, extracellular collagen- processing enzymes 
and matri cellular proteins.4

Collagen is synthesized and secreted by myofibroblasts 
as procollagen precursor, and is converted to mature col-
lagen by proteolytic reactions catalyzed by specific pro-
collagen proteinases.6 Types I, III and V collagen molecules 
are rapidly assembled into collagen fibers through chemi-
cal reactions that occur spontaneously or are catalyzed by 
the copper-dependent amine oxidase lysyl oxidase.7 The 
degradation of collagen fibers takes place after a half-life 
of 80–120 days, and is mediated by the family of zinc-
 dependent matrix metalloproteinases, namely collagenases 
and gelatinases.8

Owing to its dynamic nature, the composition and mor-
phology of the cardiac collagen network can be rever sibly 
modified to adapt to cardiac injury. The replacement fibro-
sis initially supports ventricular morpho logy but, eventu-
ally, irreversible, maladaptive changes of the net work occur, 
which affect the amount of collagen, the collagen pheno-
type, and the degree of collagen cross linking. In particular, 
myocardial fibrosis is characterized by an increased deposi-
tion of type I colla gen fibers, showing an increased degree 
of crosslinking, within the interstitial space in areas remote 
from initial insult.9

In this Review, we discuss the mechanisms of both bene -
ficial and adverse myocardial remodeling after myo cardial 
infarction (MI), processes in which myo fibroblasts are 
integrally involved. Strategies for imaging myofibroblasts, 
which might be useful for the early detection of adverse 
remodeling events and for predicting the likelihood of the 
occurrence of heart failure, are also briefly discussed.
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The wound healing process after MI
wound healing after MI entails a cascade of events that 
involves a complex interplay between several different 
cell types, including inflammatory cells, endo thelial cells, 
fibroblasts and myofibroblasts. In acute injury, the death 
of cardiomyocytes invokes the recruitment at the infarct 
border of inflammatory cells, which remove the necrotic 
cell debris by phagocytosis. Granulation tissue begins 
to form around the fourth day after MI—depending on 
the species—and consists of inflammatory cells, newly-
formed blood vessels (to restore the blood supply) and 
fibroblast-like cells that deposit collagen. Eventually, this 
granulation tissue matures into a scar that is devoid of 
inflammatory cells but rich in ECM and fibroblast-like 
cells (fibrotic tissue).9 Tacitly, the scar tissue in the infarct 
has been perceived as a passive replacement for the lost 
cardiomyocytes with little biological activity, but this 
tissue is being increasingly recognized as a site of acti vity  
wherein fibroblast-like cells continue to be involved in 
collagen turnover and scar- tissue contraction.9,10 The 
persistence of fibroblast-like cells in the infarct area is a 
prerequisite to ensure maintenance of the ECM in the 
scar, which is subjected to mechanical stress as well as 
wear and tear in the beating heart.

Myofibroblast activity after MI
Myofibroblasts are found in the granulation tissue in 
the infarct region; there are no reports of myofibroblasts 
activity in the healthy, uninjured myocardium.4 These cells 
replace the damaged and lost cardiomyocytes that cannot 
be regenerated, and help to produce a strong scar tissue. 
They also possess contractile properties and are associated 
with a smaller and stronger scar area that helps to prevent 
infarct expansion and ventricular dilatation. However, the 
inevitable production of collagen by myo fibroblasts in  
the remote area contributes to adverse ventri cular 
remodel ing and unfavorable outcomes. unlike in skin and 
other organs, in which myofibroblasts are relatively short-
lived, these cells persist for a long time in the heart at sites 
remote to the infarct, with the net balance in favor of ECM 
deposition. Might targeted pharmaco logical intervention 
be able to influence healing characteristics favorably?

The origin of myofibroblasts
In order to modulate the process of myofibroblast 
prolifera tion to reduce the drawbacks without compro-
mising the benefits, we need to understand the process 
more comprehensively. Myofibroblasts are thought to 
be derived from multiple sources (Figure 1).11 In addi-
tion to pre-existing local fibroblasts that can differentiate 
into myofibroblasts, epithelial and endothelial cells can 
adopt a myo fibroblast phenotype through the processes 
of epithelial– mesenchymal transition and endothelial– 
mesenchymal transition, respectively.12,13 Furthermore, cir-
culating fibroblast-like cells are thought to be derived from 
bone-marrow stem cells; these blood-borne mesen chymal 
stem-cell progenitors have a fibroblast– myofibroblast-like 
phenotype and are called fibrocytes.14 Myofibroblasts of 
different origins are thought to participate with resident 
mesenchymal cells in the repair process;15 however, the 

Key points

Myofibroblasts have characteristics of fibroblasts and smooth muscle cells and  ■
contribute to tissue replacement and interstitial fibrosis following cardiac injury

Maintaining the extracellular matrix in the scar is essential and can prevent  ■
dilatation of the infarct area

extracellular matrix deposition at sites remote from the infarct area can  ■
contribute to the development of cardiac remodeling and heart failure

Defining molecular targets on myofibroblasts in conjunction with establishing the  ■
feasibility of molecular imaging might facilitate early detection and treatment of 
patients at risk of developing heart failure after myocardial infarction

relative contribution of each of these populations remains 
to be established. as an example, the relative contribution 
of bone marrow-derived fibrocytes to the myofibroblast 
content of the infarct area has been estimated between 0 
and 57%.4 Primary fibroblasts isolated from a number of 
different organs comprise a vastly diverse group of cells 
and it is unlikely that fibroblasts from kidney behave in 
precisely the same way as do those from lung, heart or 
skin.16 as such, there is a growing interest in dissecting the 
role of the various myofibroblast subpopulations in tissue 
regenera tion and fibroproliferative diseases.11

Myofibroblast differentiation after Mi
under normal circumstances, resident cardiac fibroblasts 
have no contractile microfilaments or stress fibers, exhibit 
few or no actin-associated cell–cell and cell–matrix con-
tacts and produce minimal amounts of ECM.17 In the after-
math of MI, fibroblasts are activated to differentiate into 
myofibroblasts, which converge on the damaged region 
and accelerate the synthesis of various ECM proteins, such 
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Figure 1 | Myofibroblast precursors and characteristics. Myofibroblasts can be 
derived from various cell types. In addition to resident fibroblasts, they can also be 
derived from SMCs, epithelial and endothelial cells, and blood‑borne mesenchymal 
stem‑cell progenitors (fibrocytes). In response to specific stimuli, these cells can 
transform into proto‑myofibroblasts, which, in turn, can differentiate into 
myofibroblasts in response to TGF‑β1, fibronectin eD‑A and mechanical stretch. 
Myofibroblasts are characterized by the presence of α‑smooth muscle actin, 
supermature focal adhesions (with integrins), angiotensin II type 1 receptor, and 
their ability to produce collagen. Abbreviations: eMT, epithelial–mesenchymal 
transition; endMT, endothelial–mesenchymal transition; SMC, smooth muscle cell; 
TGF‑β1, transforming growth factor‑β1.
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as collagen, fibronectin and laminin,18 that replace necrotic 
cardiomyocytes as a scar.

From fibroblast to myofibroblast
an important stimulus for the phenotypic transition of a 
fibroblast to a myofibroblast is a change in the mechanical 
microenvironment. In intact, uninjured tissue, fibroblasts 
are generally protected from stress by the crosslinked 
ECM framework. On loss of architectural integrity as a 
result of injury, fibroblasts exposed to mechanical stress 
become proto-myofibroblasts.19 Proto-myofibroblasts are 
characterized by the presence of stress fibers that contain 
cytoplasmic β-actin and γ-actin. Subsequent exposure to 
TGF-β1, mainly produced by cardiac fibroblasts,4 and the 
ED-a splice variant of fibronectin result in the differenti-
ation of proto-myofibroblasts into myofibroblasts.20,21 
Indeed, mice lacking the ED-a exon of the gene encod-
ing fibronectin have been shown to display abnormal skin 
wound healing.22

Integrin expression
In culture, myofibroblasts develop specialized focal adhe-
sions that are referred to as being ‘supermature’ to account 
for their markedly longer appearance compared with 
the classical focal adhesions of fibroblasts. In addition, 

supermature focal adhesions exhibit a specific molecular 
composition: they express high levels of vinculin, paxillin, 
tensin and the integrins αvβ3 and α5β1.

23 Of note, αvβ3 integ-
rin is not usually expressed in the myocardium in adults; 
expression is seen on endo thelial cells during angio genesis 
in response to angiogenic growth factors and is fundamen-
tal for endothelial cell proliferation, adhesion and survival. 
The integrin moieties are also expressed at high levels on 
myofibroblasts, and contribute to enhance the promoter 
activity of collagen genes and reduce the expression of 
genes encoding metalloproteinases.24

Potential differentiation markers
Fully differentiated myofibroblasts are characterized by 
the expression of α-smooth muscle actin (aSMa) and 
other smooth muscle cell (SMC) differentiation markers 
(Figure 2, Table 1).25–27 unlike SMCs, however, myo-
fibroblasts express relatively low amounts of smooth 
muscle myosin heavy chain.28 until approximately 5 years 
ago, the cytokeletal protein smoothelin was proposed as 
a late differentiation marker for contractile SMCs that 
would allow the discrimination of contractile SMCs from 
myofibroblasts.29 However, smoothelin and other late 
SMC markers have been observed in cultured lung fibro-
blasts treated with TGF-β1,30 obscuring their discrimina-
tive value. a newly proposed differentiation marker is an 
isoform of the stress-fiber protein palladin that contains 
four immunoglobulin (4Ig) domains. The expression of 
4Ig palladin in fibroblast stress fibers is strongly induced 
following TGF-β1 treatment.31 However, SMCs can also 
express this isoform of palladin;32 therefore, palladin is 
also not a distinctive marker for myofibroblasts. To date, 
no unique markers for myofibroblasts have been identi-
fied. Hopefully, advances in proteomics might result in the 
identification of unique differentiation markers, provided 
that such markers exist.

Myofibroblast migration after Mi
Leukocytes and mesenchymal cells, such as myo fibroblasts, 
are attracted to the site of MI by various chemo tactic 
factors, including TGF-β, which is mainly produced by 
cardiac fibroblasts.4 For myofibroblasts to move to the site 
of injury, they must continually make and break contacts 
with the surrounding ECM. Several studies showed that 
the integrin expression profile of motile myo fibroblasts 
differs from that of resting fibroblasts.33 activated fibro-
blasts have been reported to secrete stromelysin and colla-
genases, which help to dissolve the surrounding interstitial 
matrix, thereby enhancing migration.34

Migration of myofibroblasts to the damaged region is 
partially determined by the expression of frizzled‑2 (fz2), a 
tissue polarity gene that encodes a seven- transmembrane 
protein. The expression of fz2 is upregulated in myofibro-
blasts during their migration into the infarct area; when 
the cells become stationary in the newly formed scar, its 
expression is decreased.35

Myofibroblast-mediated deposition of collagen
after MI, new ECM proteins are deposited, first in the 
border zone between infarcted and noninfarcted tissue, 
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Figure 2 | Markers of myofibroblast differentiation. 
Differentiated myofibroblasts express several targets that 
might be of interest for molecular imaging. The ATR, Frizzled‑2 
receptor and TGF‑β receptor are reasonable candidates and 
easily accessible to targeting tracer molecules because of 
their extracellular localization. Additionally, αvβ3 integrins are 
expressed in the supermature focal adhesions and might 
constitute yet another candidate. However, the specificity 
and efficacy of these targets needs to be determined 
because most are present on other cell types (Table 1). 
Abbreviations: ASMA, α‑smooth muscle actin; ATR, 
angiotensin II receptor; TGF‑β, transforming growth factor‑β.
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and later in the central area of the infarct. Myofibroblasts 
produce interstitial collagens, and elevated amounts of 
type III collagen can already be observed 3 days after 
induction of MI in rats.36 The production of type I coll-
agen occurs more slowly, and peak levels of this protein 
are lower than those of type III collagen. Type I collagen 
confers tensile strength on the infarct if multiple fibers are 
crosslinked,9 a process that is mediated by the lysyl oxidase 
family of enzymes.37 The expression of lysyl oxidase is 
upregulated during the first weeks of infarct healing 
and remains elevated up to 90 days after MI.37 Lysyl 
oxidase expression is responsive to the levels of connec-
tive tissue growth factor (CTGF) and TGF-β,38 and could 
probably be used as a surrogate marker for the extent of  
myofibroblast proliferation.

Contractile properties of myofibroblasts
During wound healing in skin, myofibroblasts align 
perpendicular to the wound rim and their contractile 
properties bring wound margins closer, a phenomenon 
that is known as wound contraction and that minimizes 
the scar size.39 The reduction in size is stabilized by ECM 
deposition and the myofibroblasts subsequently dis appear 
from the scar area.25 This process explains why a scar is 
generally considered to be an ECM-rich, acellular entity. 
However, unlike wound healing in the skin,40 myofibro-
blasts can persist for up to 20 years even in healed human 
infarcts.41 This persistence suggests that there is a contin-
ued role for myofibroblasts in maintaining the stability of 
the infarct area, an area that is under repetitive stress in a 
beating heart. Indeed, myofibroblasts continue to produce 
type I and type III fibrillar collagen long after scar tissue 
has replaced the necrotic myocytes.

analysis of myofibroblasts in granulation and fibrotic 
tissue has revealed the presence of extensive cell–
matrix contacts called fibronexi; such fibro nexi are not 
observed in fibroblasts isolated from normal connec-
tive tissue. Myofibroblast fibro nexi connect intracellular 
micro filaments both to other myofibroblasts and to the  
surrounding ECM, thereby mediating contraction.

The nature of the contraction generated by the myo-
fibroblasts is fundamentally distinct from that generated 
by cardiomyocytes. Myofibroblasts typically generate a 
sustained contraction resembling that of SMCs (such as 
is present in the vasculature), and this contraction can 
be modulated by circulating factors and neurohormones, 
such as angiotensin II. By contrast, cardiomyocytes con-
tract and relax cyclically following a stimulus from the 
cardiac conduction system.17 Given the high electrical 
resistance of the connective tissue in the infarct area,42 
smooth muscle-like cells, such as myofibroblasts, are 
better suited for tonic contraction than cardiomyocytes, 
because the latter cells only contract upon electrical  
activation whereas the former cells do not.

Myofibroblast removal
when the damaged ECM has been reconstructed,  
the repaired tissue may be able to partially take over the 
mechanical load. although the myofibroblasts may persist 
for many years,41 some myofibroblasts may be removed by 

apoptosis, especially in poorly healed myocardial infarcts. 
The signals that induce apoptosis in myofibroblasts have 
been partially defined, with Fas,43,44 TGF-β145 and angio-
tensin II type 1 (aT1) receptor46 being implicated. The 
release from mechanical stress is a potent promoter of 
myofibroblast apoptosis in vivo.28 adhesion-dependent 
survival signals are transmitted via cell–cell contacts. 
Studies using corneal myofibroblasts in a dense culture 
showed a significant decrease in the expression of aSMa, 
and a dedifferentiation into aSMa-negative fibroblasts 
was observed.47 This phenomenon has been attributed to 
desensitization to TGF-β1 induced by cell–cell contact (as 
a result of growth at high density).47

Adverse myocardial remodeling
well-healed infarcts contain large amounts of ECM, 
which can occupy up to 80% of the infarct area.9 However, 
collagen deposition also occurs in the un infarcted remote 
myocardial region, predominantly in the interstitium, 
where it contributes to ventricular stiffness and dysfunc-
tion. Myocardial interstitial fibrosis directly contributes to 
adverse structural remodeling in various cardio vascular 
diseases that are associated with chronic ischemia and/
or pressure overload, as well as in some intrinsic myo-
cardial diseases, such as hypertrophic and diabetic 
cardio myopathy. In addition to interstitial alterations in 
the noninjured areas, replacement fibrosis, although it 
initially supports ventricular morpho logy after MI, can 
contribute to geometric changes and inevitable functional 
deterioration over time.48,49

as outlined above, phenotypically transformed myo-
fibroblasts are central to fibrosis at sites of remodeling 
after MI. Various neurohumoral substances, such as 

Table 1 | Myofibroblast differentiation markers

Marker Cellular overlap

Intracellular

Cofilin71 Smooth muscle cells72

ASMA73 Smooth muscle cells74

Palladin 4Ig73 Smooth muscle cells32

Cell surface

AT1R73 Cardiomyocytes/smooth muscle cells75

TGF‑β receptor73 Various cells75

Integrins69 (αvβ3, α1β1, α2β1, α11β1) endothelial cells76

Osteoblast cadherin73 Mesenchymal cells73

Frizzled‑29 Smooth muscle cells77

Extracellular matrix*

Collagen types I, III, IV, V, VI73 Various cells73

Tenascin C73 Smooth muscle cells73

Fibronectin eD‑A73 Smooth muscle cells78

Circulating*

Lysyl oxidase79 Fibroblasts/smooth muscle cells79

PICP, PINP, PIIINP80 Fibroblasts80

*Indirect markers of myofibroblast activity. Abbreviations: ASMA, α‑smooth muscle actin; AT1R, 
angiotensin II type 1 receptor; Palladin 4Ig, palladin containing four immunoglobulin domains; PICP, 
C‑terminal propeptide of type I procollagen; PINP, N‑terminal propeptide of type I procollagen; PIIINP, 
N‑terminal propeptide of type III procollagen; TGF‑β, transforming growth factor‑β.
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angiotensin II and TGF β1, are preferentially over-
expressed by cardiomyocytes at the infarct border, tra-
verse the common interstitial space and enhance collagen 
synthesis at sites distant from the MI. The fibrosis that 
develops over time in regions remote to the infarct repre-
sents the majority of connective tissue found in ischemic 

cardiomyopathy, and contributes to adverse structural 
remodeling in the failing human heart.50 It seems reason-
able to presume that an optimally healed infarcted heart 
should comprise a strong, ECM-rich replacement scar, 
but minimal remote fibrosis (Figure 3).

Myocardial upregulation of the renin–angiotensin 
system (RaS) contributes considerably to ventricular 
remodeling. Overexpression of the aT1 receptor in the 
myocardium is associated with interstitial fibrosis,51 and 
aT1-receptor-deficient transgenic mice exhibit minimal 
structural remodeling after MI.52 The administration of 
angiotensin receptor blockers during MI prevents and/
or restricts ventricular remodeling, and thereby reduces 
morbidity and mortality after MI, regardless of left ventri-
cular functional deterioration.53–57 angiotensin II, which 
is produced locally by activated macrophages, cardio-
myocytes and myofibroblasts, exerts its effect by directly 
stimulating TGF-β1 production.42 Ongoing expression of 
angiotensin II and aT1 receptors, and active TGF-β1 and 
TGF-β1 receptors, is observed in infarcted rodent hearts 
months after MI, and underscores the persistent meta-
bolic acti vity of activated myofibroblasts.42 TGF-β1 sig-
naling results in the production by cardiac myofibroblasts 
of interstitial collagens, fibronectin and proteoglycans. 
It also stimulates its own production in myofibroblasts, 
thereby establishing an autocrine cycle of myofibroblastic 
differentiation and activation.11 Studies have shown that 
over expression of TGF-β1 in transgenic mice can lead 
to cardiac hypertrophy, which is characterized by both 
interstitial fibrosis and hypertrophic growth of cardiac 
myocytes.58 although expressed at high levels on myo-
fibroblasts, the components of RaS and TGF-β1 signaling 
can, of course, also be found on other cells.

Therapy using an angiotensin-converting enzyme 
(aCE) inhibitor, an angiotensin receptor blocker, or 
both has been shown to have a beneficial effect on infarct 
healing: the treatment contributes to maturation of col-
lagen tissue in the infarct zone but preferentially reduces 
the extent of collagen deposition in the remote myo-
cardium.59 This approach allows for a balanced influence 
on ventricular mechanics, and is consistent with the clini-
cal outcomes achieved in patients appropriately treated 
using antagonists of the RaS.60

Development of heart failure
Heart failure is a frequent complication of MI that is 
associ ated with adverse remodeling.61 Owing to improved 
survival post-MI, more and more people are at risk of 
developing heart failure. within 6 years of the clinical 
event of acute MI, 22% of male and 46% of female patients 
develop heart failure.62 The loss of ventricular muscle 
during MI and the subsequent complex architectural 
alterations involving both the infarcted and noninfarcted 
myocardium contribute to the evolution of heart failure. 
wall thinning and infarct expansion are the most promi-
nent changes in the infarct region,63 and can lead to both 
systolic (decreased contraction) and diastolic (decreased 
relaxation) dysfunction.64 Ventricular dilatation might ini-
tially function as a compensatory mechanism to maintain 
stroke volume after the loss of contractile tissue. However, 

Figure 3 | The suggested role of myofibroblasts in infarct healing. Granulation 
tissue post‑MI consists of inflammatory cells, neovascularization and fibroblast‑
like cells that deposit collagen. The granulation tissue matures into a scar. 
Adequately healed infarcts show preserved geometry, while inadequately healed 
infarcts (with few myofibroblasts) show severe dilatation and infarct expansion. 
Abbreviations: LV, left ventricle; MI, myocardial infarction; RV, right ventricle.
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this precarious balance can be exceeded: increased cavity 
volume with insufficient compensatory hypertrophy 
results in increased loading conditions, promoting further 
enlargement and dysfunction. Patients showing extensive 
infarct expansion after MI are more likely to develop heart 
failure.65 In those who are likely to develop heart failure 
after MI, a low numbers of myofibroblasts in the infarct 
area—predicting poor ECM maintenance and excessive 
scar dilatation—or excessive amounts of fibroblasts in 
the uninjured parts of the heart, indicative of fibrosis  
of the noninfarcted myo cardium, are expected (Figure 3). 
a role for myofibroblasts in the prevention of dilatation 
post-MI has been proposed.66 Myofibroblasts have con-
tractile properties and might prevent infarct expansion; 
as mentioned above, they can persist in human infarcts 
for decades post-MI.41

Imaging of myofibroblasts
as myofibroblasts are recruited to accomplish myo cardial 
fibrosis, it is logical to propose that identification of unique 
markers expressed by these cells might provide an oppor-
tunity to design imaging strategies to enable the early 
detection of adverse remodeling and to predict the likeli-
hood of developing heart failure. Myofibroblasts express 
several markers, but none of these are, unfortunately,  
sufficiently specific to myofibroblasts (Table 1).67

Only a few membrane or transmembrane moieties 
expressed on myofibroblasts are potential targets for 
molecular imaging but should, nevertheless, be easily 
accessible to appropriately-labeled specific ligands. Fz2 
is located on the plasma membrane and, as discussed, is 
upregulated in myofibroblasts as they migrate into the 
infarct area. aT1 receptors are expressed two-to-three-
fold higher in myofibroblasts, compared with back-
ground.68 Because of the persistent expression of aT1 
receptors on myofibroblasts, these molecules might be 
suitable targets for molecular imaging. Indeed, a peptide 
analog of angiotensin labeled with a fluorescent tracer 
has been used to follow the myocardial upregulation of 
aT receptors in a murine MI model (Figure 4).68 Other 
RaS proteins, such as renin and aCE, are excreted and 
so are not very suitable as targets for molecular imaging. 
TGF-β1 receptors could, however, also be potential 
targets for molecular imaging. Furthermore, integrin 
targeting—for example, targeting of α1β1, α2β1, α11β1 and 
αvβ3—might be another reasonable approach for molecu-
lar imaging;69 RGD probes, which bind to integrins such 
as αvβ3, have been used to identify myo fibroblastic pro-
liferation in post-infarct animal models59 as well as in 
clinical studies.70

In addition to identifying relatively exclusive mem-
brane markers of myofibroblasts, targeting molecules that 
are expressed at certain stages of healing might also prove 
worthwhile. For example, lysyl oxidase, which mediates 
collagen crosslinking, could potentially be used as a 
surro gate marker for the extent of myofibroblast acti vity.  
Furthermore, cofilin is proposed as a marker for myo-
fibroblasts. Cofilin has been demonstrated in valve  
myo fibroblasts but is also present in SMCs and, therefore, 
is not a specific myofibroblasts marker.71,72

Conclusions
Myofibroblasts are integrally involved in myocardial 
healing after MI. These cells produce collagen, which 
is expected to stabilize the damaged and lost tissue, and 
prevent infarct expansion and ventricular dysfunction 
after its deposition in the myocardial void. However, con-
current proliferation of fibroblasts in noninjured myo-
cardial regions results in adverse ventricular remodeling 
and development of heart failure over time. The optimal 
pharmacologic manipulation is expected to increase myo-
fibroblast integrity and function in the infarct area and 
simultaneously preventing myo fibroblast differentiation 
in the remote areas. Molecular imaging may help clarify 
such pathogenetic mechanisms of infarct healing and 
heart failure volution. It may also allow prognostication 
after MI as well as monitoring of the efficacy of pharmaco-
logical interventions aimed at the primary prevention of 
heart failure.
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Figure 4 | Optical imaging of ATRs in a mouse model of MI 3 weeks post‑infarction.   
a | Uptake of a fluorescently labeled peptide analog of angiotensin was observed 
in the infarct area. Sections through the affected heart show b | no uptake of the 
analog in the remote zone and c | clear uptake of the analog in nonmyocytic cells 
in the infarct region. d–f | ATR‑positive cells (panel d, green), also stained positive 
for ASMA (panel e, red), indicating that ATRs are present on myofibroblasts 
(panel f, yellow). Abbreviations: ASMA, α‑smooth muscle actin, ATR, angiotensin II 
receptor; MI, myocardial infarction.

Review criteria
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between 1970 and 2009. The search terms we used were 
“myofibroblasts”, “myocardial infarction”, “differentiation 
markers” and “fibroblasts”. All papers identified were 
english‑language full‑text papers. We also searched the 
reference lists of identified articles for further papers.
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