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Abstract: Cardiac fibrosis is the final common pathway of various heart diseases, characterized by excessive buildup
of extracellular matrix proteins by fibroblasts in the myocardial interstitial compartments. Although the study of fi-
broblasts has been carried out for many years, the source of fibroblasts is still unclear. Recent reports suggest that
about 1/3 of these interstitial fibroblasts are derived from the endothelial cells. It is a process in which endothelia
lose their endothelial features but gain some mesenchymal phenotypes. The phenotypic switching, termed as en-
dothelial mesenchymal transition (EndMT), becomes the focus of the current research in fibrosis diseases. In this
review, we summarize the background knowledge of EndMT and then elucidate the evidence and mechanism of

EndMT in cardiac fibrosis.
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Introduction

Cardiac fibrosis is the final common pathway of
various heart diseases, including hypertensive
heart disease, cardiomyopathies, myocarditis,
coronary heart disease, etc [1, 2]. From the cur-
rent view, cardiac fibrosis refers to the remodel-
ing of heart interstitium, essentially involving
excessive deposition of extracellular matrix
(ECM) which is mainly produced by cardiac
fibroblasts (CFs). Cardiac fibrosis is usually
divided into two categories: replacement fibro-
sis and reactive fibrosis. Replacement fibrosis
refers to the type of cardiac fibrosis secondary
to cardiomyocyte death, such as myocardial
infarction. When myocardial infarction hap-
pens, the sudden death of a great number of
cardiomyocytes will activate an inflammatory
response, which replaces the dead cardiomyo-
cytes with collagen scars [3]. But for the type of
reactive fibrosis such as hypertensive heart
disease, ECM mainly deposits in the perivascu-
lar and perimyosium areas without cardiomyo-
cyte death as shown in the pressure overload
model [4]. However, both types of cardiac fibro-
sis co-exist in most cases. For example, in
hypertensive heart diseases, reactive fibrosis

is usually initially observed in areas distant to
the initial infarction zone, while replacement
fibrosis can be discovered at the late stage.
Excessive ECM deposition increases cardiac
wall stiffness and then causes cardiac diastolic
dysfunction. Meanwhile, the increased deposi-
tion of ECM can impair the inter-cardiomyocytes
electrical and mechanical coupling, and then
results in an increased risk of arrhythmia and
weakened cardiac systolic function [5, 6].
Ultimately, ECM remodeling will cause cardio-
myocyte loss and cardiac failure.

Despite decades of research, the cellar and
molecular mechanisms of cardiac fibrosis are
still not fully clarified [7, 8]. Recent studies have
indicated cardiac fibrosis is associated with the
Endothelial Mesenchymal Transition (EndMT),
which can be caused by various kinds of inju-
ries and inflammations [9, 10]. During EndMT,
endothelial cells lose their own phenotypes and
convert into full functional fibroblasts, which
produce more ECM but less ECM-degradation
enzymes. To date, EndMT has been discovered
in many fibrosis diseases and is becoming a
research hotspot for scientists [11, 12]. In this
review, we summarize the background knowl-
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edge of EndMT and then elucidate the evidence
and mechanism of EndMT in cardiac fibrosis.

Origin of activated fibroblasts/myofibroblasts
in cardiac fibrosis

Cardiac fibroblasts (CFs), which account for
two-thirds of total cardiac cells, play a central
role in maintaining the homeostasis of ECM
[13]. ECM components are mainly synthesized
in CFs, meanwhile, CFs also produce proteolytic
enzymes to regulate the degradation of ECM.
Normally, the turnover rate of ECM is at a low
level of about 5% daily. But under some patho-
logical circumstances such as hypertension or
myocardial ischemia, increased mechanical
overload and hypoxia can activate CFs, and
activated CFs (or myofibroblasts) then synthe-
sizes more ECM but less degradation enzymes,
which leads to an imbalance of the homeosta-
sis of ECM. In addition, CFs can also interact
with other cardiac cells, such as infiltrated
inflammatory cells, endothelial cells, cardiomy-
ocytes and smooth muscle cells [1], by secret-
ing lots of bioactive proteins, including growth
factors, cytokines, proteases, etc. Therefore,
CFs play a pivotal role in the pathogenesis of
cardiac fibrosis, and have drawn the interest of
many researchers to elucidating the bioactivity
and molecular mechanisms of myofibroblasts
[14].

The origin of cardiac myofibroblasts is not yet
clear, due to the fact that there is no specific
and sustained molecular marker [15, 16]
identified in cardiac myofibroblasts so far.
Traditionally, it was believed that myofibro-
blasts mainly originate from resident fibroblasts
under pathological circumstances [17, 18]. But
recently researchers have recognized that car-
diac myofibroblasts can be derived from three
main sources, including proliferation of resi-
dent fibroblasts, migration of bone marrow-
derived circulating fibrocytes, and EndMT [13-
16, 19, 20]. By using the newly developed fate-
mapping technology, epithelial cells in epicar-
dium [21, 22] and pericytes of microvessels
[23] can now be observed converting into
myofibroblasts in cardiac fibrosis as well.
Several studies indicate EndMT accounts for
one-third of all fibroblasts and is an important
source of the myofibroblasts. EndMT presents
only in pathological conditions, but not in nor-
mal conditions. Researchers are now trying to
find a therapy to relieve fibrosis disorders with-

14951

out affecting physiological tissue repairing. As
a result, EndMT has attracted more attention to
research of cardiac fibrosis and other fibrosis
diseases in recent years [24-27].

Endothelial-mesenchymal transition: a recent-
ly identified source of activated mesenchymal
cells

The basics of EMT

Epithelial-mesenchymal transition (EMT) is a
process in which epithelia lose their epithelial
features but gain some mesenchymal pheno-
types. EMT is initially described in embryogen-
esis, which involves the formation of the meso-
derm, endoderm and neural crest. In embryonic
stage, epithelium and mesenchyme are two
basic tissue types [28]. Epithelial cells are of
apical-basal polarity and connect with each
other through tight junction, and mesenchymal
cells are spindle-shaped with more mobility
and only temporarily connect with surrounding
ECM components. The two basic phenotypes
can convert into each other through EMT or
MET (Mesenchymal-Epithelial Transition), which
are normal phenomena universally occurring
during embryogenesis and organogenesis.

Early studies of EMT in embryos have provided
basic knowledge of this biological process and
its molecular regulatory network. Traditionally,
researchers have thought that EMT occurs only
in the embryo. But in the last decade, plenty of
studies have shown that epithelial cells are
also capable of transforming into mesenchymal
cells in adult and this transformation plays an
essential role in fibrosis and tumor metastasis.
In fibrosis diseases, epithelial cells transform
into fibroblasts and migrate to the pathological
sites for tissue repairing. The researches of
tumor metastasis have been a major driving
force in the insight of EMT at present [29-32].
According to the consensus of The EMT
International Association (TEMTIA) meeting in
2008 [32], EMT can be divided into three sub-
types: type 1 (EMT in embryogenesis), type 2
(EMT in fibrosis) and type 3 (EMT in tumor
metastasis), due to different biological con-
texts involved.

In current opinion, the three types of EMT share
common features in morphological conversion
and molecular signaling but differ in some other
aspects. Firstly, they occur under different cir-

Int J Clin Exp Med 2016;9(7):14950-14958



Common pathological process

cumstances. Type 1 EMT is a normal physiologi-
cal process, but type 2 and type 3 EMT are
pathological conditions which involve inflam-
mation. Secondly, the transformed mesenchy-
mal cells in type 1 and type 3 EMT have stem
cell properties, but those in type 2 EMT have
not. In general, it seems that type 3 EMT recap-
ture EMT process in embryogenesis and type 2
EMT is more like a compensatory mechanism
which partially retakes the program of type 1
EMT in nature.

EMT is a complex and orchestrated process.
During EMT in fibrosis, the differentiated epi-
thelial cells lose the adherent and tight junc-
tions, but acquire the morphology and function
of fibroblasts. The process of EMT is regula-
ted by a combination of myofibroblast, macro-
phage, leukocyte and endothelial cell itself,
which release a plethora of hormones, growth
factors, cytokines, matrix metalloproteinases
(MMPs) and ECM components. The mesenchy-
mal phenotype changes start by the binding of
various bioactive molecules to their receptors
and sending signal to nuclei. Generally, there
are four key steps in EMT process [32-34]: (1)
The decreased expression of epithelial adhe-
sion molecules, including E-cadherin and Z0-1,
leads to epithelial cell-cell and cell-basement
membrane dissociation, and epithelial cyto-
skeleton (such as cytokeratin) changes into
mesenchymal cytoskeleton, which leads to the
apical-basal polarity loss of epithelial cells. (2)
Meanwhile, the mesenchymal cytoskeleton
molecules are synthesized, such as vimentin,
fibroblast-specific protein 1 (FSP1, also known
as S100A4), a-smooth muscle actin (x-SMA),
etc. The transformed cells become spindle-
shaped. (3) Breakdown of basement mem-
brane via MMPs and other ECM-degrading
enzymes. (4) Acquisition of invasive and migra-
tory properties, transition to myofibroblasts
and moving to the pathological site. It should
be noted that these 4 steps do not necessarily
occur in sequence and they overlap with each
other.

EndMT: similar to EMT

In the last decade, tremendous progress has
been made in providing evidence of EMT almost
in every fibrosis disease in organs including kid-
ney [35], liver [36, 37], lung [38, 39], skin, etc,
and has provided novel mechanism and thera-
py for fibrosis diseases. Endothelial cells, spe-
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cial kind of epithelial cells, line the interior sur-
face of blood vessels. They undergo mesenchy-
mal transition (EndMT) too. There are many
similarities between EMT and EndMT on both
cellular and molecular levels [40-42]. As
expected, studies have revealed that EndMT
plays a significant role in kidney [11, 27], heart,
lung [26, 43], cornea [44] and intestine fibrosis
[45].

Recent experiments in mice have indicated
that microvasculature endothelial cells can
also have a process similar to EMT during fibro-
sis, known as EndMT. In fibrosis, endothelial
cells recapture the process which normally
occurs during the formation of the endocardial
cushion in embryogenesis [46, 47]. Unlike EMT,
EndMT not only causes the conversion of endo-
thelial cells to fibroblasts, but also leads to
microvessel rarefaction, which results in inad-
equate perfusion of tissue. In addition, base-
ment membrane that breaks down during
EndMT facilitates the infiltration of inflammato-
ry cells and activates thrombosis system.
Though there are plenty of researches concern-
ing EMT, a number of studies about EndMT are
quite limited. The following sections will focus
on the evidence and mechanism of EndMT in
cardiac fibrosis.

Evidence and mechanism of EndMT in cardiac
fibrosis

In vitro evidence: EndMT in cells

Numerous studies on cultured cells have illus-
trated that endothelial cells can undergo mes-
enchymal phenotype conversion [48-51]. In
1992, Arciniegas described using TGF-B1 to
induce bovine aortic endothelial cells to differ-
entiate into SMA positive phenotype [48]. But
his result had long been questioned, with the
suspicion that the cultured endothelial cells
might be polluted by other cells. In 2002, by
using of Fluorescence-Activated Cell Sorting
(FACS) and Immunomagnetic Purification Tech-
niques, Maria G. Frid purified endothelial cell
cultures to be free of contamination, and then
confirmed that endothelial cells were able to
transform into SMA positive cells [50]. This
phenomenon has also been observed in pulmo-
nary arteriolar endothelial cells [52]. In 2008,
Krenning reported that human umbilical cord
endothelial cells (HUVEC) can convert into
smooth muscle-like cells through the EndMT
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Table 1. EndMT in different cardiac fibrosis models

Diseases Animal Percentage Inhibitors  References
Hypertensive heart disease Mouse Pressure overload 27-35% BMP7 Ref. 24
AMI Mouse Ligation of LAD 25% Ref. 55
Diabetic cardiomyopathy Mouse, rat Streptozotocin induced diabetes 15% to 20% Ref. 25
Ref. 58
Graft cardiac fibrosis Mouse Heterotopic heart transplantation BMP7 Ref. 24
Myocarditis Mouse Coxsackie virus B3 induced myocarditis BMP7 Ref. 61

induced by TGF-B [53]. These studies on cul-
tured cells lay the cornerstones for researching
the role of EndMT in vivo.

In vivo evidence: EndMT in different cardiac
fibrosis models

Although EndMT is well described in cultured
cells and in cardiac embryogenesis, it remains
to be illuminated whether such events can
occur in adult cardiac fibrosis. As described
below, cardiac injuries from almost any cause
can lead to the activation of cardiac repairing
and fibrosis (Table 1). EndMT seems to be a
common process in cardiac fibrosis, though it
needs to be confirmed with further studies in
different models as well as human bodies.

Hypertensive heart disease

Hypertensive heart disease (HHD) is the most
important organ damage in hypertension dis-
eases, including primary and secondary hyper-
tension. Cardiac interstitial fibrosis and cardio-
myocyte hypertrophy is the two main features
of HHD. During hypertension, overload pres-
sure directly increases the collagen synthesis
and proliferation of fibroblasts through mecha-
no-sensory mechanisms, the ways of mechani-
cal stimulus signaling in cells. Simultaneously,
mechanical load induces the expression of pro-
fibrotic factors, including TGF and Ang Il [54].
Then, cardiac fibrosis is mediated by the com-
bined effect of mechanical tension and the bio-
activity factors. In recent years, researches
have indicated that, the profibrotic factors
could transform the endothelial cells into fibro-
blasts and this is the essential origin of fibro-
blasts in pressure overload model. In 2007,
Zeisberg and colleagues published a milestone
research of EndMT in cardiac fibrosis [24]. They
confirmed the EndMT during pressure overload-
induced cardiac fibrosis in two genetic models.
One is the TielCre; R26RstoplacZ double-
transgenic mice, in which endothelial cells are
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permanently tagged with lac Z. Compared with
the markers used before, such as VE-cadherin,
CD31, etc, the expression of lac Z is constant in
endothelium-originated cells despite the phe-
notype transition. The other is FSP1-GFP trans-
genic mice, in which green fluorescent protein
(GFP) shares the promoter of fibroblast-specific
protein 1 (FSP1) and provides a more specific
fibroblast marker. With the ingenuity method,
the authors revealed that 27-35% of all fibro-
blasts originated from endothelial cells through
EndMT. Analogous to EMT, EndMT is mediated
by TGF-B1/smad pathway in cardiac fibrosis.
This is the first research convincingly proving
EndMT in cardiac fibrosis of pressure overload
model. But there is no evidence about EndMT
in other hypertensive model and patients with
hypertension.

AMI

Acute myocardial infarction (AMI) is one of the
leading causes of death in the world. Occlusion
of coronary artery triggers a series of events
that involve cardiomyocyte necrosis and myo-
cardial repair. The death of cardiomyocytes ini-
tiates an inflammatory cascade to clear the
dead cells and matrix debris. Then, profibrotic
factors activate cardiac cells, which deposit
more collagen to fill the void left by dead cardio-
myocytes, and simultaneously growth factors
mediate the angiogenesis in infarct area. The
two processes interact with each other to main-
tain the integrity of cardiac structure and func-
tion. It should be noted that post-AMI cardiac
fibrosis includes not only replacement fibrosis
in infarcted area but also general active fibrosis
in non-infarcted area. As a result, the entire car-
diac chambers are involved, which eventually
leads to cardiac dysfunction. One group recent-
ly reported that EndMT may be a key player for
neovascularization and myofibroblast recruit-
ment after acute myocardial infarction [55].
They indicated that the percentage of double-
positive cells, CD31'/SMAY, is 25% of the total
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cells in 7 days post-MI heart, but only less than
1% in normal heart. Furthermore, they con-
firmed EndMT after AMI is mediated by canoni-
cal Wnt signaling, which is an important path-
way in angiogenesis as well.

Diabetic cardiomyopathy

The prevalence of diabetes mellitus (DM) is rap-
idly increasing in both developing and devel-
oped countries. The number of patients with
DM will be 300 million by 2025 as a major
health burden in the world [56]. Traditionally, it
is believed that DM affects cardiac function
through accelerated atherosclerosis and hyper-
tension. Increasing evidence of epidemiology
suggests that the increased risk of heart failure
is involved in DM patients after considering
other cardiovascular risk factors and significant
correlation between DM and diastolic dysfunc-
tion. The results above indicate that DM direct-
ly stimulates the change of cardiac cells, inde-
pendently of hypertension and atherosclerosis.
Further studies have revealed that the three
pathological conditions, hyperlipidemia, hyper-
insulinemia and hyperglycemia, play a crucial
role in the phenotype alternation in diabetes
[57]. These conditions cause cardiomyocytes
apoptosis and fibroblast activation through
complex effectors and signal pathways [31].
Using double immunofluorescence staining,
Widyantoro’s group provided evidence of
EndMT in diabetic cardiomyopathy model, and
suggested that approximately 15-20% of fibro-
blasts are from endothelial cells [25]. Fur-
thermore, they demonstrated that ET1-induced
EndMT is mediated by activation of TGF-3 sig-
naling in ET-1 knockout model. In addition,
Ri-Ning Tang showed that angiotensin receptor
blocker (ARB) could reduce cardiac fibrosis
through preventing EndMT in diabetic cardio-
myopathy [58].

Graft cardiac fibrosis

Cardiac transplantation is the only established
surgical therapy to patients with end-stage
heart failure, but it has limited efficacy due to
graft rejection. Chronic heart rejection refers to
the progressive dysfunction of transplanted
heart occurring months or years after trans-
plantation. It is associated with progressive
heart fibrosis which is caused by immune injury
between host and graft. In a mouse model of
class Il major histocompatibility difference and
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chronic heart rejection, EndMT is also observed
in transplant hearts. Using the EndMT inhibitor
BMP-7 leads to 50% reduction of cardiac fibro-
sis, and BMP-7 antagonists abolish the anti-
fibrosis effect [24].

Myocarditis

There are few researches on cardiac fibrosis
model with myocarditis. Myocarditis refers to
the pathological immune processes in the
heart with many causes, such as virus, radia-
tion, chemicals, etc [59, 60]. The immune reac-
tion in the heart causes inflammatory cell infil-
tration, which in turn leads to cardiac fibrosis. A
most recent study illustrated that EndMT par-
ticipated in the process of cardiac fibrosis in
acute viral myocarditis [61] and this was
blocked by BMP7.

EndMT as a therapeutic target in cardiac fi-
brosis

Cardiac fibrosis involves many cells and cyto-
kines, which form a very complex regulatory
network. There are many studies on antifibrotic
drugs, but few have clinical approval. The real
excitement for EndMT is the possibility of dis-
covering previously unrecognized mechanisms
that may lead to novel therapeutic strategies
for cardiac fibrosis. EndMT only occurs in the
pathological condition in organ fibrosis. In the
past decade, understanding of signaling path-
ways in EndMT reveals novel insights into the
pathogenesis of cardiac fibrosis, which would
translate to applications in clinical medicine.
Moreover, many traditional anti-fibrosis drugs
have been proven to inhibit EMT/EndMT, such
as ARB [58], statins [62], peroxisome prolifera-
tor-activated receptor agonists (PPAR)-y [63],
etc.

New drugs directly targeting EMT/EndMT have
been revealed in many studies. BMP7 and HGF
(hepatocyte growth factor) have been shown to
be endogenous inhibitors that effectively block
EMT both in vitro and in vivo. BMP7, a new drug
directly aiming at EMT/EndMT, is a member of
TGF-B superfamily and regulates a multitude of
cellular functions such as differentiation, apop-
tosis, proliferation and migration. Recombinant
human BMP7 (rhBMP7) can block or even
reverse TGF-B1-induced EMT in kidney fibrosis.
Studies have shown that rhBMP7 increases the
E-cadherin expression possibly through tran-
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Conclusion and perspective

initial triggers: pressure overload, ischemia,high blood

glucose and others

f——— etiological treatment ———

Figure 1. The role of
EndMT in caridac fibro-
sis. RAS, renin-angioten-
sin system; GFs, growth
factors; ECM, extracellu-
lar matrix; BMP7, bone
morphogenetic protein
7.

scription factors SIP1 and Snail [64]. In vivo
and in vitro studies have also demonstrated
that rhBMP7 can block EndMT in cardiac fibro-
sis. In human coronary endothelial cells,
rhBMP7 prominently inhibits TGF-B1-induced
EndMT. In vivo, rhBMP7 reduced the cardiac
fibrosis in chronic rejection and pressure over-
loaded mice. BMP7 also inhibit EMT in kidney
fibrosis [35]. Of note, there are no clinical stud-
ies of BMP7 in fibrosis disease. HGF is an
important protective factor in fibrosis disease.
In vitro studies showed that HGF reversed all
phenotypic conversion of EMT triggered by TGF-
B1 [65]. Consistently, in vivo studies provided
the same result that HGF attenuated renal
interstitial fibrosis via blocking of EMT in
obstructive nephropathy [66]. But there are no
studies of HGF in cardiac fibrosis. Attempts to
use general inhibitors of TGF-B have encoun-
tered some obstacles, because TGF-B is
involved in many critical physiological condi-
tions [67]. In summary, the underlying signaling
pathways of EndMT could be extremely com-
plex, with innumerable cross-talks and feed-
backs. It is important to identify “entral switch”
factors in the complicated processes of EndMT
in the future.
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EndMT/—— BMP7

excessive ECM deposition

mechanical and electrical dysfunction

After more than 30 years of
hard work, we have known
much about EndMT. We now
know that EndMT plays a cru-
cial role in the origin of fibro-
blasts and during the whole
course of cardiac fibrosis (Fi-
gure 1). The regulatory signal
transduction from extracellular
factors to post-translation is a
multi-level and highly collabora-
tive network. Although a great
number of studies concerning
EMT/EndMT have already been
done, it still has a long way to
go in terms of fully clarifying the
molecular mechanism of EMT/
EndMT and truly applying it to
clinical practice. There are sev-
eral aspects yet needing to be
further explored. First is the
need for new cell fate-mapping
technologies. The ideal approa-
ch to confirm EMT/EndMT
would be a real-time observa-
tion of epithelial cells transiting
into fibroblasts and migrating to interstitial tis-
sues. Due to technical limitations, we currently
could only capture some snapshots with immu-
nofluorescence methods, which led to a heated
debate in 2010 [68-70]. The second question is
what is the difference in biological and molecu-
lar mechanisms between different origins of
fibroblasts. Insights into the distinct contribu-
tion of each fibroblast subgroup to cardiac
fibrosis may provide novel therapeutic targets
in the future. Third, it is difficult to biopsy the
heart of a cardiac disease patient, as is widely
being done for kidney disease. Several non-
invasive imaging techniques, such as Fluoro-
deoxyglucose-Positron Emission Tomography
(FDG-PET) and PET Magnetic Resonance Ima-
ging (PET-MRI), ignite the possibility of tracking
EMT in human body [10]. The last question is
the timing of intervention in EndMT process.
EMT is a rapid and effective way to recruit fibro-
blasts in physiological tissue repairing and a
compensatory mechanism in pathological con-
ditions. Early intervention of EMT may lead to
undesirable consequences. As a result, the tim-
ing of intervention is needed to be confirmed by
further studies. Furthermore, the role of miR-
NAs in cardiac fibrosis may be a field to be
concerned.
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