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Abstract: Endothelin-1 (ET-1) has been implicated in the pathogenesis of cardiac fibrosis. Stimulation
of endothelin receptors (ETR) with ET-1 leads to fibroblast activation and myofibroblast differentiation,
which is mainly characterized by an overexpression of α-smooth muscle actin (α-SMA) and collagens.
Although ET-1 is a potent profibrotic mediator, the signal transductions and subtype specificity of
ETR contributing to cell proliferation, as well as α-SMA and collagen I synthesis in human cardiac
fibroblasts are not well clarified. This study aimed to evaluate the subtype specificity and signal
transduction of ETR on fibroblast activation and myofibroblast differentiation. Treatment with ET-1
induced fibroblast proliferation, and synthesis of myofibroblast markers, α-SMA, and collagen I
through the ETAR subtype. Inhibition of Gαq protein, not Gαi or Gβγ, inhibited these effects of
ET-1, indicating the essential role of Gαq protein-mediated ETAR signaling. In addition, ERK1/2 was
required for ETAR/Gαq axis-induced proliferative capacity and overexpression of these myofibroblast
markers. Antagonism of ETR with ETR antagonists (ERAs), ambrisentan and bosentan, inhibited
ET-1-induced cell proliferation and synthesis of α-SMA and collagen I. Furthermore, ambrisentan and
bosentan promoted the reversal of myofibroblasts after day 3 of treatment, with loss of proliferative
ability and a reduction in α-SMA synthesis, confirming the restorative effects of ERAs. This novel
work reports on the ETAR/Gαq/ERK signaling pathway for ET-1 actions and blockade of ETR
signaling with ERAs, representing a promising therapeutic strategy for prevention and restoration of
ET-1-induced cardiac fibrosis.

Keywords: α-SMA; ambrisentan; bosentan; cardiac fibrosis; collagen; endothelin-1; ETAR; human
cardiac fibroblast; myofibroblast differentiation

1. Introduction

Cardiac fibrosis contributes to the abnormality of cardiac functions, leading to the
development of cardiac remodeling and progression of heart failure (HF) [1,2]. The mor-
tality and morbidity rates remain high despite recent advances in the HF therapy. HF is
still a major global health problem, with the worldwide prevalence of over 64.3 million
people in 2017 [3]. After cardiac injury, cardiac fibroblasts can be induced by many profi-
brotic factors including endothelin-1 (ET-1) in the activated form, resulting in increased
fibroblast proliferation, extracellular matrix (ECM) proteins deposition, and myofibroblast
differentiation [1,4,5]. Myofibroblasts are active cells which characterized by overproduc-
tion of α-smooth muscle actin (α-SMA) [5,6]. Fibroblast proliferation and myofibroblast
differentiation are the hallmarks of a fibrotic response in the heart.

ET-1 is upregulated and secreted in the heart of HF patients [7] and animal models
of cardiac fibrosis [8], indicating that ET-1 is a potent fibrogenic mediator. Stimulation

Int. J. Mol. Sci. 2023, 24, 4475. https://doi.org/10.3390/ijms24054475 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms24054475
https://doi.org/10.3390/ijms24054475
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-7851-2477
https://orcid.org/0000-0003-3223-1551
https://doi.org/10.3390/ijms24054475
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms24054475?type=check_update&version=1


Int. J. Mol. Sci. 2023, 24, 4475 2 of 18

of endothelin receptors (ETRs) with ET-1 induces myocardial fibrosis and is associated
with cardiac abnormalities, leading to HF [9]. In rat cardiac fibroblasts, ET-1 induced
cell proliferation, deposition of ECM, and α-SMA production as well as promoted the
transdifferentiation of fibroblasts into myofibroblasts [10,11]. In contrast, myocardial
fibrosis was attenuated in mice with vascular endothelial cell-specific ET-1 deficiency [12].

ETR is one of the G protein-coupled receptor (GPCR) superfamilies, denoted by en-
dothelin receptor type A (ETAR) and type B (ETBR) [13]. Stimulation of ETRs with ET-1
promotes cell proliferation, adhesion, vasoconstriction, and fibrosis in various types of
cells and tissues [13,14]. ETAR was involved in the development of fibrosis in deoxycor-
ticosterone acetate (DOCA)-induced hypertensive rats, while ETBR mediated protective
effects against vascular and renal injuries [15]. Furthermore, ET-1 induced myofibroblast
differentiation and collagen matrix contraction through the ETARs, but not ETBRs, in lung
fibroblasts [16]. ET-1-mediated ETAR signaling was associated with upregulation of fi-
bronectin and matrix metalloproteinases (MMPs), as well as collagen deposition in the
heart of hypertensive rats [17]. However, both ETAR and ETBR are necessary for the fibrotic
effects of ET-1 by contributing to the proliferation of lung fibroblasts [18].

After ET-1 binding, the ETRs can couple to heterotrimeric Gq proteins, leading to
the dissociation of Gαq and Gβγ subunits to stimulate their effectors. Consequently,
Gαq proteins activate phospholipase C (PLC) activity, leading to the synthesis of inositol
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) [19]. IP3 then induces the elevation of
intracellular Ca2+ levels, while DAG causes protein kinase C (PKC) translocation, resulting
in activation of Ras proteins, and consequently, the extracellular signal-regulated kinase
(ERK) signaling pathway [20]. For example, ET-1 transduced the signaling to activation
of the ERK1/2 via Gq/11 protein-dependent pathway in L6 myoblasts [21]. Interestingly,
ETRs can couple with other Gα proteins, including Gαi proteins [19,22]. In addition to
Gα proteins, the Gβγ subunit of ETBR provoked the PI3K/Akt/eNOS signaling pathway,
resulting in nitric oxide production in endothelial cells [23]. Thus, ETRs could activate
multiple signaling pathways for the induction of cardiac fibrosis, which displayed unique
effects depending on receptor subtypes and Gα protein isoforms. However, it remains to be
elucidated which ETR subtypes and Gα protein isoforms are involved in the ET-1-induced
fibroblast stimulation and myofibroblast differentiation in human cardiac fibroblasts. In
this study, we aimed to investigate how the ETR signaling pathway contributed to an
induction of cardiac fibrosis. The identification of the molecular mechanisms by which
ETR mediates fibroblast activation and myofibroblast differentiation (or transformation)
will help us to understand this underlying pathway. Therefore, the antagonism of ETR and
blockade of related signaling have been proposed to be the potential therapeutic strategy
for prevention and/or treatment of cardiac fibrosis.

The important downstream effectors of ETRs include mitogen-activated protein ki-
nases (MAPKs), such as c-Jun N-terminal kinases (JNKs), ERKs, and p38 MAPKs that
contribute to the pathology of fibrotic diseases [19,22]. In vascular smooth muscle cells
(VSMCs), blockade of ERK activity diminished ET-1-induced connective tissue growth fac-
tor (CTGF) production, whereas blockade of p38 MAPK had no effect [24]. Treatment with
ET-1 induced ERK1/2 activation in rat cardiac myocytes [25], indicating that ERK1/2 is
required for myocardial hypertrophy induced by ET-1. Moreover, ETAR regulated ERK1/2
activation via the Gq/11 protein-dependent and PLC-independent pathway in L6 myoblasts,
revealing the minor contribution of PLC to ET-1-induced activation of ERK1/2 [21]. The
importance of ERK1/2 for ETR signaling has been demonstrated in various types of cells;
however, whether ERK1/2 is required for fibrotic effects of ET-1 in human cardiac fibrob-
lasts has not been clearly identified.

Blockade of ETR signaling has been demonstrated to alleviate cardiac fibrosis in DOCA-
induced hypertensive rats [26] and in rats with pressure overload-induced hypertrophy [27].
In addition, bosentan (a nonselective ERA) has been shown to attenuate myocardial fibrosis
and remodeling in rats with myocardial infarction [28]. Long-term treatment with bosentan
increased the survival rate in rats with chronic HF [29]. Administration of bosentan
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to HF patients led to the improvement of cardiac functions, resulting in hemodynamic
benefits [30]. Interestingly, most HF patients reach clinical attention only after significant
fibrosis has already been found, so reversibility of the myofibroblast differentiation process
might serve as a promising tool to restore the pathology of fibrosis. In the present study,
we also investigated the preventive and restorative effects of ambrisentan and bosentan on
ET-1-induced fibroblast activation and myofibroblast differentiation.

2. Results
2.1. ET-1 Induces Cell Proliferation, and Expression of α-SMA and Collagen I in a
Dose-Dependent Manner

We first assessed the profibrotic effects of ET-1 on fibroblast activation and myofi-
broblast differentiation as determined by cell proliferation, and collagen I and α-SMA
synthesis in fetal human cardiac fibroblasts. Cells were incubated with different doses
of ET-1 (1–20 nM) for 24 h. Stimulation of ETRs with ET-1 led to a significant increase in
the amounts of fibroblasts in a dose-dependent manner that showed the highest efficacy
at a dose of 20 nM (Figure 1A). To further identify the proliferative capacity of ET-1, we
used Ki-67 nuclear staining as a marker of proliferation. The density of Ki-67-positive
fibroblast cells was generally low in non-treated fibroblasts (Figure 1B). Treatment with
ET-1 significantly increased the Ki-67-positive fibroblasts, as shown by the green color in a
dose-dependent way (Figure 1B). Myofibroblasts are highly active cells that overexpress
α-SMA and collagen I. We next investigated the effects of ET-1 on collagen I and α-SMA
synthesis and found that treatment with ET-1 resulted in a significant increase in α-SMA
protein and mRNA expression, as well as collagen I mRNA expression in a dose-dependent
manner, which showed the maximal effect at the concentration of 20 nM (Figure 1C,D).
These results demonstrate that stimulation of ETRs enhanced the cell proliferation and the
synthesis of α-SMA and collagen I of human cardiac fibroblasts. In addition, treatment
with ET-1 for 24 h and up to 48 h increased the number of fibroblasts as well α-SMA protein
expression (Supplementary Figure S1).

2.2. ET-1-Induced Fibroblast Proliferation, and Synthesis of α-SMA and Collagen I Mediated
through the ETAR Subtype

The biological effects of ET-1 are derived from activation of ETRs, which exist in ETARs
and ETBRs. We used a selective ETAR antagonist (ambrisentan), and a selective ETBR
antagonist (BQ-788) to identify which ETR subtypes are associated with the fibrotic effects
of ET-1 in human cardiac fibroblasts. Pretreatment with ambrisentan significantly inhibited
ET-1-induced cell proliferation (Figure 2A,B), and synthesis of α-SMA and collagen I
(Figure 2C,D), whereas BQ-788 had no effects. Blockade of both ETR subtypes completely
inhibited these ET-1 effects (Figure 2). Treatment with these antagonists alone had no effect
on cell proliferation and did not cause cell cytotoxicity (Supplementary Figure S2). These
data revealed that stimulation of ETARs, not ETBRs, induced fibroblast activation and
myofibroblast transdifferentiation.
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Figure 1. Treatment with ET-1 induced cell proliferation, and α-SMA and collagen I synthesis in 
human cardiac fibroblasts. (A–D) Cells were treated with various concentrations of endothelin-1 
(ET-1) for 24 h (A–C) and 48 h (D). (A) Cell proliferation was calculated as the percentage relative 
to control group, and expressed as the mean ± SD. (B) Proliferative capacity of fibroblasts was de-
termined by Ki-67 immunofluorescence assay. Cells were stained for Ki-67 (green) and nucleus 
DAPI (blue). Scale bar represents 10 µm. (C) α-SMA protein expression was visualized by fluores-
cent microscope. Cells were stained for α-SMA (green) and nucleus DAPI (blue). Scale bar repre-
sents 10 µm. (D) Relative α-SMA and collagen I mRNA levels determined by qRT-PCR were calcu-
lated as fold over the vehicle-treated group, and expressed as the mean ± SD. Data are obtained from 
four independent repetitions (n = 4). * p < 0.05 versus vehicle. 
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lagen I (Figure 2C,D), whereas BQ-788 had no effects. Blockade of both ETR subtypes 
completely inhibited these ET-1 effects (Figure 2). Treatment with these antagonists alone 
had no effect on cell proliferation and did not cause cell cytotoxicity (Supplementary Fig-
ure S2). These data revealed that stimulation of ETARs, not ETBRs, induced fibroblast acti-
vation and myofibroblast transdifferentiation. 

Figure 1. Treatment with ET-1 induced cell proliferation, and α-SMA and collagen I synthesis in
human cardiac fibroblasts. (A–D) Cells were treated with various concentrations of endothelin-1
(ET-1) for 24 h (A–C) and 48 h (D). (A) Cell proliferation was calculated as the percentage relative
to control group, and expressed as the mean ± SD. (B) Proliferative capacity of fibroblasts was
determined by Ki-67 immunofluorescence assay. Cells were stained for Ki-67 (green) and nucleus
DAPI (blue). Scale bar represents 10 µm. (C) α-SMA protein expression was visualized by fluorescent
microscope. Cells were stained for α-SMA (green) and nucleus DAPI (blue). Scale bar represents
10 µm. (D) Relative α-SMA and collagen I mRNA levels determined by qRT-PCR were calculated as
fold over the vehicle-treated group, and expressed as the mean ± SD. Data are obtained from four
independent repetitions (n = 4). * p < 0.05 versus vehicle.

2.3. Gαq protein Is Responsible for ETAR-Mediated Cell Proliferation and
Myofibroblast Differentiation

ETAR is classified as a Gq protein-coupled receptor which transduces the signals me-
diated through heterotrimeric Gq proteins. After ET-1 binding, the ETAR interact with
heterotrimeric Gq proteins, leading to the dissociation of the Gαq protein from the Gβγ sub-
unit [19]. Not only coupling with Gq protein, ETARs also couple with the Gi protein [19,22].
Pertussis toxin (PTX) is widely used for inhibition of the Gi/o protein by catalyzing the
ADP-ribosylation of the α subunit of Gi/o protein [31]. We used specific inhibitors of Gα

protein activities, including FR900359 (Gq inhibitor), and PTX (Gi/o inhibitor) to identify
which isoform of Gα proteins mediates ETR signaling. As shown in Figure 3, blockade of
Gq signaling using FR900359 significantly reduced ET-1-induced fibroblast proliferation
and the synthesis of α-SMA and collagen I, whereas inhibition of Gi signaling using PTX
had no effect.
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Figure 2. ET-1 induced cell proliferation and overexpression of myofibroblast markers through the 
ETAR subtype. Cells were pretreated without or with ambrisentan (ETAR antagonist; 1 µM), BQ-788 
(ETBR antagonist; 1 µM) or ambrisentan plus BQ-788 for 1 h before treatment with ET-1 for 24 h (A–
C) or 12 h (D). (A) Cell proliferation was calculated as percentage relative to control group. (B) Cells 
were stained for Ki-67 (green) and nucleus DAPI (blue). Scale bar, 10 µm. Proliferative capacity was 
calculated as the percentage of Ki-67-positive cells. (C) α-SMA protein expression was visualized 
by fluorescent microscope. Cells were stained for α-SMA (green) and nucleus DAPI (blue). Scale 
bar, 10 µm. (D) Relative α-SMA and collagen I mRNA levels analyzed by qRT-PCR were calculated 
as the fold over the vehicle-treated group. Data were expressed as the mean ± SD. (n = 4). * p < 0.05 
vs. vehicle; # p < 0.05 vs. ET-1. 
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diated through heterotrimeric Gq proteins. After ET-1 binding, the ETAR interact with het-
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[19]. Not only coupling with Gq protein, ETARs also couple with the Gi protein [19,22]. 
Pertussis toxin (PTX) is widely used for inhibition of the Gi/o protein by catalyzing the 
ADP-ribosylation of the α subunit of Gi/o protein [31]. We used specific inhibitors of Gα 
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which isoform of Gα proteins mediates ETR signaling. As shown in Figure 3, blockade of 
Gq signaling using FR900359 significantly reduced ET-1-induced fibroblast proliferation 
and the synthesis of α-SMA and collagen I, whereas inhibition of Gi signaling using PTX 
had no effect. 

Figure 2. ET-1 induced cell proliferation and overexpression of myofibroblast markers through
the ETAR subtype. Cells were pretreated without or with ambrisentan (ETAR antagonist; 1 µM),
BQ-788 (ETBR antagonist; 1 µM) or ambrisentan plus BQ-788 for 1 h before treatment with ET-1 for
24 h (A–C) or 12 h (D). (A) Cell proliferation was calculated as percentage relative to control group.
(B) Cells were stained for Ki-67 (green) and nucleus DAPI (blue). Scale bar, 10 µm. Proliferative
capacity was calculated as the percentage of Ki-67-positive cells. (C) α-SMA protein expression
was visualized by fluorescent microscope. Cells were stained for α-SMA (green) and nucleus DAPI
(blue). Scale bar, 10 µm. (D) Relative α-SMA and collagen I mRNA levels analyzed by qRT-PCR were
calculated as the fold over the vehicle-treated group. Data were expressed as the mean ± SD. (n = 4).
* p < 0.05 vs. vehicle; # p < 0.05 vs. ET-1.
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Figure 3. ET-1-induced cell proliferation and synthesis of α-SMA and collagen I is mediated through 
ETAR/Gαq signaling. Cells were pretreated without or with FR900359 (Gq inhibitor; 5 µM), PTX (Gi/o 
inhibitor; 10 µM) or gallein (Gβγ inhibitor; 10 µM) for 1 h before treatment with 20 nM ET-1 for 24 h 
(A–C) or 12 h (D). (A) Cell proliferation was calculated as the percentage relative to control group. 
(B) Cells were stained for Ki-67 (green) and nucleus DAPI (blue). Scale bar, 10 µm. Proliferative 
capacity was calculated as the percentage of Ki-67-positive cells. (C) α-SMA protein expression was 
visualized by fluorescent microscope. Cells were stained for α-SMA (green) and nucleus DAPI 
(blue). Scale bar, 10 µm. (D) Relative α-SMA and collagen I mRNA levels determined by RT-qPCR 
were calculated as the fold over the vehicle-treated group. Data were expressed as the mean ± SD. 
(n = 4). * p < 0.05 vs. vehicle; # p < 0.05 vs. ET-1. 
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a critical role in ET-1-mediated cardiac fibrosis. We found that gallein did not inhibit ET-
1 actions (Figure 3). Additionally, these inhibitors had no effect on cell proliferation and 
did not cause cell cytotoxicity (Supplementary Figure S2). Taken together, these data sug-
gest that ET-1 exhibits profibrotic effects through the ETAR/Gαq axis. 

2.4. ERK1/2 Is Necessary for ET-1-Induced Fibroblast Activation and Myofibroblast 
Differentiation 

MAPKs have been associated with ETR signaling. ET-1 can activate MAPKs such as 
ERKs, JNKs, and p38 MAPKs that contribute to the pathology of fibrotic diseases [19,22]; 
therefore, we examined whether the profibrotic effects of ET-1 are mediated through 
MAPKs by using specific inhibitors, SP600125 (JNK inhibitor), FR180204 (ERK1/2 inhibi-
tor), and SB203580 (p38 MAPK inhibitor). 

Figure 3. ET-1-induced cell proliferation and synthesis of α-SMA and collagen I is mediated through
ETAR/Gαq signaling. Cells were pretreated without or with FR900359 (Gq inhibitor; 5 µM), PTX
(Gi/o inhibitor; 10 µM) or gallein (Gβγ inhibitor; 10 µM) for 1 h before treatment with 20 nM ET-1 for
24 h (A–C) or 12 h (D). (A) Cell proliferation was calculated as the percentage relative to control group.
(B) Cells were stained for Ki-67 (green) and nucleus DAPI (blue). Scale bar, 10 µm. Proliferative
capacity was calculated as the percentage of Ki-67-positive cells. (C) α-SMA protein expression was
visualized by fluorescent microscope. Cells were stained for α-SMA (green) and nucleus DAPI (blue).
Scale bar, 10 µm. (D) Relative α-SMA and collagen I mRNA levels determined by RT-qPCR were
calculated as the fold over the vehicle-treated group. Data were expressed as the mean ± SD. (n = 4).
* p < 0.05 vs. vehicle; # p < 0.05 vs. ET-1.

We also used gallein, a specific Gβγ inhibitor, to investigate whether Gβγ subunits
play a critical role in ET-1-mediated cardiac fibrosis. We found that gallein did not inhibit
ET-1 actions (Figure 3). Additionally, these inhibitors had no effect on cell proliferation
and did not cause cell cytotoxicity (Supplementary Figure S2). Taken together, these data
suggest that ET-1 exhibits profibrotic effects through the ETAR/Gαq axis.

2.4. ERK1/2 Is Necessary for ET-1-Induced Fibroblast Activation and Myofibroblast Differentiation

MAPKs have been associated with ETR signaling. ET-1 can activate MAPKs such as
ERKs, JNKs, and p38 MAPKs that contribute to the pathology of fibrotic diseases [19,22];
therefore, we examined whether the profibrotic effects of ET-1 are mediated through MAPKs
by using specific inhibitors, SP600125 (JNK inhibitor), FR180204 (ERK1/2 inhibitor), and
SB203580 (p38 MAPK inhibitor).
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We first tested the cytotoxic effects of each inhibitor and found that SP600125, FR180204,
and SB203580 did not cause cell cytotoxicity (Supplemental Figure S2). We found that the
blockade of ERK1/2 activity significantly inhibited ET-1-induced fibroblast proliferation
(Figure 4A,B), and α-SMA and collagen I synthesis (Figure 4C,D). In contrast, inhibitions
of p38 MAPKs and JNKs had no effect on ET-1 actions. Hence, ET-1 stimulation of ETR
induced cardiac fibrosis in a ERK1/2-dependent way. Since the treatment with ET-1 could
induce ERK1/2 activation in rat cardiac fibroblasts [32,33], we next determined the effects
of ET-1 on ERK1/2 activation by measurement of the phosphorylated ERK1/2 levels in
human cardiac fibroblasts. Treatment fibroblasts with ET-1 dramatically increased the
phosphorylated ERK1/2 (p-ERK1/2) levels (Figure 4E). Pretreatment with ambrisentan
(a selective ETAR antagonist) markedly suppressed the ET-1-induced ERK1/2 phospho-
rylation, whereas BQ788 (a selective ETBR antagonist) had no effect (Figure 4E). Moreover,
ET-1-induced ERK1/2 phosphorylation was dramatically reduced by FR900359 (specific Gαq
inhibitor) (Figure 4F). All original immunoblots were presented in Supplementary Figure S3.
However, blockades of Gαi signaling using PTX and Gβγ signaling using gallein failed to
inhibit ET1-induced ERK1/2 phosphorylation (Figure 4F). Taken together, these data suggest
that activation of ERK1/2 by ET-1 occurs via an ETAR/Gαq-dependent pathway.

2.5. ERAs Prevent ET-1-Induced Fibroblast Proliferation and Myofibroblast Differentiation

According to our present data showing the stimulation of ETARs induced fibroblast
activation and myofibroblast differentiation, we next investigated the preventive effects of
currently approved ERAs, ambrisentan and bosentan, on the effects of ET-1. Blockade of
ETARs with these ERAs completely inhibited ET-1-induced fibroblast proliferation, and
α-SMA and collagen synthesis in human cardiac fibroblasts (Figure 5). Together, these data
indicated that ambrisentan and bosentan exhibit preventive effects on the inhibition of
ET-1-induced cardiac fibrosis.

2.6. ERAs Reverse Myofibroblast Differentiation Induced by ET-1

It has been shown that anti-fibrotic agents such as prostaglandin E2 (PGE2) [34] and
metformin [35] can reverse the myofibroblast phenotype of lung fibroblasts. However,
the effects of ERAs on the reversibility of myofibroblasts of human cardiac fibroblasts are
unknown. We investigated the restorative effects of ambrisentan and bosentan on ET-1-
mediated fibroblast proliferation and α-SMA synthesis. Firstly, normal fibroblasts were
activated and differentiated into myofibroblasts which were characterized by increasing
proliferative capacity and overexpression of α-SMA by treatment with ET-1 for 24 h. After
ET-1 stimulation, the culture medium was removed and changed with fresh medium
containing ET-1 plus vehicle or ET-1 plus ERAs, and cells were further cultured for 3 days
and assessed for cell proliferation and α-SMA expression at days 1 and 3 (Figure 6A).

ET-1 treatment for 24 h induced fibroblast proliferation and α-SMA expression, indicat-
ing the state of myofibroblast differentiation in human cardiac fibroblasts. After changing
the medium the cells were further cultured for 1 or 3 days. In absence of ERAs, prolifer-
ative capacity and overexpression of α-SMA were persistent and stable for up to 3 days
(Figure 6B–D). In contrast, co-treatment with ERAs exhibited the restorative effects in a
time-dependent decrease in proliferative capacity and α-SMA expression. The maximal
restorative effects of ambrisentan and bosentan were observed at day 3 after ERAs addition
(Figure 6B–D). These results suggested that blockade of ETARs with ERAs exhibits restora-
tive effects on the reversal of myofibroblast phenotypes, as shown by a reduction in the
proliferative capacity and α-SMA expression.
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entiation. Cells were pretreated without or with 1 µM FR180204 (ERK1/2 inhibitor; ERK inh), 1 µM 
SB203580 (p38 inhibitor; p38 inh), 1 µM SP600125 (JNK inhibitor; JNK inh) for 1 h before treatment 
with 20 nM ET-1 for 24 h (A–C) or 12 h (D). (A) Cell proliferation was calculated as the percentage 
relative to the control group. (B) Cells were stained for Ki-67 (green) and nucleus DAPI (blue). Scale 
bar, 10 µm. Proliferative capacity was calculated as the percentage of Ki-67-positive cells. (C) α-
SMA protein expression was visualized by fluorescent microscope. Cells were stained for α-SMA 

Figure 4. Inhibition of ERK1/2 suppresses ET-1-induced cell proliferation and myofibroblast differ-
entiation. Cells were pretreated without or with 1 µM FR180204 (ERK1/2 inhibitor; ERK inh), 1 µM
SB203580 (p38 inhibitor; p38 inh), 1 µM SP600125 (JNK inhibitor; JNK inh) for 1 h before treatment
with 20 nM ET-1 for 24 h (A–C) or 12 h (D). (A) Cell proliferation was calculated as the percentage
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relative to the control group. (B) Cells were stained for Ki-67 (green) and nucleus DAPI (blue).
Scale bar, 10 µm. Proliferative capacity was calculated as the percentage of Ki-67-positive cells.
(C) α-SMA protein expression was visualized by fluorescent microscope. Cells were stained for
α-SMA (green) and nucleus DAPI (blue). Scale bar, 10 µm. (D) Relative α-SMA and collagen I mRNA
levels determined by RT-qPCR were calculated as the fold over the vehicle-treated group. (E) Cells
were pretreated without or with ambrisentan (1 µM), BQ-788 (1 µM) or ambrisentan plus BQ-788 for
1 h before treatment with ET-1 for 30 min. (F) Cells were pretreated without or with FR900359 (Gq

inh; 5 µM), PTX (Gi/o inh; 10 µM) or gallein (Gβγ inh; 10 µM) for 1 h before treatment with ET-1 for
30 min. (E,F) Cells were pretreated without or with specific inhibitors for 1 h before treatment with
20 nM ET-1 for 30 min. ERK1/2 activation was assessed by the levels of phosphorylated ERK1/2
as compared to total ERK1/2 and calculated as the fold over the vehicle-treated group. Data were
shown as the mean ± SD. (n = 4). * p < 0.05 vs. vehicle; # p < 0.05 vs. ET-1.
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Figure 5. Preventive effects of ERAs on ET-1-induced cell proliferation and myofibroblast differentia-
tion. Cells were pretreated without or with ambrisentan (1 µM) or bosentan (1 µM) for 1 h before
treatment with 20 nM ET-1 for 24 h (A–C) or 12 h (D). (A) Cell proliferation was calculated as the
percentage relative to the control group. (B) Cells were stained for Ki-67 (green) and nucleus DAPI
(blue). Scale bar, 10 µm. Proliferative capacity was calculated as the percentage of Ki-67-positive
cells. (C) α-SMA protein expression was visualized by fluorescent microscope. Cells were stained
for α-SMA (green) and nucleus DAPI (blue). Scale bar, 10 µm. (D) Relative α-SMA and collagen I
mRNA levels determined by RT-qPCR were calculated as fold over the vehicle-treated group. Data
were expressed as the mean ± SD. (n = 4). * p < 0.05 vs. vehicle; # p < 0.05 vs. ET-1.
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3. Discussion

Endothelin comprises three isoforms, ET-1, ET-2, and ET-3; ET-1 is mainly synthesized
by endothelial cells and in cardiomyocytes as well as cardiac fibroblasts [36]. ET-1 is a
potent vasopressor and exerts a positive inotropic effect on the human heart [37]. However,
prolonged and overstimulation of ETRs with ET-1 plays a critical role in heart abnormalities,
including cardiac fibrosis. In the heart of rats with myocardial infarction, myofibroblasts
found at the site of infarction expressed preproendothelin-1, endothelin-converting en-
zymes and ETRs [38]. The synthesized ET-1 induced collagen I production [38]. These data
indicated that the ET-1 system plays a critical role in cardiac fibrosis and remodeling, there-
fore, blockade of ETR signaling by using specific inhibitors is of intense interest because
they represent the potential treatment and prevention of fibrosis in the heart.

ET-1 is able to induce myofibroblast phenotypes from resident fibroblasts, which are
characterized by α-SMA and collagen overexpression [22]. In addition, the myofibroblast
phenotype exhibits several capabilities, such as contractility, migration, proliferation, and
production and deposition of ECM proteins such as collagens [22]. For instance, ET-
1 induced α-SMA and collagen synthesis through the ETARs, but not ETBRs in lung
fibroblasts [16]. Treatment with ET-1 induced cell proliferation and α-SMA synthesis in
alveolar fibroblasts, and neutralization of ET-1 with a monoclonal antibody was able to
inhibit fibroblast proliferation [39]. Elevation of ET-1 levels was found in bronchoalveolar
lavage fluid (BALF) from patients with systemic sclerosis, and this BALF containing ET-1
induced an increase in the proliferative capacity of lung fibroblasts [18]. Consistent with
these previous studies, in this report we demonstrated that prolonged treatment with
ET-1 up to 48 h increased proliferative capacity and induced myofibroblast differentiation
as determined by α-SMA and collagen I overexpression in human cardiac fibroblasts.
Even though α-SMA and collagen I are widely used for myofibroblast identifications,
the other biomarkers, such as actin stress fiber formation, should be used to confirm the
myofibroblast phenotype.

There are two subtypes of ETR, ETAR and ETBR, which are found in cardiac fibrob-
lasts [40]. Both are members of the GPCR superfamily, which transduces the signals
mediated through heterotrimeric G proteins affecting cardiac functions and cardiovascu-
lar disorders, including hypertension, myocardial hypertrophy, and fibrosis [22]. ET-1
induced DNA synthesis through the ETAR subtype in rat cardiac fibroblasts, contributing
to fibroblast proliferation [33]. In addition, ET-1 induced upregulation of CTGF synthesis
via ETARs in VSMCs [24]. Blockade of ETAR with BQ123 (a specific ETAR antagonist)
inhibited ET-1-induced protein synthesis in cardiac myocytes, while BQ788 (a specific ETBR
antagonist) had no effect [41]. In neonatal rat cardiomyocytes, treatment with ET-1 induced
myocyte hypertrophy and upregulation of hypertrophic genes in an ETAR-dependent
way [25]. Although most of the detrimental effects of ET-1 are mediated via the ETAR, the
ETBR may be also important. Both ETARs and ETBRs induced vasoconstriction of human
resistance and capacitance vessels [42]. The actions of endothelin on the upregulation of
collagens were mediated through ETARs and ETBRs, while their actions of the downreg-
ulation of collagenase seem to be mediated through ETARs [43]. Even though the ETBRs
are also required for vasoconstriction and collagen synthesis, and ETBRs were upregulated
in fibrotic-related diseases, such as scleroderma-associated fibrotic lung disease [44] and
pulmonary arterial hypertension [45], our present study revealed that the ETBRs did not
involve in the profibrotic effects of ET-1 in human cardiac fibroblasts.

ET-1 binding to the ETRs leads the dissociation of activated Gαq protein from the Gβγ

dimer, resulting in an activation of PLC and subsequent generation of IP3 and DAG [19].
Elevation of IP3 levels leads to the activation of the Ca2+-dependent signaling pathway, while
DAG induces translocation of PKC, resulting in Ras-mediated ERK1/2 activation in cardiac
myocytes [20,46]. Furthermore, ERK1/2 activation by ET-1 was abolished by YM-254890 (a
Gαq/11 protein inhibitor), indicating the important role of the Gαq/11 protein for ET-1-induced
ERK1/2 cascade in rat L6 myoblasts [21]. Not only the Gαq protein, but also ETRs coupled
with other isoforms, such as Gαi proteins, indicating that ETRs might transduce the distinct
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signaling pathway via multiple types of heterotrimeric G proteins [19,22]. In addition
to the Gα protein-dependent pathway, the Gβγ dimer can transduce the signaling by
itself. For example, the Gβγ subunit of ETBR can provoke the PI3K/Akt/eNOS signaling
pathway, resulting in nitric oxide production in endothelial cells [23]. Using specific
inhibitors of heterotrimeric G proteins, we found that cell proliferation, and α-SMA and
collagen I synthesis induced by ET-1 were abolished by FR900359 (Gq inhibitor), but
not PTX (Gi inhibitor), or gallein (Gβγ inhibitor) (Figure 3) Our data imply that ETAR
stimulation induced fibroblast activation and myofibroblast differentiation through a Gαq-
dependent pathway. Interestingly, the ETR/Gαq axis has been reported to stimulate
ERK1/2 activity through the transactivation of platelet derived growth factor receptors
(PDGFRs) [21] in rat myoblasts and epidermal growth factor receptors (EGFRs) in various
types of cells, including cardiomyocytes [47] and rat-1 fibroblasts [48]. However, the role
of ET-1 on transactivation of these growth factor receptors in human cardiac fibroblasts
is not known. It will require further studies to identify the precise mechanistic details of
ETR/Gq compartmentation and whether growth factor receptors are assembled within this
complexity for ERK1/2 activation.

Among three MAPKs, ERKs have extensively involved in the fibrosis and hypertro-
phy. In VSMCs, inhibition of ERK1/2 activity markedly suppressed ET-1-induced CTGF
synthesis, whereas blockade of p38 MAPK had no effect [24], indicating that ET-1 regulates
CTGF, which is a profibrotic mediator in an ERK-dependent pathway in vascular diseases.
In addition, blockade of ERK activity using U0126 inhibited ET-1-induced ET-1 gene ex-
pression, while inhibition of either JNK or p38 MAPK had no effect, indicating that the
Ras-Raf-ERK signaling pathway is necessary for ET-1 action in rat cardiac fibroblasts [33].
In agreement with these studies, our study reported that inhibition of ERK1/2 activity
attenuated ET-1-induced fibroblast proliferation and myofibroblast differentiation, while
inhibition of JNK and p38 MAPK had no effect. Antagonism of ETARs and blockade of
Gαq-dependent signaling were able to inhibit ET-1-induced ERK1/2 phosphorylation in
human cardiac fibroblasts (Figure 4E,F). Therefore, our data and other studies suggest the
essential role for the ETAR/Gαq/ERK pathway for ET-1-mediated cardiac fibrosis.

Although ERAs (e.g., ambrisentan, bosentan, and macitentan) are only approved
for the treatment of pulmonary arterial hypertension, they have been extensively stud-
ied in both animal and clinical experiments for their essential role in the treatment of
fibrotic-related fibrosis, including cardiac fibrosis. For example, treatment with ERAs
reduced cardiac remodeling in animal models of infarctive and hypertensive cardiac fibro-
sis [27,28]. Bosentan improved cardiac functions and reduced infarct size after myocardial
ischemia/reperfusion injury in rats [28]. Furthermore, administration of bosentan im-
proved cardiac functions, leading to hemodynamic benefits in patients with HF [30]. Here
we also demonstrated that ambrisentan and bosentan suppressed ET-1-induced fibrob-
last activation and myofibroblast differentiation in human cardiac fibroblasts. Both ERAs
showed similar preventive effects, and could help to prevent cardiac fibrosis induced
by ET-1.

Unfortunately, many patients with fibrotic disorders, including HF, expressed signs and
symptoms and reached clinical care after significant fibrosis has already advanced [1,49].
Interestingly, many studies have reported that the myofibroblast differentiation process
can be reversed [50,51]. For these HF patients, reversal of myofibroblast differentiation (so
called dedifferentiation) represents attractive therapeutic strategies to already established
myocardial fibrosis [52]. Even though many anti-fibrotic agents possess the ability to reverse
the myofibroblast differentiation in lung fibroblasts such as PGE2 [34] and metformin [35],
the effects of ambrisentan and bosentan on the reversal of myofibroblast differentiation
are unknown. In our present study, we report that ambrisentan and bosentan promote
dedifferentiation of myofibroblasts after day 3 of treatment, with loss of proliferative
capacity, and reduce the expression of α-SMA, indicating the restorative effects of these
ERAs in human cardiac fibroblasts (Figure 6). These preventive and restorative effects of
ERAs provide the current trends of approach in attenuating and recovering cardiac fibrosis
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and could potentially be achieved. It should be noted that our results have come from
the study using cardiac fibroblasts. The animal models of myocardial fibrosis should be
performed to confirm the underlying mechanism of profibrotic effects of ET-1 as well as the
preventive and restorative effects of ERAs.

4. Materials and Methods
4.1. Materials

Ambrisentan, bosentan, pertussis toxin (PTX), 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT), SB203580 (p38 MAPK inhibitor), SP600125 (JNK inhibitor),
and FR180204 (ERK1/2 inhibitor) were obtained from Sigma-Aldrich (Saint Louis, MO,
USA). ET-1, BQ788 (ETBR antagonist), and gallein (Gβγ inhibitor) were purchased from
Tocris Bioscience (Ellisville, MO, USA). FR900359 (Gαq inhibitor) was obtained from Cay-
man Chemical (Ann Arbor, MI, USA). Fibroblast medium and related cell culture reagents
were purchased from Cell Applications (San Diego, CA, USA). Ambrisentan, bosentan,
SB2033580, SP600125, FR180204, gallein, and BQ788 were dissolved in dimethyl sulfoxide
(DMSO), whereas endothelin-1 and PTX were dissolved in distilled water when preparing
the stock solutions. Aliquots of stock solution were stored at −20 ◦C.

4.2. Cell Culture

Human cardiac fibroblasts (catalog no. 306-05f) were obtained from Cell Applications
and were cultured at 37 ◦C/5% CO2 in fibroblast growth medium containing 1% peni-
cillin/streptomycin (P/S) solution as described previously [53]. The cells between passages
3 and 5 were subjected to all experiments.

4.3. Measurement of Cell Proliferation by MTT Assay

Fibroblasts (5 × 103 cells/well) were cultured in 96-well plates containing medium
supplemented with 1% growth serum and 1% P/S. Afterward, fibroblasts were incubated
with specific inhibitors for 1 h before stimulation with ET-1 for 24 or 48 h. After stimulation,
the medium was discarded and cells were further incubated with MTT solution (1 mg/mL)
for 4 h. After incubation, dimethyl sulfoxide (100 µL/well) was added and thoroughly
mixed to dissolve the formazan crystals [11]. Finally, the absorbance of the solution was
monitored by an EZ Read 400 microplate reader (Biochrom, Cambridge, UK) at 570 nm
wavelength. The formula below was used to calculate the numbers of viable cells.

Cell viability (%) = (Absorbance of treated cells/Absorbance of non-treated cells) × 100.

4.4. Measurement of Proliferative Capacity by Ki-67 Staining Assay

Ki-67 is present in all active phases of cell cycle (e.g., G1, S and G2), and mitosis, but is
absent in G0 phase (resting state). Ki-67 is used for determining the proliferative capacity
of the cells. Fibroblasts (1 × 104 cells/well) were cultured in 12-well plates containing
gelatin-coated coverslips. After stimulation, cells were fixed with 4% paraformaldehyde
(PFA) overnight and washed with phosphate-buffered saline (PBS) before permeabilized
with 0.1% Triton X-100 solution for 5 min. Cells were washed with PBS, incubated with 1%
bovine serum albumin (BSA) for 30 min, and stained with Ki-67 conjugated-FITC antibody
(1:200, Invitrogen) for 1 h. After washing, the coverslips containing cells were mounted
onto microscope slides with DAPI containing Antifade Mountant (Invitrogen, Carlsbad,
CA, USA). The samples were imaged by fluorescence microscope (Nikon Eclipse Ts2R;
20X objective lens, Tokyo, Japan) at 488/520 nm for excitation and emission wavelength,
respectively. Three to five different images were taken per each group of treatment. Cell
proliferation indices were determined by counting at least 100 cells from 3–4 randomly
selected images. The Ki-67 score is defined as the ratio of Ki-67-positive cells (green) to the
total counted cells.
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4.5. Detection of α-SMA Expression by Fluorescence Microscopy

Fibroblasts (1 × 104 cells/well) were cultured in 12-well plates containing gelatin-
coated cover slips. After stimulation, cells were fixed with 4% PFA overnight and washed
with PBS before permeabilized with 0.1% Triton X-100 for 5 min [54]. After blocking with
1% BSA for 30 min, cells were incubated with anti-α-SMA antibody (1:250, Sigma-Aldrich)
for 1 h. After washing, cells were incubated with anti-mouse Alexa Fluor 488 secondary
antibody (Invitrogen) for 1 h. After washing, the coverslips containing cells were mounted
onto microscope slides with DAPI containing Antifade Mountant (Invitrogen). The α-SMA
protein expression was detected by fluorescence microscope (Nikon Eclipse Ts2R; 20X
objective lens) at 488/520 nm. Three to five different images were taken per each group
of treatment.

4.6. Western Blotting

Fibroblasts (2 × 105 cells/well) were cultured in 6-well plate. Cells were pretreated
with various inhibitors before stimulation with ET-1 in serum-free media condition. After
stimulation, cells were rinsed with cold PBS, then lysed with Triton X-100 lysis buffer
(containing: 0.8% Triton X-100, 20 mM Tris-HCl, 2 mM EDTA, 150 mM NaCl, and protease
inhibitor cocktail) for 2 h with gentle rotation, followed by centrifugation at 14,000 rpm
at 4 ◦C for 15 min [55]. The supernatants were then collected, and protein levels were
measured by Bradford protein assay (Bio-Rad, Hercules, CA, USA). The equal amounts
of protein samples in SDS loading buffer were heated for 5 min, and subjected to 10%
SDS-PAGE. After that, protein samples from gels were transferred to PVDF membranes and
incubated with 2% BSA for 1 h. After blocking with 2% BSA, membranes were incubated
with primary antibodies against p-ERK-1/2 (1:2000, Cell signaling, Danvers, MA, USA),
ERK-1/2 (1:2000, Cell signaling), and β-actin (1:3000, Cell signaling) overnight. After
washing with tris-buffered saline with Tween 20 (TBST), membranes were incubated with
anti-rabbit HRP-conjugated antibody (1:3000, Amersham Biosciences, Buckinghamshire,
UK). After washing with TBST, membranes were soaked in chemiluminescence substrate
(SuperSignal West Pico PLUS, Thermo Scientific, Waltham, MA, USA) and then exposed to
a GelDoc XR imaging system (Bio-Rad). The band intensity was analyzed using Image J
software (version 1.53k, NIH, Bethesda, MD, USA).

4.7. mRNA Expression Analysis by Real-Time qRT-PCR

Total RNA was extracted with GeneJET RNA isolation kits (Thermo scientific). The
qRT-PCR was performed by the AriaMx Real Time PCR system (Agilent Technologies,
Santa Clara, CA, USA) using the Brilliant III ultra-fast SYBR green qRT-PCR master mix
(Agilent Technologies) [56]. The human primers were designed and purchased from
Macrogen (Seoul, Republic of Korea) as follow; α-SMA (sense, 5′- tggctattccttcgttactactgct-
3′; antisense, 5′-catcaggcaactcgtaactcttctc-3′), collagen I (sense, 5′-ctgctggacgtcctggtgaa-3′;
antisense, 5′-acgctgtccagcaataccttgag-3′), and β-actin (sense, 5′-gtggccgaggactttgattg-3′;
antisense, 5′-agtggggtggcttttaggatg-3′). The α-SMA and collagen I mRNA levels were
normalized to β-actin and expressed as the fold over the vehicle-treated group based on
the comparative cycle threshold (2−∆∆CT) assay [57].

4.8. Data Analysis

The results were expressed as the mean ± SD from 4 independent experiments. Statis-
tical significance among different groups was determined by Student’s t-test and one-way
ANOVA with Tukey’s post hoc test. The statistical analyses were evaluated with GraphPad
PrismTM (version 6.0). A p value less than 0.05 (p < 0.05) was considered to represent
significant differences.

5. Conclusions

The results of our present study provide an essential role for the ERK1/2 signaling
pathway for ET-1-induced fibroblast activation and myofibroblast differentiation in human
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cardiac fibroblasts. The ET-1 effects appear to be predominantly mediated by the ETAR sub-
type. Moreover, Gαq protein is required for ETAR-mediated ERK1/2 activation (Figure 7).
Our data support the concept whereby ETAR stimulation contributes to the progression of
cardiac fibrosis in HF patients. In addition, ETR antagonism using ERAs, ambrisentan and
bosentan, exhibits cardioprotective effects by prevention and restoration of ET-1-induced
fibroblast proliferation and α-SMA synthesis.
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last activation and myofibroblast differentiation. ET-1 binding to ETARs leads to an activation of
heterotrimeric Gq protein, resulting in the dissociation of the Gαq protein from the Gβγ subunit.
The activated Gαq proteins transduced the signal through ERK1/2, which in turn induced fibroblast
activation and myofibroblast differentiation. Interestingly, ETR antagonism using ERAs, ambrisentan
and bosentan, exhibits cardioprotective effects by prevention and restoration of fibrotic actions of ET-1
in human cardiac fibroblasts. α-SMA: α-smooth muscle actin; ET-1: Endothelin-1; ERAs: endothelin
receptor antagonists.
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