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Initially, endothelin (ET)-2 was described as an endothelium-derived vasoconstrictor. However, 
accumulating evidence suggests the involvement of ET-2 in non-cardiovascular physiology and disease 
pathophysiology. The deficiency of ET-2 in mice can be lethal, and such mice exhibit a distinct 
developmental abnormality in the lungs. Nonetheless, the definite role of ET-2 in the lungs remains 
unclear. The ET-2 isoform, ET-1, promotes pulmonary fibrosis in mice. Although endothelin receptor 
antagonists (ERAs) show improvements in bleomycin-induced pulmonary fibrosis in mouse models, 
clinical trials examining ERAs for pulmonary fibrosis treatment have been unsuccessful, even showing 
harmful effects in patients. We hypothesized that ET-2, which activates the same receptor as ET-1, plays a 
distinct role in pulmonary fibrosis. In this study, we showed that ET-2 is expressed in the lung epithelium, 
and ET-2 deletion in epithelial cells of mice results in the exacerbation of bleomycin-induced pulmonary 
fibrosis. ET-2 knockdown in lung epithelial cell lines resulted in increased apoptosis mediated via 
oxidative stress induction. In contrast to the effects of ET-1, which induced fibroblast activation, ET-2 
hampered fibroblast activation in primary mouse lung fibroblast cells by inhibiting the TGF-β–SMAD2/3 
pathway. Our results demonstrated the divergent roles of ET-1 and ET-2 in pulmonary fibrosis 
pathophysiology and suggested that ET-2, expressed in epithelial cells, exerts protective effects against the 
development of pulmonary fibrosis in mice. 

 
INTRODUCTION 

Endothelins (ETs) are a family of 21 amino acid peptides comprising three isoforms (ET-1, ET-2, and ET-3) 
that activate the canonical G protein-coupled receptors (GPCRs), endothelin A (ETA) and endothelin B (ETB) 
receptors (1). ET-3 is unique because it differs from other peptides by six amino acids and has a low binding 
affinity to ETA (2). ET-2, previously characterized as a vasoactive intestine contractor in rodents (3), and ET-1 
exhibit a similar structure with only two different amino acids and a similar binding affinity to ETA and ETB. 
ET-2 and ET-1 peptides released from endothelial cells demonstrate the same vasoconstrictive potency in all 
isolated human vessels (2). As ET-1 expression is more abundant in cells, ET-2 is often assumed to mimic ET-1. 
Hence, previous studies mainly focused on ET-1 rather than ET-2 (4).  

ET-2 plays a distinct role in ovarian physiology (5) and retinal angiogenesis (6). It is involved in mediating 
the functions of the immune (7) and gastrointestinal systems (8) as well as the pathophysiology of several 
diseases, such as heart failure (9) and cancers (10,11). In addition, ET-2 is regulated by numerous transcription 
factors, including epidermal growth factor, TNF-α, hypoxia-inducible factor 1-alpha, forskolin, and pituitary 
gonadotropins (12). Notably, global ET-2 knockout in mice is lethal to the animals owing to abnormal lung 
development (13). This observation demonstrates the crucial role of ET-2 in lung physiology.  

ET-1 expression is upregulated in patients with pulmonary fibrosis (14). ET-1 transgenic mice develop 
progressive pulmonary fibrosis (15), demonstrating the role of ET-1 in this disease. Furthermore, 
bleomycin-induced lung fibrosis in mice showed improvement after treatment with an endothelin receptor 
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antagonist (ERA) (16), suggesting that blocking the ET-1 pathway could be a viable strategy to manage lung 
fibrosis. However, clinical trials targeting ET-1 with ERA have shown disappointing results in idiopathic 
pulmonary fibrosis and systemic sclerosis-induced interstitial lung disease (17–19). These conflicting evidences 
suggest that the ET-2 peptide, which acts on the same receptors, has a different role from ET-1 in the 
pathophysiology of pulmonary fibrosis.  

We hypothesized that ET-2 may have protective effects against the pathophysiology of pulmonary fibrosis, 
in contrast to ET-1. To test this hypothesis, we investigated the effect of ET-2 deletion in epithelial cells on 
bleomycin-induced pulmonary fibrosis using ET-2flox/flox; SHH-Cre+/- mice. Furthermore, we utilized the lung 
epithelial cell line and isolated lung fibroblast as in vitro study to explore the distinct role of ET-2 and ET-1 in 
lung fibrosis pathophysiology. Our findings may provide a novel insight about the involvement of ET-2 in 
pulmonary fibrosis pathophysiology and contribute to the future development of its therapeutic approach.  
 

MATERIALS AND METHODS 
Antibodies 

Antibody for RFP (#ab124754) and pro-SFTPC (#ab211326) were purchased from Abcam (Cambridge, UK). 
Anti-αSMA (#F3777) was purchased from Sigma-Aldrich (St. Louis, MO). Antibody for cleaved-caspase-3 
(#9661s), caspase-3 (#9662s), caspase-8 (#9746), caspase-9 (#9508), phospho-SMAD2/3 (#8828s), SMAD2/3 
(#3102s), phospho-AMPKα (#2535), and GAPDH (#2118s) were purchased from Cell Signaling Technology 
(Beverly, MA). Donkey anti-Rabbit IgG Alexa488 (#A-21206) or Alexa549 (#A-21207) for 
immunofluorescence analysis were obtained from Thermo Fisher Scientific (Waltham, MA). Horseradish 
peroxidase-conjugated goat anti-rabbit IgG (#7074s) or anti-mouse IgG (#7076s) for immunoblot analysis were 
obtained from Cell Signaling Technology.  
 
Animal studies 

The development of ET-2-iCre, ET-2-iCre; ROSA26-lacZ, and ET-2-iCre; Ai9 mouse lines (12) and 
ET-2flox/flox mouse line (6) has been described previously. We crossed ET-2flox/flox mice with SHH-Cre mice (20) 
to generate an epithelial-specific ET-2 knockout, ET-2flox/flox; SHH-Cre+/- mice. The mice were maintained with a 
12-h light-dark cycle and fed a standard chow diet (CRF-1, Charles River Laboratories International, 
Wilmington, MA). Littermate ET-2flox/flox mice were used as controls. All experimental animal protocols were 
approved by the Ethics Review Committee for Animal Experiments of Kobe Pharmaceutical University. 
 
Histological analysis 

The lungs were inflated and fixed in 4% paraformaldehyde (Wako Pure Chemical, Osaka, Japan) for 24 h, 
followed by paraffin embedding. 4 µm lung tissue sections were stained using X-Gal, Hematoxylin-Eosin, 
Masson's trichrome, or immunofluorescence staining, and observed under Keyence BZ-8100 fluorescence 
microscope (Keyence Corp, Osaka, Japan). The fibrotic and αSMA-positive areas were measured using ImageJ 
(National Institute of Health, https://imagej.nih.gov/ij/). 

 
Gene expression analysis 

RNA was isolated using RNAiso Plus (TAKARA, Tokyo, Japan) and purified using NucleoSpin RNA 
Purification (Macherey-Nagel, Düren, Germany). cDNA was synthesized using PrimeScript RT Reagent Kit 
with gDNA Eraser (TAKARA). PCR was performed using FastStart SYBR Green Master (Roche Applied 
Science, Basel, Switzerland) followed by quantitative PCR analysis using LightCycler96 (Roche Applied 
Science) for selected primers (Table I).  
 
Lung mechanics 

The mice were anesthetized with 2,2,2-Tribromoethanol (Sigma-Aldrich), tracheostomized, paralyzed with 
30 µg of Pancuronium bromide (Sigma-Aldrich), and connected to a computer-controlled ventilator (flexiVent, 
SCIREQ, Quebec, Canada). Lung mechanic parameters were then measured by flexiWare. Each maneuver was 
repeated until at least two acceptable measurements were recorded, and the mean of the measurements was 
calculated. 
 
Induction of pulmonary fibrosis 

The protocol was performed as described previously, with minor modifications (21). 11-12 weeks old mice 
were anesthetized with isoflurane (Pfizer, NY) inhalation via Meratec (Senko Medical Instrument, Tokyo, Japan), 
and a midline cervical incision was made to expose the trachea. A 22-gauge cannula was inserted into the trachea 
to administer 5 mg/kg of bleomycin (Lexsy Bleo, Jena Bioscience, Jena, Germany) in 60 µL of sterile 0.9% 
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normal saline (vehicle). Sham control mice were administered the vehicle. The mice were briefly connected to a 
small animal ventilator unit (Muromachi Kikai, Tokyo, Japan) before closing the subcutaneous fascia and skin 
incision. 

 
Cell culture 

A549 cells were cultured in RPMI medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum 
(FBS, Gibco, Waltham, MA) and 1% penicillin/streptomycin (PS, Sigma-Aldrich). siRNA-mediated silencing of 
ET-1 (siGENOME SMARTpool Human ET-1, M-016692-02-0005, Dharmacon, Lafayette, CO), ET-2 
(CCAGGUGGAGGAAGAGAUAUU, Dharmacon), or silencer negative control siRNA (Thermo Fisher 
Scientific) were administered using Lipofectamine RNAiMax (Thermo Fisher Scientific). Apoptosis was 
induced by incubating cells with serum-free RPMI for 24 h before adding 500 µM H2O2 (Wako Pure Chemical) 
for 6 h. In some experiments, the cells were treated with 300 µM H2O2

 for the indicated duration or stained with 
2 µM dihydroethidium (Calbiochem, San Diego, CA). 
 
Determination of ET-1/ET-2 levels in the lung tissue and cell media 

Frozen lung samples were weighed and homogenized (Polytron, Elkhart, IND) in a 10× buffer containing 4% 
acetic acid and protease inhibitor cocktail (Sigma-Aldrich) on ice. Homogenates were immediately placed in 
boiling water for 10 min, cooled in ice for another 10 min, and centrifuged at 15,000 rpm at 4°C for 30 min. The 
supernatant was collected, applied to Sep-Pak C-18 plus (Waters, Milford, MA), and eluted with 4% acetic acid 
and 86% ethanol solution. The eluates were evaporated using a centrifugal evaporator (EYELA, Tokyo 
Rikakikai, Tokyo, Japan) and resuspended in QuantiGlo ET-1 immunoassay assay buffer (R&D Systems) (22). 
Cell medium samples were analyzed by direct application of the same immunoassay according to the 
manufacturer's instructions. 
 
Production of cell lysates and immunoblotting 

The cells were lysed in radioimmunoprecipitation assay (RIPA) buffer containing phosphatase and protease 
inhibitor cocktail (Sigma-Aldrich) and centrifuged for 15 min at 15,000 rpm. Protein content was measured with 
a detergent compatible (DC) Assay (Bio-Rad, Hercules, CA). The proteins were separated using SDS–
polyacrylamide gels and then transferred onto nitrocellulose membranes (Bio-Rad). The membranes were 
blocked with 5% skim milk (Wako Pure Chemical) in Tris-buffered saline-Tween for 30 min at 23-25°C. 
Immunoblots were probed with a primary antibody at 4°C for 16 h, followed by incubating with a secondary 
antibody for 60 min at room temperature. For cleaved-caspase-3 detection, we used Can Get Signal 
Immunoreaction Enhancer Solution (Toyobo, Osaka, Japan) for antibody dilution. After brief incubation with 
Clarity Western ECL substrate (Bio-Rad) or Amersham ECL Select (GE, Boston, MA), bands were detected 
using ChemiDoc (Bio-Rad). 
 
Fibroblast isolation 

The protocol was performed as described previously, with additional modifications (23). Lung tissues from 
C57BL/6J mice were minced and digested five times for 10 min each at 37°C in digestion buffer. The digestion 
buffer was prepared using 1 mg/mL collagenase IV (Gibco), 100 µg/mL deoxyribonuclease I (Roche Applied 
Science), and 1 mg/mL bovine serum albumin pH 7 (Sigma-Aldrich) in Hanks' Balanced Salt Solution 
supplemented with Ca2+ and Mg2+ (Gibco) then passed through a 0.2 µm filter (Advantec Toyo Kaisha, Tokyo, 
Japan). The digested tissue was then filtered through a 100 µm cell strainer (Falcon, Corning, NY), centrifuged 
at 1,500 rpm for 10 min, washed with Ack Lysing Buffer (Gibco), and cultured in low-glucose DMEM 
(Sigma-Aldrich) supplemented with 10% FBS and 1% PS. The experiments were performed at passage three.  

The lung fibroblast medium was replaced with a serum-free medium for 24 h, and the cells were incubated 
with 100 nM recombinant ET-1 or ET-2 (#4198 or #4209, Peptide Institute) for 1 h. The cells were then treated 
with 10 ng/mL TGF-β1 (#240-B, R&D System, Minneapolis, MN) for 1 h or 24 h. 
 
Migration assay 

4x104 mouse lung fibroblasts in 300 µL serum-free medium were loaded into the top chamber of a modified 
Boyden chamber (Falcon). 100 nM recombinant ET-1, ET-2 peptide or vehicle in 500 µL serum-free medium 
was loaded into the bottom chamber. After incubation for 6 h at 37°C with 5% CO2, the cells were fixed, stained 
with Mayer's hematoxylin (Wako Pure Chemical), and counted under microscope.  
 
Statistical analysis  
   Statistical analyses were performed using GraphPad Prism software version 8 (GraphPad Software, San 
Diego, CA). All data are presented as mean ± SEM and analyzed using Student's two-tailed t-test or 1-way 
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ANOVA followed by Tukey post hoc test. Statistical significance was set at p < 0.05. 
 

RESULTS 
ET-2 is expressed in mouse lung epithelial cells 

To identify the cells that express ET-2 in the lungs, we utilized a previously described transgenic mouse line 
(12) expressing codon-improved Cre recombinase (iCre) driven by the ET-2 gene promoter and β-galactosidase 
under a universal promoter, termed ET-2-iCre; ROSA26-lacZ mice. We found that X-Gal-stained ET-2 
recombination was localized in the respiratory epithelium and alveolar pneumocytes (Fig. 1A). To further 
confirm the cells expressing ET-2, we used ET-2-iCre; Ai9 mice that exhibited red fluorescence protein (RFP) in 
cells with functional iCre expression. RFP-marked ET-2 recombination was observed in the bronchial epithelium, 
and some punctate fluorescence was observed in pneumocytes colocalized with pro-surfactant-associated protein 
C (SFTPC) as alveolar epithelial type II cell marker (Fig. 1B). These results indicate that ET-2 is expressed in 
some bronchial epithelial cells and some alveolar epithelial type II cells.  

We next genetically inactivated ET-2 expression in the epithelium by generating ET-2flox/flox; SHH-Cre+/- 
mice. These mice were born without any apparent abnormalities and grew normally into adulthood. ET-2 mRNA 
expression was markedly downregulated in the lungs and small intestines of ET-2flox/flox; SHH-Cre+/- mice. 
Unexpectedly, ET-1 mRNA levels demonstrated a decreasing tendency in the lungs (Fig. 1C). ET-2flox/flox; 
SHH-Cre+/- mice showed no apparent difference in body weight and food consumption compared to ET-2flox/flox 
littermates (Fig. 1D). Parameters of pulmonary mechanics, lung histology, and collagen deposition showed no 
apparent differences between ET-2flox/flox; SHH-Cre+/- and ET-2flox/flox mice (Fig. 1E-F). Collectively, these 
results indicate that despite being primarily expressed in epithelial cells, epithelial ET-2 is not essential for 
growth and normal lung development. 

Figure 1. Endothelin (ET)-2 is expressed in the epithelial cells of mouse lungs. (A) X-Gal staining in the lung tissue of 
ET-2-iCre; ROSA26-lacZ mice. Black arrows indicate ET-2 stained with X-Gal (blue). Scale bar, 200 µm. (B) Red 
fluorescence protein (RFP) and pro-surfactant-associated protein C (SFTPC) staining in the lungs of ET-2-iCre; Ai9 mice. 
White arrows indicate RFP expression in the bronchiolar epithelium. White box indicates colocalization of RFP and SFTPC 
in pneumocytes, pointed by white arrowheads. Scale bars, 50 µm. (C) ET-2 and ET-1 relative mRNA expression in the lungs 
or small intestines of ET-2flox/flox (ET-2f/f) and ET-2flox/flox; SHH-Cre+/- (ET-2f/f; SHH-Cre+/-) mice (n = 3 each). **P < 0.01. 
(D) Body weight and food intake of ET-2f/f and ET-2f/f; SHH-Cre+/- mice (n = 4 each). (E) Analysis of the lung mechanics of 
ET-2f/f and ET-2f/f; SHH-Cre+/- mice (n = 2 each). (F) H-E and Masson's trichrome staining of the lungs of ET-2f/f and 
ET-2f/f; SHH-Cre+/- mice. Scale bars, 100µm. 
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Exacerbation of lung fibrosis in ET-2flox/flox; SHH-Cre+/- mice following bleomycin administration 
We further studied the role of ET-2 in pulmonary fibrosis using bleomycin-induced pulmonary fibrosis mice 

model. After bleomycin treatment, ET-1, ETA, and ETB mRNA levels were upregulated in the control mouse lung 
tissue, whereas ET-2 mRNA levels were downregulated (Fig. 2A). Next, we subjected ET-2flox/flox; SHH-Cre+/- 
and ET-2flox/flox mice to bleomycin intratracheal instillation. Notably, ET-2flox/flox; SHH-Cre+/- mice exhibited 
higher collagen deposition after bleomycin treatment than ET-2flox/flox littermates (Fig. 2B-C). Consistent with 
this result, pulmonary mechanics analyzed after 21 days following bleomycin administration showed increased 
tissue damping and suppressed static compliance in ET-2flox/flox; SHH-Cre+/- mice compared to ET-2flox/flox mice 
(Fig. 2D).  

Figure 2. Deletion of endothelin (ET)-2 in the epithelial cells exacerbates bleomycin-induced pulmonary fibrosis in 
mice. (A) ET-1, ET-2, ETA, and ETB mRNA expression observed in the lung tissues after normal saline (NS) or bleomycin 
administration for 28 days (n = 4-5 each). *P < 0.1. (B) Representative images of lung Masson's trichrome staining in the 
lungs of ET-2flox/flox (ET-2f/f) and ET-2flox/flox; SHH-Cre+/- (ET-2f/f; SHH-Cre+/-) mice following the administration of N.S. or 
bleomycin for the indicated days (n=3 each for NS, 5–6 each for bleomycin-treated groups). Scale bars, 100 µm. (C) 
Quantification of relative fibrosis area percentage of Fig. 2B (n=3 each for NS, 5–6 each for bleomycin-treated groups). The 
result was normalized to NS ET-2f/f group. *P < 0.05, **P < 0.01. (D) Tissue damping and static compliance of the lungs of 
ET-2f/f and ET-2f/f; SHH-Cre+/- mice after intratracheal administration of N.S. or bleomycin for 21 days (n = 3 each for NS, 
5 each for bleomycin-treated group). *P < 0.05. (E) Representative image and quantification of αSMA / DAPI positive area 
in the lungs of ET-2f/f and ET-2f/f; SHH-Cre+/- mice after bleomycin instillation for 21 days (n = 5–6). Scale bars, 50 µm. *P 
< 0.05. (F) Relative mRNA expression of ACTA2 and COL1A1 in the lungs of ET-2f/f and ET-2f/f; SHH-Cre+/- mice after 
N.S. or bleomycin administration for 21 days. (n = 3 each for NS, 6 each for bleomycin-treated groups). *P < 0.05. (G) 
ET-1/ET-2 concentration in the lungs of ET-2f/f and ET-2f/f; SHH-Cre+/- mice measured after NS or bleomycin 
administration for 21 days (n = 2–3 for NS, 4–7 for bleomycin groups) **P < 0.01. 
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Furthermore, the lung tissue of ET-2flox/flox; SHH-Cre+/- mice demonstrated abundant expression of 
myofibroblast marker (alpha-smooth muscle actin; αSMA) after bleomycin treatment compared to that of 
ET-2flox/flox mice, indicating an increase in myofibroblast infiltration in the lungs of ET-2flox/flox; SHH-Cre+/- mice 
(Fig. 2E). Moreover, the mRNA expression levels of fibroblast activation marker, ACTA2 and extracellular 
matrix (ECM) collagen marker, COL1A1 were increased in the lung tissues of ET-2flox/flox; SHH-Cre+/- mice (Fig. 
2F). We next measured ET-1/ET-2 expression in the mouse lungs using ELISA ET-1 immunoassay, which 
exhibited 51% cross-reactivity with ET-2 peptide. Although bleomycin administration significantly increased the 
expression of ET-1/ET-2 in the lungs, no difference in ET-1/ET-2 expression was observed between ET-2flox/flox; 
SHH-Cre+/- and ET-2flox/flox mice (Fig. 2G). Hence, the detrimental conditions of the lungs found in ET-2flox/flox; 
SHH-Cre+/- mice could not be attributed to an increase in ET-1 expression. These results indicate that deletion of 
ET-2 in epithelial cells exacerbates bleomycin-induced lung fibrosis in mice.  
 
Silencing of ET-2 enhances apoptosis and oxidative stress in A549 epithelial cells  

To further investigate the differences between the roles of ET-1 and ET-2 in pulmonary fibrosis 
pathophysiology, we used A549 cell line as a suitable model of type II alveolar epithelial cells (24). Successful 
silencing of ET-1 or ET-2 was confirmed by examining the corresponding mRNA expression and secreted 
ET-1/ET-2 from these cells (Fig. 3A-B). We next exposed cells with ET-1 or ET-2 knockdown to hydrogen 
peroxide (H2O2)-induced oxidative stress (25). Notably, cells with ET-2, but not ET-1, knockdown, exhibited an 
increase in cleaved-caspase-3 levels, also cleaved-caspase-8 and 9, that act as extrinsic and intrinsic apoptosis 
markers following H2O2 stimulation (Fig. 3C). Collectively, these results suggest that ET-2 depletion enhanced 
apoptosis in A549 cells, probably by upregulating extrinsic and intrinsic apoptosis pathways. 

Figure 3. Endothelin (ET)-2 knockdown increases apoptosis in A549 cells. (A) Relative mRNA expression of ET-1 and 
ET-2 in control and A549 cells with ET-1 or ET-2 knockdown (n = 3 each). *P < 0.05. (B) Concentration of ET-1/ET-2 in 
the medium collected from the control and A549 cells with ET-1 or ET-2 knockdown (n = 3 each). *P < 0.05, ****P < 
0.0001. (C) Immunoblotting for apoptosis protein markers, ratio of Cleaved Caspase (CASP)-3/CASP-3, Cleaved 
CASP-8/CASP-8, and Cleaved CASP-9/CASP-9 in control and A549 cells with ET-1 or ET-2 knockdown (n = 3 each) after 
treatment with H2O2. *P < 0.05; **P < 0.01; ***P < 0.001. (D) Representative image of dihydroethidium (DHE) staining of 
the control and A549 cells with ET-1 or ET-2 knockdown. Scale bars, 100 µm. (E) Immunoblotting for phospho-AMPKα 
(pAMPKα) protein expression in control and A549 cells with ET-1 or ET-2 knockdown (n = 3 each) after treatment with 
H2O2. *P < 0.05. (F) Relative mRNA expression levels of ET-1 and ET-2 after stimulation of A549 cells with H2O2 for 
indicated duration (n = 3 each). **P < 0.01 assessed by one-way ANOVA. 
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Furthermore, knockdown of ET-2, but not ET-1, caused excessive superoxide production judged by 
dihydroethidium staining in A549 cells (Fig. 3D), and enhanced phospho-AMPKα expression in H2O2-treated 
A549 cells (Fig. 3E). In addition, ET-2 mRNA expression, but not ET-1, was upregulated in A549 cells after 
H2O2 stimulation (Fig. 3F). These results suggest that ET-2 expression is upregulated after induction of 
oxidative stress, and silencing ET-2 in A549 cells enhances oxidative stress. 
 
Exogenous ET-2 inhibits fibroblast migration and hampers TGF-β-induced fibroblast activation 

We further explored the roles of ET-2 and ET-1 in mouse lung fibroblasts. Our results showed that the 
migration of mouse lung fibroblasts was increased after incubation with recombinant ET-1, confirming the 
ability of ET-1 to promote fibroblast migration (26). In contrast, a reduction in migration was observed in 
recombinant ET-2–treated cells, suggesting that ET-2 suppresses fibroblast invasiveness (Fig. 4A).  

We next examined exogenous endothelin effects upon TGF-β-induced fibroblast activation. Notably, the 
expression of ACTA2 and COL1A1 markers was increased in the ET-1-treated group, but decreased in the 
ET-2-treated group after TGF-β induction (Fig. 4B). Consistently, TGF-β-induced SMAD2/3 activation was 
increased in the ET-1-treated group, but decreased in the ET-2-treated group (Fig. 4C). These results collectively 
indicate that in contrast to ET-1, ET-2 blocks mouse lung fibroblast activation and extracellular matrix 
production via inhibition of TGF-β–SMAD2/3 signaling.  

Figure 4. Endothelin (ET)-2 inhibits transforming growth factor (TGF)-β induced mouse lung fibroblast activation. 
(A) Representative image showing the results of migration assay for the vehicle, recombinant ET-1, or ET-2 treated groups  
(n = 7 each group). Scale bars, 100 µm. **P < 0.01. (B) Relative mRNA expression of ACTA2 and COL1A1 after TGF-β1 
stimulation for 24 h in the vehicle, recombinant ET-1, or ET-2 treated groups (n = 4 each group). *P < 0.05. (C) 
Immunoblotting for phospho-SMAD2/3 (pSMAD2/3) and SMAD2/3 protein expression levels in the vehicle and 
recombinant ET-1 or ET-2 treated groups after stimulation with TGF-β1 for 1 h and relative quantification of SMAD2/3 
activity (n = 3 each group). *P < 0.05. 

 
DISCUSSION 

In the present study, we demonstrated that ET-2 is mainly expressed in epithelial cells in the mouse lungs. 
Epithelial ET-2 exerts a protective effect against bleomycin-induced pulmonary fibrosis in mice, probably by 
inhibiting epithelial apoptosis. In mouse lung fibroblasts, ET-2 and ET-1 exert opposite effects on fibroblast 
migration and activation. 
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Our results confirmed that ET-2 is expressed in the epithelial cells of the lungs (12). Notably, specific 
deletion of ET-2 in epithelial cells resulted in normal lung development. This phenotype was different from that 
observed upon global knockout in neonatal mice, demonstrating abnormalities in the lung development, and 
from that observed upon conditional global knockout in adult mice, resulting in the structural and functional 
abnormalities of the lungs (13). Hence, epithelial ET-2 is unlikely to be involved in early lung development, 
suggesting that ET-2 secreted from other cells might play a more significant role in this process. 

In contrast to ET-2 that expressed in the lung epithelium, ET-1, ETA and ETB are expressed mostly in lung 
mesenchyme (13,27). Bleomycin treatment will change lung cell population as epithelial cells are damaged and 
decreased, while mesenchymal cells are increased (28). Increase expression of ET-1, ETA, and ETB in 
mesenchyme after bleomycin treatment was also explained previously (27,29). Thus, the decrease of ET-2 
expression after bleomycin treatment potentially arises from the alteration of lung cell population.  

Lung fibrosis is characterized by alterations in the epithelial cells, such as epithelial-to-mesenchymal 
transition, apoptosis, and senescence (30). Apoptosis in alveolar epithelial type II cells was observed in patients 
with lung fibrosis as an initial response to epithelial damage (30,31), mainly induced by oxidative stress (32). 
Our results implied that ET-2 in epithelial cells plays a role in inhibiting apoptosis. Silencing ET-2 in A549 
epithelial cells enhanced apoptosis due to excessive superoxide production, and a transient increase in ET-2 
expression was observed after oxidative stress induction. These results raise the possibility that the induction of 
oxidative stress may transiently induce ET-2 expression to further protect the cells from apoptosis.  

An increase in fibroblast infiltration via the basement membrane, myofibroblast differentiation, and ECM 
collagen deposition characterizes maladaptive repair in lung fibrosis and acts as critical factors of pulmonary 
fibrosis progression (30). These mechanisms are widely known to be regulated by TGF-β by activating its 
canonical SMAD-dependent signaling of fibroblast activation and ECM protein synthesis (30,33). ET-1 is 
upregulated during tissue repair and promotes myofibroblast contraction, contributing to matrix remodeling 
during tissue repair (26). Interestingly, our result showed that ET-2flox/flox; SHH-Cre+/- treated with bleomycin 
increased myofibroblast accumulation, raising the possibility of whether ET-2 exerts a different role from ET-1 
in lung fibroblast activation. In the present study, we confirmed that ET-1 increased migration and activation of 
lung fibroblasts following TGF-β-induced fibroblast activation and collagen synthesis. In contrast, ET-2 
suppressed the invasion and activation of mouse lung fibroblasts, potentially via inhibition of SMAD2/3 
phosphorylation, suggesting that the balance of ET-1 and ET-2 may contribute to the development of pulmonary 
fibrosis.  

ET-1 expression increased in bleomycin-induced lung fibrosis in mice, and bosentan, a dual ERA, attenuated 
collagen deposition in the same animal model (16). Since then, ERAs have been proposed as a promising 
treatment for interstitial lung disease, and several clinical trials have been conducted to evaluate the effects of the 
ERA regimen for this disease. However, ERA clinical trials using macitentan and bosentan did not demonstrate 
any differences in the outcomes compared to those observed with placebo (17,18). Furthermore, clinical trials 
examining the effect of ambrisentan, a specific ETA antagonist, demonstrated worsening of patient conditions as 
disease progression aggravated, and the death rate increased compared to those observed with placebo (19). 
These distinctive effects in mouse models and human studies have implied the possibility of another peptide 
acting through the same receptors as ET-1 but exerting different effects in the lungs.  

It has been known that GPCR showed biased signaling upon certain ligands stimulation. Certain ligands 
stabilize distinct receptor conformation and preferentially activating the canonical G protein signaling pathway 
or non-G protein transducers, including β-arrestin, leading to different signals transduction (34). Therefore, 
although ET-1 and ET-2 shared similar affinity to ETA and ETB receptors, we speculate that signal transduction 
triggered by ET-1 and ET-2 ligands might be different. Therefore, it is important to consider the distinct 
molecular pathway induced by ET-1 and ET-2 despite their structural and pharmacological similarities. In the 
future, further studies would be necessary to elucidate the distinct cascades in order to design a novel treatment 
strategy targeting endothelin receptor-specific signal transduction pathways to combat uncured target diseases, 
including pulmonary fibrosis. 

 
ABBREVIATIONS 

ET, endothelin; ERAs, endothelin receptor antagonists; TGF, transforming growth factor; ETA, endothelin A; 
ETB, endothelin B; iCre, codon-improved Cre recombinase; RFP, red fluorescence protein; SFTPC, 
pro-surfactant-associated protein C; αSMA, alpha-smooth muscle actin; ECM, extracellular matrix; H2O2, 
hydrogen peroxide; NS, normal saline 
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Table I. Nucleotide sequence for quantitative PCR primers 
Primer Forward Reverse 

Mouse ET-2 TCTGCCACCTGGACATCATC GAGCACTCACAACGCTTTGG 

Mouse ET-1 TGTATCTATCAGCAGCTGGTGGAA AAAAATGCCTTGATGCTATTGC 

Mouse ETA TATCCTGCACCATTTTCATCGTGGG ATAAGGTCTCCAAGGGCCAGGCT 

Mouse ETB CATGCGCAATGGTCCCAATA GCTCCAAATGGCCAGTCCTC 

Mouse ACTA2  ACAGAGGCACCACTGAACCCTAAG ACAATCTCACGCTCGGCAGTAGTC 

Mouse COL1A1 CCGTGCTTCTCAGAACATCA AGCATCCATCTTGCAGCCTTG 

Mouse GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG 

Human ET-2 CTTCTCCAAAGGCTGAGGGACATT TCCTGTTGTCGCTTGGCAAAGA 

Human ET-1 TTCTCTCTGCTGTTTGTGGCTTGC TCTTTATCCATCAGGGACGAGCAG 

Human/mouse 18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 

	  


