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Introduction

Pulmonary arterial hypertension (PAH) is a disease characterized 
by elevated pulmonary artery pressures. PAH is associated with sig-
nificant morbidity and mortality.1) Elevated pulmonary vascular re-
sistance results in high right ventricular systolic pressures causing 
right ventricular remodeling, ultimately progressing to heart failure.
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Pulmonary arterial hypertension is a progressive and lethal dis-
ease. Current therapies are mostly vasodilator agents and they may 
be less effective in treating arterial remodeling.2) The lung pathology 
of PAH is characterized by medial hypertrophy and intimal hyper-
plasia of muscular arteries, as well as plexiform lesions, which lead 
to a widespread narrowing or obliteration of the pulmonary arteri-
olar bed.2) However, the pathogenesis of the functional and struc-
tural abnormalities of the lung microcirculation in PAH is poorly un-
derstood. 

Apoptosis is the organized cell death process that is associated 
with less inflammation compared to necrosis.3)4) Apoptotic cells are 
phagocytized by macrophages before their membrane breaks down, 
so that their intracellular enzymes are not released. Apoptosis is 
triggered and modulated by two pathways. The intrinsic pathway 
involves the mitochondria and is activated by reactive oxygen spe-
cies, whereas the extrinsic pathway is activated when ligands bind 
to their receptors, for instance tumor necrosis factor-alpha (TNF-α) 
to TNF receptors and Fas-ligand to Fas.5) Activation is rapid for the 
intrinsic pathway, but may take up to several hours for the extrinsic 
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pathway.4) 
Recent studies in idiopathic PAH have implicated a failure of vas-

cular smooth muscle apoptosis in the disease pathogenesis.6)7) How-
ever, data about endothelial cell apoptosis and proliferation are rare 
in idiopathic PAH.8) Other recent studies have suggested a role for 
periarterial inflammatory cell mediators in the pathogenesis of 
PAH.9) The idea that endothelial cell (EC) apoptosis may play a cen-
tral role in the initiation and progression of PAH suggests that ther-
apeutic strategies aimed at endothelial repair and regeneration of 
ECs may be uniquely effective in the treatment.2)

Monocrotaline (MCT) is a selective endothelial toxin and increases 
vasoconstrictor responsiveness in the lungs of rats,10) alveolar capil-
lary membrane permeability,11) inflammation12) and EC injury.13) The 
presence of MCT-induced degenerative changes in the pulmonary 
endothelium in vivo and the evidence of cross-linking of DNA in MCT 
treatment to cultured ECs14) suggests that endothelial injury and en-
dothelial apoptosis may be a triggering event in MCT-induced PAH.

Bosentan is an orally active endothelin (ET) receptor antagonist 
having non-selective, dual action against ETA and ETB.15) Bosentan 
significantly reduces PAH, pulmonary vascular hypertrophy and 
right ventricular hypertrophy in rats treated with MCT.16)

We studied the expressions of Bcl (B cell leukemia/lymphoma)-2, 
caspase-3, complement component (C)-6, vascular endothelial 
growth factor (VEGF), interleukin (IL)-6 and TNF-α genes in a pulmo-
nary hypertensive rat model. Finally, we investigated the effects of 
bosentan on apoptosis and inflammation in this rat model. 

Materials and Methods
 
Six-week-old male Sprague-Dawley rats weighing between 200–

250 g were housed in climate-controlled conditions with a 12 hours 
light : 12 hours dark cycle and free access to chow and water. PAH 
was induced by subcutaneous (sc) injection of 60 mg/kg MCT (Sig-
ma-Aldrich, St. Louis, MO, USA). The rats were grouped into a control 
(C) group (n=36) that received sc injection of normal saline (0.1 mL/
kg); M group (n=36) that received sc injection of MCT and B group 
(n=36) that received sc injection of MCT +20 mg/day bosentan (Ac-
telion Pharmaceuticals, Allischwil, Switzerland) by gavage twice a 
day. The rats were sacrificed after 1, 5, 7, 14, and 28 days. Lung tis-
sues were removed and immediately frozen at -70°C for enzyme 
analysis, post-fixed in 10% formalin and processed routinely for par-
affin embedding. The animal studies were performed after receiving 
approval of the Institutional Animal Care and Use Committee (IA-
CUC) in Ewha Womans University (IACUC approval No. ESM-2010-
0141).

 

Ribonucleic acid extraction and complementary 
deoxyribonucleic acid synthesis

Total ribonucleic acid (RNA) was extracted by using TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA) as described,16) and resuspended in 
diethyl pyrocarbonate water. Final RNA amount was spectrophoto-
metrically determined at 260/280 nm. Quality was assessed as the 
absence of smear of 18s rRNA or gapdh bands in examination us-
ing a Bio analyzer 2100 (Agilent, Sunnyvale, CA, USA). RNA samples 
were stored at -70°C until used. Complementary deoxyribonucleic 
acids (cDNAs) were synthesized by 1 μg of total RNA, according to 
the manufacture’s protocol16) (High Capacity RNA-to-cDNA kit; Ap-
plied Biosystems, Foster City, CA, USA).

 
Gene expression analysis by real time reverse transcription-
polymerase chain reaction

Real-time quantitative polymerase chain reaction (PCR) was per-
formed in triplicate using the Prism 7900 Sequence Detection Sys-
tem (Applied Biosystems, Foster City, CA, USA) in white-colored 
384-well plates (ABgene, Hamburg, Germany) according to the 
manufacturer’s instructions16) for intensification of the fluorescent 
signals by a factor of three. The system operated using a thermal cy-
cler and a laser that was directed via fiber optics to each sample 
well. The fluorescence emission from each sample was collected by 
a charge-coupled device-camera and the quantitative data were 
analyzed using the Sequence Detection System version 2.0 soft-
ware (Applied Biosystems, Foster City, CA, USA). Reaction mixtures 
contained 10 pmol/μL of each primer and 2X SYBR Green PCR Mas-
ter Mix (Toyob, Osaka, Japan), which included the HotStarTaqt DNA-
Polymerase in an optimized buffer, dNTP mix (with dUTP additive), 
SYBR Green I fluorescent dye and ROX dye as a passive reference. 
Each of the 384-well real-time quantitative PCR plates included se-
rial dilutions (1, 1/2, and 1/4) of cDNA, which were used to generate 
relative standard curves for genes. 

The resulting first-strand of cDNA was normalized to the glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) gene. The normal-
ized cDNA was used for the PCR procedure as a template. The spe-
cific primers for each gene are shown in Table 1. All primers were 
amplified using the same conditions. Thermal cycling conditions 50°C 
for 2 minutes and 95°C for 10 minutes followed by 40 cycles of 95°C 
for 30 seconds and 60°C for 30 seconds, and 72°C for 30 seconds. 
To exclude the presence of unspecific products, a melting curve 
analysis of products was performed routinely after finishing amplifi-
cation by a high-resolution data collection during an incremental 
temperature increase from 60°C to 95°C with a ramp rate of 0.21°C/
second. Real-time PCR cycle numbers were converted to gene am-
ounts (ng) on the basis of the equation. The real-time PCR analysis 
was performed on an Applied Biosystems Prism 7900 Sequence 
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Detection System (Fig. 1).

Western blot analysis
Tissue was homogenized in 10 mM Tris HCl buffer, pH 7.4, contain-

ing 0.5 mM ethylenediaminetetraacetic acid, pH 8.0, 0.25 M sucrose, 
1 mM phenylmethylsulfonyl fluoride, 1 mM Na4VO3 and a protease 
inhibitor cocktail (Roche-Boehringer-Mannheim, Mannheim, Ger-
many). After centrifugation, the supernatant containing 25 μg of 
protein was subjected to 10% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE). The proteins on the acryl-
amide gel were transferred to a polyvinylidene difluoride membrane 
(Millipore, Bedford, MA, USA) at 400 mA in a transfer buffer con-
taining 25 mM Tris and 192 mM glycine, pH 8.4. The membrane was 
blocked in Tris-buffered saline with 5% non-fat dry milk and 0.1% 
Tween-20 at room temperature for 1 hour, and incubated with the 
appropriate primary antibody to Bcl-2, caspase-3, C-6, VEGF, IL-6, 
TNF-α (Cell Signaling Technology, Danvers, MA, USA) or GAPDH (San-
ta Cruz Biotechnology, Santa Cruz, CA, USA), at 4°C overnight. The 
membrane was incubated with horseradish peroxidase-conjugated 

secondary antibody (Cell Signaling Technology) for 1 hour at room 
temperature. After washing, the membrane was visualized by a che-
miluminescent reaction using an enhanced chemiluminescence de-
tection kit (GE Healthcare, Piscataway, NJ, USA). The cell lysate from 
the solubilized tissue was mixed with BCA reagents (Pierce, Rock-
ford, IL, USA) and incubated for 30 minutes. The protein content was 
quantified with an ELISA reader (Molecular Devices, Sunnyvale, CA, USA) 
at 562 nm based on a bovine serum albumin (BSA) standard curve. 

Terminal deoxynucleotidyl transferase dUTP nick end labeling assay
The terminal deoxynucleotidyl transferase dUTP nick end label-

ing (TUNEL) assay was performed following the manufacturer’s in-
structions (Roche, Basel, Switzerland). Paraffin sections of lung 
were deparaffinized twice for 5 minutes each and rehydrated in a 
series of serially diluted ethanol solutions (100%, 95%, 70%, and H2O). 
Each section was treated with proteinase K (final concentration 10 
μg/mL in 10 mM Tris-HCl, pH 7.4–7.8) for 10 minutes at room tem-
perature. A labeling reaction was prepared by mixing 45 μl of TU-
NEL-label solution with 5 μL of TUNEL enzyme, adding the mixture 
to the tissue sections, and incubating for 60 minutes at 37°C in a 
humidified chamber in the dark. A negative control was prepared 
without TUNEL enzyme. Tissue sections were washed three times 
with phosphate buffered saline (PBS) and analyzed using confocal 
microscopy (Carl Zeiss, Jena, Germany).

 
Statistical analyses

Results are expressed as the mean±standard deviation. Differ-
ences between all other parameters for the three groups were evalu-
ated by ANOVA followed by multiple-group comparisons with the 
Bonferroni correction. Statistical analysis was performed using the 
Statistical Package for Social Science version 13.0 software (SPSS, Chi-
cago, IL, USA) and a p<0.05 was considered statistically significant.

Results

Expressions of several mRNAs in rat lung tissues were examined. The 
expression of Bcl-2 mRNA was significantly increased in the M and 

Table 1. Gene sequence of primer of reverse transcription polymerase chain reaction

Gene Forward primer sequence Reverse primer sequence Size

Bcl-2 CTC AGC CAG CCA GTG ACA TA CCG TGV TCC AGA TAC AT 177 bp

Caspase-3 GAA AGC ATC CAG CAA TAG GC TAA GGA AGC CTG GAG CAC AG 100 bp

C-6 ACT TTG TCC ATG CTG GTT CC GAG GTG TGG GCT GAA CAT TT 145 bp

VEGF GGA GGA TGT CCT CAC TTG GA CAA ACA GAC TTC GGC CTC TC 97 bp

IL-6 CCG GAG AGG AGA CTT CAC AG ACA GTG CAT CAT CGC TGT TC 161 bp

TNF-α AGT TGA TTT CTG GGC CCT TT CCA CTG TTC TGT GCT TGC C 113 bp

RT-PCR: reverse transcription-polymerase chain reaction, C: complement component, VEGF: vascular endothelial growth factor, IL: interleukin, TNF: tumor 
necrosis factor
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Fig. 1. Representative RT-PCR product of each gene. The RT-PCR products 
from the transcripts of Bcl-2, caspase-3, C-6, VEGF, IL-6, and TNF-α were 
177 bp, 100 bp, 145 bp, 97 bp, 161 bp, and 113 bp. RT-PCR: reverse transs-
cription-polymerase chain reaction, Bcl: B cell leukemia/lymphoma, C: 
complement component, VEGF: vascular endothelial growth factor, IL: in-
terleukin, TNF: tumor necrosis factor.
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B groups compared with the C group in week 4 (4.41±0.49 vs. 1± 
0.30, p=0.023) (Fig. 2A). The gene expression of Bcl-2 mRNA was 
not significantly different after bosentan treatment in week 4 (Fig. 
2A). The expression of caspase-3 mRNA was significantly increased 
in the M group compared with the C group in week 4 (7.77±2.29 vs. 
1±0.52, p=0.011) (Fig. 2B). The expression of caspase-3 mRNA was 
significantly decreased after bosentan treatment in week 4 (7.77± 
2.29 vs. 4.79±1.84, p=0.042) (Fig. 2B). The expression of C-6 mRNA 
was significantly increased in the M group compared with the C 
group in week 4 (1006.11±174.54 vs. 1±0.62, p=0.001) (Fig. 3A). The 
gene expression of C-6 mRNA was significantly decreased after 
bosentan treatment in week 4 (1006.11±174.54 vs. 218.06±172.43, 
p=0.035) (Fig. 3A). The expression of VEGF mRNA was significantly 
increased in the M group compared with the C group in week 4 
(45.48±1.7 vs. 1±0.49, p=0.001) (Fig. 3B). The expression of VEGF 
mRNA was significantly decreased after bosentan treatment in 

week 4 (45.48±1.7 vs. 12.85±2.8, p=0.043) (Fig. 3B). Expression of IL-6 
mRNA was significantly increased in weeks 1, 2, and 4 in the M 
group compared with the C group. mRNA expression of IL-6 was 
significantly decreased in weeks 1, 2, and 4 in the B group com-
pared with the M group (p<0.05) (Fig. 4A). mRNA expression of 
TNF-α was significantly increased on day 5 in the M group com-
pared with the C group (p<0.05) (Fig. 4B). mRNA expression of TNF-α 
was significantly decreased on day 5 and weeks 1 and 2 in the B 
group compared with the M group (p<0.05) (Fig. 4B).

In western blot analyses, significant decreases in protein pro-
duction were evident in the B group compared with the M group at 
week 4 in C-6 (p=0.041) (Fig. 5A), VEGF (p=0.045) (Fig. 5B), IL-6 (p= 
0.023) (Fig. 6A) and TNF-α (p=0.029) (Fig. 6B). The TUNEL assay re-
vealed enhanced cell death was observed in the M group compared 
with the C group. In contrast, apoptotic cell death in the B group 
was ameliorated compared with the M group (Fig. 7).

Fig. 2. Gene expressions of Bcl-2 (A), caspase-3 (B) in rat lung tissues after bosentan treatment. The gene expression of Bcl-2 mRNA was not significantly dif-
ferent after bosentan treatment (A). The expression of caspase-3 mRNA was significantly decreased after bosentan treatment in week 4 (B). *p<0.05 signifi-
cantly different from C group, †p<0.05 significantly different from M group. Bcl: B cell leukemia/lymphoma, C: control group, M: monocrotaline group, B: bosen-
tan group.
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Discussion

This study provides evidence that MCT increases apoptosis and 

inflammation, and that bosentan improves apoptosis and inflamma-
tion in a rat model of PAH. The expressions of Bcl-2, caspase-3 and 
VEGF mRNA were significantly increased in the M group compared 

Fig. 4. Gene expressions of IL-6 and TNF-α in rat lung tissues after bosentan treatment. mRNA expression of IL-6 was significantly decreased in weeks 1, 2, 
and 4 after bosentan treatment (A). mRNA expressions of TNF-α had significantly decreased on day 5, in weeks 1 and 2 after bosentan treatment (B). *p<0.05 
significantly different from C group, †p<0.05 significantly different from M group. mRNA: messenger ribonucleic acid, IL: interleukin, TNF: tumor necrosis factor, C: 
control group, M: monocrotaline group, B: bosentan group.
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with the C group in week 4. Apoptosis was more pronounced in the 
M group compared to the C group. Expression of IL-6 mRNA was 
significantly increased in weeks 1, 2, and 4 in the M group com-
pared with the C group. Expression of TNF-α mRNA was significantly 
increased on day 5 in the M group compared with the C group. The 
expressions of caspase and VEGF mRNA were significantly decreased 
in week 4 after bosentan treatment, and expression of TNF-α mRNA 
was significantly decreased on day 5 and in weeks 1 and 2 after 
bosentan treatment, while expression of IL-6 mRNA was significant-
ly decreased in weeks 1, 2, and 4 after bosentan treatment. Apoptotic 
cell death was ameliorated after bosentan treatment.

In the present and previous our studies, increased gene expres-
sion of endothelin-1 (ET-1),15) matrix metalloproteinase-2,16) TNF-α 
and IL-6 were evident as early as 5–7 days in the course of MCT in-
jection, suggesting their contribution to the progression of cardio-
pulmonary pathology in MCT-induced pulmonary hypertensive 
rats. Up-regulation of endothelial nitric oxide synthase,16) Bcl-2, cas-
pase-3, C-6, and VEGF genes were significant in week 4 because 
they are involved in the compensation mechanism.

These data suggest that prevention of EC death and inflamma-

tion occurs after bosentan treatment, implicating this treatment in 
the prevention of the development of PAH. Increased EC death is the 
likely explanation for the endothelial function impairment, most no-
tably the deficient nitric oxide production as documented in our 
previous study.16) We confirmed that MCT-induced PAH.

Apoptosis is the process of normal programmed cell death that 
allows normal cell turnover and remodeling in the vasculature.17) 
Other recent studies have implicated resistance to apoptosis as be-
ing important in the pathogenesis of vascular proliferation in experi-
mental and cell culture studies.18)19) EC apoptosis has been implicat-
ed as an initiating event in experimental PAH, leading either directly 
to the degeneration of pre-capillary arterioles or to the selection of 
hyperproliferative, apoptosis-resistant ECs that may contribute to 
angioproliferative plexiform lesions.2) Excessive EC injury and apop-
tosis can contribute to increased pulmonary vascular resistance by 
three complementary pathways: directly by EC drop out and precap-
illary microvascular drop out; by leading to endothelial dysfunction 
which together with loss of inhibitory regulation of smooth muscle 
cell (SMC) growth can lead to arteriolar remodeling; and by creat-
ing the conditions that favor the emergence of abnormal, hyperpro-

A  

Fig. 7. TUNEL assay results in lung tissues. There were no TUNEL positive cells (green) in the C group. TUNEL positivity was progressively increased by MCT 
treatment. Copious cell death was evident in the M group compared with the C group. In contrast, apoptotic cell death in the B group was ameliorated 
than the M group. TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling, C: control group, M: monocrotaline group, B: bosentan group.
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liferative ECs.7) Irreversible PAH is strongly associated with impaired 
EC apoptosis and antiapoptotic signaling from perivascular inflam-
matory cells.7) These changes are associated with intimal prolifera-
tion and vessel narrowing, may contribute to clinical outcomes as-
sociated with PAH.7) 

The role of proapoptotic and antiapoptotic proteins in PAH has 
been suggested, both as an initiating mechanism in the pathogene-
sis of PAH and as a potential mechanism for the survival of prolifer-
ative ECs and compensatory angiogenesis in irreversible PAH. The 
triggering events that are responsible for the imbalance between 
vasoconstrictors and vasodilators and endothelial dysfunction re-
main unknown.2) Both the MCT and chronic hypoxia models of PAH 
have been shown to be associated with reduced levels of VEGF tran-
scripts.20) VEGF is not only a potent EC trophic and pro-angiogenic 
factor, but also a potent survival factor protecting ECs from apopto-
sis mediated through the extrinsic pathway.21) Compensatory up-
regulation of VEGF in response to occluded vessels has also been 
found in systemic arteriopathies, such as diabetic retinopathy and 
age-related macular degeneration.22)

Our model was also characterized by marked endothelial apop-
tosis as evidenced by activated expressions of caspase-3 and Bcl-2 
genes and TUNEL assay. An aberration in the normal balance between 
proliferation and apoptosis of SMCs contributes to vascular remod-
eling in PAH.23)24) These findings led us to hypothesize that ET-1 may 
modulate remodeling by inhibiting apoptosis of SMCs.23) 

Endothelin-1 also prevented up-regulation of pro-apoptotic Bax 
and cleaved activated caspase-3. ET-1 has anti-apoptotic effects on 
vascular cells derived from adult animals, including ECs, fibroblasts 
and systemic SMCs.23) The mechanisms by which ET-1 modulates 
apoptosis in SMCs are unclear. ET-1 prevents many cell types from 
apoptosis-inducing stimuli including paclitaxel, nitric oxide, or serum 
deprivation.23) 

In addition to being the most potent vasoconstrictor, ET-1 has 
been reported to directly modulate growth in vascular SMCs derived 
from adult humans and rats by acting as an autocrine/paracrine mi-
togen.24) ET expression is increased in the lungs of patients with 
PAH25) and plasma levels of ET-1 are elevated in all cases of PAH.15) 
Both ETA-selective and combined ETA, ETB antagonists markedly at-
tenuate the development of PAH in rat models and decrease pulmo-
nary artery pressure.26) Other studies suggest that ET-1 is an impor-
tant survival and anti-apoptotic factor for rat pulmonary arterial 
smooth muscle, which may at least partly account for the reported 
efficacy of ET receptor antagonists in the prevention and treatment 
of pulmonary vascular remodeling in newborn animals.27) Studies 
utilizing various ET receptor antagonists have confirmed that ET-1 
is critical to the pathogenesis of vascular remodeling in both adult 
and newborn27) rodent models of chronic PAH. 

Recent results from studies using the dual ET receptor antagonist, 
bosentan, as well as studies of a more selective ETA receptor antago-
nist, demonstrated the alleviation of symptoms and slowing in the 
progression of disease in some patients.28) Bosentan blocks the 
apoptotic cascade before the development of PAH. Although the ex-
act pathophysiology remains unknown, there is increasing evidence 
to suggest an important role for inflammation in PAH. There is sub-
stantial evidence supporting a role for inflammatory cytokines in the 
development of idiopathic PAH.29) Animal models also support the 
role of inflammatory cytokines in the initiation and progression of 
PAH. IL-6 is consistently elevated in animal models of experimental 
PAH.30)

In our study, expression of IL-6 mRNA was significantly increased 
in weeks 1, 2, and 4 in the M group. mRNA expression of IL-6 was 
significantly decreased 1 week after bosentan treatment. mRNA ex-
pression of TNF-α was significantly increased on day 5 in the M 
group. mRNA expression of TNF-α was significantly decreased on 
day 5, in weeks 1 and 2 after bosetan treatment. 

In conclusion, increased EC apoptosis and inflammatory cells are 
the pathogenesis of PAH. Administration of bosentan reduced apop-
tosis and inflammation. Further studies would be required to better 
understand the actual pathophysiological sequence of events and 
basic mechanisms. 
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