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Abstract

Intracellular vesicular transport is shown to be dysfunctional in pulmonary arterial hypertension

(PAH). However, the expression of intracellular vesicular transport proteins in PAH remains unclear.

To elucidate the possible role of these proteins in the development of PAH, the changes in the expres-

sions of N-ethyl-maleimide-sensitive factor (NSF), α-soluble NSF attachment protein (α-SNAP),

synaptosome-associated membrane protein 23 (SNAP23), type 2 bone morphogenetic receptor

(BMPR2), caveolin-1 (cav-1), and endothelial nitric oxide synthase (eNOS) were examined in lung tis-

sues of monocrotaline (MCT)-treated rats by real-time polymerase chain reaction and western blot

analysis. In addition, caspase-3, also examined by western blot analysis, was used as an indicator of

apoptosis. Our data showed that during the development of PAH, the expressions of NSF, α-SNAP,

and SNAP23 were significantly increased before pulmonary arterial pressure started to increase and

then significantly decreased after PAH was established. The expressions of BMPR2 and eNOS were

similar to those of NSF, α-SNAP, and SNAP23; however, the expression of cav-1 was down-regulated

after MCT treatment. Caspase-3 expression was increased after exposure to MCT. In conclusion, the

expressions of NSF, α-SNAP, and SNPA23 changed greatly during the onset of PAH, which was ac-

companied by abnormal expressions of BMPR2, cav-1, and eNOS, as well as an increase in apop-

tosis. Thus, changes in NSF, α-SNAP, and SNAP23 expressions appear to be mechanistically

associated with the development of PAH in MCT-treated rats.
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Introduction

Pulmonary arterial hypertension (PAH) is a syndrome caused by re-
stricted flow through the pulmonary arterial circulation, resulting in
increased pulmonary vascular resistance, and ultimately right heart
failure [1]. Before 2003, the term primary pulmonary hypertension
was used to describe both idiopathic PAH and familial PAH. The
pathology of PAH is characterized by abnormal expansions of endo-
thelial cells, medial hypertrophy, and adventitial thickening of pul-
monary arteries, all of which lead to reduced arterial lumen, cycles

of thrombosis and recanalization, and eventually progressive right
ventricular hypertrophy and cardiac failure [2–4]. Before targeted
therapy (using endothelin antagonists, prostacyclin analogs, and
phosphodiesterase inhibitors) was developed, the medical manage-
ment of PAH was directed at vasodilatation and anticoagulation,
and the median survival for primary pulmonary hypertension was
only 2.8 years, and the 1-, 3-, and 5-year survival rates were 68%,
48%, and 34%, respectively [5]. Even with modern targeted therapy,
the median survival for PAH (whether idiopathic or familial) is 7
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years, and 1-, 3-, 5-, and 7-year survival rates are 91%, 74%, 65%,
and 59%, respectively [6].

Previous studies have shown that the hallmark plexiform lesions in
PAH consist of enlarged endothelial cells, fibroblasts, and smooth
muscle cell elements, which contain increased endoplasmic reticulum,
Golgi stacks, vacuolation, and Weibel–Palade bodies [7–9]. These
characteristics have also been seen in experimental PAH models
[10–15]. Recent studies have revealed the trapping of various vesicle
transport tethers, soluble N-ethyl-maleimide-sensitive factor attach-
ment proteins (SNAPs), membrane proteins, which serve as SNAP re-
ceptors (SNAREs), the loss or reduction of cell surface proteins [e.g.
caveolin-1 (cav-1), endothelial nitric oxide synthase (eNOS), and
type 2 bone morphogenetic receptor (BMPR2)], and the aberrant se-
questration of these proteins in the endoplasmic reticulum, Golgi ap-
paratus, and cytoplasmic vesicles in PAH lesions. This resulted in
reduced cell surface/caveolar production of nitric oxide (NO),
hypo-S-nitrosylation of the transport mediator proteins, hyperactiva-
tion of STAT3 and concomitant defect in bone morphogenic protein
(BMP)/Smad signaling, and imbalance between cellular proliferation
and apoptosis [16–23]. These findings indicate that intracellular ves-
icular transport is dysfunctional in the arterial lesions in PAH. How-
ever, the expressions of proteins associated with intracellular vesicular
transport in PAH are unknown. In this study, changes in the expres-
sions of proteins associated with intracellular vesicular transport, e.g.
N-ethyl-maleimide-sensitive factor (NSF), α-SNAP, and SNAP23
(here SNAP stands for synaptosome-associatedmembrane protein, be-
longs to SNAREs), were investigated in rats treated with monocrota-
line (MCT) for 1–21 days. In addition, changes in the expressions of
membrane proteins (BMPR2, cav-1, and eNOS) and in the level of
apoptosis were also examined.

Materials and Methods

Animals

Seventy eight pathogen-free, 6–7 weeks old, male Sprague-Dawley rats
(body weight, 160–180 g; Vital River Lab Animal Technology Co.,
Ltd, Beijing, China) were used in this study. All protocols and proce-
dures were reviewed and approved by the Institutional Animal Use
Committee of Fuwai Hospital and the Cardiovascular Institute, Chin-
ese Academy of Medical Sciences and Peking Union Medical College,
in accordance with the Regulations for the Administration of Affairs
Concerning Experimental Animals, which has been approved by the
State Council and promulgated by the State Science and Technology
Commission of China. The investigation conformed with the Guide-
lines for the Care and Use of Laboratory Animals published by the
National Academy Press (NIH Publication No. 85-23, revised 1985).

Treatment protocol

Rats were randomly assigned to six groups with 13 rats in each group.
In each group, nine rats were given MCT solution (Sigma, St Louis,
USA) and four rats were given the same volume of normal saline as
controls. MCT was dissolved in distilled water, adjusted to pH 7.4
with 0.5 M HCl and injected intraperitoneally (60 mg/kg). Then, on
days 1, 2, 3, 7, 14, and 21 after injection, one group was randomly
selected for the subsequent experiments.

Hemodynamic studies and tissue preparation

Rats were anesthetized via an intraperitoneal injection of chloral hy-
drate (2.5 mg/kg), placed in the supine position, incubated and venti-
lated with room air at 60 breaths/min with a pressure-cycled rodent

ventilator (Zhejiang Medical University Laboratory Apparatus Fac-
tory, Hangzhou, China). After a sternal incision was made, a percu-
taneous needle (27 gauge) connected to a transducer and flushed
with heparinized saline was directly inserted into pulmonary artery
to measure pulmonary artery pressure. The correct positioning of
the needle in pulmonary artery was confirmed by pressure waves be-
fore pulmonary arterial pressure was recorded. After exsanguination,
the lungs were perfused with heparinized saline through the needle;
then, the right lung, right ventricle, and left ventricle plus septum
were collected. The lungs were axially sectioned, rapidly frozen in li-
quid nitrogen, and then stored at −80°C until use in subsequent ana-
lysis and determination of total cellular RNA and tissue proteins. The
right ventricle and left ventricle plus septum were weighed. The devel-
opment of PAH was determined by the pulmonary arterial pressure
and the weight ratio of the right ventricle to the left ventricle plus sep-
tum [RV/(LV + S)].

Real-time polymerase chain reaction analysis

The mRNA expressions of vesicular transport proteins (NSF, α-SNAP,
and SNAP23) and plasma membrane proteins (BMPR2, cav-1, and
eNOS) were evaluated by semiquantitative real-time polymerase
chain reaction (PCR). Total RNA was isolated from rat lungs with
the Z3100 SV Total RNA Isolation System (Promega, Madison,
USA), and then the RNA sample was reverse transcribed with the
A3500 Reverse Transcription System (Promega) in 20 μl, according
to the manufacturer’s instructions. The PCR was conducted at the lin-
ear phase of the exponential reaction for each gene. The cDNA was
amplified using the QPK-201 SYBR® Green Realtime PCR Master
Mix (Toyobo, Osaka, Japan) in 20 μl reaction mixture, according to
the manufacturer’s instructions by the following program: 1 cycle of
95°C for 60 s, 40 cycles of 95°C for 15 s, and 56°C for 60 s. Amplifi-
cation of the target genes was conducted on a 7300Real-Time PCR Sys-
tem (Applied Biosystems, Foster City, USA) and monitored every cycle
by examining the amount of SYBR Green fluorescence generated.

Western blot analysis

The frozen lung tissues were homogenized in cooled RIPA protein ex-
tract solution (30 mM Tris, 150 mM NaCl, 1 mM benzylsulfonyl
fluoride, 1 mM sodium orthovanadate, 1% Nonidet P-40, and 10%
glycerol, pH 7.5) with 100 mM PMSF and then centrifuged at
12,000 g for 20 min at 4°C; the concentration of protein was quanti-
fied by using the bicinchoninic acid protein assays. Equal amounts of
protein (50 μg/lane) were separated by electrophoresis (60 V for 2 h)
through 12% sodium dodecyl sulfate polyacrylamide gel in a Tris/
HCl buffer system and then transferred onto nitrocellulose membranes
(Millipore, Billerica, USA). The membranes were blocked with 5%
skimmilk for 1 h at room temperature and then incubated at 4°C over-
night with mouse monoclonal antibody against NSF (1:500; Abcam
Inc., Massachusetts, USA) or α-SNAP (1:500; Santa Cruz, Santa
Cruz, USA), polyclonal goat antibodies against SNAP23 (1:100;
Santa Cruz), BMPR2 (1:100; BD Biosciences, New Jersey, USA),
cav-1 (1:1000; LifeSpan BioSciences, Inc., Seattle, USA) or eNOS
(1:100; BD Biosciences), and polyclonal mouse antibody against
caspase-3 (1:500; all from Santa Cruz), respectively. Then, the mem-
branes were washed with phosphate-buffered saline and probed with
the corresponding horseradish peroxide-conjugated secondary anti-
bodies (1:5000; Protein Tech, Chicago, USA). Specific bands of target
proteins were visualized by chemiluminescence. Target signals were
normalized to β-actin (1:2000; Protein Tech) and analyzed semi-
quantitatively with Quantity One System (Bio-Rad, Hercules, USA).
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Statistical analysis

Data were presented as the mean ± SD. Comparisons between groups
were made by Student’s t-test. If the variances were not homogeneous,
Satterthwaite separate variance estimation t-test was used. If data were
not normally distributed, Mann–Whitney U nonparametric test was
used. Differences among groups were tested by one-way ANOVA.
Two-sided P values were used. P < 0.05 was considered of significant
difference.

Results

Establishment of PAH by MCT injection

Prior to the treatment, the body mass of the rats did not differ among
all the six groups (days 1–21) (F = 2.33, P = 0.051). In contrast, from
day 2 after injection, the average body mass was significantly lower in
MCT-treated rats than in control rats; thus, MCT treatment led to
growth retardation (Fig. 1). InMCT-treated rats, the mean pulmonary
arterial pressure progressively increased from day 7 to day 21: day 7,
14.83 ± 1.54 mmHg (MCT treated) vs. 12.13 ± 1.44 mmHg (control),
P = 0.013; day 14, 18.56 ± 2.53 mmHg (MCT treated) vs. 13 ± 1.35
mmHg (control), P = 0.002; day 21, 22.57 ± 3.25 mmHg (MCT trea-
ted) vs. 13.38 ± 2.17 mmHg (control), P = 0.001 (Fig. 2). The ratio of
RV/(LV + S) gradually increased with MCT treatment from day 14
onwards: day 14, 0.38 ± 0.09 (MCT treated) vs. 0.25 ± 0.06 (control),
P = 0.024; day 21, 0.5 ± 0.09 (MCT treated) vs. 0.27 ± 0.02 (control),
P < 0.001 (Fig. 3), which indicated that the increased pulmonary
arterial pressure resulted in a compensatory hypertrophy of the right
ventricle.

Effect of MCT on mRNA expressions of NSF, α-SNAP,

SNAP23, BMPR2, cav-1, and eNOS

Semiquantitative real-time PCR was used to detect changes in mRNA
expressions of NSF, α-SNAP, SNAP23, BMPR2, cav-1, and eNOS in
rat lung tissues following MCT treatment. Housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase was used as an internal
control. Results are shown in Fig. 4. In MCT-treated rats, the level
of NSF mRNA expression increased from day 2 (1.5 folds greater

than that in control rats; P = 0.019), was highest on day 7 (9.2 folds
greater than that in control rats; P < 0.001), and then significantly de-
creased to a level that was barely detectable (P < 0.01) from day 14.
Similarly, the level of α-SNAP mRNA expression in MCT-treated
rats increased on day 1 (3 folds greater than that in control rats;
P = 0.004) and day 2 (1.7 folds greater than that in control rats;
P = 0.019), returned to control levels on day 3 (P = 0.18) and day 7
(P = 0.09), and then greatly decreased from day 14 onwards (P < 0.05).
In the first 3 days after injection, the level of SNAP23 mRNA expres-
sion was 2 to 3 folds greater in MCT-treated rats than that in
the control rats (P < 0.01), but then started to decrease from day

Figure 1. Effect of MCT on body mass Rats were sacrificed on days 1, 2, 3, 7,

14, and 21 after treatment with MCT. Rats treated with normal salinewere used

as controls. From day 2 onwards, average bodymasswas significantly lower in

MCT-treated rats (solid bars; n = 9 for each bar) than in the control rats (open

bars; n = 4 for each bar). **P < 0.01 vs. control.

Figure 2. Effect of MCT on pulmonary arterial pressure Themean pulmonary

arterial pressure of each rat was measured on days 1, 2, 3, 7, 14, and 21 after

treatment with MCT or normal saline. The mean pulmonary arterial pressure

progressively increased from day 7 to day 21. Open bars represent the data

for the control rats (n = 4 for each bar), and solid bars represent the data for

the MCT-treated rats (n = 9 for each bar). *P < 0.05, **P < 0.01 vs. control.

Figure 3. The effect of MCT on the ratio of the weight of the right ventricle to

the combined weights of the left ventricle and the septum [RV/(LV + S)] The

ratio of RV/(LV + S) was determined for each rat on days 1, 2, 3, 7, 14, and 21

after treatment with MCT or normal saline. The ratio of RV/(LV + S) gradually

increased from day 14 onwards. The open bars represent the data for the

control rats (n = 4 for each bar), and solid bars represent the data for the

MCT-treated rats (n = 9 for each bar). *P < 0.05, **P < 0.01 vs. control.
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7 (0.75, P = 0.047), and was barely detectable on days 14 and 21
(P < 0.01). The level of BMPR2 mRNA expression did not change sig-
nificantly during days 1–7 (0.73–1.2, P > 0.05) and then significantly
decreased from day 14 to day 21 (P < 0.01). After the first 2 days, the
level of cav-1 mRNA expression in MCT-treated rats gradually
decreased, and reached 25% of the level in control rats by day 21
(P < 0.01). The level of eNOS mRNA expression was elevated on
days 3–7 (1.4 to 3.7 folds greater than that in control rats; P < 0.05),
but started to decline on day 14 and was barely detectable on day 21
(P < 0.01).

Effect of MCT on protein expressions of NSF, α-SNAP,

SNAP23, BMPR2, cav-1, and eNOS

A 76 kDa band for NSF, a 38 kDa band for α-SNAP, a 23 kDa band
for SNAP23, a 130 kDa band for BMPR2, a 22 kDa band for cav-1,
and a 140 kDa band for eNOS in rat lung tissue were identified by
western blot analysis (Fig. 5). In MCT-treated rats, NSF protein
expression increased on days 1–3 (1.2 to 2.3 folds greater than that
in control rats; P < 0.05) but then significantly decreased from day 7

(0.65, P = 0.004) and was barely detectable after day 14 (P < 0.001).
From day 1 to day 7, the level of α-SNAP protein expression in
MCT-treated rats was 1.2 to 2.2 folds higher than that in control
rats (P < 0.01) but then significantly decreased from day 14 onwards
(P < 0.05). For the first 7 days after injection, the level of SNAP23 pro-
tein expression in MCT-treated rats was significantly higher than that
in control rats (3 to 36 folds higher, P < 0.05) but then decreased to
control level on day 14 (P = 0.76) and was significantly reduced by
day 21 (P = 0.028). On days 1–3, the level of BMPR2 protein expres-
sion in MCT-treated rats was up-regulated by 1.7 to 2.3 folds com-
pared with that in control rats (P < 0.01), but returned to control
level on day 7 (P = 0.41) and was significantly reduced (P < 0.01)
thereafter. The level of cav-1 protein expression in MCT-treated rats
was down-regulated from day 7 (0.6 to 0.88 fold lower than that in
control rats; P < 0.01). From day 1 to day 7, the level of eNOS protein
expression inMCT-treated rats was 1.2 to 1.6 folds higher than that in
control rats (P < 0.05), except on the day 3, when it was only 0.98 fold
higher (P = 0.38); it was then reduced to 50%–67% of the control
level from day 14 (P < 0.01).

Figure 4. Effect of MCT on themRNA expression of intracellular vesicular transport proteins and plasmamembrane proteins Levels of mRNA expression for NSF

(A), α-SNAP (B), synaptosome-associatedmembrane protein 23 (SNAP23) (C), BMPR2 (D), cav-1 (E), and eNOS (F) were analyzed by semiquantitative real-time PCR.

Rats were sacrificed on days 1, 2, 3, 7, 14, and 21 after treatment with MCT. Rats treated with normal saline were used as controls. The data are results from three

independent experiments. Open bars represent the data from the control rats, and solid bars represent the data from the MCT-treated rats. The normalized

expression level of control group is set as ‘1’. *P < 0.05, **P < 0.01 vs. control.
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Effects of MCT on caspase-3 activation

Abnormal apoptosis plays an important role in the pathogenesis of
PAH. In order to analyze the relationship between the expression

of vesicular transport proteins and apoptosis, the expression of
caspase-3, an important effector enzyme for apoptosis was investi-
gated by western blot analysis. The 20- and 17-kDa bands representing

Figure 5. Effect ofMCTon the protein expression of intracellular vesicular transport proteins and plasmamembrane proteins Levels of protein expression for NSF

(A), α-SNAP (B), SNAP23 (C), BMPR2 (D), cav-1 (E), and eNOS (F) were analyzed by western blot analysis. Rats were sacrificed on days 1, 2, 3, 7, 14, and 21 after

treatment with MCT. Rats treated with normal saline were used as controls. The data are results from three independent experiments. Open bars represent data for

the control rats, and solid bars represent data for the MCT-treated rats. *P < 0.05, **P < 0.01 vs. control.
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the active forms of caspase-3 and the 32-kDa band for the inactive
form of caspase-3 were expressed in rat lungs (Fig. 6). It was found
that the expression of the active forms of caspase-3 was increased in
MCT-treated rats, especially on days 14 and 21.

Discussion

The transport of proteins to the target subcellular compartments and
organelles is mediated by intracellular vesicular transport and subse-
quent membrane fusion, which involves tether proteins, NSF, SNAPs,
and SNAREs [24–26]. The process is complicated. Briefly, tether pro-
teins bring cargo vesicle and target membranes together; then, the ves-
icle and target membranes are fused following the formation of a
complex by the SNARE proteins located on both membranes. Subse-
quently, SNAP protein (usually α-SNAP) recruits NSF to disassemble
the complex for the next transportation [27–29]. Dysfunctional ves-
icular transport is an underlying cause for several diseases, such as
Parkinson’s disease, Alzheimer’s disease, and lysosomal storage dis-
eases [24,30,31]. Recent studies have shown that dysfunctional vesicu-
lar transport is a prelude to the development of PAH [16–23]. In
experimentally induced PAH, diverse tethers, SNAREs, and SNAPs
were found to be trapped in the Golgi, together with BMPR2, cav-1,
and eNOS, while NSF was found to be largely sequestered in an intra-
cellular location separate from the Golgi. These observations sug-
gested that dysfunction occurred in the disassembly step in vesicular
transport in PAH [17,18]. However, the expression patterns of vesicu-
lar transport proteins in PAH have not been reported. How do the
expressions of vesicular transport proteins change as PAH progres-
sively worsens? Are the changes in vesicular transport proteins accom-
panied by changes in the expression of plasmamembrane proteins and
in apoptosis? To address these questions, we examined the expressions
of vesicular transport proteins NSF, α-SNAP, and SNAP23, the plas-
ma membrane proteins BMPR2, cav-1, and eNOS, and the apoptosis
marker caspase-3 in lung tissues from rats treated with either MCT or
saline (control). It was found that, at both the mRNA and protein le-
vels, NSF, α-SNAP, and SNAP23 were up-regulated prior to the ap-
pearance of PAH and down-regulated when the pulmonary arterial
pressure increased, and that similar changes occurred in the expres-
sions of BMPR2 and eNOS, although cav-1 was down-regulated
only. Apoptosis, as indicated by caspase-3 protein expression, was
also increased after exposure to MCT, and was greatly increased
when PAH was established.

NSF is an ATPase required for the disassembly of all SNARE com-
plexes. It can be covalently modified by NO-mediated S-nitrosylation,

which makes it unable to disassemble SNARE complexes [32]. The
protein α-SNAP is essential for the recruitment of NSF to SNARE
complex [28,29,32]. SNAP23 forms clusters with syntaxin-4 in the
plasma membrane, and these clusters serve as the fusion sites for ca-
veolae during exocytosis [33]. They are very important in the intracel-
lular vesicular transport. In this study, it was found that NSF, α-SNAP,
and SNAP23 were uniformly up-regulated from the first day after ad-
ministration of MCT, at a time largely preceding the development of
PAH, andwere then down-regulated from day 7 or day 14, as pulmon-
ary arterial pressure increased. These data suggested that such changes
in expression might not simply be a consequence of increased pulmon-
ary arterial pressure, but instead, might function in the pathogenesis of
PAH. However, the effect of up-regulated NSF, α-SNAP, and SNAP23
is not clear. In pulmonary arterial endothelial cells treated with MCT
pyrrole and NO scavenger, exogenous secretion was markedly in-
creased from day 2 of the assay and was sustained for the duration
of the 5-day assay [16,18]. As inward transcription-targeted signaling
involving the Smad-family and STAT3 transcription factors is asso-
ciated with endocytic/caveolar vesicular transport, which itself
involves NSF, SNAREs, SNAPs, and so on [34–39]. The down-
regulation of NSF, α-SNAP, and SNAP23 may lead to dysfunctional
Smad and STAT3 signaling, which is known to contribute to the de-
velopment of PAH. Consistent with this, it was found that the levels
of apoptosis were significantly increased when NSF, α-SNAP, and
SNAP23 were down-regulated and pulmonary arterial pressure in-
creased. Thus, this relationship merits further investigation. We hy-
pothesize that there might be feedback mechanisms playing a role in
the damage to vesicular transport caused by MCT: at first NSF,
α-SNAP, and SNAP23 are up-regulated to maintain vesicular trans-
port (negative feedback); however, decompensation causes their ex-
pressions to be down-regulated, which further aggravates the
damaged vesicular transport and the disruption of the signaling path-
way, leading to abnormal cellular growth and elevated pulmonary ar-
terial pressure in a self-reinforcing manner (positive feedback).

BMPR2, cav-1, and eNOS are plasma membrane proteins that
play an important role in PAH. BMP, a member of the transforming
growth factor-β family, binds to BMPR2, and activates Smad-family
transcription factors to inhibit cellular proliferation. Mutations in
BMPR2 account for approximately one-half of the causes of familial
PAH and one-quarter of the sporadic cased of PAH. Several versions
of mutant BMPR2 fail to be trafficked correctly to the plasma mem-
brane and are abnormally sequestered in the endoplasmic reticulum
and the Golgi, while other versions able to be trafficked to the plasma
membrane exhibit defective signaling [40–42]. It has been reported
that there are reduced levels of BMPR2 and reduced BMP/Smad
signaling, even when there are no mutations in BMPR2 in primary
pulmonary hypertension [43]. Smad signaling is dependent on
membrane-associated endocytic pathways [34]. Defects in intracellu-
lar vesicular transport might explain the defects in BMP/Smad signal-
ing seen in idiopathic PAH in the absence of mutations in BMPR2. In
our study, it was found that BMPR2 was significantly up-regulated
during the first 3 days after MCT treatment, but only at the protein
levels. This observation indicated that the up-regulation of BMPR2 oc-
curred at the posttranslational level. Subsequently, BMPR2was down-
regulated at both the mRNA and protein levels from day 14 onwards.

Caveolae are 50–100 nm invaginations of the plasma membrane
and are rich in cholesterol and sphingolipids. Caveolins are the struc-
tural proteins essential for the formation of caveolae in lipid raft do-
mains. cav-1 is highly expressed in endothelial cells, adipocytes, and
smooth muscle cells. It was found that cav-1 expression was reduced
in the cells in plexiform lesions in patients with PAH [20,44] and in

Figure 6. The effect of MCT on apoptosis Apoptosis was evaluated by

examining caspase-3 expression via western blotting. Rats were sacrificed

on days 1, 2, 3, 7, 14, and 21 after treatment with MCT. Rats treated with

normal saline were used as controls. The 20- and 17-kDa bands represent

the active forms of caspase-3 and the 32-kDa band represents the inactive

form of caspase-3. The active forms of caspase-3 were increased after

exposure to MCT, especially on days 14 and 21.
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rats treated with MCT [19], and cav-1−/− mice spontaneously devel-
oped PAH and dilated cardiomyopathy [45,46]. Loss of cav-1 from
cell surface is inversely correlated with hyperactivation of promito-
genic and antiapoptotic PY-STAT3 and ERK1/2 signaling, with
DNA synthesis, and with the development of PAH [19,45,46].
BMPR2 is located in lipid rafts, including caveolae [47], and cav-1
can regulate the caveolar localization and transcriptional activation
function of BMPR2 [48]. Reduction in cav-1 or the presence of a
dominant-negative cav-1 can reduce BMPR2 plasma membrane local-
ization and BMP-dependent Smad phosphorylation and gene regula-
tion [48]. In this study, it was found that cav-1 was down-regulated in
MCT-treated rats and this down-regulation might promote the forma-
tion of PAH through activating the PY-STAT3 and ERK1/2 signaling
pathway and decreasing the BMP-Smad signaling.

NO levels are reduced in the pulmonary arterial walls in human
and experimental PAH. However, eNOS levels have been reported
to be unchanged, decreased, or even increased in PAH [17,49,50].
In this study, the expression of eNOS was found to be first up-
regulated in response to MCT and then down-regulated after pulmon-
ary arterial pressure started to increase. Extracellular NO is derived
from cell surface caveolar eNOS. However, MCT treatment causes
eNOS to be lost from cell surface caveolae and be trapped in the intra-
cellular compartments, such as Golgi and endoplasmic reticulum
[17,51]. Although NO can still be generated by eNOS, it cannot
reach the extracellular space. Consequently, the amount of NO in
the pulmonary arterial vasculature is reduced [17]. The intracellular
NO causes S-nitrosylation of NSF and thus further inhibits vesicular
transport in a self-reinforcing inhibitory loop [52]. Based on these
findings, we speculate that increased levels of eNOS may inhibit
NSF, leading to an exacerbation of dysfunctional vesicular transport,
and that decreased eNOS levels may lead to a shortage of NO and thus
promote the elevation of pulmonary arterial pressure.

One limitation of our study is that the whole lung was examined,
not the pulmonary vasculature. Indeed, it has been shown that the cel-
lular targets of MCT include the pulmonary arterial endothelial cell,
pulmonary arterial smooth muscle cell, and alveolar epithelial cell
[22,23]. In future studies, immunofluorescence and in situ hybridiza-
tion study will be used to determine whether vascular cells also exhibit
changes in the expression of intracellular vesicular transport proteins
in response to MCT.

In summary, we found that inMCT-treated rats, the expressions of
NSF, α-SNAP, and SNAP23 were up-regulated at both mRNA and
protein levels prior to the formation of PAH and down-regulated
after the establishment of PAH. These expression changes were accom-
panied by abnormal expressions of BMPR2, cav-1, and eNOS, and by
increased levels of apoptosis as well. Nevertheless, NSF, α-SNAP, and
SNAP23 appear to be mechanistically associated with the develop-
ment of PAH in MCT-treated rats. Thus, the possible roles of these
proteins in the pathogenesis of PAH merit further study.
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