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Abstract. The aim of the present study was to investigate the 
effects of PS-341 on vascular remodeling in an experimental rat 
model of high blood flow-induced pulmonary arterial hyperten-
sion (PAH), as well as to elucidate its mechanisms of action. We 
established the PAH model by a surgical method that implanted 
a left-to-right shunt. Three days post-surgery, the animals were 
randomly assigned to 3 groups (n=15 in each group): sham-oper-
ated (control), shunt (model) and PS-341 (treated) groups. Eight 
weeks post-surgery, hemodynamic parameters were signifi-
cantly improved in the PS-341 group compared with the shunt 
group (P<0.05). Immunohistochemical analysis indicated that 
the expression levels of ubiquitin and nuclear factor-κB (NF-κB) 
p65 were significantly higher in the shunt group compared with 
the sham-operated group (P<0.05). Semi-quantitative western 
blot analysis further confirmed that the levels of ubiquitin and 
NF-κB p65 were decreased, while those of IκB-α (an inhibitor 
of NF-κB) were significantly increased in the PS-341 group 
compared with the shunt group (P<0.05). In conclusion, PS-341 
attenuates high blood flow-induced pulmonary artery remod-
eling in rats via inhibition of the NF-κB pathway.

Introduction

Pulmonary arterial hypertension (PAH) is a common compli-
cation of congenital heart disease caused by a left-to-right 
shunt. It is a condition characterized by an increase in pulmo-
nary vascular resistance and remodeling, structural remodeling 
of the heart, right heart dysfunction and widespread loss of 
pulmonary microvasculature, leading to right-heart failure and 
premature decease (1-7). In recent years, despite significant 
progress being made in the development of drugs for the tret-

ment of PAH, the effects of currently used drugs are not ideal, 
while the mechanisms causing PAH formation have not yet 
been fully elucidated. Vascular structural remodeling is consid-
ered the key process in the pathology of hypoxic pulmonary 
hypertension (8). Pulmonary vascular structural remodeling is 
mainly caused by high pulmonary blood flow (9), which leads 
to neointimal formation and hyperplasia of the medial vascular 
wall, resulting from an imbalance between proliferation and 
apoptosis in pulmonary vascular smooth muscle cells favoring 
proliferation (VSMCs) (10,11).

The cytoplasmic activity of the transcription factor nuclear 
factor-κB (NF-κB) has been shown to be regulated through 
its association with the IκB-α protein, itself regulated by the 
ubiquitin (Ub)-proteasome system (UPS) (12,13). Previous 
studies have demonstrated that the NF-κB pathway plays an 
important role in pulmonary vascular remodeling  (14,15). 
However, studies of the underlying mechanisms of vascular 
remodeling via the NF-κB pathway remain are limited.

The proteasome inhibitor, PS-341 (FDA approved drug: 
Bortezomib/Velcade), has the potential to inhibit NF-κB activa-
tion by reducing the degradation of IκB-α. In the present study, 
we established a high blood flow-induced pulmonary hyper-
tension model to study vascular remodeling, using a surgical 
aorto-caval shunt (ACS) method. We hypothesized that low 
doses of PS-341 may prevent pulmonary vascular remodeling 
through the inhibition of the NF-κB signaling pathway, by 
downregulating the UPS.

Materials and methods

Animals and reagents. Male Wistar rats, weighing 140-200 g, 
were purchased from the Animal Experimental Center of 
Shandong University, Jinan, China. All experimental proce-
dures were approved by the Institutional Animal Ethics 
Committee of Shandong University.

Six-week-old rats (n=45) were randomly divided into 
3 groups (n=15 in each group): the sham-operated, shunt and 
PS-341 groups. PS-341 was kindly provided by Karolinska 
Institute, Stockholm, Sweden and the dose used was in accor-
dance with that used in previous studies (13,16,17).

Animal model preparation. The animal model of ACS was 
established using a previously described surgical method (18). 
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Briefly, the animals were anesthetized with an injection of 
0.25% pentobarbital sodium (40 mg/kg). With the abdominal 
aorta and inferior vena cava fully exposed, a bulldog vascular 
clamp was placed across the aorta caudal to the left renal 
artery. The aorta was punctured using an 18-gauge disposable 
needle, which was subsequently withdrawn. A silk thread 
was then used to stitch the puncture of the abdominal wall. 
Swelling of the vena cava and mixing of arterial and venous 
blood confirmed the implantation of the shunt. Three days 
post-surgery, the rats that survived were randomly divided into 
3 groups (n=15 in each group): the sham-operated, shunt and 
PS-341 groups. The sham-operated group was subjected to a 
sham operation with the same procedure apart from the shunt 
implantation. The PS-341 group received an intraperitoneal 
injection of PS-341 (50 µg/kg) for 8 weeks following shunt 
implantation, while the shunt group received the same dose 
of saline instead of PS-341. Heparin (0.5 mg/kg) was injected 
intra-abdominally 6 h post-surgery and penicillin (20 mg/kg) 
was injected during the following 3 days.

Measurement of pulmonary arterial pressure. Eight weeks 
following the establishment of the model, the hemodynamic 
parameters of the animals were measured as previously 
described (19). Briefly, a 3F-microtip transducer catheter (Millar 
Instruments Inc., Houston, TX, USA) connected to a data 
acquisition system (Biopac Systems, Inc. Goleta, CA, USA) was 
inserted via the right jugular vein into the right ventricle (RV) to 
obtain baseline measurements of heart rate (HR), central venous 
pressure (CVP) and right ventricular systolic pressure (RVSP).

Preparation of heart and lung tissues. Following the measure-
ment of hemodynamic parameters, the rats were sacrificed, and 
the weights of the RV, the left ventricle (LV) and the ventricular 
septum (SEP) were recorded. The ratio of the right ventricular 
free wall weight to the sum of left ventricular plus septal weight 
(RV/LV + S) was determined to evaluate the extent of hypertrophy 
in the RV. Lung tissue samples of a few animals were quickly 
harvested and embedded in optical cutting temperature medium 
(OCT; Sigma-Aldrich, St. Louis, MO, USA), frozen in liquid 
nitrogen and stored at -80˚C. These samples were subsequently 
used for western blot analysis. An additional lung tissue sample 
was fixed in a 10% formaldehyde buffer solution in situ using 
a tracheal cannula, and was embedded in paraffin. The tissue 
sections were then cut into 5‑µm-thick slices and were stained 
with hematoxylin and eosin (H&E) and Masson's trichrome 
dye. The morphological alterations of the pulmonary arterial 
wall were observed under an optical microscope as previously 
described (20). The percentages of medial wall thickness (WT%) 
and medial wall areas (WA%) with an external diameter (ED) of 
15-50 µm were calculated in at least 10 arteries in each group to 
evaluate vascular remodeling. These studies were performed by 
2 examiners blinded to treatment allocation.

Immunohistochemical analysis. The lung tissue sections were 
blocked with 2% goat serum for 30  min and then washed 
with Public Broadcasting Service (PBS) working fluid, cut 
into 5‑µm-thick slices and incubated with primary antibodies 
following fixation in acetone for 10 min at 4˚C. The protein content 
of the pulmonary arterial smooth muscle cells (PASMCs) was 
semi-quantitatively assessed by immunohistochemistry, carried 

out with monoclonal mouse anti-ubiquitin antibody (1:200) and 
rabbit anti-NF-κB p65 antibody (1:100; Abcam, Cambridge, UK) 
following the manufacturer's recommendations. Subsequently, 
the 3,3'-diaminobenzidine (DAB) dye was added to visualize 
the antibodies, and following washing of the tissue sections with 
phosphate-buffered saline (PBS) solution, the sections were 
observed and photographed under a microscope.

Western blot analysis. The lung tissue samples were homog-
enized in liquid nitrogen and equal amounts of protein were 
denatured and separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE). Protein concentrations 
were semi-quantitatively assessed using the BCA Protein Assay 
kit (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). 
Proteins (50  µg), loaded onto a 10% SDS-polyacrylamide 
gel and electroblotted onto a nitrocellulose membrane. The 
membrane was blocked for 16 h at 4˚C in blocking buffer 
containing 5% skim milk powder in TBST [20 mM Tris HCl 
(pH 7.4), 150 mM NaCl and 0.1% Tween‑20] and incubated with 
anti-ubiquitin (1:1,000), anti NF-κB p65 (1:2,000) and anti-
IκB-α (1:1,000) antibodies (all from Santa Cruz Biotechnology, 
Inc.) and washed with Tris-buffered saline with TBST. The goat 
anti-rabbit IgG (Boshide Inc., Shanghai, China) was incubated 
at 37˚C for 1 h as the secondary antibody. Immunoreactions 
were visualized using an electrochemiluminescence (ECL) 
system according to the manufacturer's instructions (Thermo 
Fisher Scientific Co., Ltd., Shanghai, China).

Statistical analysis. The data are presented as the means ± SD. 
A one-way ANOVA was performed for the statistical compar-
ison of differences between groups, using SPSS 16.0 software. 
A P-value <0.05 was considered to indicate a statistically 
significant difference.

Results

Mortality of the animals. No mortality was observed in the 
sham-operated group, while 2 rats in the shunt group died from 
acute pulmonary edema within the first week post-surgery and 
were replaced. In total, 45 rats in each group were available for 
further analyses.

Evaluation of hemodynamic parameters. There was no 
significant difference in the initial HR, CVP and RVSP values 
among the 3 groups. Eight weeks after the establishment of 
the ACS model, RVSP was significantly elevated in the shunt 
group compared with the sham-operated group (P<0.05), 
and was significantly lower compared with the PS-341 group 
(P<0.05). The ratio of RV/(LV + S) was significantly higher in 
the shunt compared with the sham-operated group (P<0.05), 
and was significantly lower in the PS-341 group compared 
with the shunt group (P<0.05). These results indicated that 
severe pulmonary hypertension and right ventricular hyper-
trophy occurred; thus our model of high blood flow-induced 
PAH was successfully established.

Evaluation of changes in the pulmonary artery wall structure. 
Eight weeks post-surgery, H&E staining demonstrated a signif-
icant thickening of the intima and stenosis of muscular arteries 
in the shunt compared with the sham-operated group. The 
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WT% and WA% of muscular arteries with an ED of 15-50 µm 
was significantly decreased in the PS-341 group compared with 
the shunt group (P<0.05) (Fig. 1). Masson's trichrome staining 
(Fig. 2A) revealed that the vessel wall was obscured, the lumen 

size was reduced, and the level of collagen was increased, while 
a significant increase in the number of interstitial fibrotic areas 
was observed in the shunt group compared with the sham-
operated group (P<0.01) (Fig. 2B). Following treatment with 

Figure 1. (A) Haematoxylin and eosin (H&E) staining demonstrated thickening of the intima in the shunt group compared with the sham-operated group 
8 weeks following the establishment of the aorto-caval shunt model. Upon treatment with PS-341, a significant improvement was observed compared with the 
shunt group (magnification, x100). (B) Comparison of the percentages of medial wall thickness (WT%) and of (C) medial wall area (WA%) of muscular arteries 
with an external diameter of 50-150 µm among the 3 groups: both values were significantly increased in the shunt compared with the sham-operated group, 
and significantly decreased in the PS-341 compared with the shunt group. The data are presented as the means ± SD (n=15). *P<0.05 and **P<0.01 compared 
with the sham-operated group; #P<0.05 compared with the shunt group.

Figure 2. (A) Staining with Masson's trichrome dye revealed that the vessel 
wall was obscured, the lumen size was reduced, and there was a notable 
increase in collagen and in interstitial fibrosis in the shunt group as compared 
with the sham group. Following treatment with PS-341, the above changes 
were reversed (magnification, x100). (B) Comparison of the percentage of 
fibrotic areas in the muscular arteries among the 3 groups: the percentage 
of the fibrotic areas (fibrotic areas %) was significantly increased in the 
shunt compared with the sham-operated group, and significantly decreased 
in the PS-341 compared with the shunt group. The data are presented as the 
means ± SD (n=15). *P<0.05 and **P<0.01 compared with the sham group; 
#P<0.05 compared with the shunt group.
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PS-341, the above changes were significantly reversed. These 
results also indicated that the vascular remodeling model was 
successful established.

Ubiquitin and NF-κB p65 expression detected by immuno
histochemistry. There were significant differences observed 
in the expression levels of ubiquitin and NF-κB p65 in the 
PASMCs in the 3 groups at 8 weeks post-surgery. Ubiquitin 
and NF-κB p65 were detected in significantly higher levels in 
the shunt compared with the sham-operated group (P<0.01), 

and in significantly lower levels in the PS-341 group (P<0.05) 
(Fig. 3).

Ubiquitin, NF-κB p65 and IκB-α protein quantities estimated 
by western blot analysis. The protein concentrations of ubiq-
uitin and NF-κB p65 in the lung tissue samples of the shunt 
group were significantly increased, while the levels of IκB-α 
were significantly reduced compared with the sham-operated 
group (P<0.01) (Fig. 4). The protein concentrations of ubiquitin 
and NF-κB p65 were significantly lower (P<0.05) and those of 

Figure 4. Ubiquitin (Ub), nuclear factor (NF)-κB p65 and IκB-α protein quantities (A) estimated by western blot analysis and (Β) expressed as relative protein 
levels (normalized to β-actin). The protein concentrations of Ub and NF-κB p65 in the lung tissue samples of the shunt group were significantly increased and 
the levels of IκB-α were significantly reduced compared with the sham-operated group. Following treatment with PS-341 for 8 weeks, the protein concentra-
tions of Ub and NF-κB p65 were significantly lower and those of IκB-α were significantly higher compared with the shunt group. The data are presented as the 
means ± SD (n=15). *P<0.05 and **P<0.01 compared with the sham-operated group; #P<0.05 compared with the shunt group.

Figure 3. (A) Ubiquitin and (B) nuclear factor (NF)-κB p65 detected by immunohistochemistry and immunofluorescence in pulmonary artery smooth muscle 
cells. The detected levels of ubiquitin and NF-κB p65 appeared higher in the shunt group as compared with the sham-operated group, and lower in the PS-341 
group (magnification, x200).
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IκB-α were significantly higher (P<0.05) compared with the 
shunt group following treatment with PS-341 for 8 weeks.

Discussion

Although a number of studies have addressed the role of the 
UPS in the primary VSMC phenotype and survival signaling 
and in ventricular remodeling (14,15), its involvement in pulmo-
nary vascular remodeling induced by high blood flow-induced 
PAH remains unclear and the underlying mechanisms have not 
yet been fully elucidated. To our knowledge, the present study 
is the first to demonstrate that 8 weeks following the intraperi-
toneal injection of PS-341, pulmonary vascular remodeling was 
considerably attenuated in a model of high blood flow‑induced 
PAH. Following treatment with PS-341, we observed the 
following results: i) hemodynamic parameters were signifi-
cantly improved; ii) the WT% and WA% (ED, 50-150 µm), the 
fibrotic area and the RV/(LV + S) weight ratio were significantly 
decreased; iii) ubiquitin and NF-κB p65 were detected at lower 
levels in the PASMCs; and iv) the protein concentrations of ubiq-
uitin and NF-κB p65 were significantly decreased; the levels of 
IκB-α (an NF-κB inhibitor) were significantly increased. These 
results suggested that the activation of the NF-κB pathway was 
significantly inhibited following treatment with PS-341.

UPS is an ATP-dependent multi-enzymatic process (21). It 
consists of an ubiquitin-conjugating system and the proteasome, 
and it is the main intracellular protein degradation pathway 
in eukaryotic cells (22,23). Ubiquitin is an 8 kDa protein of 
76 amino-acids, expressed in all eukaryotic cells. The process 
of protein ubiquitination involves the covalent attachment 
of ubiquitin to a target protein, which serves as a signal for 
protein degradation by the proteasome (24). The degradation 
of the targeted protein is performed by the 26S proteasome, 
which consists of a barrel-shaped proteolytic core complex (the 
20S proteasome) and a 19S cap complex (11,25). A previous 
study (26) demonstrated that the inhibition of cell cycle-control-
ling ubiquitin ligases or the proteasome can reduce VSMC 
proliferation and prevent the modulation of their synthetic 
phenotype. UPS can promote protein degradation underlying the 
transition from a contractile to a proliferative VSMC phenotype; 
thus, proteasome inhibition leads to a shift from a synthetic 
and proliferative phenotype to a contractile one (27,28). All the 
above studies have demonstrate that UPS has a critical effect on 
the phenotypic changes of VSMCs and underlies the transition 
towards the synthetic phenotype. NF-κB plays a key role in the 
process of vascular remodeling in a variety of physiological and 
pathophysiological states (13). The activity of NF-κB is regulated 
in the cytoplasm through its association with the IκB-α protein, 
which is regulated by the UPS. The proteasome-mediated degra-
dation of the inhibitor, IκB-α, is required for NF-κB activation, 
with the phosphorylation of IκB-α promoting its ubiquitination 
and subsequent proteasomal degradation (29).

PAH occurs when most of the very small arteries in the lungs 
narrow in diameter (30), leading to increased pulmonary vascular 
resistance, functional and structural changes in the pulmonary 
vasculature, lung vascular remodeling, loss of the distal pulmo-
nary vasculature (31), and RV dysfunction (32). A number of 
therapies has been proven useful for decreasing pulmonary arte-
rial pressure and improving tolerance to exercise and life quality; 
however, an effective and long‑lasting treatment for this disorder 

is still lacking (33,34). The main pathological features of PAH 
are: remodeling of the pulmonary arteries, resulting from endo-
thelial dysfunction and proliferation, smooth muscle hyperplasia 
and hypertrophy and expansion of the adventitial matrix. Studies 
have shown that endothelial dysfunction is a key feature and an 
early event in the pathogenesis of PAH (33,35). 

In the present study, we established a model of high blood 
flow‑induced PAH by a surgical method that implanted a left-
to-right shunt. Eight weeks post-surgery, RVSP and the ratio 
of RV/(LV + S) were significantly higher; Η&Ε and Μasson's 
staining illustrated that the intima thickened, the vessel wall 
was obscured, the lumen size was reduced, and the fibrotic 
areas were increased; the WT% and WA% of muscular arteries 
with an ED of 15-50 µm were significantly increased (Figs. 1 
and 2). Following treatment with PS-341, the hemodynamic 
and morphometric parameters were improved. These results 
indicate that the PAH model was successfully established and 
that PS-341 can prevent PHA and can attenuate pulmonary 
vascular remodeling in high blood flow-induced PAH. 

The proteasome inhibitor, PS-341, is currently the only FDA 
approved drug (Bortezomib/Velcade) with well characterized 
inhibitory effects on the activity of NF-κB (36,37). In order to 
further examine the beneficial effects of PS-341 on vascular 
remodeling in PAH, we performed immunohistochemical 
staining and western blot analysis to detect the levels of 
UPS-related proteins, such as ubiquitin, NF-κB p65 and IκB-α. 
Our results revealed that the expression levels of ubiquitin and 
NF-κB p65 were significantly reduced; the levels of IκB-α were 
significantly increased 8 weeks post-treatment with PS-341, as 
compared with the shunt group. These results indicated that the 
proteasome inhibitor, PS-341, inhibited UPS by downregulating 
the expression of NF-κB p65 and preventing the degradation 
of IκB-α. Other studies (12,38,39) have demonstrated that a 
basal NF-κB activity may serve to sustain the proliferation and 
survival of smooth muscle cell; treatment with the proteasome 
inhibitors, PS-341 or MG-132, has been shown to effectively 
and dose-dependently reduce neointimal formation in 
balloon-injured rat carotid arteries, which was associated with 
anti-proliferative, anti-inflammatory and pro-apoptotic effects 
mediated by the inhibition of tumor necrosis factor-α‑induced 
NF-κB activation. Our study demonstrates that treatment with 
PS-341 clearly suppresses pulmonary vascular remodeling 
through the inhibition of the NF-κB signaling pathway.

In conclusion, our study demonstrates that the intra-
peritoneal injection of PS-341 for 8 weeks prevents pulmonary 
vascular remodeling in a model of high blood flow-induced 
PAH through the inhibition of the NF-κB pathway.
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