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The effects of atorvastatin on pulmonary arterial
hypertension and expression of p38, p27, and Jabl in rats
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Abstract. Statins have recently come under evaluation for the
treatment of pulmonary arterial hypertension (PAH). The aim
of this study was to examine the effects of atorvastatin on the
clinical manifestations and expression of p38, p27 and Jabl
using a rat PAH model. Ninety-six male Wistar rats were
divided into control (receiving no surgical treatment), vehicle
and treatment groups, among which the last two groups
underwent left pneumonectomy and were then treated with
monocrotaline (MCT, 60 mg/kg). Both control and vehicle
groups subsequently received saline, and the treatment group
received atorvastatin (20 mg/kg) by stomach catheter. Rats
were sacrificed, and mean pulmonary arterial pressure (mPAP)
and right ventricle hypertrophy index (RVHI) were measured.
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The expression of p38, p27, and Jabl was evaluated by
immunohistochemistry and Western blotting. At 28 days,
mPAP and RVHI and expression levels of Jabl and p38 in the
vehicle group were significantly higher than those in the
treatment and control groups. However, the expression of p27
was lowest in the vehicle group among the three groups.
Atorvastatin reduced PAP and RVHI in the rat PAH model,
decreased expression of p38 and Jabl but increased expression
of p27.

Introduction

Pulmonary arterial hypertension (PAH) comprises a variety
of disorders, all of which are characterized by an increase in
pulmonary vascular resistance that results in an increase in
blood pressure in the pulmonary arteries and workload in the
right ventricle (1,2). The early pathologic changes of PAH
include obliteration of the lumen of the arteriolae, medial
hypertrophy of the pulmonary arteries, sustained pulmonary
vasoconstriction, and proliferation of pulmonary arterial
endothelial cells. The main mechanism underlying PAH is
proliferation of cells and reconstruction of pulmonary small
vessels. The pathogenesis of PAH remains to be delineated,
although environmental factors, genetic markers, and acquired
external factors are thought to contribute to its development.
A variety of agents have been reported to improve the
symptoms and life expectancy of patients with PAH.
Controlled clinical trials have demonstrated the beneficial
effects of several drug classes, including calcium channel
blockers, prostanoids, endothelin receptor antagonists, and
phosphodiesterase Type 5 (PDES) inhibitors (3). Unfortunately,
calcium channel blockers are not effective in reducing PAH
in the majority of patients (90%) (4). Prostanoids are potent
vasodilators (5), but problems with adverse effects and drug
delivery have limited their use. Endothelin receptor agonists
improve exercise capacity and delay clinical worsening, and
PDES inhibitors appear promising. However, none of the
currently available therapeutic agents is able to cure the disease
or reverse the vascular remodeling found in advanced PAH.
Because various mechanisms may be responsible for the



542

Figure 1. X-ray image of rat after left pneumonectomy.

pathogenesis, it is thought that combination therapy with agents
that target multiple pathways will have the best results (6).

Among the agents that have recently come under evaluation
for the treatment of PAH are 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase inhibitors (statins).
Statins block the conversion of HMG-CoA to mevalonate and,
therefore, dramatically reduce the synthesis of cholesterol.
Clinically, statins have been widely used to treat hyper-
cholesterolemia. However, accumulated data suggest that
statins improve cardiovascular outcomes not only by lowering
cholesterol but through other beneficial effects on the vascular
wall (7,8). Statins improve endothelial function (9), promote
angiogenesis (10) and apoptosis (11-14), and reduce
inflammation and pulmonary vascular remodeling (8). Statins
may also act as antioxidants and antiproliferative (15,16) and
antithrombolytic agents by inhibiting the formation of micro-
thrombi and inhibiting endothelin-1 (ET-1), angiotensin
(ANGII), and thromboxane A2 (TXA2) (17).

In order to unravel the effects of statins on the complex
network of signaling pathways that contribute to PAH, we
evaluated the effects of atorvastatin (AS), a third generation
statin, on PAH induced by left pneumonectomy and mono-
crotaline (MCT) in a rat model. The corresponding changes in
the expression of signaling factors (i.e., p27, p38, and Jabl)
were measured subsequently.

Materials and methods

Animals and pneumonectomy (PNX) procedures. Ninety-six
healthy, male, Wistar rats (weight, 250-300 g) provided by the
animal center in the First Affiliated Hospital of Ha Er Bing
Medical University underwent left pneumonectomy as
described by Nishimura et al (18). Rats were anesthetized
with 1% sodium pentobarbital (30 m/kg, i.p.) (Shanghai
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Figure 2. Mean pulmonary artery pressure measurements after left
pneumonectomy. (A) Pulmonary artery; (B) cross part of pulmonary artery
to right ventricle; (C) right ventricle; (D) right atrium.

Chemical Reagents, Shanghai, China) and given inhaled
oxygen. Pneumonectomy was performed in the space between
the third and fourth ribs of the left side. Rats were treated with
antibiotics for 3 days after the pneumonectomy (Fig. 1). One
week after the operation, rats were injected subcutaneously in
the back with monocrotaline (MCT; 60 mg/kg; Sigma-
Aldrich, St. Louis, MO, USA). Animal experiments were
conducted strictly according to the institutional guidelines.

Treatment groups. After pneumonectomy and MCT injection,
64 rats were randomized to receive atorvastatin (20 mg/kg)
(Pfizer Pharmaceuticals Limited, Dalian, China H20030120,
BH20030120) (treatment group) or saline (vehicle group) by
daily oral gavage. An additional 32 rats (control group) did not
undergo pneumonectomy, nor did they receive monocrotaline
or AS. The control group received saline by stomach catheter
(2 ml/day).

Measurement of pulmonary arterial pressure (PAP) and right
ventricle hypertrophy index (RVHI). At 7, 14, 21, and 28 days
after injection of MCT, 8 rats from each group were
anesthetized with 1% sodium pentobarbital (30 mg/kg, i.p.)
and placed in a supine position. The neck skin was cut down,
and the right internal jugular vein was dissected. A PV-1
pulmonary artery catheter (Medical School Physiology
Research Institute of the Chinese Academy of Medical
Sciences Foundation) filled with 0.1% heparin was inserted
through an introducer under pressure with waveform
monitoring using a P23ID Statham waveform monitor into the
right internal jugular vein, the right atrium, right ventricle, and
pulmonary artery and connected to a multi-channel physiologic
recorder (Southern China Medical Technology Co, Ltd,
Zhengzhou, China). The mPAP was recorded (Fig. 2), the
rat was sacrificed, and the heart was weighed. Then the right
and left ventricle plus the inter-ventricular septum were
separated and weighed. The RVHI was defined as the weight
of the right ventricle divided by the weight of the left ventricle
plus the interventricular septum.

Immunohistochemistry. Lung tissue from the right inferior
lobes of the sacrificed rats was fixed in 10% formalin,
embedded in paraffin, and sectioned. The remaining tissue
was frozen in liquid nitrogen and then kept at -80°C for later
processing. The tissue sections were deparaffinized in xylene
and then rehydrated in 95, 70, and 50% ethanol. Slides were
blocked with 10% goat serum for 10 min. The primary anti-
body against Jabl (monoclonal antibody, Santa Cruz
Biotechnology Inc., Santa Cruz, CA), p38, p27, or B-actin
(Beijing Zhongshan Biological Techniques Ltd., Beijing,
China), was added and incubated at 4°C overnight (control
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Table I. The quantitative results of immunohistochemical staining.
A, Expression of mPAP
Control Vehicle Treatment Comparisons
7 days 19.0 (18-23) 31.5 (26-38) 28.5 (25-32) C<Ve, C<T:
14 days 19.5 (18-23) 33.5(31-38) 32.0(28-37) C<Ve, C<T
21 days 19.5 (18-30) 40.0 (11-45) 350 (31-38) C<Vq, C<Ts, V>T:
28 days 23.0 (17-26) 44.5 (40-50) 35.5(34-39) C<Ve, C<Ts, V>T:
B, Expression of RVHI
Control Vehicle Treatment Comparisons
7 days 0.25 (0.21-0.32) 0.34 (0.29-0.35) 0.32 (0.29-0.36) C<Ve, C<T
14 days 0.27 (0.20-0.34) 0.41 (0.39-0.46) 041 (0.39-0.44) C<Ve, C<T=
21 days 0.28 (0.21-0.34) 0.62 (0.53-0.67) 0.58 (0.50-0.61) C<Vq, C<T:
28 days 0.30 (0.25-0.37) 0.70 (0.64-0.80) 0.60 (0.54-0.66) C<Vq, C<Ts, V>T:

*P<0.05 indicates statistical significance; C, control group; V, vehicle group; T, treatment group.

slides were treated with PBS instead of antibody). The slides
were then incubated with the secondary antibody solution,
alkaline phosphatase-conjugated goat anti-rabbit IgG (Beijing
Zhongshan Biological Techniques Ltd, Beijing, China), for
30 min at 37°C, stained with hematoxylin and eosin (HE)
solution, and viewed under the light microscope. The immuno-
chemical reactions with antibodies against p38, p27, and Jabl
appeared as brown spots. Locations and densities were captured
by Motic Images Advanced 3.0/Olympus BX 41 (Japan). The
results were computed from 8 samples in each group with
5 views for each sample and are reported as mean + SD.

Western blotting. Radioimmunoprecipitation assay buffer
(1 ml) was added to 1 g of lung tissue. The tissue was homo-
genized, centrifuged at 10,000 x g for 40 min at 4°C and protein
in supernatants was quantified with Coomassie Brilliant Blue
G. We added 20 pl of antibody elution buffer to 80 ul of the
supernatant, boiled for 5 min, and removed 40 pg of protein
for electrophoretic separation by 15% SDS-PAGE. Bands were
electrophoretically transferred to polyvinylidene fluoride
(PVDF) membranes at 4°C, and membranes were blocked with
2% bovine serum. TBS-T (Tris-buffered saline + Tween-20)
solution and primary antibody were added at room temperature;
and membranes were incubated at 4°C overnight, washed
with TBS-T, incubated with secondary antibody for 2 h,
washed again, and stained in nitro blue tetrazolium chloride/
5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) for 5-
10 min. The strips were scanned using a Chemi Imager™ 40000
low-light imaging system (Alpha Innotech Corporation,
Beijing, China). All data were normalized against -actin.

Statistical analysis. Continuous data were expressed by median
(range). Outcomes were compared using Wilcoxon's rank-
sum test for two-by-two comparisons. Data were analyzed
using SAS 9.0 (SAS Institute Inc., Cary, NC, USA), and a
P<0.05 was considered statistically significant.

Results

PAH induced by MCT after PNX. Rats with PAH induced by
pneumonectomy and MCT (the vehicle group) had dull fur,
slower reactions, shortness of breath, ate and defecated less,
and were less active. They lost 10-20% of their weight by
1 week after surgery and 40-50% after 4 weeks. Rats in the
treatment group were generally in better condition than those
in the vehicle group, whereas rats in the control group gained
weight. In the vehicle group, the lungs of rats were grey-red in
color, and the surface was rough with spotted hemorrhage. The
condition of the lungs in the treatment group appeared to be
intermediate between that in the vehicle and control groups.

AS inhibits development of PAH. After 21 days, rats in the
vehicle and treatment groups exhibited obvious pulmonary
hypertension and right ventricular hypertrophy, as shown in
Fig. 1. As shown in Tables IA and IB, the mPAP and RVHI in
these two groups were significantly higher than in the control
group (P<0.01), but the mPAP and RVHI in the treatment
group were lower than in the vehicle group (P<0.01, P<0.05).

Attenuated remodeling of pulmonary arteries. In the control
group, examination by light microscopy showed thin walls in
the small arteries and normal lung structure (Fig. 3A). In the
vehicle group, we observed endothelial edema in the small
arteries (50-150 um), glassy degeneration, wall thickening,
and lumen stenosis at 7 days. At 14 days, these changes had
worsened and proliferation of fibroblastic and smooth muscle
cells, accumulation of fibrosis, and abnormal pulmonary alveoli
were apparent. By 28 days, cells had disappeared and muscular
tissue had replaced normal lung tissue. In addition, pro-
liferation of smooth muscle and fibroblastic cells, formation of
new internal lamina, wall thickening, and lumen stenosis and
blockage were observed (Fig. 3B-D). The arterial hypertrophy,
lumen stenosis, and proliferation of smooth muscle cells in
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Figure 3. Light microscopic examination of lung tissue. (A) The arterial walls
in the control group were thin (HE x200); (B-D) Arterial hypertrophy, lumen
stenosis, and blockage were observed in the vehicle group (HE x400); (E-F)
the diameters of the small arteries in the treatment group were larger than in
the vehicle group (HE x200).

Figure 4. Immunohistochemical staining of Jabl. Lung tissue from the
control group (A), vehicle group (B), and treatment group (C).
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Figure 5. Western blot analysis of expression of Jabl protein in lung tissue.

the treatment group were less severe than in the vehicle group
(Fig. 3E and 3F).

AS inhibits expression of Jabl. Cells that expressed Jabl
were stained deeply in the cytosol by immunohistochemistry.
As shown in Fig. 4A, there was little staining in the normal
lung tissue from the control group. There was more staining in
the tissue from the vehicle group (Fig. 4B) than in the control
and the treatment groups (Fig. 4C). The quantitative analysis
of the immunostaining results is shown in Table IIA, and the
Western blot analysis is shown in Fig. 5 and Table IIIA. At
28 days, the expression of Jabl was significantly higher in
the vehicle group than in the control group (P<0.01). The
treatment group expressed significantly more Jabl than the
control group (P<0.05) but, by day 14, less than the vehicle
group (P<0.05).
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Figure 6. Immunohistochemical staining of p38. Lung tissue from the control
group (A), vehicle group (B), and treatment group (C).
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Figure 8. Immunohistochemical staining of p27. Lung tissue from the
control group (A), vehicle group (B), and treatment group (C).
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Figure 9. Western blot analysis of expression of p27 protein in lung tissue.

AS reduces activation of p38 MAP kinase. The expression p38
in the vehicle group was also significantly higher than in the
control group (P<0.01), as shown in Fig. 6A and 6B. However,
the expression in the treatment group was again higher than
in the control group (P<0.01) but lower than in the vehicle
group (P<0.05) by 14 days (Fig. 6C, Table IIB). Western blot
analysis confirmed these findings (Fig. 7 and Table I1IB).

AS increases expression of p27. The rats with PAH induced by
MCT expressed p27 at a lower level than those in the control
group (P<0.05) (Fig. 8A and 8B). The expression of p27 in
the rats from the treatment group was higher than in the
vehicle group and lower than the control group (Fig. 8C,
Table IIC). The Western blotting results also showed that
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Table II. The quantitative results of immunohistochemical staining.
A, Expression of Jabl
Control Vehicle Treatment Comparisons
7 days 16.0 (13-22) 25.5 (21-29) 250 (17-31) C<Ve, C<T»
14 days 19.0 (15-22) 29.0 (25-33) 27.0 (21-31) C<Ve, C<T»
21 days 19.0 (16-23) 36.5 (31-41) 29.0 (24-34) C<Ve, C<Te, V>T?
28 days 18.5 (14-24) 41.5 (38-50) 29.5 (25-36) C<Ve, C<Te, V>T?
B, Expression of p38
Control Vehicle Treatment Comparisons
7 days 12.0 (9-17) 28.0 (24-34) 27.5(21-31) C<Ve, C<T:
14 days 13.5 (11-18) 38.0 (32-45) 35.5 (30-40) C<Ve, C<T:
21 days 16.0 (12-24) 46.5 (39-52) 36.5 (33-44) C<Vq, C<Ts, V>T¢
28 days 13.0 (10-18) 56.0 (48-65) 39.5 (36-49) C<Vq, C<Ts, V>T¢
C, Expression of p27
Control Vehicle Treatment Comparisons
7 days 27.0 (19-36) 15.0 (8-23) 17.0 (14-25) C>Vq, C>Te
14 days 25.5(21-32) 16.5 (14-19) 18.0 (16-22) C>Vq, C>T:
21 days 27.5 (23-30) 19.5 (14-21) 21.5(18-24) C>Vq, C>Te
28 days 28.0 (21-36) 19.5 (15-24) 23.0 (18-27) C>Ve

*P<0.05 indicates statistical significance; C, control group; V, vehicle group; T, treatment group.

expression of the p27 protein in the vehicle and treatment
groups was significantly lower than that in the control group
(P<0.01), but higher in the treatment group than the vehicle
group (P<0.05) (Fig. 9, Table ITIIC).

Discussion

The combination of left pneumonectomy and monocrotaline
injection used in this study induced a condition in rats that
exhibited the basic pathological signs of PAH (e.g., increased
mean PAP, RVHI, pulmonary arterial hypertrophy, lumen
stenosis, and proliferation of smooth muscle and fibroblastic
cells). The excessive proliferation of cells resulted in the
overgrowth of the internal lamina and smooth muscle cells in
the small pulmonary arteries leading to increased vascular
resistance. This stimulated endothelial cells to develop
monoclonal multiplication, increased the vascular resistance
further, and finally resulted in PAH (2).

In the subsequent experiments, we observed the highest
mPAP and RVHI in rats with PAH (vehicle group), but both
parameters were reduced in rats that received AS (treatment
group). The results of immunohistochemistry and Western
blotting indicated that the expression levels of Jabl and p38
were also highest in the vehicle group, but they were reduced
in the treatment group. By contrast, the expression of p27
was lowest in the vehicle group, with increasing levels of
expression in the treatment group.

In previous studies using the rat model of MCT-induced
PAH, simvastatin was shown to reduce the PAH, reverse the
proliferation of pulmonary arterial endothelium, inhibit the
proliferation and migration of smooth muscle cells, mediate
apoptosis, and attenuate the medial hypertrophy, fibrosis and
cardiac hypertrophy (18,19). Statins have been shown to inhibit
the migration and proliferation of rat vascular smooth muscle
cells (20). This inhibition of the proliferation of vascular
cells by statins may be mediated by the p27 protein. Cellular
proliferation in mammals is under strict regulation by p27,
which is a negative regulator of the cell cycle that arrests the
cells at G1 stage (21). In vascular smooth muscle cells,
simvastatin increased the expression of p27 through the Rho
pathway (22) and reduced DNA synthesis by 94%.

p27 acts by binding to cyclin and cyclin-dependent kinase
(Cdk), blocking the entry into S-phase mediated by the
ubiquitin/proteasome and mitogen-activated protein kinases
(MAPK) pathways. p38 is an important member of the MAPK
family that can activate various transcription factors to regulate
cellular proliferation, cell differentiation, and apoptosis (23).
Miura et al (24) used JTT-705 to induce the phosphorylation
of p38 in endothelial cells, which resulted in the upregulation
of p27. Lu et al (25) have shown that using FR167653 to
attenuate the p38 protein kinase activity could reduce
pulmonary vascular remodeling in rats with monocrotaline-
induced PAH. Yu er al (26) found that the expression of p27
increased and that of p38 decreased when rat hypoxic PAH
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Table III. The quantitative results of Western blot evaluation.
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A, Expression of Jabl protein

Treatment

Comparisons

Control Vehicle
7 days 0.70 (0.66-0.81) 0.90 (0.79-0.97)
14 days 0.81 (0.69-0.86) 1.12 (1.04-1.25)
21 days 0.81 (0.77-0.96) 1.24 (1.15-1.37)
28 days 0.91 (0.79-0.95) 1.39 (1.29-1.54)

0.90 (0.82-1.01)
1.09 (1.03-1.24)
1.16 (1.02-1.28)
121 (1.12-127)

C<Vq, C<Tn
C<Vq, C<Tn
C<Vq, C<Tn
C<Vq, C<Te, V>T

B, Expression of p38 protein

Treatment

Comparisons

Control Vehicle
7 days 0.63 (0.59-0.67) 0.69 (0.66-0.76)
14 days 0.65 (0.60-0.70) 0.81 (0.77-0.88)
21 days 0.73 (0.62-0.75) 0.98 (0.93-1.12)
28 days 0.74 (0.64-0.78) 1.15 (1.02-1.24)

0.71 (0.67-0.76)
0.78 (0.74-0.83)
0.86 (0.79-0.88)
0.91 (0.82-0.95)

C<V:, C<Te
C<Vsq, C<T
C<Vq, C<T
C<Vq, C<Te, V>T-

C, Expression of p27 protein

Control Vehicle Treatment Comparisons
7 days 0.68 (0.60-0.78) 0.42(0.32-0.49) 0.45 (0.38-0.54) C>Ve, C>T:
14 days 0.71 (0.61-0.76) 0.45 (0.38-0.53) 0.52 (0.48-0.60) C>V:, C>Te, V<Tt
21 days 0.77 (0.68-0.81) 0.56 (0.46-0.62) 0.65 (0.59-0.71) C>Vq, C>Te, V<T*
28 days 0.80 (0.70-0.86) 0.50 (0.41-0.58) 0.70 (0.63-0.76) C>Vq, C>Te, V<T¢

1P<0.05 indicates statistical significance; C, control group; V, vehicle group; T, treatment group.

was treated with heparin. Our data showed that the expression
of p38 was higher in the rats with PAH (vehicle group) and
the expression of p38 in the AS treatment group became lower
than the vehicle group 7 days after MCT injection.

Jabl stands for c-Jun binding protein. The Jabl proteins
bind to the N-termini of c-Jun proteins. Sui et al (27) found
that the expression of Jabl was positively correlated with the
severity of tumors and negatively correlated with the
expression of p27 in patients with ovarian tumors. Tomoda et al
(28) found that Jab1 functioned as an adaptor between p27 and
the RNA transporter CRM1 that induced the nuclear export
of p27 and its degeneration in the cytosol. We examined the
expression of the Jabl protein in our rat PAH model and
found that it was significantly higher in the vehicle group
compared with that in the control group (P<0.01). Jabl in the
treatment group was also higher than in the control group, but
after 14 days, it was lower than in the vehicle group (P<0.05).
The overall findings suggest that some of the effects of AS on
PAH were mediated by counter-regulation between p38, Jabl,
and p27.

We have evaluated the relationships among the clinical
signs, mPAP and RVHI, and the expression of the three
proteins (data not shown). At 28 days after the injection of
MCT, there was a positive correlation among mPAP and RVHI,
p38, and Jab1 (r=0.976, 0.932, and 0.934, respectively) and an
inverse correlation with p27 (r=-0.829) in the vehicle group,
suggesting that mPAP was related to p27, p38, and Jabl.

After treatment with AS, mPAP remained positively correlated
with RVHI, p38, and Jabl (r=0.934, 0.927, and 0.906,
respectively) and inversely correlated with p27 (r=-0.809).

The use of the animal model in this study has enabled us
to examine several factors that may play a role in the under-
lying molecular mechanisms that lead to the development of
PAH. It should be mentioned, however, that 28 days of
treatment with AS did not restore the PAP or the protein levels
of related signaling factors to normal in rats, nor did it
completely reverse the RVHI and PAH. In addition, the
clinical application of our results remains limited because there
is currently no direct evidence that the rat model accurately
reflects all aspects of the human disorders comprising the
various types of PAH.

In summary, we have shown that AS reduced PAP and
RVHI in the rat PAH model, decreased expression of p38 and
Jab1, and increased expression of p27. We propose that the use
of statins as one of multiple agents in a combination therapy
approach to the treatment of PAH is a promising avenue for
future research.
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